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ABSTRACT: The objects of this study are highly crosslinked networks. The base-cata-
lyzed Michael reaction of b-ketoesters with vinyl groups of the pentaerythritol tetra-
acrylate (PETA) was used for a step grow formation of the crosslinked polymer in dark.
The nonreacted vinyl groups and vinyl monomer were built up to the network structure
by photopolymerization in the second step of synthesis. An analysis of crosslinked
polymers shows that the long spacer between b-ketoester groups in propylenglycol-
425-diacetoacetate (PGDAA) favors an extent of reaction compared to pentaerythritol
tetrakis (acetoacetate) (PETAA). The excess of vinyl monomers added to polymeriza-
tion batch functions in the first step of the synthesis as a reactive solvent [triethylene
glycol dimethacrylate (TEGDMA); PETA]. The dissolution of reactants has a positive
effect on homogeneity, conversion, and crosslink density of prepared networks. The
consumption of reactive groups in a course of the network formation, the crosslink
density, and dynamic mechanical properties of the prepared networks were determined
from Fourier transform infrared (FTIR) spectroscopy, differential scanning calorimetry
(DSC), sol–gel analysis, dynamic testing, and stress–strain dependencies. The dy-
namic testing indicates that the networks synthesized in two steps from batches con-
taining an excess of vinyl monomer consist from two highly crosslinked phases interpen-
etrating each other. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 165–178, 1997
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INTRODUCTION The networks based on vinyl polymers are
mostly synthesized from mixtures of mono- and

The polymer networks with highly crosslinked multifunctional monomers by the radical chain
structures have made these materials suitable to crosslinking copolymerization. The mechanism of
a wide range of applications. The crosslinks fix a formation of the polymer networks has an inevita-
geometry of primary macromolecules and provide ble consequence on network structure, which
the specific physical and chemical properties to grows up in an entirely different way from a step-
polymer networks. The search for an optimum to- growth mechanism in polycondensation or poly-
pology of macromolecules in order to improve a mer chains vulcanization. The crosslinked poly-
needed property without significant impairment mer forms very complicated structures of a net-
of other properties of the material still attracts work that is changing in the course of conversion
science and practice.1,2

of the monomers.3

Materials prepared from multifunctional acry-
Correspondence to: J. Pavlinec, Polymer Institute, Slovak lates and methacrylates represent the specialAcademy of Sciences, Dubravska cesta 9, 842 36 Bratislava,

group of highly crosslinked polymers useful, forSlovak Republic.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/010165-14 example, for coatings, dentistry, microelectronic,

165

4203/ 8E93$$4203 05-16-97 20:32:51 polaa W: Poly Applied



166 PAVLINEC AND MOSZNER

and information storage systems.4–7 The descrip- nounced in ultrafast photoinitiated curing of
multifunctional monomers.28tion of kinetic features of synthesis of the highly

Less information was published on the physicalcrosslinked dimethacrylates8–12 and the modeling
properties of densely crosslinked networks. Dy-a network formation8 points out numerous effects
namical–mechanical analysis,5,29,30 densities ofthat control the network building.
polymer,5,7,31 network densities,3,22,27 thermalThe mechanism of a network building is char-
properties,16,21,22,27 and surface hardness22 areacterized by various kinds of free radical reac-
mostly selected for evaluating the properties oftions, which originate macromolecules with pen-
prepared networks.dant vinyl groups and reactive microgel particles.

At present, a satisfactory method does not existMultifunctional structures in the polymerizing
that could enable us to generally predict the rela-system affected the homogeneity of fabricated ar-
tionships between parameters of the copolymer-ticle, at least on a submicrometric level.3,8,13 The
ization system and the network structures or net-network heterogeneity also arises as a conse-
work properties. The more complicated the copoly-quence of the inter- and intramolecular cycliza-
merization systems are, the more we are throwntion14 of the growing polymer free radical end.
upon experimental estimation of these correla-The steric hindrances gradually reduce reactiv-
tions.ity of the dangling double bonds as the extent

In this article, we reported the analysis of poly-of reaction increases. Owing to restriction of the
mer networks synthesized by Michael reaction ofpolymer segment’s mobility in highly cured sys-
mixtures of various multifunctional acetoacetatestems, residual unsaturation is observed as a com-
and multiacrylates according to Moszner andmon phenomenon in rigid vinyl polymers net-
Rheinberger.32

works.15,16 These double bonds are not able react,
even in postcuring.3

The significant effect of a nonreacted vinyl
groups on the physical and chemical durability of
crosslinked polymer3,17–19 excites an interest to
lower their concentration in cured networks as
much as possible. In the fast photopolymerized
multiacrylate monomers, the residual unsatura-
tion can be controlled by rate of initiation and
length of spacer between vinyl groups.15,20,21

The complete double bonds conversion for acryla- COOR¡
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ted poly(tetramethylen ether) macromonomers
(250–2000 g/mol Mw ) was observed.22

The residual double bonds, crosslink density,The further phenomenon observed during the
and dynamic–mechanical properties were deter-vinyl copolymerization crosslinking is the free
mined in the end of the Michael step growth net-radical trapping. The lifetimes of radicals may ex-
work and in a final product obtained after theceed days or months in dependence on the net-
second step of a network formation by a photosen-work crosslinking density.13,23,24 These radicals re-
sitized crosslinked copolymerization.main trapped and stable in nitrogen, even in the

presence of monomer and double bonds dangling
on polymer network chains. The long-living free

EXPERIMENTALradicals at low conversions accelerate the rate of
polymerization (gel effect)12 and initiate the dark

Preparation of Polymer Networksreaction in photopolymerizations after switching
off the light.21,25,26

The five types of crosslinked polymeric systems,
The rate constants of elementary reactions in based on the following initial reaction mixtures,

crosslinking polymerization has been studied in- were studied. The components of batch A are pen-
tensively.8,11,12,14,15,20,21,27 However, the dense net- taerythrittetraacrylate (PETA) and propylene
work building proceeds scarcely at steady state glycol-425-diacetoacetate (PGDAA) in the 1 : 1
conditions, and it is inconvenient transfer ob- molar ratio and the polymerization catalyst DBN
tained data from one to another combination of in 2 mol %. Batch B contained PETA and PGDAA

components in the molar ratio of 3 : 1, DBN cata-monomers. This difficulty is particularly pro-
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PHOTOCURED POLYMER NETWORKS 167

lyst of 2 mol %, and additives of 0.3 wt % of CC The provenience of chemicals used in synthesis
is as follows: CC, CEMA, and DBN (Aldrich, Ger-and 0.5 wt % of CEMA as sensitizer for the vinyl

photopolymerization of nonreacted double bonds many); PETA (Sartomer, Pennsylvania); TEG-
DMA (Esschem, Pennsylvania); and PETAA andand PETA in Michael reaction.

Batch C consisted of components of A [PETA : PGDAA were synthesized by acetoacetylation of
the corresponding hydroxy compound with 2,2,6-PGDAA Å 1 : 1 with 2 mol % 1,5-diazabicyclo-

[4.3.0] non-5-ene (DBN)] to which 40 wt % of trimethyl-4H-1,3-dioxin-4-one (Aldrich, Germany)
according to Clemens and Hyatt.33 All the commer-triethylene glycol dimethacrylate (TEGDMA) and

0.3 wt % of CC and 0.5 wt % of CEMA was added. cial chemicals used, as well as synthesized mono-
mers and additives, were of at least 95% purity.The tetraacrylate and tetrakis (acetoacetate) de-

rivatives of pentaerythritol (PETA, PETAA) were
used as components for batch 2 (PETA/PETAA
Å 2) and batch 5 (PETA/PETAA Å 5). Crosslink Density

The crosslink densities of the prepared polymer
Polymerization networks were determined in three ways. The

first is by the application of the Flory–Rehner
The polymer samples of highly crosslinked acry- equation that relates polymer network swelling
lates were prepared in one step or in two steps if behavior to molecular weight between crosslinks
an excess of the comonomer to b-ketoester was Mc and the polymer–solvent interaction parame-
used. The polymerization conditions for samples ter x, as follows34:
A, B, and C were the same as has been described
recently.32 The Michael dark reaction that results
for multifunctional acrylates and acetoacetates in 1

Mc
Å 0 ln (1 0 vp ) / vp / xvp

rVs (v1/3
p 0 2vp / f )

(1)
a polymer network was started by a DBN catalyst
in 2 mol % based on the b-ketoester. Keeping the
reaction mixture for 30 min at 207C, a polymeriza-

Here r is the polymer density, vp is the polymertion was carried out three hours at 507C in dark.
volume fraction in a solvent saturated network,The network formation continued in the second
and Vs is the molar volume of solvent. The func-step by a photoinitiated vinyl polymerization of
tionality of crosslinking agent is usually assumedthe residual vinyl monomer, and pendant double
to be 4. Swelling in acetone, chloroform, and tolu-bonds build up in the primary network in the first
ene at 257C were performed to equilibrium withstep of the synthesis. The reaction was sensitized
the changing of the pure solvent three times. Thewith camphorquinone (CC) of 0.3 wt % and N- (2-
interaction parameter x was calculated using thecyanoethyl)-N-methylaniline (CEMA) of 0.5 wt
equation and values of solubility parameters dp%. The polymer networks prepared in the dark
and ds of polymer and solvents, which are pre-were irradiated three minutes in the chamber of
sented in the literature.35,36

SPECTRAMATt (Ivoclar, Liechtenstein) with a
visible light of 400 to 500 nm wavelength and an
intensity of about 100 mW/cm2. The samples con- x Å xDS / Vs (dp 0 ds )2 /RT (2)
taining photosensitizer were protected against an
undesirable irradiation by handling under a red
light with lú 600 nm, far enough from the photo- xDS is the entropy term and the value 0.34, which

is valid for most nonpolar systems was used.35,36initiator absorption range. Samples 2 and 5 were
polymerized in one step for 72 hours at 607C. The following values for d [cal/cm2]1/2 were ap-

plied in calculation x, as follows: dp Å 9.4 andThe samples were prepared in two types of po-
lymerization forms. The block cylinders 30 mm ds Å 10; with 8.9; 9.3 for acetone, toluene, and

chloroform.long and 8 mm in diameter were polymerized in
nonsealed glass ampouls. The sheets were casted The values of x calculated for acrylate polymers

and solvents used in this work were 0.385; 0.385between the glass plates 150 1 100 mm with 0.3
and 0.6 mm Teflon distance foil on the periphery and 0.450 for swelling in acetone, toluene, and

chloroform, respectively. The specific densitiesof the forms. The glass plates were coated with a
poly(vinyl alcohol) layer of about 0.05 mm thick- r of polymer networks were determined by

weighing the samples in the pycnometer.ness.
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168 PAVLINEC AND MOSZNER

Network: A BI BII CI CII 2 5

r [g/cm3]: 1.19 1.18 1.21 1.18 1.25 1.23 1.26

The two other methods of the Mc determination DSC was applied as an alternative technique
for determination of the accessible residual doubleare based on measuring mechanical properties of

networks. The mechanically effective M *c was cal- bonds by monitoring the heat release during heat-
ing a sample to elevated temperatures. A Perkin-culated from the tensile storage modulus mea-

sured in dependence on temperature. Tensile Elmer DSC-2 apparatus was used. The instru-
ment was calibrated using indium.polymer properties were determined on Rheovi-

bron viscoelastometer (Toyo Baldwin Co. Ltd., Ja-
pan). Most of the dynamic measurements were
performed from 060 to /1207C with frequencies

RESULTS AND DISCUSSIONof 11 and 110 [rad/s] . The heating rate of the
sample 27C/min and the sample sizes of 35 mm

A wide variety of applications of the highly cross-length, 5 mm width, and 0.3 or 0.5 mm thickness
linked polymers are based on building up the net-were used.
work from low molecular multifunctional com-
pounds. An advantage of low viscosity of starting
polymerization batch is, however, combined withThe Analysis of Residual Double Bonds
special features of the reaction kinetics, which
have not been characterized well. MultifunctionalThe Nicolet Impact 400 FTIR spectrometer was

used to record the spectra of the polymer dis- monomers, in contrary to simple reactants, show
an anomalous behavior in the polymerization inpersed in KBr pellet. The standard baseline tech-

nique was used for evaluating spectra.37 The in- the highly crosslinked medium.3

The object of this study is evaluation of thefrared (IR) spectrum for the monomer mixture of
PETA and PETAA in molar ratio 2 : 1 is shown properties of highly crosslinked networks with

predominant acrylic crosslinks. The selection ofin Figure 1. The sharp absorption band at 810
cm01 (|CH2 twisting) belongs to acrylic ester components and their concentrations for studied

polymerization systems are based on recent re-monomers. The absorption coefficient 2 940 (cm2/
g) was determined and used in calculations of sults32 obtained in the study of step growth forma-

tion of polymers by a Michael reaction combinednonreacted acrylate double bonds concentration
in examined networks. The small twin peaks at with vinyl polymerization. Three-dimensional

networks prepared in this way arise transparent,1639 and 1620 cm01 (|CH2 stretching) are rele-
vant to vinyl double bonds, however, with the sub- from soft, nonelastic to hard, brittle crosslinked

materials. The required hardness and strength ofstantially lower absorption coefficients.15 The ex-
tent of carbonyl groups of b-ketoester PETAA these polymers increases when the molar ratio

of vinyl groups to keto groups increases too. The(resp. PGDAA) conversion was estimated from
absorption band at 1360 cm01 [absorption coeffi- functionalities of a monomer higher than two,

attached with a short spacer to a small moleculecient 303 (cm2/g)] , which is absent in the spectra
of vinyl monomers and changes during the reac- also favors the polymer network hardness. So the

crosslinked polymers used in this study were pre-tion. The intense absorption bands at 1718 and
1745 cm01 (associated with the C|O) are pared from polymerization batches with an excess

of vinyl double bonds over the concentration of b-shielded with C|O groups of vinyl ester mono-
mer (band at 1725 cm01) and fuse to one broad ketoester groups. The excess of vinyl monomer

over the b-ketoester is necessary to ensure a suf-peak unsuitable for an analysis. The methacrylate
monomer PEGDMA concentration was deter- ficient extent of Michael reaction before the gel

point is attained. From this moment, the mobilitymined from the absorption band at 946 cm01 ,
characteristic for methacrylate |CH2. The esti- of the reacting molecules progressively decreases

to the extent that crosslinking ceases. Tables Imated absorption coefficient used for determina-
tion of remaining PEGDMA unsaturation was and II present the portions of the functional

groups that remains unreacted in the prepared1700 (cm2/g).
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PHOTOCURED POLYMER NETWORKS 169

Figure 1 The IR spectrum for monomer mixture of PETA–PETAA in the molar ratio
of 2 : 1. The diminishing of absorption bands at 810 and 1360 cm01 resp. follows the
extent of PETA and PETAA conversion.

polymer networks A, B, C, 2, and 5 at the end of groups can be finally converted to crosslinks in
networks 2 and 5. The thermal curing favors thethe Michael reaction (dark reaction) and after the

crosslinking photopolymerization of a further por- acrylate groups’ free radical copolymerization
rather than the Michael reaction with b-ketoes-tion of the remaining monomer and the residual

dangling vinyl groups. ter. This can be deduced from a higher increase
of conversion of vinyl double bonds compared toThe acrylate monomer is consumed by the Mi-

chael reaction and by free radical polymerization. b-ketoester groups: 2.7 to 1.3 times for sample 2;
resp. 4 to 2.5 times for sample 5.In the first stage of a network formation in dark,

an extent of the free radical chain reaction is low. The unreacted vinyl groups that remain in the
cured polymer can undesirably affect the long-A thermal polymerization of acrylate monomers

at 507C is insignificant in the absence of an initia- term properties of the crosslinked material. The
network with a higher extent of reaction was syn-tor. As can be seen from an analysis of samples 2

and 5, the combination of PETA with PETAA, the thesized from the PETA monomer bearing a high
density of polymerizable functions in combinationacrylic and b-ketoester derivates of pentaerythri-

tol, polymerize to networks with considerably with the PGDAA component that b-ketoester
groups are separated with a long spacer. (Tablehigh residual acrylic and b-ketoester functions,

even after heating the polymer to 2007C for 30 I, sample A). Combination of these monomers fa-
cilitates the crosslinking to a rarely reached ex-min. The polymerization of PETAA with a high

excess of PETA at 607C consumes about one-third tent of reaction in the highly crosslinked net-
works. The effect of the chain length between re-or one-fifth of vinyl groups.

The thermal treatment of the network to higher active vinyl groups on an increase of their
conversion was also observed for series of poly-temperatures releases the initially hindered poly-

mer segments for further crosslinking reac- (ethylenglycol diacrylates)21 and poly(tetrameth-
ylene ether) glycol diacrylates oligomers.22tions.3,15,25 An amount of approximately 90 resp.

84% of acrylic and 48 resp. 57% of b-ketoester Sample A, which represents the network,
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170 PAVLINEC AND MOSZNER

Table I The Residual Nonreacted Functional Groups in the Synthesized Networks: FTIR Analysis;
Polymerization Batches 2, 5, A, and B

Components in Batch
PETA wt % b-Ketoester

Samplea Monomers Initiator (A810 cm01; acrylic C|C) (A1360 cm01; wt %)

2 PETA : PETAA DBN 66.3 63.2
2200 2 : 1 9.9 52.1

5 PETA : PETAA DBN 78.0 76.8
5200 5 : 1 15.6 42.6

AI 11.3 12.1
AI

b PETA : PGDAA DBN 5.2 6.2
AI

c 1 : 1 4.5 4.0
A200 3.2 5.0

B*d
I 39.7 21.9

BI PETA : PGDAA DBN 27.3 20.0
BII 3 : 1 CC 20.1 20.1
BII200 / CEMA 13.6 19.8

a Index 200 means the sample was additionally cured at 2007C/30 min; index I means the sample was polymerized in dark at
507C/3 h; index II means sample I was photocured in the second step; Samples 2 and 5 were polymerized in dark at 607C/72 h.

b Value determined 1 month later.
c Value determined 9 months later.
d B*I, system without photosensitizer.

builds up predominantly by the Michael reaction, 1639 cm01 and favors the measurements at 810
cm01 .in the IR spectroscopic analysis, based on the

twisting vibration of the acrylic double bond at The sol–gel analysis shows that the 91.8 wt %
of the sample A is insoluble in chloroform and810 cm01 , and the absorption band at 1360 cm01

show that more than 90% of acrylate vinyl groups contains 6.6% nonreacted acrylic functions based
on PETA in the batch. So we can anticipate thatand b-ketoester groups were consumed during the

synthesis. The IR absorption at 1639 cm01 , which residual acrylate functions are bonded to the net-
work structure as dangling vinyl groups. The re-is also relevant to vinyl double bonds, shows a

substantially lower conversion for sample A. This action proceeds further at room temperature up to
95% conversion of PETA; nevertheless, a completeis, however, the absorption region where the KBr

impurities may interfere with IR determination conversion was not achieved either by post curing
at 2007C.of vinyl groups. Moreover, the absorption coeffi-

cient at 810 cm01 exceeds 2.6 times this value at The heterogeneity of the highly crosslinked

Table II The Residual Nonreacted Functional Groups in the Synthesized Networks C: FTIR Analysis

Components in Batch PETA wt % b-Ketoester TEGDMA wt %
(A810 cm01; (A1360 cm01; (A946 cm01;

Samplea Monomers Initiator acrylic C|C) wt %) metacrylic C|C)

C*I
b PETA : PGDAA 15.8 24.3 83.6

CI 1 : 1 DBN 15.0 25.8 31.9
CII / TEGDMA 40 wt % CC 4.9 21.2 16.7
CII200 / CEMA 1.1 21.3 8.8

a Index 200 means the sample was additionally cured at 2007C/30 min; index I means the sample was polymerized in dark at
507C/3 h; index II means sample I was photocured in the second step.

b C*I, system without photosensitizer.
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PHOTOCURED POLYMER NETWORKS 171

networks prepared by polymerization of multi- mer network from the monomers composition C
functional monomers can be diminished in sys- is formed in dark predominantly by the Michael
tems with low viscosity.3,18,28 The diluent en- reaction of PGDAA with PETA. Nevertheless, the
hances the diffusion of reactive groups that leads thermal vinyl polymerization at 507C in dark pro-
to a more uniform course of the polymerization ceeds in C *I slowly to 14% methacrylate monomer
and a higher degree of monomer conversion and conversion after 3 h. The conversion of TEGDMA
crosslink density. The positive effect on forming at the end of a dark reaction was 68% in the sys-
homogeneous material also has better mixing of tem CI, which contains also the photoinitiator.
polymerization batch components. However, the The TEGDMA fast polymerization in the second
physical–mechanical properties can be main- stage was initiated by light, to 83% conversion
tained, and even improved, if the reactive solvent (Table II, sample CII) .
is used and converted to polymer in second step The data in Table I and II completed with sol–
of synthesis. This is the case of polymerization gel analysis (Table IV) leads to a conclusion that
systems B and C (Table I) . The vinyl monomer a part of the unreacted double bonds is incorpo-
added in excess functioned in the dark Michael rated to the network structure as the dangling
reaction not only as a reactant but also as a dilu- vinyl group. This is associated with a different
ent, which is photopolymerized in the second reactivity of the monomer functional groups
stage of forming a crosslinked material. The addi- and those that are bounded to macromolecular
tional crosslinks in the Michael network are built chains through the multifunctional monomer
up and the acrylate resp. methacrylate (sample links.3,14,40,41 The decrease of reactivity of a pen-
C) network interpenetrates the primary PETA- dant vinyl groups is referred in the methyl meth-
PGDAA crosslinked polymer structure. This pho- acrylate with 15 mol % ethylene glycol dimetha-
tocuring increases the extent of crosslinking and crylate copolymerization to be approximately of
improves a mechanical strength of the primary two decimal orders lower than that of the mono-
soft Michael polymer network. The conversions mer.40 Thus, all highly reactive multifunctional
of polymerizable groups presented for B and C monomers used in this study are, above all, built
samples in Tables I and II show that all accessible up to the network polymer chains by one reactive
b-ketoester groups join in the network with about group. The low conversion of double bonds, in
a 80 resp. 75 wt % extent already at the first stage

average, one reacted per monomer at maximumof reaction. The vinyl groups, however, are con-
conversion, was also found for radical photo-sumed step by step.
polymerization of multifunctional acrylates withThe 60% PETA vinyl groups were converted by
high density of vinyl unsaturation.11 It should bethe Michael reaction to crosslinks in the polymer-
mentioned that the presented systems (A, B, C,ization system consisting from monomers and
2, and 5) were crosslinked predominantly by addi-DBN. The polymerization batch that was com-
tion of acrylate monomer to b-ketoester mole-pleted with the photoinitiator polymerized in dark
cules. Vinyl polymerization is slow during the(Michael reaction) to the higher vinyl groups con-
dark Michael reaction in the first step of buildingversion of about 73 and 85% for the BI resp. CI
up the network. Nevertheless, the similar low av-polymer.
erage conversion was observed for reactive groupsA photopolymerization in the second stage of
in PETA and PETAA monomer molecules. An in-network synthesis rapidly converted the soft net-
crease of the share of reacted vinyl groups perwork to hard material with 20% resp. 5% residual
monomer molecule was achieved by changingacrylic groups. This is almost the maximum con-
PGDAA for PETAA (samples A, B, and C) and byversion of the accessible bonds by a crosslinking
enriching the C batch with an additional compo-polymerization. The additional 6 and 4% resp. of
nent, TEGDMA. The higher extent of reactedvinyl groups can be reacted and built up in the
functional groups per monomer agree with find-network by the polymer curing thermally to 2007C
ings that a longer spacer between two reactivefor 30 minutes.
groups facilitates polymerization of dangling dou-Still, polymer network C, which was also
ble bonds21,22,27 due to their higher diffusibility.formed by TEGDMA, shows the IR intensities of

Based on this mechanism of network growth,the C|C absorbance peak at 946 cm01 consider-
a substantial increase of strength and hardnessably high. This observation agrees well with
of networks during the photocuring stage of reac-known low reactivity of methacrylates compared

to acrylates in the Michael reaction.39 The poly- tion is understandable, and even an amount of
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Table III The Exothermic Heat of Analyzed Networks by DSC Calorimetry

Weight Percent of Monomer
Time after Reacted During DSC Scan

TpmaxSample Preparation DH
No. (weeks) (cal/g) (7C) From DH From FTIRa

2 0 67.2 74 56
2 2 30.4 122 34 —
2 6 19.4 21 —
5 0 90.7 82 62
5 2 47.1 127 42 —
5 6 30.4 27 —
A — 12.7 359 22 8
BI — 26.2 126 26 14
BII — 0 — 0 —
CI — 19.3 113 31 37
CII — 0 — 0 —

Temperature scan 107C/min. Polymer samples after the dark reaction.
a Conversion calculated from FTIR analysis of networks after the dark reaction and after curing to 2007C in air.

the consumed double bonds was small compared ished to about one-third of that amount deter-
mined immediately after Michael network syn-to the first stage of polymerization (Table II) .

The combinations of multifunctional monomers thesis. The extent of vinyl groups polymerization
calculated from DH, however, shows substan-used in this study are photopolymerized rapidly at

room temperature to the hard and glassy acrylate tially higher conversions compared to values
based on FTIR analysis. Since no special arrange-networks. The reaction proceeds below the glass

transition temperature of synthesized polymer. ment for oxygen elimination from DSC pans was
made, the observed difference probably arisesThe high crosslink density of these networks pro-

vides not only dimensional stability but also hin- from oxidative reactions, which proceed parallel
to polymerization.ders translation and segmental diffusion and lim-

its functional groups conversion. The higher ex- The photocuring of the Michael networks syn-
thesized from the batches with an excess of vinyltent of polymerization can be achieved by an

increase of temperature since favoring the motion monomer to b-ketoester has a similar effect on
the extent of the crosslinking reaction as thermalof the polymer segments and the constrained dan-

gling vinyls.25 curing. The networks after photocuring in the sec-
ond step of the synthesis did not release heat al-The temperature scan during the DSC calori-

metric measurement of the networks prepared by ready at the first temperature scan up to 3607C.
It can therefore be concluded that the absorbedcrosslinking polymerization is a useful additional

technique to the IR spectroscopy of polymer net- radiation energy by photoinitiator molecules gen-
erates not only initiating species, but, through theworks analysis. The exothermic heats of reaction

arising from the polymerization of a residual acry- various nonradiative deactivation pathways, in-
creases also the local temperature and segmentallate and methacrylate monomers and pendant

functional groups after the dark reaction are pre- motion. So the higher extent of reaction compared
to thermal polymerization can be reached by pho-sented in Table III. The second thermal scan over

the same temperature range did not show any tocuring at substantially lower surrounding tem-
peratures (Table III) .further thermal process in the sample. This result

demonstrates that curing by heat significantly re-
duced the residual monomer in the highly cross-

Network Densitylinked polymer. The slow polymerization of vinyl
groups at room temperature in synthesized net- The swelling of polymer networks in solvents for

the same uncrosslinked polymers provides dataworks supports also a decrease of an exotherm in
DSC measurements after 2 and 6 weeks in sam- suitable to characterize network structure, as fol-

lows: (1) the amount of polymer that is not incor-ples 2 and 5 (Table III) . The heat release dimin-
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Table IV The Sol–Gel Analysis of the Synthesized Polymer Networks

Acetone Swelling Toluene Swelling Chloroform Swelling
Sample Gel (wt %) Ratio Gel (wt %) Ratio Gel (wt %) Ratio

2 88.5 1.9 89.7 1.2 87.6 10.5
5 74.7 2.0 79.1 1.4 73.7 14.0
A 93.9 1.8 93.5 2.2 91.8 4.4
B*I 62.8 3.6 59.1 3.3 49.9 10.9
BI 68.8 2.9 81.3 3.5 81.0 9.0
BII 99.5 1.3 98.8 1.5 97.6 1.5
C*I 61.0 2.0 61.7 3.2 59.3 6.4
CI 81.3 2.1 86.0 2.5 — —
CII 87.7 1.6 87.7 1.9 84.0 3.3

Samples were swollen in acetone, toluene, and chloroform to equilibrium at 237C.

porated into the network structure (sol fraction), tone, toluene, and chloroform, x values used were
0.385, 0.385, and 0.450, respectively.and (2) the swelling ratio of insoluble polymer

(gel fraction). Swelling ratio is related to the The sol–gel analysis of final networks have
crosslink density and Mc , the number-average shown that their complete insolubility set in all
molecular weight between crosslinks, which is the thermal postcured samples at 2007C/30 min. The
important structural parameter of the polymer nearly full insolubility, very close to 99%, was
network. The magnitude of Mc has a significant found for the photocured network B, which is com-
effect on the properties of crosslinked polymer, posed of PGDAA and an excess of PETA. The sub-
and its determination has a principal importance stantial difference between these two thermal and
in the network characterization. The volume frac- photocured crosslinked polymers is in the density
tion of the polymer in the swollen gel determined of the network. The swelling ratio of the cross-
from equilibrium swelling in acetone, toluene, and linked polymer BII is 1.4; but after additional ther-
chloroform (Table IV); the calculated x; and de- mal curing at 2007C/30 min, the sample BII200

termined densities of synthesized polymers were does not swell at all. All polymer networks studied
used for calculation Mc according to eq. (1) devel- in this work after high-temperature curing be-
oped by Flory–Rehner.34 (Table V) Unknown val- have in the same way. An absence of swelling
ues of x were estimated using eq. (2) and parame- in highly crosslinked samples makes this method
ters of solubility from the literature.35,36 For ace- impracticable for determination of Mc . An amount

of polymer that is not incorporated into the net-
work structure (sol fraction) set up the synthe-

Table V Length of the Polymer Chain sized polymer samples in the following order.
Segments Mc Calculated from Sol–Gel Analysis Sample BII was prepared from PETA : PGDAAof Synthesized Networks Å 3 : 1 (sol 1.4%). Sample A was composed of

PETA : PGDAA Å 1 : 1 (sol 7 wt %). Sample 2Mc (g/mol)
was composed of a copolymer from PETA : PETAASample Acetone Toluene Chloroform
Å 2 : 1 (sol 11.4 wt %). Sample CII was prepared

2 850 140 — with 40 wt % TEGDMA (sol 13.5 wt %) . Sample
5 1230 320 — 5 was composed of PETA : PETAA Å 5 : 1 (sol
A 770 1650 3260 24.2 wt %) .
B*I 5110 6660 22050 Presented values are an average of soluble frac-
BI 2960 4320 15330 tion found in swelling the networks in acetone,
BII 140 400 180 toluene, and chloroform. It should be noticed that
C*I 940 4530 7490 the amount of gel is independent of the type of
CI 1150 2330 2830 solvent used for extraction. The determined val-
CII 500 1100 1810 ues are very close each to other. The swelling ratio

depends, however, on the quality of solvent con-Gel swelled to equilibrium in acetone, toluene, and chloro-
form at 237C. siderably (Table IV). Disregarding the fact that
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the composition of sol fractions was not analyzed works in toluene are B *I Å 6660 [g/mol] and C *I
for the presence of the monomer, an increase of Å 4530 [g/mol] . A more dense, but still soft Mi-
spacer length between functional groups has a chael network forms the system also containing a
positive effect on the intermolecular crosslinks photoinitiator. The Mc calculated for BI Å 4320
formation. However, the large excess of the vinyl [g/mol] and for CI Å 2330 [g/mol] .
monomer over the b-ketoester in networks C and The networks synthesized in the presence of
5 increases the sol fraction, probably through an diluent have specific properties compared to non-
intramolecular cyclization and formation of solu- diluted systems.3 One of the interesting differ-
ble submicrometric gel particles. ences that can be expected is so-called inverse

syneresis.42 In the system where the diluent forIn the two-step growth networks with an excess
the formed polymer is the monomer, the uptakeof vinyl monomer (samples BI and CI), the photo-
of the monomer by the network structure causesinitiator CC–CEMA (quinone/amine couple),
its volume expansion. The crosslinked polymerseven in dark, initiates the radical polymerization.
of compositions B and C after the first step ofThis can be seen from FTIR analysis (Tables I
synthesis are soft and rubbery materials with aand II) and results from swelling experiments by
bulk density of 1.18 g/cm3. These are converted tocomparing the data for BI, CI and B *I , C *I without
highly crosslinked brittle polymer networks onlya photoinitiator (Table IV). The extent of con-
after additional photocuring or thermal curing.sumed vinyl groups and an amount of the soluble
The Mc values for fully cured final networks arepart of the sample pointed out that during the
close to each other for all prepared polymers. Thedark period of building the network BI, CI, the
material density 1.21 resp. 1.25 g/cm3 indicatesvinyl polymerization also proceeds. The Michael
that the primary structure was not fixed and thatnetwork prevails, however, over the vinyl network
the second step of network building caused itsthat interpenetrates the first one. The existence
shrinkage.of two phases in samples BII and CII supports the

dynamic mechanical behavior of photo- and ther-
mal-cured polymer networks. The variation of

Dynamic Mechanical Analysis of Networksstorage modulus E * and loss factor tg d as a func-
tion of temperature shows the two glass transition

The dynamic behavior of crosslinked polymers
areas. The Tg for sample BII is 25 and 707C; for can be used as useful additional information
samples CII , Tg is equal to 25 and 757C (Table VI; about the network topology. The mechanical
Figs. 3 and 5). damping is a convenient method for a determina-

The Mc is more instructive characteristic that tion of the Tg of the glass transition and the degree
reflects the density of prepared networks. The cal- of crosslinking.30,43 The dynamic analysis has
culated values are shown in Table V. The cross- been used also in characterization of the phase
link density in the Michael networks varies with relationships in the multicomponent polymer sys-
the length of spacer between reactive groups in tems.44

the monomer molecules. A withdrawal of active The development of a crosslinked structure of
parts in the multifunctional monomer favors the the two-step buildup network is illustrated by
accessibility of the remaining polymerization the dynamic mechanical spectra in Figures 2–5.
functions already built up in the network struc- The polymerization of composition C (PETA–
ture. A change of PGDAA for PETAA decreases PGDAA–TEGDMA) seems to be instructive for
the average network density in the system with the description of the network properties after the
PETA of approximately of one decimal order. The single steps of a synthesis. Figure 2 shows the
extent of reaction, however, is substantially course of the storage modulus E * for two Michael
higher for the PGDAA–PETA batch. networks with the same starting monomer compo-

A dilution of the polymerization system with a sition, but alternatively with and without the pho-
reactive solvent, for example, with an excess of toinitiator for second step polymerization (CI

acrylate to b-ketoester (sample B) or methacry- resp. C *I ) . The two further spectra belongs to a
late (sample C), increases the chain mobility and photocured network (CII) and an additional ther-
b-ketoester conversion. The density of crosslinks mal treated network (CII200) . The dependencies of
in the Michael networks prepared in this way are loss factor tg d and the loss modulus E 9 on temper-
lower than in networks from equimolar monomer ature are presented in Figures 3 and 4.

The spectrum of E * (Fig. 2) contains importantcomposition. The Mc based on the swelling net-
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Table VI The Mechanical Effective M*c (g/mol) Calculated from the Dynamic–Mechanical
Characteristics of Synthesized Polymer Networks According to the Relation M*c Å 3rRT (1–2f)/E*N

Tg (7C) Log E*N (Pa) M*c (g/mol)

Sample 11 Hz 110 Hz 11 Hz 110 Hz 11 Hz 110 Hz

2 26 32 8.18 8.28 33.1 26.8
2200 — 80 — 9.77 — 1.0
5 18 25 7.91 7.95 63.2 58.0
5200 — 40 — 9.45 — 2.0
AI 10 15 8.13 8.17 34.5 33.7
AI200 26 40 8.17 8.25 34.7 30.0
BI 2 5 7.40 7.50 178.0 143.0
BII

a 20 25 9.28 9.40 2.6 2.0
60 70 9.06 9.16 4.8 3.9

C*I 012 05 7.88 7.92 61.2 52.7
CI 5 12 8.44 8.52 16.5 14.0
CII

a 15 25 9.12 9.22 6.2 5.9
65 75 8.90 8.94 4.3 4.2

CII200 48 105 7.23 7.18 320.0 421.0

Storage modulus E*N is defined as E* measured at 307C above Tg . Tg of polymer samples is referred as a temperature of the
maximum value of tg d.

a The temperature of the second peak (Tg) on the tg d versus temperature curve.

structural information of crosslinked polymers. peratures well above Tg according to M *c
Å3rRT (1–2/f) /E *N , where r is the density ofThe theory of rubber elasticity2,34 relates the Mc

to the plateau of elastic modulus (E *N ) at tem- polymer, R is the gas constant, T is temperature

Figure 2 The storage modulus E * in dependence on temperature in the dynamic
testing (110 Hz). Crosslinked polymer samples of PETA–PGDAA (1 : 1) / 40 w %
TEGDMA. C *I : The first step of synthesis; dark reaction; initiator DBN 2 mol %; without
photoinitiator (n ) . CI : The first step of synthesis; dark reaction; initiator DBN 2 mol
%; photoinitiator for the second step of synthesis was added (m ) . CII : Polymer network
obtained in the second step of reaction, photocuring (s ) . CII200 : Additional curing of
CII at 2007C/30 min (l ) .
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Figure 3 The loss factor tg d in dependence on temperature for the same crosslinked
polymers as in Figure 2.

in K, and f is the functionality of a crosslinker. of the polymers are longer than period of oscilla-
tion, and the E * in rubber state is not independentThe calculated values of M *c are presented in

Table VI. of the angular frequency. So the Young’s moduli
derived from dynamic tests for lack of relaxation2The values of M *c deduced from E * show a cross-

link density of about one to two decimal orders and network imperfection45 are often higher than
the results from static measurements. Moreover,higher in comparison with data obtained from

swelling and stress–strain measurements. The the tested networks, namely, composition C, can
consist of two networks embedded each to otherequation used for calculation M *c certainly does

not hold fully for highly crosslinked networks with the complicated topology. These crosslinked
polymers are expected to exhibit higher moduli inused in the present study. The relaxation times

Figure 4 The loss modulus E 9 in dependence on temperature. Crosslinked polymer
samples are the same as in Figure 2.
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on the tg d dependencies indicate that the network
structure is not a simple homogeneous type, and
the crosslinked polymer BII and CII probably con-
sists of two differently crosslinked phases. This
finding is consistent with the results obtained
from FTIR and sol–gel analysis. Inhomogeneities
in crosslinked polymers were predicted also by the
model calculation8 and described in experimental
studies of free radical crosslinking copolymeriza-
tions.15,21,30

The results from dynamic mechanical measure-
ments are dependent also on the frequency of
stress oscillations if the relaxation times of the

Figure 5 The storage modulus E * (l ) , loss modulus polymer are longer than the period of oscillation.
E 9 (s ) , and loss factor tg d (m ) in dependence on tem- The damping peak is shifted to higher tempera-
perature in the dynamic testing (110 Hz). Crosslinked tures as the frequency is increased. Typical re-
polymer PETA–PGDAA (3 : 1). Polymer network BII sults are about a 77C shift for each one decimal
obtained after the photocuring in the second step of

order increase in frequency.44 The values for Tgsynthesis.
determined at 11 and 110 Hz presented in Table
VI show higher differences for highly crosslinked
samples (A200 and CII200) . The changes of Tg duedynamic testing than predicted from static tests;

and for the calculated M *c , we obtained nonrealis- to a frequency for most of the further samples are
very close to a predicted increment.tic, surprisingly low values.

Another influence of the degree of crosslinking Finally, the stress–strain measurements were
used to determine M *c for selected samples usingon the network properties is a displacement of the

damping peak (tg d peak) to higher temperatures equation
and a broadening of the damping peak as the net-
work density increases. The position of the maxi-

F Å Ao
rRT

M *c
(a 0 1/a2)mum value of tg d is mostly defined as Tg . The

relatively low Tg values observed for highly cross-
linked networks used in this study (Table VI) can
be attributed to the residual unsaturation. The where F is a force, a is an extension, Ao is a

cross-sectional area of underformed sample, anddangling functional groups in networks that were
synthesized from monomers with the high density r is a density of polymer.

The M *c values were determined only for net-of functional groups have a tendency to hamper
the segmental organization. This can be improved works prepared from PETA–PETAA 2 : 1 (sample

2) and 5 : 1 (sample 5), and PETA-PGDAA 1 : 1by the thermal curing. The Tg of sample CII after
thermal treatment at 2007C increased consider- combinations (sample A).

The other samples cannot be evaluated in theably (Fig. 3). On the other hand, the M *c higher
of two decimal orders pointed out a decrease of same way for the difficulties in cutting perfect

testing specimens. M *c were calculated using thecrosslink density. This fact and the observed one
narrow peak for CII200 instead two broad peaks for values of stress and strain at peak (an average

from four specimens). M *c for sample 2 is 480, forCII in the tg d thermal spectrum indicates a partial
thermooxidative destruction of the primary sample 5 is 900, and for sample A is 1100 [g/mol] .

The M *c values calculated from stress–strainformed crosslinks and restructuralization of the
network from a two-phase to a one-phase system. measurements that are not influenced by solvent–

polymer interaction parameter x agree well withNevertheless, the substantially higher values of
Tg (175–2407C) were observed for polyacrylate values of Mc obtained via the swelling experi-

ments and approximate values of x.networks based on multifunctional monomers
also including the PETA polymer network30 and We would like to point out that the networks

synthesized from multifunctional monomers leaddimethacrylates.7

The broad damping curves in Figure 3 and 5 often to a nonuniform course of the reaction. The
functional groups simultaneously to the main po-for networks CII and BII show, besides the main

peak, also another small one. More than one peak lymerization reaction are consumed in the side
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