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Purpose: This paper presents the study aimed at the development of crosslinked poly(methyl methacrylate)s (X-PMMA) of varied
crosslink density and the investigation of the relationships between the polymer network structure and dynamic mechanical properties.
Methods: A series of model X-PMMA networks were crosslinked by the introduction of: 1, 2, 5, 10 and 20% of triethylene glycol di-
methacrylate (TEGDMA). The copolymerizations led to various glass-rubber relaxation properties of the polymer networks, as revealed

by dynamic-mechanical analysis (DMA). Glass temperature (7;) and storage modulus above the 7, (E},,.,,) Were a sensitive function

of network architecture. DMA data were used for calculating the network parameter (), crosslink density (¢) and its alternative meas-
ure — the degree of crosslinking (D.X). Results: The viscoelastic properties as well as structural parameters calculated from those showed
correlation with the amount of the crosslinker. The increase in TEGDMA content resulted in the 7,, ¢ and DX increases, whereas
M., decrease. The possible incomplete conversion of double bonds was detected in the DMA analysis, which was confirmed by the degree
of conversion (DC), measured by FTIR spectroscopy. Additionally, some amount of sol fraction was found by 1H NMR experiments.
Conclusions: The structure-property relationships developed for the system presented in this work could be useful in tissue engineering,
where X-PMMA is applied. The direct measure of storage modulus values before and above glass transition may serve as a simple and

fast indicator of the X-PMMA crosslink density.

Key words: PMMA, corosslink density, network parameter, DMA, storage modulus, glass temperature

1. Introduction

The importance of poly(methyl-methacrylate) in
biomedical applications is evident [2], [3], [6], [14],
[20]. Many of them employ a crosslinked form of
poly(methyl methacrylate) (X-PMMA). X-PMMA is
used as bone cements [3], [8], [20], carrier systems in
medical technologies [11] and teeth dentures [15],
[18]. Structurally, crosslinked poly(methyl methacryl-
ate)s are polymer networks consisting of poly(methyl
methacrylate) primary chains, pendant side groups or
chains, derived from the crosslinking monomer mole-

cules with one double bond reacted, and crosslinks
formed by those crosslinker molecules with both the
double bonds reacted [10]. The system may also contain
some entanglements, working as physical crosslinks as
well as some amounts of a soluble fraction, consisting
of unreacted monomer or short, linear oligomers (Fig. 1)
[21]. The network molecular structure, equally with
the chemical structure, governs physico-mechanical
properties of thermosets [5]. Therefore, it is of great
scientific and technological interest to analyze and
understand the structure and properties of crosslinked
poly(methyl methacrylate). Especially, easily accessi-
ble results as well as simple calculations leading to
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rapid and accurate conclusions are of the highest in-
terest.

One of the experimental techniques most fre-
quently used in the characterisation of the structure of
crosslinked polymers is dynamic mechanical analysis
(DMA). Variation of loss tangent (tand) with tem-
perature yields directly the value of glass transition
temperature (7,), whereas storage modulus within the

rubbery plateau (E/,,.,) can be used to evaluate net-

work parameter (M,) — the molecular weight between
crosslinks [16]. Classical theory of rubber elasticity,
which is often used for this purpose, assumes that the
elastic modulus is independent of the network chemi-
cal structure and depends primarily on the tightness of
the network structure. The Ej ., correlates with M.,

according to the following formula [9]

_ 3RTd
c E(

rubbery

M

Q)

where T is the absolute temperature at which the
modulus is determined, d — polymer density, and R — the
universal gas constant.
The M, can be easily transferred into the crosslink
density (g) with the following relationship [1]
m, =2 @)
q

where MW is the monomer molecular weight.

Some less known application of DMA, dealing
with the degree of crystallinity of polymers, had been
reported by Khanna et al. [12]. The method was based
on the comparison of differences in storage modulus
values (AlogE") below and above 7, for crystalline
linear polymers and for an amorphous one, to yield
directly the degree of crystallinity of the former. If
one did the same for a polymer network, assuming
chemical crosslinks work similarly to crystallities, that
can be recognized as physical crosslinks [17], another
physical interpretation of those data may be consid-
ered. For instance, it could be thought as a measure of
polymer network crosslink density. The following
formula, developed for estimating the degree of crys-
tallinity by Khanna, was proposed in this work for
assessing the degree of crosslinking (DX)

AlogE").
_( g ')sample (3)
(Alog E")pyipia

where the non-crosslinked bulk PMMA was used as
a reference amorphous material ((AlogE")pmma = 3.22).

The values of AlogE’ measured for a series of
poly(methyl methacrylate)s crosslinked with a varied

DX =1

amount of triethylene glycol dimethacrylate (TEGDMA)
have been taken to calculate the degree of crosslinking
of the network (DX).

2. Materials and methods

The X-PMMAs were received in bulk. The moulds
built of two glass plates, a spacer 2 mm thick and
clamps were filled by use of a syringe with mixtures
of methyl methacrylate (MMA, Acros, Belgium) and
triethylene glycol dimethacrylate (TEGDMA, Sigma-
Aldrich, USA) — in the amounts of: 1, 2, 5, 10 and
20 mol.%, with 1 wt.% of benzoyl peroxide (BPO,
Acros, Belgium) — the initiator. The moulds were
placed in a water bath and temperature was raised
gradually from 56 to 85 °C for 4.5 hrs. After that, the
moulds were transferred to a drying oven and the tem-
perature was raised from 85 to 120 °C within 18 hrs.

The rectangular samples of polymers (length x
width x thickness: 50 mm X 5 mm % 2 mm) were ex-
amined by using Dynamic Mechanical Analysis
(Polymer Laboratories MK II DMA apparatus, UK).
Experiments were performed in bending mode and
a frequency of 1 Hz, over the temperature range from
20 to 200 °C. The T, was taken as the temperature at
the tand = f(7) peak maximum. Values of storage
modulus (£') were read off directly from variations
of logE" with temperature, 40 degrees before £ and
40 degrees above « transition. The network parameter
(M,) was calculated according to equation (1) and
transferred into crosslink density (g) according to
equation (2). The degree of crosslinking (DX) was
calculated by use of equation (3).

The polymer densities (d) were determined ac-
cording to the Archimedes’ principle, on the Mettler
Toledo XP Balance with 0.01 mg accuracy (Switzer-
land) with the density determination kit at 25 °C.
Water was used as the immersing liquid.

IH NMR experiments (300 MHz spectrometer,
Varian UNITY/INOVA, USA) were performed in
the deuterated chloroform solution (Acros, Belgium),
using tetramethylsilane (TMS) as a reference (Sigma-
Aldrich, USA). Powdered samples of X-PMMAs were
soaked in CDCl; for 1 week. Then the extract was fil-
trated and the filtrate was examined with 1H NMR.

FT IR spectra were recorded on a Bio-Rad FTS
175C spectrometer (Bio-Rad Laboratories, Germany),
with 128 scans at resolution of 1 cm™'. The absorption
intensity of selected peaks was measured after the
baseline correction in the 2000-800 cm ' region.
Monomers were analyzed as very thin films formed
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onto potassium bromide pellet. The cured samples
were pulverized into fine powder with a planetary
ball mill (Pulverisette, Fritsch GmbH, Germany) and
next sifted to a particle diameter less than 24 pum.
The samples of those polymers were admixed with
potassium bromide and examined as pellets. The
degree of conversion (DC) in polymers was calcu-
lated by relating the absorbance of the double bonds
stretching vibrations to the peak assigned to the car-
bonyl stretching vibration — the internal standard, as
follows [4]

(AC=C / AC:O )polymer
(AC:C /AC:O)monomer

where Ac—c is the absorption of the peak at 1637 cm ',
referring to the C=C stretching vibrations and Ac—o is
the absorption of the peak at 1718 cm™', referring to
the C=0 stretching vibrations.

The results were subjected to statistical analysis
with a Statistica 10 software. The distributions of the
residuals were tested with Shapiro—Wilk test and the
equality of variances were tested with Levene test.
When the distributions of the residuals were normal
and the variances were equal the one-way analysis of
variance ANOVA («a = 0.05) was used, and if alterna-
tive hypothesis was accepted the HSD Tukey post hoc
test was used to determine the differences between
mean values (a = 0.05). When the distributions of the
residuals were not normal and/or the variances were not
equal the Kruskal-Wallis tests was used (a= 0.05).

DC=1-

“4)

3. Results

Five polymer networks of varied crosslink density
were obtained by the thermal copolymerization in bulk
of methyl methacrylate (MMA) with triethylene glycol
dimethacrylate (TEGDMA) (Fig. 1). The TEGDMA
content in the polymerizing mixture, being of 1, 2, 5, 10
and 20 mol.% allowed the polymer network crosslink
density to be controlled.

DMA was used to determine glass temperature and
dynamic mechanical properties of the X-PMMA net-
works. The curves of the loss tangent and bending
storage modulus as a function of temperature were
obtained and analyzed.

The tano curves (Fig. 2) showed two distinct re-
laxations, which appeared as narrow peaks. They were
labeled as £ and «. The peak maximum corresponding
to f transition (7)) was less evident and it was cen-
tered at about 105 °C. Transition a¢ was recognized
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Fig. 1. The chemical structure of the monomers used in the study
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Table 1. The T, and T; of X-PMMAs (mean values with standard deviations)
and one-way AVOVA test results (= 0.05)

TEGDMA mol.% fraction
0 1 2 5 10 20
Ty
+ + + + + +
(p—02144) 102.8+3.9 | 107.9+42 | 1069+44 | 1104+48 | 108.3+4.5 | 1094+48
Tg 126.1 +5.0% [ 126.3 +4.94 | 128.6 £ 4.3 | 131.7 +4.5*B | 135.8 £ 4.55¢ | 1445+ 52C
(p <0.0001)

Notes: * Groups with the same uppercase superscript letters; (A—C) for each row are not significantly

different at the p < 0.05 level.

Table 2. The dynamic storage modulus values of PMMA and X-PMMAs (mean values with standard deviations)

with the results of one-way ANOVA (log £y, and E},  )* or Kruskal-Wallis (log £, and Er’ubbcry) tests results (o= 0.05)
TEGDMA mol.% fraction
0 1 2 5 10 20
logE!,,.., (Pa
€ oy (P2) 9.18 +0.05" 9.18 +0.05" 9.19 + 0.04" 9.06+0.06 ® 9.11+0.07"8 9.20 + 0.06"
(p=0.0078)
E'  (MPa
sy (MP2) 1513.6 = 174.3*B | 1513.6 = 180.03"B | 1548.8 + 127.1* | 1148.2 + 148.065 | 1288.3 = 186.5*E | 1584.9 +212.1*
(p=0.0087)
lOg E;ubbcr (Pa)
Y 5.96 +0.05 6.50 + 0.06 6.69 = 0.03 6.93 +0.02 7.25+0.04 7.67+0.06
(p <0.0001)
Er’ubbery (Mpa)
0.91+0.11 3.16 £0.47 4.90 +0.34 8.51 £0.39 17.78 £ 1.70 46.77 + 6.64
(p <0.0001)

Notes: * Groups with the same uppercase superscript letters; (A—B) for each row are not significantly different at the p < 0.05

level.

as the glass temperature (7, = T,). It was better
resolved and its maximum was centered at about 130 °C.
Ty as well as T, shifted to higher temperatures and the
tan¢d peak lost intensity with increasing TEGDMA con-
tent. The DMA transition temperatures of X-PMMAs
are reported in Table 1.

Plots of logE’ versus temperature are summarized
in Fig. 3, whereas the detailed information for the stor-
age modulus in the glassy (£y,,) and viscoelastic

(Ery

bbery

The E!

glassy

on the TEGDMA content. The E’

rubbery
significantly as the TEGDMA content increased. The
drops of modulus during f and ¢ transitions corre-
sponded to peak maxima in the tano curves. The less
crosslinked network as well as PMMA delivered
more evident S relaxation than X-PMMAs having
higher crosslink density. After the initial drop in E’
caused by f transition, a slight increase in E' was
observed. After that, the E' decreased due to the
glass transition.

lassy
) states are presented in Table 2.
values were similar and did not depend

increased

DMA results for £’ were used to calculate A,
g and DX. For this purpose equations (1), (2) and (3)
were used, respectively. Additionally, assuming cross-
links as volumeless junction points, M., geor Was calcu-
lated according to the following formula

¢_theor — ﬂ (5)
Xxf
where MW is the MMA molecular weight (100.12 g/mol),
X — the molar fraction of TEGDMA, and f — the num-
ber of functionalities in the TEGDMA molecule
(f=2). In Table 3, the results for M, cxp, M. teor, ¢ and
DX are presented.

The decrease in M. ., and the increase in g were
accompanied by the increase of the TEGDMA con-
tent. The uncrosslinked PMMA had the finished value
of M. cxp, Whereas M., yeor Was unfinished.

The M, ., values determined in DMA experiments
for X-PMMA were generally higher than the theoreti-
cal M. 4eor values. Exceptionally, the experiment on
X-PMMA crosslinked with 1 mol.% of TEGDMA
resulted in the opposite result. The value of M. ., was
slightly higher than the M. ..o value.
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Table 3. The values of M, exp, Mc theor, ¢ and DX for X-PMMAs (mean values with standard deviations)
with the results of one-way ANOVA (d and DX)* or the Kruskal-Wallis (M. ., and g.,) test results (= 0.05)

TEGDMA mol.% fraction

0 1 2 5 10 20
M, theor (g/mol) © 5000 2500 1050 550 300
Giheor - 0.02 0.04 0.09 0.18 0.33

3
d (g/enm) 1.1740.01 1.17+0.01 1.18+0.02 1.18+0.01 1.19+0.02 1.20+0.02
(p=0.0589)
M, exp (g/mol)
14455£1703 | 4283573 2711194 1569+79 77371 307+62

(p <0.0001)
Gexp 0-007£0.001 1) 1)410.003 | 0.036£0.003 | 0.06120.003 | 0.13440.013 | 0.338+0.079
(p<0.0001)
DX ) 0.17£0.02* | 0.22+£0.02* | 034+0.02% | 0.42+0.03¢ | 0.52+£0.03°
(p<0.0001)

Notes: * Groups with the same uppercase superscript letters; (A-D) for each row are not significantly differ-

ent at the p < 0.05 level.

The FTIR spectroscopy was used to assess the
amount of unreacted double bonds in X-PMMA sys-
tems under study. Figure 4 presents examples of FTIR
spectra of the mixture of MMA with TEGDMA
monomers and its cured form. In Table 4, the values
of the DC are summarized.

3 o
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A
2.5 \/\ /\ MMA+TEGDMA
g 5 /\ 5 ve=0) M A// \
= A \
3 NN AT ANy
o 1.5 8
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5 / 5 N /V\\// \
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Wavelength (cm-)

Fig. 4. The exemplary FTIR spectra of the mixture of MMA
with 5 mol.% of TEGDMA and its cured form

As shown by examples in Fig. 5, the presence of
sol fraction in X-PMMAs under study was detected
in 1H NMR experiments, by analyzing the extracts of
X-PMMAs in CDCls.

MMA
MMA
*
PMMA
MMA
PMMA
BPO b
J;_JML o J ML
T 7 6 5 4 3 3 1 ppr

Fig. 5. Exemplary 1H NMR spectrum of sol fraction
in X-PMMA, cured with 5% of TEGDMA

4. Discussion

As the data from Table 1 show, the increase in the
crosslinker content causes an increase of the polymer
network stiffness, which may be illustrated by the
linear increase in 7, (R = 0.993, Fig. 6).

It might also be noted that the uncrosslinked
PMMA had the T, of 126.5 °C, which is in accordance
with cited data obtained with the same technique [7].
This value is, however, higher than the 7, value
mostly reported for this polymer, of 105 °C [13],

Table 4. The DC (mean values with standard deviations) in X-PMMAs under study
determined by FTIR and one-way AVOVA test results (= 0.05)

TEGDMA mol.% fraction
0 1 5 10 20
bC 0.85+0.04 | 0.85+0.03 | 0.87+0.04 | 0.85+0.04 | 0.87+0.03 | 0.89+0.04
(p=0.6068)
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showing that DMA produces higher 7, values than
other techniques, such as differential scanning calo-
rimetry.

150

y = 0.9251x + 126.31

145 "
R? = 0.9926

140
135

T (C)

130

125 9

120

0 5 10 15 20 25
TEGDMA mol.%

Fig. 6. The correlation between the T,
and the TEGDMA content

The small peak in the tand= f(T') plot, preced-
ing T, called p transition, may reflect the rotations of
methacrylate groups in unreacted MMA or TEGDMA
monomers. However, its decreasing intensity with
increasing TEGDMA content as well as the accompa-
niment of a small increase in modulus suggest that it
would be rather the post-curing reaction with the aid
of double bonds. This might be attributed to the in-
complete conversion of double bonds in the material.
It points out that after f transition the system gained
higher level of crosslinking as the temperature in-
creased and it was manifested by the increase in
modulus.

The presence of unreacted double bonds in poly-
mers under study has been proven by FTIR spectros-
copy (Fig. 4, Table 4), whereas the presence of sol
fraction by 1H NMR (Fig. 5).

The higher the TEGDMA content was, the higher
the DC determined by utilizing FTIR technique. The
DC was determined in respect to the C=0O band ab-
sorption, used as an internal standard, and ranged
from 0.85 to 0.89. The actual values of DC may be
higher, since the carbonyl internal standard produces
underestimated values of DC [4]. The differences in
DC in X-PMMAs probably result from kinetics of the
radical polymerization between two kinds of mono-
mer or from the varied behavior of absorption in car-
bonyl in MMA and TEGDMA [19].

IH NMR spectra of sol fraction extracted from
powdered X-PMMA samples confirmed the presence
of sol fraction in X-PMMAs under study. As shown in
Fig. 5, an exemplary spectrum of X-PMMA consists
of peaks corresponding to the initiator (BPO), MMA
monomer as well as PMMA. There were no signals
from TEGDMA monomer, which means that the
whole amount of this monomer has been built into the
insoluble network structure with at least one of the
double bonds. The peaks corresponding to the metha-

crylate double bonds may be explained by the pres-
ence of unreacted monomer, however they may also
originate from the termination of the radical chain by
disproportionation.

Tano peak loss intensity with increasing TEGDMA
content suggests decreasing segmental motion be-
tween crosslinks with decreasing length between
them, i.e., increasing crosslink density. It was con-
firmed by the £’ behavior in the rubbery region. Using

) .
E ippery Values, M. and g were determined.

The theoretical as well as experimental network
parameters calculated from the storage modulus in the

rubbery plateau region (Ej,,.,) decreased with in-

creased TEGDMA content (Table 2).

Finite M, measure of the uncrosslinked PMMA
may be explained by the presence of trapped entan-
glements of macrochains. The smaller value of ex-
perimental M, in respect to the theoretical one in the
case of X-PMMA crosslinked with 1 mol.% of
TEGDMA resulted from the greater increase in
modulus than can be predicted according to the theory
of rubber elasticity. This discrepancy may be attrib-
uted to the higher possible conformations that the
chain can achieve in the less crosslinked system, al-
lowing for higher segmental motion. Hence, the for-
mation of entanglement is favored. The opposite
situation, observed for networks crosslinked with at
least 2 mol.% of TEGDMA results from lower
modulus than could be predicted. The most probable
reason might be incomplete conversion of double
bonds in the crosslinker, which generates side groups
or side chains as well as the presence of loops, which
does not transform stress.

0.6

y = 0.1184x + 0.154

0.5 | ;
R?=0.9914

0.4

DX

0.3
0.2
0.1

0

0 0.5 1 1.5 2 25 3 3.5
IN(TEGDMA mol.%)

Fig. 7. The correlation between the DX
and the TEGDMA content

In the next step, the Khana equation was adopted
to the assessment of the degree of crosslinking (DX).
For this purpose the values of storage modulus below
and above T, were read off the logE] = f(D)

rubbery

plots. From Table 3, it can be seen that the DX of
X-PMMAs increases as the TEGDMA content in-
creases. Moreover, this relation has a linear relation-
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ship on the semi-logarithmic scale (R = 0.991), as it is
shown in Fig. 7.

5. Conclusions

The MMA curing is an effect of its copolymeriza-
tion with TEGDMA, in which the latter one serves as
the crosslinker. Therefore, when the TEGDMA con-
tent in the network increased, its network parameter
dropped and crosslink density rose. This resulted in
the increase of glass temperature and storage modulus
in the rubber plateau region.

The direct measure of the difference between stor-
age modulus in the glassy and elastic regions might
serve as a direct indicator of the crosslink density in
crosslinked poly(methyl methacrylates).
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