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Abstract The study describes the thermal properties of

porous microspheres synthesized with functional monomer

4-vinylpyridine (4VP) and crosslinking agent trimethylol-

propane trimethacrylate (TRIM). Polymeric 4VP–TRIM

microspheres were prepared via seed polymerization, using

polystyrene microbeads as a shape template. The resulting

4VP–TRIM microspheres were in the range of 9–12 lm,

with specific surface area of about 200 m2 g-1. The ther-

mal properties of 4VP–TRIM materials were evaluated by

thermogravimetry and differential scanning calorimetry.

By TG/FTIR/MS, it was observed that new porous mate-

rials exhibited multi-staged decomposition patterns, dif-

ferent from poly(TRIM) microspheres. DSC and TG

experiments showed that water molecules were absorbed

on the materials’ surface. The synthesized 4VP–TRIM

microspheres exhibited rather high thermal stability. Their

initial decomposition temperature was about 300 �C.

During the microspheres’ decomposition, an evolution of

carbon dioxide, water, and carbon monoxide as main gases,

as well as of pyridine and aliphatic compounds, was

observed. It was confirmed that the evolved pyridine

accelerated the degradation of copolymeric network.

Keywords Polymeric porous microspheres �
4-Vinylpyridine � Thermal stability � Thermogravimetric

analysis � TG/FTIR/MS

Introduction

Nowadays polymer particles have many areas of applications

such as separation, chromatography, adsorbents, ion

exchangers, drug-delivery systems, or solid-phase peptide

synthesis. Each application requires customized properties in

the particles. Taking into account, the utilization of polymeric

microspheres in the field of chromatography, control of the

particle size, the size distribution, the polymer composition,

porosity, and functionality should be especially considered.

Functionality can be introduced onto the particle surface by

applying functional monomers [1–4] that can also play the role

of crosslinking agents [5, 6]. A more complicated route of

functionalizing the surface of microspheres is the incorpora-

tion into the polymer network of a reactive monomer capable

of derivatization, e.g., epoxide rings or chloroalkyl moiety

[7, 8]. The porous structure of polymeric microspheres is

formed during the polymerization process and is connected

with the phase separation mechanism. Depending on the type

of pore-forming diluents and the amount of the crosslinker,

macroporous polymer networks with micro-, meso-, and

macropores can be produced. Appropriate selection of pore-

forming diluents allows obtaining microspheres with tailor-

made morphological properties. The size of polymeric

microspheres and their size distribution are related to the

polymerization method. Uniform crosslinked polymeric

microspheres with narrow size distribution and the size range

of 5-20 lm can be prepared by several multistage methods:

activated swelling procedure, seeded emulsion polymeriza-

tion, staged shape template polymerization, or two-stage

precipitation polymerization [9–11]. In each of the mentioned

methods, the start polymer particles with narrow size distri-

bution are needed. In most cases reported in the literature,

polystyrene particles are used, but poly(methyl methacrylate)

or poly(glycidyl methacrylate) microbeads can also be
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applied. These start particles are obtained preferably by dis-

persion polymerization and act not only as a shape template,

but are also responsible for creating the pore structure in the

final microspheres. Until now, considerable research effort

has been focused on the synthesis of monodisperse polymeric

microspheres with a less hydrophobic nature than poly(sty-

rene–divinylbenzene).

In many cases, the use of polymeric microspheres as cat-

alysts, solid-phase synthesis supports, and also adsorbents is

limited by their thermal stability. The thermal resistance of

adsorbents used in chromatographic methods, such as

poly(styrene–divinylbenzene), polyacrylic acid, acrylic–

divinylbenzene copolymers, and dendrimeric materials was

reported in literature [12–15]. In our studies, we intended to

obtain porous microspheres of 4-vinylpyridine crosslinked

with trimethylolpropane trimethacrylate. Polymeric 4VP–

TRIM microspheres were prepared via seed polymerization,

using polystyrene microbeads as a shape template. The aim of

this work was an investigation of the thermal properties of

4VP–TRIM polymeric microspheres prepared by seed poly-

merization, using differential scanning calorimetry (DSC)

and thermogravimetry coupled with FTIR and QMS to ana-

lyze the evolved products during their decomposition.

Experimental

Materials

Styrene, 4-vinylpyridine, trimethylolpropane trimethacry-

late (TRIM) and a, a0-azoisobisbutyronitrile (AIBN), and

sodium lauryl sulfate (SDS) were obtained from Sigma-

Aldrich Chemie (Steinheim, Germany). Toluene, methanol,

ethanol, tetrahydrofuran, and acetone were from POCh

(Gliwice, Poland).

Preparation porous microspheres

Microspheres of 4-vinylpyridine (4VP) crosslinked with

trimethylpropane trimethacrylate (TRIM) were obtained by

seeded polymerization. Molar ratio of 4VP to TRIM was in

the range of (0.5–2):1; toluene was used as an activator. As

the start polymer, polystyrene microspheres (PS) were

used. Dispersion polymerization was chosen as a suitable

method for making PS particles with Mw = 19,500 Da.

Polymerization was carried out at 71 �C during 20 h. After

the reaction was completed, the obtained spheres were

extracted with hot THF for 4 h to remove seed particles. In

Fig. 1, the scheme of microspheres preparation and a

fragment of the copolymer structure are presented.

Methods of analysis

Elemental analysis (CHN) was made using a Perkin-Elmer

CHN 2450 analyzer (Palo Alto, CA, USA). ATR-FTIR

spectra were recorded on a Tensor 27 (Bruker) spectrom-

eter equipped with a diamond crystal. The spectra were

recorded in the spectral range of 600–4,000 cm-1 with a

resolution of 4 cm-1 and 50 scans.

Thermogravimetric analysis of materials was carried

out with a Netzsch STA 449 F1 Jupiter thermal analyzer

(Germany) at the heating rate of 10 K min-1, in the
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Fig. 1 The scheme of microspheres synthesis and the fragment of copolymer chemical structure
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temperature range of 20–850 �C, with the sample mass of

10 mg in two atmospheres: helium and synthetic air (80 %

nitrogen, 20 % oxygen). The gas flow was 20 mL min-1.

The gas composition which evolved during the decomposi-

tion process was detected and analyzed by a quadrupole mass

spectrometer QMS 403C Aëolos (Germany), as well as an

FTIR Tensor 27 Bruker (Germany) spectrometer coupled

on-line to a STA instrument. The mass spectrometer was

connected on-line to the STA instrument by a quartz capil-

lary heated to 300 �C. The QMS was operated with an

electron impact ionizer with the energy of 70 eV. The

measurements were performed in scan mode for m/z, where

m is the mass of the molecule and z is the charge of the mol-

ecule in electron charge units in the range of 10–100 amu.

Calorimetric measurements were carried out with the

Netzsch DSC 204 calorimeter (Germany) operating in the

dynamic mode. The dynamic scans were performed at the

heating rate of 10 K min-1 from room temperature to the

maximum of 550 �C under helium (30 mL min-1) and

synthetic air (30 mL min-1) atmospheres in two stages. The

first scan was performed from room temperature to the

maximum of 120 �C to remove any adsorbed moisture,

especially water. The second scan was conducted between 20

and 550 �C. The mass of the sample was 10 mg. As a ref-

erence, an empty aluminum crucible was used.

Results and discussion

With the use of seed polymerization 4VP–TRIM micro-

spheres with different morphologies and degree of cross-

linking were obtained. They have narrow size distribution

and diameters about 9–12 lm depending on the seed type.

Figure 2 presents the SEM images of 4VP–TRIM micro-

spheres prepared on PS seed. As can be seen, synthesized

microspheres are monodisperse with calculated CV\10 %.

The porous structure analysis made by nitrogen adsorption–

desorption method indicated that the prepared materials

posses a developed porous structure with specific surface

area of about 200 m2 g-1.

The chemical structure of 4VP–TRIM microspheres was

investigated by means of the ATR–FTIR analysis. Figure 3

presents the ATR–FTIR spectra of the materials. In each

spectrum bands at 1,466 and 2,930 cm-1 attributed to the

C–H vibrations in the –CH3 and –CH2 groups are observed.

The absorption peak of the carbonyl group is present at

1,725 cm-1, the band at 1,146 cm-1 is attributed to the

C–O–C group vibration. The C=N stretching and the C=C

stretching of 4VP ring occur at 1,599 and 1,558 cm-1,

respectively, and peak intensity increases with the

increasing amount of 4VP in the polymeric networks.

Moreover, peaks at 1,638 cm-1 presented in each spectrum

indicate that unreacted C=C double bonds are still present

in the prepared materials. In the network of 4VP–TRIM

Fig. 2 SEM image of 4VP–TRIM microspheres
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Table 1 CHN, TG, and DTG data for prepared microspheres

Copolymer % N T5%/

�C

T50%/

�C

Tmax1/

�C

Tmax2/

�C

Tmax3/

�C

Helium atmosphere

poly(TRIM) – 279 387 374 437 565

4VP–TRIM 1:2 1.48 303 374 344 384 554

4VP–TRIM 1:1 2.54 320 373 344 380 553

4VP–TRIM 2:1 3.29 311 356 343 – 520

Air atmosphere

poly(TRIM) – 270 376 364 410 560

4VP–TRIM 1:2 1.48 297 325 323 – 484

4VP–TRIM 1:1 2.54 299 321 319 – 478

4VP–TRIM 2:1 3.29 301 323 319 – 478
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1:2, the largest amount of unreacted methacrylate groups

remained. The presence of 4VP in the structure of prepared

microspheres was also evidenced by CHN analysis. As can

be seen from Table 1, nitrogen derived from 4VP monomer

was detected in each material. Its amount increased with

the increasing molar ratio of 4VP to TRIM in the monomer

mixture.

The thermal behavior of all samples was investigated by

means of thermogravimetry coupled with FTIR and QMS

analysis. TG curves for poly(TRIM) and copolymers with

4VP, obtained at the heating rate of 10 K min-1 in inert

conditions, are presented in Fig. 4. For easier comparison

of the samples, DTG curves are also presented in this fig-

ure. The temperature of 5 and 50 % of mass loss (T5%,

T50%) and the temperature of the maximum rate of mass

loss (Tmax) obtained from DTG curves are placed in

Table 1. The poly(TRIM) polymer exhibits multistep

degradation with three detectable stages in inert atmo-

sphere. The first with a maximum at 378 �C, preceded by a

shoulder at about 300 �C, the second with a maximum at

445 �C, and the third at 566 �C. According to the literature

[16, 17], the poly(4VP) homopolymer exhibits one sharp

degradation step, starting at *320 �C, with a mass loss of

98 % at 600 �C. The DTG curves for copolymers 4VP–

TRIM reveal a complex degradation process, and the

shapes of the curves are changing with the copolymers

composition. The material 4VP–TRIM 1:2 with the highest

TRIM content exhibits three steps of degradation. The first

with onset at ca 278 �C is followed by the next two with

maxima at 383 and 546 �C. The higher amount of 4VP

units in 4VP–TRIM 1:1 copolymer network increases its

thermal stability to 303 �C and also causes the disappear-

ance of the second peak on the DTG curve, only the peak

broadening is visible. In the case of the 4VP–TRIM 2:1

material, only a two-stage degradation process is observed.

It starts at ca 299 �C. The incorporation of larger amount of

4VP in the material structure decreases its crosslinking and

reduces its thermal stability in comparison with 4VP–

TRIM 1:1. One common conclusion for the studied

copolymers is that the degradation starts at a higher tem-

perature than for pure poly(TRIM). The presence of 4VP

improves the thermal stability of microspheres in non-

oxidative atmosphere. Nevertheless, this improvement is

dependent on the 4VP amount in the copolymer structure,
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and with the increase in the molar ratio of 4VP:TRIM to

2:1, a slight decline in the value of T5% is visible. These

results are in accordance with the measured DSC data. The

second heating DSC curves for all materials in helium are

presented in Fig. 5. The analysis was carried out to show

that post-crosslinking exothermic processes in micro-

spheres took place at about 180 �C [6]. Thus, it was con-

firmed that unreacted methacrylate groups are present in

the structure of the prepared microspheres. Thermal

destruction of 4VP–TRIM materials started at about
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270 �C, whereas poly(TRIM) microspheres decomposed at

ca 250 �C. It is clearly visible that the first endothermic

peaks with Tmax at 380 �C in 4VP–TRIM DSC curves

derived from 4-vinylpyridine units. The second endother-

mic peaks with Tmax at 450 �C are observed for 4VP–

TRIM and poly(TRIM) materials and are connected with

their final decomposition.

Figure 6 presents the three-dimensional diagram of

infrared absorption of the evolved gases versus wave

number and temperature, and the decomposition rate

selected at the maxima (corresponding to Tmax1 and Tmax3)

in the FTIR spectra of the evolved gaseous degradation

products of 4VP–TRIM 1:1 material. As can be seen, the

main decomposition products of 4VP–TRIM microspheres

are water (bands in the region of 3,700–3,600 and

1,600–1,400 cm-1) and carbon dioxide (peaks at 2357,

2311 and 670 cm-1) [18, 19]. However, in the first emis-

sion spectrum weak absorption peaks at 3083, 1595, 1150,

and 718 cm-1 are visible and they are connected with the

emission of pyridine as the main product of thermal

decomposition of 4VP units [17]. It is very likely that the

evolution of pyridine took place by the scission mechanism

[20]. Moreover, in the first emission spectrum, we can see

the weak absorption peak at 1,736 cm-1 characteristic for

the C=O vibration and also the signal at 3,260 cm-1

(stretching vibration of –OH group) probably from car-

boxylic group generated during hydrolysis [21–23]. It can

suggest that evolved pyridine accelerates hydrolysis of

ester bonds derived from TRIM units. Beside this, the

signals for the stretching vibrations of C–H in methylene

and methyl groups at 2,895–2,977 cm-1 from aliphatic

fragments are observed. In the second emission spectrum,

peak assignment to carbon dioxide and water is mainly

detected. QMS results are convergent with FTIR data. In

Fig. 7, the MS spectrum of evolved gases in the maximum

of total ion current (corresponding to T1max) is presented,

whereas the MS profiles of extracted main ions are shown

in Fig. 8. The maximum evolution of pyridine (m/z = 79,

52, 39, 26) is suited at temperature about 50 �C lower than

carbon monoxide (m/z = 12, 28), carbon dioxide (m/

z = 44), and water (m/z = 18, 17). These are the gaseous

products of the decarboxylation of the evolved carboxylic

compounds. In the MS spectrum in the region corre-

sponding to T3max, peaks mainly attributing to carbon

dioxide, carbon monoxide, water, and gaseous aliphatic

species, especially ethylene (m/z = 27, 28, 30) are present,

and they are connected with the final decomposition of the

copolymer [24].

In oxidative conditions, the results are quite different. In

Fig. 9, the TG and DTG curves are presented and the DTG

peak maxima are listed in Table 1. As can be seen, all

4VP–TRIM materials decompose in two steps with almost

the same course, independently of the 4VP amount in

copolymer network. The degradation processes ran through

only two steps. It started at about 300 �C with a maximum

at about 320 �C. The second step took place at about

480 �C. For comparison, the TG curve for poly(TRIM) is

also presented in Fig. 9. This polymer underwent a multi-

step thermal decomposition occurring in three main visible

processes observed at 364, 410, and 560 �C. Moreover, the

poly(TRIM) T50% (where T50% is the temperature at which

a 50 % mass loss is measured) and 4VP–TRIM 1:1 T50%

were determined to be 376 and 321 �C, respectively, which

indicates the poly(TRIM)’s slower thermal decomposition.

In addition, the DSC curves presented in Fig. 10 also show

two exothermic peaks corresponding to the mass loss dis-

played by the TG curves for the 4VP–TRIM materials. The

first, exothermic peak starts from ca 290 �C with a maxi-

mum temperature at 330 �C. It is directly connected with

the hydrolysis and oxidation processes. It is known that the

pyridine ring is a catalyst for hydrolysis of ester bonds, and

it can, therefore, be assumed that the pyridine ring exhibits
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a high catalytic activity, even at low concentration in 4VP–

TRIM 1:2 material. The second exothermic peak position is

in agreement with the position of the decomposition peak

on the DTG curve and is observed at temperatures higher

than 460 �C. It is probably the result of the oxidation

process of the residue formed in the first degradation step.

Additional information about the degradation of the

studied materials was also obtained from the analysis of

gases evolved during heating. The 3D FTIR spectra and the

rate of the decomposition selected at the maxima (corre-

sponding to Tmax1 and Tmax3) in the FTIR spectra of the

evolved gaseous degradation products of 4VP–TRIM 1:1

are shown in Fig. 11. As can be seen, the main products of

the decomposition of 4VP–TRIM microspheres in oxida-

tive conditions are water (bands in the region of

3,700–3,600 and 1,600–1,400 cm-1) and carbon dioxide

(peaks at 2357, 2311, and 670 cm-1). In addition, weak

bands at 2,104 and 2,180 cm-1 are observed. This indicates

the formation of carbon oxide during the decomposition.

Moreover, in the first stage of the process peaks in the

region of about 2,900–2,800 cm-1 is visible and they are

related to aliphatic fragments. The peak at 1,740 cm-1

suggests that carboxylic gaseous compounds were gener-

ated. As in inert atmosphere, also in oxidative conditions

an evolution of pyridine is visible on the FTIR spectrum

(absorption peaks at 3083, 1595, 1150, and 718 cm-1)

[18]. Furthermore, the presence of additional bands at

824 cm-1 (deformation out of the plane vibrations of =C–H)

and 1641 cm-1 (stretching vibrations of C=C) may indi-

cate the formation of alkene fragments during oxidation

[20]. The results from FTIR analysis are confirmed also by

QMS measurements of the evolved gases. In Fig. 12, the

MS spectrum of the evolved gases in the maximum of total

ion current (corresponding to T1max) is presented, whereas

MS profiles of extracted main ions are shown in Fig. 13. As

can be seen, the maximum evolution of pyridine (m/z =

79, 52, 39, 26) takes place at the same temperature as the

first maximum evolution of carbon dioxide and water. Thus,

it can be concluded that the degradation processes of

hydrolysis and oxidation have run in parallel. Carbon

monoxide (m/z = 12, 28), carbon dioxide (m/z = 44), and

water (m/z = 18, 17) are the main gaseous products of 4VP–

TRIM decomposition in oxidative conditions. However,
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gaseous organic species containing aliphatic fragments,

carbonyl groups and in addition pyridine, were also evolved.

Conclusions

The thermal behavior of new 4VP–TRIM microspheres

prepared by seed polymerization was investigated by

means of the DSC and STA-FTIR-QMS methods. FTIR

and CHN results confirm that 4VP was successfully

incorporated in copolymer networks. The synthesized

materials are characterized by high thermal stability in both

inert and oxidative atmospheres. Their initial decomposi-

tion temperature is about 300 �C, depending on the degree

of material crosslinking. It was found that the presence of

4VP monomer units in the copolymeric network with

TRIM monomer units improved the thermal stability of

such materials. The FTIR and QMS analyses of the gaseous

species emitted during the decomposition processes have

shown that pyridine, as the main degradation product of

4VP units, acts as a catalyst of the hydrolysis of ester bonds

existing in the 4VP–TRIM copolymer network. Therefore,

carboxylic group absorption peaks in the FTIR spectra

were present. In both inert and oxidative atmospheres as

the main decomposition gases CO2, H2O, and CO were

observed. Moreover, gaseous organic species containing

aliphatic fragments, carbonyl groups and in addition pyri-

dine, were also detected. From the chromatographic
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standpoint, the thermal stability of the prepared micro-

spheres is sufficient to use them as column packings in

chromatographic experiments carried out in higher

temperatures.
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