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Abstract In the present paper, the completely innovative

architecture of artificial neural network based on Hopfield

structure for solving a stereo-matching problem—hybrid

neural network, consisting of the classical analog Hopfield

neural network and the Maximum Neural Network—is

described. The application of this kind of structure as a part of

assistive device for visually impaired individuals is consid-

ered. The role of the analog Hopfield network is to find the

attraction area of the global minimum, whereas Maximum

Neural Network is finding accurate location of this minimum.

The network presented here is characterized by an extremely

high rate of work performance with the same accuracy as a

classical Hopfield-like network, which makes it possible to

use this kind of structure as a part of systems working in real

time. The network considered here underwent experimental

tests with the use of real stereo pictures as well as simulated

stereo images. This enables error calculation and direct

comparison with the classic analog Hopfield neural network

as well as other networks proposed in the literature.

Keywords Hopfield � Stereovision � Neural network �
Hybrid network � Depth analysis

1 Introduction

The use of stereovision is a natural way of determining the

distance by the humans. This idea is not new. The simplified

model of human sight can be presented as two parallel

cameras, and this model (named parallel stereovision system)

will be considered in this. The above-mentioned systems

have been widely applied in numerous fields such as car-

tography, psychology, neurophysiology, visually impaired

support, a vehicle driving support, robots navigation, and a

lot of others. This wide application of the stereovision sys-

tems is due to its unquestionable advantages: do not emit any

radiation, like microwave, any physical contact with envi-

ronment is necessary, like in the case of white cane, and is

easy to apply. Figure 1 illustrates the geometry of a parallel

stereovision system [1]. As can be seen, the system is com-

posed of two cameras. In a parallel stereovision, the optical

axes of cameras are located parallelly and perpendicularly to

the baseline, connecting the centers of the cameras. As can

be clearly seen, the image of the observed point W with

coordinates (x, y, z) has different positions in planes of left

and right cameras. It is easy to notice that the difference in

positions of images of point W is the smaller, the further

point W is located from the point of (0,0,0) (point of

reference (0,0,0) is located between lens centers). The

expressions on real coordinates can be written as (1).

x ¼ dðx0l�x0rÞ
2ðx0

l
�x0rÞ

y ¼ dðy0l�y0rÞ
2ðx0

l
�x0rÞ

z ¼ df
x0

l
�x0r

8
>>>><

>>>>:

ð1Þ

As can be clearly seen, the distance to the observed point

is inversely proportional to the difference in position of the

image of this point on plane left and right (disparity). While

looking at the Eq. (1), it seems possible to determine the

distance to each point at an observed scene (depth analysis

[2–4]). The problem seems to be trivial and it is trivial up to

a point. The real scene contains large numbers of points.

The main problem lies in finding the corresponding points

in left and right pictures. Finding the points in the left and
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the right images which correspond to the same physical

point in space is called the stereo correspondence problem.

The complexity of the correspondence problem depends on

the complexity of the scene. This is a very difficult problem

to solve. In theory, general solution may not exist, given the

ambiguity which results from textureless regions, occlu-

sion, specularities, and the like. From a computational

standpoint, trying to match each of the pixels in one image

to each of the pixels in the other image is extremely diffi-

cult, given the massive number of comparisons. There are

constraints and schemes that can help reduce the number of

false matches, but many unsolved problems still exist in

stereo matching [5–7]. The main problems include the

following: occlusion, discontinuity of depth, discontinuity

of periphery, regularity, and repetitivity. For this reason, the

stereo-matching problem is one of the most complex

problems in the computer vision, and it is of vital impor-

tance to search a new and efficient way to solve this task.

This paper proposes using a novel neural structure based

on Hopfield neural network—Hybrid-Maximum Neural

Network (HMNN). The short introduction to this kind of

structure can be found in [8]. This design is novel and had

not been used in the literature before. This kind of structure

can also be used for other optimization problems. The main

advantage of HMNN is its speed and accuracy (the number

of network’s iteration decreases at least down to 0,7 of

epochs number of the analog Hopfield-like network).

Another advantage is a simplification of energy function

(which caused the decrease in the number of local energy

minima) and automatic upkeep of uniqueness in certain

optimization problems (N-queens, stereo correspondence).

Also, the energy function for stereo correspondence prob-

lem presented in the article is novel. The formula for the

energy of network, proposed by the author, seems much

more appropriate for stereo matching, than other formulas

available in the literature (see Sect. 3).

The aim of this paper is to describe and test the Hopfield

neural network—Hybrid-Maximum Neural Network in

stereo-matching problem. The architecture, energy func-

tions (the energy of network forms changes in the course of

the network’s work), and working algorithm are presented

here. Also, the tests results, based on testing real images,

are included in comparison with some other Hopfield-based

neural networks’ working results. The accuracy of the

solution and the efficiency are discussed. The depth maps,

obtained by each investigated network, are also shown in

the paper.

1.1 Background

In the literature, one can find a few types of algorithms for

solving the stereo correspondence problems [9]. The main

problems are as follows:

– Feature based algorithms [10, 11] which establish

correspondences between some selected features,

extracted from the images, such as edge pixels, line

segments, or curves [12–19].

– Phase based algorithms based on the Fourier phase

information which can be considered as a sort of

gradient-based optical flow method, with time deriva-

tive approximated by the difference between the left

and right Fourier phase images [20–22]. This idea

became really applicable with the introduction of

localized frequency filters called Gabor filters. This

method computes the convolution between Gabor

kernels and the left and right image parts. In order

not to get trapped in some local minimum, the

hierarchical methods were used here [23–25].

– Energy based algorithms This kind of approach is

based on the minimization of energy function repre-

senting a given problem (in this case, stereo-matching

problem of course), [26–29]. This one seems to be the

most universal, powerful, and developed out of all the

above-mentioned methods.

– Area-based algorithms [30–32] are based on the

division of the images into subareas, which are fitted.

These methods are well adapted for relatively textured

areas. However, they generally assume that the

observed scene is locally fronto-parallel, which causes

problems for slanted surfaces and, in particular, those

which are near the occluding contours of the objects.

Finally, the matching process does not take into

account the edge information, which is actually very

important and should be used in order to get the reliable

and accurate dense maps.

Nowadays, the algorithms in their original forms, as

described above, are rarely used and their application is

limited only to very basic problems. Scientists are trying to
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Fig. 1 The configuration of a parallel stereovision system
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merge different types of solution in order to take as many

advantages from all types of algorithms as possible and

avoid disadvantages. A very interesting development of the

area-based algorithm was proposed by Sun and coworkers

[33–35]. The authors developed stereo-matching algorithm

that produces a dense disparity (depth) map by means of

cross-correlation, rectangular subregioning (RSR), and 3D

maximum-surface techniques in a coarse-to-fine (pyramid)

scheme. The correlation is achieved by means of the box

filtering technique and by segmenting the stereo images

into rectangular subimages at different levels of the pyra-

mid. The disparity map for the stereo images is found in the

3D correlation coefficient volume by obtaining the global

3D maximum surface, rather than simply choosing the

position that gives the local maximum correlation coeffi-

cient value for each pixel. The 3D maximum surface is

obtained by means of a two-stage dynamic programming

(TSDP) technique. This method seems very promising, but

rectangular segmenting can generate false fitting.

The use of energy method to weekly calibrated stereo

pictures was presented by Alvarez et al. [9]. At first, the

authors found a simplified expression of the disparity that

allows us to estimate it from a stereo pair of images by

means of an energy minimization approach, assuming that

the epipolar geometry is known, and they included this

information in the energy model. The energy function is

minimized by means of a gradient descent method. The

results of the experiments are very promising, but gradient

minimization could work slowly and there is a possibility

of being trapped in local minimum of energy.

The energy can be also minimized by using Hopfield-like

neural nets [36–40]. The ability of the Hopfield network to

solve the optimization problems relies on its steepest des-

cent dynamics and guaranteed convergence to local minima

of the energy landscape. The advantage of Hopfield-like

neural networks over the gradient minimization methods

depends on fast operation. This computational model is

massively parallel, which is very important as far as real-

time working systems are concerned. This kind of system

was used in stereo-matching problem [41–43]. In [44] and

[45], the authors described a driving support system based

on stereoscopy and Hopfield-like analog neural nets.

Unfortunately, the authors did not include any clear depth

map that could result from the application of their system,

so it is difficult to estimate the efficiency of the system.

Also, the form of energy function is unclear. It is worth

noting that the authors decreased the calculation time by the

elimination of a certain number of neurons. This author has

tested the use of continuous Hopfield-based neural network

with the energy function worked out by himself. Results of

simulation were fairly good, which was presented in Sect. 3.

The only disadvantage was the low speed of network’s

computing. A similar system for reconstruction of the third

dimension of scene from stereo pictures with the use of

analog Hopfield-like neural nets was described in [45].

Also, in this case, the authors did not include any reliable

depth map that could allow the judgement of efficiency of

the algorithm. Discrete asynchronous Hopfield neural net,

used for solving stereo-matching problem, was described in

[46] by Sun and al. The authors of [46] presented very good

results of stereo matching by using a Hopfield-like net. The

author of this publication tried to repeat simulations

according to algorithm presented in [47]. Unfortunately, the

attempt to repeat their results came to grief, which was

predictable. The results of these simulations have been

shown in Sect. 3. As far as discreet dynamics Hopfield nets

to optimization problems are concerned, the networks with

continuous activation function should be preferably used. In

[48], the authors obtained good results of liver stereoscopic

visualization, but it should be mentioned that those results

were achieved for moderate complex pictures: Only selec-

ted (characteristic) points on the liver’s pictures were

matched. The author tried using the method described in

[48] neural structure (discreet Hopfield-like network with

continuous activation’s function), but the results were dis-

appointing, which has been presented in Sect. 3.

Despite some imperfections of Hopfield’s network’s

work performance, quoted here, the author claims that such

structures are the best way of solving the stereo-matching

problem. Hopfield’s-like structures enable to express the

problem holistically distinct from classical algorithms,

which focus on one point. The ability of parallel working

of each neuron gives the opportunity for preparing a device

working extremely fast without losing its accuracy. It is

very important in systems demanding the real-time action.

Looking at the state-of-the-art-of stereovision matching

with the use of Hopfield-like networks, one can have an

impression that this domain has been well explored.

However, none of the networks, described in the above-

mentioned articles, work in a way that is efficient enough.

The author tried to use the above-mentioned solution in the

stereo-matching process. Unfortunately, the application of

the above-mentioned solution to the stereo-matching pro-

cess each time resulted in the number of errors of the

network’s work performance exceeding 20 % (the way of

error calculation and experimental conditions were

described in Sect. 3), which practically eliminates those

methods of solving the stereo-matching problem. The

subject presented here is so wide and complicated that it is

still possible to improve the efficiency of such systems, to

work out better architecture of nets and decrease the

number of errors of the stereo-matching process.

As a result of a thorough analysis of neural solution of

stereo-matching problem, presented in the literature, the

author came to a conclusion that the main problem is

trapping the network in local minima of energy. It is not
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possible to write an energy function with only one global

minimum. In this case, a discrete Hopfield-like neural net-

work fails. Much better results can be reached with the help

of an analog Hopfield-like neural network. The disadvan-

tage of this kind of nets is the time of minimum’s reaching.

A lot of stereovision systems demand real-time working.

The author made an attempt to combine the f efficiency of

the analog Hopfield-like network with an extremely high

rate of work performance in case of particular kind of dis-

crete Hopfield-like network. Both the analog Hopfield net-

work and the Maximum Hopfield-based network had been

used in optimization problems before, but the Network

being the combination of both types of network had never

been used before. Also, the energy functions forms, with the

use of neural structures creating a hybrid network, have

been worked out by the author. The author’s research has

resulted in a completely innovative architecture of a net-

work which solves the stereo-matching problem: a hybrid

neural network consisting of the classical analog Hopfield

neural network and the Maximum Neural Network—the

Hybrid-Maximum Neural Network (HMNN). Due to

the use of these two types of networks, described here, the

structure is working much faster than the classical Hopfield

net and its accuracy is not worse. The efficiency of HMNN

was confirmed in tests on real and simulated pictures (which

allowed the error calculation). Following comprehensive

study, there is no doubt that the results obtained with the

help of the HMNN are the same as for continuous Hopfield-

like network, but the time of reaching them was much

shorter than for continuous structure.

2 Architecture

The stereo-matching problem can be referred to as an

optimization task where the energy function, which rep-

resents the constraints on the solution, is to be minimized.

The optimization problem then can be solved by means of

the Hopfield neural network [49, 50]. The most accurate

solution can be obtained by analog network.

The disadvantage of the analog Hopfield neural network

is its long time of computation. The speed of operation is

very important as far as the target system is concerned—it

should work in real time. Much faster is a Maximum

Neural Network [51]. The additional advantage of a max-

imum network is that stereo matching is reciprocally

unique thanks to network’s architecture. Unfortunately, the

accuracy of solution found by the Maximum Neural Net-

work is much worse than in the case of analog Hopfield-

like network.

However, it is possible to combine the precision of work

performance of the analog Hopfield network with the speed

of maximum neural network’s operation. The hybrid neural

network presented here contains both the analog Hopfield

network and the maximum neural network. The architec-

ture of the neural network described here is shown in

Fig. 2.

In the first stage of HMNN’s work performance, the

analog Hopfield neural network is looking for the attraction

area of the global minimum. Having found the attraction

area of global minimum, the network is switched to its

maximum mode thanks to the block of switching function

S (see Fig. 2).The switching follows a given number of

iteration (determined empirically). The switching function

can be defined as follows:

f ðvij; itÞ ¼
vij for it ¼ itmax

0 for it 6¼ itmax

�

; ð2Þ

where it is an iteration number, and itmax is assumed

maximum number of iteration in continuous mode. In

maximum mode, the network is quickly evaluating toward

the global minimum and the term of uniqueness is kept

automatically thanks to the maximum activation function

(all terms are described in the further section).

2.1 The analog Hopfield neural network

for stereo-matching problem

In the first stage, HMNN is working in continuous mode, in

the same way as continuous Hopfield-like neural net [49, 50].

Assuming that both stereo images have the length of n,

the proposed network consists of n 9 n neurons for one

epipolar line in an image. For pictures with the height equal

h, it is easy to note that the target system will consist of

h networks working in a parallel way—each network will

realize a stereo-matching problem for one epipolar line.

Each neuron neuik is responsible for fitting i-point in right

image to k-point in left image. The higher the external

potential of neuik, the better the fitting of points becomes.

In the final configuration, only for corresponding points i in

right image to k in left image, potential neuik will equal 1,

and for the rest of the points, the external potential of

neurons will equal 0. It is very convenient to represent

neurons as a matrix, named fitting matrix (FM), as shown

in Fig. 3.

As can be easily concluded, the one in FM means fitting

of points, and the values between zero and one (for con-

tinuous activation function, used here) can be interpreted as

probability of stereo matching of points.

The Hopfield computational energy H associated with

the network state v is given by (3)

HðtÞ ¼ � 1

2

X

i

X

k

X

j

X

l

tijvikvjl �
X

i

X

k

Iikvik

þ 1

s

X

i

X

k

CðvikÞ; ð3Þ
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where t is the weight matrix, and Ii is the firing threshold of

neuron i, vi being the external state of neuron i. In the

Eq. 3, C is expressed by (4)

CðxÞ ¼
Zx

1
2

g�1ðgÞdg: ð4Þ

In the Eq. (4), s is a positive constant (interpreted as

neuron relaxation time), and g is a continuous activation

function with vi(t) = g(ui(t), ui is internal potential of

neuron i. In the present work, g is a sigmoidal function,

expressed by (5)

gðxÞ ¼ 1

1þ e�ax
; ð5Þ

where the value of a adjusts the slope of the sigmoidal

curve. In the present work, a = 50. It is worth noting that

for the high value of a, (3) can be simplified to the

following expression:

HðtÞ ¼ � 1

2

X

i

X

k

X

j

X

l

tik;jlvikvjl �
X

i

X

k

Iikvik: ð6Þ

The equation of the motion of the Hopfield model is

given as follows:

duik

dt
¼
X

j

X

l

tik;jlvjl þ Iik �
uik

s
: ð7Þ

Because of using of software realization of the network

by CPU, instead of mapping of each neuron into separate

units connected in Hopfield structure, the equation of

dynamics for Hopfield network must be discretized by

means of a numerical method. In this case, the Euler

discretization was used [52–55]:

uikðt þ 1Þ ¼ uikðtÞ þ Dt
X

j

X

l

tik;jlvjlðtÞ þ Iik �
uikðtÞ

s

 !

:

ð8Þ

In (8), Dt is time step. In the presented design, the value

of 10-3 has been chosen, which has been determined to be

small enough for the Euler rule to provide enough accuracy.

2.1.1 The energy function

In the method presented here, crucial for work performance

of both the analog Hopfield-like network and the maximum

network is the energy’s function. Hopfield neural network is

the structure inspired by the spin-glass and, similar to this

system, has a property of energy minimization [56–58].

Network proceeds minimization of this function until the

minimum is found. This means that the solution to the

problem has been found. The energy function is very similar

for both types of component networks. Minimization of the

energy function must secure the following criteria:

Fig. 2 An architecture of Hybrid-Maximum Neural Network
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Fig. 3 The fitting matrix, representing one epipolar line, for Hopfield-

like neural network dedicated to solving stereo-matching problem
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1. For couples of correlated points (i, k) and (j, l) in given

epipolar line, where i and j are numbers of point in

right image, k and l are numbers of point in left image,

correlation coefficient Cik,jl should have as high value

as possible—term of Correlation;

2. Assigning must be reciprocally unique—term of

Uniqueness;

3. The sequence of assigning in areas must be kept—term

of Area Sequence;

4. The continuity of assigning in areas must be kept—

term of Continuity;

5. The global sequence of assigning must be kept—term

of Global Sequence;

A stereo-matching problem is a multicriterion (vectoral)

problem [59, 60]. The energy is treated here as vector and

each criterion, mentioned above, is represented by a com-

ponent. In this case, the energy can be written as:

IEF
�! ¼ IEFð E1

�!
; E2
�!

; E3
�!

; E4
�!

; E5
�!Þ: ð9Þ

The main problem in the case of vectoral problem is

scalarization:

IEF ¼ aE1 þ bE2 þ cE3 þ dE4 þ eE5: ð10Þ

where a, b, c, d, e are weight coefficients of each energy

component. The problem of scalarization reduces finding

weight coefficients in energy expression (10). The problem

is not trivial, not always are the values of energy compo-

nents known, so it is very difficult to find their hierarchy of

importance. In this case, coefficients were found in

empirical way, by means of testing images. Knowing the

depth map for testing pictures, the weight coefficients were

finely tuned toward the error minimization.

The energy components, in the form proposed by the

author, are described below.

The term of Correlation can be written as the following

equation:

E1 ¼ �
X

i

X

k

X

j

X

l

Cik;jlvikvvjl; ð11Þ

where Cik,jl is correlation coefficient for points i in right

image to k in left image, and j in right image to l in left

image. The coefficients are calculated according to the

following equation:

Cik;jl ¼
Xm

x;y¼�m
kILðiþ x; hþ yÞ � IRðk þ x; hþ yÞk
�

þ
X

f
kFL
ðlÞðiþ x; hþ yÞ � FR

ðlÞðk þ x; hþ yÞk
�

þ
Xm

x;y¼�m
kILðjþ x; hþ yÞ � IRðlþ x; hþ yÞk
�

þ
X

f
kFL
ðlÞðjþ x; hþ yÞ � FR

ðlÞðlþ x; hþ yÞk
�

;

ð12Þ

where IL(i, h) and IR(i, h) mean intensity of left and right

image in the point of (i, h), F(f)
R (i, h) and F(f)

L (i, h) is

f-feature of (i, h) point in right and left image. The index m

determines the area of region surrounded by points (the

area of regions was assumed as 9, so m = 4).

It is easy to note that the value of this term will be the

lowest when the high value of potentials vik and vvjl cor-

responds to the high value of correlation coefficient (note

sign of ‘‘minus’’ before the expression).

The term of uniqueness can be reduced on the condition

of the presence of one high potential (equal one) at

the most in every row and, every row and column of FM

[61–63]—see Fig. 3. This term can be written as:

E2 ¼
X

i

X

k

X

l 6¼k

vikvjl þ
X

i

X

k

X

j 6¼i

vikvjl: ð13Þ

The foregoing term reaches the minimum which equals

zero if and only if in each column and each row, one

high potential is present at the most. The lack of high

potential in a row or in a column means lack of

matching, which is normal in the case of stereo-matching

problem (it can come from occlusion and discontinuity of

periphery).

The term of area sequence can be formulated as follows:

for points i and i?1 belonging to the same areas, if the i

point in right image was matched to the k point in left

(reference) image (the state of neuron neuik is high), then to

the point i?1 in right image there can be assigned l point

only if l C k. The area is defined as a part of image between

the edges (determined before by the edge detector). This

can be expressed as the following equation:

E3 ¼
X

i

X

k

X

l� k

vikvðiþ1Þlri;iþ1; ð14Þ

where ri,j is a term determining whether the points i and j

in image belong to the same areas. This can be written as:

ri;j ¼
1 if points i and j belongs to the same areas

0 otherwise

�

:

ð15Þ

As can be easily noticed, the minimum of this term equals

zero. A graphical interpretation of this term was shown in

Fig. 4.

The term of depth continuity can be written in the fol-

lowing way: if neighbouring points i and j in right image

belong to the same areas, the difference in disparity for

these points should be as low as possible. But such for-

mulation can prefer planes perpendicular to optical axe. It

is possible yet assumption permissible the angle between

object’s planes and optical axis. The term of continuity can

be expressed as an equation:
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E4 ¼
X

i

X

k

X

l

vikvðiþ1Þlri;iþ1nik;jl; ð16Þ

where:

nik;jl ¼
ððl� jÞ � ðk � iÞÞ � a for l [ k

n for l� k
:

�

ð17Þ

In (17), n is set to a positive number determining energy

increase if the term is not kept a and to determine an

acceptable angle between objects plane and optical axe.

This term was depicted in Fig. 5. Thanks to the use of

parameters a and n, there is a possibility to ‘‘tune’’ this

term empirically. While looking at the Eq. (17) and Fig. 5,

one can notice that if the point was matched to point k, for

next point j, the most favorable matching, from energetic

point of view, is next to k point l. For this layout of

matching point, the energy of the term E4 is zero (with

disregarding the a parameter). This means that the matched

points creating the surface are perpendicular to the optical

axis. Thanks to the use of a parameter of a, the energy of E4

can be below zero for matching points not only next to the

k position. So, the occurrence of surfaces not perpendicular

to the optical axis is possible. The parameter a can be

treated as a shift of possible matching respecting the

position k (see: Fig. 5).

The term of global sequence stems from the direction of

displacement of the reference camera in relation to the

considered camera. Assuming that right image’s depth map

is determinating, the left image is a reference. The point

i from right image can be matched to point k from left

image only if k [ i— the image of point i cannot occur on

position prior to point i. This reduces to a triangulation of

the FM. It is not necessary for this term to respect this term

in energy function—neurons on the banned positions can

be excluded from the network. This operation will cause

the reduction IN calculating time of network, which is a

great advantage—the considered network is a part of real-

time system. In the Fig. 6, a graphical interpretation of this

restriction can be seen.

Taking all these terms into consideration, the energy

function can be expressed in a form of the equation:

IEF ¼� a
X

i

X

k

X

j

X

l
Cik;jlvikvvjl

þ b
X

i

X

k

X

l 6¼k
vikvjl þ

X

i

X

k

X

j 6¼i
vikvjl

� �

þ c
X

i

X

k

X

l� k
vikvðiþ1Þlri;iþ1

þ d
X

i

X

k

X

l

vikvðiþ1Þlri;iþ1nik;jl ð18Þ

Having the energy function given as (18), the

calculation of interconnection of weights and external

currents is possible. To this end, it is necessary to compare

the expression of the energy function (18) to hamiltonian

function of the Hopfield network (6). The interconnection

of weights and external currents is given the following

equation:
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Fig. 4 Graphical interpretation of the term of area sequence
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Fig. 5 A graphical interpretation of the term of depth continuity.

a = 2 was assumed. As the green cross pair of assigned points was

marked (vik = 1). At fields, marked in a red color, high potential is

not desirable. At fields, marked in a green color, high potential will

cause the decrease in energy value. The fields marked in a blue color

are neutral
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Fig. 6 Graphical interpretation of the term of global sequence. Only

neurons on fields marked gray can evolve. The remainder of neurons

is excluded from the network
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tik;jl ¼ aCik;jl � bdijð1� dklÞ � bdklð1� dijÞ
�cql\kdðiþ1Þjri;iþ1 � ddðiþ1Þjri;iþ1nik;jl

Iik ¼ 0

8
<

:
; ð19Þ

where dij is Kronecker delta, and sign ql\k is defined by the

following equation:

qi\k ¼
0 for l [ k
1 for l� k

�

: ð20Þ

The values given by (19) are the basis of work

performance of continuous Hopfield-like network.

2.2 The maximum neural network

This type of neural structure was introduced by Takefuji and al

in [51]. The Maximum Neural Network was defined as dis-

crete Hopfield-like network with the specific activation

function: Only the neuron with the highest value of internal

potential (in some group) is activated, whereas the rest of the

neurons have low potential. The maximum activation function

for stereo-matching problem can be formulated as follows:

f ðuijÞ ¼
1 if uij ¼ maxðui1; ui2; :::; uinÞ
0 otherwise

�

i; j ¼ 1; :::; n:

ð21Þ

Taking the discrete nature of this network into

consideration, it is not necessary to use the Euler

discretization, and internal states of neurons can be

calculated by means of the following equation:

uik ¼
X

j

X

l

tik;jlvjl þ Iik: ð22Þ

This kind of neural network found its applications in

optimization problems [64–66]. Unfortunately, in its original

form, the maximum network is not fit to solving the stereo-

matching problem. The reason is the same as for discrete

Hopfield neural network where the stereo-matching problem

is too complex and so the network is trapped in local minima.

A network in given state may only evolve if any of its

neighboring states have a lower energy. Otherwise, the

network does not evolve even when there are other further

states with lower energy. The evolution is also dependent on

the sequence of activated neurons (asynchronous

implementation). The smallest possible movement in the

state space is the distance between two neighboring vertexes.

Thus, starting from the same initial state, possible final states

may be very different, following several activations and

depending on the sequence of activated neurons. This is the

reason why this kind of network is used in association with the

classic analog Hopfield-like network. The energy function of

Maximum Neural Network used as the component of HMNN

is similar to the energy function of the analog Hopfield-like net

(18). The only difference is that there is only one term of

uniqueness, whereas the second is accomplished by the

activation function. Modified expression on interconnection’s

strengths was written as (23).

tik;jl ¼ aCik;jl � bdklð1� dijÞ � cql\kdðiþ1Þjri;iþ1

�ddðiþ1Þjri;iþ1nik;jl

Iik ¼ 0

8
<

:
:

ð23Þ

3 Experimental results

The proposed method was implemented on a personal

computer with Pentium IV –2.80 GHz CPU and 2 GB

SDRAM. The stereovision system was tested on Dtest

environment, written by the author, implemented the use of

the C?? language under a Linux environment, as shown in

Fig. 7. The neurons activity map is helpful to the analysis

of network work performance (can be seen in Fig. 7—

middle graphical window on the right). It can be interpreted

as a graphical form of fitting matrix to the investigated

line—white points mean the neurons with high potentials,

and black points correspond to the neurons with low

potentials. Intermediate colors correspond to the values

between 0 and 1. The neuron activity map is defined for

one epipolar line. Thanks to the neurons activity map, the

dynamics of neural network can be observed (the map is

updated with each iteration). The graphical interpretation

of depth map is as follows: The lighter the point on the

depth map, the nearer the corresponding point in the scene

is. The ideal map of neurons activity for 80 image line (for

better understanding shown with stereo images cut at 80

image line) with a simulated picture and the ideal depth

map of this picture can be seen in Fig. 8. The resolution of

input stereo images is 100 9 100. This resolution is suf-

ficient as far as the imaging of real scene is concerned

(each details can be seen), and a complexity of the problem

can also be accepted for simulation on PC’s. The author did

not find any information in the literature about the pictures

used in other simulations of stereovision systems. For these

reasons (neural algorithms known from articles and

author’s structure), the same images with resolution of

100 9 100 points were used for each test. The images were

calibrated in order to find corresponding lines, before

starting the stereo-matching procedure. This process allows

scanning of pictures line-by-line, which decreases the

complexity of the method.

To verify the efficiency of the proposed method, an

experiment was performed with the use of both simulated

and real images. The use of simulated images enabled the

error calculation. The average relative error seems to be the

most appropriate. Hopfield-like neural networks work in an

indeterministic way, and the solutions, obtained by neural

algorithms, can differ from each other. Thanks to the
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ability of averaging the number of errors for each scan line,

this method of error calculation can give the results char-

acterizing the method of work performance. Thanks to the

use of simulated images, the expected value for each scene

point dik is known. Respecting the percentage notation, the

error of stereo-matching process can be written as the

following equation:

dd ¼ 1

n2

Xn

i

Xn

k

kdik � dikk
dik

 !

100 %: ð24Þ

The error is calculated automatically in Dtest program

after loading the model depth map (for the whole picture)

or after loading the model neuron activity map (for selected

image line).

The important parameter of stereovision neural algo-

rithm was the time of working. As a measure of time, the

number of epochs was taken. As the point of network’s

stabilization was assumed, the iteration in which the

energy’s decreasing value was under the value of e was

determined in tests on artificial images.

In order to verify the efficiency of algorithm, worked out

by the author, a comparison with solutions known from

literature was carried out. Each neural stereovision algo-

rithm was simulated in the same experimental conditions

(the same hardware and input images, the same software -

Dtest program). The output depth map (the error of depth’s

finding) and the time of simulation (the number of epochs)

were taken into consideration. Firstly, the discrete

Hopfield-like neural network was investigated in stereo-

matching problem. Very promising results, shown in [47],

encouraged the author to use this structure. The results of

simulations for simulated images can be seen in Fig. 9. The

Fig. 7 The interface of Dtest environment

Fig. 8 The ideal map of neuron activity with simulated stereo

pictures (a) and ideal depth map (b below) for simulated scene

(b above)
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author used algorithm and energy function described in

[47].

As can be clearly seen in Fig. 9, the result of stereo-

matching process is really poor. The relative error amounts

60,02 %. The time of simulation amounts 87 epochs, but it

must be stressed, that as an epoch the time of 10,000

neurons updating is taken (simulation was asynchronous,

so it is difficult to say about epochs—one random neuron

was updated at the same time). In the author’s opinion, the

main problem resides in the mode of network. Binary

neural net, used in very complex problems, can behave in

an indeterministic way. This is caused by trapping in local

minimum of energy [67]. A network in a state s may only

evolve if any of its n neighboring states has a lower energy.

Otherwise, the network does not evolve even when there

are other further states with lower energy. Only the surface

of the solutions hypercube can be penetrated, and there

is no possibility of the hypercube’s interior penetration

(only discrete values of neuron’s output are possible). The

evolution is also dependent on the sequence of activated

neurons (asynchronous implementation). The smallest

possible movement in the state space is the distance

between two neighboring vertexes. Thus, starting from the

same initial state, the possible final states may be very

different, following several activations and depending on

the sequence of activated neurons. The situation is shown

in Fig. 10.

Another problem in the above-described structure was

the form of energy function. In [47], the authors used the

term of uniqueness in the form of following equation:

E2 ¼
X

i

1�
X

k

vik

 !2

þ
X

k

1�
X

i

vik

 !2

: ð25Þ

This form can be appropriate only for analog networks.

One can notice that the Eq. (25) in one row or a column

Left image: Right image: Obtained depth map:

Neurons activity maps for 80 scanning line in individual epochs:

n = 0 n = 5 n = 20 n = 50 n = 87

Fig. 9 The result of stereo-matching process carried out by discrete Hopfield-like neural network

(a) (b)Fig. 10 The representation of

possible states for a Hopfield

neural network with three

neurons (a), the numbers

indicate the energy associated

with each state and possible

evolution trajectories of this

network (b)
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generates exactly one neuron in high state of fitting matrix

and rest in low state. That indicates that each point for left

image must be matched to the points from the right image

and inversely. Such situation is of very rare occurrence in

the case of stereo-matching problem. It is impossible to

have rows or columns with each neuron in low state (which

means lack of matching). It is possible only for continuous

activated neurons (neurons in low, but non-zero states).

Then, t the discreet network, but with continuous

activity function, was investigated. The procedure and the

energy function were taken from [48]. The results of the

simulation can be seen in Fig. 11.

As can be clearly seen, the result of simulation is not

much better than in the case of the discrete-time Hopfield

network with discrete activation function. The relative

error amounts 59,62 %. The time of simulation amounts to

89 epochs. As can be concluded, the main problem is

discrete architecture of network, not the form of activation

function. In this case (continuous activation function), the

form of the term of uniqueness in the form (25) can be

accepted.

The maximum neural network had not t used in stereo-

matching problem before. But it must be stressed that

maximum network is a kind of discrete Hopfield-like

Left image: Right image: Obtained depth map:

Neurons activity maps for 80 scanning line in individual epochs:

n = 0 n = 5 n = 20 n = 50 n = 89

Fig. 11 The result of stereo-matching process carried out by discrete Hopfield-like neural network with continuous activation function

Left image: Right image: Obtained depth map:

Neurons activity maps for 80 scanning line in individual epochs:

n = 0 n = 5 n = 10 n = 30 n = 54

Fig. 12 The result of stereo-matching process carried out by maximum neural network
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network with specified discrete activation function, so it

can be predictable that this kind of network cannot give

better results than in previous cases. The result of simu-

lation of this kind of structure can be seen in Fig. 12.

Each comment concerning the discrete network which

was first tested is legitimating to maximum network. The

relative error amounts to 68.52 %. The only advantage was

the time of simulations: 54 epochs.

Left image: Right image: Obtained depth map:

Neurons activity maps for 80 scanning line in individual epochs:

n = 0 n = 5 n = 20 n = 50 n = 83

Fig. 13 The result of stereo-matching process carried out by continuous Hopfield-like neural network with a sigmoidal activation function

Left image: Right image: Obtained depth map:

Neurons activity maps for 80 scanning line in individual epochs of Hybrid Maximum
Network in analogue Hopfield mode:

n = 0 n = 5 n = 10 n = 25 n = 40

Neurons activity maps for 80 scanning line in individual epochs of Hybrid Maximum
Network in maximum mode:

n = 0 n = 5 n = 10 n = 15 n = 20

Fig. 14 The result of stereo-matching process carried out by HMNN for simulated stereo images
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The most appropriate solution to the stereo-matching

problem seems to be the analog neural network, described

in [44–46]. The author used his own energy function 18 to

algorithm. The results of such simulation can be seen in

Fig. 13.

As can be seen, the result is much better than in the

previous cases. The relative error amounts to 19.89 %. It is

much less, than for the previous network. The only prob-

lem is the computing speed—83 epochs. The author tried

to decrease this time without losing the accuracy by means

of the new architecture of network—HMNN.

An operational procedure for solving the stereo-match-

ing problem by HMNN is summarized as follows:

1. Assume number of image epipolar line h = 0;

2. Assume maximum number of iteration itmax enough to

find attraction area of global minimum;

3. IEF mapping into the analog Hopfield network:

(a) Compute external inputs of neurons and their

interconnection strength using (19) (with the

upkeep of symmetrical interconnection strength’s

matrix);

(b) Initialize states of neurons in heuristic way—

assume potentials vik proportional to correlation

coefficients Cik;

4. Continuous Hopfield network updating procedure for

energy minimization (working in continuous Hopfield

mode):

(a) For each neuron, compute the internal potential,

with the use of (8);

(b) For each neuron, compute the external potential

using (5);

(c) If number of iteration is equal itmax, go to (5), else

go to (a);

5. IEF mapping into Maximum Network:

(a) Compute external inputs of neurons and their

interconnection strength using (23) (with keep-

ing of symmetrical interconnection strength’s

matrix);

(b) Assume states of neurons the same as at the end

of working of continuous Hopfield network;

Left image: Right image: Obtained depth map:

Neurons activity maps for 80 scanning line in individual epochs of Hybrid Maximum
Network in analogue Hopfield mode:

n = 0 n = 5 n = 10 n = 25 n = 40

Neurons activity maps for 80 scanning line in individual epochs of Hybrid Maximum
Network in maximum mode:

n = 0 n = 5 n = 10 n = 15 n = 20

Fig. 15 The result of stereo-matching process carried out by HMNN for real stereo images
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6. Maximum Network updating procedure for energy

minimization (working in maximum mode):

(a) For each neuron, compute the internal potential,

with the use of (22);

(b) For each neuron, compute the external potential

using (21);

(c) If changes of internal potentials for each neurons

equal zero, proceed to (7), otherwise, proceed to

(a);

7. If present epipolar line is not the last one, increment

number of line h = h ? 1 and proceed to (2),

otherwise, proceed o to (8);

8. End simulation.

It was assumed that the attraction area of the global

minimum was usually reached after 50 iterations (empiri-

cally confirmed). In maximum mode, a stable state is

reached after at most 20 iterations, and this limit of itera-

tion was assumed in order to have possibility of confir-

mation of results reached for different stereo images.

The results of stereo-matching process, carried out by

HMNN, can be seen below, for simulated images in Fig. 14

and for real images in Fig. 15.

At Figs. 14 and 15 in the first row, stereo pictures, used

for stereo-matching process, were shown. The second row

shows neurons activity maps for 80 scanning line (arbitrary

assumed) in iterations (number of ‘‘n’’) of net working in

analog Hopfield mode. In the next row, the obtained depth

map can be seen. The same sequence was repeated for the

network working in maximum mode.

The error of stereo-matching process can be calculated

only for simulated pictures (possibility of neurons activity

map determination).

The analysis of network working (Figs. 14, 15) shows

that in analog Hopfield mode, fitting is non-uniqueness.

This can be concluded by analyzing the neurons activity

maps. In the case of uniqueness, stereo matching in each

row and each column of fitting matrix (its graphical form is

neurons activity map) should be placed at very most

one non-zero element, whereas in stable state, few non-

vanishing elements can be observed in columns and rows

of fitting matrix. Because of non-uniqueness, it is difficult

to say anything about the sequences in the areas. Also, the

term of depth continuity upkeep in areas cannot be stated.

This mistake can be corrected in maximum working mode.

Maximum activation function involves the meeting of

uniqueness term, which can be seen in iterations of network

in maximum mode. In each line of FM, at the most one

non-zero element can be seen. Stable state is reached very

fast thanks to limitation of possible neuron states’ config-

uration (maximum activation function). Compared with the

analog Hopfield network, the Hybrid-Maximum Network is

working with the same efficiency, but much faster.

The results of the Hybrid-Maximum Network were

presented side to side with the results of stereo-matching

process, performed by some other Hopfield-based networks

The name of network Obtained depth map Error Epochs number

Discrete Hopfield-like
neural network

60,02

Discrete Hopfield-like
neural network with
continuous activation
function

59,62 %

Maximum neural
network

68.52

Analogue Hopfield-like
neural network

19.89

Hybrid Maximum
Network 20.04

% 87

89

% 54

% 83

% 60

Fig. 16 The evaluation of

results of working neural

networks investigated in the

present publication
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and mentioned in the present publication. The evaluation of

obtained depths, errors, and numbers of epochs needed to

reaching stable was depicted in Fig. 16.

As can be clearly seen, it is only the results obtained by

continuous and Hybrid-Maximum Networks that can be

accepted. Almost the same errors were obtained for this

network, but the HMNN was faster—the number of epochs

for this kind of structure amounted to 0.72 of analog net-

work’s epochs. The decrease in time of work performance

is very important, as far as the use in real time is con-

cerned. Taking this into consideration, it must be said that

HMNN is working in the most efficient way among each

investigated neural structures.

4 Conclusion

This study shows the use of an innovative architecture of

Hopfield based on neural network–Hybrid-Maximum Net-

work. The network introduced here has been used in stereo-

matching process. The stereo correspondence problem has

been formulated as an optimization task where an energy

function of network which represents the mapping of all

constraints of the solution, is minimized. The advantage of

using a Hopfield neural network is that a global match is

automatically achieved because all the neurons are inter-

connected in a feedback loop so that the output of one

affects the input of all the others. The convergence into a

stable state is guaranteed for continuous Hopfield-like net-

work with continuous activation function. The parallel

execution capability of this structure is also a powerful

property that should be taken into consideration in terms of

the target system assisting aged and/or visually impaired

people. Additionally, thanks to the use of maximum mode,

the time of computation significantly decreases.

The experimental results indicate significant gains from

using of maximum mode after finding the global mini-

mum’s attraction area. A comparative analysis, performed

with the classical Hopfield network (analog and discrete),

Maximum Network and Hybrid-Maximum Network, indi-

cated a better performance of latter type of network. The

solution to the stereo correspondence problem was similar

to that obtained by the analog Hopfield-like network, but

the number of iterations was much smaller

The computational time is crucial to real-time applica-

tions . Thus, the use of novel Hybrid-Maximal Network is

justified.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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1. Introduction

The idea presented in the paper is to use modified stereovision algorithms [1, 2, 3] for automatic objects
marking on pictures and films.

Objects selection refers to the mechanism of extracting objects of interest while ignoring other ob-
jects and background in a given visual scene [4]. It is a fundamental issue for many computer vision and
image analysis techniques and it is still a challenging taskfor artificial visual systems [5, 6].

The majority of objects selectors are based on shape recognition, while very often their shape is not
known. We face this problem in photography (e.g. blurring the background on picture without blurring
the foreground person) or in film processing (when the background is replaced by some computer gen-
erated scene to get a special effect). In the previously mentioned examples there is no possibility or it
is very difficult to predict the object shape. Therefore, object detection with no user interference is not
possible.

In the presented idea, the shape of the object does not need tobe known. The object selection is
carried out on the base of the distance. As a consequence, object selection can be carried out in an
automatic way, without any user interference. To do this, the information about the 3rd dimension of
each point on the scene (picture) is necessary.

Most of currently used algorithms are based on picture segmentation and matching of segments where
some inaccuracy in objects selection is inevitable. Unfortunately, in film and photography applications
even these minor inaccuracies are unacceptable.

In this paper the proposed intelligent methods of object selection offer very good accuracy. An-
other advantage of proposed structures is that processing is done point-by-point without earlier picture
segmentation. Therefore, the point matching accuracy is very high. As each set of spatial coordinates
corresponds to picture points, the objects can be selected in automatic way.

The example of object separation on the base of disparity canbe seen in Fig.1.

a) b)

c) d) e)

Figure 1. Object separation carried out on the base of disparity corresponding to points; a - origin picture, b -
depth map, c, d, e - objects marked (red color) for different depth compartments.
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An additional advantage of the presented approach is the improvement of image filters like Gaussian
filter used for blurring of the background without affectingselected foreground objects (occurring very
often in photography). This procedure can be applied also for images noise removal. Reduction of noise
can be carried out only within objects, with no blurring of objects boundaries.

The core of the considered system is the algorithm of depth analysis. The crucial problem in it is to
find corresponding points in left and right pictures. From the theoretical point of view there is no general
solution of such a problem considering ambiguity being the result of texture less regions, occlusion,
specularities, and so on. Attempts to match each of the pixels in one image to each of the pixels in the
other image faces high computational cost. There are a few approaches to this problem [7]. The most
interesting are:

• Feature based algorithms [8, 9] which find correspondences between some selected features of
the images, such as edge pixels, line segments, or curves [10, 11, 12, 13, 14, 15, 16, 17, 18].

• Phase based algorithms - based on the Fourier phase information which can be considered as a
sort of gradient-based optical flow method, with time derivative approximated by the difference
between the left and right Fourier phase images, [19, 20, 21]. This idea became really applicable
with the introduction of localized frequency filters calledGabor filters. This method computes the
convolution between Gabor kernels and the left and right image parts. In order not to get trapped
in some local minimum hierarchical methods were used here [22, 23, 24].

• Energy based algorithms - this kind of approach based on minimization of energy function repre-
senting a given problem (in this case stereo - matching problem of course), [25, 26, 27, 28]. These
kinds of methods seem to be the most universal, powerful and developed.

• Area based algorithms [29, 30, 31] are based on dividing images on sub-areas, which are fitted.
These methods are well adapted for relatively textured areas. However, they generally assume that
the observed scene is locally fronto-parallel, which causes problems for slanted surfaces and in
particular near the occluding contours of the objects. Finally, the matching process does not take
into account very important edge information which should be used to get reliable and accurate
dense maps.

Nowadays algorithms in their basic forms, as described above, are rarely used mostly for very ba-
sic problems. Researchers try to merge different types of solutions in order to get as many advantages
from all types of algorithms as possible and avoid their weaknesses. A very interesting development of
area-based algorithm was purposed by Sun and co-workers [32, 33, 34]. The authors developed stereo
matching algorithm which produces a dense disparity (depth) map by using cross correlation, rectan-
gular sub-regioning (RSR) and 3D maximum-surface techniques in a coarse-to-fine (pyramid) scheme.
Correlation is achieved by using the box filtering techniqueand by segmenting the stereo images into
rectangular sub-images at different levels of the pyramid.The disparity map for the stereo images is
found in the 3D correlation coefficient volume by obtaining the global 3D maximum - surface rather than
simply choosing the position that gives the local maximum correlation coefficient value for each pixel.
The 3D maximum-surface is obtained using a two-stage dynamic programming (TSDP) technique. This
method seems to be very promising, but rectangular segmenting can generate false fitting.

An interesting modification of phase based method was presented in [35] by Porr, Nurenberg and
Worgotter. The original algorithms are computationally complex and quite difficult to implement in real
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time. Presented in this article modification removes this limitation. Its basic idea is to transpose the
spatially-defined problem of disparity estimation into thetemporal domain and compute it simultane-
ously with the incoming data flow. This can be obtained considering the fact that in a well calibrated
fronto-parallel camera arrangement the epipolar lines arehorizontal and thereby identical to the camera
scan-lines. Hence, the structure of the algorithm is such asthe elaborated and well consolidated theory
of causal electronic filters. This approach can be used also for other algorithms.

Using energy method to weakly calibrated stereo-pictures was presented by Alvarez and co-workers
[7]. At first, the author found a simplified expression of the disparity that allows its estimation from a
stereo pair of images using an energy minimization approach, assuming that the epipolar geometry is
known. Energy function, included in the model, is minimizedusing a gradient descent method. The
results of experiments are very promising, but gradient minimization proceeds slowly and there is a
possibility of trapping it in local minimum of energy.

Very interesting approach to solving of stereo-matching problem with use of energy-based method
has been proposed in [36] and [37]. Particularly innovatingin this method is to consider an energy func-
tion as a sum of four bistable data terms, including occlusion term. These data terms represent desired
property of the searched configuration. When using graph cutsuch defined energy can be minimised.

Energy can be minimized also by using Hopfield-like neural networks [38, 39, 40, 41, 42]. The
ability of such a network to solve the optimization problemsrelies on its steepest descent dynamics and
guaranteed convergence to local minima of the energy landscape. This kind of system was used in stereo-
matching problem [43, 44, 45]. This computational model hasa massively parallel execution capability,
which is very important as far as destination system is concerned. Another system for reconstruction
of 3rd dimension of scene from stereo-pictures with the use of analogue Hopfield-like neural nets was
described in [46]. Unfortunately, the authors did not include any reliable depth map, which would allow
for judgment of the algorithm efficiency. Discrete asynchronous Hopfield neural networks used for
solving stereo matching problem was described in [47] by Sunand al. Although the Authors presented
very good results of stereo-matching by using this kind of Hopfield-like network, the attempt to repeat
their results was unsuccessful. This was probably caused bytrapping in local minimum of energy [48] as
binary neural net used in very complex problems can behave inunpredictable way. A network in a given
states may only evolve if any of itsn neighbour states has a lower energy. Otherwise, the networkdoes
not evolve even when there are other farther states with lower energy. The evolution is also dependent on
the sequence of activated neurons (asynchronous implementation). The smallest possible movement in
the state space is the distance between two neighbour vertices. Thus, starting from the same initial state,
after several activations, depending on the sequence of activated neurons, the possible final states may be
very different. When optimizing discreet dynamics Hopfieldnetworks, these with continuous activation
function should be used [49], but, on the other hand, good results can be achieved only for moderately
complex problems.

Despite some weaknesses of Hopfield networks working with these kinds of structures seems to be
the best way of solving of stereo matching problem.

Although Hopfield-like networks look to be well investigated, none of the networks, described in
the above mentioned papers, work efficiently enough. Every attempt of using them for stereo matching
process brought error above 20%, which was unacceptable. Onthe other hand, the matter considered
here is so complex, that there are still possibilities of further improvement of its effectiveness.

In-depth analysis of presented in literature solutions indicates that the main problem is with trapping
of the network in the local minima of energy. It is not possible to define an energy function with only one
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global minimum. However, it is possible to eliminate a localminimum by confrontation of a solution
(corresponding to this minimum) with the real scene. This approach constitutes a novelty in stereo-
matching problem solving with Hopfield-like networks usage. Thus, the energy function of network can
be modified (by modification of interconnection strengths which determines the network energy) and
consequently, the error of matching can be decreased with new, better (lower) energy minimum.

In the paper, a completely innovative architecture of the network that solves stereo matching prob-
lem is described - the Self-Correcting Neural Network (SCNN). Due to the dual layer architecture, the
network presented here has a possibility to correct the solution and eliminate false matching. This leads
to the improvement of the network efficiency (significantly decreased error). After a single modification
of the weights done by a supervising layer, the error falls twice. The idea of SCNN, introduced in the
earlier papers [50, 51], here is described in detail.

The efficiency of such a network was confirmed in tests on real and simulated pictures. After com-
prehensive investigations, there is no doubt that efficiency of this kind of structure is much higher than
any other presented in the literature.

2. Formulating of Problem

The stereovisionis a natural way a distance determination by a human. This idea is not new. When using
two cameras it is possible to calculate the depth of the field using software methods. In computer vision
system we can use the disparity of points between two stereo images. Disparity is usually computed
as a shift to the left of an image point when viewed in the rightcorresponding image. With perfectly
undistorted, aligned stereo rig and known correspondence,the depth Z can be found by using similar
triangles, as can be seen in fig. 2. Such a system is called ideal pinhole camera model [52].

(x’ ,y’ )r r(x’ ,y’ )l l
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right cameraleft camera
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projection plane

(0,0,0)

T1

T1'

T2

T2'

Figure 2. Perfect pin hole cameras model with marked triangular dependence.

As can be clearly seen, the image of the observed point W with coordinates(x, y, z) has different
positions in planes of left and right cameras. It is easy to notice, that the smaller difference in positions of
pointW images, the further pointW from (0, 0, 0) point is located (point of reference located between
lenses centres). The same conclusion can be obtained from the similarity of trianglesT1 to T1’ andT2 to
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T2’. According to this, the following equation can be written:
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wheref denotes the focal length of the cameras, andd represents the distance between two cameras.
After transformation, expressions on real coordinates canbe obtained as:
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As can be clearly seen, the distance to observed point is inversely proportional to difference in the image
position of this point on plane left and right (disparity).

However in practice the cameras will not be perfectly aligned nor free from lens distortion. The most
common is the non-parallel stereo-system, like depicted infig. 3 [53, 54].
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Figure 3. Non-parallel (distorted) stereovision system.

Nevertheless, after rectification process [55, 53] dependences (2) remain true.
The systems mentioned above has been widely applied in numerous fields such as cartography, psy-

chology, neurophysiology, supporting of vehicle driving,robots navigation, and many others. This wide
application of a stereovision systems is caused by its undoubted advantages: non-emission, non-contact
and easy application.

2.1. Depth analysis from stereo-pictures

Analysis of the scene depth (depth analysis [56, 57, 58]) depends on determination of 3rd dimension
of each point in an observed scene. As mentioned above, the third dimension of the point is inversely
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proportional to the image disparity of this points in cameras planes. The problem seems to be trivial
and it is trivial up to a point. The real scene contains numberof points, and the complexity of the
correspondence problem depends on the complexity of the scene. There are known procedures that can
help reduce the number of false matches, but many unsolved problems still exist in stereo matching
[8, 59]. Some of these problems are:

• occlusion: caused by perspective projection in cameras. Observed point M in image may be seen
only on one plane. The corresponding image of this point on the second plane may not exist as
from the second camera’s viewpoint M may be occluded (see: fig. 4). Fua [60] tried to cope with
this by changing the reference image.
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projection plane

right cameraleft camera

Figure 4. The occlusion of points. Observed point M in objectB1 can be seen only on left projection plane (ml)
in left camera. On right projection plane this point is occluded by image of point N (nr) from objectB2.

• discontinuity of depth: this problem is related to occlusion. For occluded points there is no possi-
bility to determine disparity. Thereby the depth map of scene is not continuous. The most matching
algorithms use the continuity and/or relaxation as a globalconstraint to reduce the false matches.
This constraint works everywhere in the images except the depth discontinuities.

• discontinuity of periphery: this comes from the cameras displacement. Some boundary points can
be projected only on one plane, so depth in this places is indefinite.

• regularity and recurrence: repetitive patterns in the scene cause ambiguity in matching. The most
efficient matching algorithms are still not robust enough tohandle this problem.

For these reasons, the stereo matching problem is still one of the most complex and unsolved problem in
the computer vision and a subject of intensive research. Proposed solution seems to have clear advantage
over currently offered systems.

3. Architecture of Self-Correcting Neural Network

Proposed here neural structure was inspired by Dual Mode Neural Network introduced by S. Lee and J.
Park in [61, 62, 63]. The structure presented here is a further modification of this kind of network. Dual
mode neural networks in original expression was not fitted tosolve stereo matching problem, mainly
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because of using discrete Hopfield network in the basic layer. That is the reason why the authors decided
to use only the main architecture of dual mode networks, modifying the layers operation. Architecture
of the SCNN was depicted in fig. 5.
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Figure 5. The architecture of Self Correcting Neural Network (SCNN).

As can be seen, this kind of structure consists of two kinds ofneurons: neurons in basic layer and
neurons in supervising layer. The function of these two kinds of neurons is completely different. The
additional neuronneu00 is still active (potential equal 1) and its role is to supply external currents to
neurons in the basic layer.

The basic layeris realized by continuous Hopfield-like neural network [64,65]. The proposed net-
work consists ofn×n neurons for one epipolar lines in an image. It is easy to note that the target system
will consist of n networks working in parallel - each network will realize stereo-matching problem for
one epipolar line.n is dimension of images (width = height = n). Each neuronneuik is responsible
for fitting i-point in right image tok -point in left image. The higher the external potential ofneuik, the
better fitting of points is. In the final configuration only forcorresponding pointsi in right image tok in
left image potential ofneuik will equal 1, for the rest point external potential of neurons will equal 0. It
is very convenient to represent neurons as a matrix, named Fitting Matrix (FM), depicted in fig. 6.

As can be easily concluded, one in FM means fitting of points, values between zero and one (for
continuous activation function, used here) can be interpreted as probability of stereo-matching of points.

The Hopfield computational energyH associated with the network statev is given by (3)
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Figure 6. The fitting matrix for Hopfield-like neural networkfor solving stereo matching problem.

wherew is the weight matrix,Ii is the firing threshold of neuroni, vi being the external state of neuron
i. In equation 3L is expressed by (4)

L(x) =

∫ x

1

2

g−1(η)dη. (4)

In equation (4)τ is a positive constant (interpreted as neuron relaxation time) andg is a continuous
activation function withvi(w) = g(ui(w), ui is internal potential of neuroni. In the present workg is
the sigmoidal function, expressed by (5)

g(x) =
1

1 + e−αx
, (5)

where value ofα adjusts the slope of the sigmoidal curve. In the present workα = 50. It is worth noting,
that for high value ofα, (3) can be simplified to following expression:
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The equation of motion of the Hopfield model is given as follows:
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τ
. (7)

Because of using not-parallel systems for implementation of considered structure, the equation of dy-
namic for Hopfield network must be discretized by means of a numerical method. In this case Euler
discretization was used [66, 67, 68, 69]:

uik(t+ 1) = uik(t) + ∆t
(

∑

j
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l

wik,jlvjl(t) + Iik −
uik(t)

τ

)

(8)

In (8) ∆t is a time step. In the presented design the value10−3 has been chosen, which has been deter-
mined to be small enough for the Euler rule to provide satisfying accuracy.
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The role of basic layer is to minimize their energy function,defined by weight connections between neu-
rons. With the use of (6) initial weights between distinguished neurons in basic layer can be calculated. In
original expression of dual mode networks initial weights were put randomly. Heuristic filling of weight
matrix significantly accelerates the algorithm working andmakes it more efficient. It is certain that the
network considered here will find solution not worse than theclassic continuous Hopfield network. Ba-
sic layer minimizes the energy function iteratively. The state of neurons is continuously updated and fed
back to the network, and the network will eventually reach a stable state and an approximate optimum
solution will be achieved.

In the case of classical Hopfield-like networks it is often impossible to make all assumption of solu-
tion in energy function (for example correspondence of edgein depth map to edge in image). Considered
SCNN gives us the possibility to check the solution and the weight correction.

The supervising layercan be built with different neurons - their type depends on problem specifi-
cation. Thanks to using supervising neurons the reached solution, obtained by basic layer, is verified.
Each neuron controls one of the conditions of syntactic correctness. If the condition for a given neuron
is not met, the range of weight modification is calculated, and connection weights are modified (which
means also modification of energy function). After the modification, basic layer is starting minimization
procedure once again. This procedure is repeated until the solution is satisfying, in the sense of prob-
lem expression. This means that the objective function is minimized while maintaining all conditions of
syntactic correctness of solution.

4. Weights Dynamics

In the case of the SCNN it is difficult to say anything about theenergy function of the network. The
energy function is determined by the weights of the connections, so it is known only at the beginning of
simulation (in this case initial weights are calculated using hamiltonian function of stereo matching prob-
lem). At simulation, weights of connections are modified, which causes the modification of the energy
function. As a consequence, the local minima are left as theyare. The SCNN realizes the minimization of
the specific function, calledDual Function(will be clarified below), consisting of an Objective Function
and conditions of syntactic correctness, represented by supervising neurons. Potentials of supervising
neurons are given as a superposition of the potentials of thebasic neurons (see:( 9))

DF =
∑

k

Ck

(

Tk

)

=
∑

k

Ck

(

Fk

(

V
))

. (9)

In (9) DF is Dual FunctionCk, is restriction assigned to supervising neuronTk, fk is function ofk
syntactic correction condition,V is vector of basic neurons potentials.

In the stable state, the Dual Function is exclusively the function of the weight connections in the
basic layerDF = DF (~w), where~w is the vector of the weight connections. In order to minimizedual
function, it is necessary to shift in the opposite directionto a gradient, in the weights space. Thus, the
weight connections modification can be described by (10).

∆Tik,jl = −η
∂DF

∂wik,jl

, (10)
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whereη is gradient step. It is noteworthy, that in the case of the Continuous Dual Mode Network the
local gradient stepsηm were used. Each local gradient stepηm is responsible for the Dual Function
modification of the givenm-term . Taking under consideration:

∂DF

∂uij
=

∑

m

∂Cm

∂Tm

∂Tm

∂vik

∂vik

∂uik
(11)

and
Tm =

∑

i

∑

k

ωm,ikvik, (12)

whereωmi is the weight of the connectionm-neuron in the supervising layer andi-neuron in the basic
layer, the equation expressing the weight modification in the basic layer can be written:

∆tik,jl = −























∑

m ηm
∂Cm

∂Tm
ωm,ikvjl

+
∑

m ηm
∂Cm

∂Tm
ωm,ikvik for jl 6= 00

∑

m ηm
∂Cm

∂Tm
ωm,ikvjl for jl = 00

; (13)

The form of equation (13) results from the fact, that the potential of theneu00 is still equal 1.

5. The Initial Energy Function

In the network presented here, the Initial Energy Function (IEF) is very important. Only at the beginning
of the network operation, before the first modification, the energy function of the base network is known.
The IEF is identical to the energy function as in the case of the classical Hopfield-like network [70, 71,
72]. The basic network proceeds the minimization of this function until the minimum will be reached.
This means that the solution of the problem was found. Next, the solution is verified and the weights
of the connections are modified in order to improve the solution. Thanks to using the IEF the solution
found by the Self-Correcting Neural Network is better than in the case of the classical Hopfield network.
Minimization of the IEF must secure the following criterions:

1. For the couples of the correlated points(i, k) and(j, l) in the given epipolar line, wherei andj
are numbers of point in the right image,k andl are numbers of point in the left image, Correlation
CoefficientCik,jl should have as high value, as possible – term ofCorrelation;

2. Assigning must be reciprocally unique – term ofUniqueness;

3. Sequence of assigning in areas must be kept – term ofArea Sequence;

4. Continuity of assigning in areas must be kept – term ofContinuity;

5. Global sequence of assigning must be kept – term ofGlobal Sequence;

Stereo-matching problem is a multicriterion (vectoral) problem [73, 74]. Energy is treated here as a
vector and each criterion, mentioned above, is representedby a component. In this case the energy can
be written as:

−−→
IEF = IEF (

−→
E1,

−→
E2,

−→
E3,

−→
E4,

−→
E5). (14)
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The main problem for vectors is their scalarisation:

IEF = aE1 + bE2 + cE3 + dE4 + eE5. (15)

wherea, b, c, d, e are weight coefficients of each energy components. The problem of scalarization can
be reduced if we can find the weight coefficients in the energy expression 15.The problem is not trivial
the values of the energy components are not known every time so it is very difficult to find their hierar-
chy of importance. Therefore the coefficients were found in the empirical way. The way of the energy
components determination was described below.

The term of Correlationcan be written as the following equation:

E1 = −
∑

i

∑

k

∑

j

∑

l

Cik,jlvikvvjl, (16)

whereCik,jl is the correlation coefficient for the pointsi in the right image tok in the left image, and ,
j in the right image tol in the left image. This coefficient is calculated on the basisof the feature called
similarity of points and environments of points. It is easy to note that the value of this term will be the
lowest when the high value of the potentialsvik andvvjl will correspond the high value of the correlation
coefficient (note sign of ”minus” before the expression).

The term of uniquenesscan be reduced to the condition of the one high potential presence (equal one)
at the most in every row and every row and column [75, 76, 77] – see fig. 6. This term can be written as:

E2 =
∑

i

∑

k

∑

l 6=k

vikvjl +
∑

i

∑

k

∑

j 6=i

vikvjl. (17)

The foregoing term reaches the minimum that equals zero if and only if in each column and each row
at the most one high potential is present. No high potential in row or column means lack of matching,
which is normal in the case of stereo-matching problem (it can come from occlusion and discontinuity
of periphery).

The term of area sequencecan be formulated as follows:for points i and i+1 belonging to the same
areas, if i point in the right image was matched to k point in the left (reference) image (the state of neuron
neuik is high), then for point i+1 in the right image it can be assigned l point only ifl ≥ k. This can be
expressed as the following equation:

E3 =
∑

i

∑

k

∑

l≤k

vikv(i+1)lσi,i+1, (18)

whereσi,j is a term determining whether the points i and j in image belong to the same areas. This can
be written:

σi,j =

{

1 if points i andj belongs to the same areas

0 otherwise
. (19)

As can be easily noticed, the minimum of this term equals zero. Graphical interpretation of this term was
depicted in fig. 7.
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Figure 7. Graphical interpretation of the term of area sequence.

The term of depth continuitycan be written in the following way:if neighbouring points i and j
in right image belong to the same areas, the difference in disparity for these points should be as low
as possible. But the formulation as above can prefer planes perpendicular to optical axe. The term of
continuity can be expressed as a equation:

E4 =
∑

i

∑

k

∑

l

vikv(i+1)lσi,i+1ξik,jl, (20)

where:

ξik,jl =

{

((l − j) − (k − i))− a for l > k

n for l ≤ k
. (21)

In (21)n is a positive number determining energy increase if the termis not kept,a determines acceptable
angle between objects plane and optical axe. This term was depicted in fig. 8.
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Figure 8. Graphical interpretation of the depth continuityterm . a = 2 was assumed. Green cross indicates
marked pair of assigned points (vik = 1). At fields, marked as red , high potential is not desirable. At fields,
marked as green, high potential will cause the decreasing ofthe energy value. Fields marked as blue are neutral.
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Parametersa andn enable ”tuning” the term empirically.

The term of global sequencerefers to the direction of displacement of the reference camera in relation
to the considered camera. This reduces the triangulation ofFM. It is not necessary to define this term in
energy function - neurons on banned positions can be excluded from the network [78]. This operation
will cause the reduction of the network computing time , which is a positive feature, particularly in the
real-time system. In the fig. 9 graphical interpretation of this restriction can be seen.
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Figure 9. Graphical interpretation of the global sequence term. Only neurons in fields marked grey can evolve.
The others are excluded from the network

Taking all this terms into account IEF can be expressed in a form of the equation:

IEF= −a
∑

i

∑

k

∑

j

∑

l Cik,jlvikvvjl

+b
(
∑

i

∑

k

∑

l 6=k vikvjl +
∑

i

∑

k

∑

j 6=i vikvjl
)

+c
∑

i

∑

k

∑

l≤k vikv(i+1)lσi,i+1

+d
∑

i

∑

k

∑

l vikv(i+1)lσi,i+1ξik,jl

. (22)

This form of energy function differs from the function with binary label configuration proposed
in latest literature reports ([37]). This formula has continuous values so energy landscape has. Also
modules in energy function are different in terms of lack of occlusion. All other expressions described
in [37] have equivalents in IEF.

Having IEF given as (22), the calculation of the initial weights connections and the external currents
is possible. To this end it is necessary to compare the expression on IEF (22) to the hamiltonian function
of the Hopfield network (6). Initial connection weights and external currents can be written as:











tik,jl = aCik,jl − bδij(1− δkl)− bδkl(1− δij)

−cρl<kδ(i+1)jσi,i+1 − dδ(i+1)jσi,i+1ξik,jl

Iik = 0

, (23)

whereδij is Kronecker delta, signρl<k is defined as:

ρi<k =

{

0 for l > k

1 for l ≤ k
. (24)
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Values in (23) are initial for basic layer in the continuous dual mode network before the first modification.
This layer act as classical continuous Hopfield-like network. When the minimum of the IEF is found
(stable state), the supervising layer can modify the weights, depending on the verification result.

6. The Dual Function

After reaching the stable state by the basic layer in the firstcycle of the network, the layout is verified by
supervising neurons. At this point the minimization of the DF must be carried out. The Dual Function
(DF) has to be compatible with the IEF and contain some additional terms, allowing for leaving a local
minimum of energy. The DF consists of the Objective Function(OF) and the syntactic correctness
condition of the solution functions.

The syntactic correctness condition of the solution is defined as follows:

1. Left image points assignment to the right image points must be unique (T col
k );

2. Right image points assignment to the left image points must be unique (T row
i );

3. The edge point on disparity map must be assigned to the edgepoint in the image, but not neces-
sarily inversely (T edge);

4. The sequence of the assignment in areas must be kept (T or
ik ).

First two conditions (T col
k andT row

i ) can be reduced to the term of presence at very most one high
potential element in each row and column. This can be expressed as a following equations:

T col
k :

∑

i

vik ≤ 1; k = 1, 2, ..., n, (25)

T row
i :

∑

k

vik ≤ 1; i = 1, 2, ..., n. (26)

The third condition (T edge) can be written as:

T edge :
∑

i

(Di − Ei)Di = 0. (27)

In (27)Di is an element of disparity edge vector for a given epipolar line. Only for points classified as
edge, the value ofDi is 1. For the rest of the pointsDi = 0. Ei is an element of image edge matrix and
the value ofEi is one only if i-point is edge point. for remaining pointsEi = 0.

The last term (T or
ik ) can be expressed similarly to the term of continuity in the IEF. This can be written

as:
T or
ik :

∑

l≤k

vikv(i+1)lσi,i+1 = 0; i = 1, 2, ..., n; k = i, i+ 1, ..., n (28)

In order to have a possibility of controlling the correctness of the solution,the supervising neurons have
to be connected with the basic neurons in an appropriate way.For example, a neuron checking unique
T col
k is connected with each neuron ink-column of the FM.
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The Objective Function (OF)must be formulated in the way that minimization of the OF secures the
fulfillment of terms:

1. For a couple of correlated points(i, k) in a given epipolar line, wherei is the number of the point
in the right image,k is number of the point in the left image, Correlation CoefficientCik should
have as high value as possible - term ofCorrelation –Fccorik ;

2. Continuity of assignment in areas must be kept – term ofContinuity –Fcconik ;

The terms mentioned above can be formulated in a similar way,as in the case of the IEF. The First term
is described by:

Fccorik : Cikvik; i, k = 1, 2, ..., n. (29)

The difference in this term for IEF and OF comes from the necessity to express this term in the quadratic
form in the IEF, but is not necessary in OF.

The second term (Continuity) can be expressed by an equation as:

Fcconik :
∑

l

vikv(i+1)lσi,i+1ξik,jl; i, k = 1, 2, ..., n. (30)

Taking under consideration the conditions of the syntacticcorrectness and the objective function, the
Dual Function can be expressed in the following way:

DF= 1
2

∑

k f
2
(

T col
k − 1

)

+ 1
2

∑

k f
2
(

Twie
i − 1

)

+ 1
2g

2
(

T edge
)

+1
2

∑

i

∑

k g
2
(

T or
ik

)

− 1
2

∑

i

∑

k g
2
(

Fccorik

)

+1
2

∑

i

∑

k g
2
(

Fcconik

)

. (31)

Functionsf(x) andg(x) are defined as follows:

f(x) =

{

ax for x > 0

0 for x ≤ 0
; (32)

f(x) = ax. (33)

Taking under consideration the DF and the connection of the weight base neurons with the supervising
neurons, the expression allowing for the modification of theweight connections in the basic layer can be
written:

∑

m
∂Cm

∂Tm
ωm,ik = f

(

T col
k − 1

)

+ f
(

T row
i − 1

)

+ g
(

T edge
)

+g
(

T or
ik

)

− g
(

Fccorik

)

+ g
(

Fcconik

) . (34)

7. Experimental Results

The proposed method was implemented on a Personal Computer with Pentium IV – 2.80 GHz CPU
and 2 GB SDRAM. The stereovision system was tested usingDtestenvironment written by the authors,
implemented in C++ in the Linux environment, as shown in fig. 10.

The neurons activity map is helpful for the analysis of network at work (can be seen in fig. 10
– middle graphical window on the right). It can be interpreted as a graphical form of fitting matrix to
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Figure 10. The interface ofDtestenvironment

investigated line – white points mean neurons with high potentials, black points correspond to the neurons
with low potentials. Intermediate colors correspond to values between 0 and 1. Thanks to the neurons
activity map, the dynamics of neural network can be observed(the map is updated each iteration). The
graphical interpretation of the depth map is as follows: thelighter the point in depth map, the nearer
the corresponding point in the scene is. The ideal map of neurons activity for 80 image line (for better
visualization shown with stereo-images limited to 80 imagelines), simulated picture and ideal depth map
of this picture can be seen in fig. 11.

a) b)

Figure 11. The ideal map of neuron activity with simulated stereo-pictures (a) and ideal depth map (b below) for
simulated scene (b above).
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The resolution of the input stereo-images is 100 ×100. The images are calibrated in order to find
corresponding lines, before starting the stereo matching procedure. This process allows for scanning of
the pictures line-by-line, which decreases the complexityof the method.

To verify the efficiency of the proposed method, an experiment was performed using both simulated
and real images. Simulated images enabled the error calculation. Applied average relative error seems
to be the most appropriate. In the simulated images expectedvalue for each scene pointdik is known.
The error of the stereo matching process is calculated in thefollowing way:

δd =
( 1

n2

n
∑

i

n
∑

k

|dik − dik|

dik

)

100%. (35)

The error is calculated automatically in the Dtest program after loading the model depth map (for the
whole picture) or after loading the model neuron activity map (for selected image line).

An operational procedure for solving the stereo matching problem is summarized as follows:

1. Select the number of image epipolar linesh = 0;

2. For the IEF mapping into the basic layer of the SCNN:

(a) Compute external inputs of neurons and their interconnection strengths using (23) (with
maintaining interconnection strength matrix symmetry);

(b) Initialize states of neurons in a heuristic way - select potentialsvik proportional to correlation
coefficientsCik;

3. Continuous Hopfield Network updating procedure for energy minimization:

(a) For each neuron compute the internal potential, with theuse of (8);

(b) For each neuron compute the external potential using (5);

(c) If given state is not stable, go to (a);

4. Verify the solution received from the basic layer:

(a) Make copies of the potential of each basic neuron used to verification and weight connec-
tions;

(b) Carry out discretization of neuron states copies : ifv′ik > θ, whereθ is given threshold,
assumev′ik = 1, else assumev′ik = 0;

(c) If each condition of syntactic correctness of solution is met, go to 5;

(d) Correct the connection weights between neurons in basiclayer using eqn. 34 and eqn. 13 in
order to leave the local minimum (ensure of symmetrical interconnection strength’s matrix);

(e) Go to 3;

5. Carry out discretization of neuron states and store the solution for a given line;

6. If the present epipolar line is not the last one, incrementthe number of linesh = h+ 1 and go to
2, else go to 7;

7. End the simulation.
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The Stable state of the SCNN basic layer was usually reached after 50 - 60 iterations in the first
running and much less after the modification of the interconnections weights . However, for a better
comparison of the SCNN performance for different pictures,the limit of 80 iteration was assumed. For
the sake of computational complexity the number of interconnection modifications was limited to three.
The results of stereo matching process carried out by the SCNN can be seen for simulated images in fig.
12 and for real images in fig. 13.

Figure 12. The result of stereo matching process carried outby SCNN for simulated stereo-images.
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Figure 13. The result of stereo matching process carried outby SCNN for real stereo-images.

At figures 12 and 13 in the first row stereo pictures, used for stereo matching process was shown.
The second row shows neurons activity maps for 80 scanning lines (arbitrary assumed) in the iterations
(number of ”n”)of the SCNN basic layer . In the next row (by basic layer of SCNN) the depth map can be
seen. The same sequence (instead of stereo-pictures) was repeated after the modification of connection
weights in the basic layer.
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It is noteworthy that the results of the stereo matching process correspond to the classical continuous
Hopfield-like neural network.
The error of the stereo matching process can be calculated only for simulated pictures (possibility of
neurons activity map determination). Errors, calculated in a stable state of the SCNN basic layer, reached
values:

• 29.49% before modification (classic Hopfield-like neural network),

• 11.45% after the first weight correction,

• 4.37% after the second weight correction.

After the first run of the basic layer for simulated pictures (fig. 12 a lot of mistakes in fitting can be seen.
The major of them is the false matching – this can be seen in thedepth map. This explains relatively high
error (29.49%). The reason of this is trapping of the networkin the local minimum of energy. Another
problem in fitting is the lack of uniqueness of stereo-matching. This can be concluded by the analysis
of neurons activity maps. In the case of uniqueness of stereomatching in each row and each column
of fitting matrix (its graphical form is a neurons activity map)there should be at very most one non-zero
element. In a stable state a few non-vanishing elements can be observed in columns and rows of fitting
matrix. In the case of no uniqueness, it is difficult to state anything about the sequence in areas. The term
of keeping the depth continuity in areas can not be stated, either. In areas, differentiated by edges, on the
neuron activity map, the continuous line should be seen in the case of keeping the depth of continuity
term.

The solution obtained in the test is identical to the classicHopfield-like continuous network.
The faults mentioned above discredit the obtained solution. Considered supervising neurons calculate

the connection weight corrections and adjust them to minimize the Dual Function. It is important that for
the calculation of weight corrections discreet copies of neurons states are used. After the modification,
basic layer is activated with new interconnections strengths. Initial neuron states in this attempt are the
same as the final ones in the previous run. It can be noticed that from the beginning of the run, the
matching is much more unique than before the interconnections strengths modification. In a stable state
of basic network the solution obtained is much better then after the previous running. The error reaches
11.45%, which is significantly less than with no connection modification. The solution seems to be
unique, but matching faults connected with depth in continuity and a wrong sequence of matching can be
clearly seen (line on the neurons activity map has a thickness of 1 point, but is not ”smooth” in areas). A
false matching results from it. Considering the drawbacks mentioned above, the interconnection weights
are modified once again, and the procedure of the base networking is repeated. After the third running
the relative error dropped down to 4.37%. The stereo matching seems to be unique and the disparity is
continuous in areas. The sequence of the disparity is also kept. There is no doubt that after the next
connections weight modification the result of stereo matching will be better.

For real images (fig. 13), the conclusions are very similar tothe previous ones. Unfortunately, it
is not possible to estimate the error. However, it is clearlyseen that with the interconnection weight
modification the stereo matching is becoming better and better. The false matching can not be stated, but
the uniqueness and sequence of matching can be analysed on the bases of the neurons activity map. It is
clearly seen that after the third modification the solution obtained is unique and the continuity of depth
and the sequence of matching is kept.
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Results for test images have been compared to result of stereo-matching ob-tained by the most effi-
cient algorithm found in literature [36]. To this end we haveused the on-line demo application realising
Kolmogorov and Zabih’s Graph Cuts Stereo Matching Algorithm for our test images (default parameters
have been used). After images processing the depth map has been adjusted to DTest standard by replac-
ing of regions recognised as occluded by interpolated values of disparity. The result of comparison can
be seen in fig. 14.

a) b)

Figure 14. Comparison of results of SCNN working (a) with Kolmogorov and Zabih’s Graph Cuts Stereo Match-
ing Algorithm (b).

It shows that the SCNN algorithm seems to be more accurate, which was confirmed by error values:
4.37% for SCNN and 8.21% for Kolmogorov and Zabih’s algorithm. On the other hand the latter is much
faster. Moreover, the error value of stereo-matching for Kolmogorov and Zabih’s algorithm is lower,
than for SCNN after single weights modification. It is noteworthy that error estimation for comparing of
both considered algorithms can be unreliable because of occlusion. Kolmogorov and Zabih’s algorithm
marks the occluded points, while SCNN approximate depth in such points. Summing up, Kolmogorov
and Zabih’s algorithm seems to be better for real-time application, while SCNN is more accurate, but
much slower.

After analyzing the both cases: real and simulated pictures, we can conclude that the matching
process improves with each interconnection strength modification. This property of the SCNN is crucial
for the accuracy of the matching process.

8. Conclusion

This study presents the use of innovative architecture of Hopfield based Self Correcting Neural Network.
The network introduced here has been used in stereo matchingprocess. The stereo correspondence
problem has been formulated as an optimization task where anenergy function of the network (dual
function) is minimized. The energy function represents themapping of all constraints of the solution.
The advantage of using a Hopfield neural network is that a global match is automatically achieved. It
is because all the neurons are interconnected in a feedback loop so the output of one affects the input
of all the others. The convergence to the stable state is guaranteed for the continuous Hopfield-like
network with the continuous activation function. The parallel execution capability of this structure is
also unquestioned its advantage in terms of possible parallel computing.

The most common problem with optimization of the Hopfield-like networks is possible trapping in
local minima of energy. Fortunately, it can be solved by using a supervising layer. Thanks to intercon-
nection weights modification, done by the supervising neurons, local minima can be left. The promising
properties of considered artificial neural network was tested both on simulated and real stereo images.
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The experimental results also indicate significant advantage of the supervising neurons for interconnec-
tion weights modification. A comparative analysis, performed with the classical Hopfield network and
SCNN indicated a better performance of the later.

Presented analysis lead to the conclusion that the weights correction based on the obtained solution
is essential to reach a correct solution of stereo correspondence problem. This approach can be crucial
for applications requiring really high accuracy.
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Abstract. The paper concerns the main element of the molecular neural
network - the Molecular Neuron (MN). Molecular Neural Network idea
has been introduced in our previous articles. Here we present the struc-
ture of the Molecular Neuron element in micro and nanoscale. We have
obtained MN in hexagonal layout in the form of the thin film. In this
paper we have described self-assembly mechanism leading to the NMs
layout. Also physical properties of the MNs layer have been shown.

Keywords: Hopfield neural network · Artificial neuron · Spin-glass ·
Molecular magnet

1 Introduction

We hope that the concept of Molecular Neural Network (MNN) [24,25] will over-
come all problems connected with hardware and software implementation of an
artificial neural networks [7–9,42]. This novel technology aims at the hardware
implementation of artificial neurons based on molecular techniques. The MNN
refers to a spin glass-like hardware implementation of the Hopfield neural struc-
ture. The crucial point of the idea is an array of bistable magnetic molecules
magnetically coupled through interconnection devices capable of transmitting
magnetic fields though the spinvave. In particular, this novel approach uses sin-
gle magnetic molecules inside SBA-15 mesoporous silica pores. Each pore in the
SBA-15 mesostructured thin layer creates converting unit that are equivalent to
neurons in the Hopfield network with weighted interconnections between them.
Individual converting units interact with one another by means of exchange
communication and controlling of electrons coherence. It is possible to control
a magnetic field using spin-wave in dielectric [30] and to tune Fermi electron
coherency level. Having built all the necessary elements of a neural network one
can arrange them as a part of Hopfield-like network. This network works in the
same way as its physical precursor - spin glass - with all advantages: fully parallel
c© Springer International Publishing Switzerland 2016
L. Rutkowski et al. (Eds.): ICAISC 2016, Part II, LNAI 9693, pp. 494–501, 2016.
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processing (extremely fast calculations, unavailable for any existing system) and
efficiency. Importantly, no external power supply is necessary in the process of
drifting to energy minimum - the system is self-polarized. Some power is needed
only for setting the initial states (if necessary) or setting the interconnections.
This novel technology enables fast, high density content addressable associative
memory implementation. Ultimately, it is expected that the proposed approach
can be scaled up to mimic memory with human-like characteristics.

The considered technology can significantly influence research and applica-
tion areas, mainly artificial intelligence [1,3–6,10,14,15,17,18,20,22,23,29,33–
35,39,41,43,46]. For instance a straightforward application seems to be a content
addressable associative memory (CAAM). This kind of memory, implemented on
the molecular scale, offers both high capacity and instant access, which in turn
opens up new and unprecedented possibilities for artificial intelligence. Presum-
ably, molecular CAAM, with all kind of patterns and ease to learn new ones,
can move forward the artificial intelligence research.

The technology, being a subject of the article, will also offer new opportu-
nities for solving multi-criterion optimization problems [2,11–13,16,19,21,26–
28,31,36–38,40]. Such problems, involving more than one objective function to
be optimized simultaneously, what can be extremely difficult to solve. Problems
of this type can be found in mathematics, engineering or economics. Vector opti-
mization problems arise, for example, in decision making, statistics, functional
analysis, approximation theory, multi-object programming or cooperative game
theory. As it was proved, the Hopfield networks are very efficient in solving such
problems, but also disappointingly slow. As a result, solutions can be found at
the expense of computational time. When using a real parallel system, like the
one described in the paper, a solution can be found instantly. Another possi-
ble application field for the molecular Hopfield network relates to a human-like
expert system where fast and multi-criteria inference is needed.

The main part of MNN is a molecular neuron. In the paper we show how the
molecular neurons body is created using self-assembly technology. Particularly,
we described the mechanism of self-assembly of silica molecules that creates the
matrix for Molecular Neurons.

2 Molecular Neuron

The Molecular Neuron is a bistable unit, capable of reacting to affecting magnetic
field obtained from both electrons polarization and external magnetic field. The
central part of Molecular Neuron is a molecular magnet, that can occupy only a
few spin states below blocking temperature. Fixed spins configuration generates
magnetic moment, that is maintained even with absence of external magnetic
field. This property causes, that MN is able to generalize, as an artificial neuron.

In order to construct described above unit, it is necessary to obtain perfectly
separated and fully accessible single molecule magnets. We can achieve this by
using of SBA-15 thin films as a matrix. We are also capable of obtaining restricted
activation of silica structure where one pore contains only one molecular magnet.
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Silicon substrate

Ordered silica thin film

Fig. 1. 2D hexagonally arranged silica thin film with pores oriented perpendicularly
to silicon wafer substrate.

The structure of silica thin films is extremely important in this case. The
pores orientation in the silica layer is a vital issue. Channels orientation should
be perpendicular to the substrate surface. Also their arrangement should be
regular in order to allow precise localization of each neuron. The structure of
considered thin silica matrix is presented in Fig. 1.

Obtaining of thin films with mesopore channels perpendicular to a substrate
is still a major challenge. Nevertheless, there are a few methods to rich this goal.
We consider two suitable methods for obtaining the Molecular Neurons matrix.

N
+

Br-

CTAB surfactant:

+
-

Ammonia
dissociated
in water:

-
HN HO4

+ +

Charges:

Silica molecule:

Si(OR) On 2-n
-

Negatively charged substrate

Substrate in solution
Self-assembly of spherical
miceles of surfactant

Encasing of miceles
with TEOS

Growing of cylindrical
structures

organic template removal

Fig. 2. Schematic representation of the formation process of ordered mesoporous silica
films with perpendicular mesochannels by the Ströber solution self-assembly procedure.
(Color figure online)
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One of it is the electrochemically-assisted self-assembly (EASA) method [32,45].
This method applies a suitable cathodic potential to an electrode immersed in
a hydrolyzed sol solution containing a surfactant template.

Second method is an ammonia-induced Ströber method. To this end we have
used negatively charged substrate - in this case glass and ITO - and immersed in
the sol solution containing ethanol, water, ammonia in low concentration (below
1.4 mM), tetaethylortosilicate (TEOS) and ionic surfactant - CTAB. Increasing
temperature to 60◦C results in formation of hexagonally arranged pores oriented
perpendicularly to substrate surface.

The mechanism of such a structure creation was explained in [44]. A negative
surface charge on the substrate leads to strong initial adsorption of the CTA+
surfactant molecules, forming spherical micellar structures. In a Ströber solu-
tion, the surfactant cations (CTA+) are first strongly adsorbed on a negatively
charged substrate (such as glass or ITO). Next we can observe gradual transfor-
mation of silicate–CTAB composites from spherical to cylindrical micelles with

Fig. 3. Top-view TEM image of the mesoporous silica films deposited on ITO.
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the assistance of ammonia hydrogen bonding and controlled silicate polymeriza-
tion. This process was depicted in Fig. 2.

Using the Ströber method we obtained well-structured hexagonally arranged
silica thin films, containing channels oriented perpendicularly to substrate sur-
face. Thickness of the thin films was below 200 nm. The TEM image of obtained
silica matrix can be seen in Fig. 3.

3 Conclusion

In the paper we presented the concept of a Molecular Neuron - the basic element
of a Molecular Neural Network. We shown the self-assembly procedure leading
to an ordered silica matrix, necessary for creating of a Molecular Neurons. We
explained the self-assembly mechanism occurring in the Ströber solution during
thin silica layer deposition. Also resulting thin film was shown. Considering the
current status of research we are convinced that successful implementation of a
molecular neuron is just a matter of time.
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simple stöber-solution growth approach. Angew. Chem. Int. Ed. 51(9), 2173–2177
(2012)

45. Urbanova, V., Walcarius, A.: Vertically-aligned mesoporous silica films. Zeitschrift
für anorganische und allgemeine Chemie 640(3–4), 537–546 (2014)
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a b s t r a c t

Mesoporous silica SBA-15 containing propyl-copper phosphonate units was investigated. The structure of
mesoporous samples was tested by N2 isothermal sorption (BET and BHJ analysis), TEM microscopy and X-
Ray scattering. Quantitative analysis EDX has given information about proportions between component
atoms in the sample. Quantitative elemental analysis has been carried out to support EDX.
To examine bounding between copper atoms and phosphonic units the Raman spectroscopy was carried
out. As a support of Raman scattering, the theoretical calculations were made based on density functional
theory, with the B3LYP method. By comparison of the calculated vibrational spectra of the molecule with
experimental results, distribution of the active units inside silica matrix has been determined.

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Functional materials based on porous silica matrix and transition
metal-containing active groups are attractive architectures for funda-
mental understanding of physical phenomena at the interfaces and for
potential magneto-optical applications. The bulk physical responses
(vibrational, optical) of such materials combine the intrinsic properties
of the host matrices and those of the active groups (polarizability,
charge transfer, magnetic momentum) as well as the mutual interac-
tions involved at the interfaces between the matrix and its functional
groups. Among the possible future applications the following are of
particular note: controlled drug delivery [1,2], bio-sensing [3], separa-
tion and recycling [4], catalysis [5], or other molecular engineering [6].
A wide synthesis activity has contributed to control the synthesis
routines of mesoporous silica with variable pore sizes (2–20 nm).
Additionally, several functional groups grafted either in the pores or in
the wall structure were successfully obtained [7–9]. The main chal-
lenge lies in the implementation of samples where the functional
groups are homogeneously distributed in the host matrices. This is the
main requirement related to the fine-tuning physical properties

(electronic, magnetic, optical) of the silica-based architectures follow-
ing the nature of the active groups.

The present work is devoted to mesoporous silica SBA-15
functionalized by propyl-copper phosphonate units. Schematic
representation of this system can be seen in Fig. 1.

The molar concentration of propyl-copper-phosphonate units in
silica matrix is 10% (1 propyl-Cu-phosphonate group per 9 SiO2

groups). In the present thesis we consider original approach to
probing of synthesis efficiency, in particular activation efficiency and
homogeneity of the active units distribution. The Raman scattering
measurements combined with numerical models are found relevant
to check correctness of the molecular configurations involved in the
samples. The proper assignment of bands in experimental Raman
spectrum is desired to proper understanding of the spectral changes
in the hydrogen-bonded active groups. Additionally, quantitative EDX
analysis supported by quantitative elemental analysis is found as a
useful tool to confirm reaction between precursor groups and doping
agent. Apart from probing the activation efficiency and active groups
distribution, the structure order of the SBA-15 silica is examined by X-
Ray diffraction, TEM microscopy and N2 adsorption.

2. Materials and methods

2.1. Synthesis of SBA-15 mesoporous silica containing copper ions

Synthesis of mesoporous silica SBA-15 functionalized by
propyl-phosphonate-copper units was carried out under argon
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atmosphere using a vacuum line. Solvents were dried out and
distilled just before the use. Reagents with the highest available
purity were used for reactions. Triblock copolymer (EO20PO70EO20)
with EO (poly-ethylene oxide) and PO (poly-propylene oxide),
Pluronic P123, copper(II) acetylacetonate (Cu(acac)2) and tetra-
ethylorthosilicate (TEOS) were purchased from Aldrich and used
as supplied. Phosphonatepropyltriethoxysilane, hereafter called
PPTES, was purchased from Syntal Chemicals. Surfactant-
templated mesoporous silica sample was prepared according to
direct-synthesis route [10], based on co-condensation of TEOS and
PPTES in the presence of triblock copolymers as the structure
agent under acidic conditions. To define correctly the doping rates,
we refer to the molar ratios between PPTES as a precursor for
copper containing active units and the silica units from TEOS. A
doping rate of 10% means the use of 1 PPTES for 9 TEOS units.
Obtained SBA-15 mesoporous silica containing phosphonic acid
diethyl groups in the next step has been hydrolyzed into SBA-15
mesoporous silica containing phosphonic acid groups. Phosphonic
acid groups have been functionalized by Cu(acac)2. Synthesis route
of this material can be seen in Fig. 2.

2.2. Characterization methods

TEM imaging was carried out using the FEI Tecnai G2 20
X-TWIN electron microscope, equipped with emission source
LaB6, CCD camera FEI Eagle 2 K and X-Ray microanalyzer EDX.
Elemental analysis (carbon, hydrogen) was realized with Vario ELIII
Elementar Analyser. Nitrogen sorption isotherms were measured at
77 K using a Micromeritics ASAP 2020 analyzer. Samples were
degassed in 90 1C. X-Ray diffraction pattern was recorded in the
Bruker D8 Advance spectrometer with a CuKα radiation source.
Raman spectroscopy measurements were carried out at room
temperature in the wavelength range from 300 to 4000 cm�1.
The Raman spectrometer (Nicolet Almega XR) had been equipped
with a Nd:YAG laser. The experiments were carried out at 532 nm
and the laser was operated at a power level of 40 mW. The spectral

resolution of the spectrometer was 1 cm�1. The experimental
conditions were kept the same for all investigated samples.

2.3. Computational details

We performed quantum-chemicals simulations to obtain model,
that can be served as a representative cluster model of SBA-15 silica
containing propyl-copper-phosphonate unit. Because of its struc-
tural complexity and difference in comparison to the amorphous
silica, the molecular structure of SBA-15 is still not clear. As it was
proved in [11], the bicyclic 5-6-s cluster model is the reasonable
cluster model of SBA-15 mesoporous silica. This systemwas used as
a starting point to our simulations. Starting configuration of the
functional group (propyl-copper-phosphonate) was prepared on the
basis of similar works [12–14]. Next we included the functional
group to the SBA-15 cluster model. The geometries of the model
were fully optimized at the level of B3LYP [15,16] with the 6-31G
(d) basis set. Using of this basis set generally leads to very
satisfactory compatibility with the set of the observed wavenum-
bers. All of these theoretical calculations were carried out using the
GAUSSIAN 09 package [17] with default convergence criteria
applied. Optimized structure of model SBA-15-propyl-copper-phos-
phonate molecule can be seen in Fig. 3.

The same method and basis set were used for calculation of
harmonic vibrational frequencies (Raman). For the graphical pre-
sentation and comparison with experimental Raman spectra,
computed Raman spectrum was fitted using Lorenzian functions.
Model of a SBA-15 silica containing propyl-phosphonic acid groups
was obtained in the same way.

3. Result and discussion

The structure of obtained mesoporous material was studied
by the small-angle XRD, TEM observation and N2 sorption.
The powder XRD pattern is shown in Fig. 4.

propyl chain

copper
phosphonate

silica walls

pores

Fig. 1. Schematic representation of SBA-15 silica activated by propyl-copper-
phosphonate units. For clarity, the interior of copper contained mesopore was
marked as white.
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Fig. 2. Synthesis procedure of SBA-15 mesoporous silica doping by copper ions.

Fig. 3. Model cluster of SBA-15 silica containing propyl-copper-phosphonate unit.
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The X-Ray diffraction pattern shows a well ordered structure of
hybrid mesoporous material. XRD pattern exhibits an intense
diffraction peak corresponding to d100 spacing equals 9.144 nm.
Next weak Bragg peaks correspond to 110 and 200 crystallographic
planes. All this features are characteristic for 2D hexagonal
structure. Further features of the structure were provided by the

transmission electron microscopy (TEM). TEM images of the SBA-
15 silica, containing propyl-copper-phosphonate units observed
along the direction of the pore array and perpendicularly to the
pore array, can be seen in Fig. 5. Also structure of a pure SBA-15
has been given for comparison.

As can be easily noticed, TEM observations confirm that inves-
tigated sample has well ordered, hexagonally arranged pore array

Fig. 4. Small-angle XRD pattern of SBA-15 mesoporous silica containing 10% of
propyl-copper-phosphonate groups. The region exhibiting (110) and (200) peaks is
scaled 25 times.

Fig. 5. TEM images of the SBA-15 silica containing propyl-copper-phosphonate units observed along the direction of the pore array (a) and perpendicular to the pore array
(b), juxtaposed with pure SBA-15 observed along (c) and perpendicular to the pore array (d).

Fig. 6. Isotherms of the SBA-15 mesoporous silica containing propyl-copper-
phosphonate units, and pore size distribution (a).
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pattern nanostructure. Also pore diameter can be roughly measured
as about 5 nm. Moreover, any significant difference with structure
of a pure SBA-15 can be seen. The N2 adsorption–desorption test
has been performed to supplement structural research, described
above. As can be seen in Fig. 6, our sample shows typical IV type

hysteresis, which is characteristic for mesoporous material with
homogenous like pores size [18].

The BET surface of the copper containing sample is 701 m2g�1,
while pore size equals 4.96 nm with very narrow pore size
distribution (obtained from Barret–Joyner–Halenda equation, see
Fig. 6a). As was mentioned before, the main problem occurring
during synthesis of functionalized SBA-15 mesoporous silica is
homogeneity of functional groups distribution. The key stage in
the synthesis of this functional material is functionalization of
precursor groups (propyl-phosphonic acid) by a doping agent
(Cu(acac)2). The process of one-step synthesis of SBA-15 silica
containing precursor group is not treated as critical point of
synthesis – homogeneity of distribution of precursor groups arises
due to synthesis route. During the process of functionalization
some of precursor groups may not react (what can be caused by e.
g. excess of surfactant in pores), or/and doping agents may create
aggregates in pores (this can occur in the case of not complete
washing of doping salt). Both this situations lead to obtaining
samples different than we expected. To confirm of copper activa-
tion efficiency we performed Raman scattering experiment sup-
ported by a DFT simulations. Under this techniques we analyzed
two samples: SBA-15 mesoporous silica containing propyl-
phosphonic acid groups (SBA-propyl-PO(OH)2) and SBA-15 meso-
porous silica containing propyl-copper-phosphonate- groups
(SBA-propyl-POO2Cu). Both samples were obtained during the
same synthesis route, but in another steps (SBA-15 containing
propyl-phosphonic acid groups is a precursor of a SBA-15 contain-
ing propyl-Cu-phosphonate groups). By comparison of calculated
spectra we found characteristic Raman frequencies, distinguishing
both samples. The juxtaposition of Raman spectra for discussed
here samples can be seen in Fig. 7a (theoretically calculated) and
in Fig. 7b (experimental).

As can be easily noticed, we obtained good correlation between
simulations and experiments, what proves correctness of the
selected method. The assignment of the calculated Raman bands
was aided by the animation option of the GaussView 5.0 graphical
interface for Gaussian programs [19], which gives a visual repre-
sentation of the vibrational modes shape. The main computed
Raman modes for discussed here structures were juxtaposed in
Fig. 8 together with corresponding experimental features and
origin of the vibrations. Our interpretation of vibrational modes
seems to be well confirmed in the literature [20–23].

Fig. 7. The juxtaposition of the Raman spectra for silica containing propyl-
phosphonic acid and propyl-copper-phosphonate units, theoretically calculated
(a) and experimental (b). Main characteristic bands (bands appearing in only one
species) are marked as gray bands.

Origin of Raman feature SBA-prop-PO(OH)2 SBA-prop-POOH2Cu

calculated
wavenumber

experimental
wavenumber

calculated
wavenumber

experimental
wavenumber

CH2-CH2-CH2, O-P-O
+ a O-Cu-O

----- ----- 554.32 538.70

CH2-CH2-CH2 + CH2-
P, OH-P-OH

634.79 not visible ----- -----

CH2-CH2-CH2 + CH2-
P, O-P-O + s O-Cu-O

----- ----- 645.48 640.91

CH2-CH2-CH2 + CH2-
P, O-P-O+ s O-Cu-O

----- ----- 695.16 683.34

CH2 + CH2 + s C-C-C ----- ----- 1227.62 1211.74

CH2 + CH2 + s C-C-C ----- ----- 1293.98 1298.52

s CH2 1436.20 1437.37 1412.62 1416.15

s CH2 1475.18 1470.15 1449.54 146.51

Si-H, a H-Si-H 2134.78-
2222.39

2121.97-
2212.64

2089.44-
2226.14

2096.90-
2208.75

s CH2, a CH2 2902.97-
2993.45

2868.29-
3018.71

2933.44-
3017.09

2864.43-
3011.00

a OH 3345.28-
3350.10

3321.48-
3379.33

----- -----

Fig. 8. Main Raman features in experimental spectra, and calculated B3LYP /6-31G(d) in wavenumbers (cm�1) for silica SBA-15 containing propyl-copper phosphonate
groups and propyl phosphonic acid groups. In the table: ν – stretching modes, δ – in-plane bending (scissoring), γ – out-of-plane bending, Δ – in-plane ring deformation,
ϖ – wagging, τ – torsion (twisting), ρ – rocking; indexes: s – symmetrical, a – asymmetrical.
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From our point of view, the most important are regions:
3320–3380 cm�1 in SBA-propyl-PO(OH)2 spectra and 640–
1300 cm�1 in the case of SBA-propyl-POO2Cu. These modes are
connected with O–H stretching modes in phosphonic acid group
in SBA-propyl-PO(OH)2 and deformation of propyl-copper-
phosphonate unit in SBA-propyl-POO2Cu respectively. Less visi-
ble peaks occur at about 630 cm�1 (SBA-propyl-PO(OH)2) and
around 540 cm�1 (SBA-propyl-POO2Cu). Analysis of this regions
in experimental spectra can give information about synthesis
efficiency. Indeed, in the experimental spectra of copper-
containing specimen we can observe peaks in the region of
640–1300 cm�1. Their positions and shapes are in good agree-
ment with those theoretical ones. The region above 3100 cm�1 is
flat for this sample. Opposite situation can be observed in the
case of SBA-propyl-PO(OH)2. We can see well-resolved peak at
about 3350 cm�1 (superposition of peaks at 3320 and
3379 cm�1), and flat region between 640 and 1300 cm�1. Less
intense peaks (predicted in simulations) are not visible in
experiments, probably due to high background noise. Taking
under consideration the origin of those features (see: Fig. 6),
we can conclude that copper had been successfully connected to
the phosphonic groups. Peaks from O–H stretching modes in
phosphonic acid group disappeared while the peaks from copper-
phosphonate occurred instead. Conclusions quoted before seem
to be confirmed by EDX quantification results supported by
quantitative elemental analysis. The EDX spectrum is shown in
Fig. 9a, while quantification results are presented in Fig. 9b.

The presence of gold (Au) is attributable to the preparation
technique, in which a thin film of gold is applied to make the
specimen electrically conductive. As can be seen in Fig. 9b, the
molar proportion between phosphorus and silicon is about 1:10,
according to the synthesis assumptions (must be underlined, that
molar proportion between TEOS and PPTES is 1:9, but PPTES
contains also silicon atoms so the final proportion between
phosphorus and silicon is 1:10).

The EDX result was confirmed by quantitative elemental
analysis. Obtained mass content of carbon is 4.88%. The calculated
molar proportions between functional groups and silicon is
1:9.489, so it is very close to synthesis assumptions and EDX
results (must be stressed, that calculations of proportions between
functional groups and silicon on the base of hydrogen's content
makes no sense – SBA-15 silica contains also hydroxy groups,
difficult to quantitatively estimation).

What is more important, in the sample we can find almost the
same molar amount of copper as phosphonic atoms (EDX results).
This proofs that activation procedure has been successfully carried
out – each phosphonic unit is activated by a copper atom.

4. Conclusion

On the basis of poly-condensation of PPTES and TEOS in the
presence of P123 surfactant a novel copper containing mesoporous
silica has been prepared. The species have hexagonal arranged
pores with diameter below 5 nm, what was confirmed by X-Ray
scattering, TEM imaging and N2 sorption tests. To probe of
functionalization efficiency we performed Raman scattering sup-
ported by numerical simulations. The structure of silica cluster
containing propyl-PO(OH)2 group and propyl-POO2Cu has been
optimized at level of B3LYP/6-31G(d). The theoretical Raman
modes have been calculated at the same level. On this basis an
analysis of Raman spectra have been carried out, what confirmed
the synthesis efficiency. We found that each phosphonic unit has
been functionalized by copper. The supplementary investigation –

quantitative EDX analysis also confirms quoted previous conclu-
sion. Taking under consideration homogeneous distribution of
precursor groups inside silica matrix, we can conclude about
homogeneous distribution of active units inside silica matrix.

Acknowledgments

Financial support for this investigation has been provided by
the National Centre of Science (Grant-no: 2011/03/D/ST5/05996).

References

[1] Brian G. Trewyn, Jennifer A. Nieweg, Yannan Zhao, Victor S.-Y. Lin, Chem. Eng.
J. 137 (2008) 23–29.

[2] Amit Katiyar, Santosh Yadav, Panagiotis G. Smirniotis, Neville G. Pinto,
J. Chromatogr. A 1122 (2006) 13–20.

[3] Igor I. Slowing, Brian G. Trewyn, Supratim Giri, V.S.Y. Lin, Adv. Funct. Mater. 17
(2007) 1225–1236.

[4] Dirk Jung, Martin Hartmann, Stud. Surf. Sci. Catal. 174 (2008) 1045–1050.
[5] Feng-Shou Xiao, Top. Catal. 35 (2005) 9–24.
[6] P.K. Jal, S. Patel, B.K. Mishra, Talanta 62 (2004) 1005–1028.
[7] Robert Corriu, J. Organomet. Chem. 686 (2003) 1.
[8] Robert Corriu, Ahmad Mehdi, Caterine Reyé, J. Organomet. Chem. 689 (2004)

4437–4450.

Element Weight % Atomic %

C(K) 25.491 52.987

O(K) 19.217 29.989

Si(K) 11.256 10.006

P(K) 1.219 0.983

Cu(K) 2.283 0.897

Au(K) 40.534 5.138

Fig. 9. EDX spectrum of SBA-15 mesoporous silica containing 10% of propyl-copper-phosphonate units (a). For better visibility region between 4 and 8 keV (no peaks
presence) has been cut. EDX quantification results (b).

L. Laskowski, M. Laskowska / Journal of Solid State Chemistry 220 (2014) 221–226 225

http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref1
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref1
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref2
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref2
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref4
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref5
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref6
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref7
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref8
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref8


[9] Lukasz Laskowski, Abdelhadi Kassiba, Malgorzata Makowska-Janusik,
Ahmad Mehdi, Alain Gibaud, Nicolas Errien, Jozef Swiatek, J. Phys.: Condens.
Matter 21 (2009) 1–9.

[10] Robert J.P. Corriu, Lucien Datas, Yannick Guari, Ahmad Mehdi, Catherine Reye,
Chloe Thieuleux, Chem. Commun. 8 (2001) 763–764.

[11] Zhongxue Wang, Daxi Wang, Zhen Zhao, Yu Chen, Jie Lan, Comput. Theor.
Chem. 963 (2011) 403–411.

[12] Mattias Nilsing, Petter Persson, Lars Ojamäe, Chem. Phys. Lett. 415 (2005)
375–380.

[13] Jan-Ole Joswig, Sandrine Hazebroucq, Gotthard Seifert, J. Mol. Struct.: Theo-
chem 816 (2007) 119–123.

[14] Min Liu, Shanshan Chen, Xianzheng Zhao, Yuhang Ye, Juan Li, Qinshu Zhu,
Bo Zhao, Wenbo Zhao, Xiaohua Huang, Jian Shen, Talanta 117 (2013) 536–542.

[15] P. Hohenberg, W. Kohn, Phys. Rev. 136 (1964) B864–B871.
[16] W. Kohn, L.J. Sham, Phys. Rev. 140 (1965) A1133–A1138.
[17] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

G. Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, T. Vreven, J.A. Montgomery Jr., J.E. Peralta,

F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin, V.N. Staroverov,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar,
J. Tomasi, M. Cossi, N. Rega, J.M. Millam, M. Klene, J.E. Knox, J.B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.
J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, R.L. Martin, K. Morokuma,
V.G. Zakrzewski, G.A. Voth, P. Salvador, J.J. Dannenberg, S. Dapprich,
A.D. Daniels, Ö. Farkas, J.B. Foresman, J.V. Ortiz, J. Cioslowski, D.J. Fox, Gaussian
09, Gaussian Inc., Wallingford, CT, 2009.

[18] Ping Wei, Guohua Tian, Haizhuo Yu, Yong Qian, Polym. Degrad. Stab. 98 (2013)
1022–1029.

[19] Roy Dennington, Todd Keith, John Millam, Gaussview Version 5, Semichem
Inc., Shawnee Mission, KS, 2009.

[20] Alexandre N.M. Carauta, Vanderl de Souza, Eduardo Hollauer, Claudio
A. Téllez, Spectrochim. Acta – Part A: Mol. Biomol. Spectrosc. 60 (2004) 41–51.

[21] U.J. Ries, E.A. Fleer, H. Eibl, Chem. Phys. Lipids 61 (1992) 225–234.
[22] R.G. Snyder, I.H. Schachtschneider, Spectrochim. Acta 21 (1965) 169–195.
[23] Lazar Matveevich Sverdlov, Mikhail Arkadevich Kovner, Evgeny Petrovich Krainov,

Vibrational Spectra of Polyatomic Molecules, JohnWiley & Sons, Israel Program for
Scientific Translations, New York, Toronto, Jerusalem, London, 1974.

L. Laskowski, M. Laskowska / Journal of Solid State Chemistry 220 (2014) 221–226226

http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref9
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref9
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref9
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref10
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref10
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref11
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref11
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref12
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref12
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref13
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref13
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref14
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref14
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref15
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref16
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref17
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref18
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref18
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref19
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref19
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref20
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref20
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref21
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref22
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref23
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref23
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref23
http://refhub.elsevier.com/S0022-4596(14)00392-2/sbref23


Microporous and Mesoporous Materials 200 (2014) 253–259
Contents lists available at ScienceDirect

Microporous and Mesoporous Materials

journal homepage: www.elsevier .com/locate /micromeso
Mesoporous silica SBA-15 functionalized by nickel–phosphonic units:
Raman and magnetic analysis
http://dx.doi.org/10.1016/j.micromeso.2014.08.041
1387-1811/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author. Tel./fax: +48 34 3250546.
E-mail address: lukasz.laskowski@kik.pcz.pl (Ł. Laskowski).
Łukasz Laskowski a,⇑, Magdalena Laskowska b, Maria Bałanda c, Magalena Fitta c, Jadwiga Kwiatkowska c,
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In the present work we present mesoporous silica SBA-15 containing propyl-nickel phosphonate study
towards confirmation of synthesis procedure correctness. The structure of mesoporous sample was tested
by TEM microscopy, N2 sorption tests and X-ray scattering. To probe bounding between nickel atoms and
phosphonic units the Raman spectroscopy was carried out. As a support of Raman scattering, the theo-
retical calculations were made based on density functional theory, with the B3LYP method. By compar-
ison of the calculated vibrational spectra of the molecule with experimental results, distribution of the
active units inside silica matrix has been determined. Magnetic measurements were carried out to find
nickel ions concentration inside the mesoporous matrix, and also to determine nickel ions environment.
Both magnetic and Raman study confirm the efficiency of the synthesis and corroborate the homogenous
distribution of nickel–phosphonate active units in silica matrix.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The SBA-15 mesoporous silica has attracted a wide interest
since the discovery in 1992 [1,2] due to its unique properties.
The low-cost synthesis methods, highly uniform porosity, mechan-
ical stiffness and thermal stability are only few examples of advan-
tages of this compound. Extensive research on mesoporous silica
has shown a promising potential of its applications as a matrix in
the host–guest systems. Thanks to possibility of attaching different
molecules, the surface-functionalized mesoporous silica can be
used as drug/gene delivery [3,4] or biosensor systems [5]. Large
volume of pores and usage of doping agents enables applications
in separation and recycling [6]. Mesoporous silica nanopowder
with a specific catalytic agent is used also for catalysis [7].

There are many approaches to functionalization of the meso-
porous silica. The easiest one is filling pores in SBA-15 with a dop-
ing agent [8,9]. However, the disadvantage of this method is lack of
control of active molecules distribution and unknown molar con-
centration. While for applications the homogeneous distribution
of active centers usually plays a crucial role, especially in optoelec-
tronics [10], doping agents may create clusters and the distance
between them cannot be determined.

The control of active groups concentration can be achieved by
grafting of formed mesoporous silica by highly reactive active units
after the polycondensation of SBA-15. Then, active groups are func-
tionalized by designated species. However, this method still does
not allow to control the distance between active centers [11,12].

The control of distribution of active units in mesoporous silica
matrix can be achieved by a direct synthesis method [13,14]. In
the first step of this method the mesoporous silica containing
highly reactive groups is synthesized. Then, after removal of sur-
factant, the material is functionalized by dedicated active centers.
This way of material’s preparation gives high probability of obtain-
ing species with homogenously distributed functional units. Nev-
ertheless, there is no certainty of obtaining the assumed material
[11–13]. Particularly, not each reactive unit in silica matrix must
be activated and/or doping agents can create aggregates or clus-
ters. Very often it is hard to find if the final product of synthesis
is the same, as was assumed.

In this paper we propose an original approach to probing the
efficiency of the direct synthesis and the homogeneity of the active
centers distribution. We use the micro-Raman technique combined
with numerical simulations. The Raman vibrational spectroscopy
allows observation of low-frequency modes in considered system

http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2014.08.041&domain=pdf
http://dx.doi.org/10.1016/j.micromeso.2014.08.041
mailto:lukasz.laskowski@kik.pcz.pl
http://dx.doi.org/10.1016/j.micromeso.2014.08.041
http://www.sciencedirect.com/science/journal/13871811
http://www.elsevier.com/locate/micromeso
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and provides a fingerprint by which the system can be identified.
The other important test, valid in case of functionalization with
magnetic centers, is temperature dependence of magnetic suscep-
tibility and field dependence of magnetization.

The object of the paper is mesoporous silica SBA-15 containing
nickel ions connected via propyl-phosphonate groups, later
denoted as SBA-propyl-POO2Ni. The molar concentration of Ni-
phosphonate units in silica matrix is 10% (1 Ni-phosphonate group
per 9 SiO2 groups). The motivation of taking under consideration
the nickel-containing mesoporous silica was its great applicational
potential. The most common example is a catalysis [15–17], how-
ever porous materials may also be implemented in electronics
[18,19] or spintronics. In this case the distance between active
paramagnetic centers determines properties of a target device
(interactions with electrons [20]), hence the fine tuning of distance
between magnetic ions is crucial. This can be achieved only in the
case of trapping ions to silica matrix through homogenously dis-
tributed precursor groups (prop-POO2 in our case).
2. Experimental and methods

2.1. Synthesis

Synthesis of mesoporous silica SBA-15 functionalized by
propyl-phosphonate–nickel units was carried out under argon
atmosphere using a vacuum line. Solvents were dried and
distilled just before the use. Reagents with the highest available
purity were used for reactions. Triblock copolymer Pluronic P123
(EO20PO70EO20, where EO is poly-ethylene oxide and PO is
poly-propylene oxide), Nickel(II) acetylacetonate (Ni(acac)2) and
tetraethylorthosilicate (TEOS) were purchased from Aldrich and
used as supplied. Phosphonatepropyltriethoxysilane, hereafter
called PPTES, was purchased from Syntal Chemicals.

The synthesis process of mesoporous SBA-propyl-POO2Ni com-
pound has been carried out in three steps: (1) polycondensation of
SBA-15 containing phosphonic acid diethyl ester groups (SBA-pro-
pyl-PO(OEt)2), (2) hydrolysis into SBA-15 matrix containing phos-
phonic acid groups (SBA-propyl-PO(OH)2), (3) functionalization of
phosphonic acid groups by Ni(acac)2 to get SBA-propyl-POO2Ni.
The process is shown schematically in Fig. 1. Details of the prepa-
ration were the following:

SBA-15 mesoporous silica was synthesized analogically to
procedure described in [21]. First, the solution of surfactant was
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Fig. 1. The schema of synthesis process of SBA-propyl-POO2Ni compound.
prepared: 8.00 g of P123 were dissolved in 320 ml of aqueous
solution of HCl (pH = 1.5). Then the mixture of 16.84 g of TEOS
and 3.08 g of PPTES was added to the solution at ambient temper-
ature. Obtained mixture was stirred for about 3 h at room temper-
ature, till perfectly transparent solution appeared. Next, a small
amount of NaF (151 mg) was added in order to induce hydrolysis
and polycondensation, and immediately heated to 60 �C in hot oil
bath. The mixture was vigorously stirred at 60 �C for 3 days. The
resulting product was filtered and washed by ethanol and acetone.
The surfactant was removed by a hot ethanol extraction in a Soxh-
let apparatus. During the hydrolysis of SBA-propyl-PO(OEt)2, the
side reaction between phosphonic acid groups and surface hydro-
xyl groups can occur [22]. To prevent this, silylation of SiOH groups
must be conducted before the hydrolysis. This was done by treat-
ing of mesoporous powder by Me3SiCl in toluene. For each gram
of SBA-15 mesoporous silica containing phosphonic acid diethyl
ester groups we used 1.2 g of Me3SiCl and 25 ml of toluene. This
suspension was stirred vigorously 12 h under reflux.

SBA-propyl-PO(OH)2 was prepared according to procedure:
3.00 g of SBA-15 mesoporous silica containing phosphonic acid
diethyl groups were suspended in 150 ml of 12 M (38%-commer-
cial product) hydrochloric acid (HCl). This suspension was vigor-
ously stirred for 5 h under reflux. Subsequently, the solid was
recovered by filtration and washed with water. Next the powder
was washed once with acetone and dried under vacuum at room
temperature.

In order to functionalize the phosphonic acid groups by
Ni(acac)2, 1 g of SBA-PO(OH)2 and 0.40 g of Ni(acac)2 was added
to 50 ml of ethanol absolute. The resulting SBA-propyl-POO2Ni sus-
pension was heated overnight under reflux with stirring. The solid
was quantitatively recovered by filtration and washed with etha-
nol several times to remove the excess of nickel salt.

2.2. Physical measurements

The SBA-propyl-POO2Ni compound was characterized by a
number of physical techniques. Transmission electron microscope
(TEM) FEI Tecnai G2 20 X-TWIN was used to obtain the microstruc-
ture image of the sample. Nitrogen sorption isotherms were mea-
sured at 77 K using a Micromeritics ASAP 2020 analyzer. Samples
were degassed in 90 �C. XRD patterns were obtained by means of
X’PERT PRO Panalytical diffractometer operated at 40 kV and
30 mA, in standard Bragg–Brentano geometry with CuKa radiation
of wavelength 1.541 Å and fixed slits. Scattering in the low-angle
range 0.36� < 2h < 4� and wide-angle range 0.36� < 2h < 35� was
recorded applying the 0.002 step size and 5 s and 2 s step time
respectively. Micro-Raman spectra were registered using Nicolet
Almega Raman spectrometer with 532 nm laser operating with
beam power of 24 mW and 0.7 lm diameter spot size. The spectral
resolution of the spectrometer is 1 cm�1. The spectra were col-
lected at room temperature in the wavenumber range 300–
4000 cm�1. Magnetic measurements of SBA-propyl-POO2Ni and
of (SBA-propyl-PO(OH)2) matrix were carried out with a Quantum
Design MPMS magnetometer. The DC magnetic susceptibility in
the field of 500 Oe was measured in the temperature range of 2–
300 K in the field cooling (FC) mode. Magnetization curve at
T = 2 K was measured in the range of 0–70 kOe for increasing and
decreasing field. Samples with mass of ca. 10 mg were used.

2.3. DFT calculations

Quantum-chemical simulations using the density functional
theory (DFT) [23,24] and GAUSSIAN 09 programs package [25]
were carried out. Default convergence criteria were applied. Each
structure was optimized at the B3LYP level with Pople basis set
consisting of atom-centered Gaussian functions of double-zeta
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split-valence quantity and effective core potential [26] used in sim-
ilar studies [27–30]. For the phosphorus atom the additional d
function was added, what significantly improved description of
the P bonds [31]. Additional diffuse function was used in the case
of species not-containing nickel atoms. For propylo-nickel phos-
phonate and nickel(II) acetylacetonate the 3–21G(d) basis set
was used, while for propyl-phosphonic acid it was the 3–
21 + G(d). The same method and basis set was used for geometry
optimization and calculation of harmonic vibrational frequencies
(Raman). Starting configurations of investigated molecules were
prepared on the basis of similar works [32–38]. Each system has
been optimized without any symmetry constraints.

After geometry optimization, Raman vibrational modes have
been calculated. It is known, that DFT/B3LYP method overesti-
mates vibrational frequencies, which is caused by neglecting the
anharmonicity, incomplete incorporation of the electron correla-
tion and the use of finite basis sets in the theoretical treatment.
This problem has been minimized using the commonly available
scale factor [39], appropriate for the method and basis set. Intensi-
ties of the Raman modes were calculated [40] according to:

Ii ¼ Cðvo � v iÞ4v�1
i B�1

i Si; ð1Þ

where C is a constant, vi is a frequency of the normal mode, v0 is the
excitation frequency (in this work the Nd:YAG laser operating at
532 nm was used which corresponds to the wavenumber of
18,797 cm�1), Si is the Raman scattering activity of the normal
mode Qi and Bi is the Boltzmann distribution factor for temperature
T (we assumed T = 300 K) given by:

Bi ¼ 1� exp �hcv i

kBT

� �
ð2Þ

In Eq. (2), h and kB are respectively Planck and Boltzmann con-
stants, while c is speed of light.

For the needs of graphical presentation and comparison with
experimental Raman spectra, computed Raman bands have been
fitted by Lorentzian functions.
3. Results

3.1. Structural properties

The TEM image given in Fig. 2 presents the general morphology
and pore structure for SBA-15 containing nickel phosphonate
groups. The pores with diameters of about 4.5 nm compose a
highly ordered hexagonal array. Thus, the modified with nickel–
Fig. 2. TEM image of SBA-15 silica containing nickel phosphonate groups.
phosphonic units material, retained the mesopore uniformity of
the original structure of the parent SBA-15 silica.

The nitrogen adsorption–desorption test has been performed to
supplement the structural research described above. As presented
in Fig. 3a, the sample shows typical IV type hysteresis, which is
characteristic for mesoporous material with homogenous like
pores size [41]. The BET surface is 724 m2 g�1, while the pore size
distribution is very narrow (see Fig. 3b) and the BJH pore diameter
equals 4.45 nm.

Fig. 4a and b shows the XRD patterns of SBA-propyl-PO(OH)2

and SBA-propyl-POO2Ni in the low-angle and wide-angle scale.
For both compounds a single intensive reflection at 2h = 0.7� is
observed. This reflection is related to an ordered pore arrangement
and can be indexed as (100) diffraction from the SBA-15 structure
of the hexagonal symmetry. The corresponding d spacing is
12.6 nm. The (110) and (200) reflections which could be expected
at 2h = 1.21� and 1.40� are only dimly marked.

The wide-angle XRD pattern for SBA-propyl-POO2Ni given in
Fig. 4b shows the broad diffraction band centered at about 22�,
which corresponds to the amorphous SiO2. No diffraction peak
coming from any crystalline phase was detected, which proves
the successful dispersion of nickel functional groups in SBA-15
during the synthesis.

3.2. Raman spectroscopy- theoretical and experimental study

The numerical simulations were carried out for three species:
propyl-phosphonic acid, propyl-nickel phosphonate and Ni(acac)2.
Propyl-phosphonic acid and propyl-nickel phosphonate are func-
tional groups connected to silica matrix. The bulk silica was omit-
Fig. 3. Nitrogen adsorption–desorption isotherms of the SBA-15 mesoporous silica
containing propyl-nickel–phosphonate units (a), BJH pore size distribution calcu-
lated from the adsorption branch (b).



Fig. 4. Left: XRD patterns of SBA-propyl-PO(OH)2 and SBA-propyl-POO2Ni in low-
angle scale. Right: XRD pattern of SBA-propyl-POO2Ni in wide-angle scale.

Table 1
Main Raman bands of propyl-PO(OH)2–DFT simulations. Column I reports the
calculated Raman shifts associated with propyl-phosphonic acid group. Columns II
shows the assignments of the Raman shifts.

Frequency (cm�1) Assignments

145.16 ms CACAC, sCH2 + CH3

419.55 ds P@O + PAOH
694.34 ms PAC3H7 + PAOH
980.49 ma CACAC + da PAOH
1014.81 ds PAOH
1044.70 s CH2 + CH3

1250.58 x CH2

1305.02 s CH2 + CH3

1439.54 ds CH2

1485.24 ds CH2 + CH3, q CH3

1488.84 da CH3, qCH3

2896.20 ms CH3

2909.83 ma CH2 + ma CH3

2939.47 ms CH2 + ma CH2 + ma CH3

2943.74 ms CH2 + ma CH2 + ma CH3

2960.30 ma CH2 + CH3

2965.84 ma CH2 + CH3

2992.05 ma CH2 + CH3

3345.28 ma OH
3350.10 ms OH
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ted in this study because contribution to Raman spectrum from
mesoporous silica SBA-15 is identical for both SBA-propyl-PO(OH)2

and SBA-propyl-POO2Ni species and can be extracted from experi-
mental spectrum. The influence of bulk silica on Raman modes of
functional group has been discussed elsewhere (article under
redaction), and is not crucial for this study.

The optimized structures of studied species can be seen in
Fig. 5. The main computed Raman modes for each structure
discussed here are presented in Tables 1–3. The assignment of
Fig. 5. Numerically optimized structures of (a) propyl phosphonic acid grou
the modes listed in the tables is following: m – stretching
modes, d – in-plane bending (scissoring), c – out-of-plane bending,
D – in-plane ring deformation, x – wagging, s – torsion (twisting),
q – rocking; indexes: s – symmetrical, a – asymmetrical.

The comparison of the computed Raman spectra of propyl-
POO2Ni, propyl-PO(OH)2 and Ni(acac)2 with the experimentally
determined spectra of SBA-propyl-POO2Ni and SBA-propyl-
PO(OH)2 is presented in Fig. 6. The most important and conclusive
are two Raman bands: 3345–3350 cm�1 for SBA-propyl-PO(OH)2

matrix corresponding to OAH stretching mode in phosphonic acid
group and the 659–814 cm�1 band for SBA-propyl-POO2Ni, corre-
sponding to deformation of the nickel–phosphonate unit. The suc-
cessful functionalization of precursor units is confirmed by a
visible peak corresponding to deformation of nickel–phosphonate
unit in the spectrum of SBA-propyl-POO2Ni. Absence of any band
around 3350 cm�1 in the SBA-propyl-POO2Ni spectrum the elimi-
nates presence of any not-reacted precursor group in the final
product and attests to homogenous distribution of metal-phos-
phonic groups in the material.

3.3. Magnetic properties

Successful incorporation of Ni2+ ions into the mesoporous silica
has been confirmed also by magnetic measurements. Static mag-
p, (b) propyl nickel phosphonate group and (c) nickel acetylacetonate.



Table 2
Main Raman bands of propyl-POONi–DFT simulations. Column I reports the calcu-
lated Raman shifts associated with propyl-nickel phosphonate group. Columns II
shows the assignments of the Raman shifts.

Frequency (cm�1) Assignments

246.36 ms CACAC, s CH2 + CH3

375.39 x POO2Ni, x CH2 + CH3, dxy CH3ACH3-(CH2AP)
473.03 d C3H7APOO2Ni
659.39 d CH3ACH2ACH2 + m CH2AP, dOAPAO + ms OANiAO
776.00 m CAP + ms OAPAO + d OANiAO
814.97 d OAPAO + ms OANiAO
976.42 ma CACAC
1041.59 s CH2 + CH3

1238.27 x CH2

1303.40 sCH2 + CH3

1436.29 ds CH2

1483.43 ds CH2 + CH3, qCH3

1487.74 da CH3, qCH3

2896.84 ms CH3

2909.01 ma CH2 + CH3

2932.72 ms CH2 + ma CH2 + ma CH3

2938.08 ms CH2 + ma CH2 + ma CH3

2962.29 ma CH2 + CH3

2963.12 ma CH2 + CH3

2990.15 ma CH2 + CH3

Table 3
Main Raman bands of Ni(acac)2–DFT simulations. Column I reports the calculated
Raman shifts associated with nickel acetylacetonate. Columns II shows the assign-
ments of the Raman shifts.

Frequency (cm�1) Assignation

256.32 d CACH3 + D
454.63 ms acac-Ni-acac
931.17 dxy CACHAC + xCH3

1159.16 ds CH
1261.22 ms CACAC + ms CACH3

1343.06 ds CAH3

1411.27 d CAH3

1418.27 d CAH3 + ms C@O
1493.31 ma CACAC + ds CH
1566.11 ms CACAC + ms CAO
2902.87 ms CAH3

2903.08 ms CAH3

2964.21 ma CAH3

2995.28 ma CAH3

2995.29 ma CAH3

3067.32 m CAH

Fig. 6. The comparison of room temperature experimental Raman spectra of SBA-
propyl-PO(OH)2 and SBA-propyl-POO2Ni and theoretically calculated Raman modes
for propyl-POO2Ni and propyl-PO(OH)2.

Fig. 7. Temperature dependence of magnetic susceptibility of SBA-propyl-POO2Ni
and of SBA-propyl-PO(OH)2 matrix measured under HDC = 500 Oe. The full lines are
fitting curves (see text). Inset: Temperature dependence of v⁄T.
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netic susceptibility v, defined as magnetization M to magnetic field
H ratio, measured as a v(T) function of temperature under H = 500
Oe for SBA-propyl-POO2Ni and for SBA-propyl-PO(OH)2 matrix is
shown in Fig. 7. Magnetic susceptibility of the matrix is quite weak
however, due to the large (�92%) mass fraction in SBA-propyl-
POO2Ni, its contribution to the magnetization should rather be
accounted for. The v(T) signal of silica functionalized with Ni2+ ions
is considerably large and shows the characteristic paramagnetic
behavior, which can be described with modified Curie–Weiss
formula:

v ¼ v0 þ
C

T � hc�w
ð3Þ

where C is the Curie constant, related to the effective magnetic
moment according to:

C ¼ N g l2
B

3kB
S ðSþ 1Þ ð4Þ

In Eq. (3), hC�W is the Weiss paramagnetic temperature relevant
to the possible interaction between magnetic centers, while vo

represents the temperature independent contribution to suscepti-
bility. In Eq. (4), N is the Avogadro number, g is the Lande factor, lB

is Bohr magneton and S is the spin value. The theoretically
expected C value for 1 mol of magnetic moments of Ni2+ ions with
S = 1 and g = 2 equals 1 emu Oe�1 mol�1 K.

In case of the SBA-propyl-PO(OH)2 matrix, magnetic suscepti-
bility originates from the residual paramagnetic impurities in
the material and from the non-magnetic silica, which gives the
diamagnetic response, increasing linearly with temperature.
The formula v = vo + C / (T � hp) + A * T fitted to the SBA-propyl-
PO(OH)2 experimental v(T) data gave vo = 8.1�10�7emu/(Oe g),
C = 0.00001 emu K / (Oe g), hC�W = �0.75 K and A = �4.86�10�10

emu / (Oe g K).



Table 4
Parameters of magnetic susceptibility obtained from the fit of the v = vo + C/(T � hC�W) (or v = vo + C/(T � hC�W)+A�T) formula to v(T) experimental data for SBA-propyl-POO2Ni
and SBA-propyl-PO(OH)2. When not mentioned, the errors are less than 1%. Column I reports the magnetic parameters for mesoporous silica containing propyl-phosphonic acid
groups (reference material). Columns II shows magnetic parameters obtained for mesoporous silica containing propyl-nickel phosphonate units. Column III reports results
obtained solely for the Ni2+ ions (nickel contribution).

SBA-propyl-PO(OH)2 SBA-propyl-POO2Ni Nickel contribution

vo 8.1�10�7 emu/(Oe g) 0.0072 ± 0.0001 emu/(Oe mol) 0.0063 ± 0.0001 emu/(Oe mol)
C 0.00001 emu K/(Oe g) 0.773 ± 0.005 emu K/(Oe mol) 0.752 ± 0.005 emu K/(Oe mol)
hC�W �0.75 ± 0.03 K �0.47 ± 0.02 K �0.44 ± 0.02 K
A �4.86�10�10 emu/(Oe g K) – –

Fig. 8. Field dependence of magnetization for SBA-propyl-POO2Ni at T = 2 K
together with the scaled values (see text). The data are presented in emu/g units
(right axis) and in Bohr magnetons per nickel ion (left axis). The Brillouin function
for S = 1 is shown for comparison.
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After estimation the magnetization coming from the SBA-pro-
pyl-PO(OH)2 matrix, the experimental v(T) data of SBA-propyl-
POO2Ni have been corrected for this contribution. Fitting Eq. (3)
to the corrected v(T) data supplied us with information on mag-
netic behavior of sole Ni2+ ions incorporated to the SBA-propyl-
PO(OH)2 matrix. The determined susceptibility parameters were
the following: vo = 0.0063 emu/(Oe mol), C = 0.752 emu/
(Oe mol K) and h = �0.44 K. Table 4 shows results obtained for
the SBA-propyl-PO(OH)2 matrix, for SBA-propyl-POO2Ni when no
matrix contribution was subtracted and results obtained solely
for the Ni2+ ions (nickel contribution).

The value of Curie constant obtained for our SBA modified with
Ni-phosphonic units is somewhat smaller than C = 1 emu Oe�1

mol�1 K1 expected for free Ni2+ ions. It suggests that nickel concen-
tration is a bit lowered, but still we find it to be the satisfactory
proof for efficient silica functionalization.

The inset in Fig. 7, which shows the regular behavior of the sus-
ceptibility and temperature product over the wide range of tem-
peratures, is in turn the evidence of the typical paramagnetic
character of the SBA-propyl-POO2Ni sample and of the homoge-
nous distribution of nickel in the amorphous matrix. The slight
increase of v⁄T upon cooling followed by a steep decrease below
14 K, indicates weak antiferromagnetic interaction of the magnetic
moments (see Table 4 for hC�W value) and is quite understandable
for this kind of the material.

The field dependence of magnetization for SBA-propyl-POO2Ni,
measured at T = 2 K is depicted in Fig. 8. The data are presented in
emu/g units (right axis) and in Bohr magnetons per nickel ion (left
axis). The Brillouin function calculated for isolated spins S = 1 with
g = 2 at T = 2 K is shown for comparison as a full line. As may be
seen, magnetization measured is much lower than that of the free
ion moment. Taking into account the fact that experimentally
determined Curie constant was less than the theoretical value,
one may multiply the magnetization curve by the scale factor
f = Ctheor/Cexp = 1/0.75 = 1.33. Such scaled magnetization is still
small. The most probable reason for such behavior is anisotropy
of the magnetic moment of nickel ions, which are coordinated to
two oxygen O1� ions of the POO2 terminal group. Such anisotropy
may be concluded from the significant Raman band corresponding
to the deformation of the nickel–phosphonate unit (see § 3.2).

In summary, investigation of magnetic properties of the SBA-15
functionalized with magnetic metal can deliver crucial information
on efficiency and homogeneity of metal incorporation to the
microporous silica and on its behavior in the pores.
4. Conclusions

On the basis of poly-condensation of PPTES and TEOS in the
presence of P123 surfactant a novel nickel containing mesoporous
silica has been prepared. The species has hexagonally arranged
pores with diameter below 5 nm, what was confirmed by TEM
imaging and X-ray scattering. To probe of functionalization effi-
ciency we performed Raman scattering supported by numerical
simulations.

The structure of propyl-PO(OH)2 group and propyl-POO2Ni
group has been optimized at level of B3LYP/3–21 + G(d) and
B3LYP/3–21G(d) respectively. The theoretical Raman modes have
been calculated at the same level. On this basis an analysis of
Raman spectra has been carried out, what confirmed the synthesis
efficiency. We found that each phosphonic unit has been function-
alized by nickel. Taking under consideration homogenous distribu-
tion of precursor groups inside silica matrix, on the basis of this
research we concluded about homogeneous distribution of active
units inside silica matrix.

Similar conclusion can be conjectured from magnetic research.
On the basis of Curie constant obtained for SBA modified with Ni-
phosphonic we found the almost assumed (just little lower) nickel
concentration inside silica matrix, what can be a confirmation of
the efficient silica functionalization. Also environment of nickel
ions seems to be determined by magnetic research. We found
anisotropy of the magnetic moment of nickel ions, which can arise
from coordination by two oxygen O1� ions of the POO2 terminal
group. This conclusion also confirms the efficiency of the activation
success.

To our knowledge, the analysis of SBA-propyl-POO2Ni per-
formed in this paper is the first to give the quantitative estimation
of the properties of such type of the material.
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4Rootinnovation Spółka z o.o., Ulica Matejki 11/1a, 50-016 Wrocław, Poland

Correspondence should be addressed to Łukasz Laskowski; lukasz.laskowski@kik.pcz.pl

Received 8 January 2016; Accepted 17 March 2016

Academic Editor: Pushpendra Kumar

Copyright © 2016 Łukasz Laskowski et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Mesoporous silica SBA-15 containing propyl-iron-phosphonate groups were considered to confirm their molecular structure. To
detect the iron-containing group configuration the Mössbauer spectroscopy was used. Both mesoporous silica SBA-15 containing
propyl-iron-phosphonate groups and pure doping agent (iron acetylacetate) were investigated using Mössbauer spectroscopy. The
parameters such as isomer shift, quadrupole splitting, and asymmetry in 57Fe Mössbauer spectra were analyzed. The differences in
Mössbauer spectra were explained assuming different local surroundings of Fe nuclei. On this base we were able to conclude about
activation of phosphonate units by iron ions and determinate the oxidation state of themetal ion. To examine bonding between iron
atoms and phosphonic units the resonance Raman spectroscopy was applied. The density functional theory (DFT) approach was
used to make adequate calculations. The distribution of active units inside silica matrix was estimated by comparison of calculated
vibrational spectra with the experimental ones. Analysis of both Mössbauer and resonance Raman spectra seems to confirm the
correctness of the synthesis procedure. Also EDX elemental analysis confirms our conclusions.

1. Introduction

Recently, many research efforts have been focused on design
and synthesis of functional materials based on porous silica
matrix and transition metal-containing active groups not
only due to their attractive architectures but also for potential
applications [1–6]. A wide synthesis activity enabled the
synthesis routines control of the mesoporous silica with vari-
able size (2–20 nm) of pores. Additionally, several functional
groups grafted either in the pores or in the wall structures
were successfully obtained [7–9]. The synthesis of such sam-
ples which would contain the functional groups homoge-
neously distributed in the host matrices is still the main chal-
lenge. These functional groups, if successfully anchored in
the silica-based architecture, can offer fine-tuned physical
properties (electronic, magnetic, and optical).

The paper concerns the mesoporous silica SBA-15 func-
tionalised by the propyl-iron-phosphonate units. The molar
concentration of the propyl-iron-phosphonate units in the
silica matrix is 10% (1 silano-propyl-Fe-phosphonate group
per 9 SiO

2
groups). Our intention is to report an original

approach to probing the synthesis efficiency, in particular,
the activation efficiency and homogeneity of the active units
distribution. The molecular structure of the species was
detected using Mössbauer spectroscopy and confirmed by
Raman scattering supported by DFT simulations. As a com-
plementary research we carried out EDX elemental analysis.

Mössbauer spectroscopy is very useful to study structural
and physical properties of many inorganic and organic mate-
rials, especially iron-containing species. Mössbauer parame-
ters deliver valuable information about the electronic config-
uration of 57Fe atoms and their surroundings. On the base of
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comparative analysis of the Mössbauer spectroscopy carried
out for the pure doping agent and target compound it is
possible to determine whether the transition of phosphonate
units into iron-phosphonate units occurred. Moreover we
were able to determine the oxidation state of the iron ion.
The electronic state of the iron ion, obtained in theMössbauer
spectroscopy, was confirmed by the EPR spectroscopy.

The Raman scattering measurements combined with
numerical models seem to be an adequate approach to check
the correctness of molecular configurations in the samples.
The assignment of bands in the experimental Raman spec-
trum is necessary to detect the spectral changes in the
hydrogen-bonded active groups. Moreover the EDX elemen-
tal analysis helps you find the correct molar proportions
between key radicals.

2. Materials and Methods

Synthesis of the mesoporous silica SBA-15 functionalised by
propyl-phosphate-iron units was done by cocondensation
of tetraethylorthosilicate (TEOS) and phosphonatepropyltri-
ethoxysilane (PPTES) with presence of surfactant (Pluronic
P123).Themain part of the procedure was described in detail
in our previous work [10, 11] with one difference: the iron(II)
acetylacetonate (Fe(acac)

2
) was used as the doping agent.

Resulting iron-containing SBA-15 silica compound is called
SBA-propyl-POO

2
Fe.

The 57Fe Mössbauer spectra of powdered samples were
recorded at room temperaturewith a 57Co source (Rhmatrix)
in transmission geometry. The velocity was calibrated using
a 𝛼-Fe foil. Mössbauer spectra were analyzed by the least-
square fitting of Lorentzian lines using the Normos program
[12].

For the spin state confirmation of the iron ions we
measured our samples with EPR spectrometer. EPRmeasure-
ments were conducted on a Bruker EMX continuous-wave
(CW) X-band (9.5 GHz). The spectra were recorded with
microwave power in the range of 20–200mWusingmagnetic
field modulation of about 5G. EPR measurements at vari-
able temperatures (10–300K) were performed by an Oxford
Instruments cryostat.

Resonance Raman measurements were carried out at
room temperature in the range from 300 to 4000 cm−1. A
Raman spectrometer (Nicolet Almega XR) was equipped
with a Nd:YAG laser. The experiments were carried out at
532 nm and the laser was operated at a power level of 40mW.
The spectral resolution of the spectrometer was equal to
1 cm−1. The same experimental conditions were kept for all
the investigated samples.

DFT simulations were carried out in order to find
characteristic Raman bands. All theoretical calculations were
carried out using theGAUSSIAN09 package [13] with default
convergence criteria applied. The geometry of the model
molecule enriched of metal ion was fully optimized at the
level of B3LYP [14] with the 6-31G(d,p) basis set, as the
most suitable for metal-containing SBA-15 silica model. After
geometry optimization, the Raman vibrational modes were
calculated using the same method and basis set.

Table 1:Mössbauer parameters (inmm/s) derived from experimen-
tal spectra of the complexes studied.

Fe(acac)
2

SBA-prop-POO
2
Fe

QS 0.842 0.738
IS 0.381 0.397
Γ 0.499 0.648

The assignment of the calculated Raman bands was done
on the basis of PED analysis [15, 16] and aided by the
animation option of theGaussView 5.0 graphical interface for
Gaussian programs [17], which gave a visual representation
of the vibrational modes shape. As far as PED analysis
is concerned, the calculations were carried out in VEDA
software [18]. By combining the results of the visualization
with potential energy distribution (PED) we obtained very
accurate description of the molecules vibrations. The proce-
dure was described in detail in [19].

The EDX quantitive elemental analysis was carried out
using the FEI Tecnai G2 20 X-TWIN electron microscope,
equipped with emission source LaB6, CCD camera FEI Eagle
2K, and X-Ray microanalyzer EDX.

3. Results and Discussion

The main problem occurring during synthesis of function-
alised SBA-15 mesoporous silica lies in the homogeneous
distribution of functional groups. The key stage in the
synthesis of this functional material is the functionalisation
of precursor groups (propyl-phosphonic acid) by doping
agents (Fe(acac)

2
). The one-step synthesis of SBA-15 silica

containing precursor groups is not treated as a critical point
of the synthesis. The cocondensation method guarantees the
homogeneity of distribution of precursor groups in the silica
matrix. Nevertheless we are able to probe the key stage of the
synthesis route by using of molecular spectroscopy methods:
Mössbauer and Raman.

The Mössbauer spectra were recorded for two kinds of
samples: mesoporous silica containing propyl-Fe-phosphate
groups and Fe(acac)

2
as the doping agent. In the case of full

activation (each precursor group activated by iron) the envi-
ronment of Fe ions should be different in comparison with
the environments in the doping agent, and the differences in
the environments should be reflected in Mössbauer spectra.
Both spectra (Figure 1) were compared taking into account
isomer shifts (IS), quadrupole splitting (QS), line widths (Γ)
(Table 1), and the asymmetry of the doublets.

The parameters collected in Table 1 seem not to vary
significantly for both samples; however, the detailed analysis
reveals some important differences. The IS and QS values
can indicate the high-spin Fe3+ oxidation state [20, 21] or
low-spin Fe2+ state [22]. The doping agent (Fe(acac)

2
) was

a commercial product purchased from Sigma-Aldrich as a
high-purity compound in oxidation state 2+, so the most
probable state of iron ions is Fe2+, 𝑆 = 0. The EPR research
did not show any signal in the temperature range from 10 to
300K, which can confirm that our sample contains ferrous
ions with spin 𝑆 = 0. Both spectra show the relatively
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Figure 1: Mössbauer spectra at room temperature: (a) Fe(acac)
2
, (b) SBA-prop-POO
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Fe.
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Figure 2: Distribution of quadrupole splittings for (a) Fe(acac)
2
and (b) SBA-propyl-POO

2
Fe.

high values of the line widths. Such a broadening can arise
mainly from relaxation effects or from isomer shift and
quadrupole splitting distributions. In this paper we consider
the quadrupole splitting distribution, with the assumption of
linear dependence between the IS and QS values. The use of
the distribution procedure applied in the Normos package
which gave the QS distributions is shown in Figure 2.

We can see one intensive broad peak and a few small-
intensity peaks for higher values of the quadrupole splitting.
The latter small peaks can be connected with the relatively
long “wings” in the Mössbauer spectra (Figure 1) and they
do not have a physical meaning.The intensive broad peaks in
the distributions (Figure 2) indicate that each sample contains
iron ions with the same electron configuration (in this case:
Fe2+, 𝑆 = 0) and continuously distributed quadrupole
splittings caused by distribution of the electric field gradient
(EFG) around Fe2+ ions. Local distortions of bond lengths
and angles can lead to wide range of local environments
of Fe2+ ions and next to the continuous distribution of

quadrupole splittings.Different kinds of asymmetry observed
in the spectra (Figures 1(a) and 1(b)) can be connected with
varying values of the linear parameters in the relationship
IS = 𝑓(QS) for the mesoporous silica containing propyl-Fe-
phosphate groups and Fe(acac)

2
samples. A slight shoulder

observed in the distribution for SBA-propyl-POO
2
Fe spec-

trum (Figure 2(b)) indicates contribution of additional dou-
blet from the doping agent Fe(acac)

2
. We tried to fit the SBA-

propyl-POO
2
Fe spectrum (Figure 1(b)) by two doublets and,

taking into account the areas under the doublets, we found
that contribution of the doping Fe(acac)

2
is negligible (less

than 0.1%). It means that practically all propyl-phosphonic
acid precursor groups were functionalised by the Fe(acac)

2

agents (two different surroundings of iron ions in samples).
The Raman spectroscopy supported by numerical sim-

ulations fully confirms the results presented above. The in-
depth analysis of this case was available in [19]; therefore we
present only a brief overview of the results. Two samples were
analyzed under this technique: SBA-15 mesoporous silica
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Figure 3: The juxtaposition of the Raman spectra for silica containing propyl-phosphonic acid and propyl-iron-phosphonate units,
theoretically calculated (a) and experimental (b). Main characteristic bands (bands appearing in only one species) are marked as coloured
bands.

containing propyl-phosphonic acid groups (SBA-propyl-
PO(OH)

2
) as the reference and SBA-15 mesoporous sil-

ica containing propyl-iron-phosphate groups (SBA-propyl-
POO
2
Fe). Both samples were obtained during the same

synthesis route, but in other steps (SBA-15 containing propyl-
phosphonic acid groups are a precursor of a SBA-15 con-
taining propyl-Fe-phosphate groups). The DFT simulations
for models of considered molecules enabled the precise
identification of the vibrations origins. Characteristic Raman
frequencies were found by comparison of theoretically cal-
culated spectra (DFT method) and selecting peaks that are
different for both samples. We expect that, for successful
functionalisation, each propyl-phosphonic acid group will be
transferred into propyl-iron-phosphate group. As a result we
should find in the spectrumof SBA-propyl-PO(OH)

2
features

originated from propyl-phosphonic acid groups, which are
not present in the spectrum of SBA-prop-POO

2
Fe. And, vice

versa, in the spectrumof SBA-propyl-POO
2
Fewe should find

peaks created by the propyl-iron-phosphate groups vibration,
which should be invisible for the SBA-propyl-PO(OH)

2
spec-

trum.The juxtaposition of the theoretical Raman spectrawith
the experimental ones for considered samples can be seen
in Figure 3(a) (theoretically calculated) and in Figure 3(b)
(experimental).

The most significant theoretical vibrations for SBA-
propyl-PO(OH)

2
are located within 3320–3380 cm−1 region

while SBA-propyl-POO
2
Fe displays peak at 670 cm−1. The

first one comes from the O-H stretching modes of the
phosphonic acid groups in SBA-propyl-PO(OH)

2
. The iron-

containing species vibration at 667 cm−1 can be assigned to
deformation of the propyl-iron-phosphate unit. The analysis
of these regions in experimental spectra can give information
about the synthesis efficiency.

Indeed, in the experimental spectra of the iron-
containing specimen we can observe distinguishable peaks
at 674 cm−1 coming from complex vibration of the propyl-
Fe-phosphate group. For SBA-propyl-PO(OH)

2
the region

Table 2: EDX quantification results of SBA-15 mesoporous sil-
ica containing 10% of propyl-iron-phosphate units (SBA-prop-
POO
2
Fe).

Element Weight % Atomic % Uncertainty %
C(K) 49.11 66.88 0.52
O(K) 21.59 22.08 0.19
Si(K) 9.93 5.78 0.09
P(K) 1.02 0.54 0.02
Fe(K) 1.68 0.49 0.04
Cu(K) 16.26 4.23 0.14

within 640–1300 cm−1 seems to be flat. This indicates that
iron is joined through the propyl-phosphate groups in the
silica matrix.

In the case of SBA-propyl-PO(OH)
2
the well-resolved

peak can be observed at about 3350 cm−1. These vibrations
can be assigned to stretching modes of the phosphonic
acid groups, particularly, asymmetrical stretching of hydroxy
units.The region above 3100 cm−1 did not contain any Raman
bands in the case of the SBA-propyl-POO

2
Fe, which can

prove the absence of the phosphonic acid groups in this
sample. This is the result of the complete functionalisation;
phosphonic acid groups are not present in the sample.

The quantitive EDX analysis was carried out for iron-
containing silica sample as a supplementary research, in order
to confirm our previous results. The EDX spectrum is shown
in Figure 4 and quantification results are presented in Table 2.

It is clearly seen that the SBA-prop-POO
2
Fe sample has

almost assumed quantity of iron; the molar ratio of silicon
to phosphorous and silicon to iron is equal to 10.707 and
11.815, respectively. This lead to a conclusion that almost
each phosphonic acid group was activated by iron. Minor
deficiency of iron is caused by propyl-phosphonic acid groups
incorporated in silica walls.
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4. Conclusion

The Mössbauer spectroscopy was applied to examine the
functionalisation efficiency of the iron-containing meso-
porous silica SBA-15. This SBA-15 containing propyl-iron-
phosphate was investigated in comparison with Fe(acac)

2
as

the doping agent. Comparative analysis of the spectra and
obtained parameters has shown that for both investigated
samples only one electron configuration of ferrous ions can
be observed (there is no excess of the doping agent inside
iron-containing mesoporous samples). Mössbauer parame-
ters indicate low-spin Fe2+ (𝑆 = 0) for both samples. The
low-spin state of ferrous ions was also confirmed in the
EPR spectroscopy.The abovementioned results show that the
activation process runs according to synthesis assumptions
and phosphonic acid groups are activated to iron-phosphate.
The success of the activation process was also confirmed by
Raman scattering supported by numerical simulations and
EDX elemental analysis.
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a b s t r a c t

In the paper we investigate the molecular structure of SBA-15 mesoporous silica containing propyl metal
phosphonate groups, to examine the efficiency of synthesis route. Proposed method can be generalized
and applied to synthesis efficiency examination in the case of relatively complex silica-based nano-
materials. Considered verification route is based on Raman scattering supported by numerical simula-
tion. We demonstrated considered procedure on the example of SBA-15 mesoporous silica containing
propyl phosphonate units activated by nickel, copper and iron ions. We showed that unambiguously
verification of activation process related to phosphonic acid units incorporated inside SBA-15 silica into
metal phosphonate groups is possible. On the base of comparative analysis of experimental and theo-
retical Raman spectra we were able to eliminate the case of incomplete or unsuccessful activation.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nanotechnology, in its traditional sense, means building things
from the bottom up, with atomic precision. This allows designing of
molecule to obtain desired property (properties) e so called
nanotools. The great example of such functional material can be
compounds based on porous silica matrix and transition metal-
containing active groups. They are attractive architectures due to
their unique properties. Particularly, the SBA-15 mesoporous silica
has drawn a wide interest since its discovery in 1992 [1]. It is cheap
to synthesise, has highly uniform porosity, mechanical stiffness and
thermal stability to name a few features of this compound.
Extensive research on mesoporous silica has shown a promising
potential of its applications as a matrix in the host-guest systems.
Thanks to possibility of attaching different molecules, the surface-
functionalized mesoporous silica can be used as drug/gene de-
livery [2,3] or biosensor systems [4]. Large volume of pores and
usage of doping agents enables applications in separation and
l (M. Laskowska), lukasz.
z@kik.pcz.pl (J. Jelonkiewicz).
recycling [5,6]. Mesoporous silica nanopowder with a specific cat-
alytic agent is used also for catalysis [7,8]. Very interesting is
application of porous silica-based nanomaterials in electronics,
actually in nanoelectronics [9,10].

Nevertheless the synthesis of such materials is a real challenge.
Very often it is not easy to find out whether the final product of the
synthesis fulfils our expectations. Themajor challenge is the control
of physical or chemical properties from the nanometric scale
(atomic or molecular). Most of spectroscopic methods give infor-
mation only about properties of bulk material and it is difficult to
conclude about molecular structure of nanomaterials from such an
investigation. Therefore it is necessary to use well established
testing procedure.

In the paper we are presenting a methodology for checking the
synthesis efficiency of SBA-15 silica based compounds by using
Raman spectroscopy and numerical simulations. If proposed
probing route is used it is possible to conclude about molecular
structure of some of silica-based functional materials in relatively
easy and explicit way.

Proposed procedure is based on comparison of theoretical
Raman spectra of considered (tested) compound with reference
molecule. On the base of this juxtaposition we are able to deter-
mine positions of characteristic Raman vibrational modes. These
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modes can be understood as Raman vibrations occurring only for
one compound but not present in others. We also assumed, that
characteristic Raman band cannot be overlapped by other vibra-
tions, occurring for both molecules.

Having identified characteristic Raman vibrational modes we
can analyse experimental Raman spectra obtained both for
considered and reference samples. Considering presence or
absence of characteristic Raman modes we can conclude about the
efficiency of synthesis procedure.

This simple method has not been applied before to SBA-15 silica
based compounds.

In the paper we consider three independent syntheses with
mesoporous silica SBA-15 containing nickel, iron and copper ions
connected via propyl-phosphonate groups. The structure of inves-
tigated samples can be seen in Fig. 1.

With a help of the characteristic modes method we have ana-
lysed the efficiency of synthesis procedures for each above
mentioned compound.
2. Materials and methods

2.1. Synthesis of SBA-15 mesoporous silica containing metal ions

Surfactant-templated mesoporous silica samples were prepared
according to direct-synthesis route [11], based on co-condensation
of tetraethylorthosilicate (TEOS) and phosphonatepropyltriethox-
ysilane (PPTES) in the presence of triblock copolymer Pluronic P123
(EO20PO70EO20), where EO is poly-ethylene oxide and PO is poly-
propylene oxide) as the structure agent under acidic conditions
(STEP1). To define correctly the doping rates, we refer to the molar
ratios between PPTES as a precursor for metal containing active
units and the silica units from TEOS. A doping rate of 10%means the
use of 1 PPTES for 9 TEOS units. Obtained SBA-15 mesoporous silica
containing phosphonic acid diethyl groups in the STEP 2 was
hydrolysed into SBA-15 mesoporous silica containing phosphonic
acid groups, hereafter called SBA�propyl�PO(OH)2. In the STEP 3
phosphonic acid groups were functionalised by acetylacetonate
(acac) of metal (2þ). For this purpose we used Ni(acac)2, Cu(acac)2
and Fe(acac)2. Synthesis route of this material shows Fig. 2.

Obtained samples were named:

� SBA-15 mesoporous silica containing nickel phosphonate units
e SBA-propyl-POO2 Ni

� SBA-15 mesoporous silica containing copper phosphonate units
e SBA-propyl-POO2 Cu
Fig. 1. Visualization of SBA-15silica contained metal ion marked as X (X ¼ nickel,
copper or iron) immobilised via propyl-phosphonate unit.
� SBA-15 mesoporous silica containing iron phosphonate units e
SBA-propyl-POO2 Fe

It is noteworthy, that activation process is the most crucial step
in the synthesis. We cannot be sure if all phosphonic acid groups
are functionalised to metal phosphonate group. This can be caused
by incomplete removing of surfactant, side reactions between hy-
droxyl groups in phosphonic acid groups and alkyl groups of silica
structure or encapsulation of some pores in mesostructured ma-
terial. All these lead to a material different than assumed, there is
no guarantee of correct active unit distribution. Only complete
activation assures that obtained material has homogenously
distributed functional groups.
2.2. Raman spectroscopy

Raman spectroscopy measurements were carried out at room
temperature in the wavelength range from 300 to 4000 cm�1. The
Raman spectrometer (Nicolet Almega XR) was equipped with a
Nd:YAG laser. The experiments were performed at 532 nm and the
laser was operated at a power level of 40 mW. The spectral reso-
lution of the spectrometerwas 1 cm�1. The experimental conditions
were kept the same for all investigated samples.
2.3. DFT calculation

This method, based on quantum-chemical simulations, was
carried out using the density functional theory (DFT). Each struc-
ture was prepared according to available descriptions. The bicyclic
5-6-s cluster model used here as a model of a part of SBA-15
mesoporous silica was presented by Wang and co-workers [12] as
themost suitablemodel cluster of SBA-15molecular sieve. Likewise
configuration of the functional group (propyl-copper-phospho-
nate) was prepared on the basis of similar works [13e15]. Next the
functional group was included in the SBA-15 cluster model. This
system was used as a starting point to our simulations. The ge-
ometries of the models enriched of metal ions were fully optimised
at the level of B3LYP [16] with the 6-31G (d,p) basis set, as the most
suitable for metal containing SBA-15 silica model.

As a result of geometry optimisation we have obtained a few
conformers for each molecule. A conformational analysis has been
carried out then, and conformer with the lowest energy has been
selected for further considerations.

All of these theoretical calculations were carried out using the
GAUSSIAN 09 package [17] with default convergence criteria
applied.

After geometry optimisation, Raman vibrational modes were
calculated. For calculation of harmonic vibrational frequencies
were used the same method and basis set. The DFT/B3LYP method
overestimates vibrational frequencies, which is caused by
neglecting the anharmonicity, incomplete incorporation of the
electron correlation and the use of finite basis sets in the theoretical
treatment, the commonly available scale factor [18]. Considering
the above mentioned reasons, appropriate basis set was used. In-
tensities of the Raman modes were calculated [19] according to:

Ii ¼ Cðv0 � viÞ4v�1
i B�1

i Si (1)

where C is a constant, vi is a frequency of the normal mode, v0 is the
excitation frequency, Si is the Raman scattering activity of the
normal mode Qi and Bi is the Boltzmann distribution factor for
temperature of T (we assumed T ¼ 300 K). In our case the Nd:YAG
laser operating at 532 nm was used which corresponds to the
wavenumber of 18,797 cm�1. Bi is given by:



Fig. 2. Schema of preparation of SBA-15 mesoporous silica containing phosphonic acid groups and activation into SBA-15 mesoporous silica containing metal phosphonate. Metal
ion is marked as X. In this case X ¼ Ni, Cu or Fe.

M. Laskowska et al. / Journal of Molecular Structure 1100 (2015) 21e26 23
Bi ¼ 1� exp
�
� hcvi

kBT

�
(2)

In equation (2) h and kB are respectively Planck and Boltzmann
constants, while c is the light speed.

The assignment of the calculated Raman bands was done on the
basis of PED analysis [20,21] and aided by the animation option of
the GaussView 5.0 graphical interface for Gaussian programs [22],
which gave a visual representation of the vibrational modes shape.
As far as PED analysis is concerned, the calculations have been
carried out in VEDA software [23]. By combining the results of the
visualisation with potential energy distribution(PED) we have ob-
tained very accurate description of the molecules vibrations.
3. Results and discussion

Three SBA-15 mesoporous silica based samples were investi-
gated with regards of activation procedure correctness applying
proposed method: SBA-propyl-Ni, SBA-propyl-Cu and SBA-propyl-
Fe. As a reference material for verification of activation efficiency
SBA-15 mesoporous silica containing phosphonic acid groups was
used.

The optimized model structure of SBA�propyl�PO(OH)2 can be
seen in Fig. 3a.

In order to verify correctness of geometry optimisation we have
compared our results to available in literature structural data
[24,25]. As can be seen in Table 1, the mean values of SieO bond
length in our bicyclic model of SBA-15 are in great agreement with
experimental data (1.624 nm). Also bond angles SieOeSi and
OeSieO fit excellently to experimental data (150 and 109�

respectively).
The stable conformation of bicyclic model cluster of SBA-15 has

the chair arrangement. Nevertheless by adding propyl phosphonic
acid groups this configuration of 5-, 6- membered silica ring has
been disturbed by twisting it with attached functional group. This
remark concerns all considered structures. Also their structural
parameters are almost identical with SBA-15 model cluster. All
examined molecules differ only in the functional groups structure.

After geometry optimisation we have calculated the theoretical
Raman spectra. Obtained Raman modes and their assignments
along with PED are listed in Table 2.

Consequently, we obtained excellent correlation between sim-
ulations and experiments, what proves correctness of the applied
method. Also the literature data [26e29] confirms our
interpretation.

It is noteworthy, that most of vibrational modes presented in
Table 2 are common for all investigated samples. Their positions are
almost identical. The only exception is the 3320e3380 cm�1 region
e characteristic for SBA-propyl-PO(OH)2 spectra. These modes are
connectedwith OeH stretchingmodes in phosphonic acid group. In
the case of successful activation this group of peaks should disap-
pear. Presence of this band in the spectrum of metal-containing
species proves, that activation is not complete e in the sample
phosphonic acid groups not containing metal ions still remain.
3.1. SBA-15 mesoporous silica containing nickel phosphonate units

The geometrically optimised model of SBA-propyl-POO2 Ni is
shown in Fig. 3b. The structure of this molecule is similar to SBA-15
containing phosphonic acid groups. Structural parameters of bicy-
clic model of silica matrix are almost the same, as for SBA-propyl-
PO(OH)2. Structural data of propyl nickel phosphonate connected to
SBA-15 bicyclic model is included in the Table 3.

The juxtaposition of Raman spectra for SBA-propyl-Ni and
reference sample shows Fig. 4a (theoretically calculated) and in
Fig. 4b (experimental).

There are a few characteristic Raman bands in theoretical
spectra. First one, earlier considered, is the 3320e3380 cm�1 region
corresponding to OeH stretching modes in phosphonic acid group
in SBA-propyl-PO(OH)2. Next two peaks are characteristic for nickel
containing material. Region 659e814 cm�1 corresponds to defor-
mation of the nickel-phosphonate unit. Less intense peak, observed
at 485 cm�1, originates from stretching modes of propyl-nickel-
phosphonate groups connected with scissoring of OePeO unit.
When compared with experimental spectra synthesis efficiency
they seem to match thoroughly. Characteristic for SBA-propyl-
PO(OH)2 peak at region 3320e3380 cm�1 is present only in the
reference sample spectra. In the nickel containing compound
spectrum there is a flat region in this frequency range. This proves
absence of phosphonic acid groups. Instead of this we can observe
rather well distinguished peak at frequency about 750 cm�1. This
band is characteristic for nickel phosphonate group. Last charac-
teristic for SBA-propyl-POONi peak is not visible, probably due to
limited intensity of this mode and relatively high noise. Our con-
clusions were also confirmed by quantitative elemental analysis
and magnetic measurements [30].
3.2. SBA-15 mesoporous silica containing coper phosphonate units

The geometrically optimised model of SBA-propyl-POO2 Cu
presents Fig. 3c. Structural parameters of this molecule model are
very similar to nickel-containing molecule, with the exception of
copper phosphonate group. In this case bond distances are: 1.641 Å
for PeO,1.801Å for CueO and 1.826 for CeP. Regarding bond angles
we obtained 84� for OeCueO 94� for OePeO and 91� for PeOeCu.

The juxtaposition of Raman plots for SBA-propyl-Cu and refer-
ence sample can be seen in Fig. 5a (theoretically calculated) and in
Fig. 5b (experimental).

Apart from characteristic for reference sample band (region
about 3350 cm�1) we can distinguish five characteristic bands in the



Fig. 3. Numerical model of SBA-15 mesoporous silica containing pure phosphonic acid group (a), and metal phosphonate groups: nickel (b), copper (c) and iron (d).

Table 1
Optimised structural parameters of SBA-15 model cluster containing propyl phos-
phonic acid groups (SBA�propyl�PO(OH)2).

Bond angles (o) Bond distances (Å)

SieOeSi 149 SieO 1.643
OeSieO 109 SieC 1.872
OeSieC 108 CeC 1.538
SieCeC 114 CeP 1.810
CeCeC 112 P¼O 1.487
CeCeP 113 PeOH 1.628
CeP]O 119
CePeOH 102
OHePeOH 105
OHeP]O 113

Table 2
Main Raman bands of SBA�propyl�PO(OH)2 calculated via DFT simulations. Column
I reports the calculated Raman shifts associated with propyl-phosphonic acid group.
Columns II shows the assignments of the Raman shifts. Symbols: n e stretching
modes, d e in-plane bending (scissoring), t e torsion (twisting); indexes: s e

symmetrical, a e asymmetrical.

Frequency (cm�1) Assignments with PED (%)

634.79 dCH2�CH2�CH2(54), nCH2�P(21), nOH�P�OH(18)
1436.20 dsCH2(88)
1475.18 dsCH2þCH3(86)
2134.78e2222.39 nSi�H(42), tH�Si�H(12)
2902.97e2993.45 nsCH2(56), naCH2(21)
3345.28e3350.105 naOH(84)

Table 3
Optimised structural parameters (only for bonded functional groups) of SBA-15
model cluster containing propyl nickel phosphonate groups (SBA�propyl�POO2Ni).

Bond angles (o) Bond distances (Å)

SieCeC 113 SieC 1.888
CeCeC 112 CeC 1.548
CeCeP 111 CeP 1.846
CeP]O 118 P¼O 1.555
CePeO 106 PeO 1.731
OePeO 85 OeNi 1.687
OeP]O 118
PeOeNi 94
OeNieO 87
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region of 640e1300 cm�1 for SBA-propyl-POO2 Cu. These vibrations
are connected with deformation of propyl-copper-phosphonate
unit. At the frequency 554 cm�1 some deformation of propyl chain
connected with scissoring of OePeO group and stretching of
OeCueO part of molecule can be observed. This peak is also visible
in experimental plot almost in the same position. The same relates
to frequency 645 cm�1 at the theoretical plot. It originates from
deformation of propyl group. They are connected with stretching of
band between hydrocarbon group and phosphorus atom with scis-
soring of OePeO unit connected with stretching of OeCueO bands.
This band is clearly visible in experimental spectrum at about
645 cm�1. Next bands noticeable in theoretical plot are placed at
1227 and 1293 cm�1. Both peaks have the same origin: torsion of
CH2 groups in propyl chain connected with wagging and symmet-
rical stretching of propyl chain. Both peaks are visible in experi-
mental plot in nearly the same place. In the copper containing
sample there is no visible peak in the region corresponding to
characteristic band of reference sample. This leads to conclusion,
that there are no phosphonic acid groups in this sample. On the base
of this observations we can surely confirm success of activation
process in this samplee instead of phosphonic acid groups we have



Fig. 4. The juxtaposition of the Raman spectra for silica containing propyl-phosphonic
acid and propyl-nickel-phosphonate units, theoretically calculated (a) and experi-
mental (b). Main characteristic bands (bands appearing in only one species) are
marked as grey bands.

Fig. 5. The juxtaposition of the Raman spectra for silica containing propyl-phosphonic
acid and propyl-copper-phosphonate units, theoretically calculated (a) and experi-
mental (b). Main characteristic bands (bands appearing in only one species) are
marked as grey bands.
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copper phosphonate groups. This conclusion has been confirmed
also by EDX elemental analysis in our previous work [31].
3.3. SBA-15 mesoporous silica containing iron phosphonate units

Optimised numerical model of these species shows Fig. 3d.
Structural parameters of this iron containing molecule model are
very close to previously described metal containing species. The
only little differences can be observed in iron phosphonate groups.
In the simulations we have obtained following bonds distances:
1.658 Å for PeO, 1.748 Å for FeeO and 1.822 for CeP. Bond angles
were: 85� for OeFeeO 91� for OePeO and 91� for PeOeFe.

The juxtaposition of Raman spectra for SBA-propyl-POO2 Fe and
reference sample shows Fig. 6a (theoretically calculated) and Fig. 6b
(experimental).

In this case, apart from characteristic for SBA-propyl-PO(OH)2
band we can distinguish only one peak characteristic for iron-
containing sample at 667 cm�1. This feature has its origin in
deformation of propyl group connected with stretching of band
between hydrocarbon group and phosphorus atom with scissoring
of OePeO unit connected with stretching of OeFeeO bands. In the
experimental plot we canwell distinguish a peak at this region. For
the region of above 3200 cm�1 experimental plot of iron containing
sample does not show any Raman features, what means, that each
phosphonic acid groups has been activated to iron phosphonate
units. Also in this case our conclusion has been confirmed by
another experiments: Mossbauer spectroscopy and ED elemental
analysis and will be presented in another paper.

4. Conclusion

In the paper we have investigated molecular structure of SBA-
15 mesoporous silica containing propyl metal phosphonate
groups, to probe the efficiency of synthesis route. To accomplish
this task we have applied Raman spectroscopy supported by nu-
merical simulations. By setting up theoretical spectra of investi-
gated and reference molecules we were able to distinguish
characteristic vibrational modes, that occur only in one com-
pound. On this base we have analysed experimental Raman
spectra of samples to confirm or exclude presence of characteristic
peaks.

Proposed method has been applied for the batch of three mes-
oporous metal containing samples: SBA-15 mesoporous silica
containing nickel, copper and iron phosphonate units. As the
reference we have used SBA-15 mesoporous silica containing
phosphonic acid groups. The structure of SBA-15-propyl-PO(OH)2
group and SBA-15 containing metallic phosphonate groups have
been optimised at level of B3LYP/6-31G(d,p). The theoretical Raman
modes have been calculated at the same level. Performed analysis
of Raman spectra proved thoroughly the synthesis efficiency. We



Fig. 6. The juxtaposition of the Raman spectra for silica containing propyl-phosphonic
acid and propyl-iron-phosphonate units, theoretically calculated (a) and experimental
(b). Main characteristic bands (bands appearing in only one species) are marked as
grey bands.

M. Laskowska et al. / Journal of Molecular Structure 1100 (2015) 21e2626
found out that each phosphonic unit has been functionalised by
metal ion. In each case our conclusion has been confirmed by
another investigations.
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agnetocaloric effect in the Mn12

molecular nanomagnet incorporated into
mesoporous silica: a comparative study

Maria Bałanda,*a Robert Pełka,a Magdalena Fitta,a Łukasz Laskowskib

and Magdalena Laskowskab

This paper presents the synthesis and investigation of the magnetic properties of mesoporous silica SBA-15

functionalized with Mn12 ([Mn12O12(CH3COO)16(H2O)4]$2CH3COOH$4H2O) high-spin molecular clusters.

The SBA-Mn12 sample has been examined by means of X-ray diffraction, infrared spectroscopy, nitrogen

sorption and TEM techniques. AC and DC magnetic measurements, including measurements of the

magnetocaloric effect (MCE) were carried out both for SBA-Mn12 and for polycrystalline Mn12. An

increase in the activation energy and in the distribution of relaxation times was observed for SBA-Mn12 as

compared to those of Mn12. Differences in the MCE were also revealed. The maximum magnetic entropy

change at the field change of 50 kOe for SBA-Mn12 is equal to 13.8 J K�1 mol�1 at T ¼ 2.8 K, which is

significantly less than 25.3 J K�1 mol�1 observed for Mn12 at 3.2 K. The altered relaxation and the

magnetocaloric effect point to a successful incorporation of Mn12 molecules into the silica channels.
1 Introduction

One of the possible applications of magnetic molecular clusters
is using them formagnetic refrigeration in the low and ultra-low
temperature range. Due to the high spin values S shown by
some molecules, the total molar magnetic entropy Smax ¼
R ln(2S + 1) (R is the gas constant) is large and the isothermal
entropy change DS on the change of the applied magnetic eld
should be substantial. Values of DS or of DTad, which are the
related adiabatic change of temperature, are the two measures
of the magnetocaloric effect (MCE). The ideal molecular
refrigerant requires large spin, negligible magnetic anisotropy,
dominant ferromagnetic exchange and a large magnetic
density.1 Very large values ofDS andDTad have been reported for
molecular discrete Gd clusters, such as the ferromagnetic Gd3+

dimer,2 the high nuclearity Gd42Co10 cluster3 or the 24-Gd
capsule-like cluster.4 The advances in the design of magnetic
molecules for use as cryogenic magnetic coolants have been
recently reviewed.5,6

It is known that magnetic anisotropy of high-spin molecules
(if present) leads to the strong increase of the relaxation time
and the irreversible behavior below the blocking temperature
Tb. While for T > Tb molecular nanomagnets behave like
superparamagnets, at T < Tb they show magnetic hysteresis
resulting from the slow response of the collection of isolated
hysics, Polish Academy of Sciences, ul.
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Systems, Częstochowa University of
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molecules. Increase of magnetic anisotropy of an isolated
cluster would shi the MCE maximum to higher temperatures
and result in a lower peak value.1 Another interesting feature of
MCE in molecular clusters around Tb is the dependence on the
sweeping rate of the eld. The peak of entropy variation DS
shis to higher temperature with an increased sweeping rate of
the eld, as determined for the representative molecular clus-
ters Mn12 (ref. 7) and Fe8.8

Application of molecular clusters in any device needs orga-
nization of the species on a determined surface or in a partic-
ular matrix. It is important that the molecular complexes would
be distributed efficiently, homogenously and without disturb-
ing their structure nor magnetic properties. Mesoporous silica
is a stable and chemically inert material, suitable for incorpo-
ration of ions or molecules inside the pores of nanometer size.
It was found that magnetic properties of molecular clusters of
the Mn12 SMM (Single Molecule Magnet) family inserted into
hexagonal SBA-15 (ref. 9 and 10) or MCM-41 (ref. 11) – silicas
stayed globally unmodied. Successful incorporation of high-
spin [CuII6Gd] clusters inside the channels of the –COOH-
functionalized SBA-15 silica was also reported.12 In order to
check the efficiency of the synthesis and to characterize the
material obtained, methods such as X-ray diffraction, TEM, N2

physisorption, UV-vis and IR spectroscopies are commonly
used. Additionally, the micro-Raman technique combined with
numerical simulations of characteristic frequencies as well as
quantitative magnetic measurements is used.13

The present work is devoted to the magnetic relaxation and
the magnetocaloric effect of the Mn12 molecules ([Mn12O12-
(CH3COO)16(H2O)4]$2CH3COOH$4H2O) immobilized in the
RSC Adv., 2016, 6, 49179–49186 | 49179
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SBA-15 mesoporous silica (hereaer called SBA-Mn12). The
assumed molar concentration of the Mn12 units in the silica
matrix was 20%, which means one O–Si–propyl–COOMn12 group
per 4 SiO2 groups. The distribution of the relaxation times and
the activation energy for a spin reversal Ea were found from
phase-sensitive AC susceptibility measurements. Due to the
magnetic hysteresis and remanence of Mn12, the DS magnetic
entropy change which characterizes MCE could not be deter-
mined from the magnetization curves M(H) on increasing eld.
Instead, it was determined from the isothermal demagnetization
curves. In order to compare magnetic behaviour of the Mn12
immobilized inside the silica channels with the performance of
the free molecules, besides the SBA-Mn12 sample, the poly-
crystalline Mn12 was also investigated. The additional aim of the
work was learning whether the relaxation times and the MCE
could give the evidence that Mn12 clusters are linked inside the
silica channels, and not stay unbound outside the walls.
2 Experimental
2.1 Synthesis

The samples of mesoporous silica functionalized with Mn12

have been synthesized adopting the three stage procedure,
namely: (a) preparation of SBA-15 containing cyanopropyl
groups (SBA-CN),9 (b) hydrolysis into SBA-15 containing
carboxylic acid groups (SBA-COOH) and (c) functionalization of
COOH groups withMn12 molecules in order to obtain SBA-COO-
Mn12.10 In order to get the 20%molar concentration of the Mn12

units in silica, an adequate number of SBA-COOH groups in the
material was obtained. The similar procedure was successfully
applied to obtain SBA-15 functionalized by nickel-phosphonic
units.14 The process is shown schematically in Fig. 1.

Details of the sample preparation are as follows:
(a) SBA-15 mesoporous silica with cyano groups (SBA-CN)

was prepared according the co-condensation method.15 First
step was preparing the solution of surfactant: 8.0 grams of
Fig. 1 Schematic presentation of the SBA-Mn12 synthesis route: (a)
preparation of SBA-15 mesoporous silica with cyano groups; (b)
hydrolysis into SBA-15 with carboxylic acid groups; (c) functionaliza-
tion of COOH groups with Mn12.
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EO20PO70EO20 (P123) was dissolved in 320 mL of aqueous
solution of HCl (pH ¼ 1.5). To this solution was added a 4 : 1
molar ratio of mixture of tetraethylorthosilicate (TEOS) and
cyanopropyltriethoxysilan ((4-butyronitrile) triethoxysilane –

BNTES), respectively. This mixture was vigorously stirred at
room temperature. Next, a small amount of NaF was added in
order to induce hydrolysis and polycondensation; the material
was immediately heated to 60 �C in a hot oil bath and then
stirred at 60 �C for 48 hours. The resulting template was ltered
and washed by ethanol and acetone. The surfactant was
removed by hot ethanol extraction in a Soxhlet apparatus.

(b) To avoid unwanted side reactions, the obtained powder
has been silylised by treating of the mesoporous powder by
Me3SiCl in toluene. Next, SBA-15 mesoporous silica is hydro-
lyzed into SBA-15 containing carboxylic acid groups (SBA-
COOH). The procedure was as follows: 2.00 grams of SBA-CN
was suspended in 25 mL of 50% sulfuric acid (H2SO4). The
suspension was stirred for 5 hours under reux at a temperature
of 150 �C. Subsequently, the solid was recovered by ltration,
washed with water (the powder obtained on the ltering funnel
was stirred 5 times in an Erlenmeyer ask with water and l-
trated). Aer washing, the pH was checked in order to obtain
a roughly neutral product (pH from 5 to 7). Next, powder was
washed once with acetone and dried under vacuum at room
temperature.

(c) SBA-COO-Mn12 (SBA-Mn12 for short) was obtained as
follows: Mn12-ac (Mn12 in short) crystals were synthesized
according to the procedure used originally for Mn8Fe4 [Mn8Fe4-
O12(CH3COO)16(H2O)4]$2CH3COOH$4H2O,16 (Mn8Fe4), which is
isostructural to Mn12: 8.0 g of Mn(CH3CO2)2$4H2O was added to
80 mL of a 60% acetic acid water solution. The mixture was
stirred and then 2.0 g of nely ground KMnO4 was slowly added
in small amounts. The stirring period and the stirring frequency
had an inuence on the crystals size. In order to obtain the
relatively large crystals, KMnO4 was added over the course of
about 1.5 minutes to the solution under vigorously stirring (800
rpm). The nal solution was removed from the stir plate and le
undisturbed for 3 days, during which the long black rectangular
rods of about 1.0 � 1.0 � 7.0 mm3 crystallized. The crystals were
ltered, washed with acetone, then bottled and stored in
a refrigerator. Mn12 molecules are difficult to solve. The most
appropriate solvent is acetonitrile, but Mn12 dissolved in CH3CN
can easily decompose when the solution is exposed in air. For
this reason, the next step has been carried out under protective
argon atmosphere. The appropriate amount ofMn12 nanocrystals
and powder of SBA-COOHweremixed and powdered in amortar.
The mixture was put into an Erlenmeyer ask and 200 mL of
acetonitrile was added. The resulting suspension was stirred at
room temperature. The solid SBA-COO-Mn12 was quantitatively
recovered by ltration and washed with acetonitrile (5 times) to
remove the excess of Mn12 crystals. It is worth noting that aer
ltration only clear CH3CN was received.
2.2 Characterization and measurements

The SBA-Mn12 material was characterized by a number of
physical techniques. The Fourier transform infrared (FT-IR)
This journal is © The Royal Society of Chemistry 2016



Fig. 3 The low angle X-ray diffraction pattern of SBA-Mn12 – linear
scale. Inset: the wide-angle pattern – log scale.
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absorption spectra at room temperature were recorded by
means of EXCALIBUR FTS-3000 spectrometer within the wave-
number range of 400–4000 cm�1 using the sample mixed with
KBr. Transmission electron microscope (TEM) FEI Tecnai G2 20
X-TWIN was used to obtain the microstructure image of the
sample. Nitrogen sorption isotherms were measured at 77 K
using a Micromeritics ASAP 2020 analyzer. XRD patterns were
obtained by means of X'PERT PRO Panalytical diffractometer
operated at 40 kV and 30 mA, in a standard Bragg–Brentano
geometry with CuKa radiation of wavelength 1.541 Å and xed
slits. Magnetic AC and DC measurements were carried out with
a Quantum Design MPMS magnetometer. Measurements were
performed also for the silica matrix containing carboxylic acid
groups (SBA-COOH). Powder samples were packed in a piece of
thin paper and placed in plastic straws. Such addenda was the
same for the samples under study. DC susceptibility, c, in the
eld of 500 Oe was measured in the temperature range of 2–300
K in the eld cooling (FC) mode. Magnetization curvesM(H) at T
¼ 2 K were measured in the �50 kOe eld range. Magneto-
caloric effect was determined from the isothermal demagneti-
zation curves, measured under decreasing eld from 5 T to 0 T
at small temperature intervals in the range from 2 to 20 K.
Samples of mass ca. 15 mg were used.
3 Results
3.1 Infrared spectroscopy and structural characterization

The FT-IR spectrum of the SBA-Mn12 sample, shown in Fig. 2
together with that of Mn12 powder, attests to the successful
preparation of our hybrid sample. The low frequency bands in
the 500–750 cm�1 range are assigned to stretching of the Mn–O
bonds, while those around 1500 cm�1 correspond to the free
O–C–O stretching vibrations.17 The wide absorbance maximum
centered at 1080 cm�1 comes from Si–O–Si stretching bands.18

Fig. 3 shows the XRD pattern of SBA-Mn12. The inset presents
the result for 2q up to 20� in the log scale. The main intensive
reection at 2q¼ 0.7� is related to an ordered pore arrangement
and can be indexed as (100) diffraction from the SBA-15 struc-
ture of the hexagonal symmetry. The corresponding d spacing is
Fig. 2 FT-IR spectra of Mn12 and SBA-Mn12.

This journal is © The Royal Society of Chemistry 2016
12.6 nm. The (110) and (200) reections which should be ex-
pected at 2q ¼ 1.21� and 1.40� are only faintly disclosed. The
weak intensity visible in the inset for 2q > 5� and coming from
the Mn12 powder, amounts to less than 10�4 of the main
intensity. Therefore, the absence of Mn12 Bragg reections
points to the efficient and homogenous incorporation of Mn12

into the silica matrix.
The TEM image displayed in Fig. 4 shows the morphology

and the pore structure in two perpendicular directions for SBA-
15 containing Mn12 units. The pores are composed in an
ordered hexagonal arrangement, therefore the obtained mate-
rial retains the mesopore uniformity of the original SBA-15
silica structure.

The nitrogen adsorption–desorption test has been per-
formed to supplement the structural research described above.
As presented in Fig. 5, the sample shows the typical IV type
hysteresis, which is characteristic for a mesoporous material
with the homogenous pore size. The specic surface area in the
sample calculated using the Brunauer–Emmett–Teller (BET)
method19 is 686 m2 g�1. The average pore size, w, determined
RSC Adv., 2016, 6, 49179–49186 | 49181



Fig. 4 TEM images of SBA-Mn12: direction of pores is perpendicular (a)
and parallel (b) to the view plane. The scale bar is (a) 50 nm and (b) 100
nm respectively.

Fig. 5 The nitrogen sorption/desorption isotherm of SBA-Mn12. Inset:
the pore size distribution calculated from the adsorption curve.

Fig. 6 Magnetic hysteresis loop at T ¼ 2 K of Mn12 and SBA-Mn12.
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according to the Barrett–Joyner–Halenda (BJH) model20 is 4.8
nm (see Fig. 5 inset). The total volume of the pores based on the
maximum nitrogen vapour adsorption at p/p0 ¼ 0.98 is equal to
0.87 cm3 g�1 (92%).
3.2 Magnetic behaviour – static and dynamic features

Fig. 6 shows hysteresis loops at T ¼ 2 K for the SBA-Mn12 and
Mn12 powder samples under study. Like for Mn12, magnetiza-
tion values of SBA-Mn12 are given in Nb (number of Bohr
magnetons, due to one mol of Mn12). The shape of the loops is
different: a superparamagnetic like for Mn12 and more
conventional for Mn12 incorporated into silica. Larger coercive
force for the latter may point to the increased anisotropy which
hampers reorientation of the magnetic moments of the clusters.
Magnetization of saturation Msat, determined from extrapola-
tion M vs. 1/H for 1/H approaching zero, is 20 Nb for Mn12 and
17 Nb for SBA-Mn12. As the diamagnetic contribution of the
silica to magnetization is negligible (less than 0.1%), the
shortage of magnetization in the latter may be explained with
the incomplete efficiency of the synthesis. Thermomagnetic
remanence (TRM) is 14 Nb for Mn12 and 6.0 Nb for SBA-Mn12.
49182 | RSC Adv., 2016, 6, 49179–49186
Static magnetic susceptibility c, dened as a ratio of
magnetization,M, to magnetic eld, H, measured at H¼ 500 Oe
as a function of temperature for SBA-Mn12 is shown in Fig. 7a
together with the susceptibility of SBA-15 containing carboxylic
acid groups (SBA-COOH). Susceptibility of the SBA-COOH
matrix is very weak and originates from the residual para-
magnetic impurities in the material and from the diamagnetic
silica. The susceptibility of the silica matrix could not be
described with the Curie–Weiss law. Instead, the modied
formula, given by

c ¼ c0 + C/(T � qC–W) + A � T (1)

tted very well to the experimental SBA-COOH points (see
Fig. 7a inset). The tting parameters for the SBA-COOH matrix
were: c0 ¼ 2.2 � 10�5 cm3 Oe�1 g�1, C ¼ 1.9 � 10�5 cm3 Oe�1

g�1 K, qC–W¼�0.1 K, A¼ (�4.8� 0.3)� 10�9 cm3 Oe�1 g�1 K�1.
The linear term in the temperature dependence of the suscep-
tibility of SBA-COOH is somewhat peculiar, yet a similar effect
was already reported for an amorphous silicon21 and for the
pure graphene akes.22 In turn, the big variety and sensitivity to
the synthesis details of the silica's magnetic properties have
been shown to be related to the oxygen defects.23

In spite of the fact that susceptibility of the SBA-COOH
matrix is much weaker than that of SBA-Mn12 (the factor of
�5 � 10�3 at T ¼ 2 K), it inuences the temperature behaviour
of the latter. The Curie–Weiss law modied with the A � T term
(eqn (1)) was more suitable to t the experimental data than the
usual Curie–Weiss law. The following results of the t were
obtained: the temperature independent contribution c0¼ (�2.0
� 10�4 � 7 � 10�6) cm3 Oe�1 g�1, the Curie constant C ¼
(0.0249 � 0.0002) cm3 Oe�1 g�1 K, the Weiss paramagnetic
temperature relevant to the possible interaction between
magnetic centres qC–W ¼ (�2.32 � 0.04) K and the temperature-
dependence coefficient A ¼ (5.20 � 0.25) � 10�6 cm3 Oe�1 g�1

K�1. Taking that the mass of Mn12 is 84% of the sample mass,
one receives the susceptibility expressed for one mol of Mn12

incorporated to SBA-Mn12 (Fig. 7b) and the adequate t
This journal is © The Royal Society of Chemistry 2016



Fig. 7 (a) Temperature dependence of the DC magnetic susceptibility of SBA-Mn12 (blue points) as compared to that of SBA-15 containing
carboxylic acid groups (SBA-COOH) (open squares). Inset: fit of the SBA-COOH data with the modified Curie–Weiss law (see eqn (1)). (b)
Temperature dependence of DCmagnetic susceptibility expressed for onemol of Mn12 incorporated to SBA-Mn12; red line is a fit of themodified
Curie–Weiss law (see eqn (1)). Inset: product of the susceptibility (corrected for the contribution of silica) and temperature.
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parameters: c0 ¼ (�0.345 � 0.012) cm3 Oe�1 mol�1, C ¼ (42.8�
0.4) cm3 Oe�1 mol�1 K, qC–W ¼ (�2.32 � 0.04) K and A ¼
(0.00120 � 0.00006) cm3 Oe�1 mol�1 K�1. The C value is in
agreement withMsat determined above. It is also close to the low
temperature plateau of the cmolT product given in Fig. 7b inset,
where cmol(T) is the susceptibility corrected for silica contri-
bution, i.e. with c0 and A � T subtracted. Negative qC–W is
responsible for the sudden drop of cmolT at the lowest
temperatures and reveals some antiferromagnetic coupling
between the moments of Mn12 centres which may come from
the dipolar origin. The at cmolT maximum at 180 K, in Fig. 7b
inset, is similar to the one observed in ref. 6 and reects
a complicated ordering of the higher energy spin states of the
Mn12 cluster.

Temperature dependence of the real part of the AC suscep-
tibility, c0, for SBA-Mn12 measured at frequencies from 1 Hz up
to 1500 Hz is presented in Fig. 8a together with DC suscepti-
bility from the previous picture. As expected, the c0 peaks, as
well as c00 peaks (not shown), move to a higher temperature
when the frequency increases, thus showing the
Fig. 8 (a) Temperature dependence of the real part of AC susceptibility at
is shown for comparison. (b) Logarithm of the relaxation time vs. the reci
Solid line is the fit to the Arrhenius law.

This journal is © The Royal Society of Chemistry 2016
superparamagnetic character. The temperature dependence of
the relaxation time s obtained from the frequency shi of the c00

maxima is described by the Arrhenius law s ¼ s0 exp(Ea/kBT),
where the activation energy for spin reversal Ea for SBA-Mn12 is
(70.0 � 0.8) K and the pre-exponential factor s0 is (6.3 � 1.0) �
10�8 s (see Fig. 8b). The appropriate values for the Mn12 sample
is (68.1� 0.8) K and s0 is (9.6� 1.1)� 10�8 s. The AC singularity
visible in Fig. 8a in the (2–3) K temperature range coincides with
the low-temperature relaxation in the Mn12 cluster isomer of Ea
¼ (38.0 � 0.4) K and s0 ¼ (5.6 � 1.1) � 10�9 s.

The c00 vs. c0 Cole–Cole plots for both samples at T ¼ 5 K
displayed in Fig. 9 deviate from semicircles and form arcs of
size (1 � a)p with a parameter representing the distribution of
relaxation times. There is a signicant difference in the
distribution for both compared samples: at T ¼ 5 K, a is equal
to 0.24 for SBA-Mn12, while it is 0.11 for Mn12. Therefore,
attachment of the Mn12 molecules to the silica pores by means
of the carboxylic acid groups resulted in the increase in the
activation energy and in the wider distribution of the relaxation
times.
different frequencies for SBA-Mn12; the DC susceptibility (H¼ 500Oe)
procal temperature, size of the symbols shows the experimental error.

RSC Adv., 2016, 6, 49179–49186 | 49183



Fig. 9 The Cole–Cole plots for Mn12 and SBA-Mn12 samples at T¼ 5 K,
showing a different distribution of the relaxation times.

Fig. 11 Magnetic entropy change determined from demagnetization
curves given in Fig. 10 for different magnetic field change (shown).
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3.3 Magnetocaloric effect

The isothermal DS magnetic entropy change which character-
izes MCE, may be determined from heat capacity or magnetic
measurements. In the second case, DS is calculated from the
magnetization isotherms using the integrated Maxwell relation:

DSðH;TÞ ¼
ðH
H0

�
vMðT ;HÞ

vT

�
H

dH (2)

Eqn (2) is valid only for the systems in the thermodynamic
equilibrium,24 therefore for Mn12 and SBA-Mn12, showing the
magnetic hysteresis and remanence at T < Tb, DS could not be
determined from the magnetization curves M(H) on eld
increasing. Instead, it was determined from the isothermal
demagnetization curves which are reversible. The demagneti-
zation curves were measured under decreasing eld from 50
kOe to zero at small temperature intervals in the range from 2 to
20 K. Fig. 10 shows the data for SBA-Mn12 together with the
temperature dependence of TRM displayed in the inset. As ex-
pected, the TRM goes to zero at T ¼ Tb.
Fig. 10 Isothermal demagnetization curves measured at tempera-
tures from 2 K to 20 K. Inset: temperature dependence of the rema-
nent magnetization.

49184 | RSC Adv., 2016, 6, 49179–49186
Fig. 11 shows the temperature dependence of the
isothermal entropy change |DS| determined using eqn (2) for
SBA-Mn12 at the magnetic eld decrease from 10 kOe, 20 kOe,
30 kOe, 40 kOe and 50 kOe to zero. |DS| shows a narrow
maximum below Tb and then slowly decreases or levels off, as
seen for the eld 50 kOe. For SBA-Mn12, |DS|

max ¼ 13.8 J mol�1

K�1 at T ¼ 2.8 K. It is seen that the MCE in molecular clusters
close to the blocking temperature has different character than
in the long-range ordered molecular magnets close to the
phase transition.25 As reported by Torres et al.,7,8 the MCE in
slowly relaxing molecules is time-dependent and the position,
width and height of |DS| depends on the sweeping rate of the
applied magnetic eld. The narrow peak presented in Fig. 11 is
the consequence of the small sweeping rate (3 � 10�4 Hz)
applied in our experiment.
Fig. 12 Changes of magnetic entropy at different field changes
(shown) for SBA-Mn12 and for Mn12 samples. Values of Tpeak are given
for DH ¼ 5 kOe.

This journal is © The Royal Society of Chemistry 2016



Table 1 Magnetic relaxation data and the MCE details obtained for
Mn12 and for SBA-Mn12: Ea – activation energy, s0 – preexponential
factor in the Arrhenius law, a – distribution of relaxation times, Tmax –
temperature of the �DS peak, |DSmax| – maximum entropy change,
|DS|l � |DS| level at T > Tb, MTRM – magnetic remanence at T ¼ 2 K

Mn12 SBA-Mn12

Ea [K] 68.1 70.0
s0 [s] 9.6 � 10�8 9.6 � 10�8

a 0.11 0.24
Tmax [K] 3.2 2.8
|DSmax| [J K�1 mol�1] 25.3 13.8
|S|l [J K

�1 mol�1] 5.9 4.8
MTRM [Nb] 14.0 6.0
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Fig. 12 shows the MCE for both samples obtained with the
same measuring scenario. The effect in Mn12 is much stronger
and the peak maximum shis towards higher temperature with
the eld. In the eld of 10 kOe, the peak |DSmax| ¼ 21.2 J mol�1

K�1 is positioned at 3.0 K, while for 50 kOe |DSmax| ¼ 23.6 J
mol�1 K�1 at 3.2 K. At T > Tb the data for both samples are
similar. There is however a signicant difference at the lowest
temperatures: DS for Mn12 shows the change of sign and some
dependence on the eld, while this is not the case for SBA-Mn12.
According to von Ranke,26 the inverse effect at T < 2.2 K may be
related to the antiferromagnetic coupling of the dipolar origin
operating between the Mn12 molecules. In Table 1 we compare
the relaxation data and the MCE details for Mn12 and for SBA-
Mn12 obtained in the present study.
4 Summary and conclusions

The mesoporous silica SBA-15 of the average pore size equal to
4.8 nm has been functionalized with the Mn12 ([Mn12O12(CH3-
COO)16(H2O)4]$2CH3COOH$4H2O) high-spin clusters linked to
the silica channel walls by means of the COOH groups. The
assumed concentration of the Mn12 units in the silica matrix
was 20%. The SBA-Mn12 sample was examined by means of X-
ray diffraction, infrared spectroscopy, nitrogen sorption and
TEM techniques. AC and DCmagnetic measurements, as well as
measurements of the magnetocaloric effect given by the DS
magnetic entropy change, were carried out both for SBA-Mn12

and for the polycrystalline Mn12. The blocking temperature Tb¼
3.4 K was the same for both samples. MCE was determined from
the isothermal demagnetization curves.

As a result of incorporation into silica, the relaxation of the
Mn12 magnetic moments slightly slowed down. The activation
energy increased from 68 K for free Mn12 molecules up to 70 K,
while the distribution of the relaxation times increased twice.
Differences in MCE were also revealed. Maximum magnetic
entropy change at the eld variation of 50 kOe for SBA-Mn12 was
equal to 13.8 J K�1 mol�1 at T¼ 2.8 K, which is signicantly less
than 25.3 J K�1 mol�1 observed for Mn12 at 3.2 K. Narrow |DS|
peaks discovered below Tb were due to the small sweeping rate
of the applied eld. Interestingly, the temperature of |DSmax| for
SBA-Mn12 was not dependent on the eld, while it increased
with the eld for the polycrystalline Mn12.
This journal is © The Royal Society of Chemistry 2016
In our opinion the altered relaxation and signicant differ-
ences in the magnetocaloric effect point to the successful and
homogenous incorporation of Mn12 molecules into the silica
channels. We believe that the present work will be the rst step
into obtaining well-dened technologically important layers
functionalized with high-spin entities.
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The SBA-15 silica thin films containing copper ions anchored inside channels via propyl phosphonate
groups are investigated. Such materials were prepared in the form of thin films, with hexagonally ar-
ranged pores, laying rectilinear to the substrate surface. However, in the case of our thin films, their free
standing form allowed for additional research possibilities, that are not obtainable for typical thin films
on a substrate. The structural properties of the samples were investigated by X-ray reflectometry, atomic
force microscopy (AFM) and transmission electron microscopy (TEM). The molecular structure was ex-
amined by Raman spectroscopy supported by numerical simulations. Magnetic measurements (SQUID
magnetometry and EPR spectroscopy) showed weak antiferromagnetic interactions between active units
inside silica channels. Consequently, the pores arrangement was determined and the process of copper
ions anchoring by propyl phosphonate groups was verified in unambiguous way. Moreover, the type of
interactions between magnetic atoms was determined.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

In recent years the functional materials based on porous silica
matrix and transition metal-containing active groups became very
attractive architectures due to their unique properties. Particularly,
the SBA-15 mesoporous silica has drawn a significant interest
since its discovery in 1998 [1,2]. It is inexpensive to synthesize, has
highly uniform porosity, mechanical stiffness and thermal stability
to name a few features of this compound. What is more, extensive
research on mesoporous silica has shown a promising potential of
its applications as a matrix in the host-guest systems.

Thanks to the possibility to functionalize the material, both
inside the pores and on the wall structure by various molecules,
askowski),

ak@us.edu.pl (M. Wojtyniak),
fj.edu.pl (M. Balanda).
the mesoporous silica can find a large range of applications [3–9].
The most promising seems to be an application in the nanoelec-
tronic industry [10,11], where the need of thin films with well-
determined structural parameters (thickness, pores size, pores
arrangement) and designed molecular structure (established dis-
tribution of copper-containing units) is desirable. However, unlike
powder form, where determination of physical properties could be
done in relatively easy way [12–14], thin films are challenging for
investigation, especially as far as molecular structure is concerned.
Many issues arise from the presence of the substrate, usually in the
bulk form, what makes carrying out some of research impossible
from the technological point of view. Moreover, the volume of the
substrate is much higher, than that of proper material. There were
some attempts to obtain pure film's material from the substrate by
simple scratching it [15]. Unfortunately, this method can not as-
sure separation of the film material from the substrate. All these
problems can be overcome by preparing free-standing thin films
without any substrate.

There are few successful implementations of the free-standing
silica films reported in the literature. Proposed in [16] etching of
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indium tin oxide glass substrate in concentrated HNO3, although
effective, can be used only for silica films with no units fragile for
acids. In our case etching leads to inevitable damage of functional
groups and questions possible applicability of this route. Inter-
esting solution in this matter described in [17–19] is based on the
mesoporous silica films grown on air-water interface. This ap-
proach assures regular grow of silicate crystal seeds in not ne-
cessarily welcome different patterns like concentric circles, her-
ringbones, fingerprints, hairpins and so on. Another problem re-
lated to this procedure is the functionalisation process. When
post-synthesis reactions as silylation, hydrolysis or substitution
are applied, numerous rinsing in solvents are required, what can
damage the film. Considering the above mentioned reasons we
worked out the procedure of the free-standing SBA-15 thin film
preparation, that can be used for material containing functional
groups located inside silica channels.

This paper concerns preparation and characterization of free-
standing SBA-15 thin films containing copper ions anchored via
propyl-phosphonate units (hereafter SBA-propyl-POO2Cu). The
synthesis route was prepared to obtain a material containing
highly uniform pores with diameter of about 5 nm, arranged in
hexagonal way and laying parallel to the substrate surface (before
the surfactant removal). During the preparation process, the pores
are homogeneously filled with anchored copper ions. Such an ar-
rangement was only possible due to anchoring groups presence,
that were built into the silica structure during co-condensation
process. This enables controlling of a distance between functional
groups and their interactions. The structure of investigated sam-
ples, before surfactant removal, is shown in Fig. 2.

Samples were obtained in the free-standing form by removing
the silica layer from the substrate, after completing the substitu-
tion process. The surface of the obtained thin films was then ob-
served using Transmission Electron Microscopy (TEM) and Atomic
Force Microscopy (AFM). Structural properties was verified by the
X-Ray Reflectometry (XRR), while molecular structure was probed
by applying the Raman spectroscopy (RS) supported by numerical
simulations. Finally, magnetic properties were determined by
SQUID magnetometry and Electron Paramagnetic Resonance (EPR)
Spectroscopy.

It is worth noticing that procedure leading to characterization
of the silica samples containing metal ions was worked out on the
base of our previous research concerning the silica samples, ob-
tained in the form of powder [12–14,20]. The results presented
here are related to the SBA-15 silica containing anchored copper
ions obtained in the form of thin films with hexagonally arranged
pores oriented parallel to substrate's surface. They have not been
presented before.
propyl chain

phosphonic
acid group

silica walls

porecopper ion
Cu

substrate

SBA-prop-POO Cu
thin layer

2

Fig. 2. Schematic representation of the thin SBA-15 silica film containing copper
ion anchored via propyl-phosphonate unit.
2. Materials and methods

2.1. Synthesis of SBA-15 mesoporous silica containing metal ions

Copper-containing thin SBA-15 silica films with assumed
structure (see: Fig. 2) were prepared using Evaporation Introduced
Self-Assembly method.

Analytical reagents of triblock copolymer Pluronic P123
( − )EO 20PO EO70 20 , where EO poly-ethylene oxide and PO is poly-
propylene oxide), Copper(II) acetylacetonate ( ( ) )acacCu 2 and Tet-
raEthylOrthoSilicate (TEOS) were purchased from Aldrich and used
as supplied. PhosphonatePropylTriEthoxySilane, hereafter called
PPTES, was purchased from Syntal Chemicals.

As a substrate we used crystalline silicon wafers with thickness
of 0.5 mm purchased from Aldrich. The substrates were first
treated with 10 M NaOH solution at room temperature for 10 h to
clean the organic residues and next rinsed with distilled water and
acetone.

Each substrate was sputtered by a thin layer (10 nm) of copper
with the use of Emitech K575X Turbo Sputter Coater. In order to
avoid any oxidation of the copper layer, the substrates were im-
mediately used for thin films preparation.

We assumed that molar concentration of the functional groups
in silica is 10%. To get thin layers we opted for dip coating method
in the sol containing the following molar compositions of a sub-
strates: 0.9 TEOS: 0.1 PPTES: 75 EtOH: 20 H2O: 0.02 HCl: 0.012
P123. The initial sol was prepared according to modified procedure
described in the literature [21]. In the first step we prepared
prehydrolysed solution by mixing 3.15 g of TEOS, 0.58 g of PPTES,
2.0 g of ethanol and 2.5 g of hydrochloric acid dissolved in H2O
with pH¼1.25. The resulting mixture was stirred for 2 h at room
temperature to obtain perfectly clear solution.

Afterwards, the second solution containing 1.2 g of P123 sur-
factant and 54.4 g of ethanol was prepared. The mixture was
stirred until a clear solution with no excess of surfactant was ob-
tained. Resulting mixture was added to the previous solution and
mixed for 3 h. Later on, the 4.0 g of H2O solution of HCl was added
and mixed for 10 min. Resulting sol was aged for 2 h at room
temperature.

Thin films were prepared by dip-coating of the substrates in the
above mentioned sol using closed-chamber dip-coater. At 75% of
relative humidity and temperature of 22 °C inside the chamber the
substrates were drawn out at the speed of 15 cm per minute and
subsequently aged for 20 min under the same conditions. Thus,
well-structured SBA-15 thin films containing phosphonic acid
diethyl ester groups with molar concentration of 10% (1
O-Si-propyl-POO2Et group per 1 SiO2 group) were obtained. Fi-
nally, all obtained thin films were aged overnight in the oven at
100 °C.

Since the calcination for surfactant removal was not advisable
due to the possibility of functional groups degradation, we applied
solvent extraction method [22]. Thus, the copper-containing silica
films on the substrate were washed by the hot ethanol under
soxhlet apparatus during 5 h process.

Resulting thin films were silylated to prevent any side reaction
between phosphonic acid groups and surface hydroxyl groups
[23]. This was done by rinsing the mesoporous films in the Me3SiCl
solution in toluene (1.5 g of Me3SiCl and 50 ml of toluene) for 5 h
at room temperature. It is worth noting, that silylation process
makes the samples highly hydrophobic and prevent etching of the
copper substrate during hydrolysis. After this process samples
were washed by acetone.

Next step was hydrolysis of phosphonic acid diethyl ester
groups into phosphonic acid groups. To do this, the films were
immersed in a 1 M solution of HCl for one hour. Then samples
were rinsed by distilled water and dried.
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In order to carry out substitution of hydrogen atoms in phos-
phomic groups by copper to obtain copper phosphonate groups,
the resulting thin films were put into saturated solution of
Cu(acac)2 in tetrahydrofuran. Subsequently samples were rinsed
by tetrahydrofuran and acetone. To remove any excess of doping
agent, obtained films were washed by a hot tetrahydrofuran for
5 h in the soxhlet apparatus.

Samples were prepared in the free-standing form. It was done
by etching the copper layer between substrate and the silica layer.
This task was achieved by immersing thin films into a water so-
lution of sodium persulfate (20 g of Na2S2O8 per 100 ml of distilled
water) at room temperature. Due to highly hydrophobic properties
of silica layer, the sides of the films on substrates were scratched
by a scalpel, to initiate the etching process. After 4–6 h thin films
were released from the substrate. Obtained free-standing thin
films were carefully transferred into distilled water to rinse
5 times. Obtained free-standing thin films were stored in distilled
water.

2.2. Computational details

Density Functional Theory (DFT) simulations were performed
to support Raman spectroscopy and verify the molecular structure
of the samples. Similar characteristic modes method was applied
previously for the characterization of powdered samples [14]. We
performed quantum-chemicals simulations to obtain model, that
could be used as a representative cluster model of SBA-15 silica
containing propyl-copper-phosphonate unit and reference mole-
cule - SBA-15 silica containing propyl-copper-phosphonic acid
group. Both structures were prepared according to available de-
scriptions. The bicyclic 5-6-s cluster model used as a model of a
SBA-15 mesoporous silica part was presented by Wang et al. [24]
as the most suitable model cluster of SBA-15 molecular sieve.
Likewise, configuration of the functional groups (propyl-copper-
phosphonate and propyl-phosphonic acid) was prepared on the
basis of similar works [25–27]. Next, the functional groups were
included in the SBA-15 cluster model. This system was used as a
starting point to our simulations. The geometries of the models
enriched by metal ions were fully optimized at the level of B3LYP
[28] with the 6–31G (d,p) basis set, as the most suitable for metal
containing SBA-15 silica model.

As a result of geometry optimization we obtained a few con-
formers for each molecule. A conformational analysis was carried
out then, and conformer with the lowest energy was selected for
further considerations.

All of these theoretical calculations were carried out using the
GAUSSIAN 09 package [29] with default convergence criteria
applied.

After geometry optimization, Raman vibrational modes were
calculated. For calculation of harmonic vibrational frequencies the
same method and basis set were used. The DFT/B3LYP method
typically overestimates vibrational frequencies, which is caused by
neglecting the anharmonicity, incomplete incorporation of the
electron correlation and the use of finite basis sets in the theore-
tical treatment. This problem was minimized using the commonly
available scale factor [30], appropriate for the method and basis
set.

The assignment of the calculated Raman bands was done on
the basis of PED analysis [31,32] and supported by the animation
option of the GaussView 5.0 graphical interface for Gaussian pro-
grams [33], which gave a visual representation of the vibrational
modes shape. As far as PED analysis is concerned, the calculations
were carried out in VEDA software [34]. By combining the results
of the visualization with potential energy distribution (PED) we
obtained very accurate description of the molecules vibrations.

Moreover, the charge distribution was calculated after
geometry optimization to support SQUID magnetometry results.
To do so, the same method and basis set (B3LYP/6-31G (d,p)) was
applied.

2.3. Characterization methods

The SBA-propyl-POO2Cu thin films were characterized by a
number of methods.

To obtain the microstructure of the sample and carry out the
EDX quantitative elemental analysis TEM FEI Tecnai G2 20
X-TWIN, equipped with emission source LaB6, CCD camera FEI
Eagle 2K and X-Ray microanalyzer EDX was used . This research
was possible thanks to the use of the free-standing films form.
Samples for TEM measurement were prepared by placing the free-
standing films from the distilled water directly on a grid for TEM
observation. We used standard PELCO Tabbed Center-Marked
Nickel Grids, 100 mesh, with diameter of 3.0 mm.

For the characterization of the films surface the ultra high va-
cuum (UHV) variable temperature VT-AFM/STM system from
Omicron was used. The measurements were performed at room
temperature under 10�9 mbar pressure using standard silicon tips
(Budget sensors) in both tapping and contact modes. The analysis
was performed with the use of Gwyddion software. The AFM
measurements were performed on standard (not free-standing)
thin films.

XRR patterns of copper-containing silica films placed on the
glass support were collected by means of X-PERT PRO Panalytical
diffractometer operated at 40 kV and 30 mA, in standard Bragg-
Brentano geometry with CuKα radiation of wavelength 1.541 Å
and fixed slits. Scattering at low-angle range of θ< <0.1 2 3.5 was
recorded applying 0.001 step size and 5 s exposure time.

Raman spectra of SBA-propyl-POO2Cu and SBA-propyl-PO(OH)2
films placed on the glass support were recorded on a WITec con-
focal Raman microscope. The excitation laser radiation was cou-
pled into a microscope through a single-mode optical fibre with a
diameter of 50 mm. An air Olympus MPLAN (100/0.90NA) objective
was used. Raman scattered light was focussed onto a multi-mode
fibre (50 μ diameter) and monochromator with a 600 mm�1

grating. Integration time of 60 s, 100 accumulation and a resolu-
tion of 3 cm�1 were used. The spectrometer monochromator was
calibrated using the Raman scattering line of a silicon plate
(520.7 cm�1). The spectra were collected at room temperature for
the wavenumber range of 100–4000 cm�1. The background cor-
rection and cosmic ray removal procedure was applied using
GRAMS Software package. Finally, the substraction of silica thin
film Raman spectrum and signal from glass support was done.

Magnetic measurements were carried out with a Quantum
Design MPMS magnetometer. Before measurements, the
SBA-propyl-POO2Cu and SBA-propyl-PO(OH)2 free-standing films
were dried and crumbled to obtain fine powder. Samples with
mass of ca. 10 mg were used. The mass fraction of the
SBA-propyl-PO(OH)2 matrix was equal to ca. 92% of the whole
sample. The DC magnetic susceptibility in the field of 500 Oe was
measured at the temperature range of 2–300 K in the field cooling
(FC) mode. Magnetisation curve at T¼2 K was measured in the
range of 0–70 kOe for increasing and decreasing field.

EPR measurements were conducted on a Bruker EMX con-
tinuous-wave (CW) X-band (9.5 GHz). The spectra were recorded
with microwave power in the range of 20–200 mW and using
magnetic field modulation of about 5G. EPR measurements at
variable temperatures (10–300 K) were performed by using an
Oxford Instruments cryostat. Similarly to SQUID measurements,
also in this case samples were dried and crumbled. For spectra
visualization the EPRDataViewer software was used (freeware).
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3. Results and discussion

3.1. Structural investigation

The structure of copper-containing SBA-15 mesoporous thin
films was studied by the microscopic observation and X-ray
reflectivity.

TEM and AFM were very useful tools for testing structural
features of the samples.

TEM image of the SBA-15 silica thin film, containing propyl-
copper-phosphonate units can be seen in Fig. 3. For better visua-
lization of the observation direction we show also Scanning Elec-
tron Microscope (SEM) image of the free-standing film, deposed
on a golden mesh, ready to use in TEM examinations.

The TEM observations confirm that investigated samples were
well ordered and arranged in the nanostructure array composed of
long tubes parallel to the substrate. Pores seem to be arranged
periodically with slight deviations (curvature) in one direction.
The period was found to be close to 15 nm. Moreover, there were
almost no impurities on the film surface.

More detailed information was obtained using the AFM ob-
servation. The AFM images along with Fourier transformation of
the image and a surface profile are shown in Fig. 4.

Fig. 4(a) fully confirms previous TEM observation. The parallel
arranged silica channels laying on the film's surface (Fourier fil-
tered image - Fig. 4(c)) are clearly visible. The period between
pores, that can be read from the FFT image profile (Fig. 4(d)) is
around 15 nm, what is in good agreement with the TEM ob-
servation. The average Ra parameter, which describes height ir-
regularities of the film was found to be equal to 0.318 nm, while
root mean square roughness (RMS) equals 0.423 nm. The AFM
observation confirmed, that we obtained smooth, well-structured
mesoporous films.

The X-ray reflectivity provided essential information about the
mesoporous structure of highly organised thin films. The XRR
curve of SBA-15 silica film containing propyl-copper-phosphonate
groups is presented in the Fig. 5.

The obtained XRR curve has the shape typical for well-orga-
nised mesoporous thin films [21,35,36]. The strong dip, that can be
seen at low values of a wave vector, originates from the existence
of phases with two different electron densities - connected to si-
lica walls and pores internal volume. Sharp Bragg reflections can
be observed at Qz¼0.065 and 0.125 Å�1. These features are related
to the repetition of a well-organised layers of the parallel pores.
Fig. 3. TEM images of the thin SBA-15 silica film containing propyl-copper-phosphonat
observation (b).
Their position is typical for reflections from the (100) and (110)
planes in hexagonal structure of SBA-15 silica [37]. The presence of
Kiessig Fringes proves that obtained films are very smooth, which
was confirmed also by the AFM observation. The film's thickness,
estimated for distance between fringes, is around 981 Å.

3.2. Molecular structure probing

For testing the molecular structure the well-establish method -
Raman spectroscopy supported by DFT simulations [12–14] were
applied.

The optimized model structure of − −SBA propyl POO Cu2 and
reference material − − ( )SBA propyl PO OH 2 can be seen in Fig. 6.

In order to verify correctness of geometry optimization the
results were compared with the available structural data in the
literature [38,39]. The mean values of Si–O bond length in our
bicyclic model of SBA-15 are in good agreement with experimental
data (1.643 obtained vs. 1.624 nm in literature). Also, bond angles
of Si–O–Si and O–Si–O show excellent agreement with experi-
mental data (159 and 109 degrees obtained versus 150 and 109
degrees in literature data).

After geometry optimization charge distribution was calcu-
lated. Results of simulations can be seen in Fig. 7. The bounding of
copper ions to propyl-phosphonate group has polarised covalent
character, not ionic as it was assumed. The charge of the copper
ion is only 1.097, instead of 2 expected in the case of ionic bond.

The theoretical Raman spectra were calculated for geome-
trically optimized structure. Obtained Raman modes for copper-
containing model molecule and for reference molecule and their
assignments along with PED are listed in the Table 1.

Consequently, we obtained an excellent correlation between
simulations and experiments (Fig. 8), what proves that the applied
model was correctly chosen. Also the literature data [40–43]
confirms our interpretation.

Considering the spectrum of the reference sample we could
find characteristic band at the 3320–3380 cm�1 region. These
modes are connected with O–H stretching modes in phosphonic
acid group. In the case of successful substitution of hydrogen by
copper in phosphonate unit this group of peaks should be absent.
Therefore, the presence of this band in the spectrum of metal-
containing species proves, that substitution is not complete - in
the sample phosphonic acid groups not containing metal ions still
remain.

In the case of copper-containing sample, we can distinguish
e units (a) and SEM image showing the same free-standing films prepared for TEM



Fig. 4. AFM images of the surface of SBA-15 silica film containing propyl-copper-phosphonate units in diffident scales(a-b), Fourier transformation of the image (c) and the
film's surface profile from Fourier transformation image (d).

Fig. 5. X-ray reflectivity curve obtained for SBA-15 silica film containing propyl-
copper-phosphonate groups.
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five characteristic bands in the region of 640–1300 cm�1 for
SBA-propyl-POO2Cu. These vibrations are connected with de-
formation of propyl-copper-phosphonate unit. At the frequency
554 cm�1 some deformation of propyl chain connected with
scissoring of O–P–O group and stretching of O-Cu-O part of mo-
lecule can be observed. This peak is not visible in experimental
plot, probably due to the noise in the Raman spectrum and its low
intensity.

Characteristic band related to frequency 645 cm�1 at the the-
oretical plot originates from deformation of propyl group. They are
connected with stretching of band between hydrocarbon group
and phosphorus atom with scissoring of O–P–O unit connected
with stretching of O–Cu–O bands. This band is clearly visible in
experimental spectrum at about 645 cm�1.

Similar origin can be assigned to the band at 695 cm�1 at the
theoretical plot. It is worth noting, that the intensity of this peak is
relatively low, and this band is not visible in the experimental
spectrum.

Next bands noticeable in the theoretical plot are placed at 1227
and 1293 cm�1. Both peaks have the same origin: torsion of CH2
groups in propyl chain connected with wagging and symmetrical
stretching of propyl chain. The second peak is clearly visible in the
experimental spectrum, while the first one seems to be absent,
probably due to noise or the signal from support (the samples
were placed on the glass before measurements).

In the copper containing sample there is no visible peak in the
region corresponding to the characteristic band of the reference
sample. This leads to the conclusion, that there are no phosphonic
acid groups in this sample. On the base of this observations we can
surely confirm success of substitution of hydrogen by copper in
phosphonate unit in this sample - instead of phosphonic acid
groups we have copper phosphonate groups.

The quantitative EDX analysis were carried out for copper-
containing silica films as a supplementary research, in order to
confirm our previous results. The EDX spectrum is shown in Fig. 9
and quantification results are presented in the Table 2.

The presence of nickel (Ni) is attributable to the preparation
technique, in which a thin sample film was placed on a nickel grid.
The presence of carbon (C) is connected with vacuum chamber
contamination (using of carbon tape for placing of grids). In this
case we use EDX measurement for finding proportion between key
elements in our samples: silicon, phosphorus and copper. Even in
the case of contamination, what is common in the case of this
technique, the proportions between listed before elements main-
tain unchanged, and results are reliable.

It is clearly seen that the SBA-propyl-POO2Cu films have almost
assumed quantity of copper - the molar ratio of silicon to phos-
phorous and silicon to copper are equal 9.59 and 11.54 respec-
tively. This lead to a conclusion, that almost each phosphonic acid
group was converted into copper phosphonate units. Minor defi-
ciency of copper is probably caused by propyl-phosphonic acid
groups incorporated in silica walls.

Taking into consideration direct synthesis method, we can
conclude about homogeneous distribution of an copper-containing
groups inside sample.



Fig. 6. Numerical model of SBA-15 mesoporous silica containing pure phosphonic acid group (a), and copper phosphonate group (b).
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3.3. Magnetic measurements

Magnetic measurements were performed in order to probe the
efficiency of copper incorporation into the mesoporous silica and
to test the response to the applied field of the magnetic moments
of Cu2þ ions anchored to the SBA-15 matrix via propyl-phospho-
nate units. To work out the SQUID magnetometry results we ap-
plied similar procedure to the one used for powdered SBA-15 silica
containing nickel, described in [13]. Besides the copper containing
sample, we measured also the pure silica matrix.

The temperature dependence of magnetic susceptibility μ ( )T of
the powder obtained from the SBA-propyl-PO(OH)2 free-standing
film measured at 500 Oe is shown in Fig. 10.

It shows the paramagnetic behaviour, which may be described
by the modified Curie- Weiss formula χ χ θ= + ( − ) + *C T A T/ p0 ,
where χ0 is the temperature independent contribution while the
diamagnetic response A*T coming from silica, increases linearly
with temperature (see [13]). The following parameters were ob-
tained from the fit to the data of Fig. 10: the Curie constant, related
to the effective magnetic moment C¼0.118 emu/(Oe mol K) and
the Weiss paramagnetic temperature reflecting the possible in-
teraction between the magnetic centres θ¼(�1.770.05) K. The
determined Curie constant is significantly lower than 0.375 emu/
(Oe mol K) expected for isolated moments of Cu2þ ions with =S 1

2
ions and Lande factor g¼2. Since EDX data revealed only a minor
deficiency of Cu content in relation to Si (see Table 2), the probable
reason for such a behaviour is also a partial reduction of Cu2þ

copper ions to non-magnetic Cuþ [44–46]. The magnetization
shortage is also seen in Fig. 11 where the field dependence of
magnetisation measured at T¼2 K in shown. Taking into account



Fig. 7. Simulated charge distribution in the model of − −SBA propyl POO Cu2 molecule.

Table 1
Main Raman bands of − − ( )SBA propyl PO OH 2 and − −SBA propyl POO Cu2 calcu-
lated by DFT simulations. Column I reports the calculated Raman shifts associated
with propyl-phosphonic acid group. Columns II shows the assignments of the Ra-
man shifts. Symbols: ν - stretching modes, δ - in-plane bending (scissoring), ω -
wagging, τ - torsion (twisting); indexes: s - symmetrical, a - asymmetrical.

Frequency (cm�1) Assignments with PED (%)

− − ( )SBA propyl PO OH 2

634.79 δ − −CH CH CH2 2 2(54), ν −CH P2 (21), ν − −OH P OH(18)
1436.20 δ CHs 2(88)
1475.18 δ CHs 2þCH3(86)
2134.78–2222.39 ν −Si H(42), τ − −H Si H(12)
2902.97–2993.45 ν CHs 2(56), ν CHa 2(21)
3345.28–3350.105 ν OHa (84)

− −SBA propyl POO Cu2

554.32 δ − −CH CH CH2 2 2(49), δ − −O P O(18), ν − −O Co Oa (17)
645.48 δ − −CH CH CH2 2 2(44), δ − −O P O(16), ν −CH P2 (15),

ν − −O Co Os (12)
695.16 δ − −CH CH CH2 2 2(44), δ − −O P O(16), ν −CH P2 (15),

ν − −O Cu Os (12)
1227.62 τCH2(24), ωCH2(21), ν − −C C Cs (14)
1293.98 τCH2(32), ωCH2(18), ν − −C C Cs (11)
1412.62 δ CHs 2(78)
1449.54 δ CHs 2þCH3(69)
2089.44–2226.14 ν −Si H(36), τ − −H Si H(22)
2933.44–3017.09 ν CHs 2(46), ν CHa 2(21)

Fig. 8. The juxtaposition of the Raman spectra for silica containing propyl-phos-
phonic acid and propyl-copper-phosphonate units - theoretic and experimental
data. Main characteristic bands (bands appearing in only one species) are marked
as color bands.
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that experimentally determined Curie constant is less than the
theoretical value, we applied multiplication of the magnetisation
curve by the scale factor f¼Ctheor/Cexp¼0.3750/0.1177¼3.1860. The
scaled magnetisation (presented in Fig. 11) shows, that the values
are still smaller than calculated according to Brillouin function for

=S 1
2
and g¼2 at T¼2 K (full line). The explanation for diminished

magnetization can be a weak antiferromagnetic coupling and
partial spin pairing of the Cu2þ centres. It stems from the negative
Weiss temperature obtained from the susceptibility fit as can be
also seen in the inverse magnetic susceptibility corrected for a
silica matrix contribution χ θ= ( − )T C1/ /Cu p , depicted in the inset
in Fig. 10. The fact that the straight line intersects the temperature
axis at <T 0, points to the weak antiferromagnetic coupling be-
tween the copper moments.

The EPR spectroscopy can be applied as a probe of magnetic
interactions between copper containing units, and their environ-
ment [47]. The thermal variation of the EPR spectra carried out on



Fig. 9. The EDX spectra of SBA-15 silica film containing propyl-copper-phosphonate units. For better visibility region between 2 and 6 keV (no peek observed) has been
removed.

Table 2
EDX quantification results of SBA-15 mesoporous silica thin film containing 10% of
propyl-copper-phosphate units (SBA-propyl-POO2Cu).

Element Weight % Atomic % Uncertainty %

C(K) 22.69 43.12 0.52
O(K) 19.69 28.09 0.27
Ni(K) 39.38 15.32 0.14
Si(K) 13.91 11.31 0.13
P(K) 1.60 1.18 0.05
Cu(K) 2.74 0.98 0.07

Fig. 10. Thermal variation of the magnetic susceptibility measured for
− −SBA propyl POO Cu2 : symbols - experimental points, full line - fit to the mod-

ified Curie-Wiess law (see text). Inset: thermal variation of inverse of the magnetic
susceptibility corrected for a silica matrix contribution.

Fig. 11. Field dependence of magnetisation for − −SBA propyl POO Cu2 measured at
T¼2 K juxtaposed with the scaled values and the Brillouin function for =S

1
2
.

Fig. 12. Thermal evolution of EPR spectra of free-standing SBA-15 silica films
containing copper phosphonate groups. The shape of the spectra at temperature of
150 K has been marked by a red line. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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free-standing copper containing silica films, measured in the
temperature range 10–150 K, can be seen in Fig. 12. High tem-
perature part of the spectra do not show any interesting features
and was ommited due to its relatively high noise.

The spectrum of the − −SBA propyl POO Cu2 is typically asym-
metric for copper containing species with hyperfine splitting into
four lines, corresponding to the electron spin-nuclear spin inter-
actions. The broadening of the linewidth in comparison to non-
interacting copper ions [48,49] reveals interactions between cop-
per containing groups. The linewidth weak dependence on the
temperature indicates spin-spin dipolar interaction, what can give
some imagination about distances between functional groups. In-
depth analysis of the EPR spectra of the copper containing silica
will be presented in another work.
4. Conclusion

In the paper we have shown the preparation route of the free-
standing SBA-15 silica thin films, containing homogeneously dis-
tributed copper ions anchored inside silica channels via propyl-
phosphonate units. The free-standing form of the films allowed us
to carry out full range of investigations.

The structural study confirmed the morphology of the novel
material. We have obtained well-structured material containing
parallel pores arranged in hexagonal way, laying in the plane of
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the film surface. This was confirmed by TEM, AFM microscopy and
XRR measurements. Moreover, AFM has shown very low rough-
ness of the obtained materials.

Molecular structure was probed by Raman scattering supported
by DFT simulations. Results have shown, that the material contains
homogeneously distributed propyl-copper phosphonate units in-
side pores.

SQUID magnetometry revealed smaller magnetic moment than
that expected for the sample with 10% concentration of the Cu2þ

ions. The main reason for such behaviour is probably partial re-
duction of Cu2þ copper ions to non-magnetic Cuþ ones. The other
reason is weak antiferromagnetic coupling of magnetic units as
confirmed by the small negative value of the Weiss paramagnetic
temperature. Similar conclusion could be read from EPR spectro-
scopy. Thermal evolution of EPR spectrum has revealed spin-spin
dipolar interactions between copper phosphonate units.
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The paper concerns the mechanical properties of the high density polyethylene (HDPE) with the copper-containing SBA-15 silica
filler.The considered filler is the SBA-15mesoporous silica containing copper ions bounded inside channels via propyl-phosphonate
anchoring groups. With its help, we can impart the biocidal properties to this plastic. Research covered mechanical properties,
thermal analysis, colour, shine, and nanomolecular structure. Dynamical properties of the samples like modulus 𝐸 changes and
mechanical core loss angle tangent 𝑡𝑔𝛿 versus temperature and vibration frequency were tested using DMTA method. Level of
crystallinity was tested using DSC method while their structure was observed with going through light by optical microscope.
Hardness and toughness of obtained samples were also defined. Colour and shine changes of the samples were observed for PE-
HD with filler contents 0.5% and 1%. Modulus value changes versus temperature and frequency were notified for the samples with
modifier. There were no differences in modulus changes versus temperature for samples with and without filler and frequencies
1 and 10Hz. It was detected that melting enthalpy of the samples with the modifier decreases. Moreover, some influence of the
samples with filler on colour and shine was observed.

1. Introduction

Functional materials have become very promising since 90s
of XX century, mainly due to their programmable properties.
Among the functional materials significant are species based
on SBA-15mesoporous silica [1, 2], which can find application
as drug/gene delivery systems [3, 4], biosensors [5], in sepa-
ration, recycling, catalysis [6, 7], or electronics [8, 9]. Silica-
based nanomaterials can be used in their pure form, as coats
or as plastics’modifiers. Using thesematerials in this last form
significantly extends their application area.

The great example of functional material can be SBA-15
mesoporous silica modified by copper ions anchored inside
pores via propyl-phosphonate units [10]. These species are
considered in the paper. As it is commonly known, copper has
strong biocidal properties [11]. Such properties are enhanced
with decreasing dimensions of the copper grains. To our
knowledge, nowadays, the smallest nanoparticles of copper

have at least 150 of atoms [12], but those used commercially
have over 100 times higher number of atoms in one grain.
In our previous works [10, 13], we have proposed limiting
dispersion of copper inside material: separate copper ions are
homogenously distributed inside silica matrix.

The material containing copper ions dispersed in the
silica matrix has been investigated paying special attention to
its antimicrobial properties [13]. As it was shown, thematerial
reveals comparable biocidal properties, as commercially used
solution of nanocopper. Additionally, its advantage is that the
copper is bounded to silica matrix, so when used for coating,
the heavy metals environment contamination is limited.
Another benefit of such a form is a possibility of using it as
simple fillers for plastics. For this implementation, the SBA-15
mesoporous silica containing anchoring copper ions appears
to be ideal. Presumably, adding this copper-containing mate-
rial to selected plastics makes them biocidal.This property of
the material will be tested later. Modification process of
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plastics by adding fillers seems to be relatively simple; it is
sufficient to add considered filler into the plastic duringmelt-
ing process. Nevertheless, fillers can modify also mechanical
properties of plastics, which can transfer to their commercial
use constraints. In the paper, we present the influence of
the copper-containing SBA-15 silica filler on the mechanical
properties of the high density polyethylene (HDPE).

The features of modified material depend on structural
factors of polymer as well as added modifier. The struc-
tural factors are mainly molecular weight, macromolecular
chemical structure, physical layout of a chain, crystallinity,
and molecular orientation while conditions of use are tem-
perature, load time, pressure, strain type, and so on [14–
19]. Estimation of possible feature changes of these materi-
als with added modifiers plays important role in polymer
materials composition. Technical and economical usability
of polymer materials depends on their required stiffness
and strength to fulfil durability condition. Typically obtained
mechanical characteristics when material is statically loaded,
stretched, compressed, or twisted are not sufficient to pre-
dict its behaviour in extreme condition of usage and long
exploitation time. Selection of research methods that enable
prediction of material viscoelastic features change with the
time, based on experimental data, is still an open problem.
As tested materials are viscoelastic, all factors related to
their physicomechanical features deeply depend on time and
temperature. So applied research methods must consider
these dependencies. One of thesemethods is thermal analysis
of mechanical features dynamics (DMTA). It is used to
measure the relaxation modules versus time with constant
temperature and as a function of load change frequency and
temperature [16, 19–22]. Mechanical characteristics obtained
for statical load at room temperature are not adequate to esti-
mate material’s features in any other conditions of usage [16,
19–22].The way to recognise all properties of tested materials
and estimate their behaviour in predicted usage conditions
is to obtain for them viscoelastic functions that contain all
required thermal and time dependencies. Sinusoidal way
of loading applied for tests is similar to load schemes in
practice.Thermal analysis ofmechanical properties dynamics
(DMTA) is one of the common schemes to evaluate changes
in polymer materials for wide temperature range and load
frequency variation. As an effect of this analysis, we get
process of dynamic Young modules changes and mechanical
core loss angle tangent modification. Being familiar with
these dependencies allows us to find relationship between
molecular parameters and mechanical properties of polymer
materials [16, 19–22]. In the paper, we presented the following
properties of created materials: mechanical dynamics, ther-
mal properties, shine, and structure.

2. Materials and Methods

For test, we used polyethylene Hostalen GC 7260, manu-
factured by Lyondell and Basell, with 0.5% and 1% filler
of mesoporous SBA-15 silica containing propyl-phosphonate
units activated by copper ions in the form of powder. The
filler was prepared according to the procedure described in
[10]. To obtain composite, we mechanically stirred polymer

Oscillator Force

Displacement
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Adjustment with
stepper motor

Force signal

Displacement
Probe

Displacementdevice

Sample holder

Sample

Control

Sample

Heating/cooling

signal

thermocouple

thermocouple

Figure 1: The scheme of the device for the three-point bending of
sample.

withmodifier andmade it more flexible with a help of a screw
extruder. Then, the material was granulated. We applied the
following parameters of the composite extrusion:

(i) Screw rotational speed 250mm/s.
(ii) Nozzle temperature 200∘C.

The abovementioned procedure was applied for both PE-
HD + 0.5% weight of modifier and PE-HD + 1% weight of
modifier. Samples were obtained on the extruder KRAUSS
MAFFEI KM65-160C1. Applied extrusion parameters for all
samples were as follows: maximal pressure in the plasticiser
part 60MPa, extrusion time 0.6 s, clamps pressure 30MPa,
clamps time 28 s, cooling time 15 s, dozing time 6.6 s, form
closing force 650 kN, form temperature −40∘C, and extrusion
temperature 195∘C.

Dynamic mechanical properties were tested with a help
of DMA 242 device manufactured by Netzsch with three-
point free bent grip handle of the beam sample, as it was
depicted in Figure 1. Applied bent frequency was 1 and 10Hz
at temperature range of −150–140∘C with heating ramp of
2∘C/min.

On the basis of the force value and the sample strain,
including its size, value of modulus 𝐸, the loss module 𝐸,
and mechanical core loss angle tangent 𝑡𝑔𝛿 were calculated.
Obtained results were presented in the form of diagrams of
the abovementioned quantities versus temperature and vibra-
tion frequency.Thermal properties of the samples were tested
using DSC method while their structure was observed with
going through light by optical microscope.

TheDSC tests were made using scanning microcalorime-
ter type 200 by Netzsch. The DSC curves were taken when
samples were warmed up with the ramp 10∘C/min for
the temperature range of 0–160∘C. To minimize the effect
surface-core, extruded samples were cut perpendicularly to
the polymer material flow direction. Crystallinity level of
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the samples was determined using software available for the
abovementioned device, Netzsch Proteus [23]. The program
also enabled testing of the sample melting process in the
abovementioned temperature range as well as marking a
surface between thermographic curve and a basic line in the
range of occurring endothermic peak.

The area between the DSC curve and the selected base-
line is proportional to the change in enthalpy, that is, the
heat consumed by the sample (endothermic) or released
(exothermic). Baselines are mainly used in the calorimetry
and mass spectrometry to determine peak heights and areas
(enthalpy, ion currents, and total ion curve). In order to cover
a multitude of possibilities, the Netzsch Proteus program
offers different baseline types. For DSC measurements, it
is usually necessary to correct the measuring values of the
baseline. This is obvious when the tested reaction contains
not only a heat of reaction, but also a change of specific
heat. Baseline correction greatly influences the parameters of
inverse reaction kinetics. It is also an indication that a neces-
sary baseline correction may not be omitted. When choosing
the baseline types, one must take the physicochemical facts
into consideration. The straight baseline joins the start and
end values of the chosenmeasuring range with a straight line,
expressed by

𝐵 (𝑡) = 𝐷 (𝑡
𝑠
) +

𝐷 (𝑡
𝑓
) − 𝐷 (𝑡

𝑠
)

(𝑡
𝑓
− 𝑡
𝑠
)

(𝑡 − 𝑡
𝑠
) , (1)

where 𝐵(𝑡) is a baseline value, 𝐷(𝑡) is DSC signal, 𝑡
𝑠
is initial

time, and 𝑡
𝑓
is final time. Relation between heat flow and

enthalpy can be expressed by

Δ𝐻 =
𝐹

𝑚 ⋅ 𝐾
=

∫
𝑡𝑓

𝑡𝑠
(HF (𝑡) − 𝐵 (𝑡) 𝑑𝑡)

𝑚 ⋅ 𝐾
,

(2)

where 𝐻 is entalphy, 𝐹 is a peak’s area, 𝑚 is a sample’s mass,
𝐾 is a scale factor (sensitivity of a sensor), and HF is a heat
flow.

Samples mass was between 7 and 10mg. They were
weighted using SARTORIUS weight with 0.01mg accu-
racy, internal calibration, and closed measurement chamber.
Structural tests weremade using opticalmicroscope byNikon
Eclipse E200. For the tests, 10–18mm thick samples were cut
off from the core applied for DMTA using Thermo Electron
Corporation microtome.

Colour tests were made using CIELab method applying
X-rite SP60 calorimeter.The CIELab colour space is the most
frequently used method to measure colour of not emitting
light objects.The CIELabmodel is a mathematic transforma-
tion of the CIE𝑋𝑌𝑍 space to allow humans to see and distin-
guish colours [7].

Tests results were presented in the chromatic coordinates
𝑎, 𝑏, and 𝐿. Coordinate 𝑎 determines colour change from
green to red while 𝑏 determines colour change from blue to
yellow, what was shown in Figure 2.

The parameter 𝐿 (brightness) shows colour change from
black for 𝐿 = 0 to white for 𝐿 = 100. Shine test was made
using Elcometer 406L Statistical Glossmeter device. Reflec-
tometric value was taken as a shine measure of the sample

L = 100

L = 0

+a

−a

+b

−b

Figure 2: CIELab space.

surface which is a relation of light stream reflected from
the surface to the light stream that falls to this surface.
This test measured intensity of reflected and dissipated light
for narrow reflection angle (20∘). Reflected light intensity
depends on the light refraction, absorption, transparency,
and kind of surface. The shine measurements results were
represented in shine units GU (gloss units).

3. Results and Discussion

Figures 3(a)–3(c) show thermomechanical curves of poly-
ethylene and modified materials that were obtained from
DMTA tests. Modulus values and mechanical core loss
coefficient are different for investigated materials. Provided
tests show that modifier diminishes modulus value (Figures
3(b) and 3(c)). In the glassy range material is hard and brittle
which means that thermal energy is insufficient to break
the barrier for shifting and rotational movement of particles
segments.Thematerial is in the thermodynamical unbalance.
The modulus values decrease for both polyethylene (Fig-
ure 3(a)) and modified polyethylene (Figures 3(b) and 3(c))
with rising temperature. In the glassy transformation range,
some Brown movement in the molecular chain is initiated.
Thermal energy is becoming comparable with potential
energy barrier for molecular rotation. In the neighborhood
of the glassy transformation temperature, the viscoelastic
properties of tested materials are changing fast with the time
and temperature. In this range, lower values were observed
for lower contents of themodifier (Figure 3(b)).Themodulus
value increases with the higher modifier contents (Fig-
ure 3(c)). In the highly elastic entropic strains, temperature
influence on module 𝐸 is the same for both tested materials.
In the last range, themodule value is very low and thematerial
is in the liquid state so it is unable to come back to its previous
shape. For both materials, the same tendency of the module
value decrease is observed. The mechanical core loss angle
tangent 𝑡𝑔𝛿 curve looks the same for both materials and
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Figure 3: The dependence of the storage modulus value and
mechanical loss tangent versus temperature of tested materials: (a)
PE-HD, (b) PE-HD/0.5% modifier, and (c) PE-HD/1% modifier.

considered vibration frequencies. The only difference relates
to the slight movement of its value corresponding to the
maximum temperature for the material with higher contents
of the modifier (Figure 3(c)). Considering the mechanical
core loss angle tangent 𝑡𝑔𝛿 curve, we can notice that material
with 1% contents of the modifier shows better damping
properties when compared with the material with its lower
contents or not modified.

Figure 4 presents the DSC thermograms for tested mate-
rials.

For sample with added modifier amount of absorbed
energy was diminishing. Also, melting enthalpy for modified
materials was changing.

The crystallinity degree of the material was decreasing
with the higher contents of the modifier. The maximal
melting and crystallizing temperature was the same for both
materials while the melting temperature range as well as the
crystallizing temperature range was narrowing.

Likely, the crystallite level change for modified polyethy-
lene was caused by diminishing number of heterogenous
nucleation centres. With higher amount of modifier and less
nucleation process, the crystal phase growth of the polymer
base was reduced. Somemodifiers added to semicrystal poly-
mer increase base crystalizing temperature and affect dimin-
ishing crystallites size while changing participation of the
crystal phase [24, 25].

Investigated structure of both materials showed frag-
mentation of the crystalline structure (Figure 5). When
polyethylene is compared with other semicrystalline plastics,
it reveals quite well developed structure with visible shape,
big spherulite (Figure 5(a)). Optical microscope observation
of the modified materials shows fragmentation of the crystal
structure, particularly for higher contents of the modifier
(Figure 5(c)).

For both pure (Figure 5(a)) and modified (Figures 5(b)
and 5(c)) polyethylene, the structure is well seen and ordered.

Figures 6, 7, and 8 show 𝐿, 𝑎, and 𝑏 values of tested
polymer materials.

The modifier changes the luminance value 𝐿. It is con-
nected with the modifier colour and its contents in the
polymer as well as its discretion and reactivity to polymer. For
the polyethylene with the modifier, the 𝐿 value is decreased
(Figure 6) which indicates that the moulders are darker.

Increasing amount of the modifier in the polymer effects
some small decrease of its luminance. So samples with
1% contents of the modifier are a little darker than those
with 0.5% contents which indicates smaller influence of the
modifier on polymer luminance.

Changes of 𝑎 and 𝑏 coordinates for tested materials prove
significant influence of the modifier on colour (Figures 7 and
8). More modifier contents resulted in higher saturation of
green colour in the samples.

Results of the shine change of tested materials are pre-
sented in Figure 9.

The lowest shine values were observed for the higher
contents of the modifier in the material.
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Figure 4: DSC thermograms of (a) PE-HD, (b) PE-HD/0.5% modifier, and (c) PE-HD/1% modifier. Peak∗ means the position of the peak
maximum.
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Figure 5: Structures observed on optical microscope with the magnification 350x: (a) PE-HD, (b) PE-HD/0.5%modifier, and (c) PE-HD/1%
modifier.
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Figure 6:The lightness 𝐿 of the examined polymer materials: 1: PE-
HD, 2: PE-HD/0.5% modifier, and 3: PE-HD/1% modifier.

4. Conclusion

We observed influence of active SBA-15 silica filler on
mechanical properties of high density polyethylene. Adding
0.5% and 1% of copper-containing modifier significantly
diminished𝐸modulus value.This divergence varies depend-
ing on temperature. In the same time, the loss angle tangent
seems to have similar graph for pure HDPE and modified
material. The only difference is in slight shift of maximum
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Figure 7: The value of 𝑎 coordinate for the examined polymer
materials: 1: PE-HD, 2: PE-HD/0.5% modifier, and 3: PE-HD/1%
modifier.

losses in the case of modified sample. Material containing 1%
of modifier has better dumping properties than pure HDPE.

DSC research showed that adding of silica modifier
significantly decreases crystallinity of the polyethylene, while
maximum temperature of melting and crystallization stays
unchanged. Nevertheless, after adding filler, the range of
melting and crystallization temperature was narrowed.

The colour of the modified samples changed significantly.
After adding copper-containing silica modifier, samples
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Figure 8: The value of 𝑏 coordinate for the examined polymer
materials: 1: PE-HD, 2: PE-HD/0.5% modifier, and 3: PE-HD/1%
modifier.
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Figure 9: Gloss of the examined polymer materials: 1: PE-HD, 2:
PE-HD/0.5% modifier, and 3: PE-HD/1% modifier.

become green with colour saturation depending on the filler
contents. Also, the gloss of the material changed as a
result of modification. With increasing modifier contents, we
observed decreasing HDPE gloss.
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The paper is about a new class of antimicrobial functional nanomaterials. Proposed compounds are based on SBA-15 porous
silica matrices and contain anchored copper ions. Thanks to the immobilization of functional groups the compounds are safer
for environment than commonly used disinfectant agents. We prepared and examined silica based materials containing two
concentrations of copper-containing groups: 10 and 5%. For the reference we prepared samples containing free-standing CuO
molecules in the structure and checked their antimicrobial properties. Antibacterial effect of considered SBA-15-Cu material was
tested on Escherichia coli bacteria. Antimicrobial tests were applied for the pure form of the material and as modifying agents for
plastics. The obtained results showed that the sample with lower concentration of active copper-containing groups has stronger
antimicrobial properties than the one with higher concentration of copper. Interestingly, silica containing free-standing CuO
molecules has no antimicrobial properties. Considering the obtained results, we can conclude that the most probable antimicrobial
mechanism in this case is an oxidation stress. When a plastic modifier is applied the material is enriched with bacterial inhibitory
properties. It seems that SBA-15 silica containing low concentration of anchored copper ions is promising in terms of its antibacterial
property and biomaterial potential for commercial use.

1. Introduction

It is known that the growth of many bacteria, fungi, and
viruses can lead to the development of infectious disease.
Thus, there is an ongoing research for the formation of
low-cost, efficient, and easy to use antimicrobial surfaces
and materials for many applications such as medicine and
medical devices, linens and clothing, or coatings for home-
used appliances (toilets, sinks, freezers, knives, etc.). Recently
a substantial increase of using antimicrobial nanomaterials
has been noticed. Metals like silver or copper can be toxic

to bacteria, having antimicrobial activities at exceptionally
low concentrations. Moreover, unlike other antimicrobial
agents they are stable under conditions currently found in
the industry allowing for their use as additives. Particularly,
copper and silver based compounds have been widely used as
antimicrobial agents [1] in many applications in agriculture,
healthcare, and general industry. Nevertheless, usingmetallic
copper or silver in industrial applications involves several
challenges associated with the nature of the metal itself.
Silver is relatively expensive, while copper is susceptible to
corrosion process. Anyway,metal nanoparticles have become
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more and more popular. As it has been proven, such a form
of silver or copper exhibits strong antimicrobial properties
[2–4] which becomes stronger with the decrease in their
hydrodynamic size [5]. Therefore many research teams are
struggling to get the smallest metal nanoparticles [6]. In
the case of copper, nanoparticles can be dissolved faster in
comparison with larger particles, releasing higher amount
of Cu2+ ions [7]. Copper biocide behaviour is triggered
by the metal reduction potential. Copper plays a role of
catalyst and causes one-electron reduction of oxygen atoms
[1]. In the presence of either superoxide or other reducing
agents such as ascorbic acid, Cu2+ can be reduced to Cu+
catalyzing the formation of hydroxyl radicals from hydrogen
peroxide [8, 9]. This can induce an oxidative stress damaging
cellular proteins, lipids, and DNA [10–12] or even trigger
proinflammatory signaling cascades into the cell that are able
to induce its programmed death [13]. Nevertheless, recent
studies indicate antibacterial property through a mechanism
of damaging bacterial cell membranes by the generation
of reactive oxygen species but surprisingly preserving the
integrity of bacterial genomic DNA [14].

Moreover some toxic mechanisms can depend on cellular
characteristics at the nanoscale and the particle size itself
can be crucial in this case [8]. A good example of this
mechanism can be the one called “the Trojan horse”: direct
incorporation of nanoparticles into the cell via endocytotic
mechanisms causes subsequently ions release within the cells
by nanoparticle dissolution. This results in massive oxidative
stress and cell’s death [15–17].

It seems that nanoparticles have the potential to extend
the range of antimicrobial application of copper. Recently
their addition to a polymer matrix to obtain a composite
material is very promising. Important advantage of such
materials is the extremely low amount of filler needed to
achieve desired features. Required amounts can be one or
even two orders of magnitude lower than conventional
microfillers [18, 19]. For example, copper was impregnated on
the surface of cotton fibers, latex, and other polymeric mate-
rials [20]. Interesting approach is copper incorporation by
plasma immersion ion implantation to produce antibacterial
polyethylene surface, as reported in [21]. In [22] authors show
the process of ionic crosslinking of alginate chains within the
cotton cellulose fibers with Cu2+ ions during production of
copper alginate-cotton cellulose (CACC) composite fibers.

Interesting study was presented in [23], where chitosan
nanoparticle was loaded with copper ions. Authors observed
significant enhancement of their features compared to those
of chitosan nanoparticles and copper ions used separately.

The antimicrobial mechanism of supported copper
nanoparticles is reported similarly to the mechanism of
the metal ions [19, 24]: the metal nanoparticle release and
accumulation in the bacteria’s cell or the metal ions releasing
from the particles and their action [11]. Nevertheless majority
of authors indicated this second mechanism as leading in
antibacterial action of metals on supports [1, 25–28]. In
[29, 30] authors confirmed that antimicrobial effect of these
composed materials is related to the metal ion releases rather
than to the leaching of the whole metal nanoparticles.

The antimicrobial activities of metal nanostructures are
mostly restricted to strains of pathogenic microorganisms
and rarely extended to other microorganisms [31, 32]. Nev-
ertheless, the impact of nanoparticles on environmental
accumulation, especially on microbial communities residing
in land fields or bodies of water, which are critical to environ-
mental recycling, is unknown. Therefore, it is vital to limit
the migration of antimicrobial agents to the environment. It
would be advantageous to design an antimicrobial material
that is active only locally with lowmigration of the agent from
the working place.

We propose different approach to the problem using
copper-containing antimicrobial units homogeneously dis-
tributed inside SBA-15 mesoporous silica matrix [33, 34] and
anchored inside pores.

The specimen proposed here shows strong antimicro-
bial action against E. coli bacteria. The biocidal mecha-
nism revealed by copper-containing silica introduced by the
authors seems to be different than that proposed elsewhere
for copper species known from literature. Moreover they
operate locally with significantly limited antimicrobial agent
depletion (metal ions anchored to silica surface), so possi-
bility of metal migration outside the active area is highly
reduced.

Weprepared SBA-15mesoporous silica containing copper
ions bounded inside pores via propylphosphonate units and
also SBA-15 containing free-standing copper oxide molecules
inside pores as a reference to test this hypothesis. We utilized
transmission electron microscopy (TEM), EDX quantita-
tive elemental analysis, and Raman spectroscopy supported
by numerical simulations to find characterization of the
materials molecular structure. It is worth noting that we
show molecular structure’s characterization only for SBA-15
containing free-standing copper oxide molecules while silica
containing copper ions bounded inside pores via propylphos-
phonate units were thoroughly analyzed in [35].

Furthermore, we examined the antibacterial properties of
considered materials using well established microbiological
assay. Discovered antimicrobial properties of the samples
enabled us to raise a hypothesis about the most probable
bacteria elimination mechanism.

To confirm antimicrobial actionmechanismwe addition-
ally carried out elemental analysis to show hydrogen content
in the species and atomic absorption spectroscopy to evaluate
copper ion migration to the medium.

Moreover we examined bacterial inhibitory properties
of two plastics modified by functional nanomaterial: high
density polyethylene (HDPE) and polyurethane (PU).

2. Materials and Methods

Four batches of samples were investigated with regard of their
antimicrobial properties:

(i) Mesoporous silica SBA-15 containing copper ions
bounded inside pores via propylphosphonate units
(SBA-prop-POO

2
Cu) in concentrations 10% and

5%—main investigated material
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Figure 1: Schematic representation of the SBA-15 silica containing copper ions anchored via propylphosphonate unit with magnification of
the copper-containing unit anchored to the pore (a) and SBA-15 silica containing free-standing copper oxide molecules (b).

(ii) Mesoporous silica SBA-15 containing nonbounded
copper oxide molecules inside pores (SBA-CuO) in
concentrations 10% and 5%

(iii) High density polyethylene modified with SBA-prop-
POO
2
Cu (HDPE-Cu) containing 0.5 and 1% of mod-

ifier

(iv) Polyurethane modified with SBA-prop-POO
2
Cu

(PU-Cu) containing 0.5 and 1% of modifier

The structure of the samples containing anchored copper
ions (SBA-prop-POO

2
Cu) and free-standing copper oxide

molecules (SBA-CuO) can be seen in Figure 1.
For bactericidal tests we used SBA-15 mesoporous silica

containing propylphosphonate units (SBA-prop-PO(OH)
2
)

as a reference sample for copper-containing bioactive mate-
rials while references for modified plastics were pure HDPE
and PU.

In the case of Raman spectroscopy of SBA-CuO, pure
SBA-15 silica was a reference to probe a molecular structure.

2.1. Methodology. The main goal of the present work was to
examine antibacterial properties of SBA-prop-POO

2
Cu and

determine the mechanism of bacteria elimination.
Proposed methodology is based on comparison of

antimicrobial properties of the sample containing immobi-
lized copper-containing groups (SBA-prop-PO(OH)

2
) with

the sample that contains nonbounded copper oxide molecu-
les (SBA-CuO). We compared samples containing exactly
the same molar concentration of copper-containing groups
(anchored copper phosphonate or free copper oxide). In both
cases the copper ions are coordinated by oxygen atoms. As
far as biocidal properties are concerned, the main difference
between samples lays in copper-containing units mobility.

In the case of SBA-prop-POO
2
Cu migration of copper-

containing units is strongly limited due to bounding to silica
walls.Thus the probability of bacteria cells penetration is also
limited. Opposite situation can be found in the case of SBA-
CuO; copper oxide molecules can migrate and penetrate the
bacteria cells.

To confirm our statement about limitedmigration of cop-
per from SBA-prop-POO

2
Cu samples, we carried out atomic

absorption spectroscopy. The experiment was performed in
the following way: the materials that underwent antimi-
crobial tests (SBA-prop-POO

2
Cu 5%, SBA-prop-POO

2
Cu

10%, SBA-CuO 5%, and SBA-CuO 10%) were added to the
same nutrient broth that was used for antimicrobial tests
in amount of 1 g/L (the highest specimens’ concentration
used for antimicrobial tests; see next text) and rigorously
mixed in magnetic stirrer in the temperature of 37∘C (the
same temperature as for antimicrobial tests). After the time
of 1 h, 28 h, 48 h, and 72 h we poured out some amount
of suspension and filtered it out using filtering funnel with
gradation of 4. The obtained clear solution was investigated
under AAS with regard to copper content.

Another difference between the samples lies in the sur-
roundings of copper ions. For SBA-prop-POO

2
Cu copper

surrounded by six copper ions creates octahedral environ-
ment with further oxygen atoms in crystalline lattice (see
next chapter). In this case silica pores play the role of
oxygen tanks. On the other hand for SBA-CuO specimen
copper is coordinated with only two oxygen atoms with
no presence of oxygen crystalline lattice. In this case sil-
ica pores do not contain significant quantity of oxygen.
When pathogens elimination caused by the bacteria cells
penetration is considered, we should observe much stronger
biocidal properties of SBA-CuO, while in the case of bacteria
elimination caused by oxidation stress SBA-prop-POO

2
Cu
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should be much more efficient. To confirm in explicit way
the differences in oxygen content for all samples investigated
we carried out additional elemental analysis.The results were
juxtaposed with theoretical percentage content of oxygen
(calculated on the base of atomic composition) and results
for reference samples were mesoporous silica containing
propylphosphonate units not activated by copper (SBA-
prop-PO(OH)

2
). During theoretical content calculation we

omitted hydrogen atoms in the surface units; it is impossible
to estimate their content in the structure. For the reason of
low atomic mass of hydroxyl atoms the error caused by this
simplification can be neglected.

2.2. Samples Preparation. Mesoporous silica SBA-15 con-
taining copper ions bounded inside pores via propylphos-
phonate units (SBA-prop-POO

2
Cu) and reference material

(SBA-prop-PO(OH)
2
) were prepared according to proce-

dure described in [35]. Obtained materials contained two
molar concentrations of the copper-containing unit: 10%
and 5%. For 10% concentration of the phosphonate units
proportions between tetraethyl orthosilicate (TEOS) and
PhosphonatePropylTriEthoxySilane (PPTS) were 1 : 9, while
for 5% they were 1 : 19.

Samples containing free-standing copper oxidemolecules
inside pores were prepared by calcination of the SBA-prop-
PO(OH)

2
in air in 1100∘C.

Polyethylene sample (Hostalen GC 7260, manufactured
by Lyondell and Basell) modified by SBA-prop-POO

2
Cu

was prepared by mechanical stirring of granulated polymer
with modifier and then extruded with the use of continuous
extruder. Bioactive agent was added in amount of 0.5 and
1% of mass. Samples were obtained on the extruder KRAUSS
MAFFEI KM65-160C1. Applied extrusion parameters for all
samples were as follows: maximal pressure in the plasticiser
part, 60MPa; extrusion time, 0.6 s; clamps pressure, 30MPa;
clamps time, 28 s; cooling time, 15 s; dozing time, 6.6 s; form
closing force, 650 kN; form temperature, 40∘C; extrusion
temperature, 195∘C; screw rotational speed, 250mm/s. Itmust
be stressed that decomposition temperature of organic moi-
ety in the sample (propyl chain) is 320∘C, while phosphonic
acid groups decompose at 320∘C. Thus there is no possibility
of modifier decomposition during the process. After this
process the material was casted into discs. Granulate of com-
posites was obtained using the rotor mill. Average diameter
of the grains was 2mm.

In order to prepare polyurethane modified by 0.5 and
1% (in weight proportions) of SBA-prop-POO

2
Cu we used

commercially available two-compound PU resin (MoldStar
321 manufactured by Smooth-on ltd.). In the first step we
mixed polyol with appropriate weight of modifier. Next we
added isocyanate in exactly the same amount (in weight
proportion) as polyol. This was mixed mechanically for
about one minute. The mixture was deaerated in the vacuum
chamber for 2 minutes under the pressure of 150𝜇mHg.
Then we casted material in the form of ring with diameter
of 10 cm and thickness of 1 cm using silicone form. After
polycondensation (4 hours) thematerial was grinded into the
grains with diameter about 2mm.

2.3. CharacterizationMethods. TEM imagingwas carried out
using the FEI Tecnai G2 20 X-TWIN electron microscope,
equipped with emission source LaB6, CCD camera FEI Eagle
2K and X-ray microanalyzer EDX.

Raman spectroscopy measurements were carried out at
room temperature in the wavelength range from 300 to
4000 cm−1. The Raman spectrometer (Nicolet Almega XR)
was equipped with a Nd:YAG laser. The experiments were
carried out at 532 nm and the laser was operated at a power
level of 40mW. The spectral resolution of the spectrometer
was 1 cm−1. As SBA-15 silica is a noncrystalline solid, Raman
scattering resolution is rather poor. To increase spectrum
quality powder was compressed to pellets, so each spectrum
was a result of 10 scans.

In order to determinate the oxygen quantity inside
samples elemental analysis was carried out with the use
of vario EL cube elemental analyzer upgraded to oxygen
determination with a pyrolysis in 1150∘C.

The copper content determination was evaluated by
atomic absorption spectroscopy (AAS) with use of Shimadzu
model AA-680 atomic absorption spectrometer having hol-
low cathode lamp and a deuterium background with an
air-acetylene flame. The lamp current was set to 6mA.
Measurements were carried out in the integrated absorbance
mode at 324.8 nm, using slit width of 0.7.

2.4. Numerical Simulations. For considered samples we per-
formed quantum chemistry simulations to support Raman
spectroscopy and identify vibrational modes observed in
the Raman spectra. Applied procedure was described in
[34]. Considering the fact that SBA-prop-POO

2
Cu sample’s

structural investigationwas presented in other papers [34, 35]
we limited our presentation to numericalmodel for SBA-CuO
samples only.

We used the bicyclic 5-6-s cluster model [36] that would
be applied as a representative cluster model of SBA-15 silica.
This system was used as a starting point for our simulations.
Copper(II) oxide molecule was placed in the distance of
Van der Waals interaction. The multiplicity of SBA-15 model
molecule and copper oxide molecule were different. The
geometry of the model was fully optimized at the level of
B3LYP [37, 38] with the 6-311G(d,p) basis set. After geometry
optimization, Raman vibrational modes were calculated. For
calculation of harmonic vibrational frequencies the same
method and basis set were used.

All of these theoretical calculationswere carried out using
the GAUSSIAN 09 package [39] with default convergence
criteria applied. The assignment of the calculated Raman
bands was done on the basis of PED analysis [40, 41] and
aided by the animation option of the GaussView 5.0 graphical
interface for Gaussian programs [42], which gave a visual
representation of the vibrational modes shape. Then VEDA
software [43] was applied to proceed with the PED analysis.
By combining the results of the visualization with potential
energy distribution (PED)we obtained very accurate descrip-
tion of the molecules vibrations.

2.5. Antibacterial Tests. The antimicrobial activity of the
copper-containing silica nanomaterials was tested against
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Figure 2: TEM images of the SBA-15 silica containing free-standing copper oxide molecules (SBA-CuO) observed along the direction of the
pore array (a) and perpendicularly to the pore array (b). The grains sizes can be easily estimated as varying mainly from 50 to 300 nm.

the Gram-negative bacteria Escherichia coli (ATCC 8099,
RockvilleMD, USA). To carry outmacrodilution test [44] for
SBA-prop-POO

2
Cu and SBA-CuO powders we prepared ten

sets of 10mLnutrient brothmediumcontaining nanomaterial
with concentration from 100 to 1000 𝜇g/mL. Each set was
inoculated aseptically with 108 CFU/mL of the bacterial sus-
pension. The inoculated sets were incubated at 37∘C for 24 h.
Each experiment was carried out in triplicate to ensure repro-
ducibility. Turbidity of the media was treated as a measure of
bacterial growth. For better evaluation of the bacterial con-
centration differentiating medium was used (ChromoCult,
Merck). The minimum bactericidal concentration (MBC)
[45] was evaluated by measuring the turbidity of bacterial
strains exposed to different nanoparticles’ concentrations.
Control experiments were also run parallel to investigate the
antibacterial activities of nutrient broth medium with pure
silica matrix.

Antibacterial tests for the plastics modified by SBA-prop-
POO
2
Cu were prepared in different way. In this case we

decided to maintain constant conditions (the same amount
of nutrient brothmedium andmodified plastic in the form of
pellets and the same concentration of bacterial suspension)
for investigated materials: HDPE and PU (both polymers
modified with 0.5 and 1% of bactericidal agent and in its pure
form as a reference). So we placed 4 grams of samples pellets
in the Petri dishes and added 10 mL nutrient broth medium
inoculated aseptically with 108 CFU/mL of the bacterial
suspension. The inoculated sets were incubated at 37∘C for
48 h. To estimate inhibitory properties of the sample we
counted bacteria colonies in the Petri disheswith samples and
compare with results obtained for nonmodified polymers.
The mean reported for each polymeric sample was based on
ten replicates.

3. Result and Discussion

3.1. Structural Investigation and Molecular Structure Probing.
The structure of SBA-prop-POO

2
Cu material had been thor-

oughly investigated in our previous work [35], so we showed
investigation results only for SBA-CuO sample.

Main features of the structure were provided by the
transmission electronmicroscopy (TEM). TEM images of the
SBA-CuO, observed along the direction of the pore array and
perpendicularly to the pore array, can be seen in Figure 2.

As can be easily noticed, TEM microscopy confirms that
investigated sample has well ordered, hexagonally arranged
pore array pattern nanostructure. Also pore diameter can be
roughlymeasured as about 5 nm.Moreover, any impurities or
copper-containing groups agglomerations cannot be seen.

The quantitative EDX analysis was carried out for copper
oxide containing silica samples (containing 5 and 10% of
CuO) in order to confirm the chemical composition of
the samples. The EDX spectrum is shown in Figure 3 and
quantification results are presented in the Table 1.

The presence of nickel (Ni) in the EDX spectra is
attributable to the preparation technique, in which samples
were placed on a nickel grid. The presence of carbon (C)
is connected with vacuum chamber contamination (using a
carbon tape for placing the grids). Oxygen (O) amount is not
reliable, because of air remains in the chamber.

In this case we used EDX measurement for finding
proportion between key elements in our samples: silicon and
copper. Even in the case of contamination, which is common
for this technique, the proportions between the elements
listed before remain unchanged and results are reliable.

It is clearly seen that the SBA-CuO samples have almost
assumed quantity of copper; the molar ratio of silicon to
copper in the case of samples containing 5 and 10% of CuO
is equal to 21.69 and 12.20, respectively. Minor deficiency of
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Figure 3: EDX spectrum of SBA-15 silica containing 5% (a) and 10% (b) free-standing copper oxide molecules. For better visibility region
between 2 and 8 keV (no peaks presence) has been cut.

Table 1: EDX quantification results of SBA-15 mesoporous silica powder containing 5 and 10% of copper oxide units (SBA-CuO).

Element Weight% Atomic% Uncertainty%
SBA-CuO 5%

O(K) 41.89 46.75 0.45
C(K) 21.57 32.06 0.37
Si(K) 30.61 19.46 0.12
Cu(K) 3.19 0.90 0.07
Ni(K) 2.73 0.83 0.05

SBA-CuO 10%
O(K) 51.14 56.05 0.51
C(K) 19.22 28.06 0.25
Si(K) 21.90 13.67 0.17
Cu(K) 4.06 1.12 0.08
Ni(K) 3.68 1.10 0.08

copper is probably caused by incorporation of propylphos-
phonic acid in silicawalls in initialmaterial before calcination
and also by migration of free-standing copper oxide units.

We did not notice presence of phosphorus, which con-
firmed the correctness of the calcination process.

To identify bounds inside SBA-CuO samples and unam-
biguously confirm assumed molecular structure we carried
out Raman spectroscopy supported by numerical simula-
tions. Obtained theoretical model allowed vibrations to be
identified in explicit way. Juxtaposition of the Raman spectra
for model molecule, SBA-15 mesoporous silica (reference
material), and silica containing copper oxide molecules can
be seen in Figure 4. We present here low frequency spectra
(from 200 to 1200 cm−1), only for the range in which we can
observe significant Raman features.

We obtained good correlation between theoretical and
experimental data, which confirms correctness of DFT sim-
ulations. The silica support exhibits Raman features at 370
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Figure 4:The juxtaposition of the Raman spectra for silica contain-
ing copper oxide units; theoretic and experimental data and pure
SBA-15 mesoporous silica. The vibrational mode characteristic for
copper oxide is marked as colour bands.
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Figure 5: Macrodilution antimicrobial tests against Escherichia coli bacteria for SBA-15 silica containing anchored copper ions in molar
concentration of 10% (a) and 5% (b). Control sample is SBA-15 silica containing pure propylphosphonate units (precursor of SBA-prop-
POO
2
Cu).

and 560 cm−1 (deformation of siloxane rings), 770 cm−1
(stretching of siloxane bridges), and 1000 cm−1 (bending of
surface Si-H bounds). Absence of typical vibrational models
of hydroxy units (1200 cm−1) [46, 47] is caused by silanation
of silica matrix during synthesis process. Applied theoretical
model also had no silanol units.

Considering all abovementioned analysis we can be sure
that the molecular structures of the investigated powders are
in accordance with our expectations.

3.2. Antimicrobial Tests

3.2.1. Antimicrobial Activity of Pure Functional Powders. An-
timicrobial activity of copper ions bounded within the pores
of SBA-15 silica matrix (SBA-prop-POO

2
Cu) was analyzed

against bacterial strain of Escherichia coli. We tested nanoma-
terials with two molar concentrations of copper-containing
units: 10 and 5% (samples named SBA-prop-POO

2
Cu10 and

SBA-prop-POO
2
Cu5, respectively).

Obtained results were surprising for us. While specimen
containing 10% of copper-containing units showed quite
strong antibacterial activity, specimen containing 5% of
anchored copper ions revealed significantly stronger antimi-
crobial properties. The results of macrodilution tests was
presented in Figure 5. For these tests reference material was
SBA-15 silica containing pure anchoring groups, propylphos-
phonate (control sample).

For the SBA-prop-POO
2
Cu10 sample MBC was found as

700𝜇g/mL.This result was comparable to commercially used
nanosilver [48] and not much worse than silica-silver core-
shell systems [49]. It is worth noting that investigated species
included only 10% of functional copper-containing groups
(in molar concentration). Taking into consideration the
elemental composition of the specimen, MBC of copper ions
was 57 𝜇g/mL.This result is better than that obtained for pure
copper oxide nanoparticles [50]. Additionally, our material
has important property; functional copper-containing units

are immobilized in the matrix and their migration and
depleting is strongly limited.

SBA-prop-POO
2
Cu5 sample has much stronger bac-

tericidal properties than SBA-prop-POO
2
Cu10 although it

contains 2 times lower molar concentration of functional
groups. For this sample we obtainedMBC 300 𝜇g/mL. Taking
into consideration molar concentration of functional groups
equal to 5% we obtained MBC equal to 12,4 𝜇g/mL which is
comparable with the best available biocidal agents.

The fact of bactericidal activity increasingwith decreasing
of functional groups concentration is a key to understanding
the bacteria elimination mechanism. However the bacteri-
cidal action mechanism of metal nanoparticles is still not
well understood. In literature we can find various modes of
nanoparticles antimicrobial action [4, 51–55]. Interestingly,
each mechanism proposed in literature assumes diffusion of
the active particle into the cell or direct contact of metal with
cell membrane [56]. The mechanism of antimicrobial action
of SBA-prop-POO

2
Cu active material seems to be different.

First of all, copper-containing units are placed inside silica
pores. Pores diameter is only 4.92 nm [35] which is much
lower than the size of Escherichia coli bacteria. Moreover,
samples used for antimicrobial tests have a form of fine
powder in each case, with grains varying mainly from 50 to
300 nm, (see: 2) which is much smaller than bacteria’s cell.
Thus the direct contact between bacteria cell and copper-
containing groups is rather unlikely.

To confirm presented hypothesis, we carried out antibac-
terial tests for the samples containing nonanchored copper
oxide, SBA-CuO (also in this case we investigated samples
containing two molar concentrations of CuO molecules: 10
and 5%). Antimicrobial tests sets as for the case of SBA-
prop-POO

2
Cu revealed that both SBA-CuO samples are

ambient for Escherichia coli bacteria. Even the concentration
of 1500 𝜇g/mL (both SBA-CuO10 and SBA-CuO5) does not
show any antibacterial properties.
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Table 2: Juxtaposition of the content of trace copper in the nutrient broth medium after assumed steering time for the samples investigated
under antimicrobial tests. Initial suspension contains concentration of the specimen in the broth medium of 1 g/L.

Time [h] Cu content
SBA-CuO 10% SBA-CuO 5% SBA-prop-POO

2
Cu 5% SBA-prop-POO

2
Cu 10%

0 0 0 0 0
1 4.384 2.439 0.103 0.098
24 14.081 9.324 0.782 0.843
48 21.971 14.093 2.065 1.891
72 25.221 17.546 2.238 3.398
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Figure 6:The content of trace copper in the nutrient broth medium
as a function of steering time for the samples investigated under
antimicrobial tests. Initial suspension contains concentration of the
specimen in the broth medium of 1 g/L.

It is highly probable that copper ions migration into
nutrient broth medium is strongly limited in the case of
SBA-prop-POO

2
Cu, while SBA-CuO can migrate into the

medium. Obtained AAS results revealed the level of ions
migration into the medium. AAS results were shown in the
plot (Figure 6) and additionally juxtaposed in the Table 2.

As can be clearly seen, migration of copper from every
species investigated to the medium is rather low. Even in the
case of the specimen containing nonbounded copper oxide
molecules, after 24 h copper concentration in the nutrient
broth medium seems to be too low to reach MIC against E.
coli bacteria [57]. Nevertheless, for SBA-15 silica containing
bounded copper ions (SBA-prop-POO

2
Cu) it is significantly

lower than that for SBA-CuO. Looking at these results we
can say that bacteria elimination mechanism of copper-
containing silica is not connected with copper ions release
into the broth medium.

This leads to the conclusion that antimicrobial action
of such compounds (materials containing homogeneously
distributed copper-containing units) is not connected with
direct interaction of copper-containing molecules with a
bacteria cell.

Therefore we can conclude that antimicrobial action of
SBA-prop-POO

2
Cu seems to be involved in environment

of copper ions, not copper ions themselves. This hypothesis
explains well inverted dependence between molar concen-
tration of functional groups and bactericidal activity of the

Table 3: Elemental analysis results indicating percentage content of
oxygen in the samples investigated.

Specimen

Oxygen percentage
content [%]

Theoretical
value

Elemental
analysis result

SBA-PO(OH)
2
5% 51.35 52.04

SBA-PO(OH)
2
5% 49.72 51.39

SBA-CuO 5% 52.45 56.32
SBA-CuO 10% 51.74 57.01
SBA-prop-POO

2
Cu 5% 49.04 77.32

SBA-prop-POO
2
Cu 10% 45.75 69.21

species. As we showed on the base of magnetic research (not
yet published), copper ions inside SBA-POO

2
Cu10 create

distorted tetrahedral environment; each Cu is surrounded
by four oxygen atoms. Unlike SBA-POO

2
Cu10, in the case

of silica containing 5% of bounded copper-containing units,
each copper ion is coordinated by six oxygen atoms, creat-
ing distorted octahedral environment. Distortion is caused
by propylphosphonate anchoring groups. Such a difference
in copper ion’s configurations is connected with distance
between functional units in species containing different
molar concentration of copper-containing groups. In the case
of SBA-POO

2
Cu10 copper phosphonate groups are relatively

close to each other and the most energetically favourable
is tetrahedral configuration, whereas the SBA-POO

2
Cu5

copper-containing units are placed sparsely which involves
octahedral configuration of copper ions. In both cases coor-
dinating oxygen atoms creates local crystalline structure,
which can be seen even in SQUID magnetometry. As a
consequence, different amount of oxygen is accommodated
inside the SBA-15 support pores. Much higher concentration
of oxygen can be found in SBA-POO

2
Cu5 sample. Also

AAS revealed differences in percentage content of oxygen
in our sample. The results were juxtaposed with theoretical
percentage content of oxygen (taken from structural assump-
tion) and oxygen content in reference samples: mesoporous
silica containing propylphosphonate units not activated by
copper (SBA-POOH

2
). Obtained results were juxtaposed in

the Table 3.
As can be clearly seen for both reference samples and

silica containing copper oxide molecules amount of oxygen
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Figure 7: Schematic presentation of antimicrobial action of SBA-prop-POO
2
Cu specimen against E. coli bacteria.

seems to be close to theoretically calculated value. On the
other hand amount of oxygen for the samples with copper
ions bounded via propylphosphonate units is significantly
higher than assumed. Moreover, oxygen amount inside sam-
ple containing 5% of bounded copper ions is higher than that
for the sample containing 10% of copper phosphonate units.
Assuming the same structure of the matrix (SBA-15 type
silica) we can explain these differences as caused by oxygen
trapped inside pores. It seems that this confirms in an explicit
way our thesis about the presence of oxygen crystalline lattice
inside pores.

Concerning all the above, it seems to be confirmed that
bactericidal activity of SBA-prop-POO

2
Cu is connected with

oxygen accumulated inside silica pores.
The antimicrobial mechanism proposed here is a result

of direct contact between activated SBA-15 silica grains and
bacteria’s cell. This causes direct interaction with oxygen
stored inside silica pores with bacteria’s cell membrane.
Copper centres inside silica pores can play a role of catalyst
and cause one-electron reduction of oxygen atoms. Presence
of superoxide Cu2+ that can be reduced to Cu+ catalyzes the
formation of hydroxyl radicals from hydrogen peroxide [9].
The hydroxyl radical is the most powerful oxidizing radical
reacting with practically every biological molecule [58]. It
can cause oxidative damage by abstracting the hydrogen both
from an amino-bearing carbon to form a carbon centred
protein radical and from an unsaturated fatty acid to form a
lipid radical [56].Thus bacteria’s cell membrane has a contact
with highly reactive oxygen, which can cause its damage
and finally death. Described mechanism was depicted in
Figure 7.

The antimicrobial action attributed to SBA-prop-
POO
2
Cu involves a few advantages of these species.

Migration and depleting of antimicrobial units are strongly
limited, so the proposed biomaterials can operate locally
and can be used as disinfectant with long-time local action,
unlike antibiotics.

3.2.2. Antimicrobial Activity of Modified Polymers. Antibac-
terial activity of polymers modified by SBA-prop-POO

2
Cu5

was shown in Figure 8. After 48 hours of incubation we
counted colony forming units in Petri dish. We tested high
density polyurethanemodified by copper-containing agent in
amount of 0.5 and 1% of weight (HDPE-Cu 0.5 and HDPE-
Cu 1) and polyurethane modified in the same concentration
of biocidal specimen (PU-Cu 0.5 and PU-Cu 1). To estimate
inhibitory properties of the plastics we juxtaposed obtained
results with activity of pure polymers (high density polyethy-
lene, HDPE, and polyurethane, PU).

As can be clearly seen, modified polymers inhibit growth
of the Escherichia coli bacteria. In the case of HDPE we
obtained 72 ∗ 109 CFU after 48 hours of incubation. Looking
at results for modified HDPE we see significant decreasing of
the CFU numbers after the same time of incubation. In the
case of HDPE-Cu 0.5 it is 40 ∗ 109 CFU (bacterial growth
fallen by 44%),while forHDPE-Cu 1we counted 16∗109 CFU
(bacterial growth had fallen by 77%).

Similar results were obtained for modified polyurethane.
Reference sample (PU) showed 68 ∗ 109 CFU after 48 hours
of incubation, while modified samples revealed inhibitory
properties; we counted 35∗109 of CF for PU-Cu 0.5 (bacterial
multiplication fallen by 49%) and 11 ∗ 109 of CF for PU-Cu 1
(bacterial multiplication fallen by 84%).

Antimicrobial action of polymers filled by SBA-POO
2
Cu

is connected with silica particles placed on the polymers
surface.This fact seems to explainwhy antimicrobial action in
this case is weaker; only limited amount of modifier added to
polymer can be placed in the surface after polycondensation
process.

Nevertheless it is worth noticing that modification of
the commercially used polymers with a small amount of
proposed antimicrobial nanomaterial containing low con-
centration of anchored copper-containing units can enrich
them with bacterial inhibitory properties. Moreover such
modified polymers are thermally stable and modification



10 Journal of Nanomaterials

72

40

16

0

20

40

60

80

100
CF

U
 [∗

1
0
9
]

HDPE-Cu 1HDPE-Cu 0.5HDPE
(a)

68

35

11

0

20

40

60

80

CF
U

 [∗
1
0
9
]

PU-Cu 1PU-Cu 0.5PU
(b)

Figure 8: Counts of bacteria colony forming units (CFU) (Escherichia coli) for polymers modified by SBA-POO
2
Cu5 in different mass

concentration. High density polyethylene (a) and polyurethane (b).

can be carried out in easy way during polycondensation or
melting process [59].

4. Conclusion

We presented a new class of antimicrobial nanomaterials:
SBA-15 mesoporous silica containing copper ions bounded
inside pores via propylphosphonate units. Proposedmaterials
showed strong antibacterial action against Escherichia coli
bacteria. Moreover, antimicrobial properties increase with
decreasing of copper-containing concentration in the SBA-
15 support. Taking into consideration the content of copper
ions, specimen with the molar concentration of 5% of copper
phosphonate units exhibited better antibacterial action than
the best commercially available disinfectant materials based
on copper or silver.

To reveal the mechanism of its antibacterial action we
carried out comparative biological investigations with SBA-
15 silica containing free-standing copper oxide molecules.
Before biological research we had thoroughly characterized
the molecular structure of the species to be sure that their
composition is exactly the same as we assumed.

On the base of obtained results and molecular config-
uration of copper-containing groups we concluded that the
mechanism of antimicrobial action is oxidative stress.

We showed that modification of the polymers with
copper-containing antimicrobialmaterial enriches themwith
inhibitory properties towards Escherichia coli bacteria.

All of this seems to be really important as far as potential
applications of the SBA-prop-POO

2
Cu are concerned.

Their strong antimicrobial character can be used as the
material that destroys pathogens (antimicrobial) or stabilizes

bacteria multiplication (biostatic). Anchoring of the func-
tional groups causes the antimicrobial agent migration to be
strongly limited. This makes the species safe for ecofriendly
microorganisms. Possibility of using them as polymeric
materials modifiers opens the doors to application of these
materials to dental fillings or manufacturing antimicrobial
switchers, parts of beds, or even toilet seats. Also fabrics or
medical dressings can be modified by the proposed material.
Wide application potential makes our materials extremely
interesting both from commercial and from scientific point
of view.
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