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Abstract

This paper presents the thermal properties of highly crosslinked di(methacryloyloxymethyl)naphthalene—divinylbenzene
(DMN-DVB) copolymeric microspheres containing polar groups in the structure and their alkyl-bonded derivatives. Cg
and C,g alkyl chains were introduced into the aromatic rings of the DMN-DVB porous copolymer by means of the Friedel—
Crafts reaction. As a source of Cg and C,g alkyl chains, octyl and octadecyl chlorides were used. It was necessary to check
whether the introduction of alkyl chains into the structure of polymeric packing had an impact on its thermal properties.
The studies were carried out by thermogravimetry coupled online with FTIR spectroscopy and differential scanning
calorimetry in inert atmosphere (helium). It was stated that the modified materials showed 20 and 50% mass losses at
higher temperatures than the non-modified one while 1% mass loss was observed at lower temperatures. Moreover, an

analysis of volatile decomposition products was performed.
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Introduction

Alkyl-bonded silicas are the most popular stationary phases
used in chromatography. Numerous previous experiments
with the polymer packing materials as high efficiency
counterparts to alkyl-bonded silicas failed. Unlike silica,
most of those polymers were not rigid and compressed at
the high eluent linear flow velocities [1]. The other poly-
mers exhibited greater rigidity, but their mass transfer
characteristics were poor, and the resulting long analysis
times were unacceptable. Additionally, the polymeric
materials swell in organic solvents which are particularly
troublesome when solvent gradients are used [2, 3]. On the
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other hand, these materials were stable with the eluents
from pH 1-14 and resulted in excellent separations.

To eliminate the above-mentioned disadvantages of
polymer stationary phases, it was necessary to increase the
degree of polymer crosslinking significantly. As the first
Tsyurupa and Davankov applied the hypercrosslinked
(HXL) polymers. These materials were obtained via the
extensive post-crosslinking of linear polystyrene chains by
means of the Friedel-Crafts reaction involving external
electrophiles, a synthetic procedure which installed struc-
tural bridges between the neighboring aromatics rings [4].
Then Veverka and Jerabek [5] developed further the syn-
thesis of HXL materials via internal electrophile-based
chemistry by incorporating vinylbenzyl chloride as a
comonomer into the polymer chains and then exploiting the
pendent chloromethyl groups in the Friedel-Crafts alkyla-
tion reactions.

Our approach consisted in the use of tetrafunctional
monomers for the synthesis of polymeric stationary phases
[6-12]. In this study in addition to divinylbenzene (DVB),
there was used dimethacrylic derivative of naphthalene,
i.e., di(methacryloyloxymethyl)naphthalene (DMN) which
resulted in the introduction of polar ester groups into the
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polymers structure. In this way there were obtained highly
crosslinked polymeric microspheres that can be applied as
stationary phases for chromatography as well as catalysts
and adsorbents. To make them look like alkyl-bonded silica
phases, alkyl chains in the Friedel-Crafts reaction were
incorporated into the structure of parent polymer. In our
case, this reaction meant to introduce alkyl chains instead
of forming additional polymer crosslinking. The practical
application of such materials requires not only knowledge
of their chemical structure and resulting polarity, but also
of their thermal resistance. Hence, the aim of this paper
was to investigate the thermal stability of the prepared
highly crosslinked DMN-DVB microspheres and their
alkyl-bonded derivatives using thermogravimetry coupled
online with FTIR spectroscopy (TG/FTIR) and differential
scanning calorimetry (DSC). Moreover, the influence of
modification reaction on the decomposition pathway of the
copolymeric microspheres was determined.

Experimental
Materials

DVB, a,0/-azobisisobutyronitrile (98%), decan-1-ol and
Aerosol OT-75 were purchased from Sigma-Aldrich
(Germany). The DMN monomer being a mixture of 1,4-
and 1,5-isomers was synthesized in our laboratory
according to the earlier described procedure [13, 14]. The
compounds used for modification of the DMN-DVB
copolymer, i.e., octyl chloride, octadecyl chloride (Merck,
Germany), nitromethane (POCh, Poland) and anhydrous
aluminium chloride (Fluka AG, Switzerland), as well as the
solvents such as: toluene, methanol, tetrahydrofuran, ace-
tone and hydrochloric acid (POCh, Poland) were analytical
reagent grade.

Synthesis of porous microspheres

The DMN-DVB porous copolymer was synthesized by
combined suspension-emulsion polymerization in the
presence of pore forming diluents (decan-1-ol and toluene
(80:20 v/v)). The DMN and DVB monomers (0.5:0.5 molar
ratio) were dissolved in diluents to form an organic phase
to which the initiator, «,o/-azobisisobutyronitrile (1 mass%
based on monomers), was added. Then the homogeneous
organic phase was added to the 180 mL aqueous phase
containing as a surfactant Aerosol OT-75 (0.25 mass%)
while stirring. Polymerization lasted 20 h at 80 °C. The
obtained copolymers in the shape of beads were washed
with hot water and then toluene, acetone and methanol in a
Soxhlet apparatus. Uniform particles (5-15 pm) were
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isolated by sedimentation from the methanol-acetone
(90:10; v/v) mixture [15].

The Cg and C;g alkyl chains were introduced into the
aromatic rings of the DMN-DVB porous copolymer by
means of the Friedel-Crafts reaction. In order to bind Cg
alkyl chains, the copolymer (6 g), nitromethane (60 mL),
octyl chloride (14 g, 0.1 mol) and anhydrous aluminium
chloride (8 g) were stirred at 90 °C for 24 h. Released
hydrogen chloride was absorbed in water. The same pro-
cedure was applied to bind C,g alkyl chains, but the amount
of octadecyl chloride was increased to 28 g (0.1 mol).
The mixture was then poured into an ice water mixture and
the precipitated copolymer washed several times with
acetone and methanol in a Soxhlet apparatus. To remove
traces of aluminium, the copolymer was additionally
washed with tetrahydrofuran-concentrated hydrochloric
acid (90:10, v/v). The levels of aluminium determined by
the ASA method in Cg- and C,g-modified copolymers were
0.05 and 0.06%, respectively.

The general scheme of copolymeric microspheres syn-
thesis is presented in Fig. 1.

Methods of analysis

The microspheres were imaged using a Morphologi G3
optical microscope (Malvern Instruments Ltd, UK) equip-
ped with image analysis software and 987 x magnification.

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra were obtained with a Bruker Tensor
27 FTIR spectrometer (Germany). The FTIR spectra were
recorded in the spectral range of 600—4000 cm™"' with 32
scans per spectrum with a resolution of 4 cm™".

Thermogravimetry (TG) was performed with a Netzsch
STA 449 F1 Jupiter thermal analyzer (Germany) in the
range of 30-1000 °C in helium (flow = 20 cm® min™"), at
the heating rate of 10 °C min~'. All TG measurements
were taken in Al,Oj3 crucibles (mass of 160 & 1 mg). As a
reference, empty Al,Oz crucible was applied. Sample
masses of 10.4 + 0.2 mg were used. The composition of
the gas evolved during the decomposition process was
analyzed by a Bruker Tensor 27 FTIR spectrometer (Ger-
many) coupled online to a Netzsch STA instrument by
Teflon transfer line with 2 mm diameter heated to 200 °C.
The FTIR spectra were recorded in the spectral range of
600-4000 cm™' with 16 scans per spectrum at 4 cm™'
resolution.

Differential scanning calorimetry (DSC) measurements
were taken with a Netzsch 204 calorimeter (Germany)
operating in the dynamic mode. The dynamic scans were
performed at the heating rate of 10 °C min~' from room
temperature to 550 °C  in  helium  atmosphere
(flow = 20 cm® min™') in two stages. The first scan was
performed from room temperature to 120 °C to remove any
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Fig. 1 General scheme of copolymeric microspheres synthesis

adsorbed moisture, particularly water. The second scan was
conducted from 20 to 550 °C. All DSC measurements were
taken in aluminum pans with a pierced lid (mass of
40 £+ 1 mg). As the reference the empty aluminum cru-
cible was applied. The sample masses of 7.3 £ 0.2 mg
were used.

Results and discussion

The highly crosslinked porous microspheres of DMN-DVB
with diameters in the range of 10-50 pm were obtained via
the radical suspension-emulsion polymerization. In order to
modify their chemical structure, the Friedel-Crafts reaction
was performed. In the course of the aromatic substitution,
the Cg and Cg alkyl chains were introduced into the aro-
matic rings of the DMN-DVB copolymer and DMN-
DVB-C8 and DMN-DVB-C18 materials are produced.
Figure 2 presents the optical images of the obtained
microspheres.

The chemical structure of the starting copolymer and
modified ones was confirmed by the ATR-FTIR analysis.

As can be seen in the spectra presented in Fig. 3, in the
structure of the parent DMN-DVB copolymer the ester,
aliphatic and aromatic fragments are present. It is evi-
denced by the following absorption bands at: 1726 cm™"
(C=0), 1165, 1124cm™' (C-0-C), 1602, 1452,
833-709 cm™ ' (Ar), 2958-2875 cm~! (CH5, CH,). Fur-
thermore, a low intense absorption band at 1638 cm ™!
originated from the unreacted C=C double bonds is visible.
In turn, in the spectra of modified copolymers the intensity
of absorption bands typical of ester groups decreased sig-
nificantly. Moreover, the absorption band of ester carbonyl
group is shifted to lower wavenumbers (1702 cm™'). At
the same time the intensity of absorption bands character-
istic of methyl and methylene groups increased. This points
out that the alkyl chains were successfully incorporated
into the structure of the parent copolymer.

Thermal properties of the obtained copolymers were
determined in inert atmosphere using the TG and DSC
methods. Table 1 compiles characteristic temperatures for
the decomposition process of the copolymers, i.e., T}, T,
Tso and T, that refer to the temperatures of 1, 20, 50%
mass loss and of the maximum rate of mass loss as well as

Fig. 2 Optical images of a DMN-DVB-C8 and b DMN-DVB-C18 microspheres
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Fig. 3 ATR-FTIR spectra of copolymers

Table 1 TG and DTG data of

copolymers Copolymer Ty/°C T5¢/°C T5y/°C 72,.:/°C Residue/%
DMN-DVB 219 367 398 190, 403, 500 11.1
DMN-DVB-C8 139 377 442 56, 183, 418, 503 27.5
DMN-DVB-C18 166 401 482 65, 249, 418, 509 33.3

“The temperature of 1, 20 and 50% mass loss from the TG curve

"The temperature of the maximum rate of mass loss from the DTG curve

the residual masses, whereas the thermogravimetric (TG)
and differential TG (DTG) curves are shown in Fig. 4. The
FTIR spectra of volatile decomposition products of
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Fig. 4 TG and DTG curves of copolymers
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copolymers are given in Figs. 5-8. In turn, Fig. 9 shows
the DSC curves obtained for these materials.

According to the data presented in Table 1, the modified
materials (DMN-DVB-C8 and DMN-DVB-C18) exhibit
higher T,y and Tsy than the non-modified one (DMN-
DVB), while the T; values are lower. On this basis it could
be concluded that the introduction of alkyl chains into the
structure of the polymeric packing deteriorates its thermal
stability only in the initial decomposition stage. Taking the
residual mass into account, one can state that the modified
copolymers decomposed to a lower extent in comparison
with the non-modified one.

From the course of DTG curves (Fig. 4), it follows that
DMN-DVB copolymer decomposed in three stages,
whereas the DMN-DVB-C8 and DMN-DVB-C18 ones in
four stages. On the curve of DMN-DVB copolymer, there
can be seen one small and broad peak with the maximum at
190 °C and a small one visible as a shoulder with the
maximum at 500 °C, both connected with ~ 2% mass
loss. There is also a large intense peak in the wide range of
~ 290480 °C (with the maximum at 403 °C) related to
83% mass loss. However, on the DSC curve (Fig. 8) in this
temperature range two endothermic peaks can be seen with
the maxima at 349 and 414 °C. This suggests that the main
decomposition of the parent copolymer proceeds in two
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Fig. 5 3D plots of FTIR spectra of volatile products obtained during
the thermal decomposition of copolymers

steps. On the basis of the FTIR spectra of volatile
decomposition products (see Fig. 6), it can be stated that at
both 349 and 414 °C temperatures the decomposition is
associated with the evolution of the same substances, i.e.,
water (bands at ~ 4000-3500 cm™ !, associated with the
stretching vibrations and at ~ 1800-1300 cm™'—with the
bending vibrations), carbon dioxide (bands at
2359-2310 cm ™', attributed to the asymmetric stretching
vibrations and at 669 cm_l, associated with the degenerate
bending vibrations), carbon monoxide (bands at 2181 and
2114 cm™ !, related to the stretching vibrations), unsatu-
rated compounds (at 3095-2886 cm™ !, attributed to the C—
H stretching vibrations of methylene and methyl groups
and at 960 and 910 cm ™!, related to the C—H out-of-plane
deformation vibrations of vinyl group) and carbonyl com-
pounds, including esters (bands at 1772-1750 cm_l,
characteristic of the C=O stretching vibrations and at
1124 cm™!, connected with the C—O stretching vibrations).
The differences occur only in the amounts of the generated
products (different peak intensities). From the spectrum
collected at 190 °C (Figs. 5 and 6), it arises that at the
beginning of the decomposition the emission of water and
carbon dioxide takes place. This can be due to the degra-
dation of ester bonds. In the last decomposition step (at
500 °C), the evolution of mainly water and carbon dioxide
was recorded (Fig. 6). Moreover, in this FTIR spectrum the
presence of aromatic compounds was detected (bands at
3015 cm™', attributed to the C—H stretching vibrations and
at 783 and 753 cm™ ', associated with the C—H out-of-plane
deformation vibrations). Referring to the DSC curve, it
should be noted that besides the endothermic peaks, the
exothermic one with the maximum at 178 °C is also visi-
ble, which is associated with the post-crosslinking. This is
a typical reaction of highly crosslinked polymers that
possess unreacted C=C double bonds in their structure
[9, 16, 17].

The course of DMN-DVB-C8 and DMN-DVB-C18
materials decomposition differs significantly from that of
the parent copolymer. Four peaks are observed on DTG
curves for both modified copolymers (Fig. 4). The first one
with the maximum at ~ 60 °C is connected with the
evaporation of water molecules absorbed in the micro-
sphere pores (see FTIR spectra in Figs. 7 and 8) [17-19].
The next one with the maximum at 183 °C for DMN-DVB-
C8 and 249 °C for DMN-DVB-CI18 is mainly associated
with the decomposition of the aliphatic chains attached to
the microspheres. The FTIR spectra (Figs. 7 and 8) exhibit
the absorption bands typical of aliphatic carbonyl com-
pounds (at 2966-2877, 1766 and 1123 cm™ '), carbon
dioxide and water. As follows from the TG curves, a higher
mass loss in this step is observed for the former copolymer
(11 vs. 5%). Such difference is most probably caused by
the efficiency of the alkyl Friedel-Crafts reaction.
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Fig. 6 FTIR spectra of volatile
products obtained at the
maximum rate of mass loss and
additionally at 349 °C of the
thermal decomposition of
DMN-DVB copolymer

Fig. 7 FTIR spectra of volatile
products obtained at the
maximum rate of mass loss of
the thermal decomposition of
DMN-DVB-C8 copolymer
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Although the molar feed of Cg and C;g alkyl chlorides was
the same, this substitution reaction proceeds easier in the
case of Cg alkyl chloride due to a steric hindrance. The
following decomposition step with the highest mass loss of
~ 48% for both copolymers is observed in the temperature
range of 285-500 °C. It is connected with the decompo-
sition of the core crosslinked network similarly to that of
the parent DMN-DVB copolymer. However, the maximum
of the corresponding DTG peak is shifted to higher tem-
perature (from 403 to 418 °C). It can be assumed that this
is a result of the alkyl chains decomposition. The formed
solid products deposited onto the microsphere surface and
inside large macropores delay the breakdown of ester
linkages and clog the evolution of volatile compounds. In
the FTIR spectra (Figs. 7, 8), the absorption bands char-
acteristic of carbon dioxide, carbon monoxide, water and
carbonyl compounds, including esters, is visible. More-
over, the spectra exhibit the bands pointing to the forma-
tion of alcohols (at 3582, 1013 cm™ !, related to the O-H
and C-OH stretching vibrations, respectively) and methane
(at ~ 3100-3016 and 1305-1200 cm_l, attributed to the
stretching and deformation vibrations, respectively
[20, 21]). The peak at 3016 cm ™' can also originate from
the unsaturated compounds (C-H stretching vibrations).
Formation of unsaturated products is also evidenced by the
bands at 1632 cm™' (C=C stretching vibrations) and 943
and 910 cm ™' (C—H out-of-plane deformation vibrations of
vinyl group). The last peak on the DTG curves with the

Wavenumber/cm™1

maximum at ~ 505 °C relates to 8% mass loss. The FTIR
spectra of volatile products obtained at this temperature
display bands originating from carbon dioxide, carbon
monoxide, methane, carbonyl and aromatic compounds,
water and alcohols. In both Cg- and C,g-modified copoly-
mers, the residual mass is about 3 times higher than that of
the non-modified one. This can be caused by the secondary
reactions taking place inside microspheres, as a result of
which the nonvolatile products are generated. In summary,
the FTIR analyses of volatile decomposition products
performed simultaneously confirmed our assumptions
about the decomposition pathway of the copolymers.
Considering the TG/FTIR data, it can be stated that
microspheres of both types mainly decomposed according
to the random chain scission mechanism starting from the
cleavage of ester bonds. Furthermore, in the case of mod-
ified microspheres the carbon—carbon cleavage within the
alkyl chains probably occurred [22, 23]. With regard to the
DSC analysis, one can notice the exothermic peaks asso-
ciated with the post-crosslinking processes on the curves
obtained for the modified copolymers, just as in the case of
non-modified one (Fig. 9). They are followed by the
endothermic peaks with the maxima at 238 and 412 °C (for
DMN-DVB-C8) and at 241 and 410 °C (for DMN-DVB-
C18) corresponding to the decomposition of aliphatic
chains and crosslinked network, respectively.
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On the basis of the thermogravimetric data obtained, it can
be concluded that the parent DMN-DVB copolymer is
thermally stable up to 219 °C, whereas the modified ones
up to 139 °C (DMN-DVB-CS8) and 166 °C (DMN-DVB-
C18), as measured at the temperature of 1% mass loss. The
modification process had an influence on the thermal
decomposition of the prepared materials, particularly in the
initial stage. Although the introduction of alkyl chains into
the structure of DMN-DVB copolymer deteriorated its
thermal stability, it is sufficient to apply these modified
materials as adsorbents in different separation techniques.
The investigations also show that the thermal decomposi-
tion process of the copolymers proceeded in three (for the
non-modified one) or four (for the modified ones) stages. In
all cases, the main decomposition took place in the
penultimate stage. Moreover, the DSC analysis shows that
the decomposition of the parent and modified copolymers
is an endothermic process, while the observed post-
crosslinking is an exothermic one. The basic volatile
products obtained during the thermal decomposition of the
copolymers were carbon dioxide, carbon monoxide, aro-
matic and unsaturated compounds, water, carbonyl com-
pounds, including esters, and in the case of DMN-DVB—
C8 and DMN-DVB-CI18 also alcohols and methane. One
common conclusion for the studied copolymers is that
these materials decomposed according to the random chain
scission mechanism.
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