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SEMICONDUCTOR NANOCRYSTALS AND GRAPHENE
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OF ACRYLAMIDE POLYMERIZATION IN WATER
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Photopolymerization of acrylamide in agueous solutions induced by visible light (1>400 nm) absorbed by
colloidal particles of Cd.Zn,S, Fe,Oz and graphene oxide is reported. Depending on the photoinitiator nature,
primary radicals are generated by monomer reduction with conduction band electrons (Cd,Zn;_,S), monomer
oxidation by the valence band holes (Fe,Os) or by interaction between monomer and free radicals
photoeliminated from graphene oxide. The photopolymerization rate increases proportionally to the
conduction band potential of Cd,Zn;,S nanoparticles that depends on their composition. The Fe,Os-initiated
acrylamide photopolymerization proceeds with comparable effectiveness in both deaerated and air-exposed
aqueous solutions, the feature differing drastically from typical organic photoinitiators. On the basis of kinetic
parameters the photopolymerization process was found to be of the chain free radical character with a
principal chain termination route being macro-radicals recombination. The kinetic data also indicate a
possibility of participation of the Cd.Zn,_,S nanoparticles and graphene oxide in the chain termination.
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INTRODUCTION same time, choice of an appropriate water-soluble
photoinitiator is sometimes problematic for such
compositions, since the most widely used water-
soluble organic photoinitiators (camphoroguinone,
thioxanthone derivatives, titanocenes, dyes, etc.)
either absorb only small fraction of the visible light
[1-3, 5, 6] or are photochemically unstable.

It was shown that nanometer particles (NPs) of
inorganic semiconductors, such as CdS, ZnO,
TiO,, Fe;0s, etc., could be successfully applied to
induce photopolymerization along with traditional
organic  photoinitiators.  Semiconductor  NPs
manifest quite high efficiency for the initiating of
the photopolymerization of various monomers [7-14],
they are stable and some of them, for example
cadmium sulfide and iron(l1l) oxide, are sensitive
to the wvisible light. The wide-band-gap
semiconductor NPs, such as ZnO and TiO,, which
have the absorption threshold in the ultraviolet part
of the spectrum, can also be used as visible-light-
driven photoinitiators provided a dye-sensitizer is
added to the photopolymerization composition
[12, 14, 15]. At the same time, the majority of
reports on the semiconductor NPs-induced
photopolymerization are focused on a narrow
monomers range, mainly styrene, methylmetha-

Photoinduced polymerization of unsaturated
compounds is of great importance not only for the
production of polymer materials but also for the
implementation of a number of advanced
technologies such as optical information recording,
production of printing forms, microelectronic
circuit plate, miniature surgical instruments, lenses
and prostheses with complex topology and micron
(submicron) resolution, removable polymeric
templates for lithography and stereolithography,
etc. [1-6]. Successful implementation of some of
these technologies sometimes put specific demands
to the properties of monomers and polymeric
products as well as conditions of photopolymeri-
zation. For example, photocurable compositions
for digital stereolithography should be sensitive to
the visible light illuminated by a computer-guided
projecting system and produce upon the
illumination an easily removable water-soluble
polymeric template. The latter requirement can be
met by the utilization of monomers, converting
upon the illumination into water-soluble polymers,
—acrylic and methacrylic acids, acrylamide and its
derivatives, vinylpyrrolidone, etc. [5, 6]. At the
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crylate and some of its homologues [7, 8, 10-16].
The photopolymerization of  water-soluble
monomers in the presence of semiconductor NPs
remains yet to be studied.

Along with conventional semiconductor
materials, the quest for new visible-light-sensitive
photoinitiators involves also other new objects,
such as, for example, emerging carbonaceous
materials including graphene. Recent progress in
the chemistry of graphene-based composites is
closely related to the studies of chemical
transformations of graphene oxide (GO), which
can be comparatively easily synthesized via
graphite  oxidation and ultrasound-assisted
exfoliation of the produced graphite oxide [17-20].
In the last years various photochemical and
photocatalytic methods of producing new GO-
based materials were introduced [21-30], in
particular those aimed at the synthesis of
heterostructures of partially reduced GO with noble
metal [27, 28] and semiconductor NPs [28-30]. At
the same time, the photochemistry of GO still
remains at a developing stage and many aspects of
phototransformations of GO and its photochemical
activity are still to be addressed and studied. For
example, though recent reports have suggested the
free radical character of some stages of the
photochemical GO reduction [17, 24], as well as
the GO capability of thermal initiation of the
polymerization of acryl monomers [31], no
mention can be found in the literature about the
photochemical activity of GO in free-radical chain
reactions, specifically, in the photopolymerization
of unsaturated compounds.

In the present work the photopolymerization of
acrylamide (AA) in aqueous colloidal solutions of
several visible-light-sensitive colloidal species —
CdyZny_4S NPs, Fe,03 NPs and graphene oxide — is
reported. The results presented show that
semiconductor NPs and colloidal GO can be used
as inexpensive, efficient and visible-light-sensitive
photoinitiators of the free-radical polymerization of
water-soluble acrylic monomers.

MATERIALS AND METHODS

Reagents and synthesis of photoinitiators.
CdCl,, ZnCl,, FeCls, sodium polyphosphate (SPP),
Na,S, acrylamide (AA),  methylviologen
(4,4 -dimethylbipyridyl, MV2+) chloride, Na,SOs,
KBrO;, KBr and KIl, graphite powder, KMnO,,
KClOs;, HCI and H,SO, were purchased from
Sigma Aldrich and used without additional
purification. Colloidal Cd,Zn.,S NPs
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(x = [CACl,]ox{[CdCl,]+[ZnCl;]} ) were prepared
by mixing sodium sulfide with cadmium(ll) and
zinc(I1) chlorides in aqueous SPP solutions. The
details of the preparation and characterization of
Cd«Zny«S NPs were reported in [32]. Colloidal
Fe,05 solutions (1.5x107 M) were prepared via the
prolonged (1-2h) heating of 3x10°M FeCly
solution at 96-98 °C. Colloidal solutions were kept
in the dark at 18-20 °C. Colloidal graphene oxide
stabilized by SPP was prepared similarly to [26] by
the ultrasonic exfoliation of 50 mg graphite oxide
in 100 mL aqueous SPP solution (1x107°M).
Graphite oxide was synthesized by the modified
Hummers method via graphite powder oxidation
with potassium permanganate in concentrated
H,SO, or by the Brodie method via graphite
powder oxidation with potassium chlorate in
concentrated HCI [17,18]. The samples of
colloidal GO produced from graphite oxide
synthesized by the Hummers or Brodie methods
are further denoted as H-GO and B-GO,
respectively. In a series of experiments prior to the
photopolymerization tests the colloidal H-GO was
photochemically reduced under the illumination
with UV light (A =310-390 nm) in air with the
exposure varying from 30 to 90 min. A detailed
study on the properties and photochemical
reduction of colloidal SPP-stabilized H-GO is
reported elsewhere [26].

Instrumental. Absorption and fluorescence
spectra of solutions were registered on a
Specord 210 spectrophotometer and a Perkin-Elmer
LS55 spectrometer,  respectively. The hydro-
dynamic size (Lyq) of colloidal GO particles was
measured using a laser photocorrelation
spectrometer Malvern Zetasizer Nano. The weight-
average molecular mass of polyacrylamide was
determined on a liquid-phase chromatograph Du
Pont 8800 SLC at 50 °C. XRD diffraction pattern
were registered on a DRON-3M diffractometer
with the copper K, line irradiation (A =0.1541 nm).
TEM images were obtained using a PEM-125K
apparatus with an accelerating voltage of 100 kV.

The acrylamide photopolymerization was
studied in glass 10.0-mm optical cuvettes at room
temperature. Prior to illumination the sample
solutions (2.5 mL) were bubbled with the argon
flow during 10-15min to remove dissolved
oxygen, and then the cuvettes were sealed. The
solutions were illuminated by the focused light
from a high-pressure 1000 W mercury lamp using
various combinations of the standard optical glass

ISSN 2079-1704. X®TI712015. T. 6. Ne 1



Semiconductor nanocrystals and graphene oxide as visible-light-sensitive photoinitiators of acrylamide

filters to adjust the spectral range to
A=310-390 nm, A>420nm or A>460 nm. To
avoid heating of the sample solutions in the course
of illumination, a 50.0 mm glass cuvette filled with
water was placed between the light source and the
work cuvette. The light intensity was varied by
using calibrated metal grids.

Monomer concentration determination. In
case of semiconductor NPs the monomer
concentration was measured by double bond
bromination followed by iodometric determination
of residual bromine. In a typical procedure, 0.2 mL
aliquot of a tested solution was added to 8.0 mL of
a solution containing 0.50 M H,SO, and 0.11 M
KBr followed by the 0.8mL 0.05M KBrO;
solution. The mixture was kept in dark at room
temperature for 10-15min to complete the
bromination. Then 1.0 mL 2.0 M potassium iodide
solution was added to the mixture. In 5 min 0.1 mL
aliquot was taken from the mixture and introduced
into 9.9 mL KI 2.0 M solution. The optical density
of the resulting Kl; solutions at 351 nm was
measured and used for the calculation of the
monomer concentration.

Colloidal graphene oxide interferes with the
bromination method and therefore, in GO-based
photopolymerization systems a viscosity of
solution was taken as a parameter proportional to
the reaction rate. The viscosity of illuminated
solutions was measured using a vibration
viscometer Malvern SV-100 with a certainty of ~1 %.

RESULTS AND DISCUSSION

Characterization of photoinitiators.
1.1 Colloidal CdS and Cd.Zn,,S NPs. Reaction
between a mixture of cadmium and zinc chlorides
and sodium sulfide in aqueous SPP solutions
results in formation of stable colloidal Cd,Zn;_,S
solutions provided the precursor concentrations not
exceed 1x102M. At small concentrations,
(1—5)><1O41 M, the Cd:Zn ratio in Cdy,Zn,,S NPs
deviates somewhat from that in the initial solution
[32] due to faster precipitation of CdS as compared
to ZnS and partial binding of Zn" in complexes
with OH", water and other species. In this con-
nection, more concentrated sols (5x107° — 1x1072 M)
were used in the present work, where Cd:Zn ratio
was the same in both the starting Cd" and zn"
chloride solution and the colloidal CdyZn;_xS NPs.
Fig. 1a represents diffraction patterns of the
coagulates collected from the solutions with
[Cd,ZNn.S] = [SPP] = 5x10° M. The diffraction
patterns reveal three broadened peaks indicating
the presence of NPs with a cubic zinc blende
crystalline motive. The size of CdyZn,«S NPs
calculated using the Scherer formula was found to
be around 3 nm independently of the NPs
composition. Interplanar distances in CdyZn;S
NPs change with x according to the Vegard law
(Fig. 1 b) so indicating CdiZn S NPs to be
homogeneous solid solutions.
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Fig. 1. (a) X-Ray diffraction patterns of CdyZn;S NPs at x = 0 (curve 1), 0.25 (2), 0.50 (3), 0.75 (4) and 1.00 (5); (b)
interplanar distance dyy; (curve 1) and dxy (2) as a function of x; (c) absorption spectra of SPP-stabilized colloidal
Cd,Zny,S solutions at x = 0 (curve 1), 0.25 (2), 0.50 (3), 0.75 (4), 1.00 (5). [Cd,Zn1,S]o = [SPP] = 5x107° M,

cuvette — 2.0 mm
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Position of the absorption threshold (Ay) of
colloidal SPP-stabilized Cd,Zn;S NPs was found
to depend on x and on the concentration of both
reagents and stabilizer. At [CdxZn,,S] = [SPP] =
5x107 M, a variation of x from 0 to 1.0 results in
the A shift from 330-335 nm (Fig. 1 ¢, curve 1) to
510-515 nm (Fig. 1 c, curve 5) corresponding to a
decrease of the band gap E, from 3.75t0 2.5 eV.

1.2 Colloidal Fe,0O; NPs. Boiling of aqueous
iron(l11) chloride solutions results in the salt
hydrolysis and formation of stable brownish-red
iron(111) oxide colloids. Electron diffraction (ED)
pattern of freshly prepared colloidal Fe,O3 particles
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(Fig. 2a) reveals only two weak circles and a
central halo indicating the most part of iron oxide
particles to be amorphous. Ageing of the colloidal
solutions is accompanied by continuous crystal-
llization of Fe,O; particles as evident from an
increase in the number of the circles in ED patterns
and the circle narrowing. The ED pattern of Fe,O;
particles after 20 days ageing consists of at least
seven distinct reflexes (Fig. 2 b) corresponding to
the interplanar distances of 1.54, 1.88, 2.16, 2.52,
3.04, 3.61 and 4.18 A typical for hematite o-Fe,O;
[33-36].

700
A, M

Fig. 2. Electron diffraction patterns (negative images) of freshly prepared (a) and aged for 20 days (b) colloidal Fe,Os
solution; (c) TEM image of Fe,O; nanoparticles aged for 20 days (scale bar is 50 nm); (d) absorption spectra of
freshly prepared (curve 1) and aged for 20 days (2) Fe,Os colloid. [Fe,Os] = 5x10™ M, cuvette — 10.0 mm. Insert in

(d): curve 2 in the coordinates “(ahv)*® — hv”

TEM image of the iron oxide particles aged for
20 days is presented in Fig.2c. Two major NP
fractions can be observed — small 4-6 nm and
larger 20-30 nm particles. Despite the differences
in the crystallinity, the absorption spectra of both
freshly prepared and aged colloidal Fe,O3 solutions
are almost identical and consist of a featureless
absorption band smoothly descending throughout
the visible spectrum range (Fig. 2 d). A section of
the spectral curves with hv > 2.5 eV was found to
be linear in the coordinates “(ahv)®® — hv”, where
a(hv) = 2303pD(hv)CM™I™ (p is the density of
hematite, 5.24 g/cm®, D(hv) is the optical density of
the solution, corresponding to the quantum energy
hv, C is the colloidal solution concentration in
g/cm®, M is the molar mass of iron(111) oxide and |
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is the optical path). It can be therefore concluded
that the observed absorption band originates from
an indirect interband electron transition in hematite
NPs [37, 38]. Extrapolation of the linear spectrum
anamorphosis to the zero ordinate (insert in
Fig. 1 d) gives the band gap of Fe,O; particles E, =
2.1240.02, the value being in accordance with the
well-known Eg4 of the bulk hematite (2.0-2.2 eV
[38—-41]). Light absorbance at hv < E4 is supposed
to originate from defect states in the band gap near
to the conduction (valence) band edge [37, 38].

1.3 Colloidal graphene oxide. Colloidal SPP-
stabilized GO solutions were prepared by
ultrasound-assisted exfoliation of graphite oxide in
aqueous SPP solutions as described in [26]. The
method allows us to prepare colloidal GO with the
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concentration of up to 500 mg/L retaining stability
toward aggregation during the year and longer. An
atomic force microscopy study of GO particles
showed them to be 1.2—1.4-nm thick with a lateral
size of GO sheets varying from 150-200 nm to
several microns (Fig.3a,b). A dynamic light
scattering study of SPP-stabilized GO colloids
showed that the average hydrodynamic size (Lpg) of
colloidal GO sheets was around 320 nm indicating

0.0 —

that they were crumpled and partially folded in
solution, this observation also being in accordance
with those by using transmission electron (Fig. 3 ¢)
and scanning electron (Fig. 3 d) microscopy. The
results of infrared and NMR *C spectroscopy
discussed in [26] showed that both H-GO and
B-GO sheets were decorated predominantly by
epoxy-, —OH, —C=0, and —COOH groups.

1 L 1 L 1

300 400 500 600 700
A, M

Fig. 3. (a) AFM image of graphene oxide particles; (b) roughness profile of a H-GO particle for a section marked by a line in (a);
(c, d) TEM (c) and SEM (d) image of a single folded and crumpled H-GO particle; scale bar is 500 (c) and 200 nm (d);
(e) absorbance spectra of colloidal B-GO (curve 1) and H-GO (2). Insert shows enlarged sections of the absorbance
spectra after subtraction of the background absorbance of the sp*-hybridized carbon fragments of the GO particles

Oxidation "depth" of the colloidal GO
determines its optical properties (Fig.3¢€), in
particular, the position of a characteristic maximum
at Ag=220-240 nm, the intensity of nz-bands of
the functional groups in the range of 290-400 nm,
and intensity of a longer-wavelength absorption
band at A>400nm originating from electron
transitions in the non-oxidized aromatic domains of
sp>-hybridized carbon in graphene oxide sheets
[17, 18].

Reduction of GO is typically accompanied by
a "red" shift of A4 toward the position typical for
graphene and graphite (~270 nm), extinction of the
nm-bands and an increase of the light absorbance in
the visible and near IR spectral ranges. For
graphene oxide samples produced by the Brodie
and Hummers methods, the characteristic A4
maximum resides at 238 and 240 nm, respectively
(Fig. 3e). As shown in [26], the photoreduction of
colloidal SPP-stabilized H-GO by UV light
(A=310-390 nm) results in a shift of Ay to
257-258 nm, almost complete elimination of the
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nr-band and an increase in the absorbance of the
sp>-carbon domains of GO particles in the visible
and near IR parts of the spectrum.

The B-GO sample exhibits a combination of
several nm-bands at A=290-400 nm, obviously
belonging to  different  oxygen-containing
functionalities (Fig.3e, curvel). The insert in
Fig. 3 e shows fragments of the spectra of colloidal B-
GO and H-GO after subtraction of the continuous
background introduced by the light absorption by sp?
domains. It is evident that in the range of A >400 nm
corresponding to the photoexcitation of the
polymerization systems under study, the integral nz-
band intensity of the B-GO sample is almost twice as
large as that for the H-GO sample, indicating a much
higher content of the oxygen-containing functional
groups in the B-GO.

General characterization of acrylamide
photopolymerization. 2.1 Colloidal CdS and
Cd.Zn,,S NPs as photoinitiators. Complete and
equivalent light absorption by Cd«Zn, S NPs
throughout the entire range of x values can be
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achieved only if the solutions are illuminated by a
short-wave source, for example, with a mercury
253.9 nm line. However, under such illumination
non-catalytic spontaneous photopolymerization of
acrylamide was found to take place. So, to avoid
possible interference of non-catalytic and
photocatalytic processes, a longer-wave mercury
lines with A =313 and 365 nm was used to excite
CdwZn«S NPs and therefore the NP range
restricted to x > 0.3.

When there is no photocatalyst present in a
monomer  solution (0.5-10.0 M), the AA
concentration remains constant at prolonged (3—4 h)
illumination. In the presence of CdS or CdyxZn; S
NPs, fast reduction of the monomer concentration
and growth of the solution viscosity due to polymer
formation are observed. The facts indicate that the
photocatalytic polymerization takes place with the
participation of semiconductor NPs. Fig. 4 a shows

30 40 50 60
¢, min

0 10 20

a

kinetic curves of the AA photopolymerization in
solutions of various compositions. A comparison
of the curves 1 and 2 in Fig. 4 a shows that about
half the monomer is converted into the
polyacrylamide in the initial 10-15 min of the
illumination with 70-80 % monomer conversion
after 1 h illumination. A gradual slowing of the
photopolymerization can be accounted for by the
monomer consumption and NP surface blocking by
the polymer.

Both the conduction band electrons and the
valence band holes can initiate the photopoly-
merization via respectively reduction or oxidation
of a monomer to ion-radicals. At the same time, the
valence band potentials of both CdS and Cd,Zny_,S
NPs are sufficiently high for the monomers
oxidation (Evg>1.6 V versus standard hydrogen
electrode, SHE).
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Fig. 4. (a) Kinetic curves of acrylamide photopolymerization in degassed solutions in the presence of CdS (curve 1) and
CdosZnosS NPs (2) only, CdS NPs and Na,SOs (3), CdS NPs and MV (4), and CdysZngsS NPs and MV (5); (b)
Kinetic curves of acrylamide photopolymerization in degassed solutions induced by CdS (curve 1), Cdy75ZNno25S (2),
CdosZnesS (3) and CdozZno;S NPs (4). Insert: A semilogarithmic relationship between the quantum yield of AA
photopolymerization and the conduction band potential of CdyZnyS NPs. [Cd,Zn,,S] = 1x107° M, [SPP] = 3x10™ M,

[AA] =05 M, [Na,SO5] = 0.1 M, [MV?] = 1x10° M

A relative contribution of the conduction band
electrons and valence band holes into the
photoinitiation of the polymerization can be
estimated separately by the help of agents capable
of selective scavenging of one sort of the charge
carriers. In such a way, a relative contribution of
€cp can be deduced studying the photopoly-
merization in the presence of sodium sulfite, which
can scavenge h'vg and suppress the monomers
oxidation. On the other hand, carrying out the
photopolymerization in the presence of MV one
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can eliminate a contribution of monomer reduction
by e cg. A comparison of the curves 1 and 4 or 2
and 5 in Fig.4a shows that the photo-
polymerization rate falls by a factor of four — from
2.75x107™ to 0.7x10™* M/s in the case of CdS NPs
and from 3.83x10™ to 0.92x10™* M/s in the case of
CdosZngsS NPs, when the photoreaction is carried
out in the presence of methylviologen. It should be
noted that the photopolymerization rate does not
fall to zero, although the MV?" concentration is
three orders higher than that sufficient for complete
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scavenging of the photogenerated electrons. The
fact speaks in favor of the h'yg participation in the
photopolymerization, the relative contribution of
this channel of primary radical generation not
exceeding 25 %. The conclusion about the domi-
nating role of e cg in the photoinitiation is also
supported by a 60 % increase in the photopolymer-
rization rate, from 2.75x10™ to 4.47x10™* M/s
(compare curves 1 and 3 in Fig. 4 a) when Na,SOs
is introduced. Sulfite ions, though suppressing
complementary photoinitiation route with the
participation of h'ys, impede strongly the
recombination processes and so promote the
monomer reduction by e cg.

The rate of AA photopolymerization in air-
exposed solutions is only by a third smaller than
that observed in degassed solutions. It can therefore
be concluded that oxygen does not affect
noticeably the primary photochemical events on
the surface of semiconductor NPs. This is a striking
feature of the semiconductor NPs distinguishing
them from organic photoinitiators. The absence of
any induction period during the first 5-10 min of
the photopolymerization in the presence of air
indicates that oxygen is a weak inhibitor in the
systems under investigation. It is known that during
an initial stage of the radical photopolymerization
oxygen can build into the growing polymer chain
giving regular —(M-O-O-M-0-O),— structures
(where M is a monomer) [42-44]. There is
approximately 3x10™M of the oxygen in air-
saturated water at 18-20 °C [45]. Taking into
account that typical photopolymerization rates are
(2.0-5.0)x10" M/s, one can expect a sharp
decrease in O, concentration in the first minutes of
the photoreaction, while the diffusion of new
portions of oxygen would be hindered due to
increased viscosity of a solution and lack of the
stirring.

It is widely accepted that the photopolyme-
rization of acrylic monomers in aqueous solutions
proceeds only via a free-radical mechanism
[42, 44]. This mechanism implies transformation of
primary charged monomer ion-radicals into neutral
radical species. As probable routes for these
transformations the protonation of an anion-radical
and the deprotonation of a cation-radical
deprotonation can be assumed [44]. The CdS and
Cd.Zn.4S NPs act as an efficient photocatalyst of
hydrogen evolution from aqueous solutions
[46, 47]. In this view, an alternative scheme of
primary radicals generation can be proposed
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assuming primary neutral radical generation via
hydrogen atom addition to a monomer molecule.
To assess the probability of this photoinitiation
route, an effect of AA on the photocatalytic
hydrogen evolution from an aqueous solution of
sodium sulfite (1x102M) and CdgsZngsS NPs
(5x10° M) was studied. This process becomes
noticeably slower already in the presence of small
amounts of AA (~10°M) and is quenched
completely at [AA]=1x1072M, confirming fea-
sibility of atomic hydrogen participation in the
generation of primary monomer radicals.

Fig.4b shows kinetic curves of the AA
photopolymerization in the presence of CdyZn; S
NPs of various compositions. The variation of the
quantum yield of the photoprocess with x (Table 1)
also supports the assumption about the dominating
role of monomer reduction with e g in formation
of primary radicals. It can be seen from Table 1
that the quantum yield grows from 3.2 to 5.8 with
the molar Cd(ll) fraction in Cd«Zn.,S NPs
decreasing from 1.0 to 0.3. Experimental condi-
tions being the same, one can deduce that an
increase in the quantum vyield from CdS to
Cdo7sZnosS  to CdSpsZnesS to CdysZngsS
originates from an increase in the primary radical
formation rate.

The valence band potential Eyg of the bulk
cadmium and zinc sulfides is 1.6 V [48, 49] and 1.8
V [46, 50] versus NHE respectively. Combining
these values with the band gap energies Eq of bulk
cubic CdS (2.4eV) [48,49] and ZnS (3.6 eV)
[46, 50], we obtain the conduction band potentials
for cadmium sulfide Ecg =-0.8 V and zinc sulfide
Ecg =-1.8 V. Comparison of both Ecg values
shows that the conduction band increment from
CdS to ZnS (1.0 eV) is 5 times higher than that of
the valence band potential (0.2 V). The dependence
between the quantum yield of AA photopolymer-
rization and the composition of Cd,Zn; S NPs is
therefore likely to originate not from the variation
of the valence band energy but from the Ecg
increase with decreasing x.

A difference between the Eyg values of
cadmium and zinc sulfides being comparatively
small, using a simple linear combination (1) for the
calculation of Eyg(x) would not apparently
introduce substantial error into the determination of
the Ecg of CdyxZn,S NPs from eg. (2):

EVB(X) = XEVB(CdS) + (1—X)EVB(ZnS), (1)
Eca(X) = Eva(X) — Eg(X). 2)
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The Ecg values computed by this method for
CdS and Cd,Zn;,S NPs at x = 0.3, 0.5 and 0.75 are
presented in Table 1. It can be seen from the table
that @ increases along with the augmentation of the
conduction band potential of the semiconductor
NPs.

Table 1. Quantum yield @ of AA photopolymerization
in the presence of Cd,Zni,S NPs with a
different conduction band potential Ecg

X D Ecg, V
1 0.30 5.8 -1.37
2 0.50 4.8 -1.15
3 0.75 3.8 -0.94
4 1.00 3.2 -0.80

Notes: @ was determined at [Cd,Zn;S] = 1107 M,
[SPP] = 3x10° M, [AA] =0.5M

Correlations between a rate constant of the
interfacial charge transfer ke (which determines the
guantum vyields of the photoinitiation and the
photopolymerization as a whole) and the energies
of an electron donor Ep (Ep = Ecg(X) in the case
under discussion) and an acceptor Ea (here — one-
electron acrylamide reduction potential Exs) can be
described by the Tafel equation [50, 51]:

log(Ketket') = 0Ep — E) 3)

where ke’ is a charge transfer rate constant at a
standard potential, o is a coefficient. If the
observed @ — x dependence is actually determined
by the overvoltage of AA reduction by € cg, Ecs(X)
— Eana, @ linear dependence between log(®) and
Ecg(x) should exist. This was found to be the case
(see insert in Fig. 4 b), supporting an assumption
about the crucial role of the rate of electron transfer
from the conduction band of Cd,Zn;-,S NPs to
monomer molecules.

2.2 Colloidal Fe,0; NPs as a photoinitiator.
Illumination of the solutions where both AA and
Fe,O5; NPs are present, with the UV (A =310-390 nm)
or visible light (A =400-600 nm), results in a
gradual decrease of the monomer concentration
and growth of the solution viscosity due to polymer
formation. In the absence of iron oxide NPs, AA
concentration remains constant at prolonged
illumination (3—4 h). It can be concluded that Fe,05
NPs act as the photoinitiator of AA polymerization.
There holds a balance between the mass of the
monomer consumed to the moment when the
photoreaction is stopped and the mass of a
polymeric product, the fact indicating the
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photopolymerization be the sole path of monomer
consumption.

If the photoinitiation of AA polymerization
involves conduction band electrons, similarly to
Cd.Zny«S NPs, a fall of the photopolymerization
rate after the admission of air into the reaction
mixture can be expected, since the oxygen is an
efficient electron acceptor. It was found though,
that the photopolymerization rate decreases only
slightly (~10-15 %), when oxygen molecules are
present in a solution. So, one can conclude that 'cg
does not reduce neither oxygen nor the monomer,
the valence band holes being apparently the basic
participant of primary radicals generation. The
same conclusion can be derived from the
evaluation of the energetic characteristics of the
photopolymerization system components. The Eyg
of hematite is +1.85 V versus SHE at pH 14 [53].
The most part of the presented experiments were
performed in neutral solutions with the initial
monomer concentration [AA]o = 0.5M. At pH7
Evs(a-Fe,03) = +2.26 V (SHE). So, the conduction
band potential of the colloidal iron(I11) oxide NPs
with Eg=2.12 eV is also positive, Ecg = +0.14 V
(SHE). This potential is apparently too low for one-
electron reduction of oxygen (E°=-0.33V, SHE
[53]). Though the exact value of the AA reduction
potential is not to be found in literature, it is known
that the reduction potentials of acrylic acid
derivatives are in general close to -1V (SHE)
[8, 54]. Hence, the direct AA reduction by the
Fe,O; NPs conduction band electrons is also
unfavorable.

The indirect monomer radicals generation via
the AA reduction by the hydrogen atoms, which
can form at the water reduction by e cg can also be
discarded because E(H/H") = -0.41V (SHE) at
pH 7. Additional experiments showed that no
molecular hydrogen forms even at a trace amount
at prolonged illumination of iron(lll) oxide
colloids. Summarizing, one can conclude that the
most probable way of the primary radicals
generation in the system under investigation is the
AA oxidation by the Fe,O5 valence band holes.

The molecular mass of polyacrylamide (PAA)
produced in air-saturated solutions,
(0.740.1)x10° g/mol, is substantially lower than
that of the polymer obtained from degassed
solutions, (1.2+0.1)x10° g/mol. This can be due to
the participation of oxygen in the chain termination
reactions [Fe30, Fe31].
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It has been found that photocatalytic activity of
Fe,03 NPs in the photoinitiation of AA polymeri-
zation depends notably upon the duration of the
colloidal solution ageing (Fig. 5). Upon the ageing
of Fe,O3 NPs during 1-10 days, a constant growth
of the rate of AA photopolymerization is observed,
the stationary photoactivity being achieved in
12-20 days. Taking into consideration the above-
discussed TEM and ED results, the growth of
photocatalytic activity of Fe,O3 NPs upon ageing
can be associated with gradual crystallization of the
colloidal semiconductor and a decrease in the
fraction of amorphous iron(l11) oxide. It is a well-
known fact that oxide semiconductors, for
example, TiO,, manifest noticeable photocatalytic
activity only when being in the crystalline state
[55-57]. Very fast recombination processes in
amorphous semiconductors [58] result evidently in
the suppression of the photochemical reactions.

'—'m
2“0.9
=
Q:Q
0.6
0.3}
00
0O 3 6 9 12 15 18 21
t, days

Fig. 5. Relationship between the ageing duration of
colloidal Fe,O3 solution and the rate of acrylamide
photopolymerization in the presence of air. [Fe,O4]
=3x10"* M, [AAly =05 M, | = 1.67x107 Einstein/s

2.3 Colloidal graphene oxide as a photo-
initiator. lllumination of argon-saturated solutions
containing both the SPP-stabilized GO and
acrylamide by the visible light (A > 400 nm) results
in an increase in the solution viscosity proportional
to the exposure (Fig. 6). In the absence of the
monomer the viscosity remains constant under
illumination and by the value close to the viscosity
of both water and the monomer solution kept in the
dark for the same time period (Table 2, rows 1 and 2).

These observations suggest that GO acts as a
visible-light-sensitive photoinitiator of the AA
polymerization. The weight-average molecular mass
of the polyacrylamide produced was found to be
~1x10° g/mole (at 0.8 M AA and 0.1 mg/mL H-GO).
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lllumination of the AA-containing solutions
saturated with air does not result in any changes in
the viscosity so evidencing that the molecular
oxygen acts as an efficient inhibitor of the
photoinduced polymerization in the system under
discussion. In this view GO behaves as a typical
organic molecular photoinitiator. The average
molecular mass and molecular mass distribution of
the polyacrylamide were found to be constant in the
first 60-90 min of the photopolymerization, so the
solution viscosity can be assumed to be directly
proportional to the polymer molecules number. As
the photoinduced viscosity changes in the time range
studied is of almost linear character (Fig. 6), an
increment of the solution viscosity at a given
illumination period, for example, the first 30 min,
can be used as a measure of the photopolymerization
rate.

3.0

e e
= W
T

Viscosity, MPa per s

1.0

0 1020 30 40 50
¢, min
Fig. 6. Change of the viscosity of the colloidal GO
solution (0.1 mg/mL) illuminated by the visible

light in the presence of 0.8M acrylamide.
[SPP] = 1x10° M

These observations suggest that GO acts as a
visible-light-sensitive photoinitiator of the AA
polymerization. The weight-average molecular
mass of the polyacrylamide produced was found
to be ~1x10° g/mole (at 0.8 M AA and 0.1 mg/mL
H-GO). Illumination of the AA-containing
solutions saturated with air does not result in any
changes in the viscosity so evidencing that the
molecular oxygen acts as an efficient inhibitor of
the photoinduced polymerization in the system
under discussion. In this view GO behaves as a
typical organic molecular photoinitiator. The
average molecular mass and molecular mass
distribution of the polyacrylamide were found to



O.L. Stroyuk, S.Ya. Kuchmiy, N.S. Andryushina

be constant in the first 60-90 min of the
photopolymerization, so the solution viscosity
can be assumed to be directly proportional to the
polymer molecules number. As the photoinduced
viscosity changes in the time range studied is of

almost linear character (Fig. 6), an increment of
the solution viscosity at a given illumination
period, for example, the first 30 min, can be used
as a measure of the photopolymerization rate.

Table 2. Viscosity of deaerated aqueous solutions of acrylamide kept under various conditions

Conditions

Viscosity, mPaxs

illuminated...

illuminated in the presence of H-GO,

excitation at A =310-390 nm for...

O~NOURNWNER|Z

which was preliminary photoreduced by

kept in the dark for 30 min in the presence of H-GO

illuminated in the presence of H-GO at A > 460 nm

1.01

...without additives 1.07
...in the presence of B-GO 4.62
...in the presence of H-GO 2.68
...30 min 1.82

...60 min 1.57

...90 min 1.06

1.05

Notes: [AA], = 0.8 M, [GO]= 0.1 mg/mL, the wavelength range of illumination in 1-7 — X > 400 nm, exposure — 30 min.

The viscosity of distilled water at 25 °C is 0.89 mPaxs

The efficiency of AA photopolymerization
was found to depend critically on the oxidation
degree of colloidal GO. In particular, the most
efficient photoinitiator is B-GO, that is the
graphene oxide synthesized by the Brodie method
(Table 2, line 3), which carries the largest amount
of the oxygen-containing functional groups
[17, 18]. Although the integral nz-band intensity of
the B-GO sample is almost twice as large as that
for the H-GO sample indicating a much higher
content of the oxygen-containing functional groups
in the B-GO, the photopolymerization rate is
almost two times higher for B-GO than for the less
oxidized H-GO (Table 2).

Photochemical reduction of H-GO under the
illumination in the range of A =310-390 nm [26]
prior to the photopolymerization experiments
results in further deterioration of the capability of
graphene oxide to induce photopolymerization of
acrylamide (lines 4-6) till the almost complete loss
of photoactivity for the photoreduced H-GO
produced at 90 min illumination (Table 2, line 7).
In the latter case the chromatographic measure-
ments confirmed absence of any polymeric species
in solutions after 60-90 min illumination with the
visible light (A >400nm). Moreover, at
illumination of H-GO — AA solutions with the
longer-wavelength light, A > 460 nm, that is out of
the absorbance range of the nr-bands of graphene
oxide, no increment of the solution viscosity was
observed as well (Table 2, line 8). So, two basic
factors determining GO activity in AA photo-
polymerization are (i) the content of the oxygen-
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containing functionalities contributing to the nx
absorption band and (ii) correspondence between
the spectral range of excitation light and the range
of nr-absorbance of graphene oxide.

Taking into consideration the capability of GO
to photochemical transformations [21-26], one
may expect that at the photoinduced polymeri-
zation of acrylamide, concurrent photoreduction of
GO should also occurs. At the same time,
experimental data indicate that the latter process
either does not take place or occurs with negligible
efficiency. In particular, illumination of the “B-GO
— AA” systems at A >400 nm during 40-50 min
results in a mere 15-20 % lowering of the integral
intensity of the nm-bands with their number and
shape unchanged, while complete extinction of the
nr-band is usually observed at exciting B-GO in
the spectral range of 310-390 nm. Besides,
separate  experiments  showed that the
photoreduction of B-GO alone by the UV light
resulted in almost complete quenching of the
B-GO fluorescence already in the first minutes of
exposure. At the same time, only minor changes of
the B-GO fluorescence band parameters were
detected when the “B-GO — AA” system was
excited at A >400 nm during the entire course of
the photochemical experiment, so indicating very
low rate of the B-GO photoreduction in such
conditions. Finally, as shown here, preliminary
photoreduction of H-GO results in deterioration of
its capability of photoinitiating of acrylamide
polymerization. At the same time, the
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photopolymerization rate was found to be almost
independent on the light exposure (Fig. 6).
Therefore, we can neglect possible photoreduction
of graphene oxide when analyzing the kinetic

features of the GO-induced acrylamide
photopolymerization.
Kinetic aspects of acrylamide

photopolymerization. 3.1 Influence of monomer
concentration. Cd,Zn,,S and Fe,0Os; NPs. Fig. 7

3
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illustrates a dependence between the AA
photopolymerization rate and the starting AA
concentration for CdysZngsS (a) and Fe,O3; NPs
(b). Kinetic orders by the monomer
concentration, ny = 1.45+0.05 (CdosZnysS) and
nw = 1.5+0.1 (Fe,03) were calculated from the
logarithmic transforms of the curves presented in
Fig. 7 (see inserts).
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Fig. 7. Rate of AA photopolymerization in the presence of CdysZngsS (a) and Fe,O3 NPs (b) versus the initial monomer
concentration. Inserts: the same dependences in logarithmic coordinates. [CdysZnsS] = 1x107° M, [SPP] = 3x10° M,
[Fe;0;] = 3x10™* M (aged for 20 days), | = 1.67x10 Einstein/s

A linear dependence between the rate and the
initial monomer concentration is usually observed
(nm=1.0) when the chain-radical photopolyme-
rization of acrylic monomers is initiated by
molecular photoinitiators [42, 44]. As the most
probable reason for the kinetic reaction order by
the monomer higher than unity, the participation of
the monomer in primary radicals generation can be
assumed. Indeed, when molecular photoinitiators
(for example carbonyl aromatic compounds,
polyvalent metal complexes [3,44], dyes
[44, 45, 59], etc.) are used to induce photopoly-
merization, the light absorption results either in
photoinitiator decomposition or its transition into
an excited state, which interacts further with
components of a solution, in particular, with a
solvent, giving primary radicals. At that the
monomer reacts either with primary radicals
generated from a photoinitiator or with growing
polymer chain, participating exclusively in the
chain propagation stage. In the systems under
discussion a monomer oxidation by h'yg or its
reduction by e cg results directly in the monomer
radicals formation. Involvement of the monomer
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into both the photoinitiation and chain propagation
results in an increase of ny up to 1.5. Not only the
photopolymerization rate but also the molecular
mass of polymeric products depend upon the initial
monomer concentration. In air-saturated solutions
of CdosZnesS NPs (1x10°M) and AA the
molecular mass of polyacrylamide is 0.2x10° at
[AA]o = 0.5 M, (0.45-0.50)x10° at [AA], = 0.75 M,
and (1.25-1.30)x10° at [AA]o = 1.0 M.

Graphene oxide. The AA photopolymeri-
zation rate was found to grow at increasing the
monomer concentration reaching a "plateau” in the
range of [AA] > 0.8 M and then remaining almost
unchanged at further increase in the AA
concentration (Fig. 8a). A dynamic light scattering
study on colloidal "GO — AA" systems showed that
introduction of acrylamide and further elevation of
its concentration result in a drastic increase of the
hydrodynamic radius Lpy of H-GO particles
(Fig. 8 b) as a resulted of their aggregation. In the
absence of acrylamide a peak of L distribution is
located at 120—140 nm (curve 1). As 0.5 M monomer
is introduced into the solution the average Lyq shifts
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to 200-250 nm, the distribution broadens and a
highly aggregated fraction of GO appears with the
average Lpg value at 2.5-3.0 um (curve 2). Further
increase in the AA concentration to 1.0 M results in
almost complete aggregation of GO particles
(curve 3).

As established by the chromatography, the
molecular mass of the polyacrylamide produced at
[AA] = 0.6 M and [AA] = 1.2 M is the same.
Therefore, the plateau on the dependence given in
Fig. 8a reflects slowing of the photoinitiation with
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Fig. 8.

increasing the acrylamide content at [AA] > 0.8 M,
most probably as a result of agglomeration of
colloidal GO particles. It can be supposed that the
interaction between the primary radicals produced
at photoexcitation of the aggregated GO and the
AA is hindered and, as a result, the primary
radicals recombination competes efficiently with
their reactions with acrylamide. An increase in the
monomer concentration induces further agglome-
ration of GO particles and deterioration of their
capability of initiating the photopolymerization.
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(a) Viscosity of the photopolymerization systems after 30-min exposure at different starting concentration of

acrylamide; [H-GO] = 0.1 mg/mL, [SPP] = 1x10 M; (b) distribution of colloidal H-GO particles by the hydrodynamic
radius (Lyng) without monomer (curve 1) and with 0.5 M (2) and 1.0 M acrylamide (3). [H-GO] = 0.025 mg/mL,

[SPP] = 1x10° M

The kinetic reaction order by the monomer
concentration derived from a section of the
dependence, corresponding to [AA] < 1.0 M, was
found to be ny; = 0.9 + 0.1, that is close to the value
nv = 1.0 expected for the “classic” case of free-
radical photopolymerization when a monomer does
not participate immediately in the photochemical
generation of primary radicals. Again, in this view
GO resembles classical organic photoinitiators
rather than the semiconductor NPs. In the
"graphene oxide — AA" system primary radicals
are most probably generated via photoinduced
elimination of functional groups from the basal
plane of GO sheets. The GO photoreduction with
the light quanta larger than ~3 eV (A < 415 nm) is
assumed to proceed via elimination of carbonyl
and carboxyl groups in the form of CO and CO,
molecules producing the radicals H* (OH®) and R®
(R is the bulk of a GO particle) recombining
immediately [24]. It is reported also that graphene
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oxide is capable of thermal initiation of the free-
radical polymerization of N-vinylpyrrolidone [31].
As detected by EPR in [31], the radical centers
were produced even at mild heating of GO
suspensions.

Initiation of the photopolymerization can also
involve —OH groups of GO. Photoinduced
migration of these functionalities to the periphery
of sp’-carbon domains in the basal plane of GO is
currently assumed to be one of the basic
mechanisms of expansion of the aromatic system
of conjugated sp’carbon atoms at the GO
photoreduction [17,18]. A couple of radical
centers generated by breaking the C—OH bonds
apparently can induce the polymerization of
acrylamide. Alternatively, the primary radicals can
also be supplied from water oxidation by the
photoexcited GO [26].

3.2 Influence of light intensity. Cd,Zn,,S and
Fe,O; NPs. Relationships between the light
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intensity | and the AA photopolymerization rate in
the presence of Cd,Zn;S NPs (Fig. 9 a, curve 1),
Fe,O3 NPs (curve 2) and graphene oxide (Fig. 9 b)

0.5}

0.0
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Light intensity / 10°, Einstein/s
a

are described by a power dependence typical for
the free-radical photopolymerization of acrylic
monomers [43, 44].
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Fig. 9. The rate of acryamide photopolymerization versus light intensity | for CdysZnesS NPs (a, curve 1) and Fe,Os NPs
(a, curve 2); [AA] = 0.5 M, [Cdys5ZngsS] = 1x107° M, [SPP] = 3x10 M, [Fe,0;] = 3x10™* M (aged for 20 days); (b)
viscosity of the photopolymerization system based on graphene oxide after 30-min exposure at a different relative
intensity of the light flux; [AA] = 0.8 M, [SPP] = 1x107> M. In (b) [H-GO] = 0.1 mg/mL

The kinetic polymerization orders by the light
intensity are n; = 0.3310.02 for CdxZni«S NPs,
n; = 0.384+0.07 for Fe,O3 NPs, and n, = 0.40 + 0.05
for H-GO. A somewhat lower than expected value
of n, is often observed when the relaxation of
electron excitation of a photoinitiator depends in a
non-linear manner upon the excitation light
intensity I. For example, n, is usually not higher
than 0.3-0.4 for the photopolymerization induced
by semiconductor NPs [7-14], when the primary
photochemical reactions compete with electron-
hole recombination, the rate of the latter being
proportional to 1° [60]. In graphene oxide the
energy supplied by the photoexcitation of oxygen-
containing chromophores can be transferred to
aromatic sp>-clusters and then be consumed for
activation of chemical processes (for example
migration of —OH group). The aromatic sp*-carbon
domains surrounded by the sp*-carbon matrix of
GO can be considered as a “flat” analogue of the
semiconductor NP embedded into a dielectric
material, that is the radiative electron-hole
recombination in sp’carbon domains can also
depend in a non-linear manner on the excitation
light intensity. Deviation of n, from the expected
value can be associated with the recombination
processes in sp>-carbon domains of GO competing
with the primary photochemical processes.
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3.3 Influence of photoinitiator concentration.
CdS and Cd,Zn,_,S NPs. A correlation between the
initial rate of the acrylamide photopolymerization
and the molar CdysZngsS concentration is given in
Fig. 10 a for both degassed (curve 1) and aerated
(curve 2) solutions. The plateau on the curve 1 at
[CdysZngsS] > 8x10*M can originate  from
saturation of the light absorbance. A difference in
the form of the curves 1 and 2 is probably due to
the fact that at low NPs contents, when the light
absorption and consequent primary radicals
concentration is low, O, consumption is slow
allowing effective quenching of the macro-chains
growth.

Iron oxide NPs. The photocatalytic AA
polymerization in the presence of air is of
considerable interest first of all from the practical
viewpoints, for example, for the photochemical
PAA synthesis or for the design of photocurable
compositions [61, 62]. So, the kinetics of the
photocatalytic polymerization was studied mostly
in air-exposed systems. Fig. 10 b illustrates a
dependence of the photopolymerization rate upon
the molar Fe,O; concentration. It is of an S-like
shape originating most probably from the efficient
inhibition by oxygen at low photocatalyst content.
When the Fe,O; concentration is elevated, the light
absorbance of the photopolymerization system and
the primary radicals concentration grow too,
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making the inhibitive oxygen effect less
pronounced. It was found that at low photoinitiator
concentrations ([Fe;0s] = 5x10™ M) evacuation of
the reaction mixtures resulted in an almost ten-fold
R, increase. At [Fe;,05] > 3x10™ M saturation of
the light absorption is achieved and the further
growth of the iron oxide concentration does not
affect considerably the photopolymerization rate.
When the complete light absorbance is achieved,

the photopolymerization rate remains virtually
constant in a wide range of the NP concentration
(Fig. 10 b). One can therefore conclude that
semiconductor NPs do not participate in the
termination of growing polymer chains. This
conclusion is supported also by the fact that the
molecular mass of polyacrylamide does not
noticeably change at the variation in the iron oxide
concentration from 3x10™ to 1.5x107 M.
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Fig. 10. (a, b) Rate of acrylamide photopolymerization induced by CdysZngsS NPs (@) in degassed (curve 1) and air-saturated
(2) solutions and by Fe,O3; NPs in air-saturated solution (b) versus molar semiconductor concentration; [AA] = 0.5 M,
| =1.67x107 Einstein/s; (c) viscosity of H-GO-based photopolymerization system after 30-min exposure at a different
concentration of H-GO; [AA] = 0.8 M, [SPP] = 1x10° M. In (c) [H-GO] = 0.1 mg/mL

Graphene oxide. The final viscosity of the
photopolymerization systems was found to grow
with an increase in H-GO concentration reaching a
maximal value at [GO] around 0.1 mg/mL and
decreasing at a higher GO content (Fig. 10 c).
According to the dynamic light scattering data, an
increase in GO concentration in the range studied
does not result in any appreciable changes of the
hydrodynamic size of colloidal GO particles. A
decrease in the photopolymerization rate at
[GQO] > 0.1 mg/mL cannot, therefore, be associated
with the aggregation of GO particles as was
assumed above when interpreting the correlation
between the photopolymerization rate and the
monomer concentration. No decrease was observed
in the viscosity of the photopolymerization
composition at [GO] > 0.1 mg/mL be associated
with the light filtration by the photoinitiator
because even at the highest GO concentration the
optical density of work solutions at A > 400 nm did
not exceed 1.0. Taking these observations into
account, the most probable origin of the extreme
nature of the dependence given in Fig.10c is
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participation of the GO particles in termination of
the growing macro-radicals. In accordance with
this assumption the weight-averaged molecular
mass of polyacrylamide produced on the right side
of the maximum, at [GO] = 1.5 mg/mL was found
to be by 40-50 % lower than that of the polymer
produced on the left side of the maximum, at
[GO] =0.05 mg/mL. The capability of GO to
interact with growing polymer chains is well
known and has recently been used to graft GO with

polyacrylamide, polyacrylic acid [63], and
polyvinyl acetate [64].
CONCLUSIONS
The photopolymerization of acrylamide

induced by visible light (A > 400 nm) absorbed by
colloidal particles of Cd,Zny,S (x > 0.3), hematite
Fe,O3; and graphene oxide is reported. In the case
of CdZn;«S NPs the dominant pathway of the
generation of primary radicals was suggested to be
the reduction of adsorbed monomers by the
conduction band electrons of Cd,Zn;.,S
nanoparticles. Two complimentary photoinitiation
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channels were assumed to exist — the monomer
oxidation by the valence band holes and the
addition of photocatalytically produced hydrogen
to monomer molecules. For Fe,O; NPs with the
conduction band potential lower than the redox-
potential of monomer, water or oxygen reduction,
the principal route of primary radical generation is
oxidation of the monomer by the photogenerated

reason for the growth of the quantum efficiency of
the photocatalytic polymerization.

The Fe;O; NPs-initiated acrylamide photo-
polymerization  proceeds with  comparable
effectiveness in both deaerated and air-exposed
aqueous  solutions at comparatively low
photoinitiator concentrations ([Fe;Os] < 1x107° M)
and vyields polyacrylamide with relatively high

valence band holes. In graphene oxide-based
system the photoinitiation was found to proceed
with the participation of oxygen-containing
fragments of graphene oxide particles, the photopo-
lymerization rate growing with an increase in the

molecular mass (1.2x10°g/mol in degassed
solutions and 0.7x10° g/mol in the air-containing
systems).

On the basis of the kinetic analysis of the
photopolymerization process it has been found that
content of such functional groups and vice versa the photoinitiation is achieved most probably at the
lowering  drastically at their photoinduced interaction between acrylamide and primary free
elimination. radicals produced by photoexcitation of

A correlation between the composition of semiconductor NPs or graphene oxide while the
CdxZn..S NPs and their photocatalytic activity in basic chain termination route is recombination of
the polymerization of acrylamide was found. the growing macro-radicals. The kinetic data also

Growth of the conduction band potential of the indicate possibility of Cd,Zn;.S NPs and graphene
semiconductor nanoparticles at an increase in the oxide participation in the chain termination.

molar Zn" fraction was suggested as the main
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Jlocriooiceno homononimepuzayito akpunamioy y 600HUX POZYUHAX, THOYKOBAHY npu Ofi 6UOUMO20 C8imad
(2>400 nm) na xonoiomi wacmunxu CZny,S, Fe,03 ma oxcudy epageny. B zanedxcnocmi 6i0 npupoou
domoiniyiamopa, nepsuHHi pPacuKaiu YmeEOpHIOMbCs NpU GIOHOGIEHHI MOHOMepa (HOmMoceHeposaHuMU
enexmponamu 30nu nposionocmi (y eunaoxy CtZn,S), oxucnenni monomepa pomoeeneposanumu Oipramu
sanenmnol 3onu (Fe,03) abo o eHaACIiOOK 63aEMOOLI Mide MOHOMEPOM MA BILIGHUMU DPAOUKANAMU, WO
ymeopiolomscsi 8 pezyibmami gpomonizy iniyiamopa (oxcuo epageny). Illeuoxicms gomononimepuzayii
3pocmae nponopyitiHO AOCOMOMHOMY 3HAYEHHIO NOMEHYIany 30HU npogionocmi Hanoyacmunok CdZni,S,
AKUL UBHaYaemucsi ix ckiaoom. Domononimepuszayis axkpunamioy, inoykoeana Hauouacmunxkamu Fe;0s,
8I00YBAEMbCsL OOHAKOBO eeKMUBHO 5K 8 0e2A306aHUX, MAK | 8 HACUYEHUX NOBIMPSIM POHUHAX, WO BIOPI3HAE
00CIOMNCEeHT HAHOYACMUHKU 810 MPAaouyiiHuX opeauiynux ¢omoiniyiamopis. B pesynomami ananisy
KIHEMUYHUX napamempie omononimepuzayii. 6CmMaHo6ieHo, wo npoyec 6i00Y8acmvcsi 3a PAOUKATbHO-
JIGHYI0208UM — MEXAHI3MOM, NPUYOMY  OCHOBHUM — MAPWPYmom o0pusy JaHyled € peKomoOiHayis
Makpopaouxanie. Kinemuuni OaHi MAKOJC 6KA3YIOMb HA MOJCIUBICMb Yuacmi 6 00pugi JaHyrea
Hanouacmurox CtZn,,S i oxcudy epageny.

Knrwowuosi cnosa: cynoghio xaomir, cyib@io yuuKy, OKCUO 3ai3d, OKCUO 2paheHy, HAHOKPUCTATU,
gomokamaniz, pomononimepuzayis
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AJL Crpowk, C.A. Kyumnii, H.C. Angprommna

Unemumym guzuueckou xumuu um. JI.B. Iucapcesckoeo Hayuonanwno akademuu Hayk YxkpauHul
np. Hayku, 31, Kues, 03039, Vkpauna, stroyuk@inphyschem-nas.kiev.ua

H3yuena omononumepuzayus axpuiamuoa 6 600HbIX PACMEOPAX, UHOYYUPOBAHHAS NpU Oeucmeuu
suoumoeo ceema (A=>400 um) na xonnrouonsie yacmuyst CdyZNn,,S, Fe,03 u oxcuda epagena. B 3asucumocmu
om npupoobl  omouHUYUAMOpa, NEPEUtHble PAOUKATbLL 0OPA3VIOMC NPU 80CCMAHOGIEHUU MOHOMEPA
gomoecenepupyemvivu  snexmporamu 30nel npogooumocmu (6 cayuae C0ZNiLS), oxucnenuu monomepa
gomocenepupyemvimu Ovipramu saienmuou 30ubl (Fe203) wiu sice 6 pesymvmame 83auMOOEUCMBUSL MEHCOY
MOHOMEPOM U CBODOOHBIMU PAOUKANAMU, 00pazyiouumucs npu gomonusze unuyuamopa (oxcud epagena).
Cropocmb  ghomononumepuzayuu  8o3pacmaem nPONOPYUOHATILHO AOCOTIOMHOMY 3HAYEHUIO NOMEHYUALa
30HbL nposooumocmu wanovacmuy CdiZNg.,S, komopwiii onpedensemcs ux cocmagom. Pomononumepusayus
akpunamuoa, uHoyyupyemas Hanoyacmuyamu Fe;Os,  npoxooum oounaxoso sggpexmusno Kax 6
0€2a3UpOBaAHHbIX, MAK U 8 HACLIWEHHBIX 6030YXOM PACMBOPAX, YMO OMAUYAEN U3YUEeHHbLe HAHOYACMUYbL O
MPAOUYUOHHBIX OP2AHUYECKUX GOMOUHUYUAMOPo8. B pezynbmame ananu3a KUHEMUYECKUX NAPAMEMpOs
Gomononumepusayuu  YCMAaHoBNeHo, 4Mo npoyecc uoem no pPAaoUKAIbHO-YENHOMY MEXAHUSMY, Npudem
OCHOBHBIM MAPWPYMOM 00PbIBA PACMYWUX Yenell A6Nemcst peKOMOUHAYUs MaKpopaoukanos. Kunemuueckue
OanHble MaKiHce YKA3bIBAION HA B03MONCHOCMb yyacmus 6 obpulee yenu nanovacmuy CdZn, S u oxcuoa
epaghena.

Knrwouesvte cnosa. cymvguo xaomus, cyrvguo yuHKa, OKCUO dcene3d, OKcuod epaghena,
HAHOKPUCMATLIbL, (POMOKAMANU3, YOMOnoIuUMepuU3ayus.
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