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Abstract—The evolution of the electronic absorption spectra of substituted aluminum phthalocyanine incor­
porated into a nanoporous silicate gel matrix has been studied. The decomposition of the contour of the long-
wavelength g-absorption band of molecules into Voigt components reveals the dependence of the formation 
of various types of impurity sites in the matrix nanopores, which act as a solid-state nanoreactor, on the dry­
ing time of the matrix. Possible mechanisms of the effect of the internal structure of the synthesized silicate 
material during the transition from a sol state to a dried xerogel state on the spectral properties of phthalocy­
anine impurity molecules are discussed. Models of the interaction of the impurity molecules with the surface 
of the matrix nanopores during drying are considered; the features of the evolution of the resulting impurity 
sites are elucidated. 
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Silicate matrices formed by sol—gel synthesis [1], 
i.e., by the hydrolysis and polycondensation of tetrae-
thoxysilane (TEOS), are solid-state materials with a 
developed system of nanopores. Owing to the filling of 
nanosized cavities with solutions of organic mole­
cules, the interaction of impurity molecules with the 
surface of nanopores strengthens in a limited volume 
and thereby leads to significant changes in their chem­
ical and physical properties compared with those of a 
homogeneous solution. It was shown [2] that an alu­
minum complex of phenylthio-substituted phthalocy­
anine (hydroxyaluminum tetra-(3-phenylthio)-
phthalocyanine (PhS) 4-PcA10H) incorporated into a 
silicate matrix by direct sol—gel synthesis undergoes a 
significant hypsochromic shift of the Q-band during 
the drying of the matrix, while the fluorescent mono-
meric form is preserved. We note that, earlier, (PhS) 4 -
PcAlOH was studied as part of a solar cell, namely, as 
a component adsorbed on a nanocrystalline T i 0 2 film 
electrode providing sensitization of photoinduced 
electron transfer in the near-infrared region [3]; it was 
used as a component of multijunction polymer solar 
cells [4] and studied in a polyvinyl alcohol film [5, 6]. 
The prospects of practical applications of solid-state 
materials colored with monomeric species of (PhS) 4 -
PcAlOH have stimulated spectral studies of the evolu­
tion of a doped colloidal silicate TEOS system during 
the transition of it from a sol state to a transparent solid 

xerogel matrix and further drying. The use of molecu­
lar spectroscopy and numerical calculations has made 
it possible to study the evolution of the formation of 
various types of impurity sites in nanopores of a sili­
cate matrix, which act as a solid-state nanoreactor. 

EXPERIMENTAL 
Phenylthio-substituted aluminum phthalocyanine 

(Aldrich Chemical Company) as tetra-(3-phenylthio)-
phthalocyanine aluminum chloride ((PhS) 4-PcAlCl) 
was used without further purification. It was shown [7] 
that at the stage of synthesis and purification of metal 
phthalocyanines and during the preparation of work­
ing solutions, i.e., in the case of using nondried sol­
vents, the phthalocyanines undergo hydrolysis, which 
leads to the substitution of an OH group for the 
anionic CI ligand of the central metal ion. It could be 
assumed that the aluminum ion of the metal phthalo­
cyanine undergoes a similar "religanding" process; 
therefore, the studied phthalocyanine is designated in 
this work as (PhS) 4-PcA10H. The molecular structure 
of (PhS) 4-PcA10H is shown in the inset of Fig. la. 

A nanoporous silicate matrix was formed by the 
classical sol—gel synthesis method, which reduces to 
the formation of a sol from TEOS, that is, 
(C 2 H 5 0) 4 Si , by subjecting it to hydrolysis and poly­
condensation [7, 8]. Commercial TEOS (Sigma-
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Fig. 1. (a) The absorption spectrum (/), fluorescence 
spectrum at Xexc = 343 nm (2), and fluorescence excitation 
spectrum at Xmc = 735 nm (3) of (PhS)4-PcA10H in DMF 
at 298 К and (b) absorption spectrum (/), fluorescence 
spectrumat Хеж = 353 nm (2), and fluorescence excitation 
spectrum at Xmc = 693 nm (3) of (PhS)4-PcA10H in a 
TEOS matrix at 298 К after 49 days of drying; (4) absorp­
tion spectrum of (PhS)4-PcA10H in an ethanol—water— 
formamide—hydrochloric acid mixture (molar ratio of 5 : 
5 : 5 : 0.1). The inset shows the molecular structure of 
(PhS)4-PcA10H. 

Aldrich) was used for the synthesis without further 
purification. The original reaction mixture was a mix­
ture of components with a TEOS : ethanol : water : 
formamide molar ratio of 1: 5 : 5 : 5. The introduction 
of formamide into the original mixture provided the 
formation of silicate matrices that did not undergo 
cracking during drying; in addition, formamide did 
not adversely affect the hydrolysis and polycondensa-
tion processes. To accelerate the hydrolysis process, 
-0.1 mol of hydrochloric acid was added to the reac­
tion mixtures. In this case, the TEOS molecules in the 
reaction medium undergo exchange interaction with 
water, where the —OC 2 H 5 ethoxy groups are replaced 
by —OH hydroxy! groups. The complete hydrolysis of 
one TEOS molecule requires four water molecules; 
the reaction is described by the following equation: 

( C 2 H 5 0 ) 4 S i + 4 H 2 0 -» Si(OH) 4 + 4C 2 H 5 OH. 

The reaction mixture was stirred for 4 h until a 
highly dispersed colloidal solution was formed. The 
resulting sol, which was a two-phase solid—liquid sys­
tem containing hydrated Si(OH) 4 particles, was 
poured into plastic cuvettes; a saturated (PhS) 4 -
PcAlOH solution in dimethylformamide (DMF) was 
then added at the following volumetric ratio of the 
components: 3 mL of the sol : 50 |iL of a saturated 
phthalocyanine solution. The cuvettes were tightly 
closed with a Parafilm M sealing film and left to stand 
at room temperature in the dark. The transformation 
of the sol to a gel was provided by the polycondensa-
tion reaction (it occurred simultaneously with the 
hydrolysis process), where the resulting hydrated sili­
cate tetrahedra interact with each other via =Si— OH 
silanol groups to give rise to =Si—O—Si= siloxane 
bridges: 

= S i - O H + H O - S i = -» = S i - 0 - S i = + H 2 0 

and form a solid amorphous spatial network. 
In parallel with the above process, the interaction 

of the silanol groups with ethoxy groups can occur; the 
interaction leads to the formation of similar siloxane 
bonds, yet, with the release of alcohol: 

= S i - O C 2 H 5 + H O - S i = 
-» = S i - 0 - S i = + C 2 H 5 OH. 

Eventually, within 2 days, the low-temperature hydro­
lysis and polycondensation processes lead to the for­
mation of a solid nanoporous silicate matrix, that is, a 
material of high optical quality, whose nanopores are 
filled with a multicomponent solution containing 
(PhS) 4-PcA10H molecules. The silicate matrix is a 
nanoporous polymeric silicon—oxygen framework 
(silicon atoms linked by =Si—O—Si= siloxane bonds) 
with a bulk nanoporous structure and a large surface 
area covered with a large number of =Si— OH silanol 
groups. Based on the fact that the synthesized silicate 
material has a nanoporous structure, it is classified as 
a nanomaterial. 

After the formation of a silicate gel matrix, the 
structure and properties of it continue to change over 
time: the system passes through the aging and drying 
stages. To remove liquid components (water, ethanol, 
formamide, and DMF) from the matrix nanopores, a 
hole with a diameter of ~ 1 mm was formed in the coat­
ing film, and the gel matrixes were held at room tem­
perature and atmospheric pressure for a long time 
(up to 70 days). The drying process led to a substantial 
decrease in the gel volume, owing to which the silicate 
matrices underwent shrinkage to - 3 5 % of their initial 
volume. 

Electronic absorption spectra were measured on a 
PB2201B spectrophotometer (Solar, Belarus). Fluo­
rescence and fluorescence excitation spectra were 
recorded on an CM2203 spectrofluorimeter (Solar, 
Belarus). All the measurements were conducted at 
room temperature. Conclusions about the formation 
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of new types of impurity sites of (PhS) 4-PcAIOH in a 
silicate nanoreactor were based on the results of ana­
lyzing the spectral position, profile, and half-width of 
the long-wavelength Q-absorption band, being the 
most sensitive to the state of the ^-electron system of 
the macrocycle. The structure of the contour of the 
Q-band of (PhS) 4-PcA10H at the different drying 
stages of the matrix was analyzed using numerical 
methods by the contour decomposition into Voigt 
components. For the assumed number of components 
(from three to six), their parameters (intensity, posi­
tion of the maximum, and half-width) were deter­
mined using original scripts implemented in the lan­
guages of well-known mathematical packages [9, 10]. 
The scripts contained built-in procedures of the pack­
ages as well as literature approved ones [ 11—13], which 
are based on well-known gradient descent (Leven-
berg—Marquardt) and derivative-free (Nelder—Mead) 
optimization algorithms. To increase the probability 
of finding global optimum solutions, the calculations 
were repeated many times (typically, hundreds and 
thousands of times) with the randomization of all ini­
tial values of the parameters to be optimized. Further, 
the obtained results were estimated statistically. 

RESULTS AND DISCUSSION 

The absorption spectra of (PhS) 4-PcA10H in 
D M F (Fig. la, spectrum 1) and the TEOS silicate 
matrix dried for 49 days (Fig. lb, spectrum 1) have a 
shape characteristic of the absorption spectra of metal 
phthalocyanines. The absorption spectrum in D M F 
exhibits an intense (2(0—0) band at 723 nm, which cor­
responds to transitions to a doubly degenerate elec­
tronic state. The weaker bands in the region of 600— 
700 nm are electronic—vibrational bands generic of 
the Q-band. The band in the near UV region at 
343 nm (5-band), by analogy with metalloporphyrins, 
is referred to as the Soret band. The low-intensity band 
in the region of 400—480 nm corresponds to n—n* 
transitions oriented almost perpendicular to the mac­
rocycle plane [14]. It is evident from Fig. lb 
(spectrum 1) that the absorption bands of (PhS) 4 -
PcAlOH in a dried nanoporous silicate matrix 
undergo significant spectral shifts (for example, the 
Q-band is hypsochromically shifted by 40 nm), while 
the general shape of the spectrum is preserved. 

Upon excitation to the Soret band, intense fluores­
cence of (PhS) 4-PcA10H is observed both in D M F 
(Fig. la, spectrum 2) and in the TEOS matrix 
(Fig. lb, spectrum 2). The similarity of the fluores­
cence excitation spectra (Figs, la, lb, spectra 3) to the 
absorption spectra suggests that (PhS) 4-PcA10H in 
solution and in the silicate matrix is in the monomeric 
form. 

The evolution of a colloidal silicate system from a 
sol state to a transparent nanoporous solid silicate 
matrix is a complex process that includes the evapora­

tion of the liquid components of the reaction mixture 
from nanopores, shrinkage, and an increase in the 
mechanical strength of the system. The experiment 
showed that these processes significantly affect the 
spectral properties of (PhS) 4-PcA10H impurity mole­
cules. Figure 2 (spectrum 1) shows the long-wave­
length absorption band of (PhS) 4-PcA10H in a silicate 
gel matrix, which was recorded 4 days after the forma­
tion of a solid framework. With respect to the D M F 
solution, a slight bathochromic shift (~1 nm) of the 
Q-band (724 nm) due to the multicomponent compo­
sition of the liquid medium filling the nanopores is 
observed. During the drying of the matrix, the studied 
band undergoes both a hypsochromic spectral shift 
and a substantial transformation of the band contour 
(Fig. 2, spectra 1—4). It is evident that after 49 days of 
drying (spectrum 4) the hypsochromic shift of the 
band achieves a value of AX ~ 41 nm (Av ~ 820 c m - 1 ) . 
In addition, the shape of the absorption spectrum and 
the observed intense fluorescence suggest that the 
monomeric form of the impurity molecules is pre­
served; that is, the (PhS) 4-PcAIOH molecules do not 
interact with each other. Longer drying (for more than 
50 days) does not affect the spectral position and 
shape of the bands. 

The dependence of the position of the maximum of 
the Q-absorption band of (PhS) 4-PcA10H on the dry­
ing time of the silicate matrix has a characteristic 
S-shape (Fig. 2, inset), which is an indicator of a 
change in the state of the system. In this case, the 
S-curve indicates the transition of the system from one 
spectral state to another; that is, it suggests that the 
impurity sites in the nanoporous silicate material 
undergo temporal structural rearrangements. Since 
the chemical transformations occur arbitrarily in 
nanosized cavities (nanopores), the cavities play the 
role of nanoreactors, where qualitatively new states of 
impurity molecules are formed. 

It was found [15, 16] that Al(III) tetra-crown-
phthalocyaninate can interact with OH and F 
anions in various organic media to form a six-coordi­
nated complex with two axially bonded ions. These 
complexes exhibit a hypsochromic shift of the absorp­
tion spectra and have intense fluorescence. In this 
work, a test experiment was conducted to study the 
absorption spectrum of an ethanol—water—forma-
mide—hydrochloric acid mixture (molar ratio of 5 : 5 : 
5:0.1) with the addition of (PhS) 4-PcA10H in DMF, 
i.e., a counterpart of the reaction mixture (TEOS-
free) used to synthesize the silicate matrix. The solu­
tion was stored in the dark to exclude phototransfor-
mations at room temperature and showed the stability 
of the absorption spectrum for 20 days. The spectrum 
is shown in Fig. lb (spectrum 4); it is evident from the 
spectrum that the Q-band is bathochromically shifted 
(728 nm) relative to the band in D M F (723 nm). In the 
S-shaped curve, this position of the Q-band maxi­
mum corresponds to the "0" point, which is the 
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Fig. 2. The long-wavelength region of the absorption spectrum of (PhS)4-PcA10H in a TEOS matrix after (7) 4, (2) 10, (3) 25, 
and (4) 49 days of drying of the xerogel. The inset shows the dependence of the position of the maximum of the Q-absorption 
band of (PhS)4-PcA10H on the drying time of the xerogel. 

Q-band maximum in the first hours after the forma­
tion of the silicate framework of the gel matrix. 

To reveal the relationship between the temporal 
hypsochromic spectral shift of the Q-absorption band 
maximum, as well as changes in the shape of the band 
contour, and the mechanisms and evolution of the 
interconversions of impurity sites that form this band, 
the contour was decomposed into Voigt components 
and their parameters for the different drying stages 
were determined. The decomposition results are 
shown in Fig. 3. 

At the initial stage of the drying process (up to 
10 days), the shift of the maximum of the long-wave­
length absorption band is negligible (Fig. 2). Presum­
ably, the shift is caused by the compaction of the gel 
structure and the partial displacement of the liquid 
components from the matrix nanopores. In the case of 
drying for up to 20—25 days, the hypsochromic shift of 
the Q-band achieves ~30 nm; this fact can be 
attributed to the intensive evaporation of solvents 
(water, ethanol, formamide, DMF) from the matrix 
nanopores and, as a consequence, the destruction of 
the original solvation shell of the (PhS) 4-PcA10H 
molecules. In this case, according to the contour 
decomposition results, a new spectral form hyp-
sochromically shifted to A,m a x ~ 699 nm arises 
(Figs. 3a—3d, curves 3); the maximum content of it is 
observed after 25 days of drying (Fig. 3c). It can be 
assumed that this spectral form corresponds to 
(PhS) 4-PcA10H molecules in a relatively free state 
(similar to the gaseous phase), because the matrix 

pores are already almost completely free of the liquid 
components (presumably, except for formamide, the 
boiling point of which is fairly high) and the nanopore 
surface effectively exhibits sorption properties. This 
assumption is supported by the disappearance of the 
initial spectral form (Figs. 3a—3d, curves 2) due to the 
destruction of the original solvation environment in 
the matrix nanopores. A similar spectral behavior is 
observed, for example, for molecules of the free base 
of phthalocyanine, whose Q-absorption band is 
located at 698 nm in liquid quinoline and 1-chloro-
naphthalene [17], whereas in the steady-state gas 
phase and in a supersonic free jet it is shifted to 686 
[18] and 661 nm [19], respectively. The removal of the 
solvation layer, which is provided (formed) by weak 
physical van der Waals interactions between the impu­
rity and solvent molecules, does not change the chem­
ical structure of (PhS) 4-PcA10H. 

Simultaneously with the removal of liquid hydroly­
sis products from the nanopores, the structure of the 
nanoporous matrix undergoes compaction, which 
leads to a significant decrease in the pore sizes. In this 
case, free (PhS) 4-PcAJOH molecules approach the 
nanopore surface and interact with it; the interaction 
gives rise to the formation of new types of impurity 
sites. According to the Q-absorption band decomposi­
tion results, as early as the 25th day of drying (Fig. 3c), 
the complex contour of the band exhibits two detect­
able components at 685 and 673 nm (curves 4 and 5, 
respectively). The further drying of the matrix, which 
leads to the formation of a xerogel, shows that these 
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Fig. 3. Decomposition of the long-wavelength absorption band of (PhS)4-PcA10H in a silicate xerogel (1) into Voigt components 
(2-5) after (a) 4, (b) 10, (c) 25, and (d) 49 days of drying of the material. 

components are enhanced with the simultaneous 
weakening of component 3 (Fig. 3d). The formation, 
accumulation, and stabilization of new spectral forms 
at 684 and 674 nm (Fig. 3d, curves 4, 5) can be associ­
ated with the chemical interaction of (PhS) 4-PcA10H 
molecules with the reaction sites on the surface of the 
silicate matrix nanopores. With the filling of these 
reaction sites, the rate of the spectral shift of the exper­
imental multicomponent Q-band slows; after 40 days 
of drying, the S-shaped curve achieves a steady state 
(see the inset in Fig. 2). 

By analogy with the silica surface [20, 21 ], it can be 
assumed that the surface of the silicate matrix 
nanopores has two types of impurity chemical adsorp­
tion sites, namely, coordinatively unsaturated Si atoms 
of the =Si—O—Si= siloxane groups and hydroxyls of 
the =Si—OH silanol groups. The author of [20, 21] 
assumed that coordinatively unsaturated surface metal 
atoms are chemical adsorption sites. In particular, sil­
icon atoms have free 3d orbitals, which can accept (be 
involved in the formation of a donor—acceptor bond) 
a lone pair of ^-electrons of the outer electron shell 
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(3s23p4) of the sulfur atom of the (PhS) 4-PcA10H 
impurity molecule. In this manner, a new type of 
impurity sites of (PhS) 4-PcA10H molecules is formed 
during their interaction with the silicon—oxygen 
framework of the matrix. In this case, it can be argued 
that the nanosized porous structure of the sol—gel 
matrix acts as a nanoreactor, in which new chemical 
bonds with impurity monomeric molecules are 
formed. 

With an increase in the (PhS) 4-PcA10H molecule 
concentration near the nanopore surface (during the 
drying of the matrix), the axial anionic OH ligands of 
metal phthalocyanine can be involved in the formation 
of impurity sites of other types. Axial OH ligands of 
impurity molecules are capable of undergoing a conden­
sation reaction with isolated surface H—O—Si=mat r sila-
nol groups, while binding via an oxygen bridge to the 
surface of the silicate framework nanopores and 
releasing H 2 0 molecules: 

and leads to an increase in the number of chemical 
adsorption sites of the first type and a decrease in the 
number of sites of the second type. 

Analysis of the half-widths of the Voigt compo­
nents indirectly confirms the proposed mechanism for 
the transformation of (PhS) 4-PcA10H impurity mol­
ecules in a silicate nanoreactor. Thus, the half-width 
of the long-wavelength Voigt component of the 
Q-band (Figs. 3a—3d, curves 2) has a value of Av ~ 
600 c n r 1 , which is characteristic of the inhomoge-
neous broadening of the spectral bands of molecules in 
a liquid solution. During the destruction of the solva-

tion shell (drying of the matrix), the Av value 
decreases to -500 c m - 1 : the molecules localized in the 
bulk of the nanopores transit into a free vapor state 
(Figs. 3a—3d, curves 3). The interaction of (PhS) 4 -
PcAlOH molecules with the nanopore surface leads to 
the formation of short-wavelength impurity sites; the 
inhomogeneous broadening of their bands decreases 
to -400 and -300 c n r 1 (Figs. 3a—3d, curves 4 and 5, 
respectively). A decrease in the Av value for the short-
wavelength Voigt components can be attributed to the 
fact that any active site of the nanopore surface (sila­
nol and siloxane groups) can interact with a single 
(PhS) 4-PcA10H molecule; as a consequence, the sur­
face is covered with a single layer of impurity mole­
cules. Since the size of nanopores in a silicate matrix 
varies in a certain range (in this sense, their surface is 
inhomogeneous), the active sites are not absolutely 
independent of each other. The result is that the inho­
mogeneous broadening of the spectral bands of mole­
cules adsorbed on the surface is not completely elimi­
nated. 

CONCLUSIONS 

The evolution of the electronic absorption spectra 
of aluminum phthalocyanine molecules incorporated 
into a nanoporous silicate gel matrix has been studied. 
The spectralposition of the maximum of the Q-absorp-
tion band as a function of the drying time of the matrix 
is described by an S-shaped curve, which represents 
the evolutionary transition from the state of impurity 
molecules in the bulk of the nanopores to their inter­
action with the silicate framework. The decomposi­
tion of the Q-band contour into Voigt components has 
shown the time dependence of the formation of the 
different types of impurity sites in the matrix 
nanopores, which act as a solid-state nanoreactor. The 
long-wavelength region of the S-curve represents the 
destruction of the solvation shell of phthalocyanine 
impurity molecules; the short-wavelength region rep­
resents the interaction of the molecules with the 
nanopore surface, which leads to the formation of 
spectral forms that are stable over time. Possible 
mechanisms of interaction of (PhS) 4-PcA10H impu­
rity molecules with the surface of nanopores of an 
inorganic silicate framework during transition from a 
sol state to a dried xerogel state and the nature of the 
resulting impurity sites have been discussed. 
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These mechanisms of interaction with the surface 
are of a chemical nature, because a new chemical bond 
between the impurity and the matrix is formed. In this 
case, structural changes do not lead to the aggregation 
of the impurity molecules. 

It was reported [2] that individual (PhS) 4-PcA10H 
molecules can also be involved in the alkoxysilane 
polycondensation reaction at the initial stage of the 
formation of a three-dimensional silicate network, 
when hydrated silicate tetrahedra interact with the 
axial OH ligand of the molecule; as a consequence, 
aluminum phthalocyanine forms a single a framework 
with the polymeric silicate material and is localized on 
the nanopore surface in the form of a side substituent. 

It can be assumed that the quantitative population 
of impurity sites of the different types on the nanopore 
surface depends on the surface dehydration during 
drying as well; the dehydration occurs via the conden­
sation of closely adjacent silanol groups to form a new 
strong siloxane bond and release water: 
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