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1. Życiorys naukowy 

 

Dane osobowe 

Imię i nazwisko:                     Robert Pełka 

Data urodzenia:                     12 grudnia 1972 

Miejsce urodzenia:                Tomaszów Mazowiecki 

Adres:                                     Mikołaja Reja 19/10 

                                                 31-216 Kraków 

e-mail:                                     robert.pelka@ifj.edu.pl 

tel.                                            604466150 

 

Edukacja 

Studia doktoranckie  

1997-2001                  Instytut Fizyki, Wydział Matematyki, Fizyki i Informatyki, 

Uniwersytet Jagielloński 

Rozprawa doktorska: Wybrane zagadnienia dynamiki 

defektów topologicznych w fenomenologicznych modelach 

teoriopolowych 

Promotor:    prof. dr hab. Henryk Arodź 

Recenzenci: prof. dr hab. Lech Longa 

                   prof. dr hab. Ziemowit Popowicz 

Stopień naukowy: doktor nauk fizycznych w zakresie fizyki 

Studia magisterskie  

1992-1996 Instytut Fizyki, Wydział Matematyki Fizyki i Informatyki, 

Uniwersytet Jagielloński 

Rozprawa doktorska: Promieniowanie ścianek domenowych 

Opiekun: prof. dr hab. Henryk Arodź 

Stopień naukowy: magister nauk fizycznych 

 

Zatrudnienie 

2002.07.01-2012.08.31 Instytut Fizyki Jądrowej im. Henryka 

Niewodniczańskiego Polskiej Akademii Nauk, 

Kraków 

adiunkt 

mailto:robert.pelka@ifj.edu.pl
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2002.05.06-2002.06.30                  Instytut Fizyki Jądrowej im. Henryka 

Niewodniczańskiego, Kraków  

asystent 

1996.10.01-1997.09.30                  Instytut Fizyki, Wydział Matematyki Fizyki i 

Informatyki, Uniwersytet Jagielloński, Kraków 

asystent  

 

Długoterminowy staż zagraniczny 

2005.10.01-2006.09.06 University of Tsukuba, Japan stypendium 

badawcze 

 

Przebieg pracy naukowej 

Po ukończeniu studiów magisterskich w Instytucie Fizyki UJ, rozpocząłem staż na 

etacie asystenta. Do moich obowiązków należała praca badawcza oraz prowadzenie 

zajęć dydaktycznych. W zakresie pracy badawczej zajmowałem się problemami 

dynamiki defektów topologicznych. Po jednorocznym stażu, dostałem się na studia 

doktoranckie. Podczas studiów doktoranckich również prowadziłem zajęcia 

dydaktyczne oraz we współpracy z moim promotorem prof. dr hab. Henrykiem 

Arodziem oraz dr. Ł. Stępniem badania teoretyczne dotyczące dynamiki zakrzywionych 

i płaskich ścianek domenowych w różnych modelach teoriopolowych oparte o 

perturbacyjne rozwinięcie w grubości ścianki domenowej. Po obronie pracy doktorskiej 

zostałem zatrudniony w Instytucie Fizyki Jądrowej im. H. Niewodniczańskiego w 

Krakowie, gdzie pracuję do tej pory. Nawiązałem współpracę z grupą badań 

magnetycznych Zakładu Badań Strukturalnych kierowaną przez prof. dr hab. T. 

Wasiutyńskiego (http://www.ifj.edu.pl/dept/no3/nz31/) oraz z Zespołem 

Nieorganicznych Materiałów Molekularnych Wydziału Chemii UJ kierowanym przez 

prof. dr hab. B. Sieklucką (http://www.chemia.uj.edu.pl/znmm/). W ramach tej 

współpracy rozpocząłem rozwijanie warsztatu teoretycznego mającego służyć analizie 

danych pomiarowych (izotermicznego namagnesowania, podatności stałoprądowej, 

ciepła właściwego) uzyskiwanych dla molekularnych magnetyków o różnej 

wymiarowości sieci koordynacyjnej. Na przełomie lat 2005/2006 udałem się na 

zagraniczny staż fundowany przez Japońskie Towarzystwo Wspierania Nauki (Japanese 

Society for Promotion of Science). Staż odbywałem na Uniwersytecie Tsukuba w 

laboratorium prof. Kazuya Saito. W ramach projektu zatytułowanego Molecular 

motions and phase transitions in organic materials wykonałem pomiary metodą 

kalorymetrii adiabatycznej związku 3TCB wykazującego bogaty polimorfizm fazy 

stałej oraz przeprowadziłem rachunki w ramach rozwinięcia perturbacyjnego w modelu 

Landaua-de Gennes’a nematycznych ciekłych kryształów dla płaskiej 

międzypowierzchni. Celem tych rachunków było określenie wpływu elastycznej 

anizotropii na kinematykę i strukturę płaskiej międzypowierzchni oddzielającej obszar 

fazy izotropowej i nematycznej fazy uporządkowanej. Podczas pobytu w Japonii 

http://www.ifj.edu.pl/dept/no3/nz31/
http://www.chemia.uj.edu.pl/znmm/
pelka
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zajmowałem się również badaniami teoretycznymi magnetyków molekularnych. Po 

powrocie z zagranicznego stażu kontynuowałem współpracę z grupą prof. Saito. 

Kontynuowałem również rozwijanie warsztatu teoretycznego dla magnetyków 

molekularnych. Poza analizą własności magnetycznych rozszerzyłem pole 

zainteresowań o analizę zachowania krytycznego. Jestem współautorem kilku 

projektów badawczych wykorzystujących spinową spektroskopię rotacyjną 

spolaryzowanych mionów (SR) jak również jak dotąd dwu publikacji poświęconych 

temu zagadnieniu. Ostatnio zajmowałem się również analizą własności magnetycznych 

wodorków RMn2Hx (R=atom ziemi rzadkiej) we współpracy z dr. A. Budziakiem.  

    

 

Przebieg pracy dydaktycznej 

W trakcie jednorocznego stażu (1996/1997) oraz w ramach studiów doktoranckich 

(1997-2001) w Instytucie Fizyki UJ przeprowadziłem następujące zajęcia dydaktyczne: 

 ćwiczenia rachunkowe z termodynamiki dla studentów I roku biologii, 

 ćwiczenia rachunkowe z fizyki ogólnej dla studentów I roku chemii, 

 ćwiczenia laboratoryjne z fizyki w ramach I Pracowni Fizycznej dla studentów I 

roku fizyki, 

 ćwiczenia rachunkowe do wykładu Algebra liniowa z geometrią prof. dr. hab. A. 

Staruszkiewicza dla studentów II roku fizyki, 

 ćwiczenia rachunkowe do wykładu Elektrodynamika klasyczna prof. dr. hab. K. 

Fiałkowskiego dla studentów III roku fizyki, 

 ćwiczenia rachunkowe do wykładu Elementy matematyki wyższej prof. dr. hab. H. 

Arodzia dla studentów V roku fizyki.  

W roku szkolnym 2004/2005 prowadziłem zastępstwo w Zespole Szkół 

Ogólnokształcących Nr 4 im. Tadeusza Kościuszki (ul. Krzemionki 11, 30-525 Kraków, 

tel. 656-36-20). 

 

Magistranci 

1. mgr inż. Marek Lipiński z WFiIS AGH, Kraków. Temat pracy: Symulacje Monte 

Carlo kwazidwuwymiarowej sieci Isinga – efekty powierzchniowe i wpływ 

anizotropii. Obrona pracy 2006.10.09. 

2. mgr inż. Piotr Skowronek z WFiIS AGH, Kraków. Temat pracy: Wymiarowy 

crossover dla sieci spinów Isinga. Symulacje Monte Carlo. Obrona pracy 

2006.10.09. 

 

Praktykanci 

1. licencjat Szymon Niedziela z WFiIS AGH, Kraków. Temat projektu: Obliczenia 

pełnego tensora podatności magnetycznej dla połówkowego spinu w zewnętrznym 

polu magnetycznym, termin praktyk 2009.07.22.-08.06. 
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Ponadto przygotowałem 4 artykuły o charakterze wspomagającym lub/i rozszerzającym 

naukę fizyki, dedykowanych dla uczniów szkół ponadpodstawowych. Artykuły zostały 

opublikowane na portalu internetowym Wydawnictwa ZamKor 

http://fizyka.zamkor.pl/kategoria/63/ciekawe-artykuly: 

 Metoda radiolokacji a kinematyka relatywistyczna, 

 Historia światłonośnego eteru, 

 O złączu p-n możliwie najprościej, 

 Panta rhei? 

 

 

Przebieg pracy organizacyjnej 

1. członek Komitetu Organizacyjnego NATO Advanced Study Institute & COSLAB 

School Patterns of Symmetry Breaking, 2002.09.15-29, Instytut Fizyki UJ, Kraków, 

chairman: prof. dr hab. H. Arodź, IF UJ. 

2. współudział w organizacji konferencji międzynarodowej Nuclear scattering 

spectroscopy and related problems, 2003.07.13-19, Zakopane, chairman: prof. J. 

Janik, IFJ PAN. 

3. współudział w realizacji projektów bilateralnych między Słowacką Akademią Nauk 

i Polską Akademią Nauk Properties of molecule-based magnetic materials (P12, 

2005-2009), Properties of new magnetic materials (P14, 2010-2011), koordynator 

projektów: dr hab. M. Bałanda. 

 

 

Udział w projektach badawczych KBN/MNiSW 

1. wykonawca projektu badawczego Dynamika ścianek domenowych i worteksów w 

modelach teoriopolowych, grant nr 2P03B 095 13 (1997-1999), kierownik projektu: 

prof. dr hab. Henryk Arodź (Instytut Fizyki UJ). 

2. wykonawca projektu badawczego Wielordzeniowe materiały molekularne z 

mostkami cyjanowymi, grant nr 3T09A 151 26 (2004-2006), kierownik projektu: 

prof. dr hab. B. Sieklucka (Instytut Chemii UJ). 

3. wykonawca projektu badawczego Molecular Approach to Nanomagnets and 

Multifunctional Materials MAGMANet, nr projektu NMP3-CT-2005-515767 (2005-

2009), Szósty Program Ramowy, Sieć Centrów Doskonałości, kierownik projektu: 

prof. Dante Gatteschi, koordynator polski: prof. dr hab. J. Mroziński (Wydział 

Fizyki Uniwersytetu Wrocławskiego), koordynator lokalny: prof. dr hab. B. 

Sieklucka (Wydział Chemii UJ), koordynator w IFJ PAN: prof. dr hab. T. 

Wasiutyński.   

4. wykonawca grantu wspomagającego Podejście molekularne do nanomagnesów i 

materiałów wielofunkcyjnych, nr grantu SPUB 3081 (2006-2009), środki finansowe 

na uczestnictwo w programie międzynarodowym MAGMANet, kierownik grantu: 

prof. dr hab. B. Sieklucka (Wydział Chemii UJ).  

http://fizyka.zamkor.pl/kategoria/63/ciekawe-artykuly
http://www.nato.int/science/
http://www.esf.org/
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5. wykonawca wspomagającego grantu badawczego Grant-in-Aid for Scientific 

Research Molecular dynamics and phase transitions in organic substances, 

finansowany przez Ministry of Education, Culture, Sports, Science and Technology 

(MEXT) of Japan, 1,200,000 JPY = 800,000 JPY (2005) + 400,000 JPY (2006), 

kierownik grantu: prof. Kazuya Saito (University of Tsukuba, Tsukuba, Japonia).  

6. wykonawca projektu badawczego Badanie magnetyków molekularnych opartych na 

paramagnetycznych centrach kompleksów metali d-elektronowych, grant KBN nr 

2PO3B 111 24 (2003-2006), kierownik projektu: prof. dr hab. Tadeusz Wasiutyński 

(IFJ PAN). 

7. uczestnik bilateralnego projektu między Słowacką Akademią Nauk i Polską 

Akademią Nauk Properties of molecule-based magnetic materials (2005-2009), 

koordynator projektu: dr M. Bałanda (IFJ PAN). 

8. uczestnik bilateralnego projektu między Słowacką Akademią Nauk i Polską 

Akademią Nauk Properties of new magnetic materials (2010-2011), koordynator 

projektu: dr hab. M. Bałanda (IFJ PAN). 

9. wykonawca projektu badawczego Badanie uporządkowania magnetycznego w 

niskowymiarowym magnetyku molekularnym, grant 0087/B/H03/2008/34 (2008-

2011), kierownik projektu: prof. dr hab. Tadeusz Wasiutyński (IFJ PAN). 

10. wykonawca projektu badawczego Funkcjonalne materiały molekularne z mostkami 

cyjanowymi, grant MNiSzW 1535/B/H03/2009/36 (2009-2012), kierownik projektu: 

prof. dr hab. B. Sieklucka (Wydział Chemii UJ). 

11. wykonawca projektu badawczego Projektowanie i funkcjonalizacja hybrydowych 

polimerów koordynacyjnych, projekt NCN nr 2011/01/B/ST5/00716 (2011-2014), 

kierownik projektu: prof. dr hab. B. Sieklucka (Wydział Chemii UJ). 

12. uczestnik bilateralnego projektu realizowanego w ramach porozumienia o 

współpracy naukowej między Polską Akademią Nauk i Japońskim Towarzystwem 

Popierania Nauki (JSPS) Complementary studies of organic materials with partial 

long-range order of molecules (2012-2013), koordynator projektu: prof. dr hab. M. 

Massalska-Arodź (IFJ PAN). 

 

 

Udział w projektach badawczych ISIS 

1. 1110317, T. Wasiutyński, R. Pełka, M. Bałanda, P. M. Zieliński, M. Czapla, 

Muon study of porous molecular magnet [Ni(cyclam)]3[W(CN)8]2. 

2. 1110225, M. Czapla, T. Wasiutyński, F. L. Pratt, M. Bałanda, P. M. Zieliński, R. 

Pełka, Magnetic phase transition and critical behaviour in copper(II) 

octacyanotungstate(V). 

3. 1210185, P. M. Zieliński, T. Wasiutyński, F. L. Pratt, R. Pełka, M. Bałanda, P. 

Konieczny, Muon study of the compensation point in molecular magnet with 

mixed d-electron concentration. 
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4. 1120118, A. D. Hillier, P. M. Zieliński, R. Pełka, T. Wasiutyński, M. Czapla, 

Spin fluctuations in heavy fermion system.  

 

 

Udział w konferencjach naukowych 

Wystąpienia ustne 

1. Signatures of Berezinski-Kosterlitz-Thouless transition in the double-layered 

molecular magnet based on [W
V
(CN)8]

3-
 and Cu

2+
, Joint European Magnetic 

Symposia (JEMS 2008), 2008.09.14-19, Dublin, Irlandia. 

2. Oznaki przejścia Berezinskiego-Kosterlitza-Thoulessa w warstwowym magnetyku 

molekularnym, Katowicko-Krakowskie Seminarium Fazy Skondensowanej, 

2009.05.08, Instytut Fizyki, Uniwersytet Jagielloński. 

3. Modeling magnetic properties of molecular crystals, Nuclear scattering 

spectroscopy and related problems, 2009.07.12-18, Zakopane. 

4. Magnetocaloric effect in two 3D molecular magnets based on manganese(II) and 

octacyanoniobate(IV), 14
th

 Czech and Slovak Conference on Magnetism, 

2010.07.06-09 , Koszyce, Słowacja.  

5. Exchange interactions in lanthanide(III) octacyanotungstate(V) compounds of 

different network dimentionalities, Joint European Magnetic Symposia (JEMS 

2010), 2010.08.23-28, Kraków. 

6. Models of interactions in molecular magnets, Nuclear scattering spectroscopy and 

related problems, 2011.07.10-16, Zakopane. 

 

Plakaty 

 

1. R. Pełka, H. Arodź, Perturbative approach to the dynamics of planar interfaces, 6
th

 

International Conference on Liquid Crystals, 2001.03.25-30, Halle, Niemcy. 

2. P. Przychodzeń, K. Lewiński, M. Bałanda, R. Pełka, M. Rams, T. Wasiutyński, C. 

Guyard-Duhayon, B. Sieklucka, Structural and Magnetic Properties of 3d-5d and 

4d-5d Heterometallic Compounds, 15
th

 Summer School on Coordination Chemistry, 

2004.06.06-12, Szklarska Poręba, Polska. 
3. R. Pełka, M. Bałanda, T. Wasiutyński, Y. Nakazawa, M. Sorai, R. Podgajny, B. 

Sieklucka, Thermal properties of the double-layered coordination polymer 

{(tetrenH5)0.8Cu
II

4[W
V
(CN)8]47.2H2O}n at the transition point, 12th Czech and 

Slovak Conference on Magnetism CSMAG’04, 2004.07.12-15, Koszyce, Słowacja. 

4. P.M. Zieliński, M. Bałanda, R. Pełka, W. Haase, T. Wasiutyński, Photoinduced 

magnetic effects in Mn-porphyrin based molecular magnet, 12th Czech and Slovak 

Conference on Magnetism CSMAG’04, 2004.07.12-15, Koszyce, Słowacja.  

5. T. Wasiutyński, R. Podgajny, M. Rams, Y. Nakazawa, M. Bałanda, T. Korzeniak, 

R. Pełka, B. Sieklucka, M. Sorai, Single crystal study of magnetic ordering in 

Double layered Cu[W(CN)8] molecular magnet, International Conference on 

Molecule-based Magnets, 2004.10.04-08, Tsukuba, Japonia. 
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6. R. Pełka, M. Bałanda, T. Wasiutyński, K. Tomala, P. Przychodzeń, B. Sieklucka, 

Generalized theoretical approach to quasi-1-dimensional magnets, The European 

Conference Physics of Magnetism’05, 2005.06.24-27, Poznań. 

7. R. Pełka, Kazuya Saito, Perturbative approach to the structure of a planar interface 

in the nematic liquid crystal, YITP Workshop Structures and Dynamics in Soft 

Matter – Beyond Self-Organization and Hierarchical Structures, 2006.07.14-16, 

Kyoto, Japonia. 

8. M. Bałanda, R. Pełka, T. Wasiutyński, P.M. Zieliński, F.L. Pratt, M. Rams, R. 

Podgajny, T. Korzeniak, B. Sieklucka, Metamagnetic behavior and Kosterlitz-

Thouless transition in the bilayered (tetren)Cu[W(CN)8] molecular magnet, 10
th

 

International Conference on Molecule-based Magnets, 2006.08.13-17, Victoria, 

B.C., Kanada. 

9. Structural and magnetic properties of new lanthanide-based molecular materials, P. 

Przychodzeń, K. Lewiński, R. Pełka, K. Tomala, A. Płowiec, E. Przybyło, B. 

Sieklucka, 10
th

 International Conference on Molecule-based Magnets, 2006.08.13-

17, Victoria, B.C., Kanada. 

10. M. Bałanda, Z. Arnold, T. Korzeniak, R. Pełka, R. Podgajny, F.L. Pratt, M. Rams, 

B. Sieklucka, T. Wasiutyński, M. Zentkova, P.M. Zieliński, Magnetism of the 

genuine bilayered (tetrenH5)
5+

-Cu
2+

-[W(CN)8]
3-

 molecular magnet studied by 

complementary methods, European Conference on Molecular Magnetism, 

MAGMANet- ECMM, 2006.10.10-15, Tomar, Portugalia. 

11. P. Przychodzeń, K. Lewiński, R. Pełka, K. Tomala, A. Płowiec, E. Przybyło, B. 

Sieklucka, Magnetic 4f-5d 1-D chains and hybrid molecules, European Conference 

on Molecular Magnetism, MAGMANet-ECMM, 2006.10.10, Tomar, Portugalia. 

12. P. Przychodzeń, K. Lewiński, R. Pełka, M. Rams, K. Tomala, B. Sieklucka 

Magnetic Coordination Networks Based on d- and f-Electron Metal Centres, 15
th

 

Winter School of Coordination Chemistry, 2006.12.04-08, Karpacz. 
13. R. Pełka, T. Wasiutyński, Magnetic Hysteresis loop in the mean-field picture, 

EMRS 2007 Spring Meeting, 2007.05.28.-06.01, Strasbourg, Francja. 

14.  R. Pełka, P. Przychodzeń, K. Lewiński, M. Rams, K. Tomala, B. Sieklucka, T. 

Wasiutyński, Full susceptibility tensor via a generalized van Vleck approach, E-

MRS 2007 Spring Meeting, 2007.05.28-06.01, Strasbourg, Francja. 

15.  R. Pełka, M. Bałanda, R. Podgajny, M. Sikora, M. Borowiec, B. Sieklucka, 

Theoretical analysis of isothermal magnetization of cobolt(II) 

octacyanotungstate(V) with pyrazine and 4,4’-bipyridine, 13
th

 Czech and Slovak 

Conference on Magnetism, 2007.07.09-12.07, Koszyce, Słowacja. 

16. K. Horiuchi, Y. Yamamura, R. Pełka, S. Yasuzuka, M. Masslaska-Arodź, K. Saito, 

Thermodynamic study of crystal E phase of 4-pentyl-4'-isothiocyanatobiphenyl 

(5TCB), International Liquid Crystal Conference ILCC, 2008.06.29-07.04, Jeju, 

Korea. 

17. M. Jasiurkowska, M. Massalska-Arodź, J. Ściesiński, R. Pełka, E. Juszyńska, Y. 

Yamamura, K. Saito, Strukturalne i spektroskopowe badania w zakresie środkowej 

podczerwieni związku 3BT szeregu homologicznego 4-n-alkilo-
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isotiocyjaninobiphenyli, XVI Ogólnopolska Konferencja Kryształy Molekularne, 

Poznań-Błażejewko, 2008.09.08-12. 

18. M. Bałanda, R. Pełka, T. Wasiutyński, M. Rams, F. L. Pratt, Y. Nakazawa, Y. 

Miyazaki, M. Sorai, R. Podgajny, T. Korzeniak, B. Sieklucka, The genuine 2D easy-

plane double-layered molecular magnet based on [W
V
(CN)8]

3-
 and Cu

2+
, 11th 

International Conference on Molecule-based Magnets, 2008.09.21-24,  Florencja. 

19. M. Jasiurkowska, J. Ściesiński, J. Czub, R. Pełka, A. Serghei, E. Juszyńska, Y. 

Yamamura, M. Masslaska-Arodź, F. Kremer, K. Saito, Glass transition in 4-propyl-

isothiocyantobiphenyl (3TCB) compound, 6th International Discussion Meeting on 

Relaxation in Complex Systems, 2009.08.30-09.05, Rzym, Włochy. 

20.  R. Pełka, D. Pinkowicz, Approximate approach to magnetic and thermodynamic 

properties of mixed spin (s-S) AB and AB2 chains, 14
th

 Czech and Slovak 

Conference on Magnetism, 2010.07.06-09, Koszyce, Słowacja. 

21.  M. Czapla, P.M. Zieliński, M. Bałanda, R. Pełka, R. Podgajny, F.L. Pratt, Y. 

Miyazaki, B. Sieklucka, T. Wasiutyński, Critical phenomena and magnetic ordering 

in novel molecular magnet based on copper(II) and octacyanotungstate(IV,V), 14
th

 

Czech and Slovak Conference on Magnetism, 2010.07.06-09, Koszyce, Słowacja. 

22.  R. Pełka, D. Pinkowicz, O. Drath, M. Bałanda, M. Rams, A. M. Majcher, W. Nitek, 

B. Sieklucka, Octacyanoniobate(IV)-based molecular magnets revealing 3D long-

range order, Joint European Magnetic Symposia (JEMS 2010), 2010.08.23-28, 

Kraków, Polska. 

23.  R. Pełka, R. Podgajny, C. Deplanches, L. Ducasse, W. Nitek, T. Korzeniak, O. 

Stefańczyk, M. Rams, B. Sieklucka, M. Verdaguer, Structure and magnetism of W-

knotted chain {[Cu
II
(dien)]4[W

V
(CN)8]}

5+
∞, 3

rd
 European Conference of Molecular 

Magnetism (ECMM 2011), 2011.11.22.11-25, Paryż, Francja. 

 

 

Inne referaty 

 

Referaty zewnętrzne 

 

1. Thermal properties of the double layered coordination polymer 

{(tetrenH5)0.8Cu
II

4[W
V
(CN)8]47.2H2O}n at the transition point, 2006.02.22, Research 

Center for Molecular Thermodynamics, Osaka University, Japonia. 

2. Order parameter of nematic liquid crystals, 2006.04.10, prof. Kazuya Saito’s 

Laboratory, University of Tsukuba, Japonia. 

3. Studies of magnetic ordering in the double-layer coordination polymer 

{(tetrenH5)0.8Cu
II

4[W
V
(CN)8]47.2H2O}n, 2008.07.01, Instytut Fizyki Doświadczalnej, 

Koszyce, Słowacja. 

4. Modeling magnetic properties of molecular magnets, 2009.11.24-27, Instytut Fizyki 

Uniwersytetu im. Pawła Josefa Safarika, Koszyce. 

5. Estimation of exchange interactions in molecular magnets, 2011.12.06-09, Instytut 

Fizyki Uniwersytetu im. Pawła Josefa Safarika, Koszyce, Słowacja. 
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Referaty wewnętrzne 

 

1. w ramach cotygodniowego seminarium Zakładu Badań Strukturalnych 

a.  Model Landaua-de Gennes’a: planarna międzypowierzchnia (cz. I), 2002.10.29, 

Zakład Badań Strukturalnych IFJ. 

b. Model Landaua de Gennes’a: planarna międzypowierzchnia (cz. II), 2002.11.12, 

Zakład Badań Strukturalnych IFJ. 

c. Notes on scaling in physics (cz. I), 2004.05.18, Zakład Badań Strukturalnych 

IFJ.  

d. Notes on scaling in physics (cz. II), 2004.05.25, Zakład Badań Strukturalnych 

IFJ.  

e. Single crystal studies of magnetic ordering in the double-layered coordination 

polymer Cu(tetren)[W(CN)8], 2007.05.15, Zakład Badań Strukturalnych IFJ 

PAN.  

f. Signatures of Berezinskii-Kosterlitz-Thouless transition in double-layered 

molecular magnet based on [W
V
(CN)8]

3-
 and Cu

2+
, 2009.01.20, Zakład Badań 

Strukturalnych IFJ PAN. 

2. Signatures of Berezinskii-Kosterlitz-Thouless transition in double-layered molecular 

magnet based on [W
V
(CN)8]

3-
 and Cu

2+
, 2009.02.06, przegląd IFJ PAN. 

3. Analiza własności magnetycznych kryształów molekularnych, 2009.11.18, referat na 

seminarium instytutowym IFJ PAN.   

 

Wykonane recenzje  

 

1. recenzowanie prac publikowanych w Proceedings of the 13
th

 Czech and Slovak 

Conference on Magnetism, 2007.07.09-12, Košice, Slovakia, Acta Phys. Polonica A 

113 (2008). 

2. recenzowanie prac publikowanych w Proceedings of the 14
th

 Czech and Slovak 

Conference on Magnetism, 2010.07.06-09, Košice, Slovakia, Acta Phys. Polonica A 

118 (2010). 

 

 

2. Pozostałe osiągnięcia (w kolejności odpowiadającej niżej zamieszczonej liście 

publikacji nie będących podstawą do ubiegania się o habilitację) 

 

Po uzyskaniu stopnia doktora 

 

1. Badane były fotoindukowane własności molekularnego magnetyka z 

przeniesieniem ładunku [MnR4TPP][TCNE] (R=OC12H25, TPP – tetrafenylo-

porfiryna, TCNE – tetracyjanoetylen). Wykonane zostały pomiary podatności 

ac, namagnesowania dc oraz pomiary relaksacyjne. Zaobserwowano i 

przedyskutowano efekty indukowane światłem. Brałem udział w dyskusji 

wyników doświadczalnych. 
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2. Zbadana została podatność ac ferromagnetycznych magnetyków molekularnych 

z TC ≈ 30 K opartych na Cu
II
[W

V
(CN)8]  i Cu

II
[Mo

V
(CN)8]  wykazujących 

unikalną strukturę podwójnej warstwy. Przeczytałem manuskrypt pracy i brałem 

udział w dyskusji wyników.  

3. Zaobserwowano wpływ światła widzialnego na magnetyczne własności 

magnetyka molekularnego z przeniesieniem ładunku [MnR4TPP][TCNE] 

·2PhMe (R=OC12H25, TPP – tetrafenyloporfiryna, TCNE – tetracyjanoetylen). 

Pod wpływem oświetlania zmianie ulegała zarówno wartość jak i zależność 

czasowa namagnesowania. Pętla histerezy zmierzona przed i w trakcie 

oświetlania również wykazywała znaczne zmiany. Natomiast pomiary ac 

ujawniły jedynie niewielkie zmiany obu składowych podatności. Proces 

relaksacji namagnesowania zaobserwowany w temperaturze 4.2 K został 

opisany za pomocą prostego modelu z „rozciągniętą” eksponentą (stretched 

exponential) i stwierdzono zgodność modelu z danymi pomiarowymi. Brałem 

udział w dyskusji prawdopodobnego mechanizmu obserwowanych efektów 

indukowanych światłem oraz modelu procesu relaksacji namagnesowania.  

4. Badano strukturę quasi-statycznej płaskiej międzypowierzchni w ramach modelu 

Landaua-de Gennesa z dynamiką determinowaną przez zależne od czasu 

równanie Ginzburga-Landaua. W celu uwzględnienia pełnej elastycznej 

anizotropii rozwinięcie energii swobodnej zostało rozszerzone o człon 

gradientowy trzeciego rzędu. Szukano rozwiązań odpowiadających dwóm 

orientacjom direktora: równoległej i prostopadłej do płaszczyzny 

międzypowierzchni. Prędkość międzypowierzchni dla orientacji 

prostopadłej/równoległej wzrasta/maleje. Nie stwierdzono reorientacji osi 

optycznej wewnątrz obszaru przejściowego. Dla nematyków z przybliżoną 

degeneracją odkształceń typu splay i bend prędkość międzypowierzchni słabo 

zależy od odkształcenia elastycznego typu twist. Wykonałem rachunki i 

napisałem tę publikację. 

5. Przedstawiono eksperymentalne badanie indukowanego światłem namagneso-

wania magnetyka molekularnego zawierającego centra Co
II
 i W

V
 mostkowane 

przez 4,4-bpy i CN
−
. Zaobserwowany wzrost szybkości relaksacji 

namagnesowania został wyjaśniony powstawaniem defektów w strukturze 

magnetycznej wywołanym transferem ze zmianą stopnia utlenienia Co
II
W

V
 ↔ 

Co
III

W
IV

. Rozpatrywane były modele ewolucji czasowej namagnesowania. 

Zaproponowano modyfikację modelu logistycznego. Brałem udział w dyskusji 

tych modelów. 

6. Właściwości cieplne związku 4-propyl-4-thiocyanatobiphenyl (3TCB) były 

badane metodą kalorymetrii adiabatycznej. Poza fazą izotropową i fazą 

smektyczną E (SmE) zaobserwowano pięć faz krystalicznych. Takiego bogatego 

polimorfizmu  nie odnotowano dla innych członków szeregu homologicznego 

nTCB o niskim n (n=2–5). Anomalie ciepła właściwego zostały 

przeanalizowane i przedyskutowano możliwe przyczyny ich pojawienia się. 

Uzasadniono, że szybkie schłodzenie fazy smektycznej E prowadzi do 
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powstania metastabilnej fazy krystalicznej z wielostopniowym procesem 

relaksacji. Brałem udział w pomiarach kalorymetrycznych i napisałem ten 

artykuł. 

7. Zaprezentowany został przegląd inżynierii sieci magnetycznych opartych na 

oktacyjanometalanach. Wybrane magnetyczne sieci Cu
II
W

V
, Ni

II
W

V
 and 

Mn
II
LNb

IV
 (L – organiczny łącznik mostkujący) ilustrują możliwe strategie 

dostrajania charakterystyk magnetycznych. Kombinacja magnetycznego 

uporządkowania dla sieci dwu- i trójwymiarowych razem z czułością 

mostkowanego cyjankami szkieletu na rodzaj rozpuszczalnika zaowocowały 

rozwinięciem nowego trójwymiarowego związku koordynacyjnego 

{[Mn
II
(imH)]2[Nb

IV
(CN)8]} wykazującego własności gąbki magnetycznej z 

Tc=62 K (temperatura jak dotąd najwyższa dla klasy związków opartych na 

oktacyjankach metali). Moim udziałem był opis teoretyczny niektórych 

molekularnych magnetyków zsyntetyzowanych w grupie pani prof. dr hab. 

Barbary Siekluckiej. 

8. Przedstawiono wyniki spektroskopii poczerwieni środkowego zakresu i badań 

strukturalnych promieniami X dla trzeciego członka szeregu homologicznego 4-

n-alkyl-4′-isothiocyanatobiphenyl (nTCB). Stwierdzono zgodność przejść 

fazowych zaobserwowanych w spektroskopii podczerwieni oraz metodą 

kalorymetrii adiabatycznej. Struktura pięciu faz stałych została otrzymana 

metodą rozpraszania promieni X. Pasma wibracyjne obserwowane w fazie 

smektycznej E,. szkle fazy smektycznej E i w jednej z faz krystalicznych zostały 

zidentyfikowane w oparciu o hybrydowe obliczenia w ramach teorii funkcjonału 

gęstości B3LYP/6-311++G(d,f). Dostarczyłem wyniki pomiarów 

kalorymetrycznych. Brałem udział w dyskusji wyników. 

9. Opisano syntezę, strukturalne i spektroskopowe badania (XANES/ EXAFS, IR, 

UV-Vis, rezonansowe rozpraszanie Ramana, spektroskopia Mössbauer oparta o 
57

Fe) oraz magnetyczną charakterystykę opartego na oktacyjanku niobu, 

mostkowanego cyjankami, trójwymiarowego ferromagnetyka {[Fe
II
(H2O)2]2 

[Nb
IV

(CN)8]・4H2O}n. Jego trójwymiarowa architektura koordynacyjna zawiera 

dwa rodzaje mostków Nb
IV

–C–N–Fe
II

HS  (HS−stan wysokospinowy) 

potwierdzone spektrami XANES/EXAFS przy krawędziach Fe:K and Nb:K. 

Pomiary magnetyczne ujawniły uporządkowanie ferromagnetyczne poniżej Tc = 

43 K z pewną niekolinearnością momentów magnetycznych jonów Nb
IV

 (S = 

1/2) i Fe
II
 (S = 2). Zastosowano model pola molekularnego w celu oszacowania 

średniej wartości stałej oddziaływania wymiany. Wykonałem rachunki w 

ramach modelu pola molekularnego. 

10. Aby zrozumieć rolę, jaką pełnią wewnątrzmolekularne stopnie swobody w 

tworzeniu mezofaz, przeprowadzono termodynamiczną analizę dla szeregu 4-n-

alkil-4′-izotiocyjanobifenyl (nTCB, n jest liczbą atomów węgla w grupie 

alkilowej), który wykazuje fazę krystaliczną E (CrE) jako mezofazę. Pojemności 

cieplne związków 2TCB i 5TCB zostały zmierzone metodą kalorymetrii 

adiabatycznej. Ich entropie związane z przejściem fazowym (ΔtrsS) zostały 

porównane z entropiami innych członków szeregu nTCB (n≤10). ΔtrsS przejścia 
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fazowego z uporządkowanego kryształu do fazy CrE rosła wraz z długością 

łańcucha alkilowego, podczas gdy ΔtrsS dla topnienia fazy CrE pozostawała z 

grubsza niezależna od tej długości. Ta naliza jasno pokazała, że łańcuch 

alkilowy  nTCB jest całkowicie nieuporządkowany nawet w fazie CrE. Poprzez 

porównanie ΔtrsS dla 5TCB, 5CB (4-pentyl-4′-cyjanobifenyl) i pentylbifenylu, 

przedyskutowana została rola łańcucha alkilowego w tworzeniu mezofaz. 

Przeczytałem manuskrypt pracy i wymieniłem moje uwagi z współautorami. 

Brałem udział w pomiarach i analizie pojemności cieplnej dla 3TCB. 

11. Szybko rozwijająca się dziedzina magnetyzmu molekularnego dostarcza wielu 

nowych związków o nieobserwowanych do tej pory własnościach i strukturze. 

Magnetyki molekularne należą do klasy związków zawierających dobrze 

zlokalizowane momenty magnetyczne. Ta cecha wraz z faktem, że natura i 

symetria oddziaływań magnetycznych jest zakodowana w zachowaniu 

krytycznym, sprawia, że stają się one idealnym polem do testów istniejących 

modeli spinowych. Zostało zademonstrowane, że technika eksperymentalna 

spektroskopii opartej na rotacji spinów spolaryzowanych mionów (SR) jest 

doskonałym narzędziem do badania magnetycznych fluktuacji i dynamiki 

spinowej w pobliżu przejścia fazowego. Ta wyjątkowa metoda, nawet bez 

komplementarnych pomiarów podatności zmiennoprądowej czy pojemności 

cieplnej, może dostarczyć pełny zestaw statycznych i dynamicznych 

wykładników krytycznych. Może być zatem użyta do określenia klasy 

uniwersalności danego magnetyka. Brałem udział w redagowaniu manuskryptu. 

12. Izostrukturalny szereg związków {[M
II
(pirazol)4]2[NbIV(CN)8]· 4H2O}n (M=Mn 

(1), Fe (2), Co (3), Ni (4)) został otrzymany techniką samoorganizacji. 

Wyjątkowość struktury krystalograficznej tych związków polega na tym, że ich 

trójwymiarowa sieć koordynacyjna jest mostkowana tylko jednym rodzajem 

mostka cyjanowego o takiej samej geometrii. Pomiary magnetyczne ujawniły 

przejście do trójwymiarowego stanu uporządkowanego odpowiednio w 

temperaturach 23.7, 8.3, 5.9, 13.4 K dla 1, 2, 3 i 4. Zademonstrowano, że 

charakter oddziaływania jest ferrimagnetyczny dla 1 i 2 oraz ferromagnetyczny 

dla 3 i 4. W celu oszacowania stałych oddziaływania wymiany zastosowano 

model pola średniego. Zaobserwowane oddziaływania zostały przedyskutowane 

w ramach modelu orbitali magnetycznych. Jestem głównym redaktorem tej 

pracy.  

13. Proszkowa dyfraktometria promieniami X i pomiary magnetyczne zostały 

zastosowane do badania strukturalnych i magnetycznych własności wodorków 

NdMn2Hx (2 ≤ x ≤ 4.3). Pomiary strukturalne wykonane w przedziale 70 – 385 

K ujawniły szereg transformacji strukturalnych w niskich temperaturach. 

Stwierdzono korelację między magnetycznym zachowaniem tych wodorków a 

przejściami strukturalnymi. Zmiana temperatur porządkowania magnetycznego 

wskazuje na silny związek między oddziaływaniem magnetycznym a 

odległościami Mn-Mn modyfikowanymi absorpcją wodoru. Przedstawiono 

zgrubny fazowy diagram strukturalny. Brałem udział w dyskusji własności 

magnetycznych tych związków i uczestniczyłem w redakcji manuskryptu. 
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3. Spis publikacji nie będących podstawą do ubiegania się o habilitację 

 

Przed uzyskaniem stopnia doktora 

1. R. Pełka, Backreaction of excitations on a domain wall, Acta Phys. Pol. B 28 (1997) 

1981-1995. 

2. H. Arodź, R. Pełka, Evolution of curved interfaces, Phys. Rev. E  62 (2000) 6749-

6759. 

3. H. Arodź, R. Pełka, Ł. Stępień, Perturbations of planar interfaces In Ginzburg-

Landau models, Acta Phys. Pol. B 32 (2001) 1173-1184. 

4. H. Arodź, R. Pełka, Remarks on the n=1/2 disclination line in the Landau-de 

Gennes theory of nematic liquid crystals, Acta Phys. Pol. B 33 (2002) 771-786. 

 

Po uzyskaniu stopnia doktora 

1. P. Zieliński, M. Bałanda, R. Pełka, W. Haase, T. Wasiutyński, Photo-induced 

magnetic effects In Mn-porphyrin based molecular magnets, Czechoslovak Journal 

of Physics 54 (2004)  D543. 

2. M. Bałanda, T. Korzeniak, R. Pełka, R. Podgajny, M. Rams, B. Sieklucka, T. 

Wasiutynski, AC susceptibility study of the bilayered cyano-bridged Cu-W and Cu-

Mo ferromagnets, Solid State Sciences 7 (2005) 1113. 
3. P.M. Zieliński, M. Bałanda, R. Pełka, T. Wasiutyński, Photo-induced magnetic 

effects in [MnR_4TPP][TCNE]2PhMe molecular magnet, J. of Phys.: Conf. Series 

21 (2005) 237. 
4. R. Pełka, K. Saito, Perturbative approach to the structure of a planar interface In 

the Landau-de Gennes model, Phys. Rev. E 74 (2006)  041705. 

5. P.M. Zieliński, P. Tracz, R. Podgajny, R. Pełka, M. Bałanda, T. Wasiutyński and B. 

Sieklucka, Photo-induced relaxation of magnetization in molecular magnet, Acta 

Phys. Pol. A 112  (2007) S-183. 
6. R. Pełka, Y. Yamamura, M. Jasiurkowska, M. Massalska-Arodź, K. Saito, Rich 

polymorphism In 4-propyl-4’-thiocyanato-1,1’-biphenyl (3TCB) revealed by 

adiabatic calorimetry, Liq. Cryst. 35 (2008) 179-186. 
7. B. Sieklucka, R. Podgajny. D. Pinkowicz, B. Nowicka, T. Korzeniak, M. Bałanda, 

T. Wasiutyński, R. Pełka, M. Makarewicz, M. Czapla, M. Rams, B. Gaweł, W. 

Łasocha, Towards high TC octacyanometalate-based networks, Cryst. Eng. Comm. 

(2009), DOI: 10.1039 /b905912a. 
8. M. Jasiurkowska, J. Ściesiński, J. Czub, M. Massalska-Arodź, R. Pełka, E. 

Juszyńska, Y. Yamamura, K. Saito, Infrared spectroscopic and X-ray studies of the 

4-propyl-4’-isothiocyanatobiphenyl (3TCB), J. Phys. Chem. B 113 (2009) 7435-

7442. 
9.  D. Pinkowicz, R. Podgajny, R. Pełka, W. Nitek, M. Bałanda, M. Makarewicz, M. 

Czapla, J. Żukrowski, Cz. Kapusta, D. Zając, B. Sieklucka, Iron(II)-

octacyanoniobate(IV) ferromagnet with TC 43 K, Dalton Trans. (2009), 7771-7777. 
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10. Katsuya Horiuchi, Yasuhisa Yamamura, R. Pełka, Masato Sumita, Suyuma 

Yasuzuka, M. Massalska-Arodź, Kazuya Saito, Entropic contribution of flexible 

terminals to mesophase formation revealed by thermodynamic analysis of 4-alkyl-

4’-isothiocyanatobiphenyl (nTCB), J. Phys. Chem. B 114 (2010) 4870-4875. 
11. T. Wasiutyński, M. Bałanda, M. Czapla, R. Pełka, P. Zieliński, F. L. Pratt, T. 

Korzeniak, R. Podgajny, D. Pinkowicz, B. Sieklucka, Studies of critical phenomena 

in molecular magnets by SR spectroscopy, Journal of Physics: Conference Series 

303 (2011) 012034. 
12. R. Pełka, D. Pinkowicz, O. Drath, M. Bałanda, M. Rams, A. Majcher, W. Nitek, B. 

Sieklucka, Octacyanoniobate(IV)-based molecular magnets revealing 3D long-

range order, Journal of Physics: Conference Series 303 (2011) 012037. 
13. A. Budziak, P. Zachariasz, R. Pełka, H. Figiel, J. Żukrowski, M.W.Woch, Structural 

and magnetic transformations in NdMn2Hx hydrides, Journal of Alloys and 

Compounds, zaakceptowany, DOI:10.1016/j.jallcom.2012.02.030. 

 

 

4. Osiągnięcia (w kolejności odpowiadającej niżej zamieszczonej liście publikacji 

będącej podstawą do ubiegania się o habilitację) 

 

1. Obliczenie molowej podatności magnetycznej magnetyka molekularnego 

[Mn
III

(salen)H2O]3[W
V
(CN)8]·H2O. Związek ten składa się z czterocentrowych 

molekuł Mn
III

-NC-W
V
-CN-Mn

III
-O-Mn

III
 z względnie małymi odległościami 

międzycząsteczkowymi. Obliczenia numeryczne pozwoliły ustalić antyferro-

magnetyczny charakter sprzężenia pomiędzy Mn
III

 a W
V
 powstającego w 

wyniku nadwymiany przez mostki cyjankowe, antyferromagnetyczny charakter 

sprzężenia między centrami Mn
III

 a Mn
III

 będącego efektem nadwymiany przez 

atom tlenu oraz antyferromagnetyczny charakter sprzężenia 

międzymolekularnego. Znajomość wartości całek wymiany pozwoliła na 

uzyskanie wglądu w zależność spektrum energetycznego tetrameru od pola 

magnetycznego. Wykonano również symulację izotermicznego namagneso-

wania w funkcji zewnętrznego pola magnetycznego. Wartości obliczone okazały 

się być większe od wartości eksperymentalnych, jednak takiej rozbieżności 

można się spodziewać w tym przypadku, ponieważ model nie uwzględniał 

efektów anizotropii. 

2. Opracowano prosty model teoretyczny pomagający zinterpretować wyniki 

pomiaru pojemności cieplnej kwazidwuwymiarowego polimeru 

koordynacyjnego {(tetrenH4)0.8Cu
II

4[W
V
(CN)8]47.2H2O}n w obecności 

zewnętrznego pola magnetycznego skierowanego prostopadle do płaszczyzny 

strukturalnych dwuwarstw. Zakładając istnienie anizotropii magnetycznej typu 

łatwa płaszczyzna,  wyprowadzono proste wzory opisujące zależność spadku 

entropii od zewnętrznego pola magnetycznego dla małych pól. Ponadto, 

zakładając, że oddziaływaniem odpowiedzialnym za przejście jest sprzężenie 

dipol-dipol pomiędzy efektywnymi momentami magnetycznymi tworzącymi się 
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powyżej przejścia wskutek silnych oddziaływań wymiennych (nadkrytyczne 

uporządkowanie krótkiego zasięgu), wyjaśniono zależność względnej zmiany 

temperatury przejścia od zewnętrznego pola magnetycznego. W wyniku 

porównania modelu do danych eksperymentalnych otrzymano wartość 

parametru HA=37 kOe, opisującego efektywne pole anizotropii magnetycznej 

typu łatwej płaszczyzny. Wartość ta pozostaje w dobrej zgodności z wynikami 

pomiarów magnetycznych monokryształu tego związku. 

3. Przeprowadzono obliczenia molowej podatności magnetycznej oraz 

izotermicznego namagnesowania dla dwuwymiarowego polimeru koordynacyj-

nego mostkowanego cyjankami [Cu
II
(tren)]{Cu

I
[W

V
(CN)8]·1.5H2O. Obliczenia 

numeryczne pozwoliły zidentyfikować charakter oddziaływania wymiany 

pomiędzy centrami Cu
II
 i W

V
 jako ferromagnetyczny, oraz ustalić wartość 

efektywnego antyferromagnetycznego oddziaływania międzymolekularnego. 

4. Przeprowadzenie analizy wyników pomiarów magnetycznych molekularnego 

magnetyka [Sm
III

(terpy)DMF4][W
V
(CN)8]·6H2O. Numeryczne obliczenia 

molowej podatności i izotermicznego namagnesowania pozwoliły ustalić 

wartość i charakter oddziaływania wymiany pomiędzy centrami Sm
III

 oraz W
V
.  

5. Uogólniono procedurę obliczania własności magnetycznych kwantowo-

klasycznych łańcuchów spinowych, w których kwantowy połówkowy spin 

występuje naprzemiennie ze spinem o dużej wartości. Dzięki takiej konfiguracji 

spinów, spiny większe można traktować klasycznie jako wielkości komutujące, 

co znacznie upraszcza obliczenia. Celem uogólnienia było uwzględnienie w 

rachunkach lokalnej anizotropii magnetycznej (parametru tzw. rozszczepienia w 

polu zerowym) oraz wyliczenie izotermicznego namagnesowania. Procedura 

została zastosowana w przypadku dwóch związków zawierających jony z grupy 

4f: [Ln
III

(terpy)DMF4][W
V
(CN)8]·6H2O (Ln=Sm, Gd). 

6. Opracowano wyniki pomiarów magnetycznych dla szeregów homologicznych 

zbudowanych na bazie oktacyjanku wolframu i grupy jonów ziem rzadkich. 

Otrzymane związki można podzielić na trzy grupy: jednowymiarowy polimer 

koordynacyjny zawierający łańcuchy naprzemiennie rozłożonych centrów 

magnetycznych o wzorze chemicznym [Ln(terpy)(DMF)4][W(CN)8]·6H2O· 

C2H5OH (Ln=Ce-Dy),  zerowymiarowe dimery Ln
III

-W
V
 o wzorze [Ln(terpy) 

(DMF)2(H2O)2][W(CN)8]·3H2O (Ln=Ho, Er, Yb) oraz zerowymiarowy związek 

jonowy [Tm(terpy)(DMF)2(H2O)3][W(CN)8]·4H2O·DMF. W celu analizy 

danych eksperymentalnych zostało przygotowane specjalne oprogramowanie w 

środowisku Mathematica5.2. Obliczenia numeryczne uwzględniały pole 

krystaliczne jonu ziem rzadkich oraz oddziaływanie wymiany między jonami 

Ln
III

 oraz W
V
. Symulacje dotyczyły zarówno molowej podatności magnetycznej 

jak i izotermicznego namagnesowania. Uwzględnione zostało również 

niezerowe zewnętrzne pole magnetyczne obecne przy pomiarze podatności. 
Największym wyzwaniem była symulacja wyników dla związku z erbem, dla 
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którego pomiary zostały przeprowadzone na próbce monokrystalicznej. 

Wymagało to odpowiedniego uwzględnienia pełnej informacji strukturalnej dla 

tego związku. W przypadku związku z europem uwzględniono odpowiednio 

wpływ blisko położonych poziomów wzbudzonych. Porównanie obliczonych 

charakterystyk magnetycznych z danymi eksperymentalnymi pozwoliło w 

każdym przypadku określić wiodące parametry pola krystalicznego oraz określić 

znak i oszacować wartość oddziaływania wymiany. W ogólności całki wymiany 

okazały się mieć wartości poniżej 1 K. Dla łańcuchów oddziaływanie wymiany 

okazało się najbardziej efektywne i zmieniało znak wzdłuż szeregu 

homologicznego. O rząd wielkości słabsze oddziaływanie wymiany zostało 

stwierdzone dla związków zbudowanych z dimerów. Otrzymane struktury 

rozszczepionego polem krystalicznym multipletu podstawowego centrów Ln
III

 w 

zadawalający sposób wyjaśniły zależność temperaturową molowych podatności 

magnetycznych tych związków.    

7. Wykonano analizę wyników pomiarów magnetycznych próbki 

monokrystalicznej kwazidwuwymiarowego magnetyka molekularnego o wzorze 

chemicznym {(tetrenH5)0.8Cu
II

4[W
V
(CN)8]4·7.2H2O}n. Stwierdzono, że 

trójwymiarowe uporządkowanie poniżej TC≈33 K ma charakter antyferromagne-

tyczny, który pod działaniem słabego pola magnetycznego zmienia się na 

ferromagnetyczny. Potwierdzono istnienie silnej anizotropii typu łatwej 

płaszczyzny. Przeprowadzono szczegółową analizę praw skalowania molowej 

podatności stałoprądowej. Analiza ta pokazała, że porządkowanie w kierunku 

równoległym do strukturalnych dwuwarstw jest procesem jednoetapowym, 

natomiast proces porządkowania w kierunku prostopadłym do dwuwarstw jest 

procesem dwuetapowym. Crossover obserwowany dla tego kierunku przy około 

39 K jest przejściem z dwuwymiarowego porządku krótkiego zasięgu do 

trójwymiarowego porządku dalekiego zasięgu. To zostało powiązane z niską 

wartością entropii stowarzyszonej z tym przejściem wynoszącą około 15% 

maksymalnej wartości oczekiwanej dla ośmiu połówkowych spinów 

przypadających na komórkę elementarną w tym związku. Wartość pola 

progowego dla spin flipu została poparta rachunkiem zakładającym istnienie 

uporządkowanych klastrów powyżej przejścia posiadających wypadkowe 

efektywne momenty magnetyczne sprzęgnięte oddziaływaniem dipolowym. Ze 

względu na relatywną słabość oddziaływań dipolowych pole progowe osiąga 

niskie wartości rzędu 100 Oe. Przeprowadzono ponadto analizę skalowania 

temperaturowej zależności namagnesowania dc. Wartość wykładnika ν została 

oszacowana na 0.56 i okazała się bliska wartości 0.5 przewidzianej teoretycznie 

dla unikatowego przejścia Berezinskiego-Kosterlitza-Thoulessa. To świadczy o 

tym, że ze względu na uwięzienie spinów w płaszczyznach dwuwarstw, w tym 

układzie istotną rolę mogą odgrywać pary worteks-antyworteks.  

8. Przeanalizowano izotermiczne namagnesowanie jak również podatność 

stałoprądową zmierzoną dla próbek proszkowych trzech związków opartych na 
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jonie Ce
III

 i oktacyjanku wolframu. Związki te wykazują różną wymiarowość 

sieci koordynacyjnej:  związek jonowy (0-wymiarowy) [Ce2(bpm)(dmf)6(H2O)8] 

[W(CN)8]2·3H2O, czterocentrowe molekuły [Ce2(bpm)(dmso)8(H2O)4]   

[W(CN)8 ]2·4H2O oraz dwuwymiarowa sieć naprzemiennie rozłożonych jonów 

Ce
III

 i W
V 

{[Ce2(bpm)(dmf)8(H2O)2][W(CN)8]2}n·2nH2O. Własności mag-

netyczne zostały zinterpretowane w oparciu o parametry rozszczepienia pola 

krystalicznego i oddziaływania nadwymiany. Rachunki wskazały na 

ferromagnetyczny charakter oddziaływania nadwymiany pomiędzy jonami ceru 

i wolframu skoordynowanymi mostkiem cyjankowym, oraz 

antyferromagnetyczny charakter oddziaływania nadwymiany pomiędzy jonami 

ceru skoordynowanymi mostkiem bipirymidynowym. 

9. Analiza pomiarów magnetycznych oparta o model średniego pola czterech 

związków izostrukturalnego szeregu o wzorze chemicznym {[M
II
(pirazol)4]2 

[Nb
IV

(CN)8]· 4H2O}n (M=Mn, Fe, Co, Ni) wskazała na antyferromagnetyczny 

charakter oddziaływania nadwymiennego poimiędzy Nb
IV

 i M
II
 dla M=Mn i Fe, 

oraz ferromagnetyczny charakter tego oddziaływania dla M=Co i Ni. 

Oszacowano wartości stałych oddziaływania wymiany. Otrzymane wyniki 

zostały przedyskutowane w oparciu o model orbitali magnetycznych 

zaproponowany przez O. Kahna. Pozwoliło to na oszacowanie 

ferromagnetycznego i antyferromagnetycznego wkładu pochodzącego od 

pojedynczej pary elektronowej do całkowitej całki wymiany. 

10. Dla związku Cu4(tetren)[W(CN)8]4 pokazano (patrz publikacja 7), że struktura 

magnetyczna składa się ze słabo sprzężonych podwójnych warstw zbudowanych 

z naprzemiennie rozłożonych jonów wolframu i miedzi. W związku o podobnej 

strukturze  Cu2+xCu4[W(CN)8]4 przestrzenie pomiędzy podwójnymi warstwami 

są wypełnione paramagnetycznymi jonami Cu
II
 prowadząc do wyjątkowej 

struktury magnetycznej. Oba związki wykazują przejście do stanu 

uporządkowanego w temperaturach odpowiednio 33 i 40 K. Praca jest raportem 

z badania zachowania krytycznego obu związków wykorzystującego szereg 

metod komplementarnych takich jak: magnetometria ac, kalorymetria 

relaksacyjna, spinowa rotacyjna spektroskopia oparta na wiązce 

spolaryzowanych mionów. Poza standardowym zestawem wykładników 

krytycznych α,  i , wyznaczono również wykładniki związane z 

kombinowanym skalowaniem entropii i parametru porządku. Dla obu związków 

zweryfikowano, że zgodnie z przewidywaniami teoretycznymi tego typu 

skalowanie ma miejsce. Zestaw wykładników krytycznych dla związku drugiego 

wskazał na klasę uniwersalności modelu Heisenberga w trzech wymiarach. 

Dzięki uwagom Prof. Y. Miyazaki zastosowana została przybliżona metoda 

obliczania wkładu fononowego do ciepła właściwego (porównaj publikację 7), 

która dawała zgodne z oczekiwaniami wartości wkładu magnetycznego do 

entropii, odsłaniając jego zależność od temperatury. Przesunięcie anomalii 

ciepła właściwego drugiego związku w kierunku wyższych temperatur wraz ze 
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wzrostem zewnętrznego pola wskazał na dominację ferromagnetycznego 

sprzężenia w układzie. 

11. Zbadano magnetyczne i termodynamiczne własności sprzężonych oddziaływa-

niem wymiany łańcuchów o naprzemiennym układzie spinów (spin połówkowy 

– spin duży S≥5/2) wykazujących prostą topologię AB lub złożoną AB2. 

Podejście oparte na przybliżeniu traktującym w pośrednim kroku operator 

dużego spinu jako zmienną komutującą i wykorzystującą technikę macierzy 

transferu pozwoliło na wyliczenie namagnesowania, podatności i ciepła 

właściwego dla obu układów spinowych. Uwzględniono jednorodne wzdłuż 

łańcuchów sprzężenia ferro- i antyferromagnetyczne. Jako test poprawności 

procedur rachunkowych przyjęto wartość nasycenia namagnesowania oraz 

zawartość entropową tych układów. Dla łańcucha AB ujawniono anomalię 

złożoną z dwóch maksimów w cieple właściwym. Z kolei dla łańcucha AB2 

drugie maksimum w przebiegu ciepła właściwego nie pojawiło się. 

12. Artykuł zawiera dyskusję procedur rachunkowych dla pełnego tensora 

podatności magnetycznej i pseudowektora namagnesowania izotermicznego dla 

związków zawierających słabo sprzężone centra magnetyczne.  

Przedyskutowany i skomentowany został zarówno przypadek obliczeń dla 

próbki monokrystalicznej jak i dla próbki polikrystalicznej. Znalezione zostały 

jawne wyrażenia na tensor podatności dla spinów S=1, 3/2, 2 i 5/2 z 

uwzględnieniem rombowej lokalnej anizotropii. Wynik ten jest istotnym 

uzupełnieniem prac  

a. R. Boča, Coord. Chem. Rev. 173, 167 (1998), 

b. R. Boča, Coord. Chem. Rev. 248, 757 (2004). 

13. Modelowanie własności magnetycznych łańcucha opartego na jonach W
V
 i Cu

II
  

z nietrywialną topologią AB4. Rachunki, wykonane częściowo analitycznie a 

częściowo numerycznie z zastosowaniem techniki macierzy transferu, pozwoliły 

na zidentyfikowanie charakteru oddziaływań wymiany wewnątrz łańcucha. 

Okazało się, że oddziaływanie wymiany zmienia naprzemiennie charakter 

wzdłuż łańcucha. Oszacowane zostało również oddziaływanie między 

łańcuchami i nieskoordynowanymi jonami oktacyjanku wolframu. Wyniki 

uzyskane na podstawie analizy danych magnetycznych nie pokryły się z 

wynikami otrzymanymi w oparciu o teorię funkcjonału gęstości. 

 

5. Zastosowania 

 
Jakościowe i ilościowe poznanie i zrozumienie własności magnetycznych 

istniejących materiałów molekularnych jest istotnym elementem badań 

podstawowych jak też umożliwia racjonalne planowanie strategii konstrukcyjnych 

nowych materiałów, w których nacisk jest położony na funkcjonalność i 

technologiczną istotność.  
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(M ) Mo or W) Precursors
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The syntheses, X-ray structures, and magnetic behaviors of two new cyano-bridged assemblies, the molecular
[MnIII(salen)H2O]3[WV(CN)8]‚H2O (1) and one-dimensional [Mn(salen)(H2O)2]2{[Mn(salen)(H2O)][Mn(salen)]2[Mo(CN)8]}‚
0.5ClO4‚0.5OH‚4.5H2O (2), are presented. Compound 1 crystallizes in the monoclinic system, has space group
P21/c, and has unit cell constants a ) 13.7210(2) Å, b ) 20.6840(4) Å, c ) 20.6370(2) Å, and Z ) 4. Compound
2 crystallizes in the triclinic system, has space group P1h, and has unit cell dimensions a ) 18.428(4) Å, b )
18.521(3) Å, c ) 18.567(4) Å, and Z ) 2. The structure of 1 consists of the asymmetric V-shaped Mn−NC−W−
NC−Mn−Ophenolate−Mn molecules, where W(V) coordinates with [Mn(salen)H2O] and singly phenolate-bridged [Mn-
(salen)H2O]2 moieties through the neighboring cyano bridges. The [WV(CN)8]3- ion displays distorted square-
antiprism geometry. The structure of 2 consists of the cyano-bridged {Mn3

IIIMoIV}n
- repeating units linked by double

phenolate bridges into one-dimensional zigzag chains. The Mn(III) centers are bound to Mo(IV) of square-antiprism
geometry through the neighboring cyano bridges. The magnetic studies of 1 reveal the antiferromagnetic intramolecular
interactions through the CN and phenolate bridges and the relatively weak intermolecular interactions. Compound
1 becomes antiferromagnetically ordered below TN ) 4.6 K. The presence of the magnetic anisotropy is documented
with the M(H) measurements carried out for both polycrystalline and single-crystal samples. At T ) 1.9 K, the
spin−flop transition is observed in the field of 18 kOe applied parallel to the bc plane, which is the easy plane of
magnetization. Field dependence of magnetization of 1 shows field-induced metamagnetic behavior from the
antiferromagnetic ground state of ST ) 3/2 to the state of ST ) 5/2. The magnetic properties of 2 indicate a weak
antiferromagnetic interaction between Mn(III) centers in double-phenolate-bridged [MnIII(salen)]2 dinuclear subunits
and a very weak ferromagnetic interaction between them through the diamagnetic [MoIV(CN)8]4- spacer.

Introduction

The formation of supramolecular assemblies based on
octacyanometalates [M(CN)8]3-/4- (M ) Mo or W) of
potential utility for functional materials is currently attracting
much attention.1,2 The research in this field has resulted in

high-nuclearity octacyanometalate based molecules1 and
polymeric coordination networks2 that behave like magnets
and photoinduced magnetic materials.

In the design of new solid state architectures, the strategy
of self-assembly through the formation of coordinate M-CN-

* To whom correspondence should be addressed. Phone:+48-12-633-
63-77 ext. 2036. E-mail: siekluck@chemia.uj.edu.pl.

† Faculty of Chemistry, Jagiellonian University.
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| UniversitéPierre et Marie Curie.

(1) (a) Sieklucka, B.; Szklarzewicz, J.; Kemp, T. J.; Errington, W.Inorg.
Chem. 2000, 39, 5156. (b) Bonadio, F.; Gross, M.; Stoeckli-Evans,
H.; Decurtins, S.Inorg. Chem.2002, 41, 5891. (c) Chang, F.; Sun,
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M′ bonds between multidimensional nonrigid octacyano-
metalates3 and 3d transition metal tectons, accompanied by
weakerπ-π stacking, hydrogen bonding, and electrostatic
interactions, has been used.4 As a part of our program
working toward the crystal engineering of magnetic and
photomagnetic molecular materials, we are exploring the self-
assembly approach for the design of coordination networks
involving (CN)7MIV,V-CN-MnIII linkages.

For the present study, we chose [MnIII (salen)(H2O)]+ [salen
) the N,N′-ethylenebis(salicylideneaminato) dianion], which
has a high-spin ground state (S ) 2), as a building block.
The advantage of [MnIII (salen)(H2O)]+ is the square-planar
coordination of the salen ligand that allows the formation
of the simplest motifs of both square-pyramidal [MnIII (salen)-
(NC)] and octahedral [MnIII (salen)(NC)2] with [M(CN)8]3-/4-

complexes for the construction of multinuclear arrays of low
dimensionality.

It has been shown that the reaction of [MnIII (salen)(H2O)]+

or [MnIII (BS)]+ (BS ) the salen-substituted ligand) with
[Fe(CN)6]3- has led to a variety of extended structures,
depending on the nature of the Schiff-base ligand, which
affects (i) the steric accessibility of MnIII and its coordination
number, (ii) the competition of [Fe(CN)6]3- with solvent
molecules at the Mn(III) center, and finally (iii) the equi-
librium of the mononuclear [MnIII (salen)H2O]+ and dinuclear
[MnIII

2(salen)2(H2O)2]2+ complexes in aqueous solution.5-10

Herein we report the syntheses, the crystal structures, and
the magnetic properties of two new cyano- and Ophenolate-
bridged compounds: the zero-dimensional (0-D) [MnIII -
(salen)(H2O)]3[WV(CN)8]‚H2O tetranuclear molecule (ab-
breviated as Mn3IIIWV or 1) and the one-dimensional (1-D)
[MnIII (salen)(H2O)2]2{[MnIII (salen)(H2O)][MnIII (salen)]2[MoIV-
(CN)8]}‚0.5ClO4‚ 0.5OH‚4.5H2O chain (abbreviated as2).
Both compounds form three-dimensional (3-D) supramo-
lecular networks utilizingπ-π stacking interactions of the
salen ligand and hydrogen bonding. The magnetic studies
of 1 reveal an antiferromagnetic long-range ordering (TN )
4.6 K) with planar anisotropy and thespin-flop transition
in the external magnetic field. Compound2 is a magnetic
chain of weakly coupled double-phenolate-bridged [MnIII -
(salen)]2 dinuclear subunits separated by the diamagnetic
[MoIV(CN)8]4- spacer, between which very weak magnetic
interactions are observed.

Experimental Section

General Procedures and Materials.All chemicals and solvents
were reagent grade. The quadridentate Schiff-base salen ligand
(C16H16N2O2) was prepared by mixing salicylaldehyde and 1,2-
diaminoethane in a 2:1 molar ratio in 200 mL of water. The resulting
yellow precipitate was recrystallized from ethanol, giving yellow
crystals. K4[W(CN)8]‚2H2O and K4[Mo(CN)8]‚2H2O were prepared
according to the literature.11 Since the octacyanometalate ions have
a tendency to decompose under irradiation, the syntheses of the
manganese(III)-tungsten(V) and manganese(III)-molybdenum(IV)
complexes were performed in a dark room and at room temperature.

Caution: Perchlorate salts are potentially explosive and should
only be handled with care and in small quantities.

Preparation of [Mn(salen)(H2O)]ClO4. The manganese(III)
complex was obtained by mixing manganese(III) acetate dihydrate
(3.73 mmol, 1.00 g) and salen (3.73 mmol, 1.00 g) in methanol
(200 mL) and anhydrous sodium perchlorate (5.64 mmol, 0.69 g)
in water (80 mL). After evaporation to 40 mL and cooling, the
resulting black crystals were collected by suction filtration. Anal.
Calcd for C16H16N2O7ClMn: C, 43.80; H, 3.68; N, 6.39. Found:
C, 44.00; H, 3.71; N, 6.25.

(2) (a) Lu, J.; Harrison, W. T. A.; Jacobson, A. J.Angew. Chem., Int. Ed.
1995, 34, 2557. (b) Sra, A. K.; Rombaut, G.; Lahiteˆte, F.; Golhen, S.;
Ouahab, L.; Mathonie`re, C.; Yakhmi, J. V.; Kahn, O.New J. Chem.
2000, 24, 871. (c) Rombaut, G.; Mathonie`re, C.; Guionneau, P.;
Golhen, S.; Ouahab, L.; Verelst, M.; Lecante, P.Inorg. Chim. Acta
2001, 326, 27. (d) Rombaut, G.; Verelst, M.; Golhen, S.; Ouahab, L.;
Mathonière, C.; Kahn, O.Inorg. Chem.2001, 40, 1151. (e) Ohkoshi,
S.; Hashimoto, K.J. Photochem. Photobiol., C2001, 2, 71. (f)
Podgajny, R.; Dromze´e, Y.; Kruczała, K.; Sieklucka, B.Polyhedron
2001, 20, 685 (g) Li, D.-F.; Gao, S.; Zheng, L.-M.; Sun, W.-Y.;
Okamura, T.; Ueyama, N.; Tang, W.-X.New J. Chem.2002, 4, 485.
(h) Li, D.-F.; Okamura, T.; Sun, W.-Y.; Ueyama, N.; Tang, W.-X.
Acta Crystallogr.2002, C58, m280. (i) Li, D.-F.; Gao, S.; Zheng, L.-
M.; Tang, W.-X. J. Chem. Soc., Dalton Trans.2002, 2805. (j)
Sieklucka, B.; Podgajny, R.; Korzeniak, T.; Przychodzen´, P.; Kania,
R. C. R. Chem.2002, 5, 1. (k) Podgajny, R.; Korzeniak, T.; Bałanda,
M.; Wasiutyński, T.; Errington, W.; Kemp, T. J.; Alcock, N. W.;
Sieklucka, B. Chem. Commun.2002, 1138. (l) Szklarzewicz, J.;
Podgajny, R.; Lewin´ski, K.; Sieklucka, B.CrystEngComm2002, 4
(35), 199. (m) Kania, R.; Lewin´ski, K.; Sieklucka, B.J. Chem. Soc.,
Dalton Trans.2003, 1033. (n) Li, D.-F.; Zheng, L.-M.; Wang, X.-Y.;
Huang, J.; Gao, S.; Tang, W.-X.Chem. Mater.2003, 15, 2094. (o)
Korzeniak, T.; Podgajny, R.; Alcock, N. W.; Lewin´ski, K.; Bałanda,
M.; Wasiutyński, T.; Sieklucka, B.Polyhedron2003, 22, 2183. (p)
Podgajny, R.; Desplanches, C.; Fabrizi de Biani, F.; Sieklucka, B.;
Dromzée, Y.; Verdaguer, M. To be submitted for publication. (q)
Podgajny, R.; Korzeniak, T.; Stadnicka, K.; Dromze´e, Y.; Alcock, N.
W.; Errington, W.; Kruczała, K.; Bałanda, M.; Kemp, T. J.; Verdaguer,
M.; Sieklucka, B.J. Chem. Soc., Dalton Trans.2003, 3458. (r) Herrera,
J. M.; Armentano, D.; de Munno, G.; Lloret, F.; Julve, M.; Verdaguer,
M. New J. Chem.2003, 27, 128. (s) Chen, F.-T.; Li, D.-F.; Gao, S.;
Wang, X.-Y.; Zheng, L.-M.; Tang, W.-X.J. Chem. Soc., Dalton Trans.
2003, 3283. (t) Larionova, J.; Cle´rac, R.; Donnadieu, B.; Willemin,
S.; Guérin C. Cryst. Growth Des.2003, 3, 267. (u) Arimoto, Y.;
Ohkoshi, S.-I.; Zhong, Z. J.; Seino, H.; Mizobe, Y.; Hashimoto, K.J.
Am. Chem. Soc.2003, 125, 9240. (v) Li, D.-F.; Zheng, L.; Zhang, Y.;
Huang, J.; Gao, S.; Tang, W.Inorg. Chem.2003, 42, 6123. (w)
Herrera, J. M.; Bleuzen, A.; Dromze´e, Y.; Julve, M.; Lloret, F.;
Verdaguer, M.Inorg. Chem.2003, 42, 7052.

(3) (a) Muetterties, E. L.Inorg. Chem.1973, 12, 1963. (b) Burdett, J. K.;
Hoffmann, R.; Fay, R. C.Inorg. Chem.1978, 17, 2553. (c) Leipoldt,
J. G.; Basson, S. S.; Roodt, A.AdV. Inorg. Chem.1993, 40, 241. (d)
Leipoldt, J. G.; Basson, S. S.; Roodt, A.; Purcell, W.Polyhedron1992,
11, 2277.

(4) (a) Batten, S. R.; Robson, R.Angew. Chem., Int. Ed. 1998, 37, 1460.
(b) Zaworotko, M. J.Chem. Commun.2001, 1. (c) Holliday, B. J.;
Mirkin, Ch. A. Angew. Chem., Int. Ed.2001, 40, 2022. (d) Moulton,
B.; Zaworotko, M. J.Chem. ReV. 2001, 101, 1629. (e) Batten, S. R.
Solid State Mater.2001, 5, 107. (f) Batten, S. R.CrystEngComm2001,
18, 1. (g) Hunter, Ch. A.; Sanders, J. K. M.J. Am. Chem. Soc.1990,
112, 5525. (h) Krass, H.; Plummer, E. A.; Heider, J. M.; Barker, Ph.
R.; Alcock, N. W.; Pikramenou, Z.; Hannon, M. J.; Kurth, D. G.
Angew. Chem., Int. Ed.2001, 40, 3862. (i) Lu, J.; Mondal, A.; Moulton,
B.; Zaworotko, M. J.Angew. Chem., Int. Ed.2001, 40, 2113. (j)
Nichols, P. J.; Raston, C. L.; Steed, J. W.Chem. Commun.2001, 1062.
(k) Steed, J. W.; Atwood, J. L.Supramolecular Chemistry; J. Wiley
& Sons: Chichester, U.K., 2000; pp 19-30, 390-392.

(5) Miyasaka, H.; Okawa, H.; Miyazaki, A.; Enoki, T.J. Chem. Soc.,
Dalton Trans.1998, 3991.

(6) Miyasaka, H.; Ieda, H.; Matsumoto, N.; Re, N.; Crescenzi, R.; Floriani,
C. Inorg. Chem.1998, 37, 255.

(7) Miyasaka, H.; Matsumoto, N.; Re, N.; Gallo, E.; Floriani, C.Inorg.
Chem.1997, 36, 670.

(8) Miyasaka, H.; Matsumoto, N.; Okawa, H.; Re, N.; Gallo, E.; Floriani,
C. J. Am. Chem. Soc.1996, 118, 981.

(9) Re, N.; Gallo, E.; Floriani, C.; Miyasaka, H.; Matsumoto, N.Inorg.
Chem.1996, 35, 6004.

(10) Miyasaka, H.; Matsumoto, N.; Okawa, H.; Re, N.; Gallo, E.; Floriani,
C. Angew. Chem., Int. Ed. Engl.1995, 34, 1446.

(11) Leipoldt, J. G.; Bok, L. C. D.; Cilliers, P. J.Z. Anorg. Allg. Chem.
1974, 409, 343.

Przychodzeñet al.
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Preparation of [Mn(salen)(H2O)]3[W(CN)8]‚H2O (1). To a
solution of [Mn(salen)H2O]ClO4 (0.23 mmol, 0.10 g) in water (25
mL), a solution of K4[W(CN)8]‚2H2O (0.23 mmol, 0.13 g) in water
(10 mL) was added. The reaction mixture was stirred for 10 min
and then filtered. Dark-brown crystals of1 suitable for X-ray single-
crystal structure determination were obtained by slow evaporation
of the filtrate in the dark at room temperature for 5 weeks. The
crystals were collected by suction filtration, washed with water,
and air-dried. Yield: 92.5 mg, 29%. Anal. Calcd for C56H50N14O10-
Mn3W: C, 47.11; H, 3.53; N, 13.73. Found: C, 47.36; H, 3.48; N,
13.44. IR (KBr): ν(CN) 2138, 2150, 2157, 2165 cm-1.

Preparation of [Mn(salen)(H2O)2]2{[Mn(salen)(H2O)][Mn-
(salen)]2[Mo(CN)8]}‚0.5ClO4‚0.5OH‚8H2O (2‚3.5H2O). To a
solution of [Mn(salen)H2O]ClO4 (0.23 mmol, 0.10 g) in water (20
mL), a solution of K4[Mo(CN)8]‚2H2O (0.23 mmol, 0.11 g) in water
(10 mL) was added. The reaction mixture was stirred for 20 min
and then filtered, and the filtrate was left at room temperature in
the dark room for evaporation. After one week, the dark-brown
precipitate was collected by suction filtration, washed with water,
and air-dried. Yield: 32.7 mg, 7%. Anal. Calcd for C88H96.5N18O25.5-
Mn5MoCl0.5 (2‚3.5H2O): C, 47.98; H, 4.42; N, 11.45. Found: C,
47.58; H, 4.21; N, 11.56. IR (KBr):ν(CN) 2103 cm-1. Dark-brown
crystals of2 were grown by very slow evaporation of the filtrate
in the dark at room temperature for 4 weeks. The crystals were
collected by suction filtration, washed with water, and air-dried.

Physical Measurements.Infrared spectra were measured be-
tween 4000 and 400 cm-1 on a Bruker EQUINOX 55 spectrometer
in KBr disks. Magnetic susceptibility measurements were performed
upon cooling in a constant magnetic field of 2 kOe over the
temperature range 1.9-300 K using a Quantum Design SQUID
magnetometer. Isothermal magnetization curves in the field up to
50 kOe were measured atT ) 1.9 and 4.3 K. Magnetic studies
have been carried out for powder and single-crystal samples of1.
The single-crystal sample (approximate size, 0.2× 0.6× 0.8 mm3)
was oriented by the X-ray analysis. Experimental data were
corrected for diamagnetic (ødia) and temperature-independent-
paramagnetic (øTIP) contributions.

X-ray Data Collection and Structure Determination. Single-
crystal X-ray data for [MnIII (salen)(H2O)]3[WV(CN)8]‚H2O (1) and
[MnIII(salen)(H2O)2]2{[MnIII(salen)(H2O)][MnIII(salen)]2[MoIV(CN)8]}‚
0.5ClO4‚0.5OH‚4.5H2O (2) were collected at room temperature on
a Nonius KappaCCD diffractometer with graphite monochromated
Mo KR radiation (λ ) 0.7107 Å). For compound1, the Denzo
Scalepack program package was used for cell refinement and data
reduction.12 The multiscan absorption correction based on equivalent
reflections was applied to the data. The structure of1 was solved
by the heavy atom method (SHELXS-97) and subsequent Fourier
analyses and refined by full-matrix least-squares onF2 using the
program SHELXL-97.13 Anisotropic displacement parameters were
applied to all non-hydrogen atoms. The hydrogen atoms of the salen
molecules were located in their calculated positions and refined
using a riding model with individual isotropic displacement
parameters. In all the water molecules, the hydrogens were localized
on difference Fourier maps and refined with individual isotropic
displacement parameters. The restraints were applied to O4 to hy-
drogen distances of the crystalline water molecule. The diffraction
data of compound2 were reduced using the EvalCCD program
package.14 The structure of2 was solved by direct methods and

subsequent difference Fourier syntheses and refined by full-matrix
least-squares onF using the programs of the PC version of CRYS-
TALS.15 All non-H2O and -ClO4 molecules and non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were intro-
duced in calculated positions, and only one overall isotropic
displacement parameter was refined. The Cl atom of the perchlorate
group was located on an inversion center. Complete crystallographic
data and collection parameters for both structures are listed in Table
1.

Results and Discussion

Formation and General Properties.[MnIII (salen)(H2O)]3-
[WV(CN)8]‚H2O (1) was synthesized in water by the reaction
of [MnIII (salen)H2O]ClO4 with K4[WIV(CN)8]‚2H2O in a 1:1
Mn/W molar ratio. Regardless of the Mn/W molar ratio and
the [WIV(CN)8]4- or [WV(CN)8]3- complex used, the resulting
complex1 presents a 3:1 stoichiometry and a WV center.
The redox behavior of the MnIII-WIV reaction system can
be rationalized in terms of the oxidation of [WIV(CN)8]4-

by [MnIII (salen)H2O]+, leading to the formation of [WV-
(CN)8]3-, and followed by the aerial oxidation of the [MnII-
(salen)H2O] product to [MnIII (salen)H2O]+.16 [Mn(salen)-
(H2O)2]2{[Mn(salen)(H2O)][Mn(salen)]2[Mo(CN)8]}‚0.5ClO4‚
0.5OH‚4.5H2O (2) was synthesized in water by the reaction
of [MnIII (salen)H2O]ClO4 with K4[MoIV(CN)8]‚2H2O in a 1:1
Mn/Mo molar ratio. Complex2 presents a 5:1 stoichiometry
and the original MoIV center due to the much higher redox
potential of the [Mo(CN)8]3-/4- couple compared with
[W(CN)8]3-/4-.17

(12) Otwinowski, Z.; Minor, W.Methods Enzymol. 1997, 276, 307.
(13) Sheldrick, G. M.SHELX-97; programs for structure analysis; Uni-

versity of Göttingen: Germany, 1998.
(14) Duisenberg, A. J. M.; Kroon-Batenburg, L. M. J.; Schreurs, A. M.

M. J. Appl. Crystallogr.2003, 220-229.

(15) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.; Cooper,
R. I. CRYSTALS, Issue 11; Chemical Crystallography Laboratory:
Oxford, U.K., 2001.

(16) Bermejo, M. R.; Castin˜eiras, A.; Garcia-Monteagudo, J. C.; Rey, M.;
Sousa, A.; Watkinson, M.; McAuliffe, C. A.; Pritchard, R. G.; Beddoes,
R. L. J. Chem. Soc., Dalton Trans.1996, 2935.

(17) Sieklucka, B.Prog. React. Kinet.1989, 15, 175.

Table 1. Summary of Crystal, Intensity Collection, and Refinement
Data for [MnIII (salen)(H2O)]3[WV(CN)8]‚H2O (1) and
[MnIII (salen)(H2O)2]2{[MnIII (salen)(H2O)][MnIII (salen)]2-
[MoIV(CN)8]}‚0.5ClO4‚ 0.5OH‚4.5H2O (2)

1 2

empirical formula C56H50N14O10Mn3W C88H89.5N18O22Mn5MoCl0.5
fw 1427.87 2139.82
λ(Mo KR) 0.7107 0.7107
cryst syst monoclinic triclinic
space group P21/c P1h
a (Å) 13.7210(2) 18.428(4)
b (Å) 20.6840(4) 18.521(3)
c (Å) 20.6370(2) 18.567(4)
R (deg) 90 94.79(2)
â (deg) 102.1290(10) 119.23(1)
γ (deg) 90 107.861(16)
V (Å3) 5726.14(15) 5051.1(21)
Fcalc (g cm-3) 1.656 1.389
Z 4 2
µ (mm-1) 2.720 0.814
T (K) 293(2) 295
reflns/unique 20 244/12 388 22 105/22 105
R indicesa R ) 0.0293b R ) 0.0865b

wR2 ) 0.0641c wR ) 0.0977d
R indices (all data) R ) 0.0438b R ) 0.1452b

wR2 ) 0.0711c wR ) 0.1520d
GOF 1.022 1.076

a 1: 10 054 reflections,I > 2σ(I); 2: 12 797 reflections,I > 3σ(I). b R
) ∑|Fo| - |Fc|/∑|Fo|. c wR2 ) {∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2]}1/2. d wR
) {∑[w(Fo - Fc)2]/∑[w(Fo)2]}1/2.

Properties of Two Low-Dimensional Materials
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The MnIII
3WV molecule (1) consists of cyano and single

Ophenolatebridges with Mn-NC-W-CN-Mn-Ophenolate-Mn
skeletons. Compound2 consists of cyano-bridged{MnIII

3-
MoIV}n

- units linked by double phenolate bridges into infinite
zigzag chains. The presence of cyano and phenolate bridges
indicates that mononuclear [MnIII (salen)H2O]+ and dinuclear
[MnIII

2(salen)2(H2O)2]2+ forms are engaged in the self-
assembly process of1 and 2, in agreement with the
equilibrium of the forms in aqueous solution.

IR data of [MnIII (salen)(H2O)]3[WV(CN)8]‚H2O (1) re-
vealed fourν(CN) vibrations at 2138 (m), 2150 (s), 2157
(s), and 2165 (m) cm-1. The ν(CN) bands of1 are in the
range of those of the isolated octacyanotungstate(V) ion
(2170-2130 cm-1).2q,18This demonstrates that the kinematic
coupling [increasing ofν(CN)] in 1 is compensated by the
electronic effect. The latter consists of electron withdrawal
by [Mn(salen)(H2O)] units, which causes enhancedπ-back-
donation from the W center to theπ* MOs of cyanide with
consequences opposite to those of kinematic coupling. The
IR spectrum of [MnIII (salen)(H2O)2]2{[MnIII (salen)(H2O)]-
[MnIII(salen)]2[MoIV(CN)8]}‚0.5ClO4‚ 0.5OH‚4.5H2O (2) shows
only one broadν(CN) vibration at 2103 (s) cm-1. Taking
into account the range 2140-2100 cm-1 and the pattern of
the ν(CN) bands of the isolated octacyanomolybdate(IV)
anion, it is not possible to distinguish between the terminal
and bridgingν(CN) bands of2.2q,18

Structural Description. The molecular structure of [MnIII -
(salen)(H2O)]3[WV(CN)8]‚H2O (1) consists of neutral [MnIII -
(salen)(H2O)]3[WV(CN)8] molecules in which linked metallic
MnIII-NC-WV-CN-MnIII-Ophenolate-MnIII centers form
slightly distorted V-shaped units (Figure 1). The distorted
hexacoordinated [MnIII (salen)(H2O)(NC)] moieties consist of
an equatorial salen ligand, an axial aqua ligand, and, in Mn-
(1) and Mn(2) centers, nitrogen bonded cyanides bridging
Mn(III) to the W(V) center. Relevant bond distances and
angles are listed in Table 2 and Supporting Information Table
S1. The axial positions of the Mn(3) ion are occupied by
the phenolate oxygen atom O(201) of the neighboring
complex and by a water molecule. The distance of Mn(3) to
O(201) equal to 2.979(3) Å is in the middle of the range

between short and long distances observed in dinuclear
complexes of quadridentate Mn(III) Schiff-base complexes.19

The [WV(CN)8]3- unit displays a slightly distorted square-
antiprism geometry (D4d). It has two bridging and six terminal
cyano ligands. There is no important difference between the
mean values for bridging and terminal cyano ligands, within
experimental error. The W-C-N bridging units appear as
almost linear in opposition to the case of the strongly bent
Mn-N-C units (153.2(3)° and 149.3(3)° for Mn(1)-N(2)-
C(2) and Mn(2)-N(1)-C(1), respectively), typical for the
cyano-bridged octacyanometalates.

The hydrogen bonds (2.996 Å) between the aqua ligand
and the phenolate oxygen as well as the face-to-faceπ-π
contacts of about 3.3 Å of the salen rings of Mn(1) moieties
provide the linking of neighboring Mn3IIIWV molecules
(Supporting Information Figure S1). In the crystal, the
molecules are arranged in infinite columns along thea
direction (Figure 2) and stabilized by the well-defined
hydrogen bond network (Supporting Information Table S2).
The intermolecular intermetallic metal‚ ‚ ‚metal distances are
relatively small, being 5.036, 8.536, 7.812, and 4.225 Å for
Mn(1)-Mn(1), Mn(2)-Mn(2), Mn(1)-Mn(3), and Mn(2)-
Mn(3), respectively.

The crystal structure of [MnIII (salen)(H2O)2]2{[MnIII (salen)-
(H2O)][MnIII (salen)]2 [MoIV(CN)8]}‚0.5ClO4‚0.5OH‚4.5H2O
(2) consists of the anionic{[MnIII (salen)(H2O)][MnIII (salen)]2-
[MoIV(CN)8]}n

- 1-D chains, isolated [MnIII (salen)(H2O)2]+

and perchlorate counterions, and the water molecules. In the
repeating anionic fragment{Mn3Mo}n

-, three Mn(III) moi-
eties of octahedral geometry are coordinated to the neighbor-
ing CN- ligands from the [MoIV(CN)8]4- unit of square-
antiprism geometry (Figure 3). As in1, the cyano bridge
and the aqua ligand are arranged in the trans position.
Relevant bond distances and angles are listed in Table 3 and
Supporting Information Table S3. The Mo-C-N bridging
units are almost linear in contrast to the case of the strongly
bent Mn-N-C units (150.2, 152.0, and 142.7° for Mn(1)-
N(1)-C(1), Mn(2)-N(2)-C(2), and Mn(3)-N(3)-C(3),
respectively). The link between the{Mn3Mo}n

- units is
established by the phenolate bridges [{Mn(NC)(salen)}(µ-
Ophenolate)2{Mn(NC)(salen)}] at the [Mn(1) or Mn(3)] centers
(Figure 4). The{[MnIII (salen)(H2O)][MnIII (salen)]2[MoIV-
(CN)8]}n

- anions are arranged in infinite zigzag chains along
the b direction (Figure 5). In the Mn(2) moiety, the sixth
axial position is occupied by an aqua ligand, preventing this
unit from phenolate bridging. The hydrogen bonds (2.988
Å) between the aqua ligand and the phenolate oxygen as
well as face-to-faceπ-π contacts of about 3.5 Å of the salen
rings of Mn(2) moieties (Supporting Information Figure S2)
provide the linking of neighboring chains into layers parallel
to the (101h) plane (Figure 5). The Mn(4) units are connected
with each other through aqua ligand and phenolate oxygen
hydrogen bonds. The [Mn(5)(salen)(H2O)2]+ ions link the
two layers by hydrogen bonds between axial aqua ligands
and [MoIV(CN)8]4- units. The space between the layers is

(18) Griffith, W. P.J. Chem. Soc., Dalton Trans.1975, 2489.
(19) Miyasaka, H.; Clerac, R.; Ishii, T.; Chang, H.-Ch.; Kitagawa, S.;

Yamashita, M.J. Chem. Soc., Dalton Trans.2002, 1528.

Figure 1. Asymmetric unit of1.
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occupied by [MnIII (salen)(H2O)2]+, ClO4
- ions, and H2O

molecules connected through the hydrogen bond network
(Supporting Information Figure S3 with the detailed descrip-
tion).

Magnetic Properties of a Polycrystalline Sample of 1.
Variable-temperature (1.9-300 K) magnetic susceptibility
data were collected on a polycrystalline sample of [MnIII -
(salen)(H2O)]3[WV(CN)8]‚H2O (1) (Figure 6). The negative
Curie-Weiss constantΘ ) -20 K (20-300 K) and the low
value of øM (0.40 cm3 mol-1) at the maximum of theøM

curve atT ) 4.6 K indicate the antiferromagnetic coupling
in 1 with TN ) 4.6 K and a long-range antiferromagnetic

ordering. The valueøMT ) 8.97 cm3 K mol-1 (8.47 µB) at
300 K is in good agreement with the expected value 9.38
cm3 K mol-1 (8.66µB) for three isolated high-spin Mn(III)
ions (S ) 4/2) and one W(V) ion (S ) 1/2), with g ) 2.00.
As the temperature is lowered, theøMT product continuously
decreases, which points to an antiferromagnetic character of
the intra- and intermolecular interactions in the system.

According to the X-ray structure,1 consists of the
tetranuclear MnIII-NC-WV-CN-MnIII-Ophenolate-MnIII mol-
ecules with relatively short intermolecular distances. We have
analyzed the data assuming: (i) an isotropic Heisenberg
interaction through the CN bridges (J1), (ii) an isotropic
coupling of the Mn(III) centers through the phenolate oxygen
atom (J2), and (iii) a relatively weak interaction between
tetranuclear molecules (J′). The calculation of all coupling
constants was performed within the framework of molecular
field theory.20 The corresponding phenomenological Hamil-
tonian has the following form:

where the magnetic field (H) is assumed to be along thez
direction,ST is the total spin operator of the tetramer, with
ST ) SMn1 + SW + SMn2 + SMn3, STz is thez component of
theST operator,g is the effective Lande´ factor, andz is the
number of the nearest neighbors of the molecule of1 in the
crystal lattice. The magnetic susceptibility in the form of
øΜT is given by the following formula:

whereømol denotes the magnetic susceptibility of the isolated
tetrameric units. To obtainømol for a fixed set of parameters,
the energies of all the spin levels of the tetramer were
calculated using standard numerical diagonalization proce-
dures. It is noteworthy that the numerical approach enabled
us to take into account a nonzero external magnetic field of
H ) 2 kOe present during the measurements. The best
agreement with the experimental data was obtained forJ1

) -1.5 cm-1, J2 ) -3.9 cm-1, J′ ) -0.7 cm-1, andg )
1.99. This set of parameters accurately reproduces all the
features of theøMT product over the entire temperature range.

In terms of an intuitive picture, we can conclude that in
the MnIII -NC-WV-CN-MnIII -Ophenolate-MnIII molecule
the relatively strong antiferromagnetic coupling through the
phenolate oxygen results in the zero-spin state of the MnIII-
Ophenolate-MnIII subunit, whereas the antiferromagnetic in-

(20) Kahn, O.Molecular Magnetism; VCH: New York, 1993; pp 26-28.

Table 2. Relevant Bond Distances (Å) and Angles (deg) for1 with Estimated Standard Deviations in Parentheses

[W(CN)8]3- [Mn(1)(salen)(NC)(H2O)]+

W-C range/W-Cav 2.159(4)-2.175(3)/2.166(5) Mn-N(2) 2.336(3)
C-N range/C-Nav 1.137(5)-1.143(4)/1.141(2) Mn-N(2)-C(2) 153.2(3)

[Mn(2)(salen)(NC)(H2O)]+ [Mn(3)(salen)(Ophenolate)(H2O)]+

Mn-N(1) 2.398(3) Mn-Ophenolate(201) 2.979(3)
Mn-N(1)-C(1) 149.3(3) Mn-Ophenolate(201)-Mn(2) 118.4

Figure 2. Packing diagram of1 along thea axis.

Figure 3. Asymmetric unit of2.

H ) -J1(SMn1SW + SWSMn2) - J2SMn2SMn3 +
âgHSTz - zJ′〈STz〉STz

øMT ) ømolT/(1 - ømolzJ′/Ng2â2)
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teractions through the CN bridges lead eventually to the
ground state with the total spinST ) 3/2.

Isothermal magnetization curves atT ) 1.9 and 4.3 K in
the applied field 0-50 kOe are shown in Figure 7. The
curves for the increasing and decreasing fields are identical.
The magnetization at 50 kOe reaches 4.5 and 3.4µB at T )
1.9 and 4.3 K, respectively, which are higher values than
the expected saturation value of 3µB for the molecule of1
with the total spinST ) 3/2. This behavior implies that,

besides the relative orientation of the tetrameric magnetic
moments, the applied field influences the spin state of the
molecule. In the higher field, the state withST ) 5/2 becomes
occupied due to the small value of the intramolecular
exchange integral (J1).

The pronounced sigmoidal shape of theM(H) dependence
at T ) 1.9 K shows the metamagnetic-like behavior
characteristic for the systems in which the magnetocrystalline
anisotropy is superimposed on the exchange couplings.
Similar features have been recently observed for Cu(II)-
W(V) coordination polymers with 2-D structures.21 The shape
of theT ) 1.9 K curve suggests that the effective anisotropy
field (HA) is less than the exchange field (HE), in contrast to
the case of metamagnets, whereHA g HE and an immediate
spin-flip transition to the saturated ferromagnetic state
occurs. When the anisotropy field is of moderate intensity,
the magnetization process proceeds through thespin-flop

(21) (a) Li, D.-F.; Zheng, L. M.; Wang, X. Y.; Huang, J.; Gao, S.; Tang,
W. X. Chem. Mater. 2003, 15, 2094. (b) Ohkoshi, S.-I.; Arimoto, Y.;
Hozumi, T.; Seino, H.; Mizobe, Y.; Hashimoto, K.Chem. Commun.
2003, 2772.

Table 3. Relevant Bond Distances (Å) and Angles (deg) for2 with Estimated Standard Deviations in Parentheses

[Mo(CN)8]4- [Mn(1)(salen)(NC)(Ophenolate)]+

Mo-C range/Mo-Cav 2.128(8)-2.181(7)/2.155(16) Mn-N(1) 2.227(6)
C-N range/C-Nav 1.141(9)-1.160(1)/1.152(7) Mn-N(1)-C(1) 150.2(5)

Mn-Ophenolate(101) 2.590
Mn-Ophenolate(101)-Mn′ 99.2

[Mn(2)(salen)(NC)(H2O)]+ [Mn(3)(salen)(NC)(Ophenolate)]+

Mn-N(2) 2.314(6) Mn-N(3) 2.197(6)
Mn-N(2)-C(2) 152.0(6) Mn-N(3)-C(3) 142.7(5)

Mn-Ophenolate(320) 2.640
Mn-Ophenolate(320)-Mn′ 94.7

Figure 4. Dinuclear subunit [{Mn(NC)(salen)}(µ-O)2{Mn(NC)(salen)}]
of the Mn1 or Mn3 center of2.

Figure 5. Hydrogen bonding andπ-π stacking interactions between
chains in2.

Figure 6. Thermal dependence oføMT vs T. Inset:øM vs T (left scale)
andøM

-1 vs T (right scale) for1.

Figure 7. Field-dependent magnetization for1 at T ) 1.9 and 4.3 K.
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2972 Inorganic Chemistry, Vol. 43, No. 9, 2004



connected with reorientation of the antiferromagnetically
coupled spins to the configuration perpendicular to the field.
The threshold field for thespin-flop in the polycrystalline
sample is 9 kOe, while the inflection point of theM(H) curve
(Figure 7, inset) occurs atHSF ) 21 kOe. The effective
anisotropy field (HA) can be estimated from theHSF value
using the simple relationHA ) HSF

2/2HE, whereHE is the
exchange field.22 The magnetic moment of the MnIII

3WV

tetramer of 3µB and theTN value 4.6 K gives the exchange
field value HE ≈ 23 kOe, and the anisotropy field atT )
1.9 K is then equal toHA ≈ 19 kOe. At T ) 4.3 K, the
M(H) curve hardly shows any transition, most probably due
to the change of theHA/HE ratio.

The energy spectrum of an isolated tetrameric MnIII
3WV

molecule in an external magnetic field provides the founda-
tion of the spin-flop transition (Figure 8, top). The first
intersection of theSTz ) -3/2 level of the ground state
multiplet with theSTz ) -5/2 level of the multiplet of the
first excited state occurs in the field of∼28 kOe. The latter
remains the lowest one in the spectrum up to 50 kOe. This
means that in the investigated range of magnetic fields the
thermal average of the magnetization of an isolated tetrameric
unit (Mmol) (J′ ) 0) will undergo a considerable change. The
Mmol versus H curves calculated numerically (Figure 8,
bottom) illustrate the above, attaining an average magnetiza-
tion of 5.4 and 4.9µB for T ) 1.9 and 4.3 K, respectively,
at H ) 50 kOe.

Single-Crystal Magnetic Measurements for 1. For
single-crystal magnetic measurements, a platelet single
crystal having a size of 0.8× 0.6 × 0.2 mm3 was selected,

and the orientation of the axes of the crystal was determined
by X-ray analysis. The temperature dependence of magne-
tization was measured upon cooling in the temperature range
1.9-250 K for the external magnetic field 2 kOe applied in
three perpendicular directions along thea*, b, or c crystal
axes. At 250 K, the susceptibilities along all three axes were
the same, but upon cooling, they started gradually to separate.
The øM versusT plots in the range 1.9-30 K are shown in
Figure 9, where external magnetic fields are applied in three
perpendicular directions along thea*, b, or c crystal axes.
While the temperature is lowered,øM measured in the three
directions increases smoothly, reaches its maximum value
at aboutT ) 4.6 K, and then decreases abruptly, which does
again reveal evidence of the long-range magnetic ordering
below this temperature. The data corresponding toH|b and
to H|c show a larger maximum value than theH|a* data.
This behavior suggests the existence of planar magnetic
anisotropy in1, which is present in the system already above
TN. The susceptibility forH|b or H|c at T ) TN decreases
rapidly toward zero as the temperature is lowered, while that
for H|a* does not change much. Such behavior resembles a
parallel susceptibility (the case forH|b or H|c) or a
perpendicular susceptibility (the case forH|a*) of an ordered
uniaxial antiferromagnet. The coincidence of the results for
H|b and for H|c implies that, instead of the easy axis,1
displays the easy plane of magnetization. Such a planar type
of anisotropy is probably due to the relation of MnIII

3WV

molecules by the inversion center in the crystal structure.
The field dependence of the magnetization atT ) 1.9 K

is shown in Figure 10. The curves do not display any
hysteresis effect. As for the polycrystalline sample, theM(H)(22) deJongh, L. J.; Miedema, A. R.AdV. Phys.1974, 23, 220.

Figure 8. Top: Energy spectrum of an isolated tetrameric unit in an
external magnetic field. The three lowest levels have been labeled.
Bottom: Magnetization (Mmol) vs external magnetic field (H) calculated
for the isolated molecule of1.

Figure 9. Thermal dependence of the magnetic susceptibility of a single
crystal of1.

Figure 10. Field-dependent magnetization of a single crystal of1 at T )
1.9 K.
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plots have a sigmoidal shape, clearly outlined forH|b or
H|c, and are strongly suppressed for the measurements in
the a* direction. The shape of the curves and coincidence
of the values for theb andc directions in contrast to that for
the a* direction confirm the planar anisotropy in1. In the
low-dimensional compounds it is often the case that the
spin-flop transition is observed only in one direction, like
in [(CH3)3NH]FeCl3‚2H2O or Ba3Cu2O4Cl2.23,24 It appears
that thespin-flop transition forH|b or H|c takes place at
HSF ) 18 kOe, while forH|a* it occurs only at 30 kOe and
is much weaker (Figure 10, inset). The distinctspin-flop
transition observed for thebc plane and the temperature
dependence of susceptibility belowTN suggest that the spins
of the molecules reside mainly in thebc plane or, at least,
close to that plane.

Magnetic Properties of 2‚3.5H2O. Variable-temperature
(2-300 K) magnetic susceptibility data were collected on a
polycrystalline sample of2‚3.5H2O in a field of 1 kOe
(Figure 11). The room-temperatureøMT value 7.75 cm3 K
mol-1 (7.87µB) is significantly lower than the expected spin-
only value (9.00 cm3 K mol-1, 8.48µB) for the three high-
spin Mn(III) ions (S ) 2, g ) 2.00). The value oføMT
remains relatively temperature independent in the 300-29
K range and then rapidly decreases to reach 3.16 cm3 K
mol-1 (5.03µB) at 2 K. This sharp decrease and a negative
Weiss constant ofΘ ) -0.40 K (2-300 K) are indications
of antiferromagnetic interactions between the Mn(III) centers.
To estimate the coupling constant (J1) between the Mn(III)
centers in2‚3.5H2O, calculations based on the Hamiltonian
H ) -J1SMn1SMn2 were performed. The following assump-
tions have been taken: (i) the identical magnetic interactions
between two Mn(III) centers through the phenolate bridges,
(ii) an isotropic Heisenberg coupling between manganese-
(III) centers through the diamagnetic [MoIV(CN8)] spacer in
the cyano-bridged{Mn3Mo}n

- repeating unit.25-28 TheøMT
values have been theoretically simulated by using the Van

Vleck formula, which demands the energies of the different
spin levels to be expressed as a function ofJ1.29 To model
these interactions, theøMT ) ømerT/[1 - ømer(J2/Ng2â2)]
approximation has been applied, whereømer denotes the
magnetic susceptibility of an isolated repeating unit andJ2

is the coupling constant between Mn3Mo repeating units. The
best fit has been obtained with the coupling constantJ1 )
-0.81 cm-1, the coupling constantJ2 ) +0.04 cm-1, and
the mean Lande´ factor g ) 2.27. Taking into account both
coupling constant values, the overall magnetic effect in2‚
3.5H2O is antiferromagnetic in character and very weak.

Conclusions

The self-assembly reaction between [MnIII (salen)(H2O)]+

and [WIV(CN)8]4- or [MoIV(CN)8]4- leads to materials with
different structures and various magnetic properties. While
[MnIII (salen)H2O]3[WV(CN)8]‚H2O (1) consists of magneti-
cally bound tetrameric Mn3IIIWV molecules showing anti-
ferromagnetic long-range ordering with planar anisotropy,
[Mn(salen)(H2O)2]2{[Mn(salen)(H2O)][Mn(salen)]2[Mo(CN)8]}‚
0.5ClO4‚0.5OH‚4.5H2O (2) represents the set of weakly
coupled double-phenolate-bridged [MnIII (salen)]2 subunits,
between which magnetic interaction through the diamagnetic
[MoIV(CN)8]4- spacer is practically negligible.

The formation of1 and2 is controlled by the concerted
action of the redox potential of the [M(CN)8]3/4- couple,
competition of the octacyanometalate moiety with solvent
water molecules at the MnIII center, as well as the equilibrium
between monomeric [MnIII (salen)H2O]+ and dimeric [MnIII 2-
(salen)2(H2O)2]2+ forms in aqueous solution.

Our results suggest the possibility of design and construc-
tion of single molecule magnets or high-spin molecules based
on Schiff-base cationic precursors and octacyanometalates.
Further work on the supramolecular systems along this line
with Mn(III) salen analogues and related ligands is currently
in progress.
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-1 vs
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Heat capacity measurements on a single-crystal sample of the double-layered coordi-
nation polymer {(tetrenH5)0.8CuII

4 [WV(CN)8]47.2 H2O}n in the presence of the external
magnetic field directed perpendicular to the plane of the layers are reported and discussed.
To rationalize the experimental data a simple model is put forward.

PACS : 75.30Kz, 75.40.Cx, 75.50.Xx

Key words: magnetic transitions, heat capacity, quasi-2D molecular magnets

1 Introduction and experimental details.

A work on crystal engineering of cyano-bridged coordination networks based
on octacyanometallates MV(CN)8 (M=Mo, W) is stimulated, in part, by wide-
spread interest in the field of molecule-based magnetism [1]. In particular, a new
two-dimensional coordination polymer {(tetrenH5)0.8CuII

4 [WV(CN)8]47.2H2O}n (in
what follows is referred to as the compound) has been synthesised [2]. Introductory
magnetic as well as heat capacity measurements of the compound have revealed a
transition to the 3D magnetic state [3]. In the present paper we include new heat
capacity data obtained recently with a PPMS Quantum Design instrument. The
measurement was carried out on a single-crystal sample in the form of a small petal
(2mm× 2mm× 0.1mm) in the temperature and field ranges (1.8-50) K and (0-9) T
respectively. To ensure a good thermal contact with the measuring unit the sample
had to be positioned in the sample holder so that b crystal axis (see [2] for details)
coincided with the direction of the external magnetic field.

∗) Presented at 12-th Czech and Slovak Conference on Magnetism, Košice, 12-15 July 2004
†) Corresponding author: Robert PeÃlka. e-mail address: Robert.Pelka@ifj.edu.pl
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2 Magnetic heat capacity. Results and discussion.

To extract the magnetic heat capacity from the raw data a specific subtraction
procedure was employed (see [4] for details). In Fig. 1 the singular contribution to
the magnetic heat capacity CM for six indicated values of the external magnetic
field is plotted. Let us stress that the direction of the field is perpendicular to
the double layers. The CM curves shown in Fig. 1 all show relatively broad peaks
gradually suppressed by the external magnetic field. Temperatures Tmax at which
CM curves attain its peak values have been listed in Table 1. It can be seen that
the transition temperature shifts downwards as the applied field increases.
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Fig. 1. Singular contribution to the magnetic heat capacity CM (T ; H).

The entropy changes associated with the phase transition are included in Table
1. The maximum expected value Smax for the compound is that for an array of
eight perfectly aligned 1/2 spins, and thus equal to R ln(2J + 1)8 where R is the
gas constant and J = 1/2, which yields Smax = 46.1 J/K mole. The entropy change
at H = 0 is about 15 % of the maximum expected value Smax. That indicates that
there is a great deal of magnetic ordering at temperatures outside the range studied.

Table 1. Magnetic heat-capacity parameters for the compound.

H [T] Tmax [K] S(H) [J/K mole] S(H)/Smax [%]

0 32.7± 0.2 7.1± 1.5 15.4± 3.2
1 32.6± 0.2 6.9± 1.5 15.0± 3.2
2 32.2± 0.2 6.2± 1.6 13.4± 3.5
3 31.4± 0.2 5.1± 1.5 11.1± 3.2
4 30.3± 0.2 4.1± 1.5 8.9± 3.2
5 29.0± 0.5 3.2± 1.6 6.9± 3.5

The rate of change of entropy as a function of external magnetic field can be
rationalized within the framework of the following simple model. The crucial as-
sumption underlying the model is that there is strong planar anisotropy in the
system making the spins lie in the double layers. The applied magnetic field forces
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the spins to move out of the plane. Even above the transition temperature the spins
within each double layer couple to form clusters. The size of the clusters increases
as the temperature is lowered and is of the order of the correlation length ξ. The
character of the coupling as well as the size of the cluster combine to determine the
net effective magnetic moment of the cluster ~µeff . Above the transition temperature
at zero external field the moments are free to move within a solid angle centered
around the plane of the double layer. Its measure is determined by the intensity of
thermal fluctuations. However, at the transition temperature due to dipole-dipole
interactions the long-range order sets in and the moments in adjacent double layers
align antiparallel. The orientation of the effective moments is fixed and a change
of the entropy occurs. The same holds when the external field is applied, but now
the average orientation of the moments is determined by the resultant ~Hr of the
external field ~H and the effective in-plane anisotropy field ~HA. Let us stress that
the anisotropy field ~HA is treated here as an auxiliary quantity only serving as a
measure of the energy scale due to anisotropy. Now, the transition involves fixing
the orientation of the moment of each cluster. The entropy associated with that
process can be calculated assuming that above the transition temperature all ori-
entations of the moment contained in solid angle Ω(x) are equally probable. It is
easy to show that Ω(x) = 4π [2kT/µeffHA]1/2 [

1 + x2
]−3/4 where x = H/HA. The

corresponding probability is equal to 1/Ω(x). Then, for the molar entropy S(x) one
can write

S(x)
R

= 2×
(

a

ξ

)2

×
∫

Ω(x)

[
−k

1
Ω(x)

ln
(

1
Ω(x)

)]
dΩ, (1)

where a is the mean lattice constant in the ac crystallographic plane (cf [1], note
that a ≈ c). The first factor (2) on the r.h.s. of Eq. (1) results from the fact
that the formula unit of the compound involves two double layers, the next factor
accounts for the fact that at the transition the spins are clustered in islands of
the average size ξ. Finally, the integrand is the well-known expression for entropy.
Using a straightforward calculation one arrives at the final formula for the entropy
downshift induced by the external magnetic field

S(0)
R

− S(x)
R

=
3
2

(
a

ξ

)2

ln
(
1 + x2

)
. (2)

Fig. 2 (a) shows the entropy downshift calculated using the data contained
in Table 1 versus external magnetic field. The solid line depicts the curve fitted
to the model described above. The values of the best-fit parameters imply HA =
(3.7±0.5) T for the effective anisotropy field, and ξ/a ≈ 1.8±0.2 for the correlation
length. Now, knowing that a unit cell of the compound comprises eight spins 1/2,
four spins per each double layer, we can estimate the magnitude of the effective
spins as µeff ≈ 4× (ξ/a)2 = (13.0± 2.9) µB, where µB is the Bohr magneton.

The temperature Tmax (see Table 1), marking the phase transition, undergoes a
shift towards lower values when the applied field is increased. That can be shown to
be consistent with the assumption that the interaction driving the transition is the
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Fig. 2. (a): Entropy downshift versus external magnetic field. (b): Relative downshift of
Tmax versus external magnetic field.

dipole-dipole coupling between the effective moments. Using simple calculations one
arrives at the following formula expressing the dependence of the relative downshift
of Tmax on the external magnetic field:

Tmax(0)− Tmax(H)
Tmax(0)

= c
H2

[
H2 + H2

A − 4HAHO − 2H2
O

]

[H2 + H2
A] [H2 + (HA + HO)2]

, (3)

where c is the dimensionless correcting factor accounting for the apparent imper-
fections of the simple picture given above. Fig. 2 (b) shows the data points for the
relative downshift of Tmax. The solid line depicts the curve fitted to the experi-
mental points using expression given by Eq. (3). The best fit has been obtained
for the following values of the parameters c = 0.30 ± 0.04, HA = (3.7 ± 0.4) T ,
HO = (0.79± 0.04) T . Note that the value of HA is in perfect agreement with that
obtained in the independent entropy-downshift fit.

This work was partly supported by the Committee for Scientific Research in Poland

(KBN grant No. 2P03B11124).
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A novel two-dimensional cyanide-bridged polymer

[CuII(tren)]{CuI[WV(CN)8]}?1.5H2O (tren 5 tris(2-aminoethyl)-

amine) formed via the simultaneous in situ metal–ligand

redox reaction of [Cu(tren)(OH2)]
2+ and self-assembly with

[WV(CN)8]
32 consists of a {CuI[WV(CN)8]} square grid built of

CuI centres of tetrahedral geometry coordinatively saturated by

CN bridges and [WV(CN)8]
32 capped by [CuII(tren)]2+ moieties;

it exhibits ferromagnetic coupling J1 5 +5.8(1) cm21 within the

CuII–WV dinuclear subunits and weak antiferromagnetic

coupling J2 5 20.03(1) cm21 between them through diamag-

netic CuI spacers.

During the last few years, considerable research effort has been

made on the design and construction of polynuclear networks

based on octacyanometalate(IV,V) (M 5 Mo, W) and copper(II)

building blocks in the context of molecule-based magnetic1 and

photomagnetic2 materials. Discrete molecules, 1-D chains, 2-D

layers and 3-D frameworks have already been generated due to the

coordination versatility of Cu(II) complexes in self-assembly with

[M(CN)8]
n2 ions. The magnetic assemblies based on octacy-

anometalate(V) building blocks resulted exclusively in formation of

2- and 3-D networks. They include a series of ferromagnetic 2-D

{(LHn)CuII
n[M

V(CN)8]n?xH2O}‘ (L 5 tetraethylenepentaamine,

tetren; diethylenetriamine, dien; M 5 Mo, W), characterised by TC

values within the range 28–37 K.1a–c The 2-D compounds {[CuII(3-

CNpy)2(H2O)2]2[CuII(3-CNpy)2(H2O)2][W
V(CN)8]2}n and {[CuII(4-

CNpy)2]2[CuII(4-CNpy)2(H2O)2][W
V(CN)8]2?6H2O}n, which reveal

metamagnetic behaviour below a TN of 8 and 4.4 K, respectively,

have been reported.1d Analogous metamagnetic behaviour is

featured in 2-D [CuII(L)]3[W
V(CN)8]2?3H2O (L 5 1,3 diamino-

propane, tn; 1,2-diaminopropane, pn).1e 2-D [CuII(m-4,49-bpy)-

(DMF)2][CuII(m-4,49-bpy)(DMF)]2[W
V(CN)8]2?2DMF?2H2O built

of [CuII(m-4,49-bpy)]2+ chains cross-linked by octacyanotung-

state(V) ions shows the existence of ferromagnetic pentamers

Cu3W2 coupled antiferromagnetically.1f The 3-D structures involve

ferromagnetic {CuII
1.5[MoV(CN)8]?3H2O}n characterised by TC 5

35 K1g as well as {[CuII(en)2]3[W
V(CN)8]?H2O}‘ (en 5 ethylene-

diamine) constructed of adjacent cube-like W8Cu12 motifs with

isolated [W(CN)8]
32 as a molecular template.1h The [MIV(CN)8]

42

based assemblies provide the whole range of structural

dimensionality. Among these, discrete [CuII(bpy)2]2[MoIV(CN)8]?

5H2O?CH3OH2a and {MoIV(CN)2[CNCuII(tren)]6}(ClO4)8
2b

photomagnetic molecules have been reported. 1-D chain

topology is featured by {CuII
2(NH3)8[MoIV(CN)8]}n,

3a whereas

{[Cu(cyclam)]2[MoIV(CN)8]?10.5H2O}n
3b exhibits a 2-D structure.

3-D architecture is realised in {[Cu(en)2][Cu(en)][WIV(CN)8]?

H2O}n
3c and {CuII

2[MoIV(CN)8]}?xH2O
2c has photomagnetic

properties.

To elucidate the role of coordination and bridging geometry in

Cu(II) complexes in tuning the topology and magnetic properties

of the Cu(II)–octacyanometalate(V) networks, we employed Cu(II)

complexes with an increasing number of N-donor atoms in the

blocking aliphatic polyamine ligand. The copper(II) tectons with

[N3] donor atoms sets lead to the construction of a family of

related 1-D and 2-D coordination polymers.3d The release of the

fully protonated polyamine ligands ([N3] and [N5]) produced soft

ferromagnetic 2-D polymers with Cu(II) centres coordinatively

saturated solely by CN bridges supplied by [WV(CN)8]
32 ions.1a A

logical extension of the building block approach employed is to

complete the missing member in the series with [Cu(tren)(OH2)]
2+

(tren 5 tris(2-aminoethyl)amine) which has an [N4] donor atom set

as a molecular building block. Herein, we report an entirely

unexpected result of the self-assembly of [Cu(tren)(OH2)]
2+ with

octacyanotungstate(V): the formation of an unprecedented mixed-

valence [CuII(tren)]{CuI[WV(CN)8]}?1.5H2O (1) 2-D cyanide

bridged ferromagnetic framework.

Dark blue crystals were formed reproducibly by slow addition

of [CuII(tren)(OH)]ClO4?H2O (0.5 mmol, 0.172 g, 50 ml) in an

aqueous solution of pH 5 6 adjusted by HClO4 to a stirred

aqueous solution of K3[W
V(CN)8]?1.5H2O (0.5 mmol, 0.268 g,

50 ml) and the reaction mixture was subjected to slow evaporation.

After two months a small amount of dark blue crystals suitable for

X-ray measurements was collected, washed with water and

ethanol, and dried. Yield: 0.11 g, 32%. The elemental analysis is

consistent with the formula obtained from the crystal structure

determination. The XPS spectrum of the Cu 2p binding energy

region{ (Fig. S1{) shows three doublets of 2p1/2 and 2p3/2 peaks

which are attributed to CuI (binding energies of 932.0 and

952.0 eV), CuII (935.4 and 955.4 eV) and its shake-up satellite

(943.4 and 962.9 eV). The first doublet attributed to CuI and the

second one attributed to CuII indicate that compound 1 contains

CuI and CuII centres. Partial metal–ligand reduction of copper(II)

in situ is a well known property of Cu(II) complexes with tertiary

aliphatic amines or imine ligands.4 The IR spectrum§ in the n(CN)

region exhibits sharp bands at 2200 m, 2171 sh, 2146 s, consistent

{ Electronic supplementary information (ESI) available: Fig. S1 (XPS
spectrum of 1 in Cu 2p region) and Fig. S2 (H-bond network in crystal
structure of 1). See http://www.rsc.org/suppdata/cc/b5/b502308d/
*siekluck@chemia.uj.edu.pl
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with maintaining the W(V) site and the presence of bridging cyano

ligands.

X-ray analysis" of 1 revealed that the compound consists of a

2-D square grid layer structure which is built of CuI centres of

tetrahedral geometry coordinatively saturated by CN bridges

and [WV(CN)8]
32 capped by [CuII(tren)]2+ moieties alternatively

above and below the folded plane of the layer (Fig. 1a). Relevant

bond lengths and angles are presented in Table 1. The

octacyanotungstate(V) unit exhibits a distorted square antipris-

matic (SAPR-8) geometry with metric parameters typical for a

[MV(CN)8]
32 building unit (Fig. 1b).1 Four of the cyano groups of

[WV(CN)8]
32 are linked to CuI sites and one to the CuII centre.

[CuI(NC)4] sites feature tetrahedral coordination geometry typical

of CuI complexes and bond lengths within the range for structures

containing CuI[N4] motifs.5 [CuII(tren)(NC)] fragments of trigonal

bipyramidal (TBPY-5) geometry coordinate one bridging cyano

ligand in the axial position. The W–C–N bridging unit appears to

be almost linear, in opposition to the bent Cu–N–C units, which is

typical for cyano-bridged octacyanometalates. The layers are

connected through hydrogen bonds between amine N atoms,

water molecules and terminal cyano ligands into a 3-D super-

molecular architecture (Fig. S2{).

Magnetic measurements were performed using a Quantum

Design SQUID magnetometer. The cryomagnetic property of

1 in the form of xMT is shown in Fig. 2. The xMT value is

0.97 cm3 K mol21 at room temperature, which is very close to the

value of 1.0 cm3 K mol21 characteristic for one CuII (SCu 5 1/2)

ion and one WV (SW 5 1/2) ion ferromagnetically coupled. With

decreasing temperature xMT increases gradually and then abruptly,

reaching a maximum of 1.21 cm3 K mol21 at 4 K, indicating the

presence of ferromagnetic interactions. Further decreasing of

the temperature causes a sharp decrease of xMT, suggesting the

presence of antiferromagnetic interactions. The Curie–Weiss law

appended with an additive constant x0 to account for both

diamagnetism and temperature independent paramagnetism

gave x0 5 0.00019(7) cm3 K mol21, C 5 0.96(9) cm3 K mol21

and h 5 1.4(5) K. The positive Weiss constant h indicates that

the predominant interaction in the system is of ferromagnetic

character. The field dependence of the magnetisation (Fig. 2, inset)

measured at 2 K reaches a saturation value of 2 Nb per formula

unit at 42 kOe. According to the X-ray structure of 1, there is one

type of WV–CN–CuII linkage separated by four CuI diamagnetic

spacers, so the system may be treated as CuIIWV dinuclear

subunits with identical ferromagnetic interactions defined by the

Fig. 1 (a) A view of the skeleton of the 2-D layered structure of 1. Atoms

not involved in bridging are removed for clarity. (b) Building structural

fragment of 1 with labelling scheme. Symmetry operations: (a) 2x, y + 1/2,

2z + 1/2; (b) x, 2y + 1/2, z + 1/2; (c) 2x, 2y, 2z.

Table 1 Selected bond lengths (Å) and angles (u) in the crystal
structure of 1

[W(CN)8]32 W1–C range/average 2.142(7)–2.210(7)/2.16(2)
C–N range/average 1.126(8)–1.168(6)/1.14(1)
W1–C–N range/average 174.1(5)–179.8(6)/178(2)

Cu2(NC)4 Cu2–N11 1.963(4)
Cu2–N11–C11 170.3(5)
Cu2–N12 1.972(4)
Cu2–N12–C12 158.5(5)
Cu2–N15 1.974(4)
Cu2–N15–C15 165.8(5)
Cu2–N16 1.987(4)
Cu2–N16–C16 173.2(5)

Cu3(NC)(tren) Cu3–N18 1.958(6)
Cu3–N18–C18 161.8(5)

Fig. 2 Thermal dependence plot of xMT product of 1 in an external

magnetic field of 1 kOe. Inset: field dependence of magnetisation for 1.

Fitted curves are represented by solid lines (see text).
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parameter J1 (intraunit) and much weaker effective AF interac-

tions through –CN–CuI–NC– linkages defined by the interunit

parameter J2. The Hamiltonian Ĥ 5 2J1ŜCu?ŜW + gbSzH 2 zJ2

,Sz.Sz represents the isotropic Heisenberg exchange interaction

in a dinuclear subunit, and the interunit interaction in the

molecular field approximation. The following expression for molar

magnetic susceptibility was used: x 5 (Ng2b2?F(J1,T))/(kT 2

zJ2F(J1,T)), where F(J1,T) 5 2/(3 + exp(2J1/kT)).6

The fit performed for the experimental values of xMT yields

J1 5 +5.8(1) cm21 and J2 5 20.03(1) cm21 , g 5 2.2(7). This set of

parameters satisfactorily reproduces the xMT product throughout

the entire temperature range as well as the isothermal magnetisa-

tion data (Fig. 2, inset).

In summary, a 2-D [CuII(tren)]{CuI[WV(CN)8]}?1.5H2O com-

plex revealing the unique simultaneous presence of CuI and CuII

centres in a [WV(CN)8]
32 based polymeric network was synthe-

sised and characterised by means of X-ray crystallography, XPS

and magnetometry. It displays strong ferromagnetic behaviour

within dinuclear CuII–NC–WV subunits and weak antiferromag-

netic coupling resulting from interactions between the subunits

through the diamagnetic CuI centres .

Compound 1 is important in the context of the reversible

photomagnetic properties of {[CuII(tren)]6[MoIV(CN)8]}
8+, where

MMCT excitation produces CuIMoVCuII
5 species characterised by

a ferromagnetic interaction.2b This compares favourably with the

dominant ferromagnetic interaction characterised by the exchange

coupling constant J1 5 +5.8(1) cm21 of the tungsten analogue

CuIWVCuII framework, 1.
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bH. Niewodniczański Institute of Nuclear Physics PAN, Radzikowskiego
152, 31-342 Kraków, Poland
cM. Smoluchowski Institute of Physics, Jagiellonian University,
Reymonta 4, 30-059 Kraków, Poland
dFaculty of Metallurgy and Materials Science, AGH – University of
Science and Technology, Mickiewicza 30, 30-059 Kraków, Poland

Notes and references

{ XPS measurements details: VSW (Vacuum Systems Workshop Ltd.
England) spectrometer with Al Ka 1,2 non-monochromatised radiation
(1486.6 eV). The C–C and C–H binding energy of 284.6 eV was used as a
reference. We note also that the XPS spectrum evolves under the X-ray
beam with time, resulting in an increase of the intensity of CuI peaks.
§ IR spectrum of 1: n(O–H) 3624 sh, 3536 s, 3447 s; n(N–H) 3312 s, 3258 s,
3240 s; n(C–H) 3067 m, 2959 m, 2922 m, 2857 m; n(CN) 2200 m, 2171 sh,
2146 s; d(N–H)1613 s; d(CH2) in-plane 1524 m, 1506 w, 1471 m; n(C–N),

n(C–C), d(C–H) 1358 w, 1120 m, 1054 m, 973 m; c(N–H) out-of-plane
891 w, 764 w, 668 w; n(W–C, Cu–N) 473 w, 455 w, 441 w.
" Crystal data for 1: C28H42Cu4N24O3W2, M 5 1384.72, orthorhombic,
a 5 25.6673(2), b 5 13.4786(3), c 5 13.5486(6) Å, U 5 4687.3(2) Å3, T 5
293(2) K, space group Pccn (no. 56), Z 5 4, m(Mo-Ka) 5 6.728 mm21,
12131 reflections measured, 6621 unique (Rint 5 0.0416), 4413 unique with
I . 2s(I). Final R1 5 0.0400, wR2 5 0.0827, S 5 0.957. Positions of
hydrogen atoms in water molecules were not found. CCDC 264537. See
http://www.rsc.org/suppdata/cc/b5/b502308d/ for crystallographic data in
CIF or other electronic format.
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The reaction between Ln(NO3)3·xH2O, Cs3[WV(CN)8]·H2O and 2,2′:6′,2′′-terpyridine (terpy) leads to
the original isomorphous cyano-bridged [LnIII(terpy)(DMF)4][WV(CN)8]·6H2O [Ln = Gd (1), Sm (2)]
1-D chains. The crystal structures of {LnIIIWV} chains 1 and 2 consist of alternating {[W(CN)8]} and
{[Ln(terpy)]} building blocks. The neighbouring 1-D chains are weakly linked through p–p stacking
interactions of the aromatic rings leading to 2-D supramolecular layers. The layers are linked through
hydrogen bonds between H2O molecules and terminal cyano ligands. Magnetic studies revealed a weak
antiferromagnetic coupling (J = −2.3(2) K) within the {GdIIIWV} chains in 1. The positive effective
coupling constant J = +2.0(5) K between the total angular momentum of the Sm(III) centre and the
spin of the W(V) ion is equivalent to an antiferromagnetic character of the spin coupling between both
centres in the {SmIIIWV} chains of 2. The magnetic measurements suggest that they display an isolated
magnetic chain behaviour.

Introduction

During the last 10 years, intensive studies directed to the construc-
tion of cyano-bridged magnetic networks based on octacyanomet-
alates were almost exclusively related to assembling d-electron
metal centres.1 The use of 4f ions with d-electron metal centres
in construction of multifunctional coordination networks open
new perspectives in molecular materials chemistry of potential
application in data storage, quantum computing or non-linear
optics.2 Mononuclear lanthanide complexes with multidentate N-
donor ligands3 as well as hexacyano- and 4f ion-based assemblies4

have been widely investigated. To the best of our knowledge there
are only two examples of octacyano- and lanthanide-based heter-
obimetallic systems: 2-D ferromagnetic [SmIII(H2O)5][WV(CN)8]5a

and 1-D antiferromagnetic [GdIII(DMF)6][WV(CN)8].5b The use
of the nonrigid octacyanometalate building block with totally
solvated trivalent lanthanide ions of different coordination num-
bers (from CN = 6 to 12) and variable geometries strongly
limits the design of polynuclear coordination networks with
controlled geometries. In an effort to control the topology of
low-dimensional systems based on 4f metal ions and octa-
cyanometalates(V) and tune the magnetic properties, we have
used the tridentate 2,2′:6′,2′′terpyridine (terpy) as a blocking
ligand at the Ln(III) centre. Herein we report on the synthesis,
crystal structure and magnetic properties of new {LnIIIWV} chains
[LnIII(terpy)(DMF)4][WV(CN)8]·6H2O [Ln = Gd (1), Sm (2)].

aFaculty of Chemistry, Jagiellonian University, Ingardena 3, 30-060, Kraków,
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Experimental

Materials and general methods

All chemicals and solvents were reagent grade. Cs3[W(CN)8]·H2O
was prepared according to the literature.6 Since the octacyanomet-
alate ions have a tendency to decompose under irradiation,
the syntheses of the lanthanide(III)–tungsten(V) complexes were
performed in a dark room and at room temperature. Elemental
analyses were performed on a EuroEA EuroVector elemental
analyzer. Infrared spectra were measured between 4000 and
400 cm−1 on a Bruker EQUINOX 55 spectrometer in KBr
disks. Magnetic susceptibility measurements were performed upon
cooling in a constant magnetic field of 1 kOe over the temperature
range 1.9–300 K using a Quantum Design SQUID magnetometer.
Isothermal magnetization curves in the field up to 50 kOe were
measured at T = 2 K. Magnetic studies have been carried out for
powder samples of 1 and 2.

Preparation of [GdIII(terpy)(DMF)4][WV(CN)8]·6H2O (1). To
a solution of Gd(NO3)3·6H2O (0.42 mmol, 0.19 g) and
Cs3[WV(CN)8]·H2O (0.42 mmol, 0.34 g) in water (10 mL), a
solution of 2,2′:6′,2′′- terpyridine (0.43 mmol, 0.10 g) in ethanol
(10 mL) was added. The yellow precipitate was dissolved using ca.
12 mL of DMF. The resulting solution was left in an open beaker
for 10 days. Then diisopropyl ether was allowed to slowly diffuse.
After one day, the yellow crystals were separated with the mother-
liquor for the X-ray measurements (1·C2H5OH) since the loss of
C2H5OH has been observed. The rest of the product was collected
by suction filtration and air-dried to give a yellow solid. Yield:
220 mg, 45%. Found: C, 35.84; H, 4.05; N, 17.66%. Anal. Calc.
for C35H51N15O10GdW: C, 35.54; H, 4.35; N, 17.76%. IR (KBr):
m(CN) 2147, 2168 cm−1.

Preparation of [SmIII(terpy)(DMF)4][WV(CN)8]·6H2O (2). To
a solution of Sm(NO3)3·6H2O (0.42 mmol, 0.19 g) and

This journal is © The Royal Society of Chemistry 2006 Dalton Trans., 2006, 625–628 | 625



Cs3[WV(CN)8]·H2O (0.42 mmol, 0.34 g) in water (10 mL), a
solution of 2,2′:6′,2′′-terpyridine (0.43 mmol, 0.10 g) in ethanol
(10 mL) was added. The yellow precipitate was dissolved using
ca. 12 mL of DMF. The resulting solution was left in an open
beaker for 10 days. The yellow crystals were separated with the
mother-liquor for the X-ray measurements (2·C2H5OH) since the
loss of C2H5OH has been observed. The rest of the product was
collected by the suction filtration and air-dried to give a yellow
solid. Yield: 145 mg, 30%. Found: C, 35.72; H, 4.05; N, 17.61%.
Anal. Calc. for C35H51N15O10SmW: C, 35.74; H, 4.37; N, 17.86%.
IR (KBr): m(CN) 2147, 2168 cm−1.

X-Ray crystallography studies

Single-crystal X-ray data for [Gd(terpy)(DMF)4][W(CN)8]·
6H2O·C2H5OH (1·C2H5OH) and [Sm(terpy)(DMF)4][W(CN)8]·
6H2O·C2H5OH (2·C2H5OH) were collected at room tempera-
ture on a Nonius KappaCCD diffractometer with graphite-
monochromated Mo-Ka radiation (k = 0.71070 Å). X-Ray data
collection was carried on a single crystal mounted in a glass capil-
lary with the few drops of mother liquor. For cell refinement and
data reduction the Denzo-Scalepack program package was used.7

Multi-scan absorption correction was applied to the data. The
structure of 1·C2H5OH was solved by direct methods (SHELXS-
97) and refined by full-matrix least-squares on F 2 using the
program SHELXL-97.8 The structure of 2·C2H5OH was solved by
the heavy atom method (SHELXS-97) and refined by full-matrix
least-squares on F 2 using the program SHELXL-97. For both
structures, the N(51) DMF molecule was observed as disordered
and two alternative rigid molecules with complementary occu-
pancy factors were used in refinement. All atoms of this molecule
were refined with isotropic displacement parameters. All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms
in ordered DMF and terpy molecules were included at idealized
positions and refined with isotropic displacement parameters
set at 1.5 times that of the bonded atom. For water molecules
and disordered DMF ligands the hydrogens were not included
during refinement. Complete crystallographic data and collection
parameters for both structures are listed in Table 1.

CCDC reference numbers: 271198 and 271199.

Table 1 Crystallographic data for 1·C2H5OH and 2·C2H5OH

1·C2H5OH 2·C2H5OH

Empirical formula C37H57N15O11GdW C37H57N15O11SmW
Mr 1229.08 1222.18
Crystal system Monoclinic Monoclinic
Space group P21/n P21/n
a/Å 14.48200(10) 14.50900(10)
b/Å 23.6880(3) 23.6780(3)
c/Å 14.71300(10) 14.74700(10)
b/◦ 91.1910(10) 90.8760(7)
V/Å3 5046.20(8) 5065.65(8)
Z 4 4
T/K 293(2) 293(2)
l/mm−1 3.647 3.483
Reflections collected 19832 19058
Unique 11539 11288
Observed [I > 2r(I)] 9570 9152
R1/wR2 [I > 2r(I)] 0.0319/0.0706 0.0327/0.0764
R1/wR2 (all data) 0.0451/0.0771 0.0477/0.0842
GOF 1.042 1.036

For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b511788g

Results and discussion

Crystal structures

The molecular structures of 1 and 2 consist of isomorphous
1-D chains with alternating WV and LnIII metal centres built
by [Ln(terpy)(DMF)4] and [W(CN)8] entities linked through the
cyano bridge (Fig. 1). Relevant bond distances and angles are
listed in Table 2. The nine-coordinated Ln(III) centres display the
frequently adopted tricapped trigonal prismatic (TTP) geometry
composed of one terpy ligand, four DMF molecules and two
nitrogen bonded cyanides. In both compounds, the [WV(CN)8]
moiety has a slightly distorted square antiprismatic (SAP) ge-
ometry with two bridging and six terminal cyano ligands. The
cyanide bridges are exceptionally long [2.590(4) and 2.559(4) Å
for Gd–N(1) and Gd–N(5), respectively, or 2.603(4) and 2.573(4)
Å for Sm–N(1) and Sm–N(5), respectively] due to the large
ionic radii of the Ln(III) centres. For the same reasons the CN
bridges appear to be slightly bent [range between 169.9(4) and
171.2(4)◦ for C–N–Ln]. The Ln–ligand donor atom distances are
in good agreement with the bond lengths found for [Ln(terpy)]
entities in mononuclear complexes.3 The metric parameters of
Ln–NC–W linkages conform to those observed in octacyano- and
lanthanide-based systems.5 The neighbouring {LnIIIWV} chains
weakly interact through face-to-face p–p stacking of the aromatic
rings leading to a two-dimensional (2-D) supramolecular folded
layer (Fig. 2). This results in relatively long intermetallic distances
(9.1 and 9.3 Å for Ln · · · W and Ln · · · Ln, respectively). The
2-D layers are linked through the hydrogen bonds between
H2O molecules and terminal cyano ligands. The donor–acceptor
distances suggest the medium strength of H-bonds [2.954 and
2.938 Å for O(1) · · · N(3) and O(1) · · · N(8), respectively]. The
DMF ligands at the Ln(III) centres are not engaged in the hydrogen
bonding. IR spectroscopy measurements performed on powder
samples of 1 and 2 reveal two m(CN) bands at 2147 and 2168 cm−1

for both compounds, consistent with them remaining in the W(V)
site.

Fig. 1 Asymmetric unit of 1 and 2. Solvent of crystallization has been
removed for clarity.
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Table 2 Relevant bond lengths (Å) and angles (◦) for 1 and 2

Complex 1

[W(CN)8]3−

W–C range/average 2.149(4)–2.172(5)/2.165(8) C–N range/average 1.129(6)–1.145(6)/1.140(7)

W–C–N range/average 177.4(4)–179.1(4)/178.3(7)

[Gd(terpy)(DMF)4(NC)2]+

Gd–N1 2.589(4) Gd–N5 2.558(4)
Gd–N11 2.579(3) Gd–N12 2.575(4)
Gd–N13 2.566(4) Gd–O31 2.419(3)
Gd–O41 2.387(3) Gd–O51 2.385(3)
Gd–O61 2.406(3)

Gd–N1–C1 171.2(4) Gd–N5–C5 170.4(4)

Complex 2

[W(CN)8]3−

W–C range/average 2.156(4)–2.172(5)/2.166(5) C–N range/average 1.137(6)–1.147(6)/1.141(4)
W–C–N range/average 177.3(4)–179.3(5)/178.3(8)

[Sm(terpy)(DMF)4(NC)2]+

Sm–N1 2.603(4) Sm–N5 2.573(4)
Sm–N11 2.600(4) Sm–N12 2.603(4)
Sm–N13 2.591(4) Sm–O31 2.433(3)
Sm–O41 2.403(3) Sm–O51 2.404(4)
Sm–O61 2.424(3)

Sm–N1–C1 171.2(4) Sm–N5–C5 169.6(4)

Fig. 2 One-dimensional chains of 1 and 2. The DMF ligand and solvent
of crystallization have been removed for clarity.

Magnetic properties

Fig. 3 shows the plot of vMT vs. T for powder sample of 1 measured
in the temperature range 2–300 K at DC field of 1 kOe. At room
temperature vMT is equal to 7.9 cm3 K mol−1, which is slightly
lower than 8.25 cm3 K mol−1 expected for isolated Gd(III) ion (S =
7/2 with ground state 8S7/2) and W(V) ion (S = 1/2) with g = 2.00.
Below 100 K the vMT product decreases to reach the minimum
at 11 K. On further cooling a sharp increase is observed and the
value of 12.25 cm3 K mol−1 at T = 2 K is reached. vMT vs. T obeys
the Curie–Weiss law above 12 K with C = 7.94 cm3 K mol−1 and
h = −1.14 K.

The experimental thermal dependence of the vMT product for
2 in the range of 2–300 K is shown in Fig. 4 (triangles). Upon

Fig. 3 Temperature dependence of vMT for 1 with the best fit. Inset:
isothermal magnetization at T = 2 K with the best fit.

cooling, vMT continuously decreases to reach a minimum at T =
15 K. Further cooling provides a sharp increase and the value of
0.791 cm3 K mol−1 at T = 2 K is reached. The 6H ground term of
Sm(III) ion is known to be split by the spin–orbit coupling into six
levels E(J) = kJ(J + 1)/2 with the spin–orbit coupling parameter
k of the order of 200 cm−1 and J = 5/2, 7/2,. . .,15/2.9 Therefore, in
addition to the ground state 6H5/2, the first (6H7/2) and even higher
excited states can be considerably populated at room temperature.
In consequence, the high-temperature behaviour of vMT vs. T devi-
ates from linearity. Furthermore, the presence of low lying excited
states adds a significant temperature-independent contribution to
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Fig. 4 Temperature dependence of vMT for 2 (experimental and corrected
with v* contribution) with the best fit. Inset: isothermal magnetization at
T = 2 K with the best fit.

the magnetic susceptibility. To take both effects into account,
the stepwise fitting procedure was applied. First, it involved
subtracting a non-linear (temperature-dependent) contribution
from the experimental data. The second step consisted on fitting
the Curie–Weiss law and temperature-independent correction v*.
The best fit was obtained with k = 212 cm−1, C = 0.404 cm3 K
mol−1, h = +0.97 K and v* = 0.0022 cm3 mol−1. The high value of
v* is probably due to the splitting of the 6H ground state of Sm(III)
ion (ligand-field effects). The data corrected with v* (Fig. 4, circles)
have provided the starting point for further analysis.

In order to evaluate exchange couplings between Ln(III) and
W(V) in {LnIIIWV} chains through a cyano bridge, one intrachain
coupling constant J has been assumed in accord with the X-ray
structure, where the distances between Ln(III) and W(V) centres
in 1 and 2 are equal along with a chain. In the calculations for
{GdIIIWV} chain we have used the Seiden model, which gives an
analytical expression for the susceptibility of an isotropic chain
consisting of alternating quantum spins S = 1/2 of the W(V)
centres and classical spin SLn,i of the Gd(III) centres. In the case
of {SmIIIWV} chain, we have adopted the Seiden model by taking
into account the total angular momentum of Sm(III) ion, denoted
here as SLn,i. In the magnetic. . .SLn,i−1,SW,i,SLn,i,SW,i+1,SLn,i+1. . . chain
every quantum W(V) spin is subjected to the exchange field created
by its neighbours SLn,i−1 and SLn,i, where SLn,i are considered as
classical vectors due to their high quantum numbers.10,11 The
calculations were performed using the Hamiltonian H = ∑

Hi,
where Hi = −J(SLn,i + SLn,i+1)SW,i + gWbHSW,zi + gLnbHSLn,zi. The
fitting procedure was performed simultaneously on vMT vs. T
and M vs. H data sets with the Landé factor for W(V) fixed at
gW = 2.00 using an approximate numerical approach.12 With this
approach, the data for 1 were well simulated down to 2 K with J =
−2.3(2) K, and gGd = 1.97(2) (Fig. 3, solid lines). The intrachain
coupling constant J is consistent with the Curie–Weiss constant
and confirms the antiferromagnetic behaviour within the chain
in 1. The J value calculated for 1 compares favourably with the
literature value of intrachain coupling constant J = −0.84 K for
1-D [GdIII(DMF)6][WV(CN)8].5b The best fits for 2 were obtained
with effective J = +2.0(5) K, and gSm = 0.13(3) (Fig. 4, solid
lines). The positive effective coupling constant J between the
total angular momentum of Sm(III) centre and the spin of the
W(V) ion and Curie–Weiss constant indicate the net ferromagnetic
coupling, which is equivalent to an antiferromagnetic character

of the spin coupling between both centres in the 1-D chain of
2. This agrees well with the antiferromagnetic nature of Sm(III)–
W(V) spin coupling in [SmIII(H2O)5][WV(CN)8].5a The isothermal
magnetization curve for 2 at T = 2 K (Fig. 4, inset) shows a
small difference between simulated and experimental data in the
low applied field, which is attributable to the neglected interchain
interaction.

Conclusions

A new family of isomorphous cyano-bridged 1-D chains
[LnIII(terpy)(DMF)4][WV(CN)8]·6H2O [Ln = Gd (1), Sm (2)]
has been designed and synthesized. Weak magnetic coupling
of Ln(III)–W(V) centres appears as a consequence of very long
cyanide bridges. Almost perfect magnetic isolation of neighbour-
ing 1-D chains suggests that further structural and magnetic
studies on {LnIIIWV} 1-D systems tuned by lanthanide cationic
precursor centre as well as the nature and number of polyimine
ligands can lead to the construction of the single-chain magnets.
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Two quasi-one-dimensional compounds [LnIII(terpy)(DMF)4][W
V(CN)8] · 6H2O, where Ln stands for

Gd or Sm, were synthesized and the measurements of their magnetic features were carried out. Magnetiza-
tion was measured at 2 K in the field range 0–5 T. To extract physical information from the experimental data
a generalization of the theoretical approach given by Verdaguer et al. (Phys. Rev. B 29, 5144 (1984)) [1] is
put forward. That theoretical model is found to fit the data well. It allows for the determination not only of
the coupling constant but also of the zero-field splitting parameter.

1 Introduction

Experimental and theoretical studies devoted to one-dimensional (1-D) magnetic systems remain a very at-

tractive field in condensed matter physics. Up to the present moment many quasi-1D materials with various

spin numbers and both ferromagnetic or antiferromagnetic interactions have been synthesized and studied

[1–4]. A separate place within that group of materials is taken by the so called alternating chains encom-

passing three different classes. The first class includes chains in which the coupling constants between the

spins alternate its magnitude or sign, the spins remaining the same along the chain. In the next class spin

centers provide unequal spin numbers in an alternate fashion, whereas the coupling between them remains

uniform. Finally, the members of the last one combine the features of the first two. In the present work,

we studied two novel representatives of the second class.

The theoretical studies of chains with alternating spins has a three-decade history (cf. [5, 6] for a com-

prehensive report), of which two results are most relevant here. First, Seiden [8] obtained a closed form

for the zero-field susceptibility of the chain, where one of the spin is equal to 1/2, whereas the other is

treated as classical vector due to its high spin number. Second, Verdaguer et al. [1] presented an approxi-

mate numerical approach to spin-alternating chains of that kind. The approach is reported to take partially

into account the quantum character of the ’classical’ spins. It reduces the problem of the diagonalization

of the full Hamiltonian to that of a transfer-like low-dimensional matrix and allows for reproducing the

zero-field magnetic susceptibility in the whole temperature range. At the same time, the question of ap-

plying the same ideas in the calculation of the field-dependence of magnetization has been left open. It is

the intention of the present paper to fill that gap. Through numerical calculations it is shown here that the

approximate approach can be used to simulate the isothermal magnetization curves for chains with good

accuracy. Moreover, the fact that modern experimental techniques provide abundant data allowing for a
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© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 



sensible determination of a wider set of physical parameters makes always some room for useful gener-

alizations in former approaches. Thinking along these lines, we show also that the model used in [1] can

be generalized to account for the zero-field splitting parameter D, characterizing the degree of the local

anisotropy of a spin center.

As a proving ground for the approximate methods reported here two recently synthesized molecular

magnets [LnIII(terpy)(DMF)4][WV(CN)8] · 6H2O, where Ln=Gd (1) or Ln=Sm (2), were used [4]. The

compounds represent the first examples of an octacyanometalate-based chains containing lanthanide ions.

The crystal structures for 1 and 2 consist of alternating cyano-bridged {[W(CN)8]} and {[Ln(terpy)]}
building blocks (terpy=2,2’:6’,2”-terpyridine). The neighboring chains are weakly linked through the π-π
stacking interactions of the aromatic rings. The interchain interaction was shown to be small compared to

the intrachain one (cf. [4]) and will be neglected in what follows. The measurements of 1 and 2 were carried

out using a Quantum Design SQUID magnetometer on powder samples. The isothermal magnetization of

the compounds was measured as a function of applied magnetic field H in the range of 0-50 kOe at T=2 K

(see Figs. 1 and 2). The χ · T vs. T curves for 1 and 2 show an increase at low temperatures revealing

the incipient short-range order. The Weiss constants of -1.14 and +0.97 K indicate antiferromagnetic and

ferromagnetic character of the coupling for 1 and 2 respectively.

2 Presentation of the approach

The Hamiltonian corresponding to the spin-alternating chain of N spin pairs reads

Ĥ = −J
N∑

i=1

ŝi ◦
(
Ŝi + Ŝi+1

)
+ µBH

[
G

N+1∑
i=1

Ŝzi + g

N∑
i=1

ŝzi

]
+ D

N+1∑
i=1

Ŝ
2

zi. (1)

where periodic boundary conditions are assumed, i.e. Ŝ1 ≡ ŜN+1. The capital spin operators Ŝi cor-

respond to the spins of the rare earth ions, whereas the small ones ŝi denote the spins of the tungsten

centers. The spin of the W-ion is s = 1/2. The spin numbers for Gd- and Sm-ions are large (SGd = 7/2,

SSm = 5/2), so their spins can be treated as classical vectors. The first term in Eq. (1) describes the

nearest neighbor exchange interactions between the lanthanide and tungsten spin centers characterized by

a coupling constant J . The second term is the Zeeman coupling of the spins with the external magnetic

field H assumed to be parallel to the z axis which has been oriented along the direction of the local uniaxial

anisotropy accounted for by the last term and parametrized by D. Let us stress that the local anisotropy

has not been introduced in [1].

The mathematical treatment of the model now proceeds along similar lines as those reported in [1]. The

Hamiltonian Ĥ can be rewritten to take on the following form Ĥ =
∑N

i=1 Ĥi, where

Ĥi = −J Ŝi ◦ ŝi +
1
2
GµBHŜzi + gµBH ŝzi +

1
2
D

[(
Ŝzi

)2

+
(

Ŝzi+1

)2
]

, (2)

where Ŝi = Ŝi + Ŝi+1. As mentioned earlier the ’capital’ spins can be treated classically, that is, as

commuting variables. On that assumption the Hamiltonian Ĥi is a 2× 2 Hermitian operator, depending on

ŝi. A straightforward calculation of its eigenvalues gives

λ±
i =

1
2

{
GµBHSzi + D

[
(Szi)

2 + (Szi+1)
2
]
±

√
J2S2

i + g2µ2
BH2 − 2gµBHJSzi

}
(3)

We need to calculate the partition function Z and the free energy F = − 1
β lnZ of the system. The

partition function is given by the formula Z = Tr
{

exp
[
−βĤ

]}
, where β = 1

kT , and the trace should be
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calculated by summing over all the eigenstates of Ĥi and integrating over all the vectors Si. Carrying out,

first, the trace over the quantum variables ŝi, and using Eq. (2), one obtains

Z = Tr
(Si)

N∏
i=1

P (i, i + 1), where (4)

P (i, i + 1) = 2 exp
{
−1

2
βGµBHSzi − 1

2
βD

[
(Szi)

2 + (Szi+1)
2
]}

× cosh
[
1
2

√
J2S2

i + g2µ2
BH2 − 2gµBHJSzi

]
.

(5)

Now, the main concept developed in [1] consists in treating the remaining capital spin variables in the

formula given in Eq. (5) as quantum operators again and to calculate the trace over their corresponding

(2S + 1)N quantum states. Let us denote the eigenstates of the Ŝzi operators by |mi〉 and define a matrix

T by the following formula

〈m′
i,mi|T|m′

i+1,mi+1〉 = 〈mi+1,mi|P (i, i + 1)|m′
i,m

′
i+1〉. (6)

Note the order of the eigenstate indices mi, m′
i, mi+1, m′

i+1. The matrix T is a symmetrical in the

permutation of row and column indices, therefore its eigenvalues are real numbers. It plays the role of the

transfer matrix, so the partition function can be calculated as Z = Tr
[
TN

]
. A straightforward calculation

yields

〈m′
i,mi|T|m′

i+1,mi+1〉

= 2
∑

{Si,Mi}
exp

[
−1

2
βD

(
m2

i + m2
i+1

)] 〈mi+1,mi|Si,Mi〉〈Si,Mi|m′
i,m

′
i+1〉

× 〈Si,Mi| exp
[
−1

2
βGµBŜzi

]
cosh

[
1
2
β

√
J2Ŝ2

i + g2µ2
BH2 − 2gµBHJ Ŝzi

]
|Si,Mi〉,

(7)

where |Si,Mi〉 are the eigenstates of the operators Ŝi and Ŝzi, and the sum over Si runs from Si = |Mi|
to Si = 2S. 〈mi, mi+1|Si,Mi〉 are the Clebsch-Gordan coefficients allowing the transformation from the

|mi,mi+1〉 to the |Si,Mi〉 representation. In such a way the problem of multiple integration in Eq. (4) has

been replaced by one involving the diagonalization of the transfer-matrix of the size (2S+1)2×(2S+1)2.

That diagonalization is even further simplified by the fact that the matrix T has a block-diagonal form,

with blocks corresponding to all states with the fixed value of m′
i+1 − mi+1 = mi − m′

i = ∆ (∆ =
−2S,−2S + 1, . . . , 2S − 1, 2S, and the order of the corresponding block matrix is 2S − |∆| + 1). In

the thermodynamic limit (N → ∞) one obtains Z � ΛN , F � − 1
β N ln Λ, where Λ denotes the greatest

eigenvalue of the matrix T. The diagonalization can be performed with standard numerical techniques for

an array of temperature and magnetic field values and the magnetization or magnetic susceptibility of the

chain can then be calculated as appropriate derivatives of the free energy F .

3 Application

Prior to any fitting two tests were done to check the correctness of the implementation and the accuracy

of the method. The first test consisted in comparing the results obtained for noninteracting spins (J = 0)

with the sum of two Brillouin functions for an array of spin numbers and magnetic field values (note that

the procedure is exact in that case). It revealed that the minimum relative deviation of the order of 10−9

is obtained for the magnetic field increment ∆H = 10−4 kOe used in the calculations. The comparison

of the exact Seiden solution for the zero-field susceptibility with the results given by the method was
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made in the other test. The discrepancies were found to depend strongly on temperature ranging from

fractions of a percent at high temperatures (J/kT � 1) to about 20% for low temperatures and low spin

numbers (J/kT ∼ 1). The deviations in the low-temperature limit are due to the fact that the Seiden

model treats the ’capital’ spins classically, whereas in the present approach their quantum nature is taken

partially into account. Let us, finally, note that the greatest eigenvalue Λ was noticed to belong always

to the submatrix with ∆ = 0, which indicates that the calculations can be even more simplified, if that

observation could be rigorously proven. Figures 1 and 2 show experimental data together with the best-

fit curves for the field-dependence of the magnetization for 1 and 2. The fitting procedure consisted in

two steps. First, 2-parameter fits were carried out (optimizing J and G values), and then it was checked

whether the addition of the local anisotropy parameter D improved the fit. The full model (D inclusive)

is best suited to single-crystal data, and its direct application to powder data would be, understandably,

incorrect. However, for small values of D we can use the following approximation: Mpowder(H;D, . . . ) �
(M(H;D, . . . ) + 2M(H,−D, . . . )) /3. For 1 no substantial improvement was achieved, whereas the

introduction of D for 2 lowered the χ2-value one order of magnitude. The temperature-dependence of

the zero-field susceptibility calculated with the Seiden formula for the best-fit parameters has been found

consistent with the experimental data for both compounds [4].
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Fig. 1 M vs. H for 1 at T=2 K. Squares – ex-

perimental data, solid line – the best-fit curve.

The best-fit parameters: J = −2.03(3) K,

G = 1.97(2) (g = 2, D = 0).
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Fig. 2 M vs. H for 2 at T=2 K. Squares – ex-

perimental data, solid line – the best-fit curve.

The best-fit parameters: J = 3.72(4) K, G =
0.11(2), D = −0.22(3) K (g = 2).

In conclusion, a useful and efficient tool for simulating isothermal magnetization curves of weakly

interacting quantum-classical spin-alternating chains is offered. It is complementary to existing procedures

devised to rationalize experimental results.
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The self-assembly reaction between trivalent lanthanide ions, 2,2′:6′,2′′-terpyridine (terpy) ligand, and octacyano-
tungstate(V) leads to the formation of two series of isomorphous cyano-bridged compounds: (i) one-dimensional
(1-D) chains [Ln(terpy)(DMF)4][W(CN)8]‚6H2O‚C2H5OH (Ln ) Ce−Dy) and (ii) dinuclear molecules [Ln(terpy)(DMF)2-
(H2O)2][W(CN)8]‚3H2O (Ln ) Ho, Er, Yb) and the ionic [TmIII(terpy)(DMF)2(H2O)3][WV(CN)8]‚4H2O‚DMF (DMF )
N,N-dimethylformamide) system. The crystal structures of 1-D chains consist of alternating {[W(CN)8]} and {[Ln-
(terpy)]} building blocks. The neighboring chains are weakly linked through the π−π stacking interactions of the
aromatic rings, leading to two-dimensional supramolecular layers. The dinuclear species are weakly linked through
the hydrogen bonds between H2O molecules and terminal cyano ligands resulting in a columnlike arrangement of
dimers. Taking into account the ligand-field splitting and the exchange interaction, we have estimated the magnetic
couplings between the LnIII and WV centers in a series of polycrystalline 1-D chains and in dimeric systems. The
corresponding exchange constants have been shown to change the sign along the series of chains. The coupling
is antiferromagnetic for 1 (J ) −0.24 cm-1) and 2 (J ) −0.07 cm-1), whereas 3 (J ) +0.47 cm-1), 7 (J ) +0.28
cm-1), and 8 (J ) +0.23 cm-1) have ferromagnetic character. In the case of dimeric systems, the coupling constants
seem to be independent of the lanthanide center. The splitting structures of the ground-state multiplets of the LnIII

centers have been shown to explain the temperature dependences of the magnetic susceptibilities.

Introduction

Homo- and heterometallic coordination networks based
on lanthanide centers offer attractive properties in terms of
their material properties and potential applications in data
storage, quantum computing, or nonlinear optics.1 Discrete
polynuclear d-f electron systems are of significant interest
from the viewpoint of single-molecule-magnet construction.2

Because of both large-spin and considerable single ion
anisotropy provided by lanthanide centers, the rational design
of f-d cyano-bridged architectures tuned by the lanthanide
center attracts considerable attention in the field of functional
magnetic materials. The exploration of cyano-bridged 4f-
3d systems resulted in a wide variety of coordination
networks from ionic compounds3 and discrete molecules,4

through one-dimensional (1-D) chains4c,5 and two-dimen-
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sional (2-D) layers,4i,5c,i,6 to three-dimensional (3-D) Prussian
Blue analogues.7 When lanthanide-octacyanometalate-based
supramolecular magnetic materials are focused on, only three
4f-5d systems have been reported: (i) 2-D ferromagnetic
[SmIII (H2O)5][WV(CN)8],8a (ii) 1-D antiferromagnetic [GdIII -
(DMF)6][WV(CN)8] (DMF ) N,N-dimethylformamide),8b and
(iii) 3-D paramagnetic [Ln(mpca)2(H2O)(MeOH)][Ln(H2O)6]-
[W(CN)8]‚xH2O (Ln ) Eu, Nd).8c

The reported networks have been prepared using the
building-block approach, in which lanthanide cations are
linked by polycyanometalate linkers. The coordination
properties of lanthanide centers are difficult to control
because of their lability, and in the absence of design
strategies for 4f-d networks, it will be challenging to
synthesize materials with specific structures and therefore
magnetic properties. According to the two isomorphous
[GdIII (terpy)(DMF)4][WV(CN)8]‚6H2O‚C2H5OH and [SmIII -
(terpy)(DMF)4][WV(CN)8]‚6H2O‚C2H5OH 1-D chains re-
cently reported by us,9 here we describe the lanthanide-tuned

structural and magnetic characterization of magnetic materi-
als based on the use of 2,2′:6′,2′′-terpyridine (terpy) as a
blocking ligand at the LnIII center (Ln ) paramagnetic
lanthanide(III) ions except Pm) and octacyanotungstate(V)-
mediating magnetic interaction.

Generally, the magnetic properties of lanthanide-based
supramolecular systems were used to be considered similarly
to those of isolated ions. However, the magnetic susceptibility
is determined by thermal population of sublevels in the
ground-state multiplet in the ligand field (LF). This work is
focused on studying the nature of magnetic exchange in 1-D
chains formed by the early lanthanides of the general formula
[LnIII (terpy)(DMF)4][WV(CN)8]‚6H2O‚C2H5OH ([CeW] (1‚
C2H5OH), [PrW] (2‚C2H5OH), [NdW] (3‚C2H5OH), [SmW]
(4‚C2H5OH), [EuW] (5‚C2H5OH), [GdW] (6‚C2H5OH),
[TbW] (7‚C2H5OH), and [DyW] (8‚C2H5OH)). Furthermore,
we present crystal structures and magnetic analysis for three
dimeric systems, [LnIII (terpy)(DMF)2(H2O)2][W V(CN)8]‚
3H2O ([HoW] (9), [ErW] (10), and [YbW] (11)), formed by
the late lanthanides. Finally, we discuss an exceptional
behavior of the TmIII precursor, which forms the [TmIII -
(terpy)(DMF)2(H2O)3][WV(CN)8]‚4H2O‚DMF ([TmW] (12))
ionic compound. The determination of the electronic structure
of isolated LnIII centers and LnIII-WV systems, calculations
of LF parameters, and exchange coupling constants for the
4f-5d electron complexes was based on a procedure
developed by Ishikawa et al., originally applied for mono-
and dinuclear homometallic lanthanide-based compounds.10

Experimental Section

General Procedures and Materials.All chemicals and solvents
were of analytical grade. Cs3[W(CN)8]‚2H2O was prepared accord-
ing to the literature.11 The syntheses of all LnIII -WV assemblies
were performed in the dark and at room temperature because of
the photosensitivity of octacyanotungstate(V) ions.

Preparation of [CeIII (terpy)(DMF) 4][W V(CN)8]‚6H2O (1). To
a solution of Ce(NO3)3‚6H2O (0.86 mmol, 0.37 g) and Cs3[WV-
(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 3 days. The green
crystals of1‚C2H5OH were collected by suction filtration, washed
with ethanol, and air-dried to give the green polycrystalline solid
of 1. Yield: 250 mg, 25%. Anal. Calcd for C35H51N15O10CeW (1):
C, 36.06; H, 4.41; N, 18.02. Found: C, 35.82; H, 4.40; N, 17.91.
IR (KBr): ν(CN) 2147sh, 2157m, 2170m cm-1.

Preparation of [Pr III (terpy)(DMF) 4][W V(CN)8]‚6H2O (2). To
a solution of Pr(NO3)3‚6H2O (0.86 mmol, 0.37 g) and Cs3[WV-
(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 2 days. The yellow
crystals of2‚C2H5OH were collected by suction filtration, washed
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1974, 409, 343.
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with ethanol, and air-dried to give the yellow polycrystalline solid
of 2. Yield: 599 mg, 60%. Anal. Calcd for C35H51N15O10PrW (2):
C, 36.03; H, 4.41; N, 18.01. Found: C, 36.04; H, 4.45; N, 18.06.
IR (KBr): ν(CN) 2148sh, 2158m, 2169sh cm-1.

Preparation of [NdIII (terpy)(DMF) 4][W V(CN)8]‚6H2O (3). To
a solution of Nd(NO3)3‚6H2O (0.86 mmol, 0.38 g) and Cs3[WV-
(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 2 days. The yellow
crystals of3‚C2H5OH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 3. Yield: 692 mg, 69%. Anal. Calcd for C35H51N15O10NdW
(3): C, 35.93; H, 4.39; N, 17.96. Found: C, 36.31; H, 4.43; N,
17.89. IR (KBr): ν(CN) 2149m, 2161m, 2172m cm-1.

Preparation of [SmIII (terpy)(DMF) 4][W V(CN)8]‚6H2O (4). To
a solution of Sm(NO3)3‚6H2O (0.43 mmol, 0.19 g) and Cs3[WV-
(CN)8]‚2H2O (0.43 mmol, 0.35 g) in water (10 mL) was added a
solution of terpy (0.43 mmol, 0.10 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 10 days. The yellow
crystals of4‚C2H5OH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 4. Yield: 145 mg, 29%. Anal. Calcd for C35H51N15O10SmW
(4): C, 35.74; H, 4.37; N, 17.86. Found: C, 35.72; H, 4.05; N,
17.61. IR (KBr): ν(CN) 2148m, 2165m, 2171sh cm-1.

Preparation of [EuIII (terpy)(DMF) 4][W V(CN)8]‚6H2O (5). To
a solution of Eu(NO3)3‚5H2O (0.86 mmol, 0.37 g) and Cs3[WV-
(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 2 days. The yellow
crystals of5‚C2H5OH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 5. Yield: 604 mg, 60%. Anal. Calcd for C35H51N15O10EuW (5):
C, 35.70; H, 4.36; N, 17.84. Found: C, 35.92; H, 4.25; N, 17.67.
IR (KBr): ν(CN) 2147m, 2167m cm-1.

Preparation of [GdIII (terpy)(DMF) 4][W V(CN)8]‚6H2O (6). To
a solution of Gd(NO3)3‚6H2O (0.43 mmol, 0.19 g) and Cs3[WV-
(CN)8]‚2H2O (0.43 mmol, 0.35 g) in water (10 mL) was added a
solution of terpy (0.43 mmol, 0.10 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 10 days. Then
diisopropyl ether was slowly diffused. After 1 day, the yellow
crystals of6‚C2H5OH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 6. Yield: 220 mg, 44%. Anal. Calcd for C35H51N15O10GdW
(6): C, 35.54; H, 4.35; N, 17.76. Found: C, 35.84; H, 4.05; N,
17.66. IR (KBr): ν(CN) 2147m, 2168m, 2171sh cm-1.

Preparation of [Tb III (terpy)(DMF) 4][W V(CN)8]‚6H2O (7). To
a solution of Tb(NO3)3‚5H2O (0.86 mmol, 0.37 g) and Cs3[WV-
(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 3 days. The yellow
crystals of7‚C2H5OH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 7. Yield: 202 mg, 20%. Anal. Calcd for C35H51N15O10TbW (7):
C, 35.49; H, 4.34; N, 17.74. Found: C, 35.61; H, 4.33; N, 17.55.
IR (KBr): ν(CN) 2146m, 2169m cm-1.

Preparation of [DyIII (terpy)(DMF) 4][W V(CN)8]‚6H2O (8). To
a solution of Dy(NO3)3‚5H2O (0.86 mmol, 0.38 g) and Cs3[WV-
(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was added a

solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 5 days. The yellow
crystals of8‚C2H5OH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 8. Yield: 430 mg, 42%. Anal. Calcd for C35H51N15O10DyW
(8): C, 35.38; H, 4.33; N, 17.68. Found: C, 35.20; H, 4.12; N,
17.60. IR (KBr): ν(CN) 2147m, 2169m, 2172sh cm-1.

Preparation of [HoIII (terpy)(DMF) 2(H2O)2][W V(CN)8]‚3H2O
(9). To a solution of Ho(NO3)3‚5H2O (0.86 mmol, 0.38 g) and Cs3-
[WV(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was added
a solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). Then,
10 mL of DMF was added. The resulting solution was left in an
open beaker for 3 days. The yellow crystals of9 were collected by
suction filtration, washed with ethanol, and air-dried. Yield: 380
mg, 43%. Anal. Calcd for C29H35N13O7HoW (9): C, 33.93; H, 3.44;
N, 17.74. Found: C, 34.04; H, 3.41; N, 17.73. IR (KBr):ν(CN)
2146m, 2176m cm-1.

Preparation of [Er III (terpy)(DMF) 2(H2O)2][W V(CN)8]‚3H2O
(10). To a solution of Er(NO3)3‚5H2O (0.86 mmol, 0.38 g) and
Cs3[WV(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was
added a solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL).
The yellow precipitate was dissolved using ca. 12 mL of DMF.
The resulting solution was left in an open beaker for 3 days. The
yellow crystals of10 were collected by suction filtration, washed
with ethanol, and air-dried. Yield: 220 mg, 25%. Anal. Calcd for
C29H35N13O7ErW (10): C, 33.86; H, 3.43; N, 17.70. Found: C,
34.06; H, 3.79; N, 17.50. IR (KBr):ν(CN) 2147m, 2177m cm-1.

Preparation of [YbIII (terpy)(DMF) 2(H2O)2][W V(CN)8]‚3H2O
(11). To a solution of Yb(NO3)3‚5H2O (0.86 mmol, 0.39 g) and
Cs3[WV(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL) was
added a solution of terpy (0.86 mmol, 0.20 g) in DMF (10 mL).
The resulting solution was left in an open beaker for 3 days. Then,
10 mL of ethanol was added. The yellow crystals of11 were
collected by suction filtration, washed with ethanol, and air-dried.
Yield: 460 mg, 52%. Anal. Calcd for C29H35N13O7YbW (11): C,
33.67; H, 3.41; N, 17.60. Found: C, 33.47; H, 3.28; N, 17.48. IR
(KBr): ν(CN) 2148m, 2178m cm-1.

Preparation of [TmIII (terpy)(DMF) 2(H2O)3][W V(CN)8]‚4H2O‚
DMF (12). To a solution of Tm(NO3)3‚5H2O (0.86 mmol, 0.38 g)
and Cs3[WV(CN)8]‚2H2O (0.86 mmol, 0.71 g) in water (10 mL)
was added a solution of terpy (0.86 mmol, 0.20 g) in ethanol (10
mL). Then, 12 mL of DMF was added. The resulting solution was
left in an open beaker for 3 days. The yellow crystals of12 were
collected by suction filtration, washed with ethanol, and air-dried.
Yield: 25 mg, 2.6%. Anal. Calcd for C32H46N14O10TmW (12): C,
33.73; H, 4.07; N, 17.21. Found: C, 33.58; H, 3.77; N, 17.43. IR
(KBr): ν(CN) 2137m, 2147m, 2159m cm-1.

Physical Measurements.Elemental analyses were performed
on a EuroEA EuroVector elemental analyzer. IR spectra were
measured between 4000 and 400 cm-1 on a Bruker EQUINOX 55
spectrometer in KBr disks for powder samples of1-12. Magnetic
susceptibility measurements were performed upon cooling in a
constant magnetic field of 1 kOe over the temperature range 1.9-
300 K using a Quantum Design SQUID magnetometer. Isothermal
magnetization curves in the field up to 50 kOe were measured at
T ) 2 K. Magnetic studies have been carried out for powder
samples of1-12. The single-crystal sample of10 (approximate
size 4.7× 0.8 × 0.6 mm3) was oriented by the X-ray analysis.

X-ray Data Collection and Structure Determination. Single-
crystal X-ray data for1‚C2H5OH-8‚C2H5OH and 9-12 were
collected at 100 K on a Nonius Kappa CCD diffractometer with
graphite-monochromated Mo KR radiation (λ ) 0.7107 Å), except
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4‚C2H5OH, 6‚C2H5OH, and 8‚C2H5OH, where X-ray data col-
lection was carried on a single crystal mounted in a glass capillary
with a few drops of the mother solution. For cell refinement and
data reduction, the Denzo-Scalepack program package was used.12

The multiscan absorption correction was applied to the data. The
structures of1‚C2H5OH, 3‚C2H5OH, 4‚C2H5OH, and 12 were
solved by the heavy-atom method (SHELXS-97), except6‚C2H5OH,
which was solved by direct methods. The structures of2‚C2H5OH,
5‚C2H5OH, 7‚C2H5OH, 8‚C2H5OH, and 9-11 were solved by
direct methods usingSIR92.13a All structures were refined by full-
matrix least squares onF 2 using the programSHELXL-97.13b The
N51 DMF molecule was observed as disordered, and two alternative
rigid molecules with complementary occupancy factors were used
in the refinement. For compounds1‚C2H5OH-8‚C2H5OH, 11, and
12, N51, N53, and N71 DMF molecules, respectively, were

observed as disordered, and two alternative rigid molecules with
complementary occupancy factors were used in the refinement. All
atoms of these molecules were refined with an isotropic displace-
ment parameter. All non-hydrogen atoms were refined anisotropi-
cally. All hydrogen atoms in ordered DMF and terpy molecules
were included at idealized positions and refined with isotropic
displacement parameters set at 1.5 times that of the bonded atoms.
For disordered DMF ligands and H2O molecules in1‚C2H5OH-
8‚C2H5OH, hydrogen atoms were not included during the refine-
ment. Complete crystallographic data and collection parameters for
1‚C2H5OH-8‚C2H5OH and9-12 are listed in Tables 1-3.

Results and Discussion

Structural Description of 1‚C2H5OH-8‚C2H5OH. The
crystal structures of1‚C2H5OH-8‚C2H5OH consist of
isomorphous 1-D chains built by alternating WV and LnIII

metal centers originating from [Ln(terpy)(DMF)4] (Ln )
Ce-Dy) and [W(CN)8] entities linked through the single
cyano bridges (Figure 1). Relevant bond distances and angles
are listed in Table 4. The nine-coordinated LnIII centers

(12) Otwinowski, Z.; Minor, W.Methods Enzymol.1997, 276, 307.
(13) (a) Altomare, A.; Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla,

M. C.; Polidori, G.; Camalli, M.SIR92sa program for automatic
solution of crystal structures by direct methods.J. Appl. Crystallogr.
1994, 27, 435. (b) Sheldrick, G. M.SHELX-97: programs for structure
analysis; University of Göttingen: Göttingen, Germany, 1998.

Table 1. Crystallographic Data for1‚C2H5OH-4‚C2H5OH

1‚C2H5OH 2‚C2H5OH 3‚C2H5OH 4‚C2H5OH

empirical formula C37H57N15O11CeW C37H57N15O11PrW C37H57N15O11NdW C37H57N15O11SmW
fw 1211.95 1212.74 1216.07 1222.18
λ (Å) 0.710 70 0.710 70 0.710 70 0.710 70
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/n P21/n P21/n
a (Å) 14.5980(2) 14.3840(2) 14.3360(2) 14.50900(10)
b (Å) 23.7530(3) 23.4370(2) 23.4180(3) 23.6780(3)
c (Å) 14.8350(2) 14.7350(2) 14.7130(2) 14.74700(10)
â (deg) 90.3980(7) 90.2880(6) 90.4620(6) 90.8760(7)
V (Å3) 5143.86(12) 4967.37(11) 4939.29(12) 5065.65(8)
Z 4 4 4 4
Fcalc (g cm-3) 1.565 1.622 1.635 1.603
µ (mm-1) 3.174 3.351 3.435 3.483
T (K) 100(1) 100(1) 100(1) 293(2)
reflns colld 18 302 18 279 19 545 19 058
unique 11 394 10 865 11 185 11 288
obs [I > 2σ(I)] 8922 9846 9990 9152
R [I > 2σ(I)] R1 ) 0.0364 R1) 0.0340 R1) 0.0374 R1) 0.0327

wR2 ) 0.0795 wR2) 0.0789 wR2) 0.0843 wR2) 0.0764
R (all data) R1) 0.0555 R1) 0.0398 R1) 0.0441 R1) 0.0477

wR2 ) 0.0878 wR2) 0.0815 wR2) 0.0866 wR2) 0.0842
GOF 1.027 1.158 1.253 1.031

Table 2. Crystallographic Data for5‚C2H5OH-8‚C2H5OH

5‚C2H5OH 6‚C2H5OH 7‚C2H5OH 8‚C2H5OH

empirical formula C37H57N15O11EuW C37H57N15O11GdW C37H57N15O11TbW C37H57N15O11DyW
fw 1223.79 1229.08 1230.75 1234.33
λ (Å) 0.710 70 0.710 70 0.710 70 0.710 70
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/n P21/n P21/n
a (Å) 14.2370(2) 14.48200(10) 14.2070(2) 14.4080(2)
b (Å) 23.4170(3) 23.6880(3) 23.4340(4) 23.7100(3)
C (Å) 14.6690(2) 14.71300(10) 14.6280(2) 14.6670(2)
â (deg) 90.9190(5) 91.1910(10) 91.2790(9) 91.5380(9)
V (Å3) 4889.84(11) 5046.20(8) 4868.84(13) 5008.64(12)
Z 4 4 4 4
Fcalc (g cm-3) 1.662 1.618 1.679 1.637
µ (mm-1) 3.690 3.647 3.871 3.842
T (K) 100(1) 293(2) 100(1) 293(2)
reflns colld 19 675 19 832 19 736 19 358
unique 11 074 11 539 10 990 10 963
obsd [I > 2σ(I)] 10 146 9570 9234 10 029
R [I > 2σ(I)] R1 ) 0.0352 R1) 0.0319 R1) 0.0345 R1) 0.0291

wR2 ) 0.0817 wR2) 0.0706 wR2) 0.0725 wR2) 0.0659
R (all data) R1) 0.0401 R1) 0.0451 R1) 0.0468 R1) 0.0337

wR2 ) 0.0835 wR2) 0.0771 wR2) 0.0770 wR2) 0.0678
GOF 1.200 1.039 1.041 1.076
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display frequently adopted tricapped trigonal-prismatic (TTP)
geometry composed of one terpy ligand, four DMF mol-
ecules, and two nitrogen-bound cyanides. In all compounds,
the [WV(CN)8] moiety has a slightly distorted square-
antiprismatic (SAPR) geometry with two bridging and six
terminal cyano ligands. The cyanide bridges are exceptionally
long and slightly bent [range between 168.2(4)° and 171.6-
(3)° for Ln-N-C angle] because of the large ionic radii of
the LnIII centers. The Ln-N bond lengths vary from 2.671-
(4) Å for Ln-N1 in [CeW] (1‚C2H5OH) to 2.507(4) Å for
Ln-N5 in [TbW] (7‚C2H5OH). Generally, the cyano bridges
become shorter and less bent across the series of chains
because of the systematic ionic radii contraction. The Ln-
ligand donor atom distances are in good agreement with the
bond lengths found for [Ln(terpy)] entities in mononuclear
complexes.14 The metric parameters of Ln-NC-W linkages

conform to those observed in octacyano- and lanthanide-
based systems.8

The neighboring{LnIIIWV} chains weakly interact through
the face-to-faceπ-π stacking of the terpy aromatic rings,
leading to the 2-D supramolecular folded layer (Figure 2).
This results in relatively long intermetallic distances (9.1 and
9.3 Å for Ln‚‚‚W and Ln‚‚‚Ln, respectively). The 2-D layers
are linked through the hydrogen bonds between H2O
molecules and terminal cyano ligands (Figure 3). The O1-
N3 and O1-N8 hydrogen bond lengths are listed in Table
5. The donor-acceptor distances suggest the medium
strength of the hydrogen bonds. The DMF ligands at the LnIII

centers are not engaged in the hydrogen bonding. The IR
spectra measurements performed on powder samples of1-8
revealν(CN) bands within the range of 2146-2172 cm-1,
consistent with maintenance of the WV site.

Structural Description of 9-11. The crystal structures
of 9-11 consist of isomorphous dinuclear molecules built
by WV and LnIII metal centers linked through the single cyano
bridge (Figure 4). Relevant bond distances and angles are
presented in Table 6. The eight-coordinated LnIII centers

(14) (a) Cotton, S. A.; Raithby, P. R.Inorg. Chem. Commun.1999, 2, 86.
(b) Drew, M. G. B.; Iveson, P. B.; Hudson, M. J.; Liljenzin, J. O.;
Spjuth, L.; Cordier, P.-Y.; Enarsson, A.; Hill, C.; Madic, C.J. Chem.
Soc., Dalton Trans.2000, 821. (c) Ahrens, B.; Cotton, S. A.; Feeder,
N.; Noy, O. E.; Raithby, P. R.; Teat, S. J.J. Chem. Soc., Dalton Trans.
2002, 2027.

Table 3. Crystallographic Data for9-12

9 10 11 12

empirical formula C29H35N13O7HoW C29H35N13O7ErW C29H35N13O7YbW C32H46N14O10TmW
fw 1026.48 1028.81 1034.59 1139.61
λ (Å) 0.710 70 0.710 70 0.710 70 0.710 70
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P21 P21 P21 C2/c
a (Å) 9.7110(2) 9.7160(2) 9.71800(10) 32.9810(2)
b (Å) 12.2750(3) 12.2480(2) 12.2110(2) 20.23600(10)
c (Å) 15.6390(4) 15.6270(2) 15.6360(2) 26.1510(2)
â (deg) 94.7820(10) 94.8140(10) 94.7630(10) 96.48
V (Å3) 1857.72(8) 1853.08(5) 1849.06(4) 17341.83(19)
Z 2 2 2 16
Fcalc (g cm-3) 1.835 1.844 1.858 1.746
µ (mm-1) 5.269 5.411 5.683 4.751
T (K) 100(1) 100(1) 100(1) 100(1)
reflns colld 7291 8086 7907 37 243
unique 7291 8086 7907 19 732
obsd [I > 2σ (I)] 7053 7895 7775 16 377
R [I > 2σ(I)] R1 ) 0.0253 R1) 0.0214 R1) 0.0243 R1) 0.0287

wR2 ) 0.0561 wR2) 0.0478 wR2) 0.0593 wR2) 0.0584
R (all data) R1) 0.0271 R1) 0.0224 R1) 0.0250 R1) 0.0403

wR2 ) 0.0570 wR2) 0.0482 wR2) 0.0597 wR2) 0.0621
GOF 1.066 1.064 1.063 1.035

Table 4. Relevant Bond Lengths (Å) and Angles (deg) for Compounds1‚C2H5OH-8‚C2H5OH with Estimated Standard Deviations in Parentheses

[CeW] [PrW] [NdW] [SmW] [EuW] [GdW] [TbW] [DyW]

Ln-N1 2.671(4) 2.621(3) 2.601(4) 2.603(4) 2.561(4) 2.589(4) 2.540(4) 2.542(3)
Ln-N5 2.632(4) 2.590(4) 2.569(4) 2.573(4) 2.533(4) 2.558(4) 2.507(4) 2.520(3)
Ln-N11 2.653(4) 2.626(4) 2.609(4) 2.600(4) 2.573(4) 2.579(3) 2.554(3) 2.554(3)
Ln-N12 2.680(4) 2.642(3) 2.613(4) 2.603(4) 2.580(4) 2.575(4) 2.552(4) 2.566(3)
Ln-N13 2.637(4) 2.617(4) 2.602(4) 2.591(4) 2.573(4) 2.566(4) 2.552(4) 2.569(3)
Ln-O31 2.493(3) 2.471(3) 2.456(3) 2.433(3) 2.411(3) 2.419(3) 2.395(3) 2.415(3)
Ln-O41 2.460(4) 2.452(3) 2.434(4) 2.403(3) 2.402(3) 2.387(3) 2.376(3) 2.398(3)
Ln-O51 2.445(3) 2.437(3) 2.435(3) 2.404(4) 2.394(3) 2.385(3) 2.375(3) 2.392(3)
Ln-O61 2.471(3) 2.457(3) 2.449(4) 2.424(3) 2.407(3) 2.406(3) 2.388(3) 2.407(3)

Ln-N1-C1 169.9(4) 169.8(3) 170.4(4) 171.2(4) 171.0(4) 171.2(4) 171.5(3) 171.6(3)
Ln-N5-C5 168.4(4) 168.5(4) 168.2(4) 169.6(4) 168.2(4) 170.4(4) 169.6(4) 169.8(3)

Table 5. Relevant Hydrogen Bond Lengths (Å) for Compounds1‚C2H5OH-8‚C2H5OH

D-A [CeW] [PrW] [NdW] [SmW] [EuW] [GdW] [TbW] [DyW]

O1-N3 2.989 2.940 2.939 2.968 2.943 2.954 2.948 2.958
O1-N8 2.938 2.916 2.911 2.935 2.921 2.941 2.915 2.957
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display SAPR geometry composed of one terpy ligand, two
DMF molecules, two H2O ligands, and one nitrogen-bound
cyanide. In all compounds, the [WV(CN)8] moiety has a
SAPR geometry with one bridging and seven terminal cyano
ligands. The cyanide bridges are again exceptionally long
and slightly bent [range between 169.1(4)° and 170.1(3)°
for the Ln-N-C angle] because of the large ionic radii of
the LnIII centers. The Ln-N bond lengths vary from 2.443-
(4) Å for Ln-N01 in [HoW] (9) to 2.415(4) Å for Ln-N01
in [YbW] (11). The cyano bridge is shorter in the case of

[Yb(terpy)(DMF)2(H2O)2][W(CN)8]‚3H2O than in [Ho(terpy)-
(DMF)2(H2O)2][W(CN)8]‚3H2O because of the systematic
ionic radii contraction. The Ln-ligand donor atom distances
are in good agreement with the bond lengths found for [Ln-
(terpy)] entities in mononuclear complexes.14 The metric
parameters of Ln-NC-W linkages conform to those ob-
served in octacyano- and lanthanide-based systems.8

The neighboring [Ln(terpy)(DMF)2(H2O)2][WV(CN)8] chains
are linked through the hydrogen bonds between H2O
molecules and terminal cyano ligands, resulting in a col-
umnlike arrangement of the dimers (Figure 5). The O63-
N04, O63-N08, O64-N06, and O64-N07 hydrogen bond
lengths are listed in Table 7. The donor-acceptor distances
suggest the medium strength of the hydrogen bonds. The
DMF ligands at the LnIII centers are not engaged in the
hydrogen bonding. The IR spectra measurements performed
on powder samples of9-11 revealν(CN) bands within the
range of 2146-2178 cm-1, consistent with the maintenance
of the WV site.

Structural Description of 12. The crystal structure of
ionic [TmIII(terpy)(DMF)2(H2O)3][WV(CN)8]‚4H2O‚DMF con-
sists of [Tm(terpy)(DMF)2(H2O)3]3+ cations, [W(CN)8]3-

anionic moieties, and crystallization H2O and DMF mol-
ecules (Figure 6). Relevant bond distances and angles are
presented in Table 8. The eight-coordinated TmIII centers
display SAPR geometry composed of one terpy ligand, two
DMF molecules, and three H2O ligands. In the [WV(CN)8]
moiety, eight nonbridging cyano ligands are arranged in a
SAPR geometry. Molecules of crystallization H2O and cyano

Figure 1. Asymmetric unit of1‚C2H5OH-8‚C2H5OH. The solvent of
crystallization has been removed for clarity.

Figure 2. 1-D chains of1‚C2H5OH-8‚C2H5OH forming 2-D supramo-
lecular layers. The solvent of crystallization has been removed for clarity.

Figure 3. Hydrogen bonds between 2-D supramolecular layers of
1‚C2H5OH-8‚C2H5OH.

Figure 4. Dinuclear molecule of9-11.

Table 6. Relevant Bond Lengths (Å) and Angles (deg) for Compounds
9-11 with Estimated Standard Deviations in Parentheses

[HoW] [ErW] [YbW]

Ln-N01 2.443(5) 2.432(4) 2.415(4)
Ln-N11 2.448(4) 2.436(3) 2.425(4)
Ln-N21 2.466(4) 2.461(3) 2.440(4)
Ln-N31 2.502(4) 2.504(4) 2.483(4)
Ln-O41 2.323(4) 2.321(3) 2.289(4)
Ln-O51 2.267(4) 2.265(3) 2.244(4)
Ln-O61 2.334(4) 2.310(3) 2.286(4)
Ln-O62 2.346(4) 2.335(3) 2.308(4)

Ln-N01-C01 170.1(4) 169.2(4) 169.1(4)

Properties of LnIII -WV Systems

Inorganic Chemistry, Vol. 46, No. 21, 2007 8929



ligands form hydrogen bonds of medium strength, as
suggested by donor-acceptor distances (Table 9). The
coordinated H2O molecules are involved in hydrogen bond-
ing with H2O molecules binding [W(CN)8]3- anions. This
results in an alternating arrangement of [Tm(terpy)(DMF)2-
(H2O)3]3+ and [W(CN)8]3- in the crystal (Figure 7). The IR

spectra measurements performed on a powder sample of12
reveal threeν(CN) bands at 2137, 2147, and 2159 cm-1,
consistent with the maintenance of the WV site.

Magnetic Properties

General Procedures. According to the procedure of
Ishikawa et al. applied originally for mono- and dinuclear
homometallic lanthanide-based compounds,10 we present an
approach based solely on the magnetic data that was used
to estimate the exchange interaction between the LnIII and
WV centers.

The exchange interaction between the LnIII and WV centers
can be assumed as much weaker than the LF effects and
initially neglected. The first step of the procedure (dependent
on the coordination number of the LnIII center) consists of
tuning of the LF parameters so that the magnetic data are
reproduced satisfactorily. Then the simulated data are cor-
rected for the presence of LnIII-WV coupling. The calcula-
tions for 1-D chains are performed for systems containing
N ) 5 LnIII-WV pairs.

The total angular momentum of the ground state in the
trivalent lanthanide ions takes either the minimal valueJ )
|L - S| (for f1-f6 configurations) or the maximal valueJ
) L + S (for f8-f13) in the Russell-Saunders coupling
scheme. The simulations were carried out using the 2J + 1
sublevels of the ground-state multiplet in each lanthanide
system except the EuIII and SmIII complexes, where the
energy gap between the ground-state and the first excited-
state multiplet is known to be small.15 As a consequence,
the low-lying excited states may become thermally populated.
Additionally, coupling through the Zeeman perturbation
between substates of different multiplets in the same ground-
state term also has to be taken into account. Therefore, these

(15) Kahn, O.Molecular Magnetism; VCH: New York, 1993; Chapter 3.

Figure 5. Columnlike arrangement of9-11 dimeric molecules.

Figure 6. Asymmetric unit of [TmW] (12). The solvent of crystallization
has been removed for clarity.

Table 7. Relevant Hydrogen Bond Lengths (Å) for Compounds9-11

D-A [HoW] [ErW] [YbW]

O63-N04 2.906 2.914 2.899
O63-N08 2.817 2.826 2.817
O64-N06 2.864 2.869 2.870
O64-N07 2.856 2.858 2.859

Table 8. Relevant Bond Lengths (Å) for [TmW] (12) with Estimated
Standard Deviations in Parentheses

Tm-N111 2.460(3) Tm2-N211 2.468(3)
Tm-N121 2.451(3) Tm2-N221 2.482(3)
Tm-N131 2.483(3) Tm2-N231 2.480(3)
Tm-O11 2.336(3) Tm2-O21 2.288(3)
Tm-O12 2.299(2) Tm2-O22 2.324(3)
Tm-O13 2.328(3) Tm2-O23 2.270(3)
Tm-O41 2.304(2) Tm2-O61 2.295(2)
Tm-O51 2.264(2) Tm2-O71a 2.302(6)

Figure 7. Packing diagram for [TmW] (12).

Table 9. Relevant Hydrogen Bond Lengths (Å) for [TmW] (12)

D-A D-A

O31-N107 2.884 O37-N105 3.089
O31-N303 2.881 O38-N304 2.815
O32-N101 2.842 O11-O32 2.710
O32-N108 3.045 O11-O33 2.698
O33-N108 2.909 O12-O31 2.675
O33-N202 2.851 O12-O37 2.638
O34-N105 2.892 O21-O34 2.639
O34-N201 2.803 O21-O35 2.646
O35-N204 2.964 O22-O36 2.742
O36-N103 2.990 O22-O38 2.631
O36-N302 2.905
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cases need a separate treatment from that presented here,
i.e., [SmIII (terpy)(DMF)4][WV(CN)8]‚6H2O described previ-
ously.9,16

The Hamiltonian pertinent to the present systems under
an external magnetic field is defined asH0 ) HZ + HLF.
The first term accounts for the Zeeman effect:

whereâ is the Bohr magneton andH denotes the external
magnetic field. The total magnetic moment operatorµ )
â(J‚gLn + S‚gW) is used in the corresponding|J,Jz〉 repre-
sentation in its lanthanide part. TheS operator denotes the
half spin operator of the tungsten center. ThegW tensor is
assumed to be isotropic with its principal values fixed atgW

) 2, whereas the components ofgLn, which we assume to
be diagonal, were varied during the fitting procedure. The
HLF term corresponds to the LF interaction, which is
expressed in the framework of the extended operator
equivalent approach.17-19 The LF part of the isolated-ion
Hamiltonian can be expressed as

where theBk
q coefficients are intended to determine. TheOk

q

matrices are polynomials of the total angular momentum
matricesJ2, Jz, J+, andJ- (exact definitions are given in
the Supporting Information in Table S1). The operator
equivalentsOk

q do not include the operator-equivalent coef-
ficients or the radial factors〈rk〉. Both factors are included
in the parametersBk

q, which restricts application of theBk
q’s

to a singleJ manifold. The coefficientsBk
q are transformed

into another set of parametersAk
q〈rk〉 using the formula

where the last factors are the operator-equivalent coefficients
relating the angular momentum operators to the potential
operators. The operator-equivalent coefficients are dependent
on the paramagnetic center and assumed coupling scheme
(e.g.,L-S or intermediate). The complete set of operator-
equivalent coefficients for all lanthanide ions in theL-S
scheme has been presented elsewhere.19

The HamiltonianH0 is diagonalized with an arbitrary
choice of a set ofBk

q coefficients and a finite external field.
The determination of a complete set of eigenvalues and
eigenfunctions enables the calculation of the magnetic molar
susceptibility together with the isothermal magnetization
using the van Vleck formalism:

whereZ0 ) ∑ndn exp(-En/kT) and ZH ) ∑k exp(-Ek(H)/
kT). The æn,i factors denote thedn-fold degenerate eigen-
functions with energyEn in the absence of a magnetic field,
whereas the eigensystem{ψk, Ek(H)} was calculated with
the assumption of a nonzero external magnetic fieldH.

Fitting was carried out with a specially designed procedure
prepared within theMathematica5.0environment. The
calculations were performed only with different small trial
sets of two to three LF parameters. Then, the best set was
chosen. The trial sets are selected on the basis of those
corresponding to the distorted TTP geometry (C3) expected
for CN ) 9 in 1-8 and the SAPR geometry (D4d) expected
for CN ) 8 in 9-12. Exceptionally, to reproduce accurately
the single-crystal data for10, the trial sets assuming the
lowest symmetry (C1) were prepared. Such a treatment is
justified if one looks at the resulting parameter sets as the
effective ones. They determine the initial stage for a more
systematic and extended treatment of the LF parameters in
the presented compounds. More importantly, they yield initial
guesses for the second stage where the magnetic coupling
can be estimated.

Only for compound12 is the first stage the final one. The
remaining compounds require the introduction of magnetic
interaction between the adjacent LnIII and WV centers. For
CN ) 8, the isotropic Heisenberg coupling was assumed
and the term

was added to the HamiltonianH0, with J denoting the
coupling constant. The fitting procedure was repeated with
the initial guess of the previous stage, which closes the
proceedings.

In order to include in the calculations the interactions
between the neighboring LnIII and WV paramagnetic centers
coupled along the chains, the following approach was
developed. The total magnetic susceptibility and the total
magnetization were approximated as a sum of two separate
though not independent components:

whereø0 and M0 correspond to the values obtained in the
first stage, whereasøc and Mc denote the corresponding
corrections. The correcting terms were calculated on the basis
of the following model Hamiltonian:

(16) Pełka, R.; Bałanda, M.; Przychodzen´, P.; Tomala, K.; Sieklucka, B.;
Wasiutyński, T. Phys. Status Solidi C2006, 3, 216.

(17) Stevens, K. W. H.Proc. Phys. Soc., London, Sect. A1952, 65, 209.
(18) Abragam, A.; Bleaney, B.Electron Paramagnetic Resonance of

Transition Ions; Clarendon Press: Oxford, U.K., 1970.
(19) Altshuler, S.; Kozyrev, B. M.Electron Paramagnetic Resonance in

Compounds of Transition Elements; Nauka: Moscow, 1972.

HZ ) â(J‚gLn + S‚gW)H

HLF ) ∑
k)2,4,6

∑
q)-k

+k

Bk
q Ok

q

Bk
q ) Ak

q〈rk〉〈J|Rk|J〉

ø )
N

3kTZ0
∑
n,i

[∑
j

|〈æn,i|µ|æn,j〉|2 -

2 ∑
j,m*n

|〈æn,i|µ|æm,j〉|2

En - Em

kT] exp(-
En

kT)
M )

N

ZH
∑

k

〈ψk|µ|ψk〉 exp(-
Ek(H)

kT )

Hc ) -JSW‚J

øtotal ≈ ø0 + øc

M total ≈ M0 + Mc
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by coupling the lowest-energy doublets of substates obtained
in the first stage for the LnIII centers with the adjacent spins
of WV. TheSD operator is the half spin operator representing
effectively the magnetic features of doublets, andJeff and
geff denote the effective coupling constant and the effective
Landé factor of the doublet, respectively. The effective
quantities are related to the coupling constantJ and the mean
Landéfactor gjLn ) Tr(gLn)/3 as follows:

whereMmin is equal to the absolute value of theJz eigenvalues
corresponding to the doublet. Finally, to obtain the values
of øc and Mc, the decoupling-limit (Jeff ) 0) contributions
are subtracted from the calculated values ofø andM. During
the second stage, the first-stage values of the LF parameters
were also relaxed.

Magnetic Properties of 1.Figure 8 shows the plot oføT
vs T for the powder sample of1 (open squares). At room
temperature, theøT product is equal to 1.07 cm3 K mol-1,
which is slightly lower than 1.18 cm3 K mol-1, corresponding
to the isolated CeIII (J ) 5/2, gJ ) 6/7) and WV (S) 1/2, g )
2) ions. As the temperature is lowered, theøT product
gradually decreases to reach a short plateau of 0.84 cm3 K
mol-1 and then abruptly decreases to the value of 0.58 cm3

K mol-1 atT ) 2 K. In the inset to Figure 8, the experimental
data for the field dependence of the magnetization atT ) 2
K are shown (open circles). The corresponding curve displays
a monotonic increase with increasing value of the magnetic
field and reaches the value of 1.47Nâ at H ) 50 kOe. It is
twice lower than the value of 2.81Nâ expected for the
isolated CeIII and WV ions.

Figure 8 shows the best fits (solid lines) forøT vs T and
M vs H data obtained with the set of parameters presented
in Table 10. The lowest sublevel is a Kramers doublet
comprising|(5/2〉 states (Table 11); hence,Mmin ) 5/2. The
lowest substates are those with the highest|Jz| value within
the J ) 5/2 ground-state multiplet. This indicates the
appearance of strong uniaxial magnetic anisotropy along the
C4 axis at low temperatures. The sudden drop oføT at low
temperatures may be ascribed to two factors. First and the
dominating one is the “switching-on” of the intrachain
antiferromagnetic interaction. The second is related to the
rapid depopulation of the first excited-state level in favor of
the ground state, from 24% atT ) 10 K down to 0.3% atT
) 2 K. The slow increase of theøT values starting from
about 10 K and continuing up to room temperature is, in
turn, consistent with the position of the highest excited-state
level (|(3/2〉 states) on the energy scale high above (≈230
cm-1) the ground state.

Magnetic Properties of 2.In Figure 9, the plot oføT vs
T for the powder sample of2 is shown (open squares). The
corresponding curve displays a smooth monotonic increase

with increasing temperature starting at the value of 0.64 cm3

K mol-1 for T ) 2 K to reach the value of 1.71 cm3 K mol-1

at room temperature, which is lower than 1.98 cm3 K mol-1

expected for the isolated PrIII (J ) 4, gJ ) 4/5) and WV (S)
1/2, g ) 2) ions. The inset to Figure 9 shows the plot of
isothermal magnetizationM vs external magnetic fieldH for
at T ) 2 K (open circles). The monotonically increasing
magnetization curve reaches the value of 1.53Nâ at H )
50 kOe. It is considerably lower than the value of 3.85Nâ
expected for the noninteracting ions approximation.

Figure 9 shows the best-fit curves (solid lines) forøT vs
T andM vs H data simulated with the parameters presented
in Table 10. The lowest level of the ground-state multiplet
is the doublet of|(2〉 substates (Table 12); thus,Mmin ) 2.
At T ) 2 K, the population of the ground-state level is almost

Hc ) ∑
i)1

N

[-JeffSD,i‚(SW,i + SW,i+1) + gWSW,i‚H + geffSD,i‚H]

Jeff ) JxMmin(Mmin + 1)

geff ) gjLnxMmin(Mmin + 1)

Figure 8. Thermal dependence oføT for 1 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

Figure 9. Thermal dependence oføT for 2 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

Figure 10. Thermal dependence oføT for 3 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).
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100%, and then it drops to 77% atT ) 50 K, whereas the
first excited-state level corresponding to the higher|Jz| value
(|(3〉 states) becomes populated to 20%. AtT ) 100 K, the
population of the third excited-state level corresponding to
the highest|Jz| substates amounts to 7%. Those facts explain
the relatively rapid increase of theøT product in the low-
temperature range. At higher temperatures, compound2 is
isotropic down to about 150 K, which is the region where
|(1〉 and|(4〉 states become depopulated, whereas the|(2〉
and |(3〉 states’ population starts to prevail.

Magnetic Properties of 3.Figure 10 shows the plot of
øT vs T for the powder sample of3 (open squares). As the
temperature rises, theøT product gradually increases, reach-
ing the value of 1.70 cm3 K mol-1 at T ) 300 K, which is
lower than 2.01 cm3 K mol-1 corresponding to the nonin-
teracting NdIII (J ) 9/2, gJ ) 8/11) and WV (S ) 1/2, g ) 2)
ions. At T ) 18 K, theøT product displays a minimum of
1.19 cm3 K mol-1 and then increases abruptly, reaching the
value of 1.91 cm3 K mol-1 at T ) 2 K. The inset to Figure
10 presents the experimental data for the field dependence
of the magnetization atT ) 2 K (open circles). The
corresponding curve displays a monotonic increase, nearly
saturating the highest fields. It reaches the value of 2.20Nâ
at H ) 50 kOe, which is lower than 3.90Nâ expected for
the isolated-ion approximation.

Figure 10 presents the best-fit curves (solid lines) forøT
vs T andM vs H data obtained for the parameters listed in
Table 10. The lowest sublevel for the isolated NdIII is a
Kramers doublet comprising|(7/2〉 states (Table 13), which
implies Mmin ) 7/2. These states correspond to the second
largest|Jz| value within the ground-state multiplet. Neverthe-
less, the strong uniaxial magnetic anisotropy should be set
only at very low temperatures because of the first excited-
state level lying at 5 cm-1 and comprising|(1/2〉 states. The
next excited-state Kramers doublet (|(9/2〉) lying about 190

cm-1 above the ground state and the low-lying first excited-
state level are accountable for the relatively slow increase
of the øT values starting from 20 K. The population of the
second excited-state level stops being negligible only atT
) 100 K (3%). The population of the|(7/2〉 level reaches
97% atT ) 2 K, whereas that to the|(1/2〉 level is 3%. At
T ) 10 K, they repopulate to the amounts 67% and 33%,
respectively. The proximity of the|(1/2〉 level to the ground
state confines the range of the applicability of the present
approximate approach to very low temperatures. However,
the coupling constant was found to be only a fraction of a
wavenumber, so that intrachain interactions are practically
“switched off” at about 10 K, where the population of the
ground state still dominates and the approach remains
plausible. Moreover, coupling with the first excited-state
doublet is expected to be weaker than that with the ground
state. More importantly, this does not discredit the main point
of the analysis; i.e., coupling between the lowest substate(s)
of LnIII and the states of the WV ion is sufficient to determine
the magnetic characteristics of lanthanide-based systems at
low temperatures because of the LF splitting from the full
ground-state multiplet of LnIII . The ferromagnetic coupling
between the doublet ground state of NdIII and the doublet of
WV is accountable for the rapid increase oføT observed
below 10 K.

Magnetic Properties of 4. The experimental thermal
dependence of theøT product for4 in the range of 2-300
K is shown in Figure 11 (triangles). Upon cooling,øT
continuously decreases to reach a minimum atT ) 15 K.
Further cooling provides a sharp increase, and the value of
0.791 cm3 K mol-1 at T ) 2 K is reached. The6H ground-
state term of the SmIII ion is known to be split by the spin-
orbit coupling into six levels:E(J) ) λJ(J + 1)/2 with the
spin-orbit coupling parameterλ on the order of 200 cm-1

andJ ) 5/2, ..., 15/2.15 Therefore, in addition to the ground
state6H5/2, the first (6H7/2) and even higher excited states
can be considerably populated at room temperature. As a
consequence, the high-temperature behavior oføT vs T
deviates from linearity. Furthermore, the presence of low-
lying excited states adds a significant temperature-indepen-
dent contribution to the magnetic susceptibility. To take both

Table 10. Best-Fit Parameters for Compounds1-4 and6-11

compound
ground-state

term gLn J/cm-1 A2
0〈r2〉/cm-1 A4

0〈r4〉/cm-1 A6
0〈r6〉/cm-1 A6

4〈r6〉/cm-1

1 2F5/2 0.81(2) -0.24(1) +55(2) -127(6)
2 3H4 0.74(3) -0.07(3) -94(11) -30(3)
3 4I9/2 0.67(1) +0.47(2) +45(2) -86(4)
4 6H5/2 0.13(3) +1.25(3)
6 8S7/2 1.97(2) -1.44(3)
7 7F6 1.47(2) +0.28(7) +81(1) +51(6)
8 6H15/2 1.28(3) +0.23(1) +164(22) -105(12)
9 5I8 1.24(1) -0.04(1) +300(6) -177(10) +6(1) -483(53)

10 4I15/2 1.18(2) +0.06(1)
11 2F7/2 1.15(5) -0.07(2) +5.5(3) +147(11) -244(23)

Table 11. Energies and Wave Functions of the Ground-State
Multiplets for CeIII

En (cm-1) wave function En (cm-1) wave function

0 |5/2〉, |-5/2〉 231 |3/2〉, |-3/2〉
8 |1/2〉, |-1/2〉

Table 12. Energies and Wave Functions of the Ground-State
Multiplets for PrIII

En (cm-1) wave function En (cm-1) wave function

0 |2〉, |-2〉 145 |4〉, |-4〉
47 |3〉, |-3〉 217 |0〉
131 |1〉, |-1〉

Table 13. Energies and Wave Functions of the Ground-State
Multiplets for NdIII

En (cm-1) wave function En (cm-1) wave function

0 |7/2〉, |-7/2〉 252 |3/2〉, |-3/2〉
5 |1/2〉, |-1/2〉 340 |5/2〉, |-5/2〉
186 |9/2〉, |-9/2〉
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effects into account, the stepwise fitting procedure was
applied. First, it involved subtraction of a nonlinear (tem-
perature-dependent) contribution from the experimental data.
The second step consisted of fitting of the Curie-Weiss law
and temperature-independent correctionø*. The best fit was
obtained withλ ) 212 cm-1, C ) 0.404 cm3 K mol-1, θ )
+0.97 K, andø* ) 0.0022 cm3 mol-1. The high value ofø*
is probably due to the splitting of the6H ground state of the
SmIII ion (LF effects). The data corrected withø* (Figure
11, circles) have provided the starting point for further
analysis, revealing the best fit for4 with J ) +1.25(3) cm-1

andgSm ) 0.13(3) (Figure 11, solid lines). The isothermal
magnetization curve for4 atT ) 2 K (Figure 11, inset) shows
a small difference between simulated and experimental data
in the low applied field, which is attributable to the neglected
interchain interaction.

Magnetic Properties of 5. The experimental thermal
dependence of theøT product for5 in the range of 2-300
K is shown in Figure 12. At room temperature, the value of
øT is equal to 1.62 cm3 K mol-1, which is greater than the
value expected for the sole contribution from the WV ion (S
) 1/2, g ) 2) and significantly lower than the high-
temperature limit (7.88 cm3 K mol-1) corresponding to the
decoupled total spinS and the total orbital angular momen-
tum L of the EuIII ion. Upon cooling,øT monotonically
decreases along a smooth and featureless curve to reach the
value of 0.35 cm3 K mol-1 at T ) 2 K.

The 7F ground-state term of the EuIII ion is split by the
spin-orbit coupling into seven states7FJ, with J taking the

integer values from 0 to 6. The spin-orbit coupling operator
with a λ spin-orbit coupling parameter can be expressed as
HSO ) λL ‚S. The 7F0 ground state is taken as the origin in
theE(J) ) λJ(J + 1)/2 energy scheme. Despite the ground
state being diamagnetic, the nonzero contribution to magnetic
susceptibility has been taken into account because of the low-
lying first excited states, which can be thermally populated.15

The molar magnetic susceptibility can be expressed as

where

The first term in the above formula is the standard contribu-
tion from a noninteracting magnetic center with spin quantum
numberJ and Lande´ factorgJ (gJ ) 3/2 for J * 0 andgJ )
5 for J ) 0), whereas the other one represents a temperature-
independent contribution due to the presence of low-lying
excited states. This contribution is a second-order quantum
correction calculated as

The neglect of magnetic coupling with the adjacent WV

ions and independent treatment of both centers can be
assumed with a good approximation because the ground state
of the EuIII ion is diamagnetic. The contribution to the molar
magnetic susceptibility from the WV center is calculated as

where gW is the Lande´ factor of the WV ion. The total
magnetic susceptibility calculated as a sumøtotal ) øEu +
øW has been implemented in the fitting procedure. The best
fit was obtained forgW ) 1.92(2) andλ ) 386(4) cm-1 with
gJ)0 fixed at 5 andgJ*0 at 3/2. Figure 12 shows the magnetic
molar susceptibility in the form of aøT vs T experimental
curve (open squares) together with the simulated curve (solid
line). The inset to Figure 12 shows the magnetizationM vs
external magnetic fieldH measured atT ) 2 K (open circles).
The solid curve corresponds to the sole contribution from
the noninteracting WV center given by the following formula:

The theoretical analysis performed for5 clearly shows that
the EuIII and WV centers in 1-D chains are magnetically
decoupled.

Figure 11. Thermal dependence oføT for 4 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

Figure 12. Thermal dependence oføT for 5 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

øEu )

∑
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∑
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Magnetic Properties of 6.Figure 13 shows the plot of
øT vs T for a powder sample of6 measured in the
temperature range 2-300 K at a direct current field of 1
kOe. At room temperature,øT is equal to 7.9 cm3 K mol-1,
which is slightly lower than 8.25 cm3 K mol-1 expected for
an isolated GdIII ion (S ) 7/2 with ground state8S7/2) and a
WV ion (S) 1/2) with g ) 2.00. Below 100 K, theøT product
decreases to reach the minimum at 11 K. Upon further
cooling, a sharp increase is observed, and the value of 12.25
cm3 K mol-1 at T ) 2 K is reached. TheøT vs T obeys the
Curie-Weiss law above 12 K withC ) 7.94 cm3 K mol-1

andθ ) -1.14 K. The data for6 were well simulated down
to 2 K with J ) -1.44(3) cm-1 andgGd ) 1.97(2) (Figure
13, solid lines).

Magnetic Properties of 7.Figure 14 shows the plot of
øT vs T for a powder sample of7 (open squares). In a wide
range of temperature, the corresponding curve displays an
almost plateau behavior with only slight deviations from the
value of 11.74 cm3 K mol-1 reached at room temperature,
which is lower than 12.19 cm3 K mol-1 expected for the
isolated TbIII (J ) 6, gJ ) 3/2) and WV (S) 1/2, g ) 2) ions.
Below T ≈ 25 K, the øT product gradually decreases,
showing a slight upturn for the lowest temperatures, with
the value of 9.77 cm3 K mol-1 reached atT ) 2 K. In the
inset to Figure 14, the isothermal magnetizationM vs external
magnetic fieldH plot for 7 measured atT ) 2 K (open

circles) is shown. The magnetization curve displays a
relatively rapid increase up toH ≈ 10 kOe and then embarks
on a nearly linear rise, reaching the value of 6.05Nâ at H
) 50 kOe. This value is considerably lower than 9.80Nâ
calculated within the noninteracting ions approximation.

Figure 14 shows the best-fit curves (solid lines) forøT vs
T and M vs H data simulated with the set of parameters
collected in Table 10. The lowest substate of the ground-
state multiplet of the TbIII ion is a doublet of|(5〉 states
(Table 14); hence,Mmin ) 5. The first excited substates|(4〉
lie at about 10 cm-1. At T ) 2 K, the population of the
ground-state level is greater than 99%, and then atT ) 20
K, it drops to 63%, while that of the|(4〉 level amounts to
29%. The relatively rapid change in theøT value in the low-
temperature range may be ascribed to the rapid increase of
the population of the|(4〉 level. The highest energy level
corresponds to the nondegenerate|0〉 state and lies at about
118 cm-1. The following levels correspond to the subsequent
low |Jz| values down to the point of 40 cm-1, below which
the high |Jz| states reside. This may explain the nearly
plateaulike behavior oføT persisting down to 50 K.
Furthermore, the small upturn of theøT product at lowest
temperatures indicates ferromagnetic coupling between WV

and TbIII spin states.
Magnetic Properties of 8. In Figure 15, the plot oføT

product vsT for a powder sample of8 (open squares) is
presented. At room temperature, theøT product is equal to
14.52 cm3 K mol-1, which corresponds to theøT value
calculated for the isolated DyIII (J ) 15/2, gJ ) 4/3) and WV

(S) 1/2, g ) 2) centers. As the temperature is lowered, the
øT product gradually increases to reach atT ≈ 72 K a
dispersed maximum of 15.08 cm3 K cm-1 and then abruptly
decreases to the value of 12.75 cm3 K mol-1, reached atT
) 2 K. The inset to Figure 15 shows the plot of the
isothermal magnetizationM vs external magnetic fieldH for
8 measured atT ) 2 K (open circles). The shape of the
magnetization curve is similar to that for7. The magnetiza-

Figure 13. Thermal dependence oføT for 6 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

Figure 14. Thermal dependence oføT for 7 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

Figure 15. Thermal dependence oføT for 8 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

Table 14. Energies and Wave Functions of the Ground-State
Multiplets for TbIII

En (cm-1) wave function En (cm-1) wave function

0 |5〉, |-5〉 81 |2〉, |-2〉
11 |4〉, |-4〉 108 |1〉, |-1〉
35 |6〉, |-6〉 118 |0〉
44 |3〉, |-3〉
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tion curve displays a relatively rapid increase up toH ≈ 10
kOe and then embarks on a nearly linear rise, reaching the
value of 6.97Nâ, which is considerably lower than 10.77
Nâ calculated within the noninteracting ions approximation.

Figure 15 shows the best-fit curves (solid lines) forøT vs
T andM vs H data obtained with the parameters presented
in Table 10. The lowest level of the ground-state multiplet
is the Kramers doublet of|(11/2〉 substates (Table 15); thus,
Mmin ) 11/2. The next substates|(13/2〉 lie about 10 cm-1

above. AtT ) 2 K, the population of the ground-state level
is greater than 99%, and then atT ) 20 K, it drops to 66%,
while that of the|(13/2〉 level amounts to 30%. The relatively
rapid change in theøT value in the low-temperature range
may be ascribed to that rapid increase of the population of
the |(13/2〉 level. The dispersed maximum displayed around
70 K may be understood as a combined effect of the
anisotropy of thegDy tensor and the LF reordering of the
DyIII multiplet components so that the substates with the
highest|Jz| values are pushed toward lower energies.

Magnetic Properties of 9.Figure 16 shows the plot of
the øT product vs temperatureT for a powder sample of
[HoW] (9) (open squares). As temperature rises,øT asymp-
totically approaches the value of 14.44 cm3 K mol-1,
corresponding to the contributions from isolated HoIII (J )
8, g ) 5/4) and WV (S ) 1/2, g ) 2) ions. When the
temperature is lowered, theøT product gradually decreases
to reach the value of 2.96 cm3 K mol-1 at T ) 2 K. In the
inset to Figure 16, the experimental data for the field
dependence of the magnetization atT ) 2 K are shown (open
circles). The corresponding curve displays a monotonic
increase with the increasing value of the magnetic field and
reaches the value of 6.53Nâ at H ) 50 kOe, which is
significantly lower than the value of 10.76Nâ expected for
the isolated HoIII and WV centers.

Figure 16 shows the best-fit curves (solid lines) for the
susceptibility and isothermal magnetization obtained with the
parameters listed in Table 10. The lowest substate of the

ground-state multiplet is a superposition of{|6〉 + |-6〉}
and {|2〉 + |-2〉} states (see Table S2 in the Supporting
Information). The wave functions of [HoW] collected in
Table S3 in the Supporting Information are expressed as
superpositions of those given in Table S2 in the Supporting
Information and the WV spin wave functions. The introduc-
tion of the Heisenberg coupling between the HoIII and WV

centers splits and shifts the levels slightly, but the spectrum
can be seen to consist of the Kramers doublets. The first
excited state of9 lies as close as 7.3 cm-1 to the ground-
state level, and the separation between the subsequent excited
states is on the order of tens of reciprocal centimeters, so
that the entire spectrum is taken into account in the
calculation of the magnetic properties of9.

Magnetic Properties of 10.The magnetic measurements
for [ErW] (10) were performed on a single crystal having a
size of 4.7× 0.8 × 0.6 mm3. The orientation of the axes
was determined by the X-ray analysis. Figure 17 shows the
experimental temperature dependence of theøT product in
an external magnetic field of 1 kOe applied in three
independent directions along thea (open squares),b (open
circles), andc (open triangles) crystal axes. Even at 300 K,
the susceptibility measured along thea crystal direction is
separated from those measured along theb andc directions.
The value of 11.85 cm3 K mol-1 expected for the noninter-
acting ErIII (J ) 15/2, g ) 6/5) and WV (S ) 1/2, g ) 2) ions
lies between the high-temperature values oføT for H|a and
those forH|b or H|c. TheøT values for bothH|b andH|c
smoothly decrease when the temperature is lowered. The
corresponding curves coincide for high temperatures and
separate atT ≈ 150 K, with the decrease of theH|c data
being more rapid. TheøT product forH|a displays a steady
increase upon cooling, reaching the maximum of 15.52 cm3

K mol-1 at T ) 38 K, and then decreases, amounting to
14.01 cm3 K mol-1 at T ) 2 K, showing a slight upturn for
the lowest temperatures. The experimental data reveal that
[ErW] is a uniaxial magnet at high temperatures, with thea
direction playing the role of an easy axis. BelowT ≈ 150
K, the sample becomes magnetically biaxial. However, the
a axis continues to define the preferred direction of mag-
netization down to the lowest temperatures. Figure 18 shows
the field dependence of the magnetization atT ) 2 K
measured along three crystallographic directions. The mag-
nitude and the rate of change of magnetization are consistent
with the corresponding values oføT detected at 2 K.

Figure 16. Thermal dependence oføT for [HoW] (9) with the best fit
(solid line). Inset: M vs H with the best fit (solid line).

Table 15. Energies and Wave Functions of the Ground-State
Multiplets for DyIII

En (cm-1) wave function En (cm-1) wave function

0 |11/2〉, |-11/2〉 104 |15/2〉, |-15/2〉
11 |13/2〉, |-13/2〉 167 |5/2〉, |-5/2〉
39 |9/2〉, |-9/2〉 219 |3/2〉, |-3/2〉
101 |7/2〉, |-7/2〉 248 |1/2〉, |-1/2〉

Figure 17. Thermal dependence oføT measured on a single crystal of
[ErW] (10) with the best fit (solid lines).
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The best-fit curves (solid lines) of the susceptibility and
isothermal magnetization for the three indicated directions
shown in Figures 17 and 18, respectively, were simulated
with the set of parameters collected in Table 10 and the LF
parameters listed in Table 16. The primed LF parameters
are also given because of the low symmetry of the ErIII

coordination environment. The lowest level of the ground-
state multiplet is a Kramers doublet with the largest contribu-
tions from the highest spin states|(11/2〉, |(15/2〉, and|(13/
2〉 (Table S4 in the Supporting Information). The wave
functions of 10 presented in Table S5 in the Supporting
Information are expressed as superpositions of those given
in Table S4 in the Supporting Information and the WV spin
wave functions. The first excited state of10 lies less than
0.1 cm-1 above the ground state, and the separation between
the two following excited states is on the order of wave-
number fractions only. The degeneracy in the spectrum of
10 is completely removed. In the calculation of the magnetic
properties, the whole spectrum is taken into account.

Magnetic Properties of 11.Figure 19 shows the plot of
øT vs T for a powder sample of [YbW] (11) (open squares).
As the temperature decreases,øT gradually decreases from
the value of 2.78 cm3 K mol-1 atT ) 300 K, which is lower
than 2.95 cm3 K mol-1 corresponding to the isolated-ion
contributions from the WV (S ) 1/2, g ) 2) and YbIII (J )

7/2, g ) 8/7) centers. AtT ) 2 K, theøT product attains the
value of 1.58 cm3 K mol-1. In the inset to Figure 19, the
experimental data for the field dependence of isothermal
magnetization atT ) 2 K are shown (open circles). The
corresponding curve displays a monotonic increase with
increasing value of the magnetic field and reaches the value
of 2.54Nâ at H ) 50 kOe. It is significantly lower than the
value of 4.74Nâ expected for the isolated-ion approximation
calculated at the same temperature and external magnetic
field.

Figure 19 shows the best-fit curves (solid lines) for the
susceptibility and isothermal magnetization obtained with the
parameters given in Table 10. The lowest substate of the
ground-state multiplet is a superposition of|(1/2〉 and |(7/
2〉 states (Table S6 in the Supporting Information) in which
the lowest spin-state contribution is dominating. That ac-
counts for the considerable downshift of isothermal magne-
tization at 2 K (Figure 19). The wave functions of [YbW]
(Table S7 in the Supporting Information) are expressed as
superpositions of those given in Table S6 in the Supporting
Information and WV ion spin wave functions.

Magnetic Properties of 12.Figure 20 shows the plot of
øT vsT for a powder sample of [TmW] (12) (open squares).
In the range of 180-300 K, the corresponding curve displays
a plateau of 8.13 cm3 K mol-1, slightly higher than 7.52
cm3 K mol-1, which comprises the contributions from the
isolated TmIII (J ) 6, g ) 7/6) and WV (S ) 1/2, g ) 2)
centers. When the temperature is lowered below 180 K, the
øT product initially decreases gently, and then upon further
cooling down to 10 K, it undergoes an abrupt drop to reach
the value of 5.83 cm3 K mol-1 at T ) 2 K. In Figure 20, the
plot of isothermal magnetizationM vs external magnetic field
H for [TmW] at T ) 2 K (open circles) is shown. The
monotonically increasing magnetization curve reaches the
value of 5.54Nâ atH ) 50 kOe, which is considerably lower
than the value of 7.74Nâ expected for the noninteracting
ions approximation.

The 4f12 electronic configuration of the TmΙII ion results
in the ground-state3H6 with the expected value of the Lande´
factor 7/6. The dimension of the ground-state subspace is
hence 13, whereas that of the subspace spanned by the WV

ion spin states is 2. The ions are treated independently; i.e.,
no magnetic coupling between them is assumed. The best
fit to the experimental data was found for the following set

Figure 18. Field dependence of magnetization measured on a single crystal
of [ErW] (10) with the best fit (solid line).

Figure 19. Thermal dependence oføT for [YbW] (11) with the best fit
(solid line). Inset: M vs H with the best fit (solid line).

Table 16. LF Parameters (cm-1) for ErIII

LF parameter LF parameter

A2
0〈r2〉 -200(8) A′6

2〈r6〉 +396(13)
A2

1〈r2〉 +1040(140) A6
3〈r6〉 -168(34)

A4
0〈r4〉 +16(3) A6

4〈r6〉 +359(7)
A4

3〈r4〉 -282(47) A′6
4〈r6〉 -77(13)

A6
0〈r6〉 -5(1)

Figure 20. Thermal dependence oføT for [TmW] (12) with the best fit
(solid line). Inset: M vs H with the best fit (solid line).
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of parameters:gTm ) 1.22(2), A2
0〈r2〉 ) +199(10) cm-1,

A4
0〈r4〉 ) -16(2) cm-1, andA4

4〈r4〉 ) -425(17) cm-1. The
LF obtained in the applied approximation does not remove
the degeneracy of the ground-state multiplet completely. In
12, the three lowest substates (of which one is a degenerate
pair) lie within 5 cm-1 (Table S8 in the Supporting
Information). The lowest sublevel is a superposition of|0〉
and{|4〉 + |-4〉}. The magnetic behavior of12 in the low-
temperature range is determined by the three lowest sublevels
because the fourth substate lies at fairly high energy (about
120 cm-1). Figure 20 shows the best-fit curves (solid lines)
for the susceptibility and isothermal magnetization.

Conclusions

Two series of isomorphous compounds, (i) 1-D chains [Ln-
(terpy)(DMF)4][W(CN)8]‚6H2O (Ln ) Ce-Dy) and (ii)
dinuclear molecules [Ln(terpy)(DMF)2(H2O)2][W(CN)8]‚
3H2O (Ln ) Ho, Er, Yb), along with the ionic system [Tm-
(terpy)(DMF)2(H2O)3][W(CN)8]‚4H2O‚DMF, provide the
foundation of magnetostructural correlation analysis. We
introduced the unique method of calculation of the LF
splitting parameters and the exchange interaction between
lanthanide centers and a d-electron spin carrier. The corre-
sponding exchange constants have been shown to change
the sign along the series of chains. The coupling is antifer-
romagnetic for1 (J ) -0.24 cm-1) and2 (J ) -0.07 cm-1),
where the latter is apparently weaker, opening the possibility
for sign flip to occur for the subsequent lanthanide center.
Indeed, the intrachain interaction observed for3 (J ) +0.47

cm-1), 7 (J ) +0.28 cm-1), and8 (J ) +0.23 cm-1) has
ferromagnetic character. In the case of dimeric systems, the
coupling constants seem to be independent of the lanthanide
center. The splitting structures of the ground-state multiplets
of the compounds have been shown to explain the temper-
ature dependences of the magnetic susceptibilities. Further-
more, the information on the 4f-5d electronic structures
reported here provides a good starting point for studying the
magnetic anisotropies of single crystals.

The magnetic coupling between the LnIII and WV centers
has been found to be very weak. Small values of calculated
coupling constants appear as a consequence of very long
LnIII-NC-WV cyano bridges. The coupling constant values
show a decreasing tendency with an increase of the number
of f-shell electrons.
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The results of the single-crystal studies of the quasi-two-dimensional �2D� copper-octacyanotungstenate
coordination polymer ��tetrenH5�0.8Cu4

II�WV�CN�8�4 ·7.2H2O�n are presented. It was found that the three-
dimensional �3D� magnetic ordering at Tc�33 K gives rise to antiferromagnetic structure which under rela-
tively small magnetic field changes to ferromagnetic. There is strong easy-plane anisotropy confining the
magnetic moments to the ac crystallographic plane. Detailed analysis of the scaling behavior of the dc sus-
ceptibility above Tc is performed. For the direction of the external magnetic field parallel to the ac crystallo-
graphic plane the ordering process involves one stage only, whereas for the direction parallel to the b crystal-
lographic axis a two-stage process is revealed. The corresponding crossover at about 39 K is from the 2D
short-range order state to the 3D long-range one. The well-established short-range order above the transition is
consistent with the low value of the entropy amounting to only 15% of the maximal expected value. The
scaling behavior of the Berezinski-Kosterlitz-Thouless type has been checked for the temperature dependence
of magnetization in the ac plane yielding the value of �=0.56. The spin-flip field is explained by assuming that
below the transition temperature there is a domain structure coupled through the dipole-dipole interactions. The
ratio of the interbilayer to the intrabilayer exchange interaction was estimated to amount to 1�10−4.

DOI: 10.1103/PhysRevB.78.174409 PACS number�s�: 75.25.�z, 75.30.Cr, 75.40.Cx, 75.40.Gb

I. INTRODUCTION

Magnetic materials of reduced dimensionality have been
of much interest for more than two decades. The last years
marked by a growing interest in synthesizing new molecular
magnets still open up additional perspectives.1,2 The ad-
vanced modern chemistry enables one to obtain a wide scope
of metal-organic systems: besides three-dimensional �3D�
magnets,3 one can study two-dimensional �2D� systems,4

one-dimensional �1D� molecular chains,5 or high-spin mol-
ecules �0D�.6 While the last two types, representing
molecule-based nanomagnets, are currently in the focus of
research due to their specific relaxation properties, the two-
dimensional molecular networks are attractive due to their
peculiar phase diagram in the applied field and as an alter-
native source of technologically important magnetic
multilayers.7 The molecular magnetic materials are often
built of one-dimensional or two-dimensional spin clusters
where coupling J between magnetic moments within the
cluster is ensured by appropriate molecular bridges and the
correlation length grows on cooling the system. Dipolar in-
teractions J� of the clusters resultant magnetic moments may
trigger transition to the long-range ordered state and stabilize
the spontaneous magnetization. An interesting problem dis-
cussed for the 2D lattices is the role of the intralayer aniso-
tropy �Ising, XY, or anisotropic Heisenberg type� and of the

interlayer coupling J� in the occurrence and type of the phase
transition. It is known8 that for a 2D Heisenberg magnet the
transition to the ordered state can occur only at Tc=0, but for
the 2D XY model the topological phase transition caused by
the unbinding of vortex-antivortex pairs may take place at a
critical temperature TBKT, where BKT stands for Berezinski-
Kosterlitz-Thouless, as predicted by Berezinskii,9 Kosterlitz
and Thouless.10,11 While for the infinite system magnetiza-
tion at T�TBKT is zero, the finite-size 2D XY sample will
have magnetic moment. It was shown by Bramwell and
Holdsworth12 that the universal signature of a finite-sized 2D
XY behavior is a critical exponent �=0.23. Such value had
been already observed for an array of layered magnets with
nonzero interplane coupling and thin films.13,14

The present work is devoted to the unusual properties
of a 2D molecular magnet belonging to compounds
built on octacyanometallate �M�CN�8�3− �M =MoV,WV� and
a 3D cationic paramagnetic complex. Octacyanometallates
are good and versatile building blocks for constructing
molecular magnetic materials because they adopt
to various structures depending on the surrounding
ligands, and besides, the cyanide groups efficiently
connect spin densities at metal centers.15 The subject
of the study is the copper-tungsten cyanide coordination
polymer ��tetrenH5�0.8Cu4

II�WV�CN�8�4 ·7.2H2O�n �tetren
=tetraethylenepentaamine� hereafter abbreviated as WCuT
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which was first reported by Podgajny et al.16 In Refs. 16–19
measurements carried out on powder samples by means of
different techniques, i.e., ac and dc magnetometries, adia-
batic calorimetry, and �SR were reported. An anomalous
behavior of ac susceptibility at the transition point
Tc=33.4 K was noticed as well as the metamagnetic features
below Tc. In particular, the critical exponent of the magnetic
order parameter obtained from �SR �Ref. 19� pointed to the
2D magnetic topology of our system and was close to the
value predicted for the BKT transition.

WCuT crystallizes in orthorhombic crystallographic sys-
tem �space-group Cmc21� with unit-cell parameters
a=7.3792�6� Å, b=32.096�2� Å, and c=7.0160�6� Å. It is
built of cyanobridged copper-tungsten anionic double-layer
sheets lying in the ac plane. The space between the double
layers is filled with water molecules and tetrenH5

5+ solvent
molecules. The spin carriers in the system are CuII

�S=1 /2� and WV �S=1 /2� ions. The structure projected onto
the ab plane is shown in Fig. 1. Figure 2 shows the square-
pyramidal building unit of the double-layer sheets. The
thickness of the double layers, measured as the length of the
axial Cu-N-C-W linkage, is equal to 5.37 Å. The distance
between the double layers is about 10 Å as the interatomic
W-W and W-Cu distances between the double layers are 9.96
and 11.22 Å, respectively. The unit cell contains four
CuIIWV units.

Magnetic measurements carried out for a powder sample
revealed an unconventional behavior of this system. Dc sus-
ceptibility measured in the paramagnetic region showed fer-
romagnetic correlations with a positive Curie-Weiss tempera-
ture ���44�2� K and Curie constant equal to
�4.2�0.3� emu K /mol. The appearance of the magnetically
ordered state at Tc=33.4 K is manifested by the sharp ac
susceptibility peak and a heat-capacity anomaly with the en-
tropy gain 	S=R ln 2 that is only 13% of the maximal value
expected for eight one-half spins. The exceptionally narrow

ac peak at Tc �0.8 K at half-height� and an almost zero value

recorded18 for WCuT sample at T�Tc resembled the mag-
netic response of ferromagnetic thin films.20,21 In the latter
case, the ac driving field is too weak, as compared to the
anisotropy field, to reconstruct the domains. Both the ampli-
tude Hac of the oscillating field and that of the dc external
field caused significant changes in 
ac, which were more pro-
nounced in the temperature range below Tc than in the peak
itself. Like for metamagnets, the typically ferromagnetic 
ac
response appeared only for Hdc stronger than the threshold
value. The field-induced ferromagnetic behavior was com-
bined with weak glasslike properties, as documented by
checking the dependence of the 
� peak temperature Tp on
the frequency of the oscillating field. A hysteresis loop at T
=4.3 K with weak coercive field Hc of 80 Oe and the rem-
nant magnetization MR of 1.04�B was typical of a rather soft
ferromagnet. The magnetization of 7.8�B at high field �56
kOe� was close to the expected 8�B for ferromagnetically
coupled CuII-WV ions. Based on the results above, the WCuT
was understood as a set of ferromagnetic double layers inter-
acting with neighboring bilayers with weak antiferromag-
netic forces.

The muon spin rotation and relaxation experiment per-
formed by Pratt et al.19 still supplied more information on
the magnetic ordering and nature of the field-induced meta-
magnetic transformation. A �SR precession signal in the
magnetically ordered state contained two components of the
local magnetic field B1 and B2. The temperature dependence
of both components was fitted to the phenomenological func-
tion Bi�T�=Bi�0��1− �T /Tc����. The parameter � refers to the
low T properties governed by spin-wave excitations, whereas
� determines the asymptotic critical behavior close to the
transition. The parameters were determined simultaneously
from fitting both sets of local fields over the full temperature
range 5–33 K giving �=0.237�12� and �=1.84�15�. The
critical exponent � is close to that predicted for a 2D XY
system where a Berezinski-Kosterlitz-Thouless transition

FIG. 1. �Color online� Crystal structure of Cu4�W�CN�8�4 seen
along the crystallographic axis c: W – dark gray, Cu – light gray,
C – gray.

FIG. 2. The square-pyramidal building unit of the double-layer
sheets. Each copper center is surrounded by five cyanide bridges
linking it to the neighboring tungsten centers. The coordination
sphere of the tungsten center comprises eight cyanide ligands, five
of which link it to the neighboring copper centers. The three re-
maining ones stand out of the ac plane and are presumably involved
in the network of hydrogen bonds linking the bilayers through the
lattice water molecules. The apical cyanide bridge is almost linear,
whereas the equatorial ones are slightly bent.
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takes place. Independently, the field-induced metamagnetic
spin reorientation process was directly monitored with the
�SR technique.

The present work devoted to the investigation of the
single-crystal sample brings experimental results on meta-
magnetism, magnetization behavior at Tc, and magnetic an-
isotropy below and above the transition. The critical scaling
analysis of the susceptibility in the temperature region above
the transition is reported. Additionally magnetic anisotropy is
analyzed based on the dipolar interaction. The system under
study is an example of a real magnet based on the S=1 /2
spins in which the 2D character is clearly demonstrated
above as well as below the phase transition.

II. EXPERIMENTAL DETAILS

Single crystals of WCuT of dimensions of an order of
millimeter were grown. The transparent light green crystals
grow in the form of petals �0.1 mm thin. The face of
petal corresponds to ac crystallographic plane. The
detailed method of the synthesis was described earlier.16 dc
magnetization data were obtained with a Quantum
Design magnetometer, model MPMS 5XL. The data were
corrected for the diamagnetic and temperature independent
paramagnetism contributions. On the basis of the sample di-
mensions �2.1�2.7�0.08 mm3� the demagnetization fac-
tors were estimated; N� =4��0.03 and N�=4��0.94. Due
to the demagnetization correction the changes in the best-fit
parameters for the field parallel to the ac crystallographic
plane amounted to 0.02%. For the field parallel to the b
crystal axis the corresponding changes were of the order of
3%. In both cases the parameter changes were below the
statistical errors. In the zero-field-cooling �ZFC� regime, the
sample was cooled in zero magnetic field then the field was
switched on, and magnetization was measured on heating in
this field. In the field-cooling �FC� regime, the sample was
cooled in field and subsequently measured in this field on
heating. The heat-capacity measurements in the external
magnetic field up to 9 T were carried out using Quantum
Design physical property measurement system in the
Research Center for Molecular Thermodynamics at Osaka
University. To ensure a good thermal contact, the single-
crystal petal was attached to the measuring unit so that the b
crystallographic axis coincided with the direction of the ex-
ternal field.

III. EXPERIMENTAL RESULTS

A. dc magnetization

The dc measurements of the single-crystal sample of mass
�1 mg were performed for two different orientations with
respect to the applied field, i.e., with the field parallel and
perpendicular to the ac crystallographic plane.

Figure 3�a� shows the result of the measured magnetiza-
tion on cooling in the external field of 2 kOe. The magnetic
ordering manifests itself in different ways in the two direc-
tions. The magnetization measured in the ac plane is almost
1 order of magnitude larger but its increase is much more
dispersed in temperature. This is a strong indication of a

different mechanism of ordering in the ac plane and perpen-
dicular to that plane. It is clearly seen in the inset of Fig. 3�a�
where the ratio of the two magnetizations Mac /Mb is shown.
This ratio is almost constant below the transition but when
approaching the transition point displays a peak. The same
data presented as dc susceptibility 
dc are compared in Fig.
3�b� to the in-phase ac susceptibility 
ac measured for the
powder sample with the amplitude of the oscillating field
equal to 2 Oe and the frequency of 125 Hz. One can notice
that 
ac drops suddenly just below Tc and levels off at a value
close to 
dc for H parallel to the b axis. 
ac does not depend
on frequency as checked in the range of 5–10 000 Hz
for the powder sample.18 The 
ac critical exponent
=1.31�0.1, determined from the classical fit in the tem-
perature range of 35.7–44.5 K �see inset to Fig. 3�b��, is very
close to that predicted for a spin system with the XY aniso-
tropy.

Magnetization process is also different for the two orien-
tations, as is shown in Fig. 4. The measurements were per-

(b)

(a)

FIG. 3. �Color online� �a� Magnetization on cooling in field of 2
kOe set parallel and perpendicular to the ac plane. Inset: the ratio of
the corresponding magnetizations. �b� The same data presented as
dc susceptibility compared to ac susceptibility for powder sample.
Inset: the log-log plot of the critical scaling of 
ac.
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formed at three different temperatures: 2, 10, and 20 K. In
the ac plane a metamagnetic behavior is observed; i.e., be-
low the threshold field of about 50 Oe no magnetization is
detected. Above that value the saturation is attained rather
easily. The critical field Hsf for spin flip defined as the field
of the largest dM /dH slope decreases with temperature and
is equal to 84.5 Oe at 2 K, 60.5 Oe at 10 K, and 52 Oe at 20
K. By turning the crystal around the direction perpendicular
to the petal face a weak anisotropy of magnetization within
the ac plane was detected. On the other hand if the external
field is applied perpendicular to the ac plane the magnetiza-
tion process becomes almost temperature independent and
even at 50 kOe it is far from reaching saturation. A similar
feature is observed with hysteresis loops. Figure 5 shows the
hysteresis loops obtained for the field lying in the ac plane.
While magnetic field is increased from 0 to �50 Oe no
magnetic moment is induced. Then a spin flip occurs and the
loop opens up with saturation at the field of the order of 300
Oe. If one applies magnetic field perpendicular to the ac
plane an unusual hysteresis loop is observed, cf. Fig. 6. The

normal loop opens only for H�300 Oe as is shown in the
inset of Fig. 6.

Temperature dependences of magnetization for ZFC and
FC regimes with the field H=20 Oe set parallel to the ac
plane or to the b axis is shown in Fig. 7. The FC magneti-
zation drop at T=Tc is noticeable. Keeping in mind the Hsf
critical field which decreases with temperature �see Fig. 4�a��
one would expect a smoother M�T� dependence below the
transition temperature. Most probably the reason for such
behavior is the relatively large time scale of the magnetiza-
tion change. However, as may be seen from Fig. 8, the FC
magnetization run at H=50 Oe is already more conven-
tional.

B. Calorimetry

In order to further characterize the phase-transition calo-
rimetric measurements have been performed. The heat-
capacity measurement on a powder sample revealed an

FIG. 4. �Color online� Magnetization as a function of applied
magnetic field at different temperatures for the direction parallel to
the ac crystallographic plane and that perpendicular to that plane.
�a� Metamagnetic behavior is observed at small field values with the
threshold value of about 50 Oe. �b� The ac plane is an easy plane
and the b axis is a hard axis.

FIG. 5. �Color online� Hysteresis loop as obtained in the ac
crystallographic plane at T=2 and 5 K.

.
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FIG. 6. �Color online� Hysteresis loop as obtained in the direc-
tion perpendicular to the ac plane at T=2 K. Inset: high-field
sweep.
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anomaly around 34 K.16 Here we include the heat-capacity
data obtained for a single-crystal sample. The petal shape of
the sample allowed to perform the measurement with mag-
netic field applied perpendicular to the ac plane. Such a po-
sitioning of the sample ensured, at the same time, a good
thermal contact with the measuring unit. In Ref. 17 a simple
model has been put forward to explain the changes in en-
tropy and in the peak temperature with the external magnetic
field. The details of data analysis were not presented. As
these were far from trivial we give these below together with
additional comments.

The task of primary importance was to extract the mag-
netic part from the overall heat capacity Cp�T�. The latter, for
the nonconducting material, can be written as

Cp�T� = CL�T� + CM�T� , �1�

where CL and CM denote the lattice and magnetic contribu-
tions, respectively. In order to extract the magnetic contribu-
tion a specific approach was adopted.22 The method consists
of measuring Cp as a function of temperature at zero mag-

netic field and at high applied field. If the magnetic field is
sufficiently large so that the magnetic system is in the spin-
aligned paramagnetic state, the magnetic contribution to Cp
will be suppressed and thus permitting one to find CM as the
difference between the zero- and high-field Cp at the tem-
perature range of the heat-capacity anomaly. In Fig. 9 the
zero-field and high-field Cp data are shown on a log-log plot
in the temperature range 25�T�40 K. The zero-field heat-
capacity data, Cp�T ;0�, show a relatively broad anomaly at
about T	33 K, while the heat capacity Cp�T ;H��, where
H�=90 kOe indicates a suppression of the zero-field
anomaly together with the downshift of the zero-field values.
Figure 10 shows magnetic-field dependence of the percent-
age downshift of the heat capacity defined by

.

.

.

.

.

.

.

FIG. 7. �Color online� ZFC and FC magnetizations in the field
H=20 Oe parallel to the �a� ac plane and �b� to the b axis.

FIG. 8. �Color online� FC magnetization in the field parallel to
ac plane for several H values.
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FIG. 9. �Color online� Zero-field and high-field heat capacities.
The anomaly in the zero-field heat capacity �at T	33 K� is sup-
pressed in the high-field data. The curve drawn through the high-
field is a polynomial in T fitted to the data points and used in what
follows to determine experimental CM�T ;H� curves. For higher
temperatures the high-field data surmount the zero-field data.
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FIG. 10. �Color online� Magnetic field dependence of the per-
centage downshift of the heat capacity for several indicated tem-
peratures. The data for H=10 kOe have been omitted because of
large errors due to the fact that low magnetic fields brought about
only slight changes in Cp �of the order of a small fraction of
Cp�T ;0��. The dotted lines serve as guides to the eyes.

MAGNETIC ORDERING IN THE DOUBLE-LAYERED… PHYSICAL REVIEW B 78, 174409 �2008�

174409-5



	Cp�T;H�
Cp�T;0�

=
Cp�T;0� − Cp�T;H�

Cp�T;0�
�2�

for several indicated temperatures. It reveals that 	Cp at a
given temperature nearly saturates at the highest field; thus
supporting our assumption that the spin-aligned paramag-
netic state is well established at H�=90 kOe. Referring to
Fig. 10 and using Eq. �1�, we can hence write

CL�T� = Cp�T;H�� , �3�

CM�T;H� = Cp�T;H� − Cp�T;H�� . �4�

In order to estimate errors in CL�T� and CM�T ;H� in Eqs. �3�
and �4� due to the incompleteness of the saturation of the
curves shown in Fig. 10, we use the extrapolation scheme. If
we describe the field dependence of the shift in Cp by the
empirical relation,

	Cp�T;H�
Cp�T;0�

=
AH2

1 + BH2 , �5�

then it can be demonstrated that plots of
H2 / �	Cp�T ;H� /Cp�T ;0�� vs H2 are linear. The inverse
of the slope �A /B� is equal to the limiting high-field value
for the percentage downshift of Cp. In Table I we list the
values of 	Cp�T ;H�� /Cp�T ;0� along with those of
	Cp�T ;H→�� /Cp�T ;0� obtained within the extrapolation
scheme. The results indicate that CL�T� as determined by Eq.
�3� is overestimated, whereas the CM�T ;H� determined by
Eq. �4� is underestimated by about 1% of the Cp�T ;0� values.
It can further be seen that the uncertainty expressed relative
to the Cp�T ;0� values diminishes with increasing tempera-
ture. With Cp steadily increasing, this means that the absolute
error does not change considerably within the temperature
window studied.

In Fig. 11 the magnetic heat capacities CM determined
using Eq. �4� are plotted for five indicated values of the
external magnetic field. The CM curves all show relatively
broad peaks gradually suppressed by the increasing magnetic
field. As the magnitude of the external magnetic field is in-
creased, the shape of the peaks changes from a cusplike one
to a broad bump covering the entire temperature range. It can
be seen that the transition temperature shifts toward lower
temperatures as the external magnetic field increases.

The entropy associated with the phase transition is deter-
mined by integrating the experimental CM�T� data with re-
spect to ln T. The maximum expected value Smax is that for
an array of eight one-half spins and thus equal to
R ln�2J+1�8, where R is the gas constant and J=1 /2, which
yields Smax=46.1 J /K mol. The entropy obtained in the zero
external field amounts to 6.9 J /K mol, that is only 15% of
the maximal expected value in agreement with the powder
sample results. The low value of the entropy involved in the
phase transition points to the presence of short-range corre-
lations above the transition temperature. An increase in the
correlation length on cooling leads to the development of a
state of ordered clusters.

It is a well-known fact that the presence of a strong easy-
plane anisotropy is a prerequisite to the transition of the
Berezinskii-Kosterlitz-Thouless type in 2D systems.9–11

Monte Carlo simulations for 2D XXZ model on a square
lattice,23 which is closest to our bilayered system, show that
for all values of the easy-plane anisotropy parameter there is
a signature of the BKT transition. The qualitative behavior of
the heat capacity was observed to be the same with a maxi-
mum displayed at a temperature of about 10% above the
transition temperature. The maxima obtained had a cusplike
shape and became broader and much less pronounced while
approaching the isotropic limit. Although the shape of the
heat-capacity anomaly obtained by us at zero field is consis-
tent with the numerical results �see Fig. 11�, our magnetic
and thermal data do not exhibit a separation between the
transition temperature and the heat-capacity peak tempera-
ture. That may be due to the fact that the spins are located at
the sites of a double-layer lattice instead of a single 2D one.

IV. DISCUSSION

The important issue in the study of layered compounds is
to understand magnetic interactions in a molecular network.

TABLE I. Comparison of the downshift in heat
capacity 	Cp�T ;H�� /Cp�T ;0� with the saturation values
	Cp�T ;H→�� /Cp�T ;0� obtained from the inverse slope �A /B� of
plots shown in Fig. 12.

T
�K�

A /B
�%�

	Cp�T ;H�� /Cp�T ;0�
�%�

32.89 15.6 14.3

33.33 12.6 11.3

33.77 10.6 9.2

34.65 7.5 6.8

35.98 4.0 3.6
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FIG. 11. �Color online� Magnetic heat capacity CM�T ;H� deter-
mined by using Eq. �4� and the data shown in Fig. 9. For clarity
only the error bars on the CM�T ;0� curve have been shown. The
main contribution to the errors comes from the incompleteness of
the saturation of the curves depicted in Fig. 10. It results in the
uncertainty of about 1% of the Cp�T ;0� values �see text�.
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In the present case we have to distinguish between the inter-
actions within the bilayer and those between the bilayers.
According to the crystallographic data W-CN-Cu bridges
along the b-crystallographic axis are almost linear. As a re-
sult the magnetic orbitals of the W and Cu ions are orthogo-
nal and the interaction is ferromagnetic. In the ac plane the
issue is less clear as the cyanobridges are slightly bent. As
mentioned earlier the interaction between the bilayers is ex-
pected to be of an antiferromagnetic character. In view of the
fact that there are no obvious candidates for the interaction
pathways, the conjecture arises that the interbilayer coupling
is of dipolar origin, as it is in the case of hydroxides reported
by Panissod and Drillon.24

A. Static scaling analysis

To gain a more precise insight into the character of the
ordering process we performed an analysis of the static criti-
cal scaling of the magnetic susceptibility in the form outlined
and applied in a series of illuminating papers.25–28 The mag-
netization data collected in the field of 2 kOe �cf. Fig. 3�
were appropriately rescaled to yield the dc magnetic suscep-
tibility. For both orientations of the sample the fits to the
Curie-Weiss law; i.e., 
=C / �T−�� were performed. The
best-fit results gave C� =3.86 emu K /mol and �� =53.7 K
for the susceptibility in the direction parallel to the ac plane
and C�=3.79 emu K /mol and ��=51.0 K in the direction
perpendicular to that plane. The values and signs obtained
for the Weiss constants indicate the presence of the ferro-
magnetic coupling of the order of tens of Kelvin in the spin
network. Figure 12 shows the plot of the d ln T /d ln�
T�
against temperature. One can see that the data tend to align
in the pretransitional high-temperature region. The linear fits
revealed the values of the corresponding transition tempera-
tures Tc �the intersection with the abscissa axis� and the criti-
cal exponents �the inverses of the intersection point with the
ordinate axis�. The corresponding errors were estimated to
account for the dependence on the temperature range and the
measurement uncertainties. In the direction parallel to the ac
crystallographic plane the system can be said to undergo a

direct transition at Tc� =31.2�2.3 K displaying a rather high
value of � =2.0�0.3. The behavior in the direction perpen-
dicular to the bilayers plane is more striking, revealing a
crossover at temperature �38.8 K from a region with an
exceptionally high value of the gamma exponent 6.8�1.8
and the presumed transition temperature at 10.4�1.5 K to
the state characterized by a low value of �=0.67�0.04 and
the transition temperature of Tc�=30.3�3.4 K. The Tc’s for
both the directions have close values which points to the fact
that the transition in the ac plane triggers that in the direction
perpendicular to the ac plane. The unusually high value of 
in the precrossover region is consistent with a relatively
rapid increase in the magnetization in the direction perpen-
dicular to the ac plane observed on lowering the temperature,
cf. Fig. 3�a�, and suggests the scaling behavior close to the
exponential one. The exponential regime as is well known29

is a characteristic of 2D systems, for which the transition is
said to occur only at Tc=0 K.8,30

By contrast, the transition for the directions parallel to the
bilayers is a one-stage process. Its most intriguing feature is
a rather high value of the  exponent which fails to agree
with any values known for the three-dimensional ferromag-
netic ordering processes �
1.24 for Ising, 1.32 for XY, and
1.385 for Heisenberg spins�. On the other hand, it is consis-
tent with the values obtained in the numerical simulations of
the 2D classical XY model31 �=1.82� or more pertinent to
the case of the 2D classical XXZ model �=2.17�0.05 for
�=0.99� under study.23 That speaks in favor of the transition
being of the Berezinskii-Kosterlitz-Thouless type9–11 where
the magnetic susceptibility is predicted to obey the following
critical behavior:


T = a
eb
�T − TBKT�−�
, �6�

with the exponent �=0.5. To verify that conjecture
we proceeded to perform a corresponding fit. We
performed a nonlinear fit in the transformed
coordinates of �T ,−dT /d ln�
T�� to the function f�T�
=1 / �b
���T−TBKT��+1 which yielded TBKT=30.3�2.7 K, �
=0.56�0.11, and b
=12.8�4.2 �note its dimension being
�K���. Then the result was depicted in the linearized form
provided in Fig. 13. As can be seen the points align in a quite
wide temperature range reaching up to 
120 K. Such a
wide critical region 	T
2Tc is very similar to that reported
for the spin-1/2 2D Heisenberg model.32 The value of � is
consistent within the error with that predicted by Kosterlitz
and Thouless.10 From the temperature of the BKT transition
obtained in the scaling analysis one may try to get informa-
tion on the magnetic coupling constant. The occurrence of
the BKT transition in the ferromagnetic case with the
exchange anisotropy is born out by numerical
simulations.23,33,34 It has been shown that in the isotropic
limit the transition disappears logarithmically,35,36 i.e.,
TBKT
�−ln�1−���−1, where �=Jzz /Jxx�yy� is the exchange
anisotropy parameter. It can be even estimated that � must be
lower than about 0.78, the value which was shown to be the
critical degree of exchange anisotropy above which the BKT
transition is destroyed due to quantum isotropization for a
spin-1 XXZ model.37 As our system is that of two ferromag-
netically coupled layers we can expect its behavior to go
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FIG. 12. �Color online� Critical scaling analysis. The
d ln T /d ln�
T� vs T plots for the direction parallel to the ac plane
and that perpendicular to that plane.
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somewhere between a 2D network of spins 1/2 and that of
spins 1. The transition temperatures for those systems were
found to amount to tc=TBKT /J
0.36 and 0.49, respectively,
which stays in very good agreement with the quantum
Monte Carlo simulations.34 Hence, and using the transition
temperature value obtained in the fit, we can estimate
the value for the equatorial in-plane exchange constant
Jxx�yy�� �61.8,84.2� K. Another way of estimating that ex-
change coupling constant is by means of the parameter b


which may be compared with the results obtained in the
Monte Carlo simulations. Assuming �=0.5 the numerical
simulation of the classical XXZ model23 for �=0.5 implies
that Jxx�yy�� �30,63.7� K where the lower value was as-
sumed not to fall below TBKT. It is consistent with the upper
bound determined above but may still be underestimated; as
for the quantum model one expects b
 to diminish. The ex-
change coupling between the spins belonging to either of the
layers in the bilayer is implied to be also ferromagnetic and
exceeds 80 K as exhibiting an almost linear geometry of the
mediating cyanobridge.

There is one more way to estimate the average intralayer
exchange interaction in our system. For a 2D system with a
weak interlayer interaction J� and the intralayer coupling J, it
is predicted that38

kBTc/J =
4

ln�J/J��
, �7�

where kB is the Boltzmann constant. The order of the anti-
ferromagnetic coupling J� between the bilayers can be esti-
mated from the saturation field HAF in the easy-plane direc-
tion. Inserting HAF�100 Oe �see Fig. 4�a�� into the equation
g�BHAF=2z�J��S one arrives at J�=7.5 mK. Taking
Tc�33 K and using Eq. �7� one obtains the average intrabi-
layer exchange integral J=77.5 K, the value which com-
pares well with the previous estimates. Moreover, it is con-
sistent with the quantum Monte Carlo predictions.39 On the
basis on the values of two ratios, Tc /J=0.43 and J /J��104,
we can state that the WCuT molecular magnet may be re-
garded as an almost 2D magnet. In comparison to some other

copper-based quasi-2D magnets40 it has a rather high Tc /J
value due to its bilayered structure.

B. Dipolar interactions and metamagnetic behavior

The metamagnetic behavior displayed by the system in
the direction parallel to the ac plane, cf. Fig. 4�a�, is yet
another key feature revealed by the magnetic single-crystal
studies. As can be seen at fields lower than a threshold value
of about 100 Oe very small or no magnetic moment is in-
duced. The value of the spin-flip field indicates that the in-
teraction responsible for suppression of the magnetization
must be rather weak. We believe that it originates from the
dipolar spin-spin interactions acting effectively as antiferro-
magnetic due to the in-plane confinement of the spins below
the transition. Such an effect has been observed in a similar
double-layer compound based on octacyanometallates.41 As-
suming the presence of clusters of correlated spins within the
bilayers as depicted in Fig. 14 and the magnetic dipole-
dipole interactions, the energy difference between the ferro-
magnetic and antiferromagnetic ordering of clusters was cal-
culated. For the in-plane orientation of the spins the
antiferromagnetic configuration has lower energy. Such a
picture of uniformly ordered clusters is plausible at lower
temperatures where the gas of vortex-antivortex pairs is ex-
pected to be diluted.42 The result was expressed in terms of
the magnetic field acting on the spin of a single ion �spin
1/2�. The discrete distribution of magnetic moments was ap-
proximated by a uniform continuous magnetic-moment den-
sity smeared over the double-layer plane. The contributions
from double layers contained in a cube of linear dimension
�2K+1��2N+1� unit-cell spacings were summed up, where
�2K+1��2K+1� is the number of clusters in the double-layer
plane, and �2N+1��2N+1� is the number of unit cells per a
single cluster. The orientation of the magnetic moments of
clusters was parametrized by a couple of spherical angles
�� ,�� defined with respect to the x ,y ,z axes coinciding with
the c, a, and b crystallographic axes, respectively. Such a
problem can be integrated out completely so that the numeri-
cal procedure simplifies greatly. The numerical calculation
saturates very quickly with K so that even for K=0 and 1 it
yields very close values. It is therefore reasonable to quote
the formula corresponding to the simplest case of one cluster
per a double layer �K=0�. It reads

H��,�� = �sin2 � sin2 � − cos2 ��Ha

− �sin2 � cos2 � − cos2 ��Hc, �8�

where Ha and Hc correspond to the orientation of the mag-
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FIG. 13. �Color online� The Berezinskii-Kosterlitz-Thouless
transition hallmark. The �−dT /d ln�
T��1/��+1� vs T plot of the data
for the direction parallel to the ac plane.

FIG. 14. Configurations corresponding to �a� ferromagnetic and
�b� antiferromagnetic orderings of clusters belonging to adjacent
bilayers assuming an easy-plane anisotropy.
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netic moments along the a and c crystallographic axes, re-
spectively, and are given by the formulas,

Ha =
4�0�BngS

�abc
arctan� bc

aa2 + b2 + c2� , �9�

Hc =
4�0�BngS

�abc
arctan� ab

ca2 + b2 + c2� , �10�

where �B is the Bohr magneton, g is the gyromagnetic factor,
S is the spin number of a single ion, and n is the number of
ions per crystallographic cell contained in one double layer.
Figure 15 shows the distribution of the field Ha calculated
assuming g=2, S=1 /2, n=4, �=� /2, K=5, and N=500. The
continuous approximation used by us implies that the size of
the cluster should be larger than the interlayer distance,
hence the choice for N. The values averaged over the entire

cluster H̄a and H̄c have been found to amount to 270 and 290
Oe, respectively. They are higher than the value of the criti-
cal field revealed in the measurement but this is partially due
to the fact that in the calculation a very regular pattern of
clustering was considered as depicted in Fig. 14. In reality
the clusters may differ in size and their positions are ran-
domly distributed over the double layers. Another reason is
the assumption that the magnetic moments of the clusters are
strictly confined to the double layers plane. Equation �8� in-

dicates that for the configuration with moments standing out
of that plane the value of the spin-flip field will be lowered.
Demanding, e.g., that Hc����H�� ,0�=H0 one readily ob-

tains �c=arctan�H0+ H̄a+ H̄c� / �H̄c−H0�. For H0�100 Oe
one gets �c�76°, which means we reproduce the experimen-
tal values if the magnetic moments form an angle of about
15° with the plane of the double layer.

V. CONCLUSIONS

The pattern of magnetic interactions revealed by single-
crystal studies of our bilayered molecular magnet can thus be
concluded as follows: the rather strong average in-plane ex-
change coupling of about 80 K together with the easy-plane
exchange anisotropy drive the system to undergo the BKT
transition at about 31 K. The weak coupling between the
bilayers, presumably of the dipolar origin, is responsible for
the stabilization of the 3D overall antiferromagnetic order.
The small value of �
0.7 observed in the direction per-
pendicular to the ac plane implies that the correlations in the
vertical direction is a mere by-product of the BKT transition.
The spontaneous creation of vortices and the ensuing cre-
ation of vortex-antivortex pairs more and more tightly
bound, while approaching the TBKT temperature from above
leads to the more and more pronounced correlations of the
out-of-plane spin components, which is signaled by the
abrupt increase in the field-cooled magnetization �cf. Fig.
3�a��. The heat-capacity measurements revealed a reduced
value of entropy change associated with the transition point-
ing to a well-established state of short-range order above the
transition. This feature is consistent with the wide tempera-
ture range of critical scaling indicating a 2D character of
local ordering above the transition temperature.
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The reaction of cerium(III) nitrate, sodium octacyanotungstate(V), and 2,20-bipyrimidine (bpm) under various conditions
leads to the formation of three new compounds: ionic [Ce2(bpm)(dmf)6(H2O)8][W(CN)8]2 3 3H2O (1; dmf = N,N-
dimethylformamide), tetranuclear molecules [Ce2(bpm)(dmso)8(H2O)4][W(CN)8]2 3 4H2O (2; dmso = dimethyl sulfoxide),
and a two-dimensional inorganic-organic hybrid coordination polymer {[Ce2(bpm)(dmf)8(H2O)2][W(CN)8]2}n 3 2nH2O
(3), all of which contain the subunit [Ce2(μ-bpm)] within the structure. These systems were characterized by single-crystal
X-ray diffractometry, FTIR spectroscopy, and thermogravimetric analysis. Magnetic susceptibility measurements for 1-3
were performed on polycrystalline samples of the compounds. Magnetic behavior was interpreted in terms of the ligand-field
splitting parameters and the exchange interaction between lanthanide centers and a d-electron spin carrier. The results
confirmed the ferromagnetic cyano-mediated {Ce-NC-W} interaction JCeW = 1.7 (2) and 1.4(3) cm-1 (3) compared to
the antiferromagnetic {Ce-bpm-Ce} interaction JCeCe = -1.1 cm-1 (1 and 2).

Introduction

Previously, we reported on the complete magnetostruc-
tural correlation analysis of two series of isomorphous
Ln3þ[W(CN)8]

3- compounds, (i) one-dimensional chains
[Ln(terpy)(dmf)4][W(CN)8] 3 6H2O (Ln = Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy) and (ii) dinuclear molecules [Ln(terpy)-
(dmf)2(H2O)2][W(CN)8] 3 3H2O (Ln=Ho, Er, Yb), along
with the ionic system [Tm(terpy)(dmf)2(H2O)3][W(CN)8] 3
4H2O 3 dmf.1,2 Our continuous interest in such 4f-5d
systems is based on their remarkable topologies and
encoded multifunctionality.3-7

Todate, only several bimetallic LnIII[M(CN)8]
n- (M=Mo,

W) and trimetallic 3d-4f-5d assemblies have been reported.
There is only one compound based on the diamag-
netic building block [M(CN)8]

4- described, three-dimensional

[Ln(mpca)2(H2O)(CH3OH)Ln(H2O)6W(CN)8] 3 nH2O (Ln=
Eu, Nd; Hmpca= 5-methyl-2-pyrazinecarboxylic acid)8 con-
taining cyano and carboxylato bridges. Thematerials contain-
ing the paramagnetic unit [M(CN)8]

3- (M=Mo,W) include
compounds with cyano bridges only. This group of magnetic
compounds consists of dinuclear molecules [Ln(terpy)(dmf)2-
(H2O)2][W(CN)8] 3 3H2O (Ln=Ho, Er, Yb; terpy = 2,20:
60,200-terpyridine),1 one-dimensional [Ln(terpy)(dmf)4]-
[W(CN)8] 3 6H2O 3C2H5OH (Ln = Ce-Dy),1,2 Gd(dmf)6-
[W(CN)8],

9 and [Tb(pzam)3(H2O)Mo(CN)8] 3H2O (pzam =
pyrazine-2-carboxamide),10 two-dimensional Sm(H2O)5-
[W(CN)8]

11 and Ln(H2O)5[M(CN)8] (Ln = Eu, Tb, Sm, Gd;
M=Mo, W),12,13 and trimetallic molecules of [{LMe2NiLn}-
{W(CN)8}] (Ln=Gd, Tb,Dy,Ho, Er; LMe2=Schiff base).14
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To our knowledge, the construction and characteriza-
tion of inorganic-organic hybrid materials based on para-
magnetic octacyanometallate [M(CN)8]

n- (M = MoV, WV)
building blocks, 4f metal ions, and organic linkers have not
been reported previously. In coordination networks of this
type, metal centers give spin and orbital magnetic momen-
tum, cyano bridges provide magnetic coupling, and organic
bridges, in addition to magnetic coupling, can supply flexi-
bility and large channels in the structure. Because of the
unique nature of Ln ions, such as their large radius, high and
variable coordination numbers, and the existence of large spin
and considerable orbital moments causing high magnetic
anisotropy,15 the self-assembly of [M(CN)8]

n-, 4f metal ions,
andorganic linkerswithnovel structures and specific properties
offers great challenges andopportunities in termsof controlling
their dimensionality and magnetic properties.16-19

In the present investigation, we applied bridging 2,20-
bipyrimidine (bpm), the planar polyazine ligand capable of
coordinating to twometal centers through four equivalent N
atoms, in order to increase the network dimensionality. The
bpm ligand was successfully applied in the construction of
magneticmaterialswith 3d20 and 4f21,22 ions. The bpm ligand
serves also as the molecular antenna in luminescence studies
of Ln3þbpm complexes.23-28

Here we present crystal engineering of the CeIIIbpm-
[W(CN)8]

3- system, resulting in ionic [Ce2(bpm)(dmf)6-
(H2O)8][W(CN)8]2 3 3H2O (1), zero-dimensional tetranuclear

[Ce2(bpm)(dmso)8(H2O)4][W(CN)8]2 3 4H2O (2) and two-
dimensional layer {[Ce2(bpm)(dmf)8(H2O)2][W(CN)8]2}n 3
2nH2O (3) with a distinctive [Ce(μ-bpm)Ce] motif in their
structures (Scheme 1) along with magnetic characterization.
The previously introduced method of calculation of the
ligand-field (LF) splitting parameters and the exchange
interaction between lanthanide centers and a d-electron spin
carrier1,2 allowed for estimation of the LF parameters and
coupling constants for each system.

Experimental Section

Materials and Methods. All basic chemicals and solvents of
reagent grade were purchased from commercial sources and
used as received. Na3[W(CN)8] 3 4H2O was prepared according
to literature procedures29 and recrystallized from methanol. All
syntheses were performed in the dark and at room temperature
to avoid reduction of [W(CN)8]

3-.

Synthesis of [Ce2(bpm)(dmf)6(H2O)8][W(CN)8]2 3 3H2O (1).
To a solution of Ce(NO3)3 3 6H2O (0.13 g, 0.3 mmol) and Na3-
[W(CN)8] 3 4H2O (0.16 g, 0.3 mmol) in water (1 mL) was added a
solution of bpm (0.024 g, 0.15 mmol) in N,N-dimethylforma-
mide (dmf; 0.5 mL) and acetonitrile (1 mL). On the top of the
resulting yellow mixture, acetonitrile (2 mL) was carefully
layered, avoiding mixing of the two liquids. The yellow crystals
formed after 2 days werewashedwith a small amount of ice-cold
water and dried in air. Yield: 0.122 g, 44%. Elem anal. Calcd for
C42H70Ce2N26O17W2: C, 27.13; H, 3.80; N, 19.59. Found: C,
27.11; H, 3.55; N, 19.35. FTIR spectrum in the νCN region
(cm-1): 2164 (m), 2152 (m).

Synthesis of Ce2(bpm)(dmso)8(H2O)4[W(CN)8]2 3 4H2O (2).
To a solution of Ce(NO3)3 3 6H2O (0.13 g, 0.3 mmol) and Na3-
[W(CN)8] 3 4H2O (0.16 g, 0.3 mmol) in water (1 mL) was added a
solution of 2,20-bipyrimidine (bpm; 0.024 g, 0.15 mmol) in
dimethyl sulfoxide (dmso; 0.5 mL). After 1 day, the green
precipitate was filtered from the yellow solution and dissolved
in water (4 mL). On the top of the resulting yellow solution,
ethanol (2 mL) was carefully added, avoiding mixing of the two
liquids. The green crystals obtained after 4 days were washed
with a small amount of ice-cold water and dried in air. Yield:
0.048 g, 16%. Elem anal. Calcd for C40H70Ce2N20O16S8W2: C,
24.12; H, 3.54; N, 14.07. Found: C, 23.85; H, 3.36; N, 14.21.
FTIR spectrum in the νCN region (cm-1): 2166 (m), 2153 (m).

Synthesis of {Ce2(bpm)(dmf)8(H2O)2[W(CN)8]2}n 3 2nH2O (3).
To a solution ofCe(NO3)3 3 6H2O (0.13 g, 0.3mmol) inmethanol
(2 mL) was added a solution of bpm (0.024 g, 0.15 mmol)
in methanol (1.5 mL) and dmf (1 mL). To this mixture was
added dropwise with intensive stirring a solution of Na3-
[W(CN)8] 3 4H2O (0.16 g, 0.3 mmol) in methanol (2 mL). After
10 min, white needles of the byproduct were filtered and the
crimson solution was left in a dry place for slow evaporation.

Scheme 1
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After 1 day, the crimson crystals were filtered and dried in air.
Yield: 0.159 g, 56%. Elem anal. Calcd for C48H70Ce2N28O12W2:
C, 30.68; H, 3.75; N, 20.87. Found: C, 30.86; H, 3.63; N, 20.63.
FTIR spectrum in the νCN region (cm-1): 2173 (m), 2148 (m).

Physical Measurements. Elemental analyses were performed
on a EuroEA EuroVector elemental analyzer. IR spectra were
measured between 4000 and 400 cm-1 on a Bruker EQUINOX
55 spectrometer in KBr pellets. Thermogravimetric analysis
(TGA) data in the temperature range 25-400 �C were collected
on a Mettler Toledo TGA/SDTA 851e microthermogravimeter
equippedwithQMSThermostarGSD300TBalzers at a heating
rate of 5 �C 3min-1 in an argon atmosphere. Magnetic suscept-
ibilitymeasurementswere carried out upon cooling in a constant
magnetic field of 1 kOe over the temperature range 2-300 K
using a Quantum Design SQUID (superconducting quantum
interference device) magnetometer. The magnetic susceptibility
data were corrected for the diamagnetic contribution using
Pascal’s constants.30 Isothermal magnetization curves in the
field up to 50 kOe were measured at T = 1.8 K.

X-ray Crystallographic Data Processing. The crystal struc-
tures of 1-3 were determined from the single-crystal X-ray
diffraction data collected at 293(2) K with a Nonius Kappa
CCD diffractometer with graphite-monochromated Mo KR
radiation (λ = 0.710 73 Å). For cell refinements and data
reduction, the DENZO and SCALEPACK31 programs were
used. For structure solution and refinement, SIR-9732 and
SHELXL-9733 programs with the WinGX34 graphical user
interface were used. The non-H atoms, with exceptions of
disordered C41 andC42 atoms in 2, were refined anisotropically
using weighted full-matrix least squares on F2. All H atoms
joined to C atoms of the organic component were positioned
with an idealized geometry and refined using a ridingmodel with
Uiso(H) fixed at 1.2Ueq(C) for aromatic C-H and 1.5Ueq(C) for
the methyl groups. H atoms joined to O atoms coordinating Ce
ions were found from the difference Fourier map. The positions
of H atoms of crystal water molecules are inaccessible. The
geometry of [W(CN)8]

3- ions has been established by contin-
uous shape measures (CShM) analysis, following the ideas of
Alvarez and co-workers.35-38

Results and Discussion

Structural Description of 1.A view of the building units
of 1 is presented in Figure 1a, and the crystal packing is
shown in Figure 1b. The structural parameters for 1 are
listed in Table 1. The crystal structure of 1 consists of
cerium complex cations [Ce2(μ-bpm)(dmf)6(H2O)8]

6þ,
[W(CN)8]

3- anions, and slightly delocalized water mole-
cules (Figure 1). The cerium complex consists of two
CeIII cations bridged by the bpm ligand with a Ce 3 3 3Ce

distance of 7.11 Å and a bite angle N-Ce-N of 59.7�,
typical for early lanthanides.21,22,39,40 Each of the cerium
centers of coordination number CN = 9 (Figure S1 in
the Supporting Information) coordinates also three
molecules of dmf and four water molecules. The coordina-
tion sphere of WV (CN = 8) has an intermediate shape
between dodecahedron and square antiprism; the CShM
and other shape parameters are presented in Table 2.
Average bond lengthsW-C (2.156 Å) and C-N (1.143 Å)
and angles W-C-N (178�) are in the ranges typical for
octacyanometalates.41,42 Selected bonds lengths and angles
are presented in Table 3. The closest distance between Ce
andW atoms equals 7.64 Å. There is a small disorder in the
structure, resulting in elongation of the thermal ellipsoids of
the dmf atoms.

Structural Description of 2. The asymmetric unit of 2
is presented in Figure S2 in the Supporting Informa-
tion, and the crystal packing of 2 is presented in Figure 2.
The structural parameters for 2 are listed in Table 1.
The crystal structure of 2 consists of neutral four-centric
molecules containing two CeIII ions and two octa-
cyanotungstate(V) building units as well as water mole-
cules (Figure 2). The coordination sphere of Ce atoms

Figure 1. (a) View of the building units of 1 (H atoms and noncoordi-
nated water molecules omitted for clarity; metal ions as spheres, other
atoms as ellipsoids 50%). (b) Crystal packing in 1, a view along the
b direction (H atoms and all water molecules omitted for clarity).
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(CN = 9; Figure S1 in the Supporting Information)
consists of two N atoms of bridging bpm (bite angle of
58.0�, characteristic of early lanthanides21,22,39,40), one N
atom of bridging CN- (Ce-N distance of 2.663 Å;
Ce-N-C angle of 164.6�), four O atoms of dmso, and
two water molecules. The coordination sphere of WV

(CN = 8) has the shape of slightly distorted square anti-
prism; the CShM and other shape parameters are presented
in Table 2. Average bond lengthsW-C (2.158 Å) andC-N
(1.150 Å) and angles W-C-N (178�) are in the ranges
typical for octacyanometalates.41,42 Selected bonds lengths
and angles are presented in Table 4. The W 3 3 3Ce distance

along the CN bridge equals 5.90 Å, while the intramolecular
Ce 3 3 3Ce distance is equal 7.22 Å. The metric parameters of
the CN linkage are close to the parameters reported for
[Ce(terpy)(dmf)4][W(CN)8] 3 6H2O 3C2H5OH

1witha slightly
smaller Ce-N-C angle (164.6� in 2 in comparison to 169.9�
and168.4� in [Ce(terpy)(dmf)4][W(CN)8] 3 6H2O 3C2H5OH).
There is significant disorder in the structure concerning
solvent molecules, resulting in enlargement of the thermal
ellipsoids of the dmso atoms.

Structural Description of 3. The structural parameters
for 3 are listed in Table 1. The asymmetric unit of 3 is
presented in Figure S3 in the Supporting Informa-
tion. The crystal structure of 3 consists of cerium com-
plex cations [Ce2(μ-bpm)(dmf)8(H2O)2] and [W(CN)8]

3-

anions connected with cyano bridges, forming an infinite
two-dimensional coordination network (Figure 3). In the
coordination sphere of the CeIII ion (CN = 9; Figure S1
in the Supporting Information), there are two N atoms of

Table 1. Crystallographic Data for 1-3

compound 1 2 3
formula C42H70Ce2N26O17W2 C40H70Ce2N20O16S8W2 C48H70Ce2N28O12W2

fw 1859.1 1991.5 1879.2
cryst syst orthorhombic triclinic monoclinic
space group Cmca P1 P21/c
temp/K 293(2) 293(2) 293(2)
a/Å 19.362(5) 10.215(5) 10.673(5)
b/Å 19.545(5) 11.218(5) 19.808(5)
c/Å 18.653(5) 16.544(5) 19.284(5)
R/deg 90.000(5) 86.114(5) 90.000(5)
β/deg 90.000(5) 74.056(5) 117.424(16)
γ/deg 90.000(5) 87.544(5) 90.000(5)
V/Å3 7059(3) 1818.1(13) 3619(2)
Z 4 1 2
cryst size/mm 0.25 � 0.25 � 0.18 0.3 � 0.2 � 0.08 0.28 � 0.25 � 0.18
cryst color yellow green crimson
μ(Mo KR)/mm-1 4.589 4.679 4.473
parameters 216 409 424
R1 [I > 2σ(I)] 0.031 0.0417 0.0354
wR2 [I > 2σ(I)] 0.0713 0.1049 0.0753
S 1.074 1.057 1.081

Table 2. CShM, Minimal Distortion Path Deviation Functions (Δi), and the Angular Path Fractions (φ) for Molybdenum Centers in 1-335-38 (DD = Dodecahedron,
SAPR = Square Antiprism)

1 2 3

CShM(DD) 0.705 2.235 0.285
CShM(SAPR) 1.106 0.163 2.097
θDD-SAPR 9.716 9.716 9.716
ΔDD-SAPR 0.117 0.123 0.172
φDDfSAPR 49.6% 88.5% 31.5%
φSAPRfDD 62.1% 23.8% 85.7%
geometry intermediate between DD and SAPR slightly distorted SAPR distorted DD

Table 3. Selected Bonds (in Angstroms) and Angles (in Degrees) for 1a

W1-C1 2.155(3) C1-N1 1.146(4)
W1-C2 2.158(3) C2-N2 1.144(4)
W1-C3 2.161(3) C3-N3 1.140(4)
W1-C4 2.151(3) C4-N4 1.145(4)

C2-W1-C40 71.34(11) C1-W1-C20 76.97(11)
C2-W1-C20 71.71(15) C3-W1-C40 78.26(13)
C1-W1-C2 75.17(11) C1-W1-C10 145.44(16)
C3-W1-C4 75.19(13) C4-W1-C40 146.75(16)

Ce2-N32 2.730(2) N32-C31 1.341(2)
Ce2-O11 2.469(2) N32-C33 1.342(3)
Ce2-O21 2.508(3) O11-C12 1.222(4)
Ce2-O4 2.540(3) C12-N13 1.293(5)
Ce2-O5 2.480(2) O21-C22 1.223(6)
Ce2-O6 2.559(3) C22-N23 1.292(6)

N32-Ce2-N320 0 59.67(8) Ce2-N32-C31 122.75(16)
O11-Ce2-O110 0 88.43(17) C31-N32-C33 116.1(2)
O5-Ce2-O6 73.46(7) Ce2-O11-C12 143.7(3)
O4-Ce2-N32 66.73(8) Ce2-O21-C22 151.5(4)
O21-Ce2-N32 70.55(9) avg W1-C-N 178.2(4)

a Symmetry operations: 0, -3/2 - x, y, 1/2 - z; 0 0, -1 - x, y, z.

Figure 2. Crystal packing in 2, a viewalong the bdirection.H atoms and
noncoordinated water molecules are omitted for clarity.
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bridging bpm (bite angle of 57.6�; typical for early lanth-
anides21,22,39,40), two N atoms of bridging CN- (Ce-N
distances of 2.618 and 2.637 Å; Ce-N-Cangles of 174.8�
and 170.5�, respectively), four O atoms of dmf, and one
watermolecule. The coordination sphere ofWV (CN=8)
has the shape of distorted dodecahedron; the CShM
and other shape parameters are presented in Table 2.
Average bond lengths W-C (2.160 Å) and C-N (1.144 Å)
and angles W-C-N (178.5�) are in the ranges typical for
octacyanometalates.41,42 Selected bonds lengths and angles
for 3 are presented in Table 5. The metric parameters of the
CN linkage are again close to the parameters reported for
[Ce(terpy)(dmf)4][W(CN)8] 3 6H2O 3C2H5OH

1witha slightly
greater Ce-N-C angle (174.8� and 170.5� in 3 in compa-
rison to 169.9� and 168.4� in [Ce(terpy)(dmf)4][W(CN)8] 3
6H2O 3C2H5OH). The two types of bridging ligands ensure

the layered architecture of the crystal lattice.Within the layer
(Figure 3), Ce and W ions are connected in alternating
fashion, forming bimetallic cyano-bridged chains (W-CN-
Ce distances equal to 5.93 Å). These chains are clipped
together with bpm (Ce 3 3 3Ce distance 7.24 Å), forming a
waved honeycomb-like net. Eachmesh of such a net consists
of six Ce ions, four W ions, eight CN bridges, and two bpm
bridges. Between the layers, there are slightly delocalized
crystallization water molecules. A small disorder in the
structure results in enlargement of the thermal ellipsoids of
several atoms.
TGA studies show the gradual loss of all water mole-

cules for all compounds in the temperature range 40-
138 �C for 1 (10.2% of mass; calcd for 11H2O, 10.7%;
Figure S4 in the Supporting Information), 40-126 �C for
2 (7.1% of mass; calcd for 8H2O, 7.2%; Figure S5 in the
Supporting Information), and 70-125 �C for 3 (3.7% of
mass; calcd for 4H2O, 3.8%; Figure S6 in the Supporting
Information). It is apparent that, in the case of two-
dimensional compound 3, the energy barrier for the loss
of crystallization water molecules is higher. The top limits
for water loss are attributed to the energies of breaking of
the coordination H2O-Ce bonds.

Magnetic Properties. Figures 4-6 show the molar mag-
netic susceptibility in the form of the χT product against
temperatureT for powder samples of 1-3, respectively. The
corresponding curves display a smoothmonotonic decrease
with a decrease in the temperature down to 5 K, and then a
more rapid change is observed at lower temperatures, which
is most apparent for 3. The values of χT at 300 K are 2.17,
2.44, and 2.15 cm3

3K 3mol-1 for 1-3, respectively, which

Table 4. Selected Bonds (in Angstroms) and Angles (in Degrees) for 2a

W1-C1* 2.150(5) C1*-N1* 1.160(7)
W1-C2 2.172(5) C2-N2 1.142(7)
W1-C3 2.151(6) C3-N3 1.149(8)
W1-C4 2.164(6) C4-N4 1.141(8)
W1-C5 2.163(5) C5-N5 1.140(7)
W1-C6 2.164(6) C6-N6 1.165(8)
W1-C7 2.157(6) C7-N7 1.128(8)
W1-C8 2.146(6) C8-N8 1.154(8)

W1-C1*-N1* 176.9(5)
W1-C2-N2 178.0(5)
W1-C3-N3 177.0(6) C1*-N1*-Ce2 164.6(4)
W1-C4-N4 179.4(7)
W1-C5-N5 179.0(6) min C2-W1-C3 72.1(2)
W1-C6-N6 179.1(6) max C3-W1-C5 143.2(2)
W1-C7-N7 177.9(7)
W1-C8-N8 178.8(6)

Ce2-N12 2.795(4)
Ce2-N160 2.767(4)
Ce2-N1* 2.663(5) N12-C11 1.325(6)
Ce2-O2 2.454(4) N16-C11 1.337(6)
Ce2-O3 2.410(4) O2-S2 1.519(4)
Ce2-O4 2.531(5) O3-S3 1.503(5)
Ce2-O5 2.421(4) O4-S4 1.504(7)
Ce2-O6 2.530(4) O5-S5 1.500(4)
Ce2-O7 2.505(4)

N12-Ce2-N160 58.03(12)
N1*-Ce2-N12 65.71(15)
N1*-Ce2-N160 97.80(15) Ce2-O2-S2 139.7(2)
O2-Ce2-N160 66.77(14) Ce2-O3-S3 141.1(3)
O5-Ce2-N12 69.64(14) Ce2-O4-S4 128.8(4)
O6-Ce2-N12 71.46(15) Ce2-O5-S5 144.3(3)
O3-Ce-O4 68.39(17)
O6-Ce2-O7 78.29(14)

a Symmetry operation: 0,-1-x, 1- y, 1- z. Asterisksmarkbridging
CN ligands.

Figure 3. Viewof the single layer of 3. H atoms, all watermolecules, and
dmf ligands are omitted for clarity.

Table 5. Selected Bonds (in Angstroms) and Angles (in Degrees) for 3a

W1-C1* 2.174(3) C1*-N1* 1.139(4)
W1-C2 2.157(4) C2-N2 1.147(5)
W1-C3* 2.165(3) C3*-N3* 1.151(4)
W1-C4 2.146(4) C4-N4 1.134(5)
W1-C5 2.158(4) C5-N5 1.142(5)
W1-C6 2.165(4) C6-N6 1.144(5)
W1-C7 2.148(4) C7-N7 1.145(4)
W1-C8 2.166(4) C8-N8 1.148(5)

W1-C1*-N1* 178.4(3)
W1-C2-N2 178.5(4) C1*-N1*-Ce2 174.8(3)
W1-C3*-N3* 178.7(3) C3*-N3*-Ce20 170.5(3)
W1-C4-N4 179.0(4)
W1-C5-N5 178.6(4) min C3-W1-C4 70.55(14)
W1-C6-N6 178.7(4) max C4-W1-C5 146.01(15)
W1-C7-N7 176.6(4) C1*-W1-C3* 134.06(13)
W1-C8-N8 179.2(4)

Ce2-N520 0 2.785(3) Ce2-O6 2.524(3)
Ce2-N56 2.772(3)
Ce2-N1* 2.618(3) N52-C51 1.329(4)
Ce20-N3* 2.637 (3) N56-C51 1.331(4)
Ce2-O11 2.419(3) O11-C12 1.246(5)
Ce2-O21 2.465(3) O21-C22 1.223(5)
Ce2-O31 2.492(3) O31-C32 1.243(5)
Ce2-O41 2.463(3) O41-C42 1.239(4)

N56-Ce2-N520 0 57.62(7)
N10*-Ce20-N3* 137.14(10) Ce2-O11-C12 162.1(3)
N1*-Ce2-N56 79.32(10) Ce2-O21-C22 135.8(3)
N1*-Ce2-N520 0 64.89(9) Ce2-O31-C32 137.8(3)
O21-Ce2-O31 69.56(11) Ce2-O41-C42 131.7(3)
O6-Ce2-O41 72.96(10)

aSymmetry operations: 0,-x,-1/2 þ y, 1/2 - z; 0 0,-1- x,-y, 1- z.
Asterisks mark bridging CN ligands.
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are comparable to 2.36 cm3
3K 3mol-1 comprising the free-

ion contributions from twoWV ions (SW=1/2;gW=2) and
two CeIII ions (J = 5/2; gJ = 6/7). In the insets of
Figures 4-6, the experimental data for the field dependence
of the magnetization at T = 1.8 K are shown. The
corresponding curves display a monotonic increase with
an increasing value of the magnetic field and reach, atH=
50 kOe, the values of 3.56, 3.56, and 3.22 Nβ for 1-3,
respectively. These are significantly lower than the value of
6.02Nβ expected on the basis of the free-ion approximation

calculated at the same values of temperature and external
magnetic field. No significant features were observed in the
alternating-current susceptibility measured down to 1.8 K,
which indicates no magnetic ordering in this temperature
range.Theoverallmagneticbehaviorof1-3 canbeascribed
to theLF,which splits the ground-statemultiplet of theCeIII

ion, affecting its magnetic moment. This is the main
mechanismresponsible forχTvariationabove5K.At lower
temperatures, the intramolecular exchange interaction
comes into play. Quantitative analysis is presented in the
next section.

Determination of the LFParameters in theCeriumComplexes

General Procedures. The f electrons in the majority of
lanthanide complexes are considered to have properties
close to those of isolated ions. The energies of the ground-
and excited-state multiplets are determined by the
spin-orbit coupling in which the total angular momen-
tum J is a good quantum number. The fine structure of
the spectral bands detected in the region from near-IR
to UV is ascribed to the LF splitting of the ground- and
excited-state multiplets. Many studies devoted to the
multiplet structures of lanthanide f systems include
only the cases for which sharp emission or absorption
bands or both were available (see, e.g., ref 43-50).
Another approach that can yield some information
on the LF splitting is the output of magnetic measure-
ments, which has been applied in systems containing the
Ln ions.51-57

Analysis of the LF was crucial for rationalizing the
magnetic data of bimetallic Ln2Cu2 (Ln = Gd, Dy) com-
pounds58 as well as Ln[organic radical] species.52,59

The magnetic studies of a homologous series of complexes
of the typeLn-M(Ln=LaIII,CeIII;M=FeIII,CoIII) were

Figure 4. Temperature dependence of χT for 1. Inset: Isothermal mag-
netization at T = 1.8 K. Solid lines show the best-fit curves.

Figure 5. Temperature dependence of χT for 2. Inset: Isothermal mag-
netization at T = 1.8 K. Solid lines show the best-fit curves.

Figure 6. Temperature dependence of χT for 3. Inset: Isothermal mag-
netization atT=1.8 K. Solid lines show the best-fit curves. Dashed lines
show the results of the eight-center grid model.

(43) Cybi�nska, J.; H€ols€a, J.; Lastusaari,M.; Legendziewicz, J.;Meyer, G.;
Wickleder, C. J. Alloys Compd. 2004, 380, 27.

(44) Gazdecka, E.; Gazdecki, Z.; Cybi�nska, J.; Wiglusz, R. J.; Amirkhanov,
V.; Legendziewicz, J. Mol. Phys. 2003, 101, 1015.

(45) Popova, M. N.; Klimin, S. A.; Chukalina, E. P.; Malkin, B. Z.;
Levitin, R. Z.; Mill, B. V.; Antic-Fidancev, E. Phys. Rev. B 2003, 68, 155103.

(46) Oczko, G.; Legendziewicz, J.; Wickleder, M. S.; Meyer, G. J. Alloys
Compd. 2002, 341, 255.

(47) Cybi�nska, J.; Sokolnicki, J.; Legendziewicz, J.; Meyer, G. J. Alloys
Compd. 2002, 341, 115.

(48) Malta, O. L.; Legendziewicz, J.; Huskowska, E.; Turowska-Tyrk, I.;
Albuquerque, R. Q.; de Mello Doneg�a, C.; de Silva, F. R. G. J. Alloys
Compd. 2001, 323-324, 654.

(49) Legendziewicz, J.; Borzechowska, M.; Oczko, G.; Meyer, G. New J.
Chem. 1999, 24, 53.

(50) Legendziewicz, J.; Borzechowska, M.; Oczko, G.; Mrozi�nski, J.
Spectrochim. Acta, Part A 1998, 54, 2197.

(51) Sutter, J.-P.; Kahn, M. L.; Golhen, S.; Ouahab, L.; Kahn, O.
Chem.;Eur. J. 1998, 4, 571.

(52) Benelli, C.; Caneschi, A.; Gatteschi, D.; Pardi, L.; Rey, P.; Shum,
D. P.; Carlin, R. L. Inorg. Chem. 1989, 28, 272.

(53) Benelli, C.; Caneschi, A.; Gatteschi, D.; Pardi, L.; Rey, P. Inorg.
Chem. 1990, 29, 4223.

(54) Benelli, C.; Caneschi, A.; Gatteschi, D.; Pardi, L. Inorg. Chem. 1992,
31, 741.

(55) Bencini, A.; Benelli, C.; Caneschi, A.; Carlin, R. L.; Dei, A.;
Gatteschi, D. J. Am. Chem. Soc. 1985, 107, 8128.

(56) Kahn, M. L.; Sutter, J.-P.; Golhen, S.; Guionneau, P.; Ouahab, L.;
Kahn, O.; Chasseau, D. J. Am. Chem. Soc. 2000, 122, 3413.

(57) Figuerola, A.; Diaz, C.; Ribas, J.; Tangoulis, V.; Granell, J.; Lloret,
F.; Mahia, J.; Maestro, M. Inorg. Chem. 2003, 42, 641.

(58) Benelli, C.; Caneschi, A.; Gatteschi, D.; Guillou, O.; Pardi, L. J.
Magn. Magn. Mater. 1990, 83, 522.

(59) Kahn,M. L.; Ballou, R.; Porcher, P.; Kahn, O.; Sutter, J.-P.Chem.;
Eur. J. 2002, 8, 525.



4274 Inorganic Chemistry, Vol. 49, No. 9, 2010 Koziez et al.

complemented also by the electron paramagnetic reso-
nance spectra of the constituent ions, which allowed for
insight into the anisotropy of the exchange couplings.60,61

Finally, the approach based solely on magnetic data and
using a single set of LF parameters of Ishikawa and co-
workers62-64 showed reproduction of the magnetic pro-
perties for isostructural lanthanide-based double-decker
complexes. A similar approach was already applied by us
in the analysis of a series of compounds comprising the
lanthanide species, octacyanotungstate, and the dmf ligand.1

The approach depends crucially on the coordination
number (CN) of the Ln ion. Crystallographic analysis of
compounds 1-3 revealed that, in all three cases, CN= 9
and the coordination geometry can be regarded either as a
distorted monocapped square antiprism (MSAP, C4v) or
a tricapped trigonal prism (TTP, D3h; Figure S1 in the
Supporting Information). The structure of compound 1
consists of exchange-coupled dinuclear units formed by
CeIII ions and a decoupled pair ofWV ions. The structural
unit of compound 2 is the exchange-coupled four-center
unit WV-CeIII-CeIII-WV, whereas in compound 3,
alternating chains of CeIII and WV ions are transversely
linked through the bpm ligand, forming two-dimensional
sheets. The total angular momentum of the ground state
in the trivalent Ce ion takes the minimal value, i.e., J =
|L - S| (for electronic configuration f1) in the Russell-
Saunders coupling scheme, i.e., J = 5/2. The simulations
were carried out using the 2Jþ 1 sublevels of the ground-
state multiplet in each cerium system.
The total Hamiltonian pertinent to the present systems

under an external magnetic field is HT = HZ þ HLF þ
HEX. The first term accounts for the Zeeman effect. For
one CeIII ion and one WV ion, it reads

HZ ¼ βðgJJþ gWSWÞ 3H
where β is the Bohr magneton andH denotes the external
magnetic field. The total magnetic moment operator
μ= -β(gJJ þ gWSW) is used in the |J,JZæ representation
in its lanthanide part.SWdenotes the half spin operator of
the tungsten center. The value of gW is fixed at 2.0,
whereas gJ was varied during the fitting procedure. The
second term corresponds to the LF interaction, which is
expressed in the framework of the extended operator
equivalent approach15,65,66 and is written as

HLF ¼
X
2, 4, 6

Xk
q¼- k

A
q
kÆr

kæÆJ )Rk )JæOq
k

The coefficientsAk
qÆrkæ are the parameters to be determined.

Ok
q are theStevensoperator equivalents andarepolynomials

of the total angular momentum operators JZ, Jþ, and J-
(cf. Table S1 in the Supporting Information). Coefficients

ÆJ )Rk )J æ relate the angular momentum operators to the
potential operators and depend on the ion and the coupling
scheme assumed (e.g., L- S or intermediate). Their values
are tabulated66 for all Ln ions in theL- S scheme. The last
component of the total HamiltonianHEX is to account for
the exchange coupling between the ions. The coupling
should be taken between the corresponding spin operators.
The spin operator S of the lanthanide center can be
projected onto the total angular momentum operator J.
Equations L þ S = J and L þ 2S = gJJ imply that this
projection is S = (gJ - 1)J. We further assume that the
exchange coupling between the WV and CeIII ions and the
CeIII and CeIII ions is isotropic; hence,HEX reads

HEX ¼ - JCeWðgJ - 1ÞðJCe1 3 SW1 þ JCe2 3 SW2Þ
- JCeCeðgJ - 1Þ2JCe1 3 JCe2 ð1Þ

The above simplifying assumption does not exclude the
anisotropy of exchange interactions in the ground state,
which will be demonstrated to be inherited from the anisot-
ropy of the corresponding spectroscopic factor.However, we
do not introduce an antisymmetric exchange term,61,67-69

which would be very unreliable to estimate because of the
lack of detailed spectroscopic information.
By diagonalization of the total Hamiltonian HT, a full

set of eigenvalues and eigenfunctions is determined and
the magnetic molar susceptibility together with the iso-
thermal magnetization are calculated. This is performed
using the generalized van Vleck formalism

χ ¼ N

3kBTZ0

X
n, i

X
j

jÆjn, ijμjjn, jæj2
2
4

- 2kBT
X
j,m 6¼n

jÆjn, ijμjjm, jæj2
En -Em

#
exp -

En

kBT

� �

M ¼ N

ZH

X
k

Æψkjμjψkæ exp -
EkðHÞ
kBT

� �

whereZ0=
P

ndn exp(-En/kBT) andZH=
P

k exp(-Ek(H)/
kBT). Here jn,i denote the dn-fold degenerate eigen-
functions with energy En in the absence of a magnetic
field, whereas the eigensystem {ψk, Ek(H)} is calculated
assuming the nonzero external magnetic field H. The
observed molar magnetic susceptibility of the powder
sample is χh = (χx þ χy þ χz)/3, where χx, χy, and χz
denote the principal values of the magnetic susceptibility.
The molar magnetic moment measured on the powder
sample is calculatedas ameanover 133different orientations
of the external magnetic field parametrized by the couple
of spherical angles (θ, j). The corresponding points are
uniformly distributed in the rectangle (0, 1) � (0, 2π) of the
(cos θ, j) plane.
Fitting was carried out with the help of a specially

designed procedure prepared within theMathematica 7.0
environment. Two test functions to be minimized were

(60) Figuerola, A.; Tangoulis, V.; Sanakis, Y.Chem. Phys. 2007, 334, 204.
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(65) Stevens, K. W. H. Proc. Phys. Soc., London, Sect. A 1952, 65, 209.
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Article Inorganic Chemistry, Vol. 49, No. 9, 2010 4275

used. The first test function was the relative root-
mean-square (rms) deviation from the measured χT
values. The second one was extended to include addition-
ally the relative rms deviation from the measured M
values. The first test function was used in the first step
of the fitting procedure, where the LF parameters and the
spectroscopic factor gJ of the Ln ions were relaxed but
the exchange coupling constants were fixed at zero value.
The extended test function was used in the second step,
where the LF parameters were fixed at the values found
in the first step and the exchange coupling parameters
were relaxed. Because the lanthanide site is expected to be
of low symmetry, no initial assumptions can be made
as to the parameters. On the other hand, the many-
dimensional fits where only powder data are available
would be of poor reliability. To overcome that problem,
the calculations were performed only with different small
trial sets of two or three LF parameters. After that,
the best set has been chosen. The trial sets were selected
on the basis of those corresponding to the distorted
MSAP or TTP geometry. Such a treatment is justified if
one looks on the resulting parameter sets as the effective
ones. In all three cases, the best fits were obtained using
the parameter set includingA2

0Ær2æ,A4
0Ær4æ, andA4

3Ær4æ. The
realization of the best fit through the inclusion of para-
meter A4

3Ær4æ indicates that the coordination is closer to
the TTP geometry. Errors of the parameters were esti-
mated assuming 5% tolerance deviation for the test
function.

Results for 1. The ground state arising from the 4f1

configuration of theCeIII ion is 2F5/2. The dimension of its
ground-state subspace is, hence, 6. The expected value
of the Land�e factor gJ is 6/7 (≈ 0.86). The model
system comprises two decoupled WV centers, and two
CeIII centers exchange coupled through the bpm ligand.
Therefore, we assume JCeW = 0. The best fit to the
experimental data was found for the following set of
parameters (the LF parameters and the exchange cou-
pling constants are always given in cm-1): gJ = 0.84(1),
JCeCe =-1.1(1), A2

0Ær2æ=-897(5), A4
0Ær4æ=42(15), and

A4
3Ær4æ = -1049(6). Figure 4 shows the best-fit curves

(solid lines) for the susceptibility and isothermal magne-
tization. The lowest level is a Kramers doublet, which is a
superposition of the |(1/2æ and |(5/2æ substates (Table S2
in the Supporting Information), but the dominant con-
tribution comes from the substates with the lowest value
of |Jz| (88.8%). The first excited state comprises the |(3/2æ
states, and the highest Kramers doublet is again a super-
position of the |(1/2æ and |(5/2æ substates with the
dominant contribution from the |(5/2æ substates. The
population of the lowest Kramers doublet at T = 2 K is
practically 100%. It is only at T = 100 K that the
population of the first excited level (4.6%) stops being
negligible. The populations of the successive Kramers
doublets at T = 200 K are 81%, 17.8%, and 1.2%,
respectively. This explains the steady decrease of the χT
product upon lowering temperature. The tiny downturn
of the χT curve at lowest temperatures is ascribed to
the “switching-on” of the antiferromagnetic interaction
between the cerium centers. Because the lowest-lying
Kramers doublet is well-separated from the excited
ones, magnetic properties of 1 in the low-temperature
regime can be well described by an effective exchange

Hamiltonian of the form

HEFF1 ¼ - ~SCe1 3 JCeCe 3 ~SCe2

where JCeCe is a symmetric exchange coupling matrix and
~SCe1 and ~SCe2 are the effective spin operators correspond-
ing to the lowest doublet. Both the matrix element equi-
valence relation ĝCe 3 ~SCe = ĝCeJCe and the Hamiltonian
in eq 1 imply that matrix JCeCe is diagonal in the co-
ordinate system where the corresponding spectroscopic
factors are diagonal, and its principal values are given by
the formula JCeCei = (gCe - 1)2(gCeii/gCe)

2JCeCe, where
i=x, y, z. Furthermore, matrix JCeCe can be split into
isotropic and anisotropic parts JCeCe = Jiso diag(1,1,1)þ
diag(Dxx, Dyy, Dzz), where diag(a1, a2, a3) denotes the
diagonal matrix with elements (a1, a2, a3) on the diagonal.
Using the principal values of the spectroscopic tensor
(Table S2 in the Supporting Information) and the best-
fit values of parameters JCeCe and gCe, we find Jiso =
-0.104,Dxx=Dyy=-0.051, andDzz=0.101 (in cm-1).
The ratio JCeCez/JCeCex(y)=0.02 indicates an XXZ aniso-
tropy of the exchange coupling.

Results for 2. For 2, the model system comprises an
exchange-coupled tetramer WV-CeIII-CeIII-WV, which
corresponds exactly to the structural data. The coupling
constant JCeCe was fixed at the value of-1.1 cm-1 obtained
for 1 because the Ce ions in the tetramer are linked through
the same bridging ligand. The best fit to the experimental
data was found for the following set of parameters: gCe =
0.92(1), JCeW = 1.7(2), A2

0Ær2æ = -848(8), A4
0Ær4æ =

-276(45), and A4
3Ær4æ = -1050(7). As can be seen from

Figure 5, the best-fit curves (solid lines) satisfactorily re-
produce the experimental data. The lowest sublevel for an
isolated CeIII ion in 2 is a Kramers doublet comprising a
superposition of the |(1/2æ and |(5/2æ substates (Table S3 in
the Supporting Information), with the dominant contribu-
tion from the former substates. The first excited-state
Kramers doublet corresponds to the |(3/2æ substates,
whereas the highest-lyingKramers doublet is again a super-
position of the |(1/2æ and |(5/2æ substates, with the domi-
nant contribution from the substates with the highest |Jz|
value. At T=2K, the population of the ground-state level
is practically 100%. It is only at T = 100 K that the
population of the first excited-state Kramers doublet
(1.8%) stops being negligible. The populations for the
successive Kramers doublets at T = 200 K amount to
87%, 11.7%, and 1.3%, respectively. The above facts
account for the monotonic decrease of the χT values upon
lowering temperature. The exchange coupling between
either WV and CeIII ions or CeIII and CeIII ions is accoun-
table for the downturn of the χT curve observed at low
temperatures. Because the lowest-lying Kramers doublet
is well separated from the excited ones, the system can be
at low temperatures described by an effective exchange
Hamiltonian

HEFF2 ¼ - ~SCe1 3 JCeW1 3 SW1 - ~SCe2 3 JCeW2 3 SW2

- ~SCe1 3 JCeCe 3 ~SCe2

where JCeCe, JCeW1, and JCeW2 are symmetric exchange-
coupling matrices and ~SCe1 and ~SCe2 denote the effective
spin operators corresponding to the lowest doublet.



4276 Inorganic Chemistry, Vol. 49, No. 9, 2010 Koziez et al.

Analogous interpretation as for 1 leads to the conclusion
that exchange-coupling matrices JCeCe, JCeW1, and
JCeW2 are diagonal in the coordinate frame, where the
corresponding spectroscopic tensor of the cerium center
is diagonal with the principal values equal respectively to
JCeCei= (gCe- 1)2(gCeii/gCe)

2JCeCe and JCeWi= (gCe- 1)-
(gCeii/gCe) JCeW (i= x, y, z). Decomposition of the
exchange-coupling matrices into isotropic and anisotropic
parts and use of the best-fit values of the corresponding
parameters yield the following estimates: Jiso = -0.123,
Dxx=Dyy=-0.06, andDzz=0.121 for Ce-Ce coupling
and Jiso =-0.489,Dxx=Dyy=-0.205, andDzz=0.410
(in cm-1) forCe-Wcoupling. The ratios JCeCez/JCeCex(y)=
0.02 and JCeWz/JCeWx(y) = 0.11 indicate again the XXZ
exchange anisotropy. The difference in the signs of Jiso and
JCeW stems from the fact that the effective spin of the CeIII

center is parallel to its total angular momentum JCe but
antiparallel to its spin angular momentum.

Results for 3. Because there is no strict model system to
account for the 2D topology of magnetic couplings in 3, we
introduce a necessary simplified two-step approach. The
result obtained for 1 implies that the expected energy scale
of the exchange interaction between the CeIII ions mediated
through bpm ligands is relatively low. Weak antiferromag-
netic coupling (≈-0.02 cm-1) mediated through the bpm
ligandwasalso found in [Gd(L2)3]2( μ-bpm) (L2=dimethyl-
N-trichloroacetylamidophosphate).22 A higher value of the
exchange coupling (≈-1.2 cm-1) across the bis-chelating
bpm ligand was reported between theMnII ions in (μ-bpm)-
[Mn(H2O)3{Fe(bipy)(CN)4}]2[Fe(bipy)(CN)4]2 3 12H2O
(bipy-bipyridine)70 or between MnIII and CrIII (≈-2.0
cm-1) in [MnIII(salhd)(μ-CN)CrIII(CN)3(bpm)(H2O)2]n.

71

At the same time, the coupling between WV and CeIII ions
through the CN- bridges is expected to be more efficient.
Moreover, it is expected that the exchange couplings in-
volved are at least 1 order ofmagnitude smaller than the LF
parameters, so neglecting one of them shall not lead to
substantial changes in the LF. Therefore, we assume that
neglecting the exchange interaction between the cerium
centers will yield an acceptable approximation for the LF.
Then our system simplifies to that of alternating chains of
WV and CeIII centers. The corresponding exchange Hamil-
tonian reads

HEX ¼ -
Xn
i¼1

JCeWðgJ - 1ÞJCei 3 ðSWi þ SWiþ 1Þ

We further choose to use a short-chain model comprising
only twoWV ions and two CeIII ions with imposed periodic
boundary conditions, i.e., SWnþ1 = SW1. With these ap-
proximating assumptions, the value of the exchange cou-
pling constant JCeW obtained from the fit will set an upper
bound on the genuine value. The best fit was obtained for
gCe= 0.82(1), JCeW=6.7(1),A2

0Ær2æ=-777(39),A4
0Ær4æ=

-374(57), and A4
3Ær4æ = -414(17). In Figure 6, the best-fit

curves (solid lines) of the susceptibility and isothermal
magnetization are shown. The lowest Kramers doublet of
the ground-state multiplet is a superposition of |(1/2æ and

|(5/2æ substates, with the dominant contribution (97.1%)
from substates with the lowest |Jz| value (Table S4 in the
Supporting InFormation). At T = 2 K, the population of
the ground state is almost 100%, and it decreases only to
96.5% at T = 100 K, whereas the first excited-state
Kramers doublet comprising the |(3/2æ substates becomes
populated to 3.3%. The population of the second excited-
state Kramers doublet corresponding to the highest |Jz|
values amounts merely to 0.2%. Those facts explain the
relatively rapid decrease of the χT product upon lowering
temperature. The sudden drop of the χT values below 6K is
ascribed to the onset of the exchange coupling between the
WVandCeIII ions. Inorder to estimate the initiallyneglected
Ce-Ce exchange coupling, we performed the calculations
for an eight-center grid (Scheme 2), confining the space
of the states of the Ce ions to the lowest Kramers
doublet (Table S4 in the Supporting Information). Only
isotropic coupling between the magnetic centers was
assumed because the extension to anisotropic terms led
to uncontrolled overparametrization. Figure 6 shows
the results of the calculations (red dashed lines) obtained
with JCeCe = -0.5(2) cm-1 and JCeW = 1.4(3) cm-1.
Similar to 1 and 2, the Ce-Ce exchange interaction is
of antiferromagnetic character and the Ce-W interac-
tion is ferromagnetic.
Application of the generalized van Vleck formalism

enabled estimation of the LF parameters for theCeIII ions
and determination of the exchange couplings between the
constituent magnetic ions in 1-3. The proximity of the
coordination geometry of the CeIII ions to a distorted
TTP resulted in the same set of LF parameters, yielding
the best fit. In particular, compounds 1 and 2 display
considerable similarity in the Kramers doublet spectrum,
which indicates the proximity of their LF configurations.
The exchange coupling mediated through the bpm ligand
was found to be rather weak and antiferromagnetic
(JCeCe=-1.1(1) cm-1 in 1 and -0.5(2) in 3), whereas the
coupling between the CeIII and WV ions linked by the
cyanide bridge turned out to be more effective and ferro-
magnetic. For 2, the value of JCeW amounts to 1.7(2) cm-1,
whereas for 3, the value estimated on the basis of the eight-
center-gridmodel is 1.4(3) cm-1,which is consistentwith the
preliminary upper bound of 6.7(1) cm-1. The calculations
imply an XXZ anisotropy of exchange interactions in the

Scheme 2. Eight-Center Grid Used To Estimate the Exchange
Couplings in 3a

aDotted lines indicate the periodic boundary conditions imposed on
the grid.
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ground state. Such an anisotropy was predicted theoreti-
cally for theYbIII-CrIII exchange-coupled dimer,where the
electronic configuration of YbIII (4f13) is complemen-
tary to that of CeIII (4f1).72

In conclusion, we have shown that assembling Ce3þ,
[W(CN)8]

3-, and bpm linker in different experimental
conditions is an efficient route toward magnetic {4f-5d}
inorganic-organic hybrid materials via secondary building
block {Ce-bpm-Ce}. The magnetostructural correlation
for 1-3 enabled estimation of the LF parameters for the
Ce3þ ions and determination of the exchange couplings for
{Ce-NC-W} and {Ce-bpm-Ce} linkages.
The rather weak and antiferromagnetic (JCeCe =

-1.1(1) cm-1) exchange coupling mediated through
the bpm ligand can be compared to the more effective
and ferromagnetic coupling between the CeIII and WV

ions linked by the cyanide bridge [JCeW = 1.7(2) (2) and

1.4(3) cm-1 (3)]. However, no clear correlation between
the magnitude of JCeW and the structural parameters of
the {Ce-NC-W} linkage can be obtained. In order to
find the relationship between the magnitude of JLnW and
the structural parameters of the {Ln-NC-W} linkage,
further investigations on materials based on other Ln3þ

cations and [W(CN)8]
3-with the bpm linker are currently

in progress.
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The self-assembly of [NbIV(CN)8]
4- with different 3d metal centers in an aqueous solution and an excess of pyrazole

resulted in the formation of four 3D isostructural compounds {[MII(pyrazole)4]2[Nb
IV(CN)8] 3 4H2O}n, where M

II = Mn,
Fe, Co, and Ni for 1-4, respectively. All four assemblies crystallize in the same I41/a space group and show identical
cyanido-bridged structures decorated with pyrazole molecules coordinated to MII centers. All four compounds show
also long-range magnetic ordering below 24, 8, 6, and 13 K, respectively. A thorough analysis of the structural and
magnetic data utilizing the molecular field model has allowed for an estimation of the values of coupling constants
JM-Nb attributed to the one type of M

II-NC-NbIV linkage existing in 1-4. The JM-Nb values increase monotonically
from-6.8 for 1 through-3.1 for 2 andþ3.5 for 3, toþ8.1 cm-1 for 4 and are strongly correlated with the number of
unpaired electrons on the MII metal center. Average orbital contributions to the total exchange coupling constants
JM-Nb have also been identified and calculated: antiferromagnetic JAF =-21.6 cm-1 originating from the dxy, dxz, and dyz
orbitals of MII and ferromagnetic JF =þ15.4 cm-1 originating from dz2 and dx2-y2 orbitals of M

II. Antiferromagnetic interaction
is successively weakened in the 1-4 row with each additional electron on the t2g level, which results in a change of the sign
of JM-Nb and the nature of long-range magnetic ordering from ferrimagnetic in 1 and 2 to ferromagnetic in 3 and 4.

1. Introduction

Hybrid organic-inorganic molecular magnets exhibiting
extended 3D coordination frameworks have recently at-
tracted tremendous interest because of their captivating
structural topologies and wide potential applications as
functional materials with physical and chemical properties
including porosity,1 reversible sorption, sensing of target
molecules, pyroelectricity, optical activity, nonlinear optics,
etc.
Formulation of the rules and concepts governing relations

between architectures and properties2-4 allows a rational
approach to the design and synthesis of the next generation of
molecular magnets that show significant improvement of

their magnetic properties (high-Tc molecular magnets5) or
combine multiple closely intertwined functions that give
rise to multifunctional molecular magnetic materials (4Ms:
magnetic sponges,6 photoinduced magnets,7 conducting
magnets,8 spin-crossover multifunctional materials,9 etc.)
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chemia.uj.edu.pl (D.P.), robert.pelka@ifj.edu.pl (R.P.), barbara.sieklucka@
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and new phenomena like magnetization-induced second-
harmonic generation in pyroelectric magnets10 or magneto-
chiral dichroism in chiral magnets.11

In the previous reports on hybrid molecular magnets of
MII-(L)-[NbIV(CN)8] type (M

II=V, Mn, Fe, Ni; L=non-
magnetic organic ligand), it was shown that L affects the
magnetic properties indirectly by introducing additional
interaction pathways and controlling the overall dimension-
ality/connectivity type of the resulting network from dis-
crete 0D high-spin (HS) clusters,12a,b to 1D cyanido-bridged
chains,12b,c to 3D networks.13-15 The change of the para-
magnetic MII center, on the contrary, has a direct impact on
the occurrence of magnetic anisotropy,12b,13d spin cross-
over,14b or high ordering temperatures.14c It was also demon-
strated that replacement of the paramagnetic [NbIV(CN)8]

4-

by its diamagnetic relatives [MoIV(CN)8]
4- and [WIV(CN)8]

4-

in {[MnII(H2O)2]2[NbIV(CN)8] 3 4H2O}n gives simple isostruc-
tural paramagnets.15a All of these studies, however, lack the
systematic character that would allow identification of the
factors controlling the strength and sign of magnetic coupling
between various 3dmetal centers and the [NbIV(CN)8] moiety.
Such an analysis was performed for magnetic Prussian Blue
analogues4 and resulted in the rational design of room
temperature molecular magnets.
Herein we present the preparation, structures, and mag-

netic properties of a series of isostructural compounds with
the general formula {[MII(pyrazole)4]2[NbIV(CN)8] 3 4H2O}n,
where the paramagnetic center MII is changed systematically
from MnII (1), through HS FeII (2) and HS CoII (3), to NiII

(4). All four compounds crystallize in the same I41/a space
group and have identical structures based on cyanido bridges
connecting the MII and NbIV centers together. 1 and 2 are
ferrimagnets with ordering temperatures Tc of 24 and
8 K, and 3 and 4 are ferromagnets with Tc values of 6 and
13 K, respectively. Specific symmetry features of the

{[MII(pyrazole)4]2[NbIV(CN)8] 3 4H2O}n crystal lattice result
in the exact geometrical equivalence of the MII-NC-NbIV

linkages, which are the main exchange coupling pathways
between the metal centers in 1-4.
We also discuss the correlation between the decreasing

number of unpaired electrons of theMII center (5, 4, 3, and 2
for 1-4, respectively) and the increasing trend in the ex-
change coupling constant.
Isomorphs 3 and 4 are the first known examples of

[NbIV(CN)8]-based molecular magnets incorporating CoII

and NiII centers.

2. Experimental Section

2.1. Materials. Chemicals and solvents used in this study
were purchased from commercial sources (Fluka and Aldrich)
and used without further purification. Potassium octacy-
anoniobate(IV) dihydrate, K4[Nb(CN)8] 3 2H2O, was prepared
according to literature procedures.16

2.2. Synthesis of {[MnII(pyrazole)4]2[NbIV(CN)8] 3 4H2O}n (1).
Aqueous solutions of MnCl2 3 4H2O (4 mL, 0.10 g, 0.5 mmol) and
pyrazole (4 mL, 0.30 g, 4.7 mmol) were mixed and added to the
aqueous solutionofK4[Nb(CN)8] 3 2H2O (7mL, 0.05 g, 0.1mmol).
The resulting yellow solution was left in the dark at room
temperature for crystallization. After 1 h, yellow single crystals
of 1were isolated from the mother liquor by repeated decantation
and filtration, dried in air, and stored in a closed vessel in the dark.
Yield: 15 mg (14%). Anal. Calcd for C32H40Mn2N24NbO4: C,
37.40; H, 3.92; N, 32.71. Found: C, 37.25; H, 3.83; N, 32.63. IR
(KBr, cm-1): ν(CtN) 2130 m, 2125s; ν(CdN) and ν(CdC)
1545w, 1522w, 1486vw, 1465w, 1403 m; δ(CHdCH) 772vs.

2.3. Synthesis of {[FeII(pyrazole)4]2[NbIV(CN)8] 3 4H2O}n (2).
Degassed aqueous solutions of Mohr’s salt (NH4)2Fe(SO4)2 3
6H2O (5 mL, 0.08 g, 0.2 mmol) and pyrazole (10 mL, 0.10 g,
1.5 mmol) were mixed and added to the aqueous solution of
K4[Nb(CN)8] 3 2H2O (13 mL, 0.05 g, 0.1 mmol) under an inert
gas atmosphere. The resulting orange solution was left in the
dark at room temperature for crystallization. After 1 h, dark-
violet single crystals of 2were isolated from themother liquor by
repeated decantation and filtration, dried in air, and stored in a
closed vessel at -20 �C. Yield: 12 mg (11%). Anal. Calcd for
C32Fe2H40N24NbO4: C, 37.34; H, 3.92; N, 32.66. Found: C,
37.18; H, 3.95; N, 32.56. IR (KBr, cm-1): ν(CtN) 2130 m,
2119s; ν(CdN) and ν(CdC) 1544w, 1522w, 1490vw, 1466w,
1403 m; δ(CHdCH) 772vs.

2.4. Synthesis of {[CoII(pyrazole)4]2[NbIV(CN)8] 3 4H2O}n (3).
Cold aqueous solutions of CoCl2 3 6H2O (3 mL, 0.015 g, 0.07
mmol) and pyrazole (2 mL, 0.033 g, 0.5 mmol) were mixed and
added dropwise to the cold aqueous solution of K4[Nb-
(CN)8] 3 2H2O (17 mL, 0.05 g, 0.1 mmol). The resulting light-
orange solution was left in the dark at 4 �C for crystallization.
After 1 h, yellow single crystals of 3 were isolated from the
mother liquor by repeated decantation and filtration, dried in
air, and stored in a closed vessel at room temperature. Yield:
5 mg (4%). Anal. Calcd for C32Co2H40N24NbO4: C, 37.11; H,
3.89; N, 32.46. Found: C, 36.92; H, 3.79; N, 32.32. IR (KBr,
cm-1): ν(CtN) 2131 m, 2123s; ν(CdN) and ν(CdC) 1540w,
1522w, 1488vw, 1466w, 1403 m; δ(CHdCH) 771vs.

2.5. Synthesis of {[NiII(pyrazole)4]2[NbIV(CN)8] 3 4H2O}n (4).
Aqueous solutions of NiCl2 3 6H2O (10 mL, 0.05 g, 0.2 mmol)
and pyrazole (5 mL, 0.10 g, 1.5 mmol) were mixed and added
dropwise to the aqueous solution of K4[Nb(CN)8] 3 2H2O (14
mL, 0.05 g, 0.1 mmol). The resulting light-green suspension was
left in the dark for crystallization. After 1 h, a light-green
crystalline powder of 4 was isolated from the mother liquor by

(10) (a) Ohkoshi, S. I.; Shimura, J.; Ikeda, K.; Hashimoto, K. J. Opt. Soc.
Am. B 2005, 22, 196. (b) Tsunobuchi, Y.; Kosaka, W.; Nuida, T.; Ohkoshi, S. I.
CrystEngComm 2009, 11, 2051–2053. (c) Train, C.; Nuida, T.; Gheorghe, R.;
Gruselle, M.; Ohkoshi, S. I. J. Am. Chem. Soc. 2009, 131, 16838–16843.

(11) (a) Rikken, G. L. J. A.; Raupach, E. Nature 1997, 390, 493. (b) Train,
C.; Gheorghe, R.; Krstic, V.; Chamoreau, L.-M.; Ovanesyan, N. S.; Rikken, G. L.
J. A.; Gruselle, M.; Verdaguer, M.Nat. Mater. 2008, 7, 729. (c) Inoue, K.; Imai,
H.; Ghalsasi, P. S.; Kikuchi, K.; Ohba, M.; O

_
kawa, H.; Yakhmi, J. V. Angew.

Chem., Int. Ed. 2001, 40, 4242. (d) Coronado, E.; Gal�an-Mascar�os, J. R.;
G�omez-García, C. J.; Martínez-Ferrero, E.; Almeida, M.; Waerenborgh, J. C.Eur.
J. Inorg. Chem. 2005, 2064.

(12) (a) Venkatakrishnan, T. S.; Rajamani, R.; Ramasesha, S.; Sutter,
J.-P. Inorg. Chem. 2007, 46, 9569–9574. (b) Pradhan, R.; Desplanches, C.;
Guionneau, P.; Sutter, J.-P. Inorg. Chem. 2003, 42, 6607. (c) Venkatakrishnan,
T. S.; Sahoo, Sh.; Br�efuel, N.; Duhayon, C.; Paulsen, C.; Barra, A.-L.; Ramasesha,
S.; Sutter, J.-P. J. Am. Chem. Soc. 2010, DOI: 10.1021/ja9089389.

(13) (a) Podgajny, R.; Pinkowicz, D.; Korzeniak, T.; Nitek, W.; Rams,
M.; Sieklucka, B. Inorg. Chem. 2007, 46, 10416. (b) Pinkowicz, D.; Podgajny,
R.; Nitek, W.; Makarewicz, M.; Czapla, M.; Mihalik, M.; Baanda, M.; Sieklucka,
B. Inorg. Chim. Acta 2008, 361, 3957. (c) Pinkowicz, D.; Podgajny, R.; Baanda,
M.; Makarewicz, M.; Gawe, B.; Łasocha, W.; Sieklucka, B. Inorg. Chem. 2008,
47, 9745. (d) Pinkowicz, D.; Podgajny, R.; Peka, R.; Nitek, W.; Baanda, M.;
Makarewicz, M.; Czapla, M.; _Zukrowski, J.; Kapusta, Cz.; Zaja-c, D.; Sieklucka,
B. Dalton Trans. 2009, 7771–7777.

(14) (a) Kosaka, W.; Hashimoto, K.; Ohkoshi, S.-I. Bull. Chem. Soc. Jpn.
2008, 81, 992–994. (b) Arai, M.; Kosaka, W.; Matsuda, T.; Ohkoshi, S.-I.Angew.
Chem., Int. Ed. 2008, 47, 6885–6887. (c) Kosaka, W.; Imoto, K.; Tsunobuchi, Y.;
Ohkoshi, S.-I. Inorg. Chem. 2009, 48, 4604–4606.

(15) (a) Herrera, J. M.; Franz, P.; Podgajny, R.; Pilkington, M.; Biner,
M.; Decurtins, S.; Stoeckli-Evans, H.; Neels, A.; Garde, R.; Dromz�ee, Y.;
Julve,M.; Sieklucka, B.; Hashimoto, K.; Ohkoshi, S.-I.; Verdaguer,M.C.R.
Chimie 2008, 11, 1192–1199. (b) Pilkington, M.; Decurtins, S. Chimia 2000,
54, 593.

(16) Kiernan, P. M.; Griffith, W. P. J. Chem. Soc., Dalton Trans. 1975,
2489.
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repeated decantation and filtration, dried in air, and stored in a
closed vessel at -20 �C. Yield: 25 mg (24%). Anal. Calcd for
C32H40N24NbNi2O4: C, 37.13; H, 3.89; N, 32.48. Found: C,
37.08; H, 3.88; N, 32.59. IR (KBr, cm-1): ν(CtN) 2133 m,
2125s; ν(CdN) and ν(CdC) 1544w, 1524w, 1487vw, 1465w,
1405 m; δ(CHdCH) 768vs. Single crystals of 4were obtained at
4 �C using more diluted solutions. The experimental powder
X-ray diffraction (PXRD) pattern of 4 is in perfect agreement
with the one calculated from single-crystal XRDdata (Figure S1
in the Supporting Information).

2.6. Structure Solution and Refinement. The single-crystal
XRD data for 1, 3, and 4 were collected at room temperature
on a Nonius Kappa CCD diffractometer equipped with a
Mo KR radiation source and a graphite monochromator (λ=
0.710 73 Å). The single-crystal XRD data for 2were collected at
the same temperature on an Oxford Diffraction SuperNova
CCD (Atlas) diffractometer (κ geometry) using a Mo KR
radiation source (λ=0.710 73 Å). The space groups were deter-
mined using ABSEN.17 All structures were solved by direct
methods using SIR-97.18 Refinement and further calculations
were carried out using SHELXL-97.19 The non-H atoms were
refined anisotropically using weighted full-matrix least squares
on F2. H atoms joined to the C and N atoms of pyrazole ligands
were positioned with an idealized geometry and refined using a
riding model with Uiso(H) fixed at 1.2Ueq(C) or 1.2Ueq(N),
respectively. H atoms joined to O atoms of crystallization water
were found from the difference Fourier map. Structural dia-
gramswere prepared usingMercury 1.4.2,VESTA,20Ortep32,21

and POV-Ray22 software.

2.7. Magnetic Measurements. Magnetic measurements for
polycrystalline 1, 3, and 4 were carried out using a Lakeshore
7225 susceptometer. Magnetic measurements for 2 and an
additional magnetization versus temperature measurement up
to 300 K at 1 kOe for 1, 3, and 4 were performed using a
Quantum Design MPMS5-XL SQUID magnetometer. The
magnetic susceptibility data were corrected for diamagnetic
contributions using Pascal’s constants.23

2.8. Other Physical Measurements. Elemental analyses (C, H,
and N) were performed using an Elementar vario MICRO cube

elemental analyzer. IR spectra were measured in KBr pellets
between 4000 and 400 cm-1 using a Bruker EQUINOX 55 FT-IR
spectrometer. The PXRD pattern of 4 was recorded at room
temperature on a PANalytical X’PERT PRO MPD diffract-
ometer (Cu KR radiation) equipped with a PSD PIXCEL
detector with 0.0273� steps in the 5-50� 2θ range and a ref-
lectionless sample holder.

2.9. Calculations. Continuous shape measure (CShM) anal-
ysis for coordination spheres of MII and NbIV in 1-4 was per-
formed with the use of SHAPE software, version 1.1b.24

3. Results and Discussion

Crystal Structures. Single-crystal XRD revealed that
compounds 1-4 crystallize in the same tetragonal space
group I41/a and are isomorphous. The unit cell of the
{[MII(pyrazole)4]2[NbIV(CN)8] 3 4H2O}n series contracts
gradually on going from 1 to 4. Table 1 shows the detailed
crystallographic data for 1-4, Figure S2 (Supporting
Information) presents the respective asymmetric units
(ASU) with atom-labeling schemes, and Table 2 lists
selected bond lengths and angles.
The structures of all four isomorphs are identical and

consist of a 3D cyanido-bridgedMII-NC-NbIV skeleton
“decorated” with pyrazole molecules coordinated to 3d
metal centers (Figure 1a). The cyanido skeletons of 1-4
comprise two sets of oppositely corrugated square grids

Table 1. Selected Crystallographic Data for the Series 1-4

1 (M = Mn) 2 (M = Fe) 3 (M = Co) 4 (M = Ni)

formula C32H40Mn2N24NbO4 C32Fe2H40N24NbO4 C32Co2H40N24NbO4 C32H40N24NbNi2O4

fw [g mol-1] 1027.67 1029.49 1035.65 1035.21
cryst syst tetragonal tetragonal tetragonal tetragonal
space group I41/a I41/a I41/a I41/a
a [Å] 21.8528(4) 21.659(5) 21.5920(4) 21.4340(4)
c [Å] 9.6461(2) 9.618(5) 9.6120(2) 9.6410(2)
V [Å3] 4606.6(2) 4512(3) 4481.3(2) 4429.2(2)
Z 4 4 4 4
cryst density dx [g cm-3] 1.482 1.516 1.535 1.552
cryst size [mm3] 0.35 � 0.35 � 0.15 0.08 � 0.08 � 0.02 0.20 � 0.15 � 0.05 0.08 � 0.08 � 0.04
cryst color pale yellow dark violet yellow greenish yellow
data/restraints/param 3363/2/153 1910/2/150 2566/2/153 2543/2/153
R1 [I > 2σ(I )] 0.0394 0.0407 0.0358 0.0358
wR2 0.0993 0.0977 0.0688 0.0692
S 1.067 0.928 1.128 1.070

Table 2. Selected Bond Lengths (Å) and Angles (deg) in the Series 1-4

1 (M = Mn) 2 (M = Fe) 3 (M = Co) 4 (M = Ni)

M-N1 2.258(2) 2.198(3) 2.174(2) 2.131(2)
M-N11 2.232(2) 2.161(3) 2.115(2) 2.076(2)
M-N21 2.251(2) 2.181(3) 2.138(2) 2.106(2)
Nb-C1 2.260(2) 2.263(4) 2.264(2) 2.272(2)
Nb-C2 2.258(2) 2.253(4) 2.254(3) 2.251(3)
C1-N1 1.149(3) 1.154(5) 1.158(3) 1.155(3)
C2-N2 1.144(3) 1.134(5) 1.142(3) 1.143(3)

M-N1-C1 163.2(2) 164.2(3) 164.4(2) 164.4(2)
N1-C1-Nb 177.0(2) 175.9(3) 176.2(2) 176.3(2)

M 3 3 3Nb 5.60(1) 5.55(1) 5.53(1) 5.49(1)

(17) McArdle, P. J. Appl. Crystallogr. 1996, 29, 306.
(18) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;

Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. J. Appl. Crystallogr. 1999, 32, 115.

(19) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112–122.
(20) Momma, K.; Izumi, F. Comm. Crystallogr. Comput., IUCrNewslett

2006, 7, 106.
(21) Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, 565.
(22) Persistence of Vision Pty. Ltd. Persistence of Vision Raytracer,

version 3.6 [computer software], 2004, retrieved from http://www.povray.org/
download/.

(23) Kahn, O. Molecular Magnetism; VCH Publishers, Inc.: New York,
1993.

(24) (a) Llunell, M.; Casanova, D.; Cirera, J.; Bofill, J. M.; Alemany, P.;
Alvarez, S.; Pinsky, M.; Avnir, D. SHAPE v. 1.1b. Program for the
Calculation of Continuous Shape Measures of Polygonal and Polyhedral
Molecular Fragments; University of Barcelona: Barcelona, Spain, 2005. (b)
Casanova, D.; Cirera, J.; Llunell, M.; Alemany, P.; Avnir, D.; Alvarez, S. J. Am.
Chem. Soc. 2004, 126, 1755. (c) Alvarez, S.; Alemany, P.; Casanova, D.; Cirera,
J.; Llunell, M.; Avnir, D. Coord. Chem. Rev. 2005, 249, 1693. (d) Casanova, D.;
Llunell, M.; Alemany, P.; Alvarez, S. Chem.;Eur. J. 2005, 11, 1479. (f) Cirera,
J.; Ruiz, E.; Alvarez, S. Chem.;Eur. J. 2006, 12, 3162.
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interconnected in half of the Nb centers (interconnection
Nb) and shifted mutually by 1/2a þ 1/2b (Figure 2). The
channels between square grids are filled with edge-to-face
π-π-stacked pyrazole ligands adopting a helical arrange-
ment down the c axis. Because of the centrosymmetry of
the I41/a space group, the handedness of the neighboring
pyrazole helices is opposite (Figure 1b).
The coordination spheres of NbIV (CN= 8) in 1-4

comprise eight C atoms of eight cyanido ligands and in all
cases adopt the geometry of a slightly distorted dodeca-
hedron, as is indicated by the results of CShM analysis
(Table 3) and the investigation of selected sets of dihedral
angles δ and nonplanarity angles j25 (Table S3 in the
Supporting Information). Because of the fact that Nb
atoms lay on the 4-fold rotoinversion axis (c direction),
the distortion is symmetrical: C1 atoms of the bridging
cyanides are slightly shifted toward the equatorial plane
of the complex, and C2 atoms of the nonbridging cya-
nides are shifted in the opposite direction in comparison
to the idealized dodecahedral (DD-8) geometry (Figure 3a).
C1 and C2 atoms of the [NbIV(CN)8] moiety lie approxi-
mately in the “B-like” and “A-like” vertexes of the dodeca-
hedron, respectively. The coordination spheres of the MII

centers in all four compounds adopt almost perfectly octa-
hedral geometry (as indicated by the results of CShM
analysis; Table 3 and Figure 3b) and comprise four equator-
ial N atoms of the pyrazole ligands (N11 and N21) and two
axial N atoms of the bridging cyanido ligands (N1). The
presence of four and two bridging cyanido ligands per one
NbIV and one MII center, respectively, gives rise to the 4:2
connectivity type, quite rare for 3D coordination systems.13

The metric parameters of the MII-NC-NbIV linkages
are almost identical in the whole series 1-4 (Table 2)
except the M-N1cyanido bond length, which decreases
for about 0.13 Å on going from 1 to 4 (Figure 4). A
similar trend is also observed for M-N11pyrazole and
M-N21pyrazole interatomic distances (shrinking up to
0.15 Å). The decrease of the M-N bond lengths in 1-4
is consistent with increasing ligand-field stabilization
energy along the 3d metal series. Along with the short-
ening of the M-N1 bond length, the MII

3 3 3NbIV dis-
tance decreases from 5.60 Å for 1 to 5.55 Å for 2, 5.53 Å
for 3, and 5.49 Å for 4. AllMII-NC-NbIV linkages in the
structures of 1-4 are symmetry-equivalent.
The 3D cyanido-bridged skeleton of 1-4 is stabilized

by the edge-to-face π-π stacking interactions between
pyrazole ligands arranged in helical superstructures run-
ning along the 4-fold screw axis (Figure S4 in the Sup-
porting Information) in the channels formed by the
cyanido skeleton down the c direction (Figure 1b) with
the shortest distances of 3.381, 3.387, 3.395, and 3.392 Å
for 1-4, respectively. Additional stabilization is com-
pleted by hydrogen bonds between the pyrazole ligands,
terminal cyanides, and water of crystallization.

IR Spectra. IR spectra of the series 1-4 (Figure S5 in
the Supporting Information) are very similar with small
systematic shifts in the 2200-2000 cm-1 region, where
bands characteristic for the stretching vibrations of cya-
nido ligands occur. In each case, the presence of two peaks
in this region indicates the bridging (higher frequency)
and terminal (lower frequency) functions of CN groups.
In the 2-4 row, the frequencies increase from 2130 and
2119 cm-1 for 2, through 2131 and 2123 cm-1 for 3, to
2133 and 2125 cm-1 for 4 along with a decrease of the
M-N1bond lengths. These changes are causedmainly by

Figure 1. (a) Packing diagram of 1-4 along the c axis showing their 3D cyanido-bridgedMII-NC-NbIV skeleton “decorated” with pyrazole molecules.
(b) Schematic representation of the helical arrangement of pyrazole ligands in the channels along the c axis.

(25) Muetterties, E. L.; Guggenberger, L. J. J. Am. Chem. Soc. 1974, 96,
1748–1756.
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the electron-density withdrawal from the sp σ* molecular
orbital of the CN ligands by metal centers and kinematic
coupling in theMII-NC-NbIV unit. This tendency is not
observed for 1 with peaks at 2130 and 2125 cm-1,
probably because of the much longer M-N1 bonds.
IR spectra of 1-4 also show peaks due to the presence

of water of crystallization [ν(OH) and γ(OH) around
3600 and 1600 cm-1, respectively] and pyrazole ligands
[ν(NH) around 3400 cm-1, ν(CH) between 3100 and
2700 cm-1, and ring-deformation vibrations in the fin-
gerprint region].

Magnetic Properties. To estimate the values of the ex-
change coupling constants JM-Nb, we have analyzed the
magnetization versus temperature curves for 1-4 using

the molecular field model.26 Because the magnetic
centers in 1-4 are linked by one type of symmetry-
equivalent NbIV-C1N1-MII linkage, only a single ex-
change coupling JM-Nb is assumed. The molecular field
model consists of two sublattices: one for the NbIV center
and one for the MII center. Only the superexchange
coupling between the nearest neighbors is taken into
account. The main ingredient of the model is a set of
coupled equations for the thermally averaged values of
sublattice spins:

ÆSMæ¼SM0BSM0

gMμBSM0H0

kBT
þZM-NbJM-NbSM0

kBT
ÆSNbæ

� �

ð1Þ

ÆSNbæ¼SNb0BSNb0

gNbμBSNb0H0

kBT
þZNb-MJM-NbSNb0

kBT
ÆSMæ

� �

ð2Þ
where BS is the Brillouin function, SM0 and SNb0 are the
values of ÆSMæ and ÆSNbæ at T = 0 K, H0 is the external
magnetic field, gM and gNb are the spectroscopic g factors
of the MII and NbIV centers, respectively, Zij are the
numbers of the nearest-neighbor j-site centers surround-
ing an i-site center, kB is theBoltzmann constant, andμB is
the Bohr magneton. The mean values ÆSMæ and ÆSNbæ are
calculated by numerically iterating these equations, and
the total molar magnetization is obtained as

Mtotal ¼ NAμB½λgMÆSMæþ μgNbÆSNbæ� ð3Þ
where μ and λ represent the mole fractions of the NbIV

and MII centers, respectively, and ÆSMæ and ÆSNbæ will
differ in sign for antiferromagnetic coupling.
Because compounds 1-4 are isostructural, the numbers

of nearest neighbors ZM-Nb=2 and ZNb-M=4 and the
molar fractions μ=1 and λ=2 are the same in all cases.
Additionally, for1-4,weassumeSNb0=

1/2 andan isotropic
g factor gNb= 2.0.16 The spin quantum number SM0 of the
MII centers and the corresponding spectroscopic g factors
gM are case-dependent.
All calculated molecular field curves for 1-4 display

higher values of magnetization at low temperature be-
cause of the fact that molecular field theory does not
account for the complex magnetizing process. Conse-
quently, the agreement between the model and experi-
mental curves is poor. However, in each case, the
corresponding peak of the model dM/dT coincides well
with the one obtained from experimental data. Hence, the
estimation of the JM-Nb values in all four cases is reason-
ably accurate.
In the high-temperature range (much above Tc), the

molecular field prediction for the magnetic susceptibility
reads

χ ¼ ð2CSM0
þCSNb0

ÞT þ 4λM-NbCSM0
CSNb0

T2 - 2λM-Nb
2CSM0

CSNb0

ð4Þ

where CS = NAg
2μB

2S(S þ 1)/3kB denotes the Curie
constant for the corresponding spins ofMII andNbIV and
λM-Nb is themolecular field constant.Thishigh-temperature

Figure 2. Packing diagrams of the structures 1-4 along the c (a) and a
(b) directions, showing their cyanido skeletons comprising two sets of
oppositely corrugated square grids shifted mutually by 1/2a þ 1/2b.

(26) Ohkoshi, S.-I.; Iyoda, T.; Fujishima, A.; Hashimoto, K.Phys. Rev. B
1997, 56, 11642–11652.
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law is a counterpart of the Curie-Weiss law for unequal
occupation numbers of the constituent magnetic sublattices.
The positive (negative) sign of the molecular field constant
corresponds to the (anti)ferromagnetic character of the
magnetic coupling.

Magnetic Properties of 1. The temperature dependence
ofmagnetizationM(T) for 1measured at 0.5 kOe (points)
is presented in Figure 5a. On cooling down, theM values
increase slowly, and then the signals rise up abruptly,
reaching the highest rate point at about 23.8 K (cf. the
inset in Figure 5a), and saturate at low temperatures.
Such behavior suggests the presence of a long-range
magnetic order below critical temperature Tc=23.8 K
(determined as the position of the dM/dT peak). The
magnetization versus field plot measured at T=4.3 K
(Figure 5b) increases rapidly and reaches the saturation
value of 8.95 μB at 56 kOe, which is very close to that
expected for antiferromagnetic coupling between MnII

and NbIV sublattices: 2gMnSMn0 - gNbSNb0 = 9 μB,
assuming gMn=2.0 and SMn0=

5/2. The observed mag-
netic hysteresis loop is extremely narrow (Hc ≈ 10 Oe).
The calculated molecular field M(T) curve in the 4-

50 K range (Figure 5a, solid line) assuming an antiferro-
magnetic interaction between MnII and NbIV sublattices
gives JMn-Nb =-6.8(2) cm-1. The molecular field curve
has been chosen so that the corresponding peak of dM/dT

coincides with that obtained from experimental data
(inset in Figure 5a). The error of JM-Nb was estimated
assuming the uncertainty of 0.5 K in the peak position.
The inset in Figure 5b shows the temperature variation

of the inverse susceptibility for 1 (points). The fit to the
molecular field prediction in the 240-300 K range (solid
line) yielded λMn-Nb = -28(4) mol cm-3 and gMn =
1.99(1), which corroborate the assumption of antiferro-
magnetic coupling between MnII and NbIV and the value
of gMn.

Figure 3. (a) Geometry of the [NbIV(CN)8] moiety in 1 (gray sticks) and its idealized dodecahedral geometry obtained from CShM analysis (red sticks).
Bridging cyanides on the “B-like” vertexes of DD and terminal cyanides on the “A-like” vertexes (for 2-4, the geometries of [NbIV(CN)8]

4- are identical).
(b) Geometry of the coordination sphere of MnII centers (for 2-4, the geometries of MII are identical).

Table 3. CShM Analysisa Results for the Coordination Spheres of NbIV Centers in 1-4

DDb SAPRc JBTPd 1 2 3 4

SDD ca. 2.8 0 ca. 3.4 0.221 0.215 0.195 0.200
SSAPR 0 ca. 2.8 ca. 2.8 2.967 2.966 2.951 2.957
SJBTP ca. 3.4 ca. 2.8 0 3.234 3.260 3.257 3.297
ΔDD-SAPR 0 0 0.30 0.29 0.28 0.28
jSAPRfDD 100% 0% 102% 102% 102% 102%
jDDfSAPR 0% 100% 28% 27% 26% 26%
ΔDD-JBTP 0 0 0.24 0.24 0.22 0.23
jJBTPfDD 100% 0% 98% 98% 98% 99%
jDDfJBTP 0% 100% 26% 25% 24% 24%
judgment DD slightly distorted toward JBTP and SAPR

a SDD, SSAPR, SJBTP = shape measures relative to DD, SAPR, and JBTP, respectively; ΔDD-SAPR and ΔDD-JBTP represent deviation from the
DD-SAPR and DD-JBTP interconversion paths, respectively; jAfB = angular path fractions; equal to 0 when the real geometry coincides with A and
equal to 100 for B. bTriangular dodecahedron. c Square antiprism. d Johnson’s bicapped trigonal prism.

Figure 4. Variation of the C1-Nb (blue), M-N1 (black), and N1-C1
(red) bond lengths in the series 1-4 showing significant gradual reduction
of theM-N1distance in the 1-4 row (dotted lines are guides for the eye).
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The zero-field-cooled (ZFC) and field-cooled (FC)
magnetizations at H = 200 Oe (Figure S6a in the Sup-
porting Information), together with themagnetic suscepti-
bility measured in the alternating-current (AC) mode
( f=125Hz andHac= 5Oe; Figure S6b in the Supporting
Information), demonstrate very sharp anomalies at 24 K
for 1, confirming magnetic ordering at this temperature.

Magnetic Properties of 2. The temperature dependence
ofmagnetizationM(T) for 2measured at 0.5 kOe (points)
is presented in Figure 6a. Upon cooling, the M values
increase slowly, and then the signals rise up abruptly,
reaching the highest rate point at about 8.3K (cf. the inset
in Figure 6a), and saturate at low temperatures. Such
behavior suggests the presence of long-range magnetic
order below critical temperature Tc = 8.3 K (deter-
mined as the position of the dM/dT peak). The magneti-
zation versus field plot measured at T= 2 K (Figure 6b)
up to 1.5 kOe shows a rapid increase, followed by linear
growth in higher fields. At 50 kOe, the magnetization
attains the value of 7 μB, which is substantially lower than

that expected for the ferromagnetic coupling between the
FeII and NbIV ions (2gFeSFe0 þ gNbSNb0 = 9.6 μB) and
close to that for the antiferromagnetic coupling (2gFeSFe0

- gNbSNb0=7.6 μB), assuming gFe=2.1614b and SFe0=2.
The deviation of the measured magnetization values
from those obtained within the molecular field model
may be due to the local anisotropy of the FeII ions and/or
noncolinearity of the constituent spins. The presence of
anisotropy is further implied by the substantial value
of χ00 (Figure S7b in the Supporting Information). The
observed magnetic hysteresis loop is very narrow with
coercive field Hc = 28 Oe.
The calculated molecular field M(T) curve in the 2-

35 K range (Figure 6a solid line) assuming an antiferro-
magnetic interaction between FeII and NbIV sublattices
gives JFe-Nb=-3.1(2) cm-1. The molecular field curve
has been chosen so that the corresponding peak of dM/dT
coincides with that obtained from experimental data

Figure 5. (a) Temperature dependence of magnetization for 1 (at H =
0.5 kOe). The solid lines are the result of molecular field calculations for
two types of sites occupied by antiferromagnetically coupled MnII and
NbIV ions. Inset: Corresponding derivative dM/dT used to pinpoint the
value of the exchange coupling JMn-Nb. (b) Isothermalmagnetizationof1
atT=4.3K (blue points) and itsmolecular field fit (black solid line). The
saturation value indicates an antiferromagnetic coupling between the
MnII and NbIV sublattices. Inset: Thermal dependence of the inverse
susceptibility for 1 and the fit to the high-temperature molecular field
prediction (solid line).

Figure 6. (a) Temperature dependence of magnetization for 2 (at H =
0.5 kOe). The solid lines are the result of molecular field calculations for
two types of sites occupied by antiferromagnetically coupled FeII and
NbIV ions. Inset: Corresponding derivative dM/dT used to pinpoint the
value of the exchange coupling JFe-Nb. (b) Isothermal magnetization of 2
at T=2K (blue points) and its molecular field fit (black solid line). The
saturation value indicates an antiferromagnetic coupling between the FeII

and NbIV sublattices; the shape of the measured curve implies noncoli-
nearity of themagneticmoments. Inset: thermal dependence of the inverse
susceptibility for 2 and the fit to the high-temperature molecular field
prediction (solid line).
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(inset in Figure 6a). The error of JM-Nb was estimated
assuming the uncertainty of 0.5 K in the peak position.
The inset in Figure 6b shows the temperature variation

of the inverse susceptibility for 2 (points). The fit to the
molecular field prediction in the 150-300 K range (solid
line) yielded gFe = 2.163(2), which corroborates the
above-mentioned assumption of the value of gFe. The
value of λFe-Nb=þ16.2(3) mol cm-3 suggests, however, a
very weak ferromagnetic interaction. This is in direct
contrast with conclusions based on a more reliable anal-
ysis of the magnetization versus field curve, and therefore
we assume antiferromagnetic interactions in 2.
The ZFC and FC magnetizations at H= 50 Oe

(Figure S7a in the Supporting Information), together
with the magnetic susceptibility measured in the ac mode
(frequency 10, 100, and 1000 Hz, Hac=3 Oe, and Hdc=
50Oe; Figure S7b in the Supporting Information), demon-
strate significant anomalies at 8 K for 2, confirming
magnetic ordering at this temperature.

Magnetic Properties of 3. Figure 7b shows the isother-
malmagnetizationmeasured atT=4.3K.Up to 0.4 kOe,
it shows a rapid increase, followed by a steady growth in
higher fields. At 50 kOe, themagnetization attains a value
of 5.55 μB, which indicates that CoII 3d7 is in a HS state
(t2g)

5(eg)
2. In such a case, the orbital contribution to the

magnetic moment may not be neglected,27 and special
treatment is necessary. In the octahedral ligand field, the
orbital degeneracy of the corresponding ground term 4F
(L=3, S= 3/2) is partially lifted and the term splits into
two orbital triplets Γ4(

4T1g) and Γ5 (
4T2g), and an orbital

singlet Γ2(
4A2g).

28 The lowest-lying triplet G4 behaves
analogously to the state with an effective orbital angular
moment ~l = 1 and a negative effective ~gl factor with the
expected value of -3/2 if we neglect the covalent bonding
contribution. Besides the orbital degeneracy of this state,
there is a 4-fold spin degeneracy corresponding to the spin
quantum number S = 3/2. In turn, because of the spin-
orbit coupling, this orbital triplet (~l=1)withS=3/2 splits
into a lowest-lying doublet, a quartet, and a sextet with an
effective total angular momentum ~j equal to 1/2,

3/2, and
5/2, respectively. At low temperature, only the lowest
doublet is populated and the CoII ion can be described
by an effective spin ~SCo =

1/2, satisfying operator equa-
tions

~gl~lþ gSS ¼ gCo~SCo ð5Þ
and

~lþ S ¼ ~SCo ð6Þ
The effective spectroscopic factor of this doublet is

given by the formula

gCo ¼ 1

2
ð~gl þ gSÞþ

~lð~lþ 1Þ-SðSþ 1Þ
2 ~SCoð ~SCo þ 1Þ ð~gl - gSÞ ð7Þ

The theoretically predicted value of gCo is hence 13/3 ≈
4.33. Equations 5 and 6 determine the right form of the
exchange coupling term. Projecting the genuine spin
operator S of the CoII ion onto the effective spin ~SCo,
one obtains

S ¼ ðgCo - ~glÞ=ðgS - ~glÞ~SCo ð8Þ
Using eq 7, it is easy to check that the prefactor in eq 8
depends only on quantum numbers ~l, S, and ~SCo and is
equal to 5/3. Assuming an isotropic exchange coupling
between the spin ofCoII and the spin ofNbIV (this necessary
simplifying assumption is due to the lack of single-crystal
magnetic data), we finally obtain the proper coupling term

JCo-NbS 3SNb ¼ 5

3
JCo-Nb

~SCo 3 SNb ð9Þ

The value of 5.55 μB attained in the field of 50 kOe
(Figure 7b) is substantially larger than the value ex-
pected for the antiferromagnetic coupling between the
CoII and NbIV centers (2gCo ~SCo - gNbSNb≈ 3.33), and it
compares well with that for the ferromagnetic coupl-
ing (2gCo ~SCo- gNbSNb≈ 5.33), assuming gCo= 4.33 and
~SCo =

1/2. The observed magnetic hysteresis loop is very
narrow with coercive field Hc ≈ 80 Oe.

Figure 7. (a) Temperature dependence of magnetization for 3 (at H =
0.5 kOe). The solid lines are the result of molecular field calculations for
two types of sites occupied by ferromagnetically coupled CoII and NbIV

ions. Inset: Corresponding derivative dM/dT used topinpoint the valueof
the exchange coupling JCo-Nb. (b) Isothermal magnetization of 3 at T=
4.3 K (blue points) and its molecular field fit (black solid line), which was
used to adjust the value of the effective spectroscopic factor gCo of the
lowest-lying doublet. The value at 50 kOe indicates ferromagnetic cou-
pling between the CoII and NbIV sublattices. Inset: Thermal dependence
of the inverse susceptibility for 3 and the fit to the high-temperature
molecular field prediction mean-field law (solid line).

(27) (a) Kettle, S. F. A. Physical Inorganic Chemistry. A Coordination
Chemistry Approach; Oxford University Press: Oxford, U.K., 1996. (b) Palii, A.;
Tsukerblat, B.; Clemente-Juan, J. M.; Coronado, E. Int. Rev. Phys. Chem. 2010,
29, 135–230.

(28) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of
Transition Ions; Clarendon Press: Oxford, U.K., 1970.
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The temperature dependence of magnetization M(T)
for 3 measured at 0.5 kOe (points) is presented in
Figure 7a. Upon cooling, the M values increase slowly,
and then the signals rise up abruptly, reaching the highest
rate point at about 5.9 K (cf. the inset in Figure 7a), and
saturate at low temperatures. Such behavior suggests the
presence of a long-range magnetic order below critical
temperatureTc=5.9K (determined as the position of the
dM/dT peak).
The calculated molecular field M(T) curve in the 4-

12 K range (Figure 7a, solid line), assuming a ferromag-
netic interaction between CoII andNbIV sublattices, gives
JCo-Nb = þ3.5(3) cm-1. The molecular field curve has
been chosen so that the corresponding peak of dM/dT
coincides with that obtained from experimental data
(inset in Figure 7a). The error of JM-Nb was estimated
assuming the uncertainty of 0.5 K in the peak position.
The inset in Figure 7b shows the temperature variation

of the inverse susceptibility for 3 (points). The fit to the
molecular field prediction in the 150-300 K range,
assuming the effective spin 1/2 for the Co

II centers (solid
line), yielded λCo-Nb = þ15(1) mol cm-3 and gCo =
5.03(2), which corroborate a ferromagnetic interaction
between the CoII and NbIV sublattices. The enhanced
value of the spectroscopic factor may be due to the non-
negligible contribution from the excited-state levels.
The ZFC and FC magnetizations at H= 46 Oe

(Figure S8a in the Supporting Information), together
with the magnetic susceptibility measured in the ac
mode (frequency 40, 360, and 2000 Hz and HAC=3 Oe;
Figure S8b in the Supporting Information), demonstrate
significant anomalies at 6 K for 3, confirming magnetic
ordering at this temperature.

Magnetic Properties of 4. For the NiII 3d8 ion placed in
the octahedral ligand field, the orbital degeneracy of the
corresponding ground term 3F (L=3, S=1) is partially
lifted and the term splits into two orbital triplets Γ4(

3T1g)
and Γ5(

3T2g) and a singlet Γ2(
3A2g),

27a,28 of which the
orbital singlet is the lowest-lying level. Because of the
spin-orbit interaction, which couples the ground orbital
singlet with the triplet Γ5, one can expect an enhancement
of the mean spectroscopic factor for the NiII center (g =
gS - 8λ/Δ, where λ is the spin-orbit coupling constant,
negative for configuration 3d8 and Δ is energy difference
between the triplet and singlet). Hence, the quantum state
ofNiII is described by spin quantumnumberSNi0=1 and
the expected value of the spectroscopic factor gNi > 2.0.
The temperature dependence of magnetization M(T)

for 4 measured at 0.5 kOe (points) is presented in
Figure 8a. Upon cooling, the M values increase slowly,
and then the signals rise up abruptly, reaching the highest
rate point at about 13.4 K (cf. the inset in Figure 8a), and
saturate at low temperatures. Such behavior suggests the
presence of a long-range magnetic order below critical
temperature Tc = 13.4 K (determined as the position of
the dM/dT peak). The magnetization versus field plot
measured at T=4.3 K (Figure 8b) shows relatively rapid
saturation and attains 5.31 μB at 56 kOe. This value is very
close to that expected for ferromagnetic coupling between
NiII andNbIV sublattices: 2gNiSNi0þ gNbSNb0= 5.36 μB,
assuming gNi=2.18 and SNi0= 1. The observedmagnetic
hysteresis loop is extremely narrow, with coercive field
Hc ≈ 10 Oe.

The calculated molecular field M(T) curve in the 4-
40 K range (Figure 8a, solid line), assuming the ferro-
magnetic interaction between NiII and NbIV sublattices,
gives JNi-Nb=þ8.1(3) cm-1. The molecular field curve
has been chosen so that the corresponding peak of dM/dT
coincides with that obtained from experimental data
(inset in Figure 8a). The error of JM-Nb was estimated
assuming the uncertainty of 0.5 K in the peak position.
The inset in Figure 8b shows the temperature variation

of the inverse susceptibility for 4 (points). The fit to the
molecular field prediction in the 150-300 K range (solid
line) yielded λNi-Nb=þ38.0(1)mol cm-3 andgNi=2.180(1),
which corroborate the above assumption of ferromagnetic
coupling between NiII and NbIV and the value of gNi.
The ZFC and FC magnetizations at H=50 Oe

(Figure S9a in the Supporting Information), together
with the magnetic susceptibility measured in the ac mode
(frequency 100 and 1000 Hz and Hac=3 Oe; Figure S9b
in the Supporting Information), demonstrate very sharp
anomalies at 13 K for 4, confirming magnetic ordering at
this temperature. The negative values of the exchange
couplings JM-Nb found for 1 and 2 indicate the presence
of antiferromagnetic pathways within the NbIV-CN-
MII linkage. They arise from the “through-bond” inter-
action, i.e., the overlap between the magnetic orbital
centered on the 4dx2-y2 orbital of the NbIV center

Figure 8. (a) Temperature dependence of magnetization for 4 (at H =
0.5 kOe). The solid lines are the result of molecular field calculations for
two types of sites occupied by ferromagnetically coupled NiII and NbIV

ions. Inset: Corresponding derivative dM/dT used topinpoint the valueof
the exchange coupling JMn-Nb. (b) Isothermal magnetization of 4 atT=
4.25 K (blue points) and its molecular field fit (black solid line). The
saturation value indicates ferromagnetic coupling between the NiII and
NbIV sublattices. Inset: Thermal dependence of the inverse susceptibility for
4 and the fit to the high-temperature molecular field prediction (solid line).
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(the lowest-lying d orbital for the dodecahedral geometry)
and some of the 3d orbitals of the MII center. Further-
more, the monotonic increase of exchange constants
JMn-Nb < JFe-Nb < 0 < JCo-Nb < JNi-Nb points out
that the ferromagnetic terms, which arise from the ortho-
gonality of the Nb 4dx2-y2 orbital with some MII 3d
orbitals and contribute to the total exchange constant,
may not be negligible (despite the quite large NbIV 3 3 3M

II

distance of about 5 Å). There is an evident correlation
between the decreasing number of unpaired electrons on
theMII center (5, 4, 3, and 2 for 1-4, respectively) and the
increasing trend in the exchange coupling constant. For
the DD geometry, the dx2-y2 orbital of NbIV is σ-non-
bonding because all C atoms of the CN ligands are
located in its nodal planes.27 On the other hand, the
lowest dx2-y2 level mixes substantially with the π system
of the cyanido ligands. It was also shown29 that the
overlap between the dx2-y2 orbital of NbIV and the π
orbital of CN- is more efficient in the “B-like” vertexes
of the dodecahedral coordination sphere than in the
“A-like” vertexes.29,30 For all of the compounds 1-4,
the bridging cyanido ligands are located in the “B-like”
vertexes, and one can expect relatively strong exchange
couplings.
Among the magnetic orbitals of theMII centers, two of

the t2g type (dxy and dxz) can be expected to be effectively
delocalized on the N and C atoms of the bridging cyanide
(π symmetry) because of the favorable MII-NC-NbIV

linkage geometry. The corresponding superexchange
pathways are shown in Figure 9a. For the remaining t2g
orbital (dyz), a weak overlap with the orbitals of the
cyanido bridge can be expected because of the moderate
MII-N-C bending angle (Figure 9b). At the same time,
the 4dx2-y2 magnetic orbital of NbIV is also partially
delocalized on the C and N atoms of the cyanido ligand
(with the same π symmetry). For two electrons, we can
apply Kahn’s model (J = 2k þ 4βS), which predicts two
competing contributions to the resulting exchange cou-
pling. The first contribution corresponding to the ex-
change integral k (>0) is of ferromagnetic character,
whereas the second contribution, proportional to the
resonance integral β (<0) and to the overlap integral
S, is antiferromagnetic. This model provides an argument
for a sizable antiferromagnetic interaction for the dxy and
dxz orbitals (2k , |4βS|) and a weak antiferromagnetic
interaction for the remaining dyz orbital (2k< |4βS|).
Denoting the corresponding contributions to the total
exchange coupling by J11, J12, and J13, one can write
J11< J12< J13<0.Thedz2 anddx2-y2 orbitals (eg orbitals)
of the MII ion have zero overlap integrals and result in the
ferromagnetic contributions J14, J15 > 0 to the total
exchange coupling (Figure 9c). The total exchange integral
in the NbIV-CN-MII unit can be expressed by the well-
known formula

J ¼ 1

nAnB

XnA
μ¼ 1

XnB
ν¼ 1

Jμν ð10Þ In the formula (10), the A site corresponds to NbIV and
the B site toMII. Because there is only one electron on the
4dx2-y2 orbital of the NbIV center, we always have nA =
nNb=1. The situation is case-dependent for the MII center.
For 1, the electronic configuration of MnII is (t2g)

3(eg)
2.

There are five singly occupied orbitals (nB=nMn = 5) and,
therefore, for JMn-Nb, we obtain JMn-Nb=

1/5(J11þ J12þ
J13þ J14þ J15). This expression is not sufficient to estimate

Figure 9. Strong antiferromagnetic superexchange pathways J11 and J12
(a), weak antiferromagnetic superexchange pathway J13 (b), and ferro-
magnetic superexchange pathways J14 and J15 (c).

(29) Burdett, J. K.; Hoffmann, R.; Fay, R. C. Inorg. Chem. 1978, 17,
2553–2568.

(30) Visinescu, D.; Desplanches, C.; Imaz, I.; Bahers, V.; Pradhan, R.;
Villamena, F. A.; Guionneau, P.; Sutter, J.-P. J. Am. Chem. Soc. 2006, 128,
10202–10212.
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the contributions from the individual pathways, and we
need to introduce the corresponding averaged contribu-
tions: average antiferromagnetic JAF for each singly occu-
pied t2g orbital (replacing each individual AF contribution
J11, J12, and J13) and average ferromagnetic JF for each
singly occupied eg orbital (replacing each individual F
contribution J14 and J15). Therefore, the expression for
JMn-Nb can be written as JMn-Nb=

1/5(3JAF þ 2JF). The
same formula can be applied for the remaining compounds.
For 2 with M = Fe, the electronic configuration is
(t2g)

4(eg)
2, which implies nB=nFe=4. Hence, the expres-

sion for the exchange coupling constant has the follow-
ing form: JFe-Nb=

1/4(2JAF þ 2JF). At this point, it is
possible to calculate the values of both averaged con-
tributions JAF and JF using the experimental values of
JMn-Nb=-6.8 cm-1 and JFe-Nb=-3.1 cm-1 obtained
from themagnetic data for 1 and 2. The estimated values
are as follows: JAF =-21.6 cm-1 and JF=þ15.4 cm-1.
The electronic configuration of the CoII ion in 3 is

(t2g)
5(eg)

2, in this case nB= nCo=3and JCoNb=
1/3(JAFþ

2JF). If the values of JAF = -21.6 cm-1 and JF=þ15.4
cm-1 estimated from the data for 1 and 2 are used in this
equation, one can find the predicted value of JCo-Nb

0 =
1/3(JAF þ 2JF)=þ3.1 cm-1, which is in good agreement
with the experimental JCo-Nb=þ3.5 cm-1 obtained from
the molecular field model for 3. For 4 with M = Ni, the
corresponding electronic configuration is (t2g)

6(eg)
2. The

number of unpaired electrons is again reduced by 1;
hence, nB=nNi=2. The exchange coupling constant is
given by JNi-Nb = 1/2(2JF)= JF. Again, we can calcu-
late the predicted value of JNi-Nb

0, which in this case
is þ15.4 cm-1 and compares well with the experimental
þ8.1 cm-1 found from the magnetic data of 4.

4. Conclusions

In conclusion, we have obtained and characterized a series
of new compounds 1-4 based on the [NbIV(CN)8] moiety.
All four compounds exhibit identical structures based on the
symmetry-equivalent cyanido bridges and show long-range
magnetic ordering below 24, 8, 6, and 14 K, respectively. The
molecular fieldmodel analysis of themagnetic data has led to
the values of exchange coupling constants JM-Nb between the
MII and NbIV centers (listed in Table 4). The coupling con-
stants JM-Nb were found to increase monotonically on going
from 1 to 4, with a change of their character from antiferro-
magnetic for 1 and 2 to ferromagnetic for 3 and 4. Additional
magnetostructural analysis of the correlation between the
decreasing number of unpaired electrons on the MII center
(5, 4, 3, and 2 for 1-4, respectively) and the increasing trend
in the exchange coupling constant showed that there are two
main contributions to the total exchange coupling JM-Nb:
antiferromagnetic JAF=-21.6 cm-1, which originates from
each singly occupied t2g orbital of the M

II center, and ferro-
magnetic JF=þ15.4 cm-1, originating from its eg orbitals.
The antiferromagnetic contribution to the total exchange
coupling JM-Nb is successively weakened with each addi-
tional electronpair on the t2g level in the 1-4 row, resulting in
a change of the strength and character of the total exchange
coupling betweenMII andNbIV and a change of the nature of
the long-range magnetic ordering from ferrimagnetic in 1
and 2 to ferromagnetic in 3 and 4. The observed trend is
in agreement with expectations based on the rationale

developed by Kahn and Verdaguer for magnetic Prussian
Blue analogues.4

This systematic study validates previous reports of anti-
ferromagnetic interactions found in MnII-[M(CN)8]

12,13,15,31

and ferromagnetic ones in the CoII-,32 NiII-,33 and CuII-34-
[M(CN)8]-based molecular magnets (with the restriction that
the MII-N-C angle is moderate). The values of the coupling
constants JM-Nb obtained in this study are also comparable
with those reported in the literature. JMn-Nb=-6.8 cm-1

corresponds well with the -13.6 cm-1 value obtained for
nonanuclear cyanido-bridged Mn6Nb3 clusters.12a On the
other hand, the JFeNb=-3.1 cm-1 value estimated for 2 is
much lower than the value of -20 cm-1 deduced from fitting
of the Ising model to the magnetic data of the Fe2Nb chain
recently reported by Venkatakrishnan et al.12c This discre-
pancy may arise from the completely different coordination
environments of the FeII centers in both assemblies.
Moreover, extrapolation of the linear fit to the “JM-Nb vs

number of 3d electrons” dependence (Figure 10) enables the
prediction of the exchange coupling for not yet reported CrII

and VII analogues of the {[MII(pyrazole)4]2[NbIV(CN)8] 3
4H2O}n series: JCr-Nb ≈ -12 cm-1 and JV-Nb ≈ -17 cm-1,
withTc of the V

II analogue reaching the boiling point of liquid
nitrogen. Studies in this field are in progress.
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Table 4. Summary of the Molecular Field Calculations for 1-4

MII center

number
unpaired

electrons onMII
assumed
coupling

Tc

[K] SM0

gM
factor

JM-Nb

[cm-1]

1 Mn 5 AF 23.8(5) 5/2 1.99(1) -6.8(2)
2 Fe 4 AF 8.3(5) 2 2.163(2) -3.1(2)
3 Co 3 F 5.9(5) 1/2 4.55(5) þ3.5(3)
4 Ni 2 F 13.4(5) 1 2.180(1) þ8.1(3)

Figure 10. Linear fit of the “JM-Nb vs number of 3d electrons” depen-
dence (R2= 0.9895) for 1-4 (red dotted line) with 95% confidence limits
(green dotted lines). Extrapolation gives predicted values of-12 and-18
cm-1 for possible CrII and VII analogues, respectively.
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The fast developing field of molecule-based magnets involving organic and coordination chemistry provides
the physicist with a multitude of novel compounds of unprecedented structure. The magnetic structure of
Cu4�tetren��W�CN�8�4 �1� was shown to consist of weakly coupled double layers. By contrast, in the structur-
ally similar compound Cu2+xCu4�W�CN�8�4 �2� the free spaces between the double layers are filled with
paramagnetic copper�II� ions leading to a unique magnetic network. Both compounds exhibit the transition to
a magnetically ordered phase at Tc�33 K and Tc�40 K, respectively. The critical behavior of 1 and 2 is
investigated using complementary methods: ac magnetometry, relaxation calorimetry, and muon spin-rotation
spectroscopy. Apart from �, �, and �, critical exponents � and �� describing the combined scaling of excess
entropy and order parameter are determined for both compounds. This type of scaling is verified for 1, the
system revealing the signatures of the Berezinskii-Kosterlitz-Thouless transition. For 2 their values imply that
the system is close to the universality class of the three-dimensional Heisenberg model. The relatively small
value of exponent �=1.05 for 2 indicates the presence of noncollinearity in the spin arrangement. Exponents
� and �� for 2 are also found consistent with noncollinear models. The shift of the heat-capacity anomaly
toward higher temperatures with increasing applied field indicates the presence of ferromagnetic
interactions in 2.
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I. INTRODUCTION

Molecular magnetism has been ceaselessly of major inter-
est for the last decades. Extensive studies of molecule-based
magnets revealed a number of striking features such as
room-temperature molecular magnets,1 single-molecule2 or
single-chain magnets,3,4 photoinduced magnets,5–7 magnetic
spongelike behavior,8,9 to name but a few. One of the prom-
ising aspects of these materials is the fact that their properties
can be modulated by flexible organic synthesis methods. In-
terestingly, by appropriately tuning the synthesis path one
can affect the dimensionality of the ensuing magnetic sys-
tem. Among a large number of ligands the cyanido anions
play a crucial role in the engineering of such materials and
lead to the variety of structures and functionalities.10–13

Molecular magnets belong mostly to the class of com-
pounds involving well-localized magnetic moments. For this
reason they provide a unique experimental ground for testing
the existing theoretical spin models. The signatures of the
nature and symmetry of magnetic interactions are encrypted
in the values of the corresponding critical exponents. This
makes the studies of critical behavior an appealing field
complementary to other methods aimed at full understanding
of magnetic couplings in a system. Besides, molecular com-
pounds represent sometimes examples of unique magnetic
structures, unprecedented in conventional materials. The
physical characterization of those is an important contribu-

tion to the understanding of the diversity of magnetic sys-
tems. The present work deals with such an example of a very
specific magnetic structure.

In this work we focus on the critical behavior in two
cyanido-bridged molecular magnets displaying different di-
mensionalities of the magnetic network. Recently, we have
shown that compound ��tetrenH5�0.8Cu4

II�WV�CN�8�4 ·7H2O�n
�tetren=tetraethylenepentamine�, which will be referred to as
compound 1, revealed the signatures of the Berezinskii-
Kosterlitz-Thouless �BKT� transition at Tc�33 K with criti-
cal exponents close to those of the two-dimensional �2D� XY
model.14,15 Crystal structure of 1 was solved by the
single-crystal x-ray diffraction16 and is depicted in Fig. 1.
The compound crystallizes in the orthorhombic system
�space group Cmc21� with unit-cell parameters a
=7.3792�6� Å, b=32.096�2� Å, and c=7.0160�6� Å. It
consists of anionic double layers formed by copper and tung-
sten ions distributed over the layers in an alternating fashion
and linked through the cyanido bridges. Within the double-
layer each Cu�II� ion is surrounded by five NC bridges con-
necting it to the neighboring W�V� ions whereas the coordi-
nation sphere of each W�V� ion comprises eight cyanido
ligands. Five of them mediate the linkage to the neighboring
Cu�II� ions, and the three remaining ones stand out of the
double layers and are presumably involved in the network of
hydrogen bonds. The space between the double layers is
filled with water molecules and the fully protonated tetrenH5
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molecules to maintain the charge balance. Magnetic interac-
tion between the double layers, related to the rather large
interbilayer distance of about 10 Å, stems from two inde-
pendent sources. On the one hand, we can expect the ex-
change coupling through the system of hydrogen bonds and,
on the other hand, the through space dipole-dipole interac-
tions become comparable to the exchange interaction due to
the rather large interbilayer distance.

Compound 2 was produced by withdrawing the tetren
molecule from the synthesis path of 1 with the view to
enhance the magnetic coupling between the double layers.
In consequence, additional Cu�II� ions were located in
the interlayer spaces and the magnetic transition temperature
was raised up to 40 K. The compound crystallizes in
the tetragonal system with space group I4 /mmm and unit-
cell parameters: a=b=7.22858�9� Å, c=28.282�5� Å.17

Figure 2 shows the projection of the crystal structure of 2
onto the bc crystallographic plane. Its chemical formula
Cu2+x

II �Cu4
II�WV�CN�8�4−2x�WIV�CN�8�2x� ·4H2O indicates that

there is a weakly nonstoichiometric amount of Cu�II� ions
placed between the double layers. To satisfy the charge bal-
ance the nonstoichiometric diamagnetic W�IV� ions appear
in the double-layer skeleton. The value of x indicated by the
Rietveld refinement of the x-ray diffraction pattern is 0.97.
The presence of the diamagnetic species affects the distribu-
tion of the exchange coupling in the crystal. However, it does
not preclude the formation of the three-dimensional �3D� ex-
tended network of coupled spins. Another important struc-
tural feature of 2 is the distribution of the interdouble-layer
Cu�II� ions. Structural data indicate that the additional Cu�II�

ions can take four equivalent positions lying above the cen-
ters of the squares of the double-layer grid. The formula of 2
implies that the occupation probability of each position is
approximately 3/8. This imbalance between the number of
possible positions and the number of the available Cu�II�
reduces exchange coupling between the double layers. The
presence of nonstoichiometric amounts of diamagnetic
W�IV� ions and paramagnetic Cu�II� ions between the
double layers together with the partial occupation of avail-
able sites by the latter may lead to the disorder of the mag-
netic network.

In the present contribution we focus on the critical behav-
ior of these two structurally related compounds. To deter-
mine the corresponding critical exponents complementary
experimental methods have been used ranging from the mag-
netic ac susceptibility measurements, through the calorimet-
ric measurements up to the muon spin-rotation ��SR� tech-
nique. Apart from the standard critical exponents �, �, and �
this wide spectrum of experiments enabled to estimate the
exponents � and �� appearing in the combined scaling of
excess entropy and order parameter.

The paper is organized as follows. Section II lists the
details of experimental techniques used. In Sec. III the re-
sults of the neutron powder diffraction for 2 are presented
and discussed. Section IV deals with the critical behavior as
revealed by the ac magnetic susceptibility measurement. In
Sec. V heat-capacity measurements of 2 are reported and
interpreted. In Sec. VI the measurements by the �SR tech-
nique are presented giving insight into the thermal depen-
dence of order parameter. That information together with the

FIG. 1. �Color online� Projection of the crystal structure of 1
onto the ab crystallographic plane. Alternating arrangement of
Cu�II� and W�V� ions forms anionic double layers. The space be-
tween them is filled with tetrenH5 countercations and water mol-
ecules �not shown for clarity�.

FIG. 2. �Color online� Projection of the crystal structure of 2
onto the bc crystallographic plane. The system of Cu�II�-W�V�
double layers is similar as in 1. The space between them is filled
with additional paramagnetic Cu�II� ions and water molecules, of
which only oxygen atoms are shown.

CZAPLA et al. PHYSICAL REVIEW B 82, 094446 �2010�

094446-2



output of calorimetric measurements for both compounds are
used to reveal the combined scaling of the excess entropy
and order parameter, which is described in Sec. VII. Section
VIII includes final remarks and conclusions.

II. EXPERIMENTAL

The neutron powder-diffraction measurements were per-
formed on D20 instrument at ILL facility in Grenoble using
neutron wavelength �=1.88 Å. First, the sample was cooled
down to 2 K and next the diffraction patterns were detected
at subsequent temperatures 2, 35, and 45 K. The D20 instru-
ment was chosen as it provides high beam intensity crucial
for systems involving low-spin values. Magnetic measure-
ments of 2 were carried out with the Lake Shore 7225 in-
strument in the temperature range of 4.2–250 K, in zero dc
field, and with Hac=5 Oe and f =125 Hz. The heat-capacity
measurements were performed with the Physical Property
Measurement System �PPMS� Quantum Design instrument
by the relaxation calorimetry technique on a powder sample
in the temperature range of 2–300 K and for several values
of external magnetic field in the range of 0–90 kOe. The
�SR experiment was performed at the ISIS pulsed muon
facility using the �SR instrument. The polycrystalline pow-
der sample wrapped in the silver foil was mounted in the
sample holder and placed in the cryostat employing a helium
bath to give temperatures down to 1.8 K. Prior to the experi-
ment the instrument was calibrated at 50 K and transverse
field of 20 G. Next, the sample was cooled down to 2 K in
zero external field, and the measurement was repeated for an
array of temperatures reaching a few kelvin above the tran-
sition point. The output of the �SR experiment was analyzed
with WIMDA software.18

III. NEUTRON POWDER DIFFRACTION

The crystal structure of 2 detected at room temperature
was already reported in Ref. 17. Additional measurements
were performed to get insight into temperature behavior of
the sample and also into the magnetic structure below the
transition at Tc�40 K. To achieve this goal neutron powder-
diffraction technique was applied. The top panel of Fig. 3
shows the corresponding patterns for 2, 35, and 45 K. It can
be seen that in spite of the large background due to incoher-
ent scattering, the Bragg peaks are well defined. The bottom
panel of Fig. 3 depicts the difference between the signals
detected at 2 K �below the transition point� and 45 K �above
the transition point�. Strikingly, the subtraction of the pat-
terns reveals no significant difference, i.e., no additional
Bragg peaks corresponding to low-temperature magnetic
structure are present as well as no substantial increase in the
intensity of the existing peaks is observed. This may be due
to the fact that the compound contains centers Cu�II� and
W�V� carrying spin one-half, and the corresponding Bragg
magnetic peaks are expected to be of low intensity and may
be hidden by the relatively stronger ones coming from the
crystal structure. Additionally, the possible presence of dia-
magnetic W�IV� ions implies the formation of disjoint clus-
ters of coupled spins. Secondly, the partial occupancy of the

interdouble-layer sites of the Cu�II� ions may lead to irregu-
larities in spin distribution. Both facts are expected to reduce
the contribution to the intensity of scattered neutrons.

IV. ac SUSCEPTIBILITY

Figure 4 shows real component �� of the ac susceptibility
signal for 1 and 2. For both compounds very sharp peaks at
Tc=33.04 K �1� and Tc=39.9 K �2� are observed revealing
the transition to an ordered phase. In comparison to 1 the
ordering temperature of 2 is shifted to higher values. This
corresponds well with the fact that compound 2 contains
additional Cu�II� ions located between the structural double

FIG. 3. �Color online� Top panel: powder-diffraction patterns for
2 recorded at 2, 35, and 45 K. Above considerable background due
to incoherent scattering well-defined Bragg peaks are present. Bot-
tom panel: comparison of the diffraction patterns detected at 45 K
�above magnetic transition� and 2 K �below magnetic transition�.
No additional Bragg peaks and no intensity enhancement of the
existing peaks are observed.

FIG. 4. �Color online� Real part of ac magnetic susceptibility for
1 and 2. For both compounds sharp anomalies at Tc=33.04 K and
Tc=39.9 K, respectively, mark the transition to the magnetically
ordered phase. Higher transition temperature of 2 is attributed to the
presence of additional Cu�II� ions exchange coupled with the spin
centers constituting the double-layer sheets.

CRITICAL BEHAVIOR OF TWO MOLECULAR MAGNETS… PHYSICAL REVIEW B 82, 094446 �2010�

094446-3



layers providing with the cyanido bridges the interbilayer
magnetic linkage, the feature absent in 1. There is an appar-
ent difference in the high-temperature slope of the ac signal
between compounds 1 and 2, which suggests distinct critical
behavior and a possible change in the dimensionality of the
corresponding magnetic network. The more gentle high-
temperature slope of the susceptibility curve of compound 1
may most probably be attributed to the 2D character of spin
fluctuations. No frequency dependence of �� of 1 and 2 was
detected excluding spin-glass behavior. The single-crystal
study of 1 �Ref. 14� revealed weak metamagnetism with
spin-flop field on the order of 50 Oe. Unlike for 1, on the
low-temperature wing of the ac signal of 2 an elevated shoul-
der can be seen. Its position coincides roughly with the po-
sition of the �� peak of 1. This feature is probably related to
the presence of the strong easy-plane anisotropy detected for
1 �Ref. 14� and may signal a crossover to a new state of
magnetic order with spins pointing in the easy direction. To
get insight into the critical behavior for both compounds, two
types of static scaling analysis of � were performed. The first
one is based on the classical scaling relation

� = c�T − Tc

Tc
	−�

�1�

while the other draws on the modified scaling law put for-
ward by Carré and Souletie �CS�,19,20 where the critical be-
havior is described by the formula

�T = c�1 −
Tc

T
	−�

. �2�

It was demonstrated20 that this law is applicable in an ex-
tended temperature range as compared to the standard scal-
ing law given by Eq. �1�, thus allowing for a more certain
determination of the critical exponent. It is useful to perform
a nonlinear transformation of Eq. �2� and get

� � log��T�
� log T

	−1

= − �−1T − Tc

Tc
, �3�

which is expected to put the data points on a straight line.
Additionally, the intersection point of this straight line with
the temperature axis gives the transition temperature whereas
at the same time the intersection point with the vertical axis
gives the inverse of the gamma exponent. The results shown
in Figs. 5 and 6 indicate a significant difference between the
two samples. In Table I the results of both approaches are
listed. It can be seen that both types of scaling give more
consistent � values for the quasi-2D compound 1 than for the
3D spin network of compound 2. The discrepancy for the
latter may be due to the fact that the modified scaling is
better suited for low-dimensional systems. As shown in Fig.
6, the Carré-Souletie analysis allowed to obtain plausible re-
sults also below the transition temperature.

For 2 the value of the critical exponent � was found to be
close to 1.0. Such a small value of � was reported in Ref. 21,
where systems involving noncollinearity of constituent spins
were investigated. This places compound 2 close to the re-
cently established universality classes N2C �XY anisotropic
chiral� or N3C �Heisenberg chiral�.21 The critical exponent �
for 1 is higher than the values expected for the standard
universality classes ��
1.24 for Ising, 1.32 for XY, and 1.38
for Heisenberg spins�. However, it is placed consistently be-

TABLE I. Critical scaling of magnetic susceptibility as revealed
by classical analysis �CL� and modified analysis put forward by CS.

Scaling CL CS

Compound
Tc

�K� �
Tc

�K� �

1 32.6�5� 1.63�1� 33.3�2� 1.67�2�
2 39.8�1� 1.05�2� 40.0�1� 0.86�1�

FIG. 5. �Color online� Classical scaling analysis of the ac sus-
ceptibility signals for 1 and 2. The value of the gamma exponent of
the quasi-2D spin network �compound 1� is enhanced as compared
to that of compound 2 displaying the 3D connectivity of spin
centers.

FIG. 6. �Color online� Scaling analysis of the ac susceptibility
signals for 1 and 2. The intercepts of the best-fit curves �solid lines�
with both axes yield Tc and 1 /�. The value of the gamma exponent
of the quasi-2D spin network �compound 1� is enhanced as com-
pared to that of compound 2 displaying the 3D connectivity of spin
centers.
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tween ����0.67� and ����2.2� found in the single-crystal
study for the direction perpendicular and parallel to the
double layers, which were pointed out to coincide with the
Monte Carlo results for systems with strong easy-plane
anisotropy.14 The transition temperatures determined from
the scaling behavior �see Table I� are fully consistent with
the values implied by the inflection points of the ac suscep-
tibility curves. Figure 6 shows also the experimental data
below the transition points. For both compounds the align-
ment of the data is clearly seen. However, there is a signifi-
cant difference in their behavior. For 2 the points below and
above Tc define the same line indicating the equality of the
corresponding � and �� exponents. By contrast, for 1 clearly
different slopes are observed for points below and above the
transition signaling a distinct critical scaling in these regions,
which may be expected for the BKT transition. The character
of critical fluctuations is different below and above the BKT
transition. Just below the transition there is a dense gas of
bound vortex-antivortex pairs, which may be imagined to
preclude spin fluctuations, hence the sudden drop of the
gamma exponent. Both classical and modified scaling laws
imply consistently a reduced value of �� close to 0.2. By
contrast, above the transition the pairs become unbound giv-
ing rise to less restricted fluctuations, which is signaled by
the enhanced value of the gamma exponent.

V. HEAT CAPACITY

For 2 in zero applied field a well-defined �-shaped
anomaly in heat capacity was detected at 38.7 K �the peak
position�, see Fig. 7, proving unambiguously the presence of
a magnetic continuous phase transition. The transition tem-
perature is consistent with the value found in the magnetic
measurement. To extract the magnetic excess heat capacity
	Cp, the observed Cp values within the range 46.6–75.0 K,
above the magnetic phase transition temperature, can be ex-
pressed by the sum of the lattice heat capacity—Cp �lattice�,
and the magnetic heat capacity due to short-range
order—Cmag �short-range order�. Cp �lattice� can be ex-
pressed by a polynomial function of temperature with cubic
and higher order terms whereas Cmag �short-range order� can

be expressed by a term proportional to T−2. Thus the ob-
served heat capacity within the range of 46.6–75.0 K can be
described as

Cp = Cp�lattice� + Cmag�short-range order� = �
i=3

n

aiT
i + bT−2.

�4�

The fit of Eq. �4� with n=6 to the observed heat capacity
yielded

Cp�lattice�/J K−1 mol−1

= + 1.3066 
 10−2� T

K
	3

− 3.7262 
 10−4� T

K
	4

+ 4.0868 
 10−6� T

K
	5

− 1.6173 
 10−8� T

K
	6

,

�5�

and b=45.4959
103 J K mol−1. The lattice heat capacity
thus determined for estimating the magnetic heat capacity is
shown in Fig. 7 as the solid curve. The magnetic contribution
	Cp was calculated by subtracting from the observed heat
capacity the lattice heat capacity given by Eq. �5�. Figure 8
shows the excess heat capacity for an array of applied field
values. In order to calculate the experimental value of en-
tropy change associated with the transition at zero magnetic
field the following procedure has been carried out. First we
fitted function fT3/2 to the zero-field data in the range of
3.1–4.8 K. This form of function corresponds to the low-
temperature contribution from spin-wave excitations CSW
�Td/n for a 3D ferromagnet �d=3, n=2�, where d denotes
the dimensionality of the spin lattice and n is the exponent in
the magnonic dispersion relation. The best fit implied f
=0.1172 J K−5/2 mol−1. This function was next used to esti-
mate the contribution to the entropy in the temperature range
0–3.1 K. It was found to amount to 0.43 J K−1 mol−1. The
entropic contribution in the temperature range 3.1–75.0 K
was obtained by numerical integration of the area under the
excess heat-capacity peak S=	Cpd ln T. It amounts to
49.24 J K−1 mol−1. Finally the high-temperature excess heat

FIG. 7. �Color online� Total heat capacity at zero magnetic field
for compounds 1 and 2 measured on powder samples. For clarity
the heat capacity of 1 has been shifted by 100 J K−1 mol−1. The
�-shaped anomalies signal the presence of a magnetic continuous
phase transition. Solid lines are the baselines used to extract the
magnetic contribution to the heat capacity �see text�.

FIG. 8. �Color online� Magnetic contribution to the total heat
capacity of 2 for an array of applied field values. The anomaly is
suppressed and shifted toward higher temperatures with increasing
applied field implying a ferromagnetic character of exchange
interactions.
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capacity bT−2 was used to estimate the entropic contribution
above 75 K. This last contribution is 4.04 J K−1 mol−1. The
total entropy change thus amounts to 53.71 J K−1 mol−1. The
expected value of entropy change corresponds to that for
nine one-half spins �seven originating from Cu�II� ions and
two from W�V� ions� yielding S=R ln�2J+1�9 equal to 51.87
J/K mol for J=1 /2. The observed entropy change compares
well with the value predicted theoretically. Let us note that
the �-type anomaly is shifted toward higher temperatures by
the application of magnetic field, which points to the ferro-
magnetic character of exchange interactions. The scaling
analysis of the magnetic excess capacity for zero applied
field yielded a large positive value of �=0.332, see Fig. 9.
This again is in agreement with sizable positive values of
that exponent found in Monte Carlo simulations for stacked
triangular antiferromagnet, where noncollinearity of the
spins is present.21 In the case of 1 both ferromagnetic and
antiferromagnetic interactions were involved. The former
were responsible for the ordering within the double layers
whereas the latter determining the interbilayer interactions
accounted for the observed metamagnetic behavior.14,22 To
extract the magnetic contribution to the heat capacity an
analogous procedure as for 2 was applied. The fit of Eq. �5�
with n=6 to the heat capacity measured on powder sample
�see Fig. 7� in the temperature range 45–82 K yielded

Cp�lattice�/J K−1 mol−1

= + 1.6362 
 10−2� T

K
	3

− 4.8149 
 10−4� T

K
	4

+ 5.3554 
 10−6� T

K
	5

− 2.1211 
 10−8� T

K
	6

,

�6�

and b=12.7443
103 J K mol−1. The lattice heat capacity
determined in this way is shown in Fig. 7 as the solid curve.
The magnetic contribution 	Cp was calculated by subtract-
ing from the heat capacity measured on a single crystal with
the external field perpendicular to the double layers the lat-
tice heat capacity given by Eq. �6�. Figure 10 shows the
excess heat capacity for an array of applied field values. The

magnetic heat-capacity peaks are shifted toward lower tem-
peratures while applying the magnetic field in the direction
perpendicular to the double layers, see Fig. 10. This is attrib-
uted to the presence of the strong easy-plane anisotropy with
the applied field reducing the spontaneous in-plane align-
ment of magnetic moments. We proceeded along the same
lines as for 2 to calculate the excess entropy associated with
the zero-field anomaly. It was found to amount to
43.49 J K−1 mol−1 and compares well with the value of
46.10 J K−1 mol−1 expected for eight spins one-half per for-
mula unit. The critical scaling analysis of the zero-field heat
capacity reveals, similarly to 2, a positive value of the �
exponent equal to 0.174�8�, see Fig. 9.

In conclusion, the additional Cu�II� ions located between
the bilayers give rise to the reinforcement of exchange inter-
action evidenced by the positive shift of the transition tem-
perature. Besides, the character of interaction between the
double layers is changed from antiferromagnetic to ferro-
magnetic.

VI. MUON SPIN-ROTATION SPECTROSCOPY

Muon spin precession measured under zero external field
gives valuable information about order parameters, local in-
ternal fields, magnetic fluctuations in the neighborhood of a
phase transition and spin dynamics.23–25 This method re-
vealed unique critical fluctuations in molecular magnets im-
possible to see by other methods. Fully spin-polarized muons
are subject to precession in a local field at a muon stopping
site. The trajectory of the precession is traced by the positron
emission and registered by the backward and forward detec-
tors. The time evolution of the spin polarization of the im-
planted muons was detected by measuring the asymmetry
function A�t� given by

A�t� =
NB − NF

NB + NF
, �7�

where NF and NB denote the numbers of decay positrons
emitted forward and backward, respectively. Figure 11 shows
the muon spin relaxation detected in the vicinity of the mag-

FIG. 9. �Color online� Scaling plots for the zero-field magnetic
heat capacity of 1 �circles� and 2 �squares�. To avoid overlap of the
data the heat-capacity values of 1 were multiplied by factor 1.5. The
positive values of the � exponent suggest the presence of non-
collinearity in spin arrangement.

FIG. 10. �Color online� Magnetic contribution to the total heat
capacity of 1 for an array of applied field values. The magnetic field
is applied in the direction perpendicular to the double layers. The
anomaly is suppressed and shifts toward lower temperatures with
increasing applied field. This behavior is due to the presence of the
strong easy-plane anisotropy.
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netic transition. Spontaneous oscillations observed in the
time dependence of the asymmetry function A�t� below
39.87 K indicate the presence of local fields static on the
microsecond scale, marking the transition to the ordered
phase. It was checked that these oscillations require a single
precession frequency �

A�t� = A0 + A1 cos��t + �e−�t, �8�

where �=��B, ��=2�
1.355
108 �T s−1� is the muon
gyromagnetic ratio, B denotes the magnitude of the local
field, and � is the relaxation rate. The presence of one domi-
nant frequency suggests a single site of muon implantation.
It is in contrast to compound 1 where two frequencies were
observed, which may be understood in terms of a single stop-
ping site embedded in two distinct local domains with mag-
netic moments pointing in the a or c crystallographic
directions.15 Temperature dependence of the corresponding
local magnetic fields are depicted in Fig. 12. In order to
describe the critical behavior it was fitted to the function

B�T� = B�0��1 − � T

Tc
	���

. �9�

Parameter � relates to the low-temperature properties gov-
erned by spin-wave excitations while parameter � deter-
mines the asymptotic behavior near the transition. The best-
fit parameter values found for 2 are: �=1.10�9�, �
=0.373�8�, Tc=39.86�1� K, and B�0�=294�2� G. The value
of � critical exponent is close to that known for the univer-
sality class of the isotropic Heisenberg model in 3D. The
parameter values determined for 1 �Ref. 15� are: �
=0.237�12�, �=1.84�15�, B1�0�=121.0�6� G, and B2�0�
=61.7�7� G. The value of exponent � implies that the com-
pound can be classified to the group of 2D systems with XY
exchange anisotropy, thus providing a possibility for the
unique Berezinskii-Kosterlitz-Thouless transition.

VII. COMBINED SCALING OF EXCESS ENTROPY AND
ORDER PARAMETER

The main benefit from the �SR spectroscopy performed
in zero field is the direct insight into the thermal behavior of
the order parameter related to the nonvanishing internal
fields marking unambiguously the onset of the transition to
the ordered phase. This crucial information can be combined
with that concerning the entropy of the system inferred from
the complementary calorimetric measurements to yield fur-
ther characteristics of the critical behavior. On the basis of
the critical laws for specific heat and order parameter it was
demonstrated in Ref. 26 that the ratio of excess entropy and
the square of order parameter is expected to obey a specific
scaling law below the transition point Tc

	S

Q2 � �1 −
T

Tc
	�

. �10�

where � is the corresponding critical exponent related to
critical exponents � and �

� = �1 − � − 2� � � 0

1 − 2� � � 0.
� �11�

Equivalently, the scaling relation between both quantities can
be expressed by the following law:

	S � Q2��, �12�

where

�� = ��1 − ��/2� � � 0

1/2� � � 0.
� �13�

The excess entropy was calculated numerically from the
heat-capacity data

	S = �
T

Tc 	Cp

T�
dT� = �

0

� 	Cp

1 − ��
d��, �14�

where �=1−T /Tc. As the multiplicative factors are irrelevant
in the scaling analysis, the thermal dependence of the order
parameter was replaced by that of the local field obtained
from the �SR experiment, see Fig. 12. Figures 13 and 14

FIG. 11. �Color online� Time dependence of the muon asymme-
try function observed in the vicinity of the transition point of 2
under zero field. The onset of spontaneous oscillations in the relax-
ation signal marks the transition to an ordered phase. Solid lines
show the fits to the relaxation function given by Eq. �8� where a
single precession frequency was assumed.

FIG. 12. �Color online� Temperature dependence of the local
magnetic fields as inferred from the �SR experiment for 1 and 2.
Solid lines show the fits to the phenomenological law given in Eq.
�9�. For 1 two local fields were detected whereas for 2 only one
local field was observed.

CRITICAL BEHAVIOR OF TWO MOLECULAR MAGNETS… PHYSICAL REVIEW B 82, 094446 �2010�

094446-7



show that the experimental points tend to align while ap-
proaching the transition temperature for both compounds.
The ensuing asymptotic linear behavior for 2 yields the
following values of the exponents: �=0.241�5� and ��
=1.295�3�. The value of exponent � alone fails to pinpoint
the corresponding universality class as for both Ising-3D and
Heisenberg-3D models the same value of 0.26 is expected.26

It is the value of exponent ��, which is close to that predicted
for Heisenberg-3D model ��1.31�, that suggests the
Heisenberg-3D universality class. This, in turn, would point
out to the negative value of the � exponent, however, its
value found independently from the calorimetric measure-
ment is positive and quite large. Using Eqs. �11� and �13� and
the values of �=0.33 and �=0.373 one obtains �=−0.08 and
��=0.9 which are both lower than those found from the scal-
ing analysis. On the other hand, using the Rushbrook relation
��+2�=2−��, and expressing the rhs of Eqs. �11� and �13�
in terms of exponents �=1.05 and �=0.373 leads to �
=0.05 and ��=1.08. In conclusion, the value of �� calculated
on the basis of �, �, and � is in reasonable agreement with
that found directly from the scaling plot whereas for � an
apparent discrepancy is observed.

The same scaling analysis was repeated for 1. Figures 13
and 14 show the corresponding log-log plots. The experi-
mental points tend to align while approaching the transition
temperature, which is not obvious for two reasons. Firstly, it
was established14 that this compound is most closely related
to the XY-2D universality class with a possible topological
transition of the Berezinskii-Kosterlitz-Thouless type. Sec-
ondly, the discussed scaling behavior involves the critical
region below the transition point, and no such scaling was
theoretically derived for the BKT transition. The solid lines
in Figs. 13 and 14 show the corresponding linear fits, from
which the values of critical exponents are inferred: �
=0.443�2� and ��=1.965�5�. The values of � and �� are
substantially higher than those expected for the standard uni-
versality classes with the XY-3D model being the closest one
to this case.26 However, as mentioned above, this compound
is a unique system revealing the signatures of the BKT
transition,14,15 and the critical exponents for the combined
scaling of excess entropy and order parameter have been
experimentally determined for such a system. The values of
� and �� calculated from Eqs. �11� and �13� using the values
of � and � found from the corresponding scaling relations
are 0.35�3� and 1.7�1�, respectively. They agree well with the
values determined from the combined scaling of excess en-
tropy and order parameter.

VIII. CONCLUSION

We presented the results obtained by complementary ex-
perimental methods for two structurally related compounds
based on octacyanotungstate and copper ions. They were em-
ployed to get insight into the critical behavior. Firstly, let us
note that the exponents �=0.334, �=0.373, and �=1.05
found from the corresponding scaling laws for compound 2
satisfactorily reproduce the Rushbrook scaling relation,
yielding �+2�+�=2.13�4�, which falls close to the ex-
pected value of 2. An interesting finding is the fact that al-
though compound 2 may contain diamagnetic centers and the
copper sites located between the double layers are only par-
tially occupied it still reveals critical features close to the
universality class of 3D Heisenberg model. That is consis-
tently demonstrated by both the critical scaling of order pa-
rameter ��=0.373� and the combined scaling of excess en-
tropy and order parameter ���=1.295�. This evidence is of
relevance to the general theory of critical phenomena, as it
shows that even imperfect magnetic network yet satisfying
the requirement of full 3D connectivity is sufficient to re-
main in the class of 3D models. The same features of the
magnetic network, resulting possibly in its disorder, seem to
account for the suppressed intensity of magnetic peaks,
which prevents their identification in the diffraction pattern.
On the other hand, the unusually small � exponent found
from the ac susceptibility signal points presumably out to the
presence of noncollinearity in the spin arrangement. This is
suggested by the comparison of the critical exponents to
those calculated in the Monte Carlo simulations for the
stacked triangular antiferromagnet �STA�, where non-
collinearity originates from the inherent spin frustration,21

see Table II. The proximity to these recently established uni-

FIG. 13. �Color online� 	S /Q2 vs
Tc−T

Tc
in log-log plot for 1 and

2. For both compounds the experimental points tend to align while
approaching the transition temperature, which signals the algebraic
scaling behavior. Solid lines show the corresponding linear fits.

FIG. 14. �Color online� The log-log plot of the excess entropy as
function of the square of order parameter for 1 and 2. For both
compounds the alignment of the data points while approaching the
transition temperature is clearly visible. Solid lines show the corre-
sponding linear fits.
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versality classes is further evidenced by the comparable val-
ues of the � and �� exponents.

Another important finding is the experimental verification
of the combined scaling of excess entropy and order param-
eter for compound 1. As it exhibits the unique Berezinskii-
Kosterlitz-Thouless transition,14,15 the corresponding critical
exponents � and �� are reported. Their values are consistent
with those of � and � determined from the independent scal-
ing relations. The check of the Rushbrook identity yields for
this compound �+2�+�=2.28�4�. The deviation from the
expected value is larger than that obtained for 2. However, it

may be attributed to the fact that the scaling law for suscep-
tibility in the BKT transition has an exponential form instead
of an algebraic form.
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Motivated by the rapid development in the synthesis of novel molecule-based magnets, we have investigated
magnetic and thermodynamic properties of mixed spin (s–S) exchange coupled chains displaying a simple linear
AB or a knotted AB2 arrangement. Approximate approach for s = 1/2 and S ≥ 5/2, treating at an intermediate
step spin S operator as a commuting variable and using the transfer matrix technique, is used. Susceptibility,
magnetization and heat capacity of both spin systems are evaluated numerically from the corresponding free
energy for S = 5/2. Uniform ferromagnetic and antiferromagnetic couplings are discussed. The procedure
reproduces the right values of saturation magnetization and the entropy content of the systems, corroborat-
ing its correctness. χT curves are shown to depend crucially on the µBH/J ratio. For zero-field heat capacity
a double-peak structure is revealed for the AB chain, whereas for the AB2 chain only one broad anomaly is observed.

PACS numbers: 75.10.Pq, 71.70.Gm, 75.30.Cr, 75.40.Cx

1. Introduction

It is well known that combining transition metal ions
with organic complexes opens rich possibilities to obtain
magnetic coordination polymers displaying a variety of
magnetic behaviors such as ferro-, antiferro-, and ferri-
magnetism, canted antiferromagnetism and spin glass [1].
A distinct class is formed by the compounds with chain-
-like arrangements of spin carriers. From the chemical
point of view they can be subdivided into homometal-
lic [2], bimetallic [3], and heterometallic [4] chain struc-
tures. Moreover, the metal–radical hybrid strategy has
resulted in several heterospin chain compounds [5], of
which some show a 1D ferrimagnetic behavior [6] mod-
eled by alternating spin chains [7]. Beside the strictly
linear structures with unit cells of AA or AB type, both
inorganic [8] and organic [9] compounds displaying the
quasi 1D structures with the AB2 or AB1B2 unit cell
topologies have been reported.

Theoretical studies of such one-dimensional spin struc-
tures have been successfully trying to keep pace with the
rapid development of chemical synthesis. The seminal re-
sult by Seiden [7] providing an exact formula for the zero-
-field susceptibility of the quantum-classical (AB) spin
alternating chain has triggered further theoretical work
on chain-like structures. At the end of the eighties his
work was generalized to account for arbitrary spin quan-
tum numbers [10] or even, drawing from the same prin-
ciples, a model was proposed where whole quantum sub-
systems alternate with classical spins [11]. The AB2 type

∗ corresponding author; e-mail: robert.pelka@ifj.edu.pl

chains have also been extensively studied either through
the Hubbard Hamiltonian [12], exact diagonalization or
quantum Monte Carlo methods [13], exact analytical
approach based on the generalized decoration–iteration
map [14], the transfer matrix technique for Ising-like in-
teractions [15], or field theory methods [16].

2. Approach

The approximate approach goes along the lines devel-
oped in [17] to calculate the susceptibility for a spin al-
ternating chain (AB type). Later it was generalized to
account for the local anisotropy [18] and used to simu-
late the magnetization for two molecular magnets based
on octacyanotungstate and lanthanide ions. It is easy
to reformulate it so that it could be applied for spin al-
ternating chains with AB2 topology defined by the spin
Hamiltonian

Ĥ = −J

N∑

i=1

ŝi

(
Ŝ1i + Ŝ2i + Ŝ1i+1 + Ŝ2i+1

)

+µBH

N∑

i=1

[
G

(
Ŝz1i + Ŝz2i

)
+ gŝzi

]
,

where g and G denote the Landé factors of the corre-
sponding spins. The main difference is that the elements
of transfer matrix T are taken between the eigenstates
of operators Σ̂i and Σ̂i+1 corresponding, respectively, to
sums Ŝ1i + Ŝ2i and Ŝ1i+1 + Ŝ2i+1 of two successive cou-
ples of spins S. In the thermodynamic limit (N → ∞)
the partition function and the corresponding free en-
ergy is given by the largest eigenvalue of T : Z ∼= λN

max,
F ∼= −β−1N ln λmax. The magnetization, susceptibility,

(959)
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heat capacity, and entropy were calculated as appropriate
derivatives of the free energy. The procedure has been
encoded in a Mathematica7.0 notebook.

3. Results

We tested the procedure by comparing the magnetiza-
tion obtained for noninteracting spins (J = 0) to the cor-
responding sum of the Brillouin functions for an array of
spin numbers S ≥ 5/2 and magnetic field values. In the
case of the AB chain a perfect agreement was found [18].
For the AB2 chain the relative deviation is higher but
does not exceed 6%. The calculated field dependence
of isothermal magnetization was found to reproduce cor-
rectly the saturation values.

Fig. 1. χT vs. kBT/J for AB chain calculated with
G = g = 2.0, S = 5/2, and an array of magnetic
field values for ferromagnetic (red) and antiferromag-
netic (blue) coupling. A minimum is observed for anti-
ferromagnetic coupling at kBT/J ≈ 2.96.

Fig. 2. χT vs. kBT/J for AB2 chain calculated with
G = g = 2.0, S = 5/2, and an array of magnetic
field values for ferromagnetic (red) and antiferromag-
netic (blue) coupling.

Figures 1 and 2 show thermal dependence of χT for
some values of the external magnetic field, for AB and
AB2 chain, respectively. For AB chain and antiferromag-
netic coupling a minimum is observed at kBT/J ≈ 2.96.
This feature is absent for the AB2 chain.

Fig. 3. Heat capacity vs. reduced temperature for AB
chain calculated with G = g = 2.0, S = 5/2. Inset:
temperature dependence of entropy saturating at the
value of R ln(2(2S + 1)) ≈ 20.7 J mol−1 K−1.

Fig. 4. Heat capacity vs. reduced temperature for AB2

chain calculated with G = g = 2.0, S = 5/2. Inset:
temperature dependence of entropy saturating at the
value of R ln(2(2S + 1)2) ≈ 35.6 J mol−1 K−1.

In FigS. 3 and 4 the temperature dependence of the
zero-field heat capacity is shown for the AB and AB2

chains, respectively. For the AB chain a double peak
anomaly with peaks at kBT/J ≈ 0.33 and kBT/J ≈
1.33 is observed, whereas for the AB2 chain one broad
anomaly is present with the maximum at kBT/J ≈ 0.57.
The saturation values of entropy (see Insets of FigS. 3
and 4) corroborate the correctness of the approach. The
approach provides an efficient means of calculating the
magnetic and thermodynamic properties of the AB and
AB2 chains.



Approximate Approach to Magnetic and Thermodynamic Properties . . . 961

Acknowledgments

This work was partially supported by the Polish Min-
istry of Science and Higher Education within Research
Project 0087/B/H03/2008/34.

References

[1] C.M. Wynn, M.A. Gîrtu, J.S. Miller, A.J. Epstein,
Phys. Rev. B 56, 14050 (1997); C.M. Wynn, M.A.
Gîrtu, J. Zhang, J.S. Miller, A.J. Epstein, Phys.
Rev. B 58, 8508 (1998).

[2] M.S. Reis, A. Moreira dos Santos, V.S. Amaral,
P. Brando, J. Rocha, Phys. Rev. B 73, 214415 (2006).

[3] S. Yamamoto, Phys. Rev. B 69, 064426 (2004).
[4] R. Clérac, H. Miyasaka, M. Yamashita, C. Coulon,

J. Am. Chem. Soc. 124, 12837 (2002).
[5] A.S. Ovchinnikov, I.G. Bostrem, V.E. Sinitsyn,

A.S. Boyarchenkov, N.V. Baranov, K. Inoue, J. Phys.,
Condens. Matter 14, 8067 (2002).

[6] K. Fegy, D. Luneau, E. Belorizky, M. Novac,
J.-L. Tholence, C. Paulsen, T. Ohm, P. Rey, Inorg.
Chem. 37, 4524 (1998).

[7] J. Seiden, J. Phys. Lett. 44, 947 (1983).
[8] M. Matsuda, K. Kakurai, A.A. Belik, M. Azuma,

M. Takano, M. Fujita, Phys. Rev. B 71, 144411
(2005); H. Kikuchi, Y. Fujii, M. Chiba, S. Mitsudo,
T. Idehara, T. Tonegawa, K. Okamoto, T. Sakai,
T. Kuwai, H. Ohta, Phys. Rev. Lett. 94, 227201
(2005); H.H. Fu, K.L. Yao, Z.L. Liu, Phys. Rev. B
73, 104454 (2006); B. Gu, G. Su, Phys. Rev. B 75,
174437 (2007).

[9] Y. Hosokoshi, K. Katoh, Y. Nakazawa, H. Nakano,
K. Inoue, J. Am. Chem. Soc. 123, 7921 (2001);
K.L. Yao, Q.M. Liu, Z.L. Liu, Phys. Rev. B 70,
224430 (2004); K.L. Yao, H.H. Fu, Z.L. Liu, Solid
State Commun. 135, 197 (2005).

[10] R. Georges, J. Curély, J.C. Gianduzzo, Q. Xu,
O. Kahn, Y. Pei, Physica B 153, 77 (1988); J. Curély,
Ph.D. Thesis, Université de Bordeaux I, 1990.

[11] J. Curély, R. Georges, Phys. Rev. B 46, 3520 (1992).
[12] M.D. Coutinho-Filho, R.R. Montenegro-Filho,

E.P. Raposo, C. Vitoriano, M.H. Oliveira, J. Braz.
Chem. Soc. 19, 232 (2008).

[13] S. Yamamoto, J. Ohara, Phys. Rev. B 76, 014409
(2007); N.B. Ivanov, Condens. Matter Phys. 12, 435
(2009).

[14] L. Čanová, J. Strečka, M. Jaščur, J. Phys., Condens.
Matter 18, 4967 (2006).

[15] H.H. Fu, K.L. Yao, Z.L. Liu, J. Magn. Magn. Mater.
305, 253 (2006).

[16] E.P. Raposo, M.D. Coutinho-Filho, Phys. Rev. B 59,
14384 (1999).

[17] M. Verdaguer, A. Gleizes, J.P. Renard, J. Seiden,
Phys. Rev. B 29, 5144 (1984).

[18] R. Pełka, M. Bałanda, P. Przychodzeń, K. Tomala,
B. Sieklucka, T. Wasiutyński, Phys. Status Solidi C
3, 216 (2006); P. Przychodzeń, K. Lewiński, R. Pełka,
M. Bałanda, K. Tomala, B. Sieklucka, Dalton Trans.,
625 (2006).



Vol. 119 (2011) ACTA PHYSICA POLONICA A No. 3

Full Susceptibility Tensor for Localized Spin Models
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A general discussion of the simulation procedure of the full susceptibility tensor and isothermal magnetization
pseudovector for compounds comprising weakly-interacting magnetic centers is presented. A single-crystal-sample
as well as a powder-sample case are considered. The procedure is used to obtain explicit expressions for the full
susceptibility tensor for spins S = 1, 3/2, 2, and 5/2 for non-vanishing rhombic local anisotropy and any form of
spectroscopic tensor.

PACS: 75.10.Dg, 75.10.Jm, 75.30.Gw, 75.50.Xx

1. Introduction
The susceptibility and isothermal magnetization rep-

resent two widely used characteristics of magnetic mate-
rials. They carry the information on how the elementary
magnetic moments associated with building units of a
given compound respond to the external magnetic field.
This response is dependent on the interaction pattern
between the moments themselves and between them and
other degrees of freedom present in the compound. The
magnetic measurements of these properties together with
the theoretical analysis of the ensuing data are to provide
insight into the corresponding intra- and intermolecular
interactions. It is therefore crucial to develop new exper-
imental techniques on the one hand and refine theoretical
apparatus on the other. The need for such considerations
is strongly suggested by the developments in the field of
coordination compounds [1–3], in general, and in that of
isolated polynuclear d- or f -electronic systems displaying
considerable magnetic anisotropies [4–9], in particular.

Although comprehensive reviews of these issues are
available [10, 11], this contribution includes some use-
ful complementary results. It concerns the discussion of
the procedure referred to in [10] as the generalized van
Vleck formula. It also provides exact formulae for the
full susceptibility tensor for localized spin models with
S = 1, 3/2, 2, and 5/2 with both axial and rhombic
zero-field splitting term and for any spectroscopic ten-
sor gij . In Refs. [10] and [11] analytical expressions are
given only for the case of nonvanishing axial anisotropy
and isotropic spectroscopic tensor, and the general case
taking into account the rhombic zero-field splitting term
is treated only numerically. Exact results for this low-
est symmetry case is also missing in the seminal book
on molecular magnetism by Kahn [12]. Furthermore, the
reviews [10, 11] do not discuss the issue of the calculation
of the full susceptibility tensor, which is of major impor-
tance if one wants to correctly analyze the experimental

∗ e-mail: robert.pelka@ifj.edu.pl

single-crystal data. The approach presented in this pa-
per enables one to obtain all terms of the susceptibility
tensor.

2. Theoretical background
Let us consider a magnetic material which consists of

magnetic centers distributed over the crystal lattice in
such a way that each has the same spatial orientation.
Moreover, let us assume that the interaction between
the centers is negligibly small, thus the theoretical
analysis may be confined to a single center. The
microscopic properties of that center are determined by
the Hamiltonian which is split into two components,
i.e. Ĥ = Ĥ0 + V̂ . The first component accounts for the
interaction of the center with its nearest environment
and with an external magnetic field H0 corresponding
to the field fixed during the measurement. The other
component is the Zeeman coupling of the center to the
magnetic field H which plays the role of the sampling
field. While the latter term is thought to be the
perturbation, the former one represents the unperturbed
system. The standard quantum-mechanical scheme
of the perturbative calculation [13] yields consecutive
corrections to the energies of E0

n(H0) = 〈n, in|Ĥ0|n, in〉
of eigenstates |n, in〉 of Ĥ0 (n = 1, . . . , d; in = 1, . . . , fn,
where fn is the degeneracy degree of the n-th state).
The first and second order corrections may be written
as diagonal elements of the following operators:

Ĉ1 = V̂ , (2.1)

Ĉ2
n =

∑

m 6=n

fm∑

im=1

V̂ |m, im〉 〈m, im| V̂
E0

n − E0
m

, (2.2)

respectively, where states |n, in〉 are assumed to be cho-
sen in such a way that operator Ĉ1 is diagonal in each
degenerate subspace, and if it vanishes in any subspace,
the corresponding second order operator Ĉ2

n has there
the diagonal form. So, in a generic case, calculating the
energy corrections involves diagonalizing procedures in
every order of the perturbative scheme. The principles
of statistical physics imply the following formulae for

(428)
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the magnetization and susceptibility components:

Mi =
1
Z

∑

n,in

(
−∂En,in

∂Hi

)
exp(−βEn,in

) , (2.3)

β−1χij =
∑

n,in

(
∂En,in

∂Hi

∂En,in

∂Hj
− β−1 ∂2En,in

∂Hi∂Hj

)

× exp(−βEn,in)
Z

−MiMj , (2.4)

Z =
∑

n,in

exp(−βEn,in
) , (2.5)

where all the functions En,in(H0,H) and their
derivatives are evaluated at H = (0, 0, 0), indices
i, j ∈ {x, y, z}, and β = 1/kT . Remembering that per-
turbation operator V̂ is linear in the sampling field H,
i.e. V̂ = V̂iHi, where the Einstein summation convention
is used, the straightforward calculation yields

Mi =
1
Z

∑
n

exp(−βE0
n)σ1

i,n , (2.6)

β−1χij =
1
Z

∑
n

exp(−βE0
n)

(
σ2

ij,n − β−1σ3
ij,n

)

−MiMj , (2.7)
where Z =

∑
n fn exp(−βE0

n) and the sigmas have the
following forms:

σ1
i,n =

∑

in

〈n, in| V̂i |n, in〉 , (2.8)

σ2
ij,n =

∑

in

〈n, in| V̂i |n, in〉 〈n, in| V̂j |n, in〉 , (2.9)

σ3
ij,n

= 2Re
∑

in

∑

n6=m,im

〈n, in| V̂i |m, im〉 〈m, im| V̂j |n, in〉
E0

n − E0
m

.

(2.10)
Let us stress that the procedure defined by
Eqs. (2.6)–(2.10) is exact and does not entail any
approximations contrary to what the quantum mechan-
ical expansion for the energy of states might suggest.
Sums σ1

i,n and σ3
ij,n in Eqs. (2.8) and (2.10), respectively,

can be interpreted as the trace in the n-th subspace
of degenerate states, whereas sum σ2

ij,n cannot. As
the trace is independent of the choice of the basis in
the state space, the calculation of the magnetization
components does not require the block diagonalization
of Ĉ1. This operation is yet necessary in the calculation
of the susceptibility components.

It is instructive to calculate the magnetic properties for
the simplest possible system of a noninteracting spin S
in a nonzero external magnetic field H0. The pertinent
Hamiltonian reads

Ĥ = µ0Ŝ · (H0 + H) (2.11)
with µ0 = gµB, where Ŝ is the spin operator vector,
g — the spectroscopic Landé factor, and µB — the
Bohr magneton. In this simple case the total Hamilto-
nian can be diagonalized explicitly to yield the eigenval-

ues enumerated by the magnetic quantum number M =
−S,−S + 1, . . . , S − 1, S: EM(H0, H) = µ0M |H0 + H|,
of which the relevant derivatives can be obtained directly
without resorting to the perturbative scheme. The mag-
netization and molar susceptibility tensor of that system
found using Eqs. (2.3)–(2.5) read

m = µ0BS(βµ0S |H0|) H0

|H0| , (2.12)

β−1χij = NAµ2
0S

2

[
w1(β, |H0|)δij

+w2(β, |H0|)H0iH0j

|H0|2
]
, (2.13)

where

w1(β, |H0|) =
BS(βµ0S |H0|)

βµ0S |H0| , (2.14)

w2(β, |H0|) =
S + 1

S

− 1
S

coth
(

1
2
βµ0 |H0|

)
BS(βµ0S |H0|)

− BS(βµ0S |H0|)
βµ0S |H0| −B2

S(βµ0S |H0|) , (2.15)

where NA is the Avogadro number, and BS(x) is the
Brillouin function. The susceptibility tensor may be
shown to be diagonal in the frame (e||, e⊥1,e⊥2) where
e|| = H0/|H0|, and e⊥i · e|| = 0 (i = 1, 2). The corre-
sponding eigenvalues are given by the following formulae:

χ|| = NAβ [w1(β, |H0|) + w2(β, |H0|)] , (2.16)

χ⊥ = NAβw1(β, |H0|) . (2.17)
The second eigenvalue is twofold degenerate. Fig-
ure 1 shows temperature dependence of the susceptibility
eigenvalues given by Eqs. (2.16) and (2.17) for five spin
values S = 1/2, 1, 3/2, 2, 5/2, and g = 2.0 in the exter-
nal magnetic field of the magnitude H0 = 103 Oe typical
for genuine experimental conditions. For comparison, it
also shows the triply degenerate eigenvalue of the sus-
ceptibility tensor in the vanishing external magnetic field
(|H0| → 0). It can be seen that the spectrum of the sus-
ceptibility tensor changes considerably if a nonzero ex-
ternal magnetic field is present. Eigenvalue χ|| vanishes
whereas eigenvalue χ⊥ is finite in the zero-temperature
limit. In the zero-field limit the single triply degenerate
eigenvalue χ0 = NAµ2

Bg2βS(S +1)/3 diverges for T → 0.

To conclude this section let us generalize the previ-
ous result to encompass the case where there are several
weakly-interacting centers in the crystallographic cell dif-
fering in orientation from each other. Firstly, one needs
to determine for each center its local coordinate frame
Fk (k = 1, . . . , N, N — the number of centers in the
crystallographic cell) in the way consistent with the cor-
responding coordination sphere and the existing conven-
tions. Let F denote the orthonormal frame related to the
crystallographic axes and Ok — the orthogonal transfor-
mations from F to Fk (the transformations are defined
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Fig. 1. Temperature dependence of eigenvalues χ||
(dashed line) and χ⊥ (solid line) of the susceptibility
tensor for an isolated spin system with S = 1/2, 1,
3/2, 2, 5/2, and g = 2.0 in the external magnetic field
of 103 Oe. The dotted line shows the triply degenerate
eigenvalue of the susceptibility tensor χ0 in the zero-
-field limit. Let us note that the susceptibility units are
S-dependent and have been chosen so for all the curves
to coincide in high temperature limit.

by the matrix equation Ek = EOk, where E denotes
the 3 × 3 matrix whose columns are the basis vectors of
frame F and Ek is the 3 × 3 matrix whose columns are
the basis vectors of local coordinate frame Fk). The ex-
ternal magnetic field H0 (coordinates in frame F ) must
be transformed to the local frames: Hk = det OkOT

k H0.
Then the calculations are performed for each center sepa-
rately in its local frame to obtain mk and χk. The total
magnetization and susceptibility will then be given by
the following sums:

mtotal =
n∑

k=1

detOkOkmk , (2.18)

χtotal =
n∑

k=1

OkχkOT
k . (2.19)

In the case where the external magnetic field H0 is prac-
tically zero and all the centers are isomorphic, the calcu-
lation of the total susceptibility requires only the calcu-
lation in one local frame as χk(H0 = 0) = χ1(H0 = 0).

3. Experimental background

In the previous section the procedure allowing the cal-
culation of the magnetization and the susceptibility of the
crystalline magnetic material was presented. Yet, what
is calculated must often be compared to the experimen-
tal output. The current section is devoted to the issue
of what quantities are available experimentally and how
they correspond to the theoretical ones.

The reasonable assumption concerning magnetic mea-
surements will be that the quantity measured corre-
sponds to the magnetization of the sample induced by
the external magnetic field H0. Its mathematical coun-
terpart may be represented by the formula

m =
m ·H0

|H0| . (3.1)

For finite values of the magnetic field and fixed temper-
ature one obtains the isothermal magnetization, corre-
sponding for a single-crystal sample of the multicenter
compound to the following sum (cf. Eq. (2.18) and the
text above):

m =
n∑

k=1

mk ·Hk

|H0| . (3.2)

Independent orientations of the external field H0 will
yield the corresponding Carthesian components of the
magnetization pseudovector. If one takes the background
field to be small H0 → δH0, one can expand the mag-
netization in Eq. (3.1) around zero to obtain

Mi = χij(0)δH0j + O(δH2
0 ) (3.3)

and consequently
m

δH0
≈ δH0i

δH0
χij

δH0j

δH0
, (3.4)

where δH0 = |δH0| and the Einstein summation conven-
tion applies. Thus one obtains the quantity proportional
to the diagonal components of the susceptibility tensor.
It is easy to see that this particular experimental setup
defined by Eq. (3.1) does not allow us for the determina-
tion of the off-diagonal terms.

For powder samples the averaging over all possible ori-
entations of the magnetic centers or, equivalently, over
all possible directions of the external magnetic field must
be carried out. Such an averaging can be performed an-
alytically only for the most simple cases. In a generic
case one has to resort to numerical computation. One
of possible selections of orientations of the external mag-
netic field H0 is that corresponding to a grid of points
homogeneously filling the rectangle [0, 1]× [0, 2π) in the
coordinate plane (cos θ, ϕ), where the couple of spherical
angles (θ, ϕ) provides the most natural parameterization
of the field direction. This particular choice was invented
to represent the opposite directions of the field only ones
and involves angle steps defined by ∆(cos θ) = 1/K and
∆ϕ = π/(2K), where K = 1, 2, . . . The ensuing set
of points is a sum of the three following disjoint angle
sets: (1) {(0, 0)}, (2) { (

π
2 , π

2K (i− 1)
)
; i = 1, . . . , 2K

}
,

and (3)
{ (

arccos( i
K ), π

2K (j − 1)
)
; i = 1, . . . ,K − 1,

j = 1, . . . , 4K
}
. It is easy to see that the total num-

ber of points (orientations) is then P = 4K2 − 2K + 1.
Thus for a one-center compound one has to carry out the
following averaging:

m ≈ 1
P

P∑

l=1

m(H l) ·H l

|H l| , (3.5)

where |H l| = |H0| and field vectors H l represent the
different equally-weighted field orientations. In the sim-
plest case, i.e. for K = 1, Eq. (3.5) yields m ≈ (Mx +
My+Mz)/3. However, this approximation will be demon-
strated later to fail to provide a reliable estimate. The
averaging for the zero-field susceptibility, see Eq. (3.4),
yields the widely-used formula [10–12]:



Full Susceptibility Tensor for Localized Spin Models . . . 431

m

δH0
=

1
4π

∫
dΩ

δHT
0 (Ω)χ(0)δH0(Ω)

δH2
0

=
1
3
Trχ(0) .

(3.6)

4. Full susceptibility tensor for small spin values

The so-called generalized van Vleck formalism summa-
rized in Sect. 2 can be used to obtain typical characteris-
tics of magnetic systems, i.e. magnetic susceptibility ten-
sor and isothermal magnetization pseudovector. These
can be calculated numerically for an arbitrary magnetic
system taking into account an arbitrary value of the ex-
ternal magnetic field. However, there is an important
class of systems where the calculations of magnetic sus-
ceptibility tensor in the zero external magnetic field can
be carried out analytically. To that class belong systems
of localized spins immersed in an anisotropic environ-
ment. The pertinent phenomenological Hamiltonian for
those systems has the following form:

Ĥ = DŜ2
z + E(Ŝ2

x − Ŝ2
y) + µBŜ · g ·H . (4.1)

The first two terms in Eq. (4.1) account for the axial and
rhombic zero-field splitting, respectively, with axial (D)
and rhombic (E) zero-field splitting parameters [12]. The
last term corresponds to the Zeeman coupling of the spin
with the external magnetic field. Let us note that we do
not assume the diagonal form of the spectroscopic ten-
sor g. In the following subsections we include analytical
formulae for the susceptibility tensor for an array of the
lowest spin values found with Eqs. (2.6)–(2.10).

4.1. The case of S = 1

The spectrum of the zeroth order Hamiltonian Ĥ0

is nondegenerate. The corresponding eigenvalues and
eigenvectors are listed in Sect. A.1. The suscep-
tibility tensor, obtained using Eqs. (2.6)–(2.10) and
(A.1.1)–(A.1.2) reads

β−1χij =
2µ2

B

eβD + 2 cosh(βE)

[
exp

(
1
2
β(D − E)

)

× sinh
(

1
2β(D + E)

)
1
2β(D + E)

gxigxj + exp
(

1
2
β(D + E)

)

× sinh
(

1
2β(D − E)

)
1
2β(D − E)

gyigyj +
sinh(βE)

βE
gzigzj

]
.

(4.1.1)
Figure 2 shows the susceptibility components calculated
numerically in the external field H0 = [1, 1, 1] kOe for
D = −10 K, E = 5 K, and g = diag(2, 2, 2). In this and
all the remaining cases the value of the external magnetic
field H0, required by the numerical procedure, was cho-
sen to be small so that the susceptibility values obtained
with the derived formulae and those calculated numeri-
cally did not visibly differ except at very low tempera-
tures. The numerical procedure yields the full suscepti-
bility tensor and the mean susceptibility (χmean) curves
shown in plots correspond to one-third of the trace of that

tensor. It can be seen that the numerical calculation is
consistent with the analytical result given by Eq. (4.1.1)
shown by solid lines. The inset of Fig. 2 shows the tem-
perature dependence of the off-diagonal components of
the susceptibility tensor that appear due to the pres-
ence of the external magnetic field. The magnetization
was simulated in the three independent spatial directions.
Moreover, the magnetization for the powder sample was
calculated for K = 1, 2, 3, 5, and 10. The results are
depicted in Fig. 3. Let us note that the simplest ap-
proximation with K = 1 deviates considerably from that
obtained with K = 10 involving P = 381 different field
orientations.

Fig. 2. Components of the susceptibility tensor sim-
ulated in the model defined by Hamiltonian given in
Eq. (4.1) for S = 1, D = −10 K, E = 5 K and
g = diag(2, 2, 2). The solid lines show the diagonal
components of the zero-field susceptibility calculated ac-
cording to Eq. (4.1.1). The black solid line shows the
mean (powder sample) susceptibility calculated as one-
-third of the trace of the tensor given by Eq. (4.1.1). The
inset shows the off-diagonal components due to the pres-
ence of the external magnetic field H0 = [1, 1, 1] kOe.

4.2. The case of S = 3/2

For the odd multiples of spin 1/2 the well-known
Kramers theorem applies. The crystal field, which origi-
nates from electrostatic interactions of valence electrons
with the crystal environment (coordination sphere), can-
not fully remove the degeneracy of the spectrum for
such systems. The spectrum consists of a number of
the Kramers doublets, which can be split only by ap-
plying an external magnetic field. The spectrum of the
zeroth order Hamiltonian Ĥ0 in the present case com-
prises a pair of the Kramers doublets. The correspond-
ing eigenvalues and eigenvectors are listed in Sect. A.2.
One can see that the eigenvectors depend on the sam-
pling field. This feature was absent for the case of the
integer spin S = 1 and is characteristic for spins equal
to odd multiples of 1/2. Even in the limit of H → 0
it introduces a nontrivial dependence of the susceptibil-
ity tensor on the direction of the sampling field. Using
Eqs. (2.6)–(2.10) and the appropriately chosen eigenvec-
tors given by Eqs. (A.2.2)–(A.2.5) one arrives at the final
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Fig. 3. Components of the magnetization simulated in
the model defined by Hamiltonian given in Eq. (4.1)
for S = 1, T = 2 K, D = −10 K, E = 5 K and
g = diag(2, 2, 2). The dotted curves denote the pow-
der sample magnetizations obtained with K = 1, 2,
3, 5 corresponding to P = 3, 13, 31, 91 field orien-
tations, respectively. The solid line shows the powder
sample magnetization for K = 10 (P = 381). A con-
siderable difference can be observed between the curves
with K = 1 and K = 10.

formula for the zero-field susceptibility tensor

β−1χij(h) =
1
4
µ2

B

{
1
2

[
A2ikA2jlhkhl

A2klhkhl

+
A1ikA1jlhkhl

A1klhkhl

]

+
1
2

[
A2ikA2jlhkhl

A2klhkhl
− A1ikA1jlhkhl

A1klhkhl

]
tanh(β∆)

+
3

∆2

[
(D + E)2gxigxj + (D − E)2gyigyj

+4E2gzigzj

] tanh(β∆)
β∆

}
, (4.2.1)

where quantities A1 and A2 are given by the following
formula:

A1/2ij =
(

1∓ D − 3E

∆

)2

gxigxj

+
(

1∓ D + 3E

∆

)2

gyigyj +
(

1± 2D

∆

)2

gzigzj

(4.2.2)
and versor h = H/|H| encodes the orientation of the
sampling field. The presence of h in the final formula for
the susceptibility tensor calls for caution while calculat-
ing powder and single-crystal magnetic susceptibility. To
duly account for the powder sample signal it is no more
sufficient to calculate the susceptibility tensor once for
a fixed sampling field orientation h and then take one-
-third of its trace as this will give an incorrect result. To
obtain a correct result one has to repeat the calculations

for an array of sampling field orientations, like those as-
sumed for the calculation of powder magnetization, and
next take an average. In fact, the averaging procedure
can be performed exactly without resorting to its dis-
cretization. The corresponding result will be presented
and discussed later in this section. The same applies,
when a single crystal with several isomorphic spin cen-
ters in a unit cell is considered. We cannot transform the
susceptibility tensor calculated for one center to obtain
that tensor for another center differing from the first one
in the spatial orientation, because the relative orientation
of the external magnetic field changes from center to cen-
ter. The calculations should be performed for each center
separately and only then the results should be summed
to yield the total susceptibility of a unit cell.

In many practical cases only the three linearly indepen-
dent configurations of the sampling field hx = [1, 0, 0],
hy = [0, 1, 0], and hz = [0, 0, 1] and the correspond-
ing diagonal terms of the susceptibility tensor χxx(hx),
χyy(hy), and χzz(hz) are considered. On those assump-
tions Eq. (4.2.1) simplifies, yielding the following com-
pact formula:

β−1χii(hi)
µ2

B

= g2
xi

[
5
4
− 3(D + E)2

4∆2

(
1− tanh(β∆)

β∆

)

+
D − 3E

2∆
tanh(β∆)

]

+ g2
yi

[
5
4
− 3(D − E)2

4∆2

(
1− tanh(β∆)

β∆

)

+
D + 3E

2∆
tanh(β∆)

]

+ g2
zi

[
5
4
− 3E2

∆2

(
1− tanh(β∆)

β∆

)
− D

∆
tanh(β∆)

]
,

(4.2.3)
where index i should be replaced with x, y, and z, re-
spectively. Now, let us turn to carrying out the powder
averaging of the susceptibility tensor. To this end, as
pointed out above, we need to calculate an integral anal-
ogous to that given in Eq. (3.6), i.e.

χ̄ =
1
4π

∫
dΩhi(Ω)χij(Ω)hj(Ω), (4.2.4)

where χij(Ω) is given by Eq. (4.2.1), h(Ω) =
[sin θ cosϕ, sin θ sinϕ, cos θ], and (θ, ϕ) is the couple of
spherical angles parameterizing the sampling field direc-
tion. It is easy to show that for any Ω -independent tensor
aij the following identity holds:

1
4π

∫
dΩhi(Ω)aijhj(Ω) =

1
3

(axx + ayy + azz) .

(4.2.5)
Using (4.2.4) and (4.2.5) one readily arrives at the for-
mula for the susceptibility of the powder sample

χ̄ =
1
3
[
χxx(hx) + χyy(hy) + χzz(hz)

]
, (4.2.6)

where χii(hi) are given by Eq. (4.2.3). Let us stress that



Full Susceptibility Tensor for Localized Spin Models . . . 433

although the formula looks like one-third of the trace
of a susceptibility tensor, it is not the case as χxx(hx),
χyy(hy), and χzz(hz) are the diagonal components of
three different tensors corresponding to three different
sampling field orientations. The same subtle situation
will be present in Sect. 4.4 where the other half-integer
spin S = 5/2 will be discussed.

Fig. 4. Components of the susceptibility tensor sim-
ulated in the model defined by Hamiltonian given in
Eq. (4.1) for S = 3/2, D = −10 K, E = 5 K and
g = diag(2, 2, 2). The solid lines show the diagonal
components of the zero-field susceptibility calculated ac-
cording to Eq. (4.2.1). The black solid line represents
the mean (powder sample) susceptibility calculated ac-
cording to Eq. (4.2.6). The numerical calculation was
performed at the presence of the external magnetic field
H0 = [10, 10, 10] Oe.

Figure 4 shows the susceptibility components cal-
culated numerically in the external field H0 =
[10, 10, 10] Oe for D = −10 K, E = 5 K, and g =
diag(2, 2, 2). The numerical results are consistent with
those obtained using the analytical formulae given by
Eqs. (4.2.1) and (4.2.6) (shown by solid lines).

4.3. The case of S = 2

The spectrum of the zeroth order Hamiltonian
Ĥ0 is non-degenerate. The corresponding eigenval-
ues and eigenvectors are listed in Sect. A.3. Using
Eqs. (2.6)–(2.10) and (A.3.1)–(A.3.4) one arrives at the
formula for the susceptibility tensor

β−1χij =
2µ2

B

Z1

{
C1(β,D, E)gxigxj

+C2(β,D, E)gyigyj + C3(β,D, E)gzigzj

}
, (4.3.1)

where Z1 = exp(−2βD) + 2 exp(βD) cosh(3βE) +
2 cosh(2β∆), and functions C1, C2, and C3 have the fol-
lowing form:

C1(β, D,E) = exp
(
−1

2
β(D − 3E)

)

× sinh
(

3
2β(D + E)

)
3
2β(D + E)

+
(

2− D − 3E

∆

)

× exp
(
−1

2
β(2∆−D + 3E)

)

× sinh
(

1
2β(2∆ + D − 3E)

)
1
2β(2∆ + D − 3E)

+
(

2 +
D − 3E

∆

)

× exp
(

1
2
β(2∆ + D − 3E)

)

× sinh
(

1
2β(2∆−D + 3E)

)
1
2β(2∆−D + 3E)

, (4.3.2)

C2(β, D,E) = C1(β,D,−E) , (4.3.3)

C3(β, D,E) = 2
(

1 +
D

∆

)
exp(−β(∆ + D))

× sinh(β(∆−D))
β(∆−D)

+ 2
(

1− D

∆

)
exp(β(∆−D))

× sinh(β(∆ + D))
β(∆ + D)

+ exp(βD)
sinh(3βE)

3βE
. (4.3.4)

Figure 5 shows the susceptibility components calculated
numerically in the external field H0 = [1, 1, 1] kOe for
D = −10 K, E = 5 K, and g = diag(2, 2, 2). The numer-
ical results are consistent with the analytical result given
by Eq. (4.3.1) (shown by solid lines).

Fig. 5. Components of the susceptibility tensor sim-
ulated in the model defined by Hamiltonian given in
Eq. (4.1) for S = 2, D = −10 K, E = 5 K and
g = diag(2, 2, 2). The solid lines show the diagonal
components of the zero-field susceptibility calculated ac-
cording to Eq. (4.3.1). The black solid line represents
the mean (powder sample) susceptibility calculated as
one-third of the trace of the tensor given in Eq. (4.3.1).
The numerical calculation was performed at the pres-
ence of the external magnetic field H0 = [1, 1, 1] kOe.

4.4. The case of S = 5/2

The spectrum of the zeroth order Hamiltonian Ĥ0 con-
sists of three Kramers doublets. Let us denote the cor-
responding eigenvalues E

(0)
n by εn (n = 1, 2, 3), respec-

tively, where
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ε1 =
4
√

7
3

∆ cos
(ϕ

3

)
, ε2 = −4

√
7

3
∆ cos

(
π − ϕ

3

)
,

ε3 = −4
√

7
3

∆ cos
(

π + ϕ

3

)
(4.4.1)

and

ϕ = arccos
(

10D(D2 − 9E2)
7
√

7∆3

)
. (4.4.2)

The corresponding eigenvectors are given by very
formidable formulae and for this reason they will not be
quoted here. By calculating them one has to remember
that they should block-diagonalize the first order pertur-
bation operator V̂ . Similarly to the case of S = 3/2 they
are dependent on the sampling field H. Likewise, in the
limit H → 0 the susceptibility tensor remains dependent
on the sampling field orientation. It is given by the fol-
lowing formula:

β−1χij(h) =
µ2

B

Z2

[
Bik(ε1, ε1)Bjl(ε1, ε1)hkhl

Bkl(ε1, ε1)hkhl

× exp(−βε1) +
Bik(ε2, ε2)Bjl(ε2, ε2)hkhl

Bkl(ε2, ε2)hkhl

× exp(−βε2) +
Bik(ε3, ε3)Bjl(ε3, ε3)hkhl

Bkl(ε3, ε3)hkhl

× exp(−βε3) + 2Bij(ε1, ε2) exp
(
−1

2
β(ε1 + ε2)

)

× sinh
(

1
2β(ε1 − ε2)

)
1
2β(ε1 − ε2)

+ 2Bij(ε1, ε3)

× exp
(
−1

2
β(ε1 + ε3)

)
sinh

(
1
2β(ε1 − ε3)

)
1
2β(ε1 − ε3)

+ 2Bij(ε2, ε3) exp
(
−1

2
β(ε2 + ε3)

)

× sinh
(

1
2β(ε2 − ε3)

)
1
2β(ε2 − ε3)

]
, (4.4.3)

where quantities Bij(s, t) are defined in Sect. A.4 and the
summation over repeated indices is implied. The suscep-
tibility of the powder sample can be obtained by averag-
ing over all possible orientations of the sampling field as
was demonstrated in Sect. 4.2. Straightforward calcula-
tion yields

β−1χ̄ =
µ2

B

3Z2

[
Bii(ε1, ε1)e−βε1 + Bii(ε2, ε2)e−βε2

+Bii(ε3, ε3)e−βε3 + 2Bii(ε1, ε2)

× exp
(
−1

2
β(ε1 + ε2)

)
sinh

(
1
2β(ε1 − ε2)

)
1
2β(ε1 − ε2)

+ 2Bii(ε1, ε3) exp
(
−1

2
β(ε1 + ε3)

)

× sinh
(

1
2β(ε1 − ε3)

)
1
2β(ε1 − ε3)

+ 2Bii(ε2, ε3)

× exp
(
−1

2
β(ε2 + ε3)

)
sinh

(
1
2β(ε2 − ε3)

)
1
2β(ε2 − ε3)

]
,(4.4.4)

where the summation over repeated indices is implied.
One can readily show that the result is again equivalent
to Eq. (4.2.6) where χii(hi) should be calculated using
Eq. (4.4.3).

Figure 6 shows the susceptibility components calcu-
lated numerically in the external field H0 = [1, 1, 1] Oe
for D = −10 K, E = 5 K, and g = diag(2, 2, 2). The
numerical result is consistent with the analytical result
given by Eqs. (4.4.3) and (4.4.4) (shown by solid lines).
Equation (4.4.3) works well if both E 6= 0 and D 6= 0.
However, limits E → 0 or D → 0 are rather nontrivial.
Therefore, we quote in Sect. A.5 the diagonal terms of
the susceptibility for these limiting cases.

Fig. 6. Components of the susceptibility tensor sim-
ulated in the model defined by Hamiltonian given in
Eq. (4.1) for S = 5/2, D = −10 K, E = 5 K and
g = diag(2, 2, 2). The solid lines show the diagonal
components of the zero-field susceptibility calculated ac-
cording to Eq. (4.4.3). The black solid line represents
the mean (powder sample) susceptibility calculated ac-
cording to Eq. (4.4.4). The numerical calculation was
performed at the presence of the external magnetic field
H0 = [1, 1, 1] Oe.

5. Conclusions

The procedure to calculate the magnetic susceptibil-
ity and magnetization has been presented and discussed.
Let us note that using this procedure in addition to di-
agonal also the off-diagonal terms of the susceptibility
tensor can be obtained, which is of major importance if
the experimental single-crystal response should be simu-
lated properly. A simple model of magnetic measurement
described by the quantity m was shown to yield only the
diagonal components of the susceptibility suggesting the
need of experimental setup allowing to detect the off-
-diagonal terms. Closed formulae for the full magnetic
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susceptibility tensor have been obtained for the case of
a spin center involving both axial and rhombic zero-field
splitting terms. They are ready to be used in the inter-
pretation of magnetic measurements of novel molecular
magnets.

Appendix A.1

Eigenvalues and the corresponding eigenvectors of the
Ĥ0 for S = 1 read

E
(0)
1 = −2

3
D , E

(0)
2 =

1
3
D − E , E

(0)
3 =

1
3
D + E ,

(A.1.1)

|1〉 =




0
1
0


 , |2〉 =

1√
2




1
0
−1


 , |3〉 =

1√
2




1
0
1


 .

(A.1.2)

Appendix A.2

Doubly degenerate eigenvalues of Ĥ0 for S = 3/2 read

E
(0)
1 = ∆ , E

(0)
2 = −∆ , (A.2.1)

where ∆ =
√

D2 + 3E2, and the corresponding eigenvec-
tors, for which operator V̂ is diagonal in the subspaces
belonging to the degenerate eigenvalues, are

|1, 1〉 = N1




(∆ + D)
[
λ1 + 1

2

(
1 + 2D

∆

)
Gz

]
√

3
2 E

[
3E
∆ G+ +

(
1− D

∆

)
G−

]
√

3E
[
λ1 + 1

2

(
1 + 2D

∆

)
Gz

]
1
2 (∆ + D)

[
3E
∆ G+ +

(
1− D

∆

)
G−

]


 ,

(A.2.2)

|1, 2〉 = N1




− 1
2 (∆ + D)

[
3E
∆ G− +

(
1− D

∆

)
G+

]
√

3E
[
λ1 + 1

2

(
1 + 2D

∆

)
Gz

]

−
√

3
2 E

[
3E
∆ G− +

(
1− D

∆

)
G+

]

(∆ + D)
[
λ1 + 1

2

(
1 + 2D

∆

)
Gz

]


 ,

(A.2.3)

|2, 1〉 = N2




√
3

2 E
[
3E
∆ G− −

(
1 + D

∆

)
G+

]

(∆ + D)
[
λ2 − 1

2

(
1− 2D

∆

)
Gz

]

− 1
2 (∆ + D)

[
3E
∆ G− −

(
1 + D

∆

)
G+

]

−√3E
[
λ2 − 1

2

(
1− 2D

∆

)
Gz

]


 ,
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|2, 2〉 = N2




−√3E
[
λ2 − 1

2

(
1− 2D

∆

)
Gz

]
1
2 (∆ + D)

[
3E
∆ G+ −

(
1 + D

∆

)
G−

]

(∆ + D)
[
λ2 − 1

2

(
1− 2D

∆

)
Gz

]

−
√

3
2 E

[
3E
∆ G+ −

(
1 + D

∆

)
G−

]


 ,

(A.2.5)
where

N−2
1 = 4λ1∆(∆ + D)

[
λ1 +

1
2

(
1 +

2D

∆

)
Gz

]
,

(A.2.6)

N−2
2 = 4λ2∆(∆ + D)

[
λ2 − 1

2

(
1− 2D

∆

)
Gz

]
,

(A.2.7)

λ1/2 =
1
2

[ (
1∓ D − 3E

∆

)2

G2
x +

(
1∓ D + 3E

∆

)2

G2
y

+
(

1± 2D

∆

)2

G2
z

]1/2

, (A.2.8)

Gi = µBgijHj , G± = Gx ± iGy , (A.2.9)
where the summation over repeated indices is assumed.

Appendix A.3

Eigenvalues and the corresponding eigenvectors of Ĥ0

for S = 2 read
E

(0)
1 = 2D , E

(0)
2 = −D + 3E , E

(0)
3 = −D − 3E ,

(A.3.1)

E
(0)
4 = 2∆ , E

(0)
5 = −2∆ , (A.3.2)

|1〉 =
1√
2




1
0
0
0
−1




, |2〉 =
1√
2




0
1
0
1
0




, |3〉 =




0
1
0
−1
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,

(A.3.3)

|4〉 =
1

2
√

∆(∆ + D)




∆ + D

0√
6E

0
∆ + D




,

|5〉 =
1

2
√

∆(∆ + D)




√
6E

0
−2(∆ + D)

0√
6E




. (A.3.4)

Appendix A.4

Definition of Bij(s, t) is as follows:

Bij(s, t) =
1

b(s)b(t)
[
b1(s, t)gxigxj + b2(s, t)gyigyj

+ b3(s, t)gzigzj

]
, (A.4.1)

b1/2(s, t) = 9
{

1
2

(
10
3

D − s

)(
2
3
D + s

)(
10
3

D − t

)
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×
(

2
3
D + t

)
− 5E2

[(
10
3

D − s

)(
2
3
D + t

)

+
(

10
3

D − t

)(
2
3
D + s

)]
± 2E

(
10
3

D − s

)

×
(

10
3

D − t

)(
4
3
D + s + t

)}2

, (A.4.2)

b3(s, t) =
[
1
2

(
10
3

D − s

) (
2
3
D + s

)(
10
3

D − t

)

×
(

2
3
D + t

)
+ 25E2

(
2
3
D + s

)(
2
3
D + t

)

− 27E2

(
10
3

D − s

) (
10
3

D − t

)]2

, (A.4.3)

b(s) =
(

10
3

D − s

)2 (
2
3
D + s

)2

+ 18E2

(
10
3

D − s

)2

+10E2

(
2
3
D + s

)2

. (A.4.4)

Appendix A.5

In the limit E → 0 (S = 5/2) one obtains

χxx/yy =
βµ2

Bg2
xx/yy

Z3

×
[
9
2

+ 5e−4βD sinh(2βD)
2βD

+ 8e−βD sinh(βD)
βD

]
,

χzz =
βµ2

Bg2
zz

2Z3

(
1 + 9e−2βD + 25e−6βD

)
, (A.5.1)

where Z3 = 2(1 + e−2βD + e−6βD). In the limit D → 0
the diagonal terms of the susceptibility read

χxx/yy =
βµ2

Bg2
xx/yy

98Z4

{
225 + 1152 cosh(2

√
7βE)

∓ 432
√

7 sinh(2
√

7βE) + 80
sinh(

√
7βE)√

7βE

×
[
4 cosh(

√
7βE)±

√
7 sinh(

√
7βE)

]

+18
sinh(2

√
7βE)

2
√

7βE

}
,

χzz =
βµ2

Bg2
zz

98Z4

[
225 + 18 cosh(2

√
7βE)

+ 1472
sinh(2

√
7βE)

2
√

7βE

]
, (A.5.2)

where Z4 = 2[1 + 2 cosh(2
√

7βE)].
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ABSTRACT:

The self-assembly of [CuII(dien)(H2O)2]
2þ and [WV(CN)8]

3� in aqueous solution leads to the formation (H3O){[Cu
II(dien)]4

[WV(CN)8]}[W
V(CN)8]2 3 6.5H2O (1). The crystal structure of 1 consists of an unprecedented {[CuII(dien)]4[W

V(CN)8]}
5þ

¥
chain of (2,8) topology, nonbridging [W(CN)8]

3� anions, and crystallization water molecules. The analysis of magnetic behavior of
1 was performed by the density functional theory (DFT) method and magnetic susceptibility measurements. The DFT broken
symmetry approach gave two JCuW coupling constants: Jax =þ2.9 cm�1 assigned to long and strongly bentW�CN�Cu linkage, and
the Jeq =þ1.5 cm�1 assigned to short and less bent W�CN�Cu linkage, located at the axial and the equatorial positions of square
pyramidal CuII centers, respectively, in the hexanuclear {W2Cu4} chain subunit. The dominance of weak-to-moderate
ferromagnetic coupling within the chain was confirmed by magnetic calculations. Zero-field susceptibility of the full chain segment
{WCu4}n was calculated by a semiclassical analytical approach assuming that only one WV out of five 1/2 spins of the chain unit
WCu4 is treated as a classical commuting variable. The calculation of the field dependence of the magnetization was performed
separately by replacing the same spin with the Ising variable and applying the standard transfer matrix technique. The intermolecular
coupling between the chain segments and off-chain [W(CN)8]

3� entities was resolved using the mean-field approximation set to be
of antiferromagnetic character. The magnetic coupling parameters are compared with those of other low dimensional
{CuII-[MV(CN)8]} systems.

’ INTRODUCTION

The studies of structure�property relationship in the series of
magnetic compounds has been recognized as the key strategy to
understanding of the principles that govern magnetic coupling in
wide variety of compounds including inorganic metallic or metal-
oxides materials, organic radical based materials, and coordina-
tion compounds. The last domain combining effectively the
inorganic and organic building blocks was exhaustively exploited
during past decades resulting in the appearance of single
molecule magnets (SMM), single chain magnets (SCM), room

temperature magnets, photomagnets, chiral magnets, or mag-
netic sponges. Among these species the octacyanide-bridged
assemblies received considerable attention because of the specific
binding and coupling properties of CN� bridges implying the
broad range of tunable geometrical bridging configurations,
extent of magnetic interactions, and structural/magnetic
dimensionality.1

Received: July 5, 2010
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Within this line, copper(II)-octacyanidometalate(V,IV) CuII-[MV,

IV(CN)8]
3�/4� (M = Mo, W) complexes have attracted interest

because of the occurrence of long-range magnetic ordering below Tc
temperatures tunable by various external stimuli,2�4 making them
useful for developing new multifunctional materials.5 The magnetic
exchange interaction within the MV

(S=1/2)�CN�CuII(S=1/2) linkage
leads to layered magnets with Tc up to 40 K with metamagnetic
behavior.1 The bilayered magnets with coordination skeleton of
general formula {CuII[WV(CN)8]}

�
¥ were studied in detail.2c�e,3

Magnetic anisotropy originating from the presence of easy plane
of magnetization parallel to the bilayer and hard axis of magne-
tization perpendicular to the bilayer were evidenced in the single
crystals of (tetrenH5){[Cu

II
5[W

V(CN)8]5} 3 9H2O (tetren =
tetraethylenepentamine).3d The energy of the antiferromagnetic
f ferromagnetic spin flip of 4.8 � 102 J 3m

�3 was theoretically
estimated2e to be in agreement with the value of the critical
magnetic field of spin flip of∼80�200 Oe observed experimen-
tally for these family of compounds. The photomagnetic studies
have been centered on light irradiation of cyanido-bridged
paramagnetic {CuII[MoIV(CN)8]} species, which resulted in
the appearance of magnetically ordered phases for 3-dimensional
networks4 and high spin molecules for 0-dimensional systems.6

This effect was interpreted in terms of the formation of reversible
metastable excited states: CuII(S=1/2)MoV(S=1/2)Cu

I
(S=0)

6a�e in
case of visible laser light as well as CuII(S=1/2)*MoIV(S=1)Cu

II
(S=1/

2)
6f in the case of X-ray synchrotron radiation. Other studies

focused on the reversible structural changes induced by water/n-
propanol exchange that lead to the modulation of magnetic
exchange pathways and thus, of the overall magnetic state of the
CuII-pym-[W(CN)8]

3� (pym = pyrimidine) three-dimensional
(3D) framework.2g The function of chirality was implemented
for magnetic networks using chiral ligands to show the significant
differences in the nature of long magnetic interaction between
chiral [W(CN)8]4[Cu{(S or R)-pn}H2O]4[Cu{(S or R)-pn}]2 3
2.5H2O and racemic [W(CN)8]4[Cu{(rac)-pn}H2O]4-
[Cu{(rac)-pn}]2 3 2.5H2O layered magnets (pn = 1,2 di-
aminopropane).2b,h Very recently, the use of anisotropic
{CuIILnIIIL}nþ (Ln = lanthanide, L = tetradentate ligands)
dinuclear building blocks allowed for the construction of trime-
tallic {CuIILnIIIL}[MV(CN)8] and {Cu

IILnIIIL}[MV(CN)8] low
dimensional systems revealing slow magnetic relaxation
characteristics.7

In this context, an important objective in this field is the reliable
theoretical estimation of the parameters of a short-range interac-
tion within the MV

(S=1/2)�CN�CuII(S=1/2) linkage.
2g,3d,7a,8 This

can be achieved by the estimation of the exchange coupling
constants J in low dimensional MV�CN�CuII assemblies whose
finite size and lownuclearity allow the application of the theoretical
model for calculation of the intermetallic M(V)-Cu(II) coupling.
In a our recent contributions we studied the magnetic exchange
interactions in the discrete species {CuW}�, {Cu2W}þ, and
{Cu2W2}

2�.8b�d For WV�CN�CuII linkages we noted the
dominance of ferromagnetic W�Cu coupling for equatorial
cyanido bridges at Cu(II) centers, with coupling constants ranging
from þ30 to þ40 cm�1. For the axial cyanido bridges, the
apparent antiferromagnetic contribution increases, which leads
to lowering of J below þ10 cm�1 7a,8c or even to small negative
values.8a,b The correlation of the JCuW parameters calculated for
[CuII(phen)3]2[Cu

II(phen)2(μ-NC)2W
V(CN)6]2(ClO4)2 310H2O

and [(CuII(bpy)2(μ-NC))2W
V(CN)6][Cu

II(bpy)2(μ-NC)W
V-

(CN)7] 35H2O with the geometry of cyanido bridges at copper(II)
centers based on the density functional theory (DFT) calculations

confirmed the experimental results.8d The DFT calculations revealed
also the small overlap between the magnetic orbitals of copper(II)
and tungsten(V) in these compounds.

To extend the magneto-structural correlation to low dimen-
sional CuII-[WV(CN)8]

3� architectures, we carried out the reac-
tion of [WV(CN)8]

3� with CuII ions in the presence of dien (dien
= diethylenetriamine). By introducing the [CuII(dien)(H2O)2]

2þ

fragment, which has a strong preference to form [Cu(dien)(NC)2]
2þ

moieties of square pyramidal geometry with the cyanido bridges at
equatorial and axial sites,9 we have obtained (H3O){[Cu

II(dien)]4
[WV(CN)8]}[W

V(CN)8]2 36.5H2O (1). The reported compound is
the first one consisting of the unique cyanido-bridgedW-knotted chain
{[CuII(dien)]4[W

V(CN)8]}
5þ

¥. The broken symmetry DFT calcu-
lations for the selected {W2Cu4} unit and numerical analysis of
magnetic data indicate weak ferromagnetic interactions through CN�

ligands within the chain. The possible factors influencing JCuW values
are discussed.

’EXPERIMENTAL SECTION

Materials and Synthesis. CuCl2 3 2H2O, diethylenetriamine, and
other chemicals were obtained from the commercial sources (Sigma-
Aldrich, Idalia) and used without further purification. Cs3[W-
(CN)8] 3 2H2O

10 were synthesized according to the literature proce-
dures. An aqueous solution of [CuII(dien)(H2O)2]Cl2 was obtained by
mixing equimolar aqueous solution of CuCl2 3 2H2O (0.6 mmol, 0.103 g,
2 mL) and diethylenetriamine (0.6 mmol, 63 μL).
(H3O){[Cu

II(dien)]4[W
V(CN)8]}[W

V(CN)8]2 3 6.5H2O 1. The
best crystals of 1 were obtained by a slow diffusion of aqueous solutions
(pH = 5.5) of [CuII(dien)(H2O)2]Cl2 (0.6 mmol, 2 mL) and the
Cs3[W

V(CN)8] 3 2H2O (0.4 mmol, 0.333 g, 2 mL) in an H-tube at room
temperature. The crystals were filtered off and washed with water and
ethanol and air-dried. The crystals of 1 obtained in this manner were
contaminated with very small blue crystals, which were not identified.
The purification in the ultrasonic bath (10 s) allowed to get rid of the
superficial contamination, which was verified under the optical micro-
scope (40 times magnification). Yield: 60 mg, 22%. Elementary analysis
(Found: C, 24.4; N, 25.2; H, 3.8. Calcd for C40H68N36O7.5Cu4W3: C,
24.3; N, 25.5; H, 3.5%). The thermogravimetric analysis (TGA/DTG)
coupled with a quadrupole mass spectrometer (QMS): weight loss up to
125 �C found: 6.54%, m/z = 18, H2O

þ; weight loss calculated for
C40H68N36O7.5Cu4W3, (7.5 H2O): 6.82%. IR: ν(O�H), 3431vs(br);
ν(N�H), 3327s, 3278s; ν(C�H), 2965w, 2928w, 2887w; ν(C�N),
2180w(sh), 2166 m, 2150 m, 2128s; δ(O�H), δ(N�H) 1620w(sh),
1590s, 1493vw; δ(C�H), ν(C�C), ν(C�N), 1456 m, 1395 w, 1318w,
1292w, 1256w, 1134w, 1085s, 1046vw, 1023vs, 987w; γ(C�H),
γ(N�H), γ(O�H), 916w, 897w, 833vw, 658 m; ν(Cu�N), ν(W�C),
516 m, 480 m, 457w. The ν(CN) stretching frequencies of 2180w, 2166
m, 2150 m and 2128s cm�1 in IR spectra are in agreement with the
presence of bridging WV�CN�CuII and nonbridging WV�CN co-
ordination modes of CN�.11 No Csþ ions were detected by X-ray
microanalysis.
X-ray Crystallography. The single crystal diffraction data were

collected on a Nonius Kappa CCD equipped with a Mo KR radiation
source and graphite monochromator. The space group was determined
using the ABSEN12 program. The structure of 1 was solved by direct
methods using SIR-97.13 Refinement and further calculations were
carried out using SHELXL-97.14 The non-H atoms, with exceptions of
water molecules (O2�O7) and disordered C and N atoms of nonbrid-
ging [W(CN)8]

3� (CN34, CN37, and CN38) were refined anisotropi-
cally using weighted full-matrix least-squares on F2. All hydrogen atoms
bonded to carbon atoms of organic components were positioned with an
idealized geometry and refined using a riding model with Uiso(H) fixed
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at 1.2Ueq(C). Hydrogen atoms of crystallization water molecules were
not located. Structural diagrams were prepared using Mercury 1.4.2
software. Selected crystallographic data for 1 are shown in Table 1. The
nonbridging [W(CN)8]

3� and crystallization water molecules reveal
some degree of distortion. The structural model for 1 requires the total
charge balance þ1 for one Cu4W3

�1 unit. This requirement may be
fulfilled by the assumption of the existence of the interstitial H3O

þ

cations, because of the experimental conditions employed (acidic
conditions).
Physical Techniques. Elemental analyses (C, H, N) were per-

formed on a EuroEA EuroVector Elemental Analyzer. Thermogravi-
metric data in the temperature range 25�400 �C were collected on a
Mettler Toledo TGA/SDTA 851e microthermogravimeter equipped
with QMSThermostar GSD 300 T Balzers at heating rate of 5 �Cmin�1

in Ar atmosphere. IR spectra were measured in KBr pellets between
4000 and 400 cm�1 using a Bruker EQUINOX 55 FTIR spectrometer.
Magnetic susceptibility χdc measurement versus temperature T, at
magnetic field H = 1000 Oe and versus magnetic field H at T = 2 K,
was performed using a Quantum Design SQUID magnetometer.
Computational Methods. The Continuous Shape Measure anal-

ysis was performed using the SHAPE v. 2.0 software.15 Calculations of
magnetic susceptibility and isothermal magnetization of 1 are performed
assuming the molecular-field approximation to account for the inter-
molecular interaction between the chain segments and the off-chain
[W(CN)8]

3� entities. The chain part of the spin system is solved using
the model developed by Cur�ely and Georges16 for an isotropic chain,

where a single moment SBi, which is treated classically, alternates with a
composite subsystem of quantum and/or classical spins Ψi. The
Hamiltonian for each subsystem Ψi is rigorously diagonalized. Because
of the isotropy of exchange interactions within the chain upon the
expansion in Legendre polynomials a closed-form expression for the
zero-field susceptibility is obtained. The chain part of the magnetization
is calculated using the transfer matrix technique upon replacement of the
spin of each WV ion by the Ising-like variable. The calculations were
encoded in two notebooks prepared in the Mathematica8.0 environ-
ment. The fitting procedures incorporated the in-built Mathematica
function FindMinimum. Standard DFT calculations have previously
been used for the evaluation of exchange coupling constants for
transition metal dinuclear complex, including some of the second-row
transition series.17 The DFT energies were calculated using the unrest-
ricted hybrid B3LYP functional18 together with the D95 Dun-
ning�Huzinaga valence double-ζ basis set19 for C, H, and N and for
the first-row transition elements and the LANL2DZ small-core
Hay�Wadt pseudopotential20 for transition metals. The procedure
developed by Ruiz et al.21 has been used. All the calculations were
performed using the Gaussian03 code.22 The magnetic orbitals em-
ployed here have been drawn from the ferromagnetic ground state. In
restricted calculations, the same orbital is used for spin up and spin down
electron, so that the orbital to be drawn are simply the so-called singly
occupied molecular orbitals (SOMOs). However such calculations do
not allow to estimate J coupling constants, being especially unable to
reproduce spin-polarization. In unrestricted calculations, the molecular
orbitals for R and β electrons are allowed to be different. Orbital to be
checked a priori should be occupied R orbitals of high energy (occupied
magnetic spin�orbitals, OMSOs). However, it has been previously
shown23 that these orbitals were usually exceedingly delocalized toward
the ligands. Hence, to avoid the use of such overdelocalized orbitals, the
unoccupied magnetic spin�orbitals (UMSOs), the low energy β
molecular orbitals, have been represented.23

’RESULTS AND DISCUSSION

Crystal Structure. The crystal structure of (H3O)
{[CuII(dien)]4[W

V(CN)8]}[W
V(CN)8]2 3 6.5H2O (1) is built

from the cyanido-bridged chains {[CuII(dien)]4[W
V(CN)8]}

5þ
¥

running parallel to the c crystallographic axis, nonbridging
[W(CN)8]

3� anions, interstitial H3O
þ cations, and crystallization

H2O molecules (Figure 1). The most important distances and
angles are presented in Table 2. Detailed metric parameters are
given in the Supporting Information, Table S1. The chain is
formed by [W(CN)8]

3� located on theC4 axis, which coordinates
eight adjacent Cu(II) centers through cyanido ligands, C-bonded
to tungsten (Figure 1b) with W�C and C�N distances and
W�C�N angles typical for this complexes.2�4,6�8 Two crystal-
lographically different bridging [W(CN)8]

3� anions, W(1) and
W(2), alternate in the chain with W(1) 3 3 3W(2) intramolecular
distances of 6.62 Å. The exact description of the relevant polyhedra
is provided by continuous shape analysis parameters24 and indicates
that [W(1)(CN)8]

3� and [W(2)(CN)8]
3� polyhedra are similar

to each other and have a geometry very close to the ideal square
antiprism (D4d, SAPR-8). The sets of four Cu(4) and four Cu(5)
copper centers aligned alternatively between the W(1) and W(2)
tungsten sites are arranged in squares perpendicular to the axis of
the chain and parallel to the square planes of N atoms in the
[W(CN)8]

3� moieties. The interatomic distances Cu(4) 3 3 3Cu-
(4) and Cu(5) 3 3 3Cu(5) within one square are 5.78 and 5.73 Å,
respectively, while the Cu(4) 3 3 3Cu(5) distances between two
neighboring squares are in the range 7.30�7.40 Å (Supporting
Information, Figure S1). Distances and angles of [Cu(dien)(NC)2]

Table 1. Selected Crystallographic Data for 1

1

empirical formula C40H32Cu4N36O10.5W3

formula weight 1990.73

crystal system tetragonal

space group P4/n

unit cell dimensions/Å a = 24.2059(3)

b = 24.2059(3)

c = 13.3200(2)

volume/Å3 7804.50(18)

Z 4

density, calc./Mg 3m
�3 1.694

temperature/K) 293(2)

absorption coefficient/mm�1 5.538

wavelength/Å 0.71073

F(000) 3784

crystal size/mm3) 0.40 � 0.10 � 0.10

θ range for data collection (deg) 1.68 to 26.75

index ranges �30 e h e 30

�28 e k e 30

�16 e l e 9

reflection collected 43461

independent reflections 8294 [R(int) = 0.0600]

completeness to θ = 26.75� 99.7%

absorption correction semiempirical from equivalents

max. and min transmission 0.6074 and 0.2154

refinement method full-matrix least-squares on F2

data/restraints/parameters 8294/30/393

goodness of the fit on F2 1.015

final R indices [I > 2σ(I)] R1 = 0.0719, wR2 = 0.1902

R indices (all data) R1 = 0.0977, wR2 = 0.2152

largest diff. peak and hole e 3Å
�3 7.539 and �3.548
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moieties of square pyramidal geometry are practically identical to
those found in [Cu(dien)]3[Fe(CN)6]2 3 6H2O and similar
structures.9 In [Cu(dien)(NC)2], Cu(II) coordinates at short
distances the three nitrogens of the dien ligand and one nitrogen
of a cyanido bridge at the equatorial site [Cu(4)�N(11), 1.960(8)
and Cu(5)�N(22), 1.969(8) Å], and at significantly longer
distances cyanide bridge at the axial site [Cu(4)�N(21),
2.290(8) and Cu(5)�N(12), 2.233(8) Å]. These two sets of
distances are related to two different non linear geometries of
W�CN�Cu linkages. The (W-)C�N�Cu unit is less bent in
short equatorial CN bridges [C(11)�N(11)�Cu(4), 166.8(9)�
and C(22)�N(22)�Cu(5), 160.3(8)�] and significantly more
bent in long axial CN bridges [C(21)�N(21)�Cu(4),
143.3(8)� and C(12)�N(12)�Cu(5), 145.9(8)�]. The resulting
distances between W and Cu in the W�CN�Cu entities are short
for equatorial linkages, 5.20 Å and 5.17 Å, and long for axial linkages,
5.35 Å and 5.32 Å, respectively. To conclude, the chain

{[CuII(dien)]4[W
V(CN)8]}

5þ
¥ exhibits two different sets of

W�CN�Cu linkages arranged in an alternate manner: W(1)�C-
(11)�N(11)�Cu(4) and W(2)�C(22)�N(22)�Cu(5) being
shorter and less bent than W(1)�C(12)�N(12)�Cu(5) and
W(2)�C(21)�N(21)�Cu(4) (see Figure 1).
The chain {[CuII(dien)]4[W

V(CN)8]}
5þ

¥ itself reveals, to the
best of our knowledge, the unprecedented 1-dimensional topology
(2,8), according to �Cern�ak at al.25 (two neigbours for Cu and 8
neighbors for W), extending the range of 1D topologies observed
for cyanido-bridged assemblies: (2,4) in [CuII2(dien)2M

III(CN)6]
þ

(M = Cr, Fe, Co),9 (2,6) in the very recent case of triple-stranded
helical structure {[NiII(tren)]3[MoIV(CN)8]}

2þ
¥ (tren = tris(2-

aminoethyl)amine)26 as well as the overall diversity of topologies
observed in octacyanidometalate-based networks.6e,7a,8a,11,27

The geometry of [W(3)(CN)8]
3� ions located between the

chains are strongly distorted with two of the CN� ligands,
C37N37 and C38N38, represented by four atomic positions with
the partial occupancy. The W(3)�C bond lengths in the range
2.127�2.160 Å, C�Nbond lengths in the range 1.13�1.16 Å, and
W(3)�C�N angles in the range 168.8��180� (average value
176.2�). The resulting geometry is strongly distorted from ideal
SAPR-8, trigonal dodecahedron (TDD-8), and bicapped trigonal
prism (BTP-8) polyhedra assuming C37AN37A and C38AN38A
(see Supporting Information section).
The local environment of the single chain is presented

schematically in Figure 2, and details of the intermolecular
contacts and hydrogen bonding network are presented in
Supporting Information, Figure S1. The shortest intermolecular
contacts are mediated through W(3) 3 3 3Cu(4) and W-
(3) 3 3 3Cu(5) contacts with distances of 5.89 and 6.04 Å,
respectively (Supporting Information, Figure S1a). Within this
arrangement two oppositely located cyanido ligands of W(3),
C(36)�N(36), and C(32)�C(32), point toward the Cu(4) and

Figure 1. Crystal structure of 1: (a) the packing diagram, a view down the c crystallographic direction; (b) chain structure of
{[CuII(dien)]4[W

V(CN)8]}
5þ

¥; (c) atom labeling scheme with 30% ellipsoid probabilities. Colors: W, pink; Cu, green; C, gray; N, blue; O, red.
Hydrogen atoms are omitted for clarity.

Table 2. Most Important Bond Lengths [Å] and Angles [deg]
in Cyanido-Bridged Linkages in 1

W(1) and W(2) Moieties

W�C range/average 2.152�2.167/2.158

N�C range/average 1.128�1.156/1.143

W�C�N range/average 173.7�178.3/176.1

Cu(4) Moiety

Cu(4)�N(11) 1.960(8) C(11)�N(11)�Cu(4) 166.8(9)

Cu(4)�N(21) 2.290(8) C(21)�N(21)�Cu(4) 143.3(8)

Cu(5) Moiety

Cu(5)�N(12) 2.233(8) C(12)�N(12)�Cu(5) 145.9(8)

Cu(5)�N(22) 1.969(8) C(22)�N(22)�Cu(5) 160.3(8)
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Cu(5) sites of neighboring chains with Cu(4) 3 3 3N(36) and
Cu(5) 3 3 3N(32) distances of 3.14 Å and 3.38 Å, respectively, and
Cu(4) 3 3 3N(36)�C(36) and Cu(5) 3 3 3N(32)�C(32) angles
of 133.9 and 131.4�, respectively. These Cu 3 3 3N distances are
located beyond the limit of 2.78 Å estimated for semicoordina-
tion in CuIIN6 chromophores.6e,28 Thus, these cyanide ligands
can be treated as nonbonded. The other intermolecular contacts
are mediated through W 3 3 3Cu contacts with distances larger
than 7.4 Å.
The disordered lattice of water molecules forms an extensive

homomeric hydrogen bonding network as well as heteromeric
bonding with nitrogen atoms of the [W(CN)8]

3� and the
nitrogen atoms of the N�H dien groups (Supporting Informa-
tion, Figure S1b). The relative donor�acceptor distances for
(amine)N�H 3 3 3O bonds, N 3 3 3O in the range of 2.90�3.21 Å,
(water)O�H 3 3 3NC�W bonds, O 3 3 3N in range of 2.71�3.34
Å, and (water)O�H 3 3 3O(water) bonds: O�H 3 3 3O of
2.7�3.2 Å)] indicate weak-to-medium hydrogen bonds.29

DFT Calculations. Calculations of J values have been realized
in the framework of the DFT method, as described in the
Computational Methodology section. According to the struc-
ture, two different interactions pathways are expected between
the W and Cu atoms within the {[CuII(dien)]4[W

V(CN)8]}
5þ

¥
chain. In the first approach, we considered the dinuclear species
[(NC)7�WV�CN�CuII(dien)(NC)]2�. The JCuW values
were obtained by considering EHS � EBS = �JCuW(2S1S2 þ
S2) =�JCuW, where S1 and S2 are the spins the two metal centers
(S1 = S2 =

1/2) and EHS and EBS are the energies of high spin and
magnetic broken-symmetry states, respectively. Following Ruiz
et al.,30 we assumed that the energy of the broken-symmetry state
is a good approximation of the low spin state energy. However,
the attempts to obtain the JCuW values with this simplified model
resulted either in the lack of convergence or in completely
unrealistic values.
Therefore, DFT calculations have been performed on the

hexanuclear [(NC)4-W
V-{CN-CuII(L)-NC-}4-W

V-(CN)4]
2þ

unit (Figure 3a), involving equatorial and axial cyanido bridges
at Cu(II) centers. We have chosen the {W2Cu4} unit only with
Cu�N distances of 1.960 and 2.290 Å and Cu�N�C angles of
166.8 and 143.3�, respectively, without the contribution of other
Cu(II) centers. The calculations of three energy states have been
performed. The first energy state with all the spins parallel
represents the ferromagnetic state. The two other energy states,
representing the antiferromagnetic states, have one of the two
nonequivalent W atoms bearing one unpaired beta electron and
all the other unpaired electrons in their alpha spin states, and
allow to calculate the two different JCuW coupling constants. The

values obtained for the two coupling constant areþ2.9 cm�1 and
þ1.5 cm�1 assigned to the interaction through the axial and the
equatorial cyanide, respectively.
The weak ferromagnetic interaction observed can be rationa-

lized in terms of the concept of magnetic orbitals. Figures 3b�g
shows six unoccupied magnetic spin�orbitals (UMSOs)23 com-
puted for the hexanuclear entity. The UMSO definition is
discussed in the Computational Methodology section. UMSOs,
the unoccupied beta orbitals of the lowest energy, have been
drawn preferentially because they aremore localized on themetal
than their filled alpha counterparts. There are four orbitals mainly
localized on the copper atoms and two mainly localized on the
tungsten atoms. The molecular orbitals localized mainly on
copper result from the mixing of the σ system of the ligands
(i.e., the tridentate dien ligand and the N atom of the equatorial
bridging cyanide) with the dx2�y2 orbital of the Cu ions. The
molecular orbitals mainly localized on tungsten involve the
metal-centered dz2 orbital and some p orbitals of the nitrogen
of CN ligands (π system of the cyanide). Interestingly, in the case
of the UMSO orbital related to equatorial bridge (Figure 3g)
there is a significant delocalization on all the copper and
tungsten atoms.
According to Kahn's model,31 the exchange parameter J can be

expressed as the sum of two terms of opposite sign: J = JF þ JAF,
with JF = 2k > 0 and JAF = 4βs < 0, where k is the two-electron
exchange integral, β is the one-electron resonance integral, and s
is the one-electron overlap integral. This expression is valid when
two centers, each bearing one localized unpaired electron, are
weakly coupled. When localized molecular orbitals have a very
small overlap (i.e., s≈ 0); the interaction between the two metal
atom spin carriers is expected to be ferromagnetic. The unpaired
electrons on theW atoms delocalize in cyanide orbitals of local π
symmetry. On the other hand, the unpaired electrons originating
from the copper atoms delocalize in cyanide orbitals of local σ
symmetry. Being delocalized at the level of the cyanide bridging
group into orbitals having locally different symmetries the over-
lap s is indeed expected to be small and the interaction between
W and Cu is expected to be ferromagnetic.
The spin density for the ground ferromagnetic state of the

hexanuclear entity is presented in the Figure 3h. The positive
spin density is observed on both copper and tungsten centers. On
the carbon and nitrogen of the nonbridging (in the frame of
{W2Cu4} subunit) cyanides surrounding the W atom, the spin
density results from competing mechanisms: delocalization, as
expected from molecular orbitals theory, and spin polarization
between neighboring atoms (v Vv). On the N atoms, it is positive
and mainly localized in the π system (delocalization and
polarization effects are adding), whereas on the C atoms it is
negative (delocalization and spin polarization are opposite,
delocalization is weak (non bonding cyanide) and negative
polarization effects become the most important). On the Cu
side, some spin density is delocalized in the σ system of the
nitrogen atoms in equatorial position, as expected from classical
molecular orbital theory.
Magnetic Properties. Figure 4a shows temperature depen-

dence of the χMT product with molar magnetic susceptibility χM
calculated per one W3Cu4 unit, corresponding to (H3O)
{[CuII(dien)]4[W

V(CN)8]}[W
V(CN)8]2 3 6.5H2O. On lower-

ing the temperature, χMT increases steadily, which indicates that
the dominant interactions in the system are of ferromagnetic
character. The inset of Figure 4a depicts thermal variation of the
inverse susceptibility χM

�1. It follows a Curie�Weiss law in the

Figure 2. Schematic representation of local environment of the single
chain in 1.
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temperature range 10�300 K with a positive Weiss constant θ =
1.74 ((0.07) K andC = 2.598 ((0.001) cm3 Kmol�1. The value
of the C constant is larger than the spin-only value 1.864 cm3 K
mol�1 calculated for one WV center with SW = 1/2 and gW = 1.97
and four CuII centers with SCu = 1/2 and gCu = 2.0 of the
corresponding WCu4 chain unit. The discrepancy 0.734 cm3 K
mol�1may be ascribed to the contribution from the two off-chain
[W(CN)8]

3� ions carrying spin SW = 1/2 which, assuming the
same value for the Land�e factor (gW = 1.97), is estimated to be
equal to 0.728 cm3 K mol�1.
There is no available exactmodel to treat such a complex system

where besides a knotted arrangements of spins within the chains
there are isolated [W(CN)8]

3� ions. Nevertheless, even a neces-
sarily approximate approach aimed at rationalizing the magnetic
behavior may shed some light on the nature of magnetic interac-
tions in this system. While the intermolecular coupling between
the chain segments and off-chain [W(CN)8]

3� entities can be
resolved using the mean-field approximation, the calculation of
both the temperature dependence of the zero-field susceptibility
and the field evolution of the isothermal magnetization pose a
challenging problem. To obtain the zero-field susceptibility of the
chain segment a semiclassical analytical approach16 is employed. In
this scheme only one out of five 1/2 spins of the chain unitWCu4 is
treated as a classical commuting variable, namely, the spin of the
WV ion. The calculation of the field dependence of the magnetiza-
tion is performed by replacing the same spin with the Ising variable
and applying the standard transfer matrix technique. The plausi-
bility of the latter approximation rests upon the simple observation
that the behavior of a 1/2 spin in a magnetic field is equivalent to
that of an Ising spin. Both the magnetic characteristics were used
independently to get insight into the configuration of magnetic
couplings in the system.
The Hamiltonian of the finite chain involving N pentamer

units may be written as the sum of partial Hamiltonians

HN ¼ ∑
N

i¼ 1
Hi, i þ 1ðψi, SBi, SBi þ 1, HBÞ ð1Þ

where Ψi denotes the quantum subsystem of the four CuII ions
within the i-th pentamer, SBi denotes the spin of theW

V ion of that
pentamer, HB is the external magnetic field, and the partial

Hamiltonians read

Hi, i þ 1 ¼ ðŜCu1i þ ŜCu2i þ ŜCu3i þ ŜCu4iÞ 3
ð� J1 SBi � J2 SBi þ 1 þ μBgCu HBÞ þ μBgw SBi 3 HB ð2Þ

where isotropic Heisenberg exchange interactions between WV

and CuII centers are assumed and Zeeman terms introduced.
Two different exchange coupling constants J1 and J2 alternating
along the chain as shown in Figure 3b are assumed. The
corresponding partition function may be written

ZNðHBÞ ¼
Z

d SB1

Z
d SB2:::

Z
d

SBN þ 1V1, 2ð HBÞ:::VN,N þ 1ð HBÞ ð3Þ
where Vi,iþ1(SBi,SBiþ1,HB) = Tr{exp[�βHi,iþ1(Ψi,SBi,SBiþ1,HB)]}
and the trace is performed over the degrees of freedom of the
quantum subsystemΨi. In eq 3

R
dSBi means integrating over all

directions available to SBi and β = 1/kBT is the Boltzmann factor.
The zero field magnetic susceptibility is obtained through

second order differentiation of ZN(HB) with respect to HB.
As argued in ref 16, if only the exchange couplings in the system
are isotropic, that calculation can be performed rigorously.
Taking in the final step the thermodynamic limit (N f ¥)
one obtains the following expression for the zero-field suscept-
ibility of the WCu4 chain unit

χ1 ¼ NAμ2B
3kB

3
4
g2W þ 3

2
g2CuF

0
0 þ

3
8
β2g2CuðJ21F

00
0 þ J22F

00
0 þ 2J1J2F

00
1Þ

�

þ 3
2

F
1� F

g2w
3

8ð1� FÞ β
2g2cuðJ1F

0
1 þ J2F

0
0ÞðJ1F

0
0 þ J2F

0
1Þ

þ 3
4

1
1� F

βgCugWðJ1 þ J2ÞðF0
0 þ F

0
1Þ� ð4Þ

where quantities F, FR0 , and FR00 (R = 0,1) are dimensionless
functions of J1, J2, and β, and their definitions are provided in the
Supporting Information. The susceptibility χ2 of the two
[W(CN)8]

3� ions located at the off-chain positions is given by
the paramagnetic Curie law χ2 = NAμB

2gW
2 /(2kBT). The total

susceptibility arising from the magnetically coupled chain

Figure 3. DFT calculations for 1: (a) schematic representation of the chain fragment {W2Cu4}; (b)�(e) UMSOs for {W2Cu4}mainly centered on Cu;
(f)�(g) UMSOs for {W2Cu4}mainly centered onW (the two different colors represent the two different signs of the orbitals); (h) spin density for the
ground ferromagnetic state of the hexanuclear {W2Cu4} entity (color code: positive spin density (gray) and negative spin density (blue)).
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segments and [W(CN)8]
3�moieties can be determined approxi-

mately within the molecular field theory and is given by the
expression (see Supporting Information for its derivation)

χM ¼ χ1 þ χ2 þ 2λχ1χ2
1� λ2χ1χ2

ð5Þ

where λ = zJ0/(NAμB
2gavg

2 ) is the molecular field constant, J0 the
intermolecular coupling constant, and z = 2 the number of
nearest neighbors which, in agreement with the structural
analysis, takes into account that the number of the WCu4 chain
segments lying nearest to the [W(CN)8]

3� ion is 2, whereas the
number of the [W(CN)8]

3� ions placed nearest to the WCu4
chain block is 4. The mean spectroscopic factor is assumed to be

equal to gavg = (gWgCu)
1/2. The attempts to fit the calculated total

susceptibility χM in the full temperature range resulted consis-
tently in significant mismatch even at high temperatures. Only
after restricting the temperature range to above 50 K were
convergent fits obtained. The parameters J1 = þ7.2(6) cm�1,
J2 =�1.0(5) cm�1, and J0 =�0.12(9) cm�1 yielded the minimal
root-mean-square deviation of 0.1%. Figure 4c shows the molar
magnetic susceptibility with the best-fit curve. All the fits
displayed consistently larger χMT values at low temperature
range and significant negative correlation between parameters
(J1, J2) and parameter J0, which means that the decrease of J0
would imply the increase of J1 or/and J2 to give a reasonable fit.
These facts suggest that the coupling J0 may be underestimated
and (J1, J2) may be overestimated, and incorporating the inter-
molecular coupling J0 through the molecular-field approximation
may be not sufficiently adequate for this system.
The calculation of field-dependence of the isothermal magne-

tization for the chain cannot be performed using the scheme
presented above, as it becomes analytically intractable for non-
zero external magnetic fields. Therefore a different approach has
been undertaken in which the spins of the WV ions are treated as
Ising variables. On this assumption a transfer matrix is defined,
and its maximal eigenvalue Λmax (H) is found (see Supporting
Information for details). In the thermodynamic limit (N f ¥)
themagnetizationM1(H) of aWCu4 chain segment is found with
the relation M1(H) = NAβ

�1
∂ ln Λmax (H)/∂H. The intermo-

lecular coupling between the WCu4 chain units and the
[W(CN)8]

3� ions is again taken into account through the
molecular-field approximation. The total molar magnetic mo-
ment is written as

MðHÞ ¼ M1ðH þ λM2Þ þM2ðH þ λM1Þ ð6Þ
where M1 is the magnetic moment of the WCu4 chain unit and
M2 is the magnetic moment of two [W(CN)8]

3� ions, H is the
external magnetic field, and λ is the molecular field coefficient
(λ = zJ0/(NAμB

2gavg
2 ). The magnetic moment of the off-chain

[W(CN)8]
3� ionsM2 is assumed to be given by the correspond-

ing Brillouin function32

M2ðHÞ ¼ NAμBgW tanh
gWμBH
2kBT

� �
ð7Þ

Molecular field eq 6 was solved iteratively for the total magnetic
momentM(H). The best fit was obtained for J1 =þ4.2(9) cm�1,
J2 =�0.6(1) cm�1, and J0 =�0.4(1) cm�1 yielding the minimal
root-mean-square deviation of 3%. Again a negative correlation
between parameters (J1, J2) and J0 was observed. The inset of
Figure 4c shows the field dependence of magnetization atT = 2K
(circles) with the best-fit curve (solid line). The values of the
coupling constants inferred from themagnetization data display a
pattern consistent with that found from the χT fit. There is the
relatively large ferromagnetic coupling (J1 = þ4 to þ7 cm�1)
within the chain alternating with the small antiferromagnetic
coupling (J2 =�1 to�0.6 cm�1). Both the data indicate a sizable
antiferromagnetic interaction between the chain segments and
the off-chain [W(CN)8]

3� ions (J0 = �0.4 to �0.1 cm�1). The
fact that the intermolecular interaction J0 was introduced into the
models through the approximate molecular-field theory and the
observation of negative correlations between parameter J0 and
parameters J2 suggest that while the true value of J2 may be
smaller or even change sign, the value of J0 may be still
underestimated.

Figure 4. Magnetic properties of 1: (a) temperature dependence of
χMT for 1, inset: thermal variation of the inverse magnetic susceptibility
χM

�1; (b) schematic representation of the chain model considered in
calculations; (c) experimental (O) and computed (solid lines)
magnetic data.
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Discussion. The coupling constants J1 = þ4 to þ7 cm�1

obtained from magnetic calculations is in a good agreement with
coupling constants Jax = þ2.9 cm�1 calculated by the DFT
method. Concerning the interaction through the equatorial
bridge, the DFT method (Jeq =þ1.5 cm�1) and magnetic fitting
(J2 = �1.0 to �0.6 cm�1) do not fully coincide. The coupling
between the chains and the nonbridging [W(CN)8]

3� moieties
considered only in magnetic calculations was found to be
antiferromagnetic of order of �0.4 to �0.1 cm�1.
Both methods reflect the domination of weak ferromagnetic

interactions within {[CuII(dien)]4[W
V(CN)8]}

5þ
¥ chain. This

may be interpreted in terms of Kahn’s model. The π-systems
arising from dz2(W) and π*(CN�) orbitals is orthogonal to the
σ-system derived from dx2�y2(Cu) and σ(CN

�) orbitals, which is
responsible for the ferromagnetic character of interactions.
Decreasing the Cu�N distance only would imply the increase
of the interactions. However, significant deviations form linearity
of the Cu�N�C angle may result in the appearance of nonzero
overlap between these orbital systems. This produces antiferro-
magnetic contribution to the overall J value, as it was shown
previously33 in two independent studies on discrete cyanido-
bridged NiII[CrIII(CN)6] systems with nominally orthogonal
sets of interacting orbitals derived from t2g

6eg
2(NiII) and t2g

3-
(CrIII) configurations. The effective J value of about þ25 cm�1

estimated for the strictly orthogonal orientation (Ni�N�C and
Cr�C�N angles of 180�) experienced a significant decrease
with the decreasing Ni�N�C angle to reach finally the anti-
ferromagnetic region below a Ni�N�C angle of about 140�.
The same trend was rationalized for cyanido-bridged dinuclear
NiIIWV or NiIIMoV units using broken symmetry DFT
calculations.34 In such cases, the decrease in M�N distance
would imply a closer approach of overlapping orbital systems and
enhance the angular effect leading to the increase of JAF
contribution to overall interaction.33c In the case of 1, two sets
of Cu�NC�W linkages are observed: the equatorial ones, with
small bending (Cu�N�C angles of 166.7� and 160.2�) and
short Cu�N distances (1.960 Å and 1.969 Å), and the axial
linkages with large bending (Cu�N�C angles of 143.3� and
145.9�) and long Cu�N distances (2.290 Å and 2.233 Å). In
both types of W�CN�Cu linkages some antiferromagnetic

contribution is likely. For the equatorial linkages a small angular
effect may be enhanced by short Cu�N distance. For the axial
linkages a strong angular effect may be only very weakly (or not at
all) augmented by long Cu�N distance. Both effects are
qualitatively consistent with the observed JCuW values. Relatively
small positive J value for the equatorial linkage can also be
understood in terms of a significant delocalization of one of the
UMSO (Figure 3g) on all the copper and tungsten atoms in
{W2Cu4} fragment.
In this context, the combined results obtained from DFT

calculations and magnetic fitting models give the consistent
description of the magnetic behavior of 1. Both approaches
reveal some intrinsic limitations, which may be generally related
to the nontrivial topology of the chain and complexity of 3D
architecture of 1. DFT calculations were performed for the
[(NC)4-W

V-{CN-CuII(L)-NC-}4-W
V-(CN)4]

2þ hexanuclear
unit in the {WCu4}n chain, and neither extended intramolecular
interactions nor intermolecular interactions could be taken into
account. The magnetic model, while allowing for a reliable
estimation of magnetic coupling within the full chain segment
{WCu4}N (N f¥) by two independent procedures for χT(T)
andM(H), gives only the approximate description of interaction
between {WCu4}n chains and ionic [W(3)(CN)8]

3�. This is
particularly illustrated by colinearity of experimental and calcu-
lated χT(T) curves above 50 K and their divergence below this
point. It should be pointed out that if the full exact model for J1,
J2, and J0 parameters was considered the value J2 could possibly be
even a small positive value, and thus in perfect agreement with
the value of Jeq found by DFT calculation.
The Table 3 collects the key parameters controlling magnetic

CuII�NC�MV interactions in selected CuII-[M(CN)8]
3� as-

semblies. It consists of the type of coordination polyhedra,
coordination sites for CN-bridging, and metric parameters of
bridging linkages. These parameters determine the orientation
and separation between interacting magnetic orbitals and the
degree of spin density delocalization from the original magnetic
orbitals in 3d metal-[M(CN)8] assemblies.8d,24,34,35 The CuII-
MV interactions are generally ferromagnetic; however, this set of
data does not allow for unequivocal evaluation of the nature and
strength of interaction judging from the metric parameters only.

Table 3. Coordination Polyhedra of [W(CN)8]
3� and Cu(II) Moieties, Coordination Modes, and Geometry of Cyanido-Bridges

and Intramolecular JCuW Coupling Constants for 1 and the Selected Reference Compounds7a,8c�8e

compound

W(CN)8]
3�

polyhedrona
Cu(II)

polyhedronb W�C/Å Cu�N/Å Cu�N�C/deg W 3 3 3Cu/Å JCuW,Mo
c/cm�1 JCuW,Mo

d/cm�1 ref.

1 SAPR-8 SPY-5(eq) 2.156 1.960 166.8 5.20 �1.0 to �0.6 þ1.5d1
this work

SAPR-8 SPY-5(ax) 2.151 2.290 143.3 5.35 þ4 to þ7 þ2.9d1

DyCuLMo SAPR-8 SPY-5(ax) 2.158 2.319 138.4 5.22 �8.0 þ1.5d2 7a

SAPR-8 SPY-5(ax) 2.153 2.390 143.5 5.42 þ11.8 þ5.2d2

WCutren TPRS-8(c) TBP-5(ax) 2.210 1.958 161.8 5.20 þ5.8(1) 8c

WCu-2,20bpy SAPR-8 TBP-5(eq) 2.166 2.017 173.1 5.32 þ35(7) þ31d1

SAPR-8 TBP-5(eq) 2.166 2.003 176.1 5.31 8d

SAPR-8 TBP-5(eq) 2.168 1.996 173.4 5.28

WCuphen TPRS-8(b) elongated octahedron(eq) 2.161 1.976 169.5 5.25 þ39(4) þ13d1 8d

W7Cu13 SAPR-8 SPY-5(eq) 2.187 1.963 163.2 5.28 þ39.6 8e

SAPR-8 elongated octahedron(ax) 2.174 2.248 171.5 5.59 þ7.4
a In W,Mo(V) moieties (dz2)

1 configuration is assumed for SAPR-8 geometry and (dz2 � dx2�y2)
1 configuration is assumed for TPRS-8 polyhedra

geometry, (b) and (m) denote different vertices of TPRS-8 polyhedron. b In Cu(II) moieties (dx2�y2)
1 configuration is assumed for SPY-5 or elongated

octahedron geometry and (dz2)
1 is assumed for TBP-5 geometry, (ax) and (eq) denotes axial and equatorial positions, respectively. c Estimated from

magnetic data χT(T) and/or M(H). d Estimated by broken symmetry DFT calculations with J = EBS � EHS (d1) or J = 2(EBS � EHS)(d2).
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Nevertheless, the application of DFT method gives the values of
CuII-MV magnetic coupling constants consistent with those
obtained from magnetic fitting.

’CONCLUSIONS

Unprecedented (2,8) topology of the knotted chain {[CuII-
(dien)]4[W

V(CN)8]}
5þ

¥ gave an opportunity to study the
magnetic exchange interactions in 1. Within the chain, two
types of interactions are due to the presence of two different
types of W�CN�Cu linkages. Broken symmetry DFT calcula-
tions for hexanuclear {W2Cu4} fragment gave two values of
coupling constants: Jax = þ2.9 cm�1 assigned to long and
strongly bent axial cyanido-bridged linkage, whereas Jeq =
þ1.5 cm�1 is assigned to short and less bent equatorial linkage.
The independent calculations of magnetic susceptibility and
magnetization resulted in different coupling constants for axial
and equatorial W�CN�Cu linkages, confirmed the domination
of weak ferromagnetic interactions within the chain, and suggest
very weak antiferromagnetic interaction between chains and
nonbridging [W(3)(CN)8]

3� anions. The combination of
DFT and magnetic fitting approaches give the consistent and
reliable description of magnetic interactions {WCu4}n chain as
well as in the whole compound.
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