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ABSTRACT: The network structure of UV-cured acrylates was analyzed by dynamic mechanical
experiments, *H T, NMR relaxation, and 3C NMR spectroscopy. Photocured mixtures of difunctional
(poly(ethylene glycol) diacrylate) and monofunctional (2-ethylhexyl acrylate) were studied. The mean cross-
link density and fraction of dangling chains were varied in these networks by changing the content of
monofunctional acrylate. Examining networks by *C NMR spectroscopy, we observed that the conversion
is high, and the contribution or the effect of side reactions that generate extra cross-links is negligible.
The spatial distribution of cross-links is very heterogeneous in the cured samples; i.e., polyacrylate ziplike
network junctions are interconnected by polyether chains. An increase in the content of monofunctional
monomer causes a significant decrease in the cross-link density because the monofunctional monomer
acts as a chain extender. NMR T, relaxation method shows good correlation with mechanical tests with
respect to molar mass between cross-links, M.. Obtained values of M. are significantly smaller compared
to molar mass of diacrylate. As anticipated, it is apparent that classical rubber elasticity theories are not

applicable for characterization of this type of networks containing ziplike network junctions.

Introduction

Several curing procedures are used to prepare cross-
linked polymers. Among these procedures, photocuring
offers several advantages, including cure speed, reduced
emission (solvent free), and ease of applicability. UV
curing has found an increased use in not only coatings
but also adhesives, dental curing resins and photofab-
rication of 3-D objects—stereolithography. With the
increasing importance of the radiation cure much effort
is devoted to fabrication of coatings or objects of specified
mechanical properties.

Mechanical and elastic properties of unfilled, cross-
linked elastomers are largely influenced by the mean
molar mass of viscoelastic chains between chemical and
physical network junctions, type of network junctions,
and network imperfections and heterogeneity. To relate
mechanical properties to chemistry, it is essential to
understand the network topology of the resultant cured
materials. Despite apparent simplicity, the network
structure has complex topology, which can significantly
affect functional properties. Different types of network
heterogeneities are present in the cured material, if no
special precautions are taken to control curing chem-
istry and conditions. A difference in curing conditions
through the sample volume, such as UV dose and
temperature, results in spatial heterogeneity of the
network structure. The type of photoinitiators as well
as chemical composition of oligomer chains could cause
molecular scale heterogeneity of the network. The fol-
lowing heterogeneous structures can be present: het-
erogeneity in distribution of network junctions, unat-
tached to network chains, dangling chains, and loops.
Furthermore, the mechanical properties can also be
affected by?! the type of network junctions [i.e., func-
tionality and bulkiness that determines ability of net-
work junctions to fluctuate (affine vs phantom net-
works)],2 chain entanglements,® small crystallinity,* and
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specific interactions between polymer chains caused by
for example hydrogen bonds and microphase separation.
These variables can be utilized to modify properties of
cured materials. However, they also cause difficulties
in reliable analysis of the network structure and com-
plicate the effort to establishing structure—property
relationships.

Generally, methods that are used for analysis of
network structure can be subdivided into three catego-
ries based on the methodology:

1. Characterization of physical properties of cured
materials in relation to volume-average network den-
sity. The most common methods are equilibrium swell-
ing and mechanical measurements.>2 In addition to the
network structure, these methods provide information
that is desirable for practical applications, such as
modulus, stress—strain behavior, and glass transition
temperature. Rubber elasticity theory and phenomeno-
logical theories are used to relate a measured quantity
to the density of chemical and physical cross-links.
Several molecular models have been developed for
“ideal” networks in which no defects are present.2->
However, there is a considerable debate about the
validity and applicability of these models, and several
discrepancies between theory and experiment still
remain, e.g., the role of chain entanglements, network
defects, and network heterogeneity. It is acknowledged
that traditional methods are not capable of providing
complete reliable information about network topology.>~7

2. Analysis of chemical conversion and cure chemistry
is another way to study the network structure. Several
techniques are used for this purpose, e.g., optical
spectroscopy,® high-resolution NMR spectroscopy, and
titration of nonreacted functional groups. The spectro-
scopic methods can be used for quantitative analysis of
cross-links.®~11 Chemical conversion is usually closely
related to the network density. However, no exact
guantitative information on the network structure can
be obtained, since reacted groups can form not only
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chemical cross-links but also viscoelastically ineffective
chains, such as chain branches and chain loops. Fur-
thermore, side reactions, which easily can cause ad-
ditional cross-links, complicate data interpretation due
to overlapping of signals from different types of chemical
groups in complex mixtures. Moreover, physical network
junctions are hardly detected by spectroscopic methods.

3. Analysis of molecular mobility of polymer chains
is used to study the network density and its heterogene-
ity. Dynamic mechanical analysis and dielectric spec-
troscopy provide information about mobility of polymer
chains, which is linked to the network density. One of
the most informative and sensitive methods is solid-
state NMR.12714 NMR imaging or microscopy is used for
determination of spatial heterogeneity of rubbery ma-
terials on the scale of 15—50 um.1*~16 Different types of
NMR relaxation experiments are used for analysis of
local and long-range spatial mobility of polymer chains.
Since chain motion is strongly coupled to the length of
network chains, chemical information on network struc-
ture and network defects can be obtained in this way.
Selective information on the mobility of polymer chain
units of different chemical origin can be obtained by
means of selective NMR relaxation experiments. Rela-
tionships between NMR relaxation parameters and
dielectric and mechanical properties have been esta-
blished.17—19

Apparently, the most comprehensive information on
the network structure in the relation to properties can
be obtained by these three complementary methodolo-
gies.

A number of NMR methods were applied to study
kinetics of radical curing and the structure of resultant
networks. 'H and 13C NMR spectroscopies have
been used for monitoring the conversion of various
acrylates.20-26 Differences in reactivity between various
double bonds in a cross-linking system were also
determined in these studies. 13C NMR T, and T1,(*H)
experiment were used to make the distinction between
constrained and unconstrained local surroundings and
to relate these differences to chemical origin of network
heterogeneity. The growth of cross-linked clusters and
partial phase separation due to difference in the mono-
mer reactivity were suggested by these studies. This
interpretation was supported by spin-diffusion experi-
ments, which reveal nanometer scale heterogeneity of
networks.20.21 Different authors demonstrated good
agreement in chemical conversion as measured with
NMR and optical spectroscopy?°2! and reaction enthal-
pies as described by Moore.?” 'H and 3C NMR spec-
troscopies can also be used to monitor real time UV-
curing of acrylates.?8 It was shown in this study that
chemical conversion against curing time could be well
described by a theory, which takes into account a
difference in reactivity of acrylates in mixtures.

Analysis of chain mobility with respect to cross-link
density using NMR relaxation experiments has been
reviewed by several authors.?9-32 NMR relaxation times
T, and Ty, are largely affected by local segmental
mobility on the order of 100 MHz and 50 kHz, respec-
tively. Curing causes a decrease in local chain mobility,
as was shown by several authors.22-26 A linear depen-
dence of 1/T4 on the inverse of the molecular weight of
network chains is observed to be similar to that of the
glass temperature.33 It is recognized that a moderate
change in T; and T, relaxation times is observed for
networks with low cross-link density. This limits ap-
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plicability of these relaxation experiments for quantita-
tive analysis of network density. On the other hand, T,
relaxation is very sensitive to even small differences in
the cross-link density, because this relaxation time for
rubbery materials is largely governed by constraints on
large spatial-scale chain mobility imposed by chemical
and physical cross-links.3! Since chain motion is strongly
coupled to elastomer structure, chemical information
can be obtained in this way. A comparison of the cross-
link density, as measured by T, relaxation experiments,
with that obtained by traditional methods for the same
samples proves that the NMR method provides quan-
titative data on the cross-link density.11:3334 Therefore,
T» relaxation is preferred over T1 and T, relaxations
as a probe for network structure.

In addition to the mean cross-link density, the analy-
sis of T relaxation can provide information on network
defects and heterogeneous distribution of network junc-
tions. The sensitivity of the T, experiments to the
molecular scale heterogeneity is due to the local origin
of the relaxation process, which is predominantly gov-
erned by the near-neighbor environment and intrachain
effects for T, relaxation at temperatures well above the
Tg. Therefore, the submolecules concept can be used to
describe the relaxation behavior.3! In a simplified
picture, the total T, relaxation decay for a heteroge-
neous elastomer is a weighted sum of decays from the
different submolecules which are defined as network
chains between the chemical and the physical junctions,
chain loops, and chain-end blocks. These submolecules
possess different relaxation behavior due to differences
in the large spatial scale mobility. The relative contri-
bution of the submolecules to the total proton T,
relaxation decay is proportional to the number of
protons, which are attached to these chain fragments.
A quantitative analysis of the decay shape is not always
straightforward due to the complex origin of the relax-
ation function itself3! and the structural heterogeneity
of the long chain molecules. Nevertheless, several
examples of the detection of structural heterogeneity by
T, experiments have been published, for example, the
analysis of the gel/sol content in cured3>3¢ and filled
elastomers,37-38 the estimation of the fraction of chain-
end blocks in linear and network elastomers,3*~4! and
the determination of a distribution function for the
molecular mass of network chains in cross-linked elas-
tomers.4243

The advantage of NMR relaxation experiments is that
with minimal sample preparation selective determina-
tion of the network structure in rubbery phases in
complex materials is possible. Network structure of UV-
cured acrylates is analyzed in the present study by
mechanical experiments, T, NMR relaxation, and 13C
NMR spectroscopy. Mixtures of a di- and monofunc-
tional acrylate are used as a model system for this
study. The di- and monofunctional acrylates are poly-
(ethylene glycol) diacrylate (PEGDA) and 2-ethylhexyl
acrylate (EHA), respectively. The mean cross-link den-
sity and the fraction of network defects are varied in
these networks by changing the content of monofunc-
tional acrylate. The aim of the present study is (1) to
determine possible side reactions (2), to find a relation
between the mechanical properties, as measured by
DMA, and the network structure, as probed by NMR
T, relaxation experiments, and (3) to reveal the effect
of ziplike network junctions on mechanical properties
of cured acrylates.
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Figure 1. Chemical structures of initial compounds.

Table 1. Sample Composition
PEGDA EHA

PEGDA:EHA

sample (in mass %) (in mass %) (molar ratio)

1 100 0 1.0
2 90 10 1:.0.2
3 80 20 11
4 70 30 1:1.2
5 60 40 1:2.2
6 50 50 1:.4.1
7 40 60 1:6.2
8 30 70 1:9.7
9 20 80 1:16.6

10 10 90 1:37.5

Experimental Section

A. Initial Chemicals. The model system were composed
of mixtures of a poly(ethylene glycol) diacrylate (PEGDA) with
M, = 700 g/mol and a monofunctional 2-ethylhexyl acrylate
(EHA) (Figure 1). The mixtures contained 1 mass % of
photoinitiator 1-hydroxycyclohexyl phenyl ketone (HCPK). The
specific density of PEGDA and EHA is 1.11 and 0.885 g/cm3,
respectively. PEGDA and EHA were obtained from Aldrich
Chemical Co. HCPK (lrgacure 184) was supplied by Ciba
Geigy.

B. Sample Composition and Photocuring. The weight
fraction of EHA was varied from 0 to 90% (see Table 1). The
mixtures are designated with numbers [i.e., PEGDA/EHA(70:
30)], which represents the content of the difunctional monomer
in mass percent. Films of 0.1 mm thickness were cured on glass
plates at 27 °C on a conveyor belt fitted with a Fusion F600
(6000 W) electrodeless H bulb and with nitrogen inerting. An
UV dose of 1 J/cm? was determined using an UV Power Puck
light meter. The chemical conversion was determined by ATR-
FT-IR by measuring the peak intensity of acrylate (C—H
deformation) at 810 cm~1.#* It was shown that the conversion
of acrylate double bonds on both sides of the films (substrate
and top) was above 96%. The specific density of the mixtures
was calculated on the basis of the densities of PEGDA and
EHA, 1.11 and 0.885 g/cm?, respectively. A decrease in sample
volume due to shrinkage and thus density increase was
neglected in this calculation.

C. Mechanical Testing. The glass temperature and the
storage modulus were measured with a Rheometrics solid
analyzer Il (RSA-11) at a frequency of 1 Hz. Test bar samples
of 2 mm width and 40 mm length were cut out of the cured
films on glass plates and detached from the glass. The
thickness of test bars was measured with a calibrated Heiden-
hain measuring device. The dynamic mechanical tests were
performed using the ASTM norm D5026 on RSA-Il. The
measurements of the storage modulus (E'), the loss modulus
(E"), and the tangent delta were carried out at a frequency of
1 Hz. Experiments were started at —130 °C and the temper-
ature raised to 200 °C with a ramp speed of 5 °C/min.

D. 3C NMR Spectroscopy. 1*C MAS and CP/MAS NMR
spectra were recorded on a Varian Inova 400 MHz wide bore
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NMR spectrometer operating at *3C frequency of 100.58 MHz,
using a 7 mm CP/MAS probe. The *H and *3C 90° pulse width
was about 5 us. All experiments were carried out with magic-
angle spinning, using a spinning frequency of 2 kHz and high-
power proton decoupling. Adamantane was used to optimize
the Hartmann—Hahn condition. **C chemical shifts were
referenced to the methylene resonance of adamantane (38.3
ppm relative to tetramethylsilane). The recycling delay time
of 100 and 5 s was used to record **C MAS and 3C CP/MAS
spectra, respectively. The number of transients used was 4000
and 17 000 for 13C MAS and CP/MAS spectra, respectively.
To enhance the spectra resolution for cured compounds, the
spectra were recorded on samples that had been swollen in
CHCl3. The 3C resonance of CHCI; does not overlap with
peaks of interest. The predicted value of chemical shifts was
calculated with a program ACD/CNMR Predictor 4.0.

E. 'H NMR T, Relaxation Experiment. The proton
transverse magnetization decays, T, relaxation decays, were
measured on a Bruker Minispec NMS-120 spectrometer at a
proton resonance frequency of 20 MHz. This spectrometer was
equipped with a BVT-3000 variable temperature unit. The
temperature gradient and stability were about 1 K and 0.1 K,
respectively.

The decay of the transverse magnetization was measured
with the Hahn-echo pulse sequence (HEPS), 90°x—tne—180°—
tne—(acquisition), where tye > 35 us. An echo signal is formed
after the second pulse in the HEPS with a maximum at time
t = 2ty after the first pulse. By varying the pulse spacing in
the HEPS, the amplitude of the transverse magnetization, A(t),
is measured as a function of time t.

The T, relaxation experiments were performed on samples
as whole and swollen samples. A certain amount of 1,1,2,2-
C,D,Cl,; was added to the sample, and then a Teflon plug is
inserted so that the bottom is just above the sample, creating
a slight free volume above the sample. The samples were
stored for 1 day before the measurements were performed. In
this case, 1,1,2,2-C,D,Cl, was the solvent of preference due to
its high boiling point, which permitted NMR experiments at
elevated temperatures.

F. Network Structure Analysis by Dynamic Mechan-
ical Experiments. The mean molar mass of network chains
was calculated from the slope of the linear part of the
dependence of the modulus at temperatures above T, The
following equation relates the slope of the dependence (E'/T)
to the molar mass of network chains between chemical cross-
links and chain entanglements, M., in kg/kmol:4546

M, = 3pRT(1 — X)/E’ (1)

where p is the specific density in kg/m?, R is the gas constant
that equals 8.3 J/(mol K), E' is the modulus in Pa, and x is
the volume fraction of 2-ethylhexyl fragments of EHA. Sug-
gesting density additivity, a value of x was calculated from
the specific density of network chains (PEGDA) and alkylic
fragment of EHA 1.11 and 0.86 g/cm?, respectively. Equation
1 is applicable to affine networks of the same chain length
and without network defects. It is recognized that the effective
number of elastically active network chains reduces in net-
works with spatial clustering of cross-links.>~7 This means that
a value of M. is overestimated with eq 1 in the case of
heterogeneous networks.

G. Network Structure Analysis by *H NMR T, Relax-
ation. At temperatures about 100—150 K above Tg, the T,
relaxation time for elastomer networks is very sensitive to the
conformational mean position of network chains, which is
affected by the presence of chemical and physical network
junctions. At these temperatures, T, for cross-linked elas-
tomers is nearly independent of temperature. The temperature
independence of T, at temperatures well above Ty is attributed
to constraints, which limit the number of possible conforma-
tions of a network chain with respect to those of a free chain.
In other words, due to the high segmental mobility, the
network chains take a mean conformational position, which
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depends on the number of statistical segments between
network junctions.

The T, value at this high-temperature plateau, T.°, has been
guantitatively related to the number of statistical segments
in network chains.*”¢ For a Gaussian chain, in which the
average squared distance between network junctions is much
shorter than the contour chain length, the TP value is related
to Z statistical segments between the network junctions:*74

Z=T,I(aT,") @)

where a is the theory coefficient, which depends on the angle
between the segment axis and the internuclear vector for the
nearest nuclear spins at the main chain. For polymers
containing aliphatic protons in the main chain, the coefficient
ais close to 6.2 + 0.7.48 The T," value, which is measured for
swollen samples below Tg, is related to the strength of
intrachain proton—proton interactions in the rigid lattice. The
T," value for 1,1,2,2-C,D,Cl, swollen compounds PEGDA
(100)—PEGDA/EHA(10:90) varies from 7.7 to 9.3 us at —166
°C. Using the number of backbone bonds in the statistical
segment, C., the molar mass of network chains between
chemical and physical network junctions, M. is calculated:

M. = ZC,M,/n ®)

where My is the molar mass per elementary chain unit for the
polymer chain and n is the number of backbone bonds in an
elementary chain unit. According to different authors, C. for
poly(ethylene oxide) (PEO) varies from 3.8 to 6.9 main chain
bonds.**-5! The mean value of 5.0 is taken for the calculation.
It is assumed that the relative contribution of a network chain
to the total relaxation function for heterogeneous networks is
proportional to the number of protons attached to this chain.
Accordingly, the mean molar mass of network chains, as
measured by the NMR method, should be related to the
weight-averaged molar mass of network chains. The network
density in the networks studied is largely determined by the
density of chemical cross-links, since the length of the PEO
chain of PEGDA is significantly shorter compared to the mean
molar mass between apparent chain entanglements in PEO
(700 and about 2000 g/mol,*9-5! respectively). The maximum,
relative error of this NMR network density determination is
largely determined by uncertainty in C., for PEO, which is
about 35%.

Results

Glass Transition. As expected, the glass transition
temperature of the compounds increases linearly upon
an increase in the content of difunctional monomer, as
shown in Figure 2. Fox and Loshaek or similar equa-
tions can describe the dependence>?

T, =T," + kM, @)

where T¢® is the T4 of a polymer of infinite molecular
weight and k, is a material constant. It is mentioned
that this equation does not take into account the
“copolymer effect” of network junctions, high functional-
ity of network junctions, non-Gaussian chain statistics,
and the effect of dangling chains.53-57

The temperature dependence of modulus is shown in
Figure 3. A rubber-elastic plateau is observed above —20
°C, but slippage of samples out of clamps causes sharp
decrease in E' above 50 °C for samples with high EHA
content. Both Ty and E' decrease upon increasing EHA
content that corresponds to a decrease in the cross-link
density. The slope of the dependence of E' on temper-
ature in the plateau range is used for the calculation of
molar mass of network chains. Obtained values will be
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Figure 2. Ty of cured acrylates against the content of EHA.
The line represents the result of a linear regression analysis:
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%)~1. The correlation coefficient equals 0.998.
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Figure 3. Temperature dependence of storage modulus, E',
of cured acrylates with increasing amounts of EHA.

compared below with those determined by the 1H T,
experiment.

Network Structure by 'H NMR T, Relaxation.
The relaxation rate, 1/T,, at 50 °C for samples as a
whole reveals also a linear dependence against the
content of monofunctional monomer (see Figure 4).
Since the relaxation rate at temperatures well above
Ty is proportional to the network density,3*4748 it can
be concluded from results in Figure 4 that the cross-
link density in cured acrylates is proportional to the
content of difunctional monomer.

To obtain more detailed information on network
structure in the compounds, the T, relaxation experi-
ment is performed on partially swollen in 1,1,2,2-C,D»-
Cls networks. The T, decay for compounds PEGDA-
(100)-PEGDA/EHA(20:80) as a whole and swollen
samples consists of fast and slowly decaying components
with characteristic decay time TS5 and T/, respectively.
The superscripts “s” and “I” relate to short (T>®) and long
(T2" relaxation time, respectively. The relative fraction
of these components (%T2® and %T,') corresponds to the
content of hydrogen in materials, which are responsible
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Figure 4. T, relaxation rate at 50 °C against the content of
EHA for cured acrylates as a whole (closed circles) and swollen
samples (open circles). The relaxation rate for swollen samples
corresponds to its value at maximum of dependence (T2%)*
against solvent content (see Figure 7). The solid line represents
the result of a linear regression analysis for samples as a
whole: intercept = 8.2 + 0.2 ms™%; slope = —0.088 + 0.003
ms~1(mass %)~%; the correlation coefficient equals 0.997. The
dotted line represents the result of a linear regression analysis
for swollen samples: intercept = 8.07 &+ 0.07 ms™%; slope =
—0.088 + 0.001 ms™! (mass %)~ %; the correlation coefficient
equals 0.9992.
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Figure 5. T, decay for cured acrylates with different content
of EHA: PEGDA/EHA(90:10), circles; PEGDA/EHA(20:80),
down triangles; PEGDA/EHA(10:90), squares. The sold line
represents the result of a least-squares adjustment of the decay
with a linear combination of two exponential functions. Dotted
lines show separate components for PEGDA/EHA(20:80) and
PEGDA/EHA(10:90). The samples were swollen in 1,1,2,2-
C,D,Cl, (46 vol %). The measurements were performed at 50
°C. Only the initial part of the decay is shown for compound
PEGDA/EHA(10:90).

for these relaxations. %T,% and %T,' for cured PEGDA-
(100)-PEGDA/EHA(20:80) equals about 96—99.5% and
4—0.5%, respectively (see Figure 5). The major compo-
nent reveals T, relaxation time, which is typical for
cross-linked rubbers, i.e., in the range of milliseconds
or shorter. A small fraction of compounds PEGDA(100)—
PEGDA/EHA(20:80) shows high molecular mobility.
This fraction presumably originates from residual un-
cured material and low molar mass photoinitiator. Thus,
the amount of network defects is small in cured PEGDA-
(100)—PEGDA/EHA(20:80). Cured PEGDA/EHA(10:90)
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Figure 6. T, decay for cured compound PEGDA/EHA(10:90)
without solvent (a) and with 46 vol % (b) and 90 vol % (c) of
1,1,2,2-C,D,Cl4. The solid line represents the result of a least-
squares adjustment of the decay with a linear combination of
two exponential functions. Dotted lines show separate com-
ponents.

has a significantly larger fraction of slowly decaying
component (see Figures 5 and 6). The relaxation time
T,! for this sample is in the range that is typical for
highly mobile oligomer molecules, long dangling chain
ends, chain loops, and loosely cross-linked chains.3°=41
This relaxation is assigned to the relaxation of network
defects in compound PEGDA/EHA(10:90).

The dependence of T,° on the solvent content in
PEGDA/EHA(10:90) is similar to those for networks
with a large fraction of temporary chain entanglements
and network defects.3438 Starting from a low solvent
content, Vs, T,% increases (see Figures 7—9), which can
be the result of the following phenomena: (i) the
disentanglement of the network chains, (ii) an increase
in the frequency of the large spatial scale chain motion,
and (iii) a slight decrease in the strength of the inter-
chain proton dipole—dipole interactions. At Vs ~ 0.5, T,®
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Figure 7. T,° relaxation rate at 50 °C for cured acrylates against volume fraction of 1,1,2,2-C,D,Cl, in swollen networks. The

content of PEGDA and EHA is shown on the inset.
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Figure 8. Relaxation time T,* and T,' at 50 °C for PEGDA/

EHA(10:90) against the volume fraction of 1,1,2,2-C,D,Cl, in
the swollen sample.

reaches a maximum value. At higher values of Vg, T,°
decreases until the state of equilibrium swelling is
reached. This decrease in T,® is thought to reflect the
increase in the intrachain, proton dipole—dipole interac-
tions as a result of the network chain elongation upon
a progressive increase in the solvent fraction in swollen
gels.® An increase in %T,!' with increasing of solvent
content is apparently caused by chain disentanglement
which causes a distinct difference in mobility of partially
strained network chains and highly mobile disentangled
network defects (see Figure 9).

The dependence of T,® on the content of solvent in
swollen compounds is compared for all samples in
Figure 7. T,° of compounds PEGDA(100)—-PEGDA/EHA-
(30:70) is hardly affected by swelling. This suggests that
the amount of temporary chain entanglements and
network defects is low in these samples. Therefore, the
mean length of polymer chains between chemical cross-
links in PEGDA(100)—EGDA/EHA(30:70) should be
comparable to or smaller than Me, which is about 2000
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80+ -
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Figure 9. Relative fraction of T,' relaxation component at 50
°C for PEGDA/EHA(10:90) against the volume fraction of
1,1,2,2-C,D,Cl, in the swollen sample.

g/mol for PEO.#°~51 The maximum of the dependence
of T, on Vs is observed for all samples at Vs of about
50%. The relaxation rate at the maximum, 1/(T,5)ma
is compared for the complete series of samples in Figure
4. A fairly good correlation of 1/(T,%)™2 with the storage
modulus gives an additional proof that the NMR char-
acteristic is directly related to the network structure (see
Figure 10).

The mean molar mass of network chains is calculated
from (T,%)™2x,5° The obtained values are compared with
those from the mechanical experiment in Figure 11. The
results of these two methods are in rather good agree-
ment, if one accounts for assumptions made for the
calculation of the M. from the NMR and mechanical
data and large uncertainty in C., for PEO. The cross-
link density in cured acrylates decreases with increasing
the content of monofunctional monomer. The molar
mass of network chains is significantly smaller com-
pared to the molar mass of difunctional monomer for
cured acrylates containing more than 20 wt % of
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Figure 10. Relaxation rate (1/T.5)™> for samples partially
swollen in 1,1,2,2-C,D,Cl, against the storage modulus at 0
°C. The rubbery plateau is observed for all samples at this
temperature. The line represents the result of a linear regres-
sion analysis: intercept = 1.1 + 0.3 ms™; slope = 0.34 &+ 0.02
ms~! (MPa)~. The correlation coefficient equals 0.992.
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Figure 11. Mean molar mass between chemical cross-links
and trapped chain entanglements in cured PEGDA/EHA
against EHA content. M. is determined by the NMR T,
relaxation method*’#¢ and from the slope of the dependence
of plateau modulus on temperature using eq 1. The molar mass
of PEGDA is shown by arrow.

PEGDA. A possible explanation of this result will be
given below.

Chemistry of Curing As Studied by 13C NMR
Spectroscopy. To ensure that all cross-links are mainly
generated from acrylate polymerization, the 13C NMR
spectra are recorded for uncured and cured PEGDA-
(100). Curing causes the following changes in the 13C
NMR MAS spectrum (see Figure 12):

(1) All resonances in the cured compound are signifi-
cantly broader compared to those of the initial com-
pound (see Figure 12a,b), which is apparently caused
by a restriction of chain mobility due to curing.

(i) Resonances at 128—136 ppm, which originate from
carbon atoms of the double bond, are hardly detected
after curing, indicating high conversion of double bonds.
This is in the agreement with the results of FT-IR that
show more than 96% conversion.
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Figure 12. 13C MAS spectrum for uncured (a) and cured (b)
PEGDA(100) and *3C CP/MAS spectra for the cured compound
recorded at 7., of 0.025 ms (c) and 20 ms (d). To enhance the
spectral resolution of 3C CP/MAS spectra, about 30 mass %
of CHCI; was added to the cured compound. The resonances
are assigned to the following carbon atoms in initial mixture:
71.3 ppm, OCH; carbons in the middle part of PEGDA; 64.5
and 69.7 ppm, OCH; carbons in o and S positions to carbonyl
carbon atom at chain ends, respectively; 132.0 and 129.3 ppm,
CH; and CH carbons of vinyl group, respectively; 166.4 ppm,
carbonyl carbon. The spectra amplitude is adjusted to the peak
at 71.3 ppm.
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(iii) The resonance for carbonyl carbon shifts from
166.4 to 174.9 ppm upon curing. This change in the
chemical shift is caused by the loss of conjugation due
to double-bond opening. A lack of the resonance at 166.4
ppm for the cured compounds provides additional proof
of the high conversion of double bonds.

(iv) Broad resonances that are centered at 37 and 42
ppm appear in the spectrum of the cured compound.
These resonances correspond to methylene (CH3) and
methane (CH) carbons of aliphatic chains, which is
formed by acrylate curing.

The resonances at 37 and 42 ppm can originate from
cross-links and products of side reactions. To prove that
these resonances originate from cross-links, 1¥C NMR
CP/MAS spectra are recorded. The 13C resonances of
highly immobilized phases/components in complex ma-
terials are enhanced in 13C CP/MAS spectra at short
cross-polarization time (z¢p) and diminish at very long
7ep. At the opposite, the resonances from mobile phases/
components are enhanced at long 7, and are hardly
detected at very short 7p. It should be mentioned that
the line intensity as a function of 7¢, in 13C CP/MAS
spectra is also affected by the chemical origin of carbon
atoms. In the case of similar molecular mobility, the
buildup of the magnetization upon increasing tc, is
faster for carbon atoms of methylene, methane, and
methyl groups when compared to carbonyl and quater-
nary carbon atoms. It can be seen from Figure 12c,d that
broad resonances at 36—42 ppm are enhanced at short
Tep. These resonances vanish at long z¢p. It is noted that
the carbonyl resonance is not observed in the spectrum
at short 7, because of low cross-polarization efficiency.
Since motions of network junctions are strongly hin-
dered compared to that of network chains, the 13C CP/
MAS spectra provide strong evidence that the reso-
nances at 36—42 ppm originate from carbon atoms from
cross-link junctions. Moreover, this assignment is con-
firmed by means of 23C NMR MAS spectra of a saponi-
fication product of a typical UV-cured polyacrylate.
Saponification allows isolating cross-link junctions frag-
ments from polyether chains. The 3C NMR spectrum
of the saponification product is similar to that of poly-
(sodium acrylate). The spectrum contains resonances at
about 40, 46, and 185 ppm that correspond to methyl-
ene, methine, and carbonyl carbon atoms, respectively.
The integral intensity of the broad resonances at 36—
42 ppm for cured PEGDA(100) is about 2 times larger
when compared to that of carbonyl carbon atoms (Figure
12b), which should be observed for acrylic polymeriza-
tion, if no side reactions occur.

Thus, in examining networks by 13C NMR, we observe
that the conversion is high, and the contribution or
effect of side reactions that generate extra cross-links
is negligible.

Discussion

On the basis of NMR and mechanical data, an
idealized structure for networks PEGDA(100) and PEG-
DA/EHA(80:20) is proposed in Figure 13. Spatial dis-
tribution of network junctions is heterogeneous in these
networks, which causes uncertainty in the calculation
of the total number of network junctions per unit volume
from the modulus of the material. Well-established
theories of the rubber elasticity are derived for perfect
networks with nearly identical length of network chains
and homogeneous distribution of network junctions.23
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Figure 13. Suggested network structure for compounds
PEGDA/EHA(80:20) (A) and PEGDA(100) (B).

These theories suggest that network chains obey Gauss-
ian chain statistics, which requires at least 50 rotatable
main-chain bonds. It is recognized that the network
topology is crucial in rubber elasticity*~76° and “that
global properties are not very suitable to quantify these
(heterogeneity) effects. Most importantly, heterogeneity
effects can hardly be determined by quasi-static me-
chanical measurements such as stress—strain experi-
ments. Local methods (which probe molecular proper-
ties) are well suitable for the determination of hetero-
geneity effect”.” Thus, classical theories cannot be used
in our case for the calculation of the mean molar mass
of network chains from the modulus, and vice versa.
Qualitatively, the modulus in strongly heterogeneous
networks is lower compared to its value predicted by
classical rubber elasticity theories, since the number of
elastically active cross-links is reduced due to hetero-
geneity.*8 Long chains and loosely cross-linked domains
determine in large extent the low deformation modulus.
Network heterogeneity improves significantly ultimate
strength and elongation at break, since network het-
erogeneity allows for more effective distribution of stress
throughout the material due to relaxation of softer
areas.>61

At present, no accepted approach is available that
allows one to relate the modulus to the molar mass of
network chains attached to ziplike network junctions.
To relate the modulus to the network structure, it will
be necessary to determine first what is the average
length of the polyacrylic chain bearing network junc-
tions and then to perform experiments to demonstrate
how these chains respond to applied stress. Then one
can comment on whether these polyacrylic chains make
a significant contribution to the modulus relative to the
polyether chains.
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Conclusions

The network structure in UV-cured acrylates is
studied with proton NMR relaxation, 13C NMR spec-
troscopy, and mechanical experiments. The following
conclusions are made from this study: (1) the NMR T,
relaxation method shows good correlation with mechan-
ical tests to determine molar mass between cross-links.
(2) The cured compounds contain a small fraction of
residual monomers. Examining networks by 13C NMR
spectroscopy, we observe that the conversion is high,
and the contribution or effect of side reactions that
generate extra cross-links is negligible. (3) It is also
possible with the T, relaxation method to estimate the
amount of highly mobile chains, i.e., extractable materi-
als and network defects chemically attached to network
chains, i.e., dangling chains and chain loops. (4) An
increase in the content of monofunctional monomer
causes a significant decrease in the cross-link density
because the monofunctional monomer acts as a chain
extender. A large fraction of monofunctional monomer
(above 80 mass %) causes significant fraction of network
defects.
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