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Abstract The thermal properties of new anion exchang-
ers consisting of silica core and organic layers grafted onto
their surface were evaluated by thermogravimetry and
differential scanning calorimetry. The anion exchangers
were prepared by chemical modification of bare silica gel.
The support was coated with polymeric layers formed
by condensation polymerization of primary amines with
diepoxides. Synthesized copolymers of methylamine and
1,4-butanedioldiglycidyl ether have a dendrimer structure.
By TG/FTIR/MS, it was observed that silica-layered
materials exhibited two stages of mass loss: first with Ty,
160 °C, connected with desorption of water molecules
from the adsorbents surface, and then with Ty, 390 °C,
connected with degradation of organic layers.

Keywords Anion exchangers - Thermal stability -
Thermogravimetric analysis - TG/FTIR/MS

Introduction

In the last few decades, polymeric microspheres with

developed porous structure and containing functional groups
have attracted a great deal of attention. They are often
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applied as stationary phases in chromatography, including
also ion chromatography (IC) [1-3]. Since IC offers many
possibilities of application, in recent years the number of
developed ion-exchange materials has increased dynami-
cally [4-7]. Most stationary phases currently used for sep-
aration of ionic compounds are based on organic polymers
as well as silica gel. In contrast to stationary phases prepared
on silica gel, organic polymers show higher stability toward
in extreme pH conditions. The silica-based anion exchang-
ers [8, 9] can be operated only in between pH 2.0-9.5 while
polymeric ion exchangers are stable across the entire pH
range. Thus, styrene/divinylbenzene (PS/DVB) copolymers
[10, 11] and polymethacrylate resins [12, 13] are the most
important organic polymers used as materials in the manu-
facturing polymer-based anion exchangers. One of the most
popular anion-exchange groups in the structure of the sta-
tionary phases used in IC are the quaternary ammonium
groups [14, 15]. This type of stationary phases exhibit good
selectivity for the separation of inorganic and organic anions.
One of the methods which allows to obtain quaternary
ammonium groups in the structure of anion exchangers is
condensation polymerization of primary amine with diepox-
ide [methylamine (MA) and 1,4-butanedioldiglycidyl ether
(BDDE)] [15-19]. In this type of synthesis, the tertiary amine
and quaternary ammonium groups are formed which are anion
exchange centers when they are used in ion chromatography.

In this study, a newly functionalized stationary phase
containing quaternary ammonium groups was reported.
Based on the methodology introduced by Pohl and
coworkers [16, 17], the hyperbranched anion-exchange
polymer stationary phase was prepared. Novel anion
exchangers with dendrimer structure were prepared by
chemical modification of silica surface with methyl amine
and BDDE. This approach introduced covalent bonds
between the silica surface and the organic layers.
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Controlled synthesis allows for the formation of a defined
number of bonded layers.

This paper presents a study of the thermal properties of
silica-supported organic materials with dendrimer structure
using differential scanning calorimetry (DSC) and ther-
mogravimetry coupled with FTIR and MS to analyze the
evolved products during their decomposition. In addition,
ATR-FTIR spectroscopic studies of structural changes in
the partially degraded materials were performed.

Experimental
Materials

The composite silica-organic materials were prepared by a
modification of silica gel Kromasil 100 (Akzo Nobel,
Sweden). The following reagents were used for the
chemical modification of the silica gel support: [3-(2-
aminoethylamino)propyl] trimethoxysilane, MA, and
BDDE that were obtained from Sigma-Aldrich Chemie
(Steinheim, Germany). The toluene, methanol, and hexane
of reagent grade used for purification of obtained com-
posite materials were from POCh (Gliwice, Poland).

Preparation of anion exchangers

Figure 1 shows the chemical structure of the anion-
exchanger. This material was prepared by a modification of
silica gel Kromasil 100 with a particle diameter of 5 pm.
Modification of the silica gel with organic ligands con-
taining amino groups was performed according to meth-
odology described earlier [20]. Silica gel was dried at
180 °C under vacuum to remove adsorbed water. Further,
the 3-(2-aminoethyloamino)propylsilane was added. The
reaction was carried out for 12 h at the temperature 80 °C.
Modified silica gel was flushed with toluene, methanol, and
hexane and then dried. The obtained material was used as a
support for anion exchanger synthesis during condensation
polymerization. At this step of preparation, MA and BDDE
were used as monomers to build a branching polymer that
possesses terminal quaternary ammonium anion exchanger
sites. A 15 mL of BDDE monomer (7.0-7.4 %) was added
to the resin and reacted for 30 min at the temperature of
60-70 °C. After the reaction the mixture was filtered and
rinsed with redistilled water. Following the addition of
15 mL 3.0-5.0 % (v/v) of MA was added to the resin and
reacted for 30 min at the temperature 60-70 °C, filtered
and rinsed with redistilled water. These two steps allow to
obtain a layer of anion exchanger on the support surface.
The process was repeated two, three, four, seven, eleven,
and fifteen times to make 2, 3, 4, 7, 11, and 15-layers on the
solid support, respectively.
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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 diamond crystal. The spectra were
recorded in the spectral range of 600—4,000 cm™' with a
resolution of 4 cm™" 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™" in helium, in
the temperature range of 20-850 °C and with the sample
mass of 10 mg. Helium flow was 20 mL min~'. The gas
composition evolved during the decomposition process was
detected and analyzed by quadrupole mass spectrometer
QMS 403C Aéolos (Germany) as well as FTIR spectrom-
eter Tensor 27 Bruker (Germany) coupling on-line to a
STA instrument. The mass spectrometer was connected on-
line to a STA instrument by a quartz capillary heated to
300 °C. The QMS was operated with an electron impact
ionizer with the energy of 70 eV. The measurements per-
formed in scan mode for m/z, where m is the mass of the
molecule and z is the charge of the molecule in electron
charge units in the range of 10-100 amu.

The degradation profile was followed not only from the
analysis of the evolved volatile products, but also through
the changes in the material surface after each weight loss.
In this case, the residual masses of materials from TGA
were analyzed by ATR-FTIR using an IR spectrometer
with the resolution of 4 cm™' and 50 scans.

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~" from room temperature to the
maximum of 550 °C under argon atmosphere (30 mL min~")
in two stages. The first scan was performed from room tem-
perature 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 reference an empty aluminum crucible was used.

Results and discussion

As a result of chemical modification of silica gel with
methyl amine and BDDE new types of anion exchangers
were obtained (Fig. 1). The support surface was covered
with 1,2, 4,7, 11, and 15 organic layers possessing in their
structure different types of amine groups including qua-
ternary ammonium groups which are the most desirable
from the practical point of view. The aim of this study was
to obtain the thermal characteristics of the prepared silica-
layer materials.
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The multi-step grafting method used to immobilize the
organic layers onto silica was assessed by elemental anal-
ysis and IR measurements. The results from CHN analysis
given in Table 1 show that organic layers were success-
fully grafted onto silica surface. Figure 2 presents exem-
plary ATR-FTIR spectra of the new materials. In the
spectrum of pure silica support, strong absorption peaks at
1,073 and 793 cm ™! attributed to the Si—O-Si stretch are
visible [21]. On the spectra of the covered materials new
absorption peaks are present, and their intensity increase
with the increasing number of organic layers. Covered
silica supports give new bands at 1,458 cm ™' which can be
attributed to the deformation vibration of the -CH,— group
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adjacent to N-H groups. Absorption peaks at 1653, 1365
and 1329 cm ™' are attributed to the N—H band of the amine
groups. Peaks at 2,960 and 2,860 cm ™' are characteristic to
the C-H stretching of methylene groups. The peak at
1,066 cm™! overlapping with the strong peak of silica
support corresponds to the C-N vibration. The peak at
3,360 cm ™! corresponds to the —OH group vibration pres-
ent in the structure of materials and also in the water
absorbed on the surface of the anion exchangers.

The DSC was performed in an argon atmosphere of
20-550 °C. The DSC curves of all silica-layers materials
are presented in Fig. 3. For pure silica, almost any changes
on the DSC curve are observed. Grafting on the surface of
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Table 1 Elemental composition of prepared anion exchangers

Material Nitrogen Carbon Hydrogen
content (%) content (%) content (%)
Silica-1 layer 1.72 10.63 1.87
Silica-2 layers 1.78 12.67 2.19
Silica-3 layers 1.82 14.42 2.45
Silica-4 layers 1.88 16.45 2.80
Silica-7 layers 2.02 22.17 3.84
Silica-11 layers 2.35 28.71 5.06
Silica-15 layers 3.07 39.53 6.78
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Fig. 2 FTIR spectra of a bare silica, b silica-3 layers, ¢ silica-7
layers, d silica-15 layers materials
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Fig. 3 DSC curves of silica composite materials covered by different
number of organic layers obtained in argon atmosphere

silica organic layers changes the character of the DSC
curves completely. For the covered materials on the DSC
curves, two peaks are observed. The first endothermic peaks
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Fig. 4 TG curves of silica-layered materials obtained in helium
atmosphere
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Fig. 5 DTG curves of silica-layered materials

with the onset at ~ 130 °C are connected with the desorp-
tion of water absorbed on the porous structure of the
materials [22-24]. It is clearly visible that along with the
increased number of organic layers the heat of thermode-
sorption increases. The second exothermic peak is observed
at the onset of 388-395 °C. It is associated with the
decomposition of the organic part of the anion exchangers.
The heat of the decomposition reactions increases with the
increasing number of organic layers grafted onto the silica
surface. Since DSC experiments were conducted in argon
atmosphere, it could be expected that decomposition of
organic layers should be endothermic processes. However,
the presence of oxygen in the structure of the materials
initiated autocatalytic exothermic oxidation of organic
layers. This observation was also confirmed by thermo-
gravimetric analysis of composite silica-polymeric materi-
als which was performed in helium atmosphere. Their TG
weight loss curves and corresponding derivate curves are
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Table 2 Parameters evaluated from TG and DTG curves of
copolymers obtained from different methacrylate monomers

Material First Tmaxi/ IDT/  Second Trnaxo!
weight °C °C weight °C
loss wt% loss wt%

Bare silica 0.7 180 488 8.9 -

Silica-1 layer 1.2 160 362 18.4 392

Silica-2 layers 1.3 160 355 23.3 388

Silica-3 layers 1.4 160 342 25.6 379

Silica-4 layers 1.6 163 331 29.8 390

Silica-7 layers 2.5 163 320 39.1 392

Silica-11 layers 3.3 164 294 51.3 403

Silica-15 layers 4.8 162 236 69.8 394

shown in Figs. 4 and 5, respectively. In addition, the char-
acteristic data obtained from the TG analysis are given in
Table 2. By comparing the thermal degradation behavior of
the obtained materials, it was observed that their degrada-
tion profile changes with the number of the organic layers
grafted onto the silica surface. Pure silica had a slight
weight loss at 300 °C, the loss caused by the hydroxyl group
according to the literature [25]. Since the inorganic part
(silica) of the composite materials lost almost none of its
weight during the heating period, all of the weight loss of
the studied materials should only come from the degrada-
tion of the organic part. Comparing data obtained from the
TG and results from CHN analysis, it can be seen that with
the increase of organic content of materials, the weight loss
increases. According to previous studies, addition of silica
particles into a polymer did not significantly alter the
thermal degradation mechanism of the polymer part of
polymer-silica composite materials [26, 27]. The covered
materials exhibited two separate degradation steps with two
maximum rate peaks: T at 160-163 °C and Ty, at
379-403 °C. The FTIR and MS analysis of the evolved
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Fig. 6 Gram-Schmidt plots for investigated silica composite materials

gases produced some information about the products of the
degradation of composite materials. Figure 6 shows Gram—
Schmidt plots that provide information about the total IR
absorbance of the evolved components over the entire
spectral range [28]. The first peak on the DTG and Gram—
Schmidt plots are connected with the evolving of water
from the structure of the prepared materials. The next peaks
are connected with the degradation of the organic parts.

The FTIR spectra for the 3, 7, 11, and 15-layers silica
materials presented in Fig. 7 correspond to the maximum of
the second Gram—Schmidt peaks at about 390 °C. The FTIR
spectra reveal fragments representative of aliphatic groups
(29442827, 1380 cm™ "), CO, (2,354 cm™ ') and CO (2,171
and 2,111 cm_l), C-O-C vibration (1,121 cm_l) and C-N
vibration (1,055 cm_l). In the carbonyl region, a band at ca.
1,740 cm™! with a shoulder at ca. 1,650 cm™' was also
noticed and might be related to the evolving of C=0 groups
presented probably in aldehyde fragments, which are formed
during intramolecular oxidation and fragmentation of
organic layers. The MS profile of the evolved gases and the
total ion current (TIC) is presented in Fig. 8. Evolution of
water (m/z = 18), carbon dioxide (m/z = 44), amine frag-
ments (m/z = 28, 29), carbon oxide (m/z = 28), aliphatic
fragments (m/z = 15, 42, 43, 56), and aldehyde (m/z = 40,
41) was detected. Moreover, evolution of carbon dioxide
was also observed at about 600 °C and was connected with
the final decomposition of the materials.

In order to follow the changes in silica-layer materials
during the heating at different stages of decomposition, the
remaining material was also analyzed by ATR-FTIR and
Fig. 9 shows spectra of initial and decomposed 15-layers
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Fig. 7 TGA/FTIR of gases evolved from silica composite materials
heated at 390 °C
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Fig. 8 MS profile of evolved 6e-10 3.0e-8
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Fig. 9 FTIR spectra of silica-15 layers: (solid line) initial, (dashed
line) heated at 230 °C, (dotted line) heated at 590 °C

silica material. Taking into account that the spectra
before and after heating to 230 °C (the first step of
decomposition) show only small changes in the region of
about 3,400 cm_l, we can conclude that the first peak in
the DTG and Gram—Schmidt plots is associated with the
loss of adsorbed water, not with the structural decom-
position of the organic parts of the composite material
[29]. The spectrum of the material degraded at 590 °C
corresponds to that of pure silica and suggests that the
organic part evolved from the material. Hence, we do not
treat the first weight loss on the TG curves as a decom-
position of dendrimeric material, and the initial decom-
position temperature (IDT) was determined as the
temperature of 5 % weight loss. Due to the increasing
number of organic functional groups on the surface of
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silica composite materials which interact with water
molecules, an increase of weight loss in the range of
1.2-4.8 % connected with water desorption is observed.
The determined IDT are in the range of 236-362 °C and
decrease along with the increasing number of organic
layers. As pure silica lost almost none of its weight
during the heating period, the shift of the IDT to a high
temperature region might simply be due to the fact that
the materials possess a relatively small amount of
organic parts. That is to say, the thermal stability of the
prepared anion exchangers was not enhanced with the
addition of silica particles.

Conclusions

It was concluded that grafted composite silica-organic
materials can be obtained by condensation polymerization
of primary methylamine amine with BDDE onto the sur-
face of bare silica. The synthesized anion exchangers
exhibited good thermal stability, suitable for their use in
chromatographic experiments carried out with higher
temperatures. DSC and TG measurements indicated that
initial decomposition temperatures of the investigated
anion exchangers is in the range of 236-362 °C and
increases along with the decrease of the number of the
organic layers. On the other hand, the silica core of the
prepared materials did not alter the thermal degradation
behaviors of the organic layers. Degradation starts from
236 to 362 °C and is preceded by desorption of the
absorbed water in 160 °C.
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