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Abstract

The paper presents a method of the preparation and functionalization of polymer microspheres consisting of glycidyl meth-
acrylate (GMA) and crosslinking agents: 1,4-dimethacryloyloxybenzene (1,4DMB) and trimethylolpropane trimethacrylate
(TRIM). Poly(GMA-co-1,4ADMB) and poly(GMA-co-TRIM) microspheres were obtained by seed swelling polymerization.
To introduce thiol groups into the microspheres structure, the reaction with thiocarboxylic acids was performed. The chemi-
cal structure of parent and modified microspheres was confirmed by FTIR and Raman spectroscopy. Elemental composition
of microspheres after functionalization was determined by elemental analysis. The analysis showed the percentage of sulfur
in the range of 2.78-4.51%, which corresponds to a concentration of thiol group in the range of 0.87—1.41 mmol g~!. Addi-
tionally, the porous structure of the copolymers was investigated using the low-temperature nitrogen adsorption—desorption
method. The starting microspheres are characterized by a specific surface in the range of 150-160 m? g~!, whereas func-
tionalized copolymers indicate slightly lower surface area, of about 130 m? g=!. The thermal stability of the materials was
determined by the method of differential scanning calorimetry and thermogravimetric analysis. The course of the thermal
degradation under oxidative conditions of modified microspheres is different from the starting copolymers. The functional-
ized microspheres showed much higher thermal stability (approximately 270 °C) compared to the starting microspheres
(230-250 °C).
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Introduction simpler and faster than the second one. It enquires only the

use of appropriate functional monomer that possess func-

Porous polymer microspheres, due to their variety of prop-
erties, are widely used, among others, as sorbents in the
packing of chromatographic columns [1-4], resins for sorp-
tion of heavy metals [5—7], substrates for the preparation of
silver and gold nanoparticles used in catalytic reactions, or
in the synthesis of quantum dots and nanocomposites [6].
Polymer microspheres can be functionalized by direct syn-
thesis of monomers containing functional groups [1, 8—10]
or by chemical modification carried out with previously
obtained polymeric particles [11, 12]. The first method is
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tional groups, e.g., 2-hydroxyethyl methacrylate introduces
the OH groups into the polymer structure [13, 14], (meth)
acrylic acid (MMA)—-COOH groups[15, 16], glycidyl meth-
acrylate (GMA) oxirane groups [17]. Moreover, crosslinking
agent is necessary, the most commonly used are aromatic
divinylbenzene or aliphatic methacrylates, e.g., trimeth-
ylolpropane trimethacrylate (TRIM) or ethylene glycol
dimethacrylate (EGDMA) [18-20]. The second method of
modification is more complicated and can be performed only
when in the structure of microspheres reactive functional
groups are present, like for example oxirane ring that can
react with many strong and weak nucleophiles [21]. Micro-
spheres bearing oxirane groups were reacted for example
with amines [11, 22-24], pyrrolidone [25], pyrazole deriva-
tives [26] or reagents allowing to introduce carboxyl groups
[12, 27]. Despite that this approach is demanding, some
chemistries can be introduced into microspheres structure
only in this route. Such example is thiol group (-SH). In the
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literature, methods of obtaining polymer microspheres con-
taining thiol groups in their chemical structure are known.
Most often, these are multistage methods, consisting in the
reaction of the halomethyl group attached to aromatic struc-
tures, mainly derived from styrene, with the appropriate sul-
fur compound, leading to the formation of an intermediate
adduct, which is hydrolyzed in the next stage to obtain the
desired thiol [6, 7, 28-30]. Garamszegi et al. [31] presented
a method of incorporation of —SH groups onto the surface of
polystyrene microspheres obtained by atom transfer radical
polymerization (ATRP). On the other hand, Li et al. [32]
and Wenchao et al. [33] described the method of introducing
-SH groups by opening the oxirane group with cystamine
dihydrochloride. The presented methods for incorporating
-SH groups on the surface of microspheres are multistage,
time-consuming, and require the use of a solvent and/or cata-
lyst. Therefore, attempts were made to develop a new way
of obtaining crosslinked, porous copolymer microspheres
based on GMA functionalized with thiol groups derived
from thiocarboxylic acids in a one-step process, in a sol-
vent and catalyst free environment, in a relatively short time
and in a way that ensures the preservation of the spherical
structure of the polymer and the crosslinked internal porous
structure. The method of using thioglycolic acid (TGA) for
oxirane ring was described Karadeniz et al. [34]. However,
in this case, TGA was used to open oxirane rings present
in epoxidized soybean oil in the environment of a strong
oxidant, i.e., chloric acid (VII). Moreover, this reaction was
performed within 18 h at 120 °C. Such conditions for porous
microspheres should be regarded as drastic, could lead to
destroy porous structure and even the whole microsphere.
Additionally, the chloric acid (VII) is explosive in contact
with organic substances.

In this paper, we present the new method of synthesis
of polymer microspheres with embedded thiol groups.
Starting copolymers of GMA and methacrylate crosslink-
ers (1,4ADMB and TRIM) were obtained by seed swelling

polymerization. The epoxide number of the obtained micro-
spheres was determined, and then functionalization with
thiocarboxylic acids was performed. The structure of the
microspheres was examined using spectroscopic methods
(Fourier transform infrared spectroscopy—attenuated total
reflectance (FTIR-ATR) and Raman), elemental analysis,
and porosimetric analysis. Finally, thermal stability as well
as phase and structural transformations occurring in the
studied microspheres were examined by means of thermo-
gravimetric analysis coupled with FTIR (TG-FTIR) and dif-
ferential scanning calorimetry (DSC).

Materials and methods
Chemicals

Styrene (99%), glycidyl methacrylate (GMA; 97%), tri-
methylolpropane trimethacrylate (TRIM), thioglycolic acid
(TGA; 98%), 3-mercaptopropionic acid (3-MPA;>99%),
2,2'-azobis(2-methylpropionitrile) (AIBN; 98%), pol-
yvinylpyrrolidone with average molecular mass of
40,000 g mol~! (PVP40) and sodium lauryl sulfate (SDS;
99%) were obtained from Sigma-Aldrich. Toluene, tetrahy-
drofuran (THF), acetone, methanol, and ethanol were from
POCh (Gliwice, Poland). 1,4-dimethacryloyloxybenzene
(1,4DMB, IUPAC name benzene-1,4-diylbis(2-methylprop-
2-enoate) was synthesized in the laboratory of the Depart-
ment of Polymer Chemistry, MCS University in Lublin
according to the earlier described procedure [2].

Synthesis of porous polymer microspheres

Porous polymer microspheres were obtained with the use
of functional monomers of GMA and crosslinking mono-
mers: 1,4ADMB and TRIM by seed swelling polymerization
(Fig. 1). The molar ratio of the functional monomer to the
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Fig. 1 Scheme of the synthesis of primary microspheres
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crosslinker was 3:1. In the first step, a shape precursor, poly-
styrene (PS), was obtained as a result of styrene dispersion
polymerization carried out in an ethanolic PVP solution in
the presence of the AIBN initiator. The swelling of the PS
beads was carried out in the presence of an activator (tolu-
ene), a mixture of monomers, and the initiator. The resulting
emulsion was placed in a three-neck round bottom flask and
kept at 35 °C for 24 h with continuous agitation (100 rpm).
The polymerization was then carried out for 24 h at 71 °C.
Theobtained microspheres were isolated by filtration,
washed with 1000 cm? of hot water and finally washed with
50 ¢cm?® of acetone and methanol, respectively. To remove
residual linear PS chains, extraction was performed with
hot THF for 6 h under continuous stirring (250 rpm). After
extraction, the microspheres were filtered off, washed with
20 cm? of THF and dried at room conditions.

Functionalization of polymer microspheres

The functionalization of poly(GMA-co-1,4DMB) and
poly(GMA-co-TRIM) microspheres was carried out
according to the scheme presented in Fig. 2. The previ-
ously obtained polymer microspheres and TGA (or 3-MPA)
were introduced into a glass test tube in a volume ratio of
1:1.5, respectively. The mixture prepared in this way was
sealed with a Teflon plug and placed in a microwave reac-
tor for 4 min at a temperature of 100 °C under constant
stirring. After completion of the reaction, the contents of
the tube were centrifuged, the supernatant containing the
unreacted acid was decanted, followed by extraction of the
microspheres with acetone and methanol to wash away any
remaining acid.

Analysis methods

FTIR analysis was performed on a Tensor 27 FTIR spectro-
photometer (Bruker, Germany) using the ATR technique.
The spectra consisted of 16 scans with a resolution of 4 cm™
in the wavenumber range 4000—600 cm™'. Raman analysis
was performed with an in Via Reflex Raman microscope
(Renishaw, UK). Elemental analysis was performed with
a EuroEA Elemental Analyzer (CHNS) (HEKAtech, Ger-
many). The parameters characterizing the porosity of the
copolymer were determined by nitrogen adsorption using
an ASAP 2420 volumetric analyzer (Micromeritics, USA).

Fig.2 Scheme of modification
of primary microspheres
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Prior to the measurement, the samples were degassed over-
night under vacuum at 60 °C. The Syt specific surface area
was estimated by the standard Brunauer—Emmett—Teller
(BET) method.

The content of oxirane groups in the copolymer structure
was determined by back titration. To a known amount of
copolymer, a dioxane HCI solution was introduced, and the
sample was left for 24 h. Then it was titrated with 0.2 M
methanolic NaOH solution in the presence of cresol red.
The epoxide number was determined from the difference
between the volume of the blank and that found for the
titrated copolymer sample.

The morphology and the internal structure of micro-
spheres were examined using scanning electron microscope
(SEM) (FEI Quanta 3D FEG) working at 5 kV. Before analy-
sis, polymeric particles were coated with a thin layer of gold.

Calorimetric measurements were made with a DSC 204
calorimeter (Netzsch, Germany) operating in dynamic mode.
Dynamic scans were performed in two steps with a heat-
ing rate of 10 K min~! from room temperature to 500 °C
under air atmosphere with flow rate of 30 mL min~'. The
first scan was performed to remove adsorbed moisture from
room temperature to 150 °C and the second scan from room
temperature to 500 °C. Samples were analyzed in a pierced
aluminum crucibles.

Thermal analysis was performed with a STA 449 F1 Jupi-
ter (Netzsch, Germany) thermal analyzer at a synthetic air
atmosphere with flow rate of 25 mL min~!. Heating rate
was of 10 K min~!, the temperature range 35-850 °C, the
sample mass was about 10 mg. Samples were analyzed in
open Al,O; crucibles. An empty Al,O; crucible was used
as a reference. Gaseous decomposition products of the poly-
mer samples were analyzed with a Tensor 27 Bruker FTIR
spectrometer (Germany) coupled directly to an STA instru-
ment. The spectra were collected every 10 K (1 scan) in the
wavenumber range 4000-600 cm ™!

Results
Chemical structure characterization
Polymer microspheres poly(GMA-co-1,4DMB) and

poly(GMA-co-TRIM) were obtained by seed swelling
polymerization. This method allows to obtain crosslinked
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microspheres with narrow size distribution and permanent
developed porous structure. The aim of the research was to
prepare highly porous microspheres using GMA and various
crosslinking agents: 1,4DMB and TRIM. In the course of
the oxirane ring opening reaction present in the structure of
these copolymers, the —SH groups were incorporated onto
the surface of the microspheres employing thiocarboxylic
acids. Since the presence of oxirane groups in the primary
microspheres is extremely important to this modification,
firstly the reverse titration with HCl/dioxane was done to
assess the epoxide number. The results are presented in
Table 1 together with the theoretically calculated values
for the epoxide number. The experimentally determined
epoxide numbers are lower than the theoretical ones, which
may result from the course of the reaction of oxiranes with
HCI only on the surface of the microspheres, or some of
the oxirane groups could be opened by hydrolysis during
the polymerization, as reported by Park et al. [25]. In addi-
tion, this assumption is confirmed by the FTIR-ATR spectra
(Figs. 3, 4), where a wide band of -OH group vibrations are
observed for starting copolymers. But it should be taken
into account that this band can be also from water molecules
absorbed in copolymers pores, which is characteristic of
porous polymers [12, 26-28].

The use of FTIR-ATR and Raman techniques allowed
determining the chemical structure of the copolymers before
and after incorporation of the -SH groups onto the surface.
Figure 3 shows the FTIR-ATR and Raman spectra of the
poly(GMA-co-TRIM) copolymers before and after function-
alization with thiol groups derived from TGA and 3-MPA
acids. In the FTIR spectrum of starting microspheres based
on GMA and TRIM, the characteristic absorption band
derived from oxirane ring vibration is present at 908 cm™".
Moreover, the broad absorption band visible at 3460 cm™!
derives from -OH groups vibrations. This confirms that
some amount of oxirane rings was opened during the polym-
erization process and is convergent with determined epoxide
number. The FTIR and Raman spectra of microspheres after
functionalization reveal the new characteristic absorption
bands at 2578 cm™! derived from the —SH stretching vibra-
tion. In the FTIR spectra this band is of very low intensity,
but it is very clearly visible in the Raman spectra. Also the

band at 3460 cm™! (the hydroxyl groups vibrations) are of
higher intensities than in the spectrum of starting copolymer
due to formation of -OH groups during the functionaliza-
tion (Fig. 2). At the same time, the disappearance of the
band at 908 cm™! is observed. The presence on the spectra
of all copolymers bands at 2950-3000 cm~! (methyl and
methylene groups vibration), 1772 cm™! (carbonyl group
vibration), 1145 cm™! (-C—O—C— group vibration) confirms
that the crosslinked structure of copolymeric network was
not destroyed during the modification reaction.

In the FTIR spectra (Fig. 4) for poly(GMA-co-1,4DMB)
microspheres after functionalization, also like in the case
of poly(GMA-co-TRIM), a wide band is observed at the
wavenumber of 3460 cm™!, which is derived from hydroxyl
groups formed during oxirane ring opening. Additionally,
both the FTIR (low-intensity) and Raman (high intensity)
spectra show bands characteristic for the vibrations of the
-SH group at 2578 cm~!. The band at 908 cm™~! disappeared
after the reaction with thiocarboxylic acids, whereas bands
at 30002880 cm™! (-CH;; —-CH,-), 1732 cm™! (C=0),
1597 cm™! (aromatic ring), 1173, 1121 cm™! (-C-0-C-)
remained unchanged.

The results of the elemental analysis (Table 2) also con-
firm that the functionalization of starting microspheres with
the use of TGA and 3-MPA acids run successfully according
with the scheme presented in Fig. 2. The elemental analy-
sis showed that the functionalized microspheres contain
2.78-4.51% of sulfur, which corresponds to the concen-
tration of -SH groups in the range of 0.87—1.41 mmol g~ .
Modification of microspheres with TGA acid was performed
with better efficiency than with 3-MPA acid.

Porous structure

The use of the low-temperature nitrogen adsorption—des-
orption method allowed to study the porous structure of
poly(GMA-co-1,4ADMB) and poly(GMA-co-TRIM) micro-
spheres before and after functionalization with thiocar-
boxylic acids. The specific surface area (Sggp), pore vol-
ume (V,), and pore diameter at the top of the PSD were
determined, and the measurement results are presented in
Table 1. The specific surface area of poly(GMA-co-TRIM)

Table 1 Parameters
characterizing the porosity of
the samples: the specific surface
area Sggr, the total pore volume

V,, the pore diameter at the
peak of PSD (PSD,,,,), and the
concentration of oxirane groups

Copolymer Oxirane group content / SBET A PSD,,,, /nm
mmolg ™! fm? g7 fem3 g7t
calculated  determined
Poly(GMA-co-TRIM) 3.93 1.23 165 0.59 3.8/34
Poly(GMA-co-TRIM)-SH (TGA) - - 129 0.59 3.9/33
Poly(GMA-co-1,ADMB) 4.46 1.12 156 0.68 3.8/32
Poly(GMA-co-1,4DMB)-SH (TGA) - - 128 0.66 3.8/33
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microspheres is slightly higher (165 m? g=!) compared to
poly(GMA-co-1,4ADMB) microspheres, the surface area
of which is 156 m? g~!. This difference is connected with
the crosslinker nature: TRIM possess three methacrylate
groups whereas 1,4DMB—two and hence TRIM can build
more crosslinked copolymeric network. It is known that the

Raman shift/cm-1

more crosslinked network is, the more developed porous
structure possess the polymeric microspheres [32, 35].
After the functionalization process, for both copolymers
the drop in the value of specific surface area is observed to
about 130 m? g~!. Some reorganization of porous structure
take place during the reaction. On the other hand, the pore
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Fig.4 FTIR-ATR spectra (a)
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Table2 Elemental analysis Copolymer Elemental analysis/% Theoretical® sul- Concentration of
rqsults of the prepared polymer fur content/% SH groups/mmol
microspheres C H S o !
poly(GMA-co-TRIM)-SH (TGA) 5572 723 312 126 0.98
poly(GMA-co-TRIM)-SH (3-MPA) 56.74 7776 278 12.6 0.87
poly(GMA-co-1,ADMB)-SH (TGA) 57.06 6.60 451 143 1.41
poly(GMA-co-1,ADMB)-SH (3-MPA) 5598 6.61 325 143 1.02

“Theoretical sulfur content was calculated taking into account theoretically calculated oxirane group con-
tent
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Fig.5 Pore size distributions of the investigated polymeric materials

volumes of the microspheres both before and after func-
tionalization remain almost unchanged. Based on the PSD
diagrams (Fig. 5), it can be concluded that the pores are in
the range of micro- and mesopores. Two peaks are visible
on the PSDs. The first one is observed at about 4 nm and
is also characteristic of other methacrylic copolymers [18,
36]. As reported by Flodin et al. [37], the presence of this
peak is related to the regular structure of copolymers in the
micro scale. Regardless of the crosslinker used, the PSD,,
of the mesopore range is around 32 nm. The pore distribu-
tion remained unchanged after the modification process.

In addition, the morphology and porous structure was
also examined by means of SEM analysis. As it is seen from
images presented in Fig. 6 copolymer particles retained
microspheric shape after the chemical modification. The
surface of microspheres reveals porous structure, however
larger voids are present on the surface of poly(GMA-co-
TRIM) than poly(GMA-co-1,4DMB). The porous nature of
the surface is also visible for modified microspheres. Thus, it
can be concluded that the functionalization performed with
the use thiocarboxylic acids does not destroy the created
during polymerization microspheres porous structure.

Thermal behavior studies

The thermal properties of the copolymers were determined
by differential scanning calorimetry and thermogravimetric
analysis. The TG, DTG, and DSC curves for poly(GMA-co-
1,4DMB) and poly(GMA-co-1,4ADMB)-SH copolymers are
presented in Fig. 7. Table 3 shows the temperature of 5%
and 50% mass loss (T, Tsyq,), temperature of the maximum
mass loss (T,,,,), and the corresponding mass loss (Am).
The poly(GMA-co-1,4DMB) polymer shows a three-step
degradation. The first maximum on DTG curve is observed
at 272 °C and corresponds to 36.5% mass loss (Am,), the
second one at 348 °C and the last one at 456 °C. From the
DSC curve it is visible that every degradation step is exo-
thermic. However, in the case of introducing —SH groups
into the structure of the microspheres, a two-stage degrada-
tion process is observed, with the first maximum at 355 °C.
It is accompanied by an 84% mass loss (Am,). The second
step indicates the maximum at 479 °C and coincides with
the last degradation step of starting copolymer. DSC curve
reveals two exothermic peaks corresponding to the maxima
on the DTG curve. The T, value of the SH-copolymer is
30 °C higher than that of the starting copolymer. The Tsq,
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Fig.6 SEM micro-

graphs of microspheres:
poly(GMA-co-1,4DMB) (a);
poly(GMA-co-1,4ADMB)-SH
(b); poly(GMA-co-TRIM) (c);
poly(GMA-co-TRIM)-SH (d)

is also higher for the modified copolymer. Thus, itis clearly =~ limit the thermal stability. Similar increase of thermal sta-
visible that the introduction of -SH groups into the copoly-  bility of crosslinked copolymers derived from GMA after
mer network increases its thermal stability compared to the ~ modification within the oxirane ring were reported by in
starting material. Taking into account the chemical structure literature [12, 23, 25, 38].

of both copolymers, it can be assumed that the oxirane rings
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Fig.7 TG (a), DTG (b), and DSC (c) curves of poly(GMA-co-1,4DMB) and poly(GMA-co-1,4DMB)-SH copolymers obtained under air atmos-
phere

Table 3 TG and DTG data for the prepared microspheres

Copolymer T/°C  Tyul°C  Tputl°C  Ami%  TpoolC  Amyf%  Toosl°C  Amyl%
Poly(GMA-co-1,ADMB) 249 322 272 36.5 348 472 456 103
Poly(GMA-co-1,ADMB)-SH (TGA) 276 347 - - 355 84.0 479 15.0
Poly(GMA-co-TRIM) 227 321 233 213 345 69.2 458 41
Poly(GMA-co-TRIM)-SH (TGA) 273 352 - - 368 87.8 492 105

@ Springer



4204

M. Maciejewska, M. Grochowicz

(a)

0.4

0.2

Absorbance/a.u.

0.0

2000

3000
Wavenumber/cm-1

(b)
08 ‘l
0.6
S
8
(9]
e,
< 04
2
o
8
< 0.2 5
600 &
S
400 2
Yy
0.0 200 &
1000 1500 2000  pspg 3000 15
Wavenumber/cm-1

Fig.8. 3D FTIR diagrams of gases evolved from the poly(GMA-co-1,ADMB) (a) and poly(GMA-co-1,4ADMB)-SH (b) materials under air

atmosphere

It is known from the literature that the thermal deg-
radation of poly(GMA) begins with depolymerization
reaction, followed by isomerization of the oxirane group
[12, 39]. The degradation of the poly(GMA-co-1,4ADMB)
copolymer is identical in the initial phase as in the case
of the homopolymer, but also oxidation process take
place, which is confirmed by the analysis of the deg-
radation gaseous products of this copolymer. 3D FTIR
spectra of emitted gasses are presented in Fig. 8, whereas
Fig. 9 shows the extracted at the maxima of decompo-
sition single spectra for poly(GMA-co-1,4DMB) and
poly(GMA-co-1,4ADMB)-SH. In the case of spectrum
collected at 271 °C corresponding to the maximum in
the DTG curve for poly(GMA-co-1,4DMB), signifi-
cant absorption band is observed in the region of C=0
group vibration. It is visible that this band is complex
and three maxima can be distinguish: at 1712, 1736
and 1744 cm~!. They relate to the vibrations of the car-
bonyl group in aldehydes and esters. Another charac-
teristic of the C—O—C group vibration band is observed
at 1159 cm™". In addition, at 1638, 945 and 939 cm™',
bands of =CH, vibrations are present, and at 850 cm™!
band of the oxirane group vibrations is visible. The pres-
ence of mentioned absorption bands confirms that in the
first degradation step of parent copolymer the emission
of GMA monomer takes place by depolymerization
mechanism. In order to confirm this suspicion, the GMA
spectrum from the NIST base is presented in Fig. 9 [40].
Moreover, in the spectrum region of 2800-2680 em” !,
the characteristic of acrolein [41] bands are visible

@ Springer

what point that isomerization of oxirane compounds
also was possible. Besides, at 2360 cm~!, bands derived
from carbon dioxide, which is a product of ester bond
degradation, and oxidation are observed. Spectrum col-
lected at 343 °C reveals broad absorption bands in the
region of about 1800—-1700 cm™! (C=0 vibration), and
at 1200-1110 cm™! (C—O-C vibration) indicating emis-
sion of carbonyl and alcohol compounds derived from
degradation of crosslinked part of copolymer. Neverthe-
less, in this step mainly oxidation takes place what is evi-
denced by the emission of carbon dioxide (2357, 2311,
and 670 cm™"), carbon monoxide (2104 and 2180 cm™})
and water (3700-3600 and 1600—1400 cm™"). Finally,
at the highest temperature, mainly emission of carbon
dioxide, carbon monoxide and water is observed.

On the other hand, for poly (GMA-co-1,4DMB)-SH in
the spectrum collected at 342 °C and 355 °C, there are
no absorption bands derived from GMA or acrolein. The
course of these spectra is similar to that of starting copol-
ymer collected at 343 °C. Attention should be drawn to
the spectrum collected at 342 °C, before the T, ,,. In this
spectrum the new band appeared at 2072 and 2047 cm™!
and is associated with the vibrations of the C=0 group
in carbonyl sulfide [42, 43]. The evolution of carbonyl
sulfide may be the result of the decomposition of a thiol
unit itself or temporarily formed thioester linkages as a
product of nucleophilic attack of the end -SH group onto
carbonyl ester group. What is interesting, in the spectrum
collected at 355 °C the emission of carbon sulfide is not
observed.
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Fig.9 FTIR spectra of gases
evolved from poly(GMA-
co-1,ADMB) (a) and
poly(GMA-co-1,4ADMB)-SH (b)
at the maxima of emission
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The TG, DTG, and DSC curves for poly(GMA-co-
TRIM) and poly(GMA-co-TRIM)-SH copolymers are
shown in Fig. 10 whereas in Table 3 the temperature
of 5% and 50% mass loss (Tsq Tsyq), temperature of
the maximum mass loss (T,,,), and the corresponding
mass loss (Am) are given. The DTG curve shows that the
poly(GMA-co-TRIM) polymer undergoes a three-stage
degradation process. The first maximum is observed at
233 °C and corresponds to a mass loss of 21.3% (4Am,),

the second one at 345 °C, and the third one at 458 °C.
Compared to the poly(GMA-co-1,4DMB) microspheres,
TRIM crosslinked copolymer is less thermally stable,
its Ty is of about 22 °C lower. For poly(GMA-co-
TRIM)-SH microspheres, the two-stage degradation
process is observed for which the first maximum is
observed at 368 °C and is accompanied by 87.8% mass
loss (Am,). The polymer after functionalization pos-
sess a much higher thermal stability compared to the

@ Springer
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Fig. 10 TG (a), DTG (b), and DSC (c¢) curves of poly(GMA-co-TRIM) and poly(GMA-co-TRIM)-SH copolymers obtained under air atmos-

phere

starting one. The value of Ty for the starting copoly-
mer is 227 °C, and for the one polymer is 273 °C. In
the DSC curve for the poly(GMA-co-TRIM) copoly-
mer, three exothermic peaks with maxima at 235 °C,

@ Springer

355 °C and 460 °C are observed, whereas in the DSC
curve of poly(GMA-co-TRIM)-SH copolymer only two
exothermic peaks are present, with maxima correspond-
ing to the maxima of DTG curves. This signifies that
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Fig. 11. 3D FTIR diagrams of gases evolved from the poly(GMA-co-TRIM) (a) and poly(GMA-co-TRIM)-SH (b) materials under air atmos-

phere

studied TRIM-crosslinked copolymers undergo exother-
mic degradation under air atmosphere. FTIR analysis
of gaseous products of poly(GMA-co-TRIM) decom-
position (Figs. 11, 12) reveals that its degradation in
the initial step is of an identical path like in the case
of poly(GMA) homopolymer. The absorption bands
at: 1736 cm™! coming from the vibrations of the C=0
group, at 1159 cm™! derived from the C—-O-C vibration
in the esters and at 850 cm™~! derived from oxirane ring
vibration suggest the emission of GMA monomer. More-
over, the absorption bands at 2357, 2311, and 670 cm™!
derived from carbon dioxide and bands of carbon mon-
oxide (2104 and 2180 cm™") are more significant than
in the spectrum collected at the first step degradation of
poly(GMA-co-1,4DMB) copolymer. This suggest that
the TRIM copolymer is more susceptible on the oxida-
tion reactions than 1,4DMB copolymer. In the course
of poly(GMA-co-TRIM)-SH thermal degradation, the
spectrum collected at 371 °C reveals notable absorption
bands derived from carbon dioxide, carbon monoxide
and water (3700-3600 and 1600-1400 cm™') indicating
that the oxidation reaction is the main process. However,
bands of small intensities at 1772 cm~! (C=0 group),
1163 cm™! (C—O—C group) are also visible and inform
that some esters species are emitted. Moreover, like in
the case of poly(GMA-co-1,4ADMB)-SH, the band at
2072 cm™! associated with C=0 vibrations from carbon
sulfide is observed on the spectrum collected at 344 °C,
before the maximum of emission. Its low intensity can
be due to the lower sulfur content in the copolymer com-
pared with poly(GMA-co-1,4DMB)-SH.

Conclusions

The use of seed swelling polymerization made it possible to
obtain porous methacrylic copolymers based on GMA and
crosslinking agents: 1,4DMB and TRIM. The oxirane ring
present in the structure of the starting microspheres can be
reacted with the use of thiocarboxylic acids. The proposed
method of introducing thiol groups into the structure of
polymeric porous microspheres is simple, fast and does not
require the use of additional solvents or catalysts. It allows
to maintain the spherical structure of the starting copolymers
and preserve their developed porous structure. The FTIR,
Raman and CHNS results confirm the introduction of the
thiol groups into the structure of the microspheres. Elemental
analysis shows that the functionalization of the microspheres
with TGA acid was more efficient than with 3-MPA acid.
The thermal stability of the obtained microspheres under air
atmosphere was tested with the use of DSC and TG meth-
ods. The starting materials are characterized by a three-stage
exothermic degradation process. Their thermal stability is
in the range of 230-250 °C under an oxidative conditions.
The degradation of the starting microspheres begins with the
depolymerization of the glycidyl fragments in the copolymer
network, and is accompanied with oxidation reactions. The
introduction of -SH groups into the copolymers networks
improves their thermal stability to about 280 °C, and the deg-
radation of the copolymers takes place in two exothermic
stages. Among the gases released during the decomposition,
mainly CO, was observed. Additionally, carbonyl sulfide and
gaseous organic compounds containing carbonyl groups, and
aliphatic fragments were detected.
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Fig. 12 FTIR spectra of gases
evolved from poly(GMA-co-
TRIM) (a) and poly(GMA-co-
TRIM)-SH (b) at the maxima of
emission
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