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ABSTRACT: Recent investigations of dimethacrylate monomers reveal that chain length dependent
termination (CLDT) is important during network formation; however, the importance is not a trivial
function of double bond conversion or monomer chemistry. Poly(ethylene glycol)-600 dimethacrylate
(PEG600DMA) simultaneously exhibits CLDT and reaction diffusion controlled termination and a reaction
diffusion coefficient that depends on the cure condition. To investigate this behavior, the impact of light
intensity, monomer chemistry, and network formation on the termination mechanism was investigated.
The copolymerization of PEG600DMA with increasing di(ethylene glycol) dimethacrylate (DEGDMA)
concentrations reveals that the importance of CLDT during reaction diffusion controlled termination is
a function of the rubbery or glassy nature of the resulting polymer network. As well, the addition of
nonreactive PEG600 to the DEGDMA polymerization increases the importance of CLDT throughout the
polymerization and elevates the reaction diffusion coefficient. Finally, electron paramagnetic resonance
(EPR) spectroscopy unsteady-state experiments reveal a strong chain length dependence of the termination
kinetic constant for long radical chains during the high double bond conversion of both rubbery and glassy

dimethacrylates.

Introduction

Dimethacrylate monomers photopolymerize to form
highly cross-linked networks that afford increased
strength, toughness, and chemical resistance as com-
pared to linear polymers. The photopolymerization
reaction occurs under ambient conditions, does not
require a solvent, is rapid when compared to thermal
polymerizations, and provides spatial and temporal
control. For these numerous reasons photopolymer
networks are attractive industrially and are used in a
variety of applications, including dental materials,
contact lenses, microelectronics, adhesives, coatings, and
biomaterials.1>

While industrially photopolymer networks are widely
used, it is not well understood in many systems how
changing the cure conditions (light intensity profile,
initiator concentration, and temperature), monomer
chemistries, and monomer functionalities affects the
final polymer network and resulting material properties.
This is, in part, due to the extremely complex termina-
tion kinetics that these monomers exhibit.5-12 For
example, recent investigations of dimethacrylate mono-
mers reveal that chain length dependent termination
(CLDT) is important during network formation. How-
ever, the importance of CLDT is not a trivial function
of double bond conversion or monomer chemistry.10
This paper aims to explore further termination during
dimethacrylate network formation. An improved un-
derstanding of termination will lead to increased control
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of the photopolymerization process, the final polymer
network structure, and the mechanical properties, thus
increasing and improving applications.

The classical picture of the termination reaction is
chain length independent, bimolecular termination,
which is a three-step process. First, the center-of-mass
of both radical chains must approach one another via
translational or reaction diffusion. Then, the radical
chain ends rearrange by segmental diffusion to place
the radicals proximate enough for termination, which
occurs through chemical reaction.3715 When classical,
bimolecular, chain length independent termination and
a pseudo-steady-state radical concentration are as-
sumed, the polymerization rate (Rp) is expected to
depend on the initiation rate (R;) to the 1/2 power (eq
1).

k
R,=—2[C=CIR (1)
2k,

Here, k, and k; are the propagation and termination
kinetic constants, respectively, [C=C] is the double bond
concentration, and a is the scaling exponent that is 1/2
classically.15-17

Under typical photopolymerization conditions, mul-
tivinyl monomers have been shown to exhibit diffusion
controlled kinetics throughout their polymerization.
Diffusion control of the termination kinetic constant
begins at the onset of the polymerization due to the
almost instantaneous accumulation of high molecular
weight and/or cross-linked polymer during polymeriza-
tion and/or network formation. This decrease in the
termination rate coupled with the double bond diffusion
and propagation rates remaining rapid results in au-
toacceleration or the counterintuitive increase in the
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polymerization rate with time.1”~2! Eventually, at greater
double bond conversions, the double bond mobility is
also hindered, and the propagation mechanism becomes
diffusion controlled, resulting in autodeceleration or the
rapid decrease in R, with time. When the cure temper-
ature is below the polymer’s glass transition tempera-
ture (T), autodeceleration generates a limiting double
bond conversion that is both monomer chemistry and
functionality dependent.22-24

CLDT is also a result of diffusion limitations on the
growing radical chain and dictates that the radical
chain’s ability to terminate depends on its molecular
weight (kinetic chain length). Monomers that exhibit
CLDT kinetics have an average termination kinetic
constant that depends on the kinetic chain length
distribution (KCLD) and any cure condition that im-
pacts the KCLD.1424727 For example, if increasing the
initiation rate shifts the KCLD toward shorter average
kinetic chain lengths and the termination mechanism
is chain length dependent, then the more rapid short
radical chain termination results in a less than classi-
cally expected increase in the polymerization rate. Thus,
CLDT leads to a decrease in the overall scaling expo-
nent, a (from eq 1). A less than classical scaling
exponent o is observed often during monovinyl mono-
mer polymerizations!42428-32 gnd is attributed to CLDT
kinetics. Recently, a less than classical o has also been
shown to be important during dimethacrylate photo-
polymerization 69123334

Diffusion control of the termination mechanism dur-
ing multivinyl monomer photopolymerization also re-
sults in reaction diffusion controlled termination. This
termination regime becomes important when two radi-
cals encounter each other more rapidly by “growing”
toward each other through the addition of double bonds
rather than by the radical simply moving through the
space surrounding the chain end (segmental diffusion).
Reaction diffusion controlled termination is character-
ized by the termination kinetic constant’s dependence
on the propagation frequency.:821.35-37 Analysis of the
polymerization kinetics in the dark reveals the ratio of
the kinetic constants (ky/(k,[C=C])) at the double bond
conversion that the light is extinguished. When reaction
diffusion controlled termination is the dominant termi-
nation mechanism, the ratio of the termination kinetic
constant to the propagation frequency is constant, and
a reaction diffusion coefficient (R, eq 2) defines the
reacting system.

k,

B = c=ci

(2)

Berchtold and co-workers have investigated the im-
portance of CLDT and reaction diffusion controlled
termination during the photopolymerization of di(eth-
ylene glycol) dimethacrylate (DEGDMA).6:9.1033 They
observed that DEGDMA exhibits a values less than 1/2,
indicative of the importance of CLDT at low double bond
conversions and a transition from CLDT to reaction
diffusion controlled termination (a chain length inde-
pendent mechanism) at high double bond conversions.
Additionally, Anseth and co-workers3* and Cook!1.12
have reported similar nonclassical behavior at low
double bond conversions during network formation.

CLDT has been modeled extensively in dif-
fusion controlled monovinyl (photo)polymeriza-
tions20:25.27.29,31.38-53 and, thus, is generally accepted as
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Figure 1. Chemical structures for DEGDMA (n = 2),
TEGDMA (n = 3), and PEG600DMA (n = 14) are presented.

important during monovinyl polymerization. Recently,
a model of multivinyl monomer photopolymerization
kinetics that takes into account CLDT was developed
to investigate the impact of accounting for CLDT on the
reaction kinetics.3? The model builds upon prior models
of multivinyl monomer photopolymerization.2254-56 The
model predicts that CLDT is important primarily before
and during autoacceleration when the mobility of short
radical chains that are not tethered to the polymer
network is dictated by their length. Additionally, the
CLDT model predicts the aforementioned similar
DEGDMA photopolymerization behavior experimentally
observed by Berchtold and co-workers.6

Recent investigations have revealed a more complex
relationship between CLDT and reaction diffusion
controlled termination. Berchtold and co-workers ex-
perimentally investigated the impact of the initiation
rate on the polymerization rate of poly(ethylene glycol)-
600 dimethacrylate (PEG600DMA).%2-10 They observed
that PEG600DMA exhibits CLDT (o < 1/2) throughout
the entire polymerization. Additionally, PEG600DMA
exhibits reaction diffusion controlled termination at
moderate to high double bond conversions, i.e., ki/(kp-
[C=C]) plateaus. PEG600DMA is also unique from
DEGDMA and other dimethacrylates in that its reaction
diffusion coefficient (R, eq 2) increases when PEG600-
DMA is polymerized with higher initiation rates. Thus,
PEG600DMA exhibits simultaneous CLDT (a. < 1/2) and
reaction diffusion controlled termination (ky/(k,[C=C])
plateaus) and uniquely exhibits initiation rate depend-
ent unsteady-state kinetics.

The aim of this work is to obtain a better understand-
ing of CLDT kinetics throughout the polymerization by
probing further the chain length dependent reaction
diffusion controlled termination kinetics exhibited by
PEG600DMA. First, the importance of the rubbery or
glassy nature of the polymer network formed on the
termination kinetics is examined by investigating the
copolymerization of PEG600DMA with DEGDMA. These
two monomers are interesting to study because they
differ only in the number of ethylene glycol spacer units
(Figure 1), which leads to the formation of either a
rubbery (PEG600DMA) or glassy (DEGDMA) polymer
network. Thus, the importance of either rubbery or
glassy network formation on the termination kinetics
is probed. Additionally, the impact of nonreactive PEG600
solvent addition to the DEGDMA polymerization is
examined.

The termination mechanism is examined using Fou-
rier transform infrared (FTIR) spectroscopy, which
monitors the change in the double bond concentration
with polymerization time. The impact of increasing the
initiation rate on the polymerization rate (R, 0 R;*) is
quantified as a function of double bond conversion by
determining the scaling exponent, o, which reveals
information about the complex termination mechanism
throughout the polymerization. For example, an o < 1/2
is indicative of CLDT and reveals that the termination
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kinetics depends on the KCLD. Additionally, an o ~ 1/2
is attributed to chain length independent, bimolecular
termination kinetics. While not addressed specifically
in this paper, an o > 1/2 has also been attributed to
the importance of unimolecular termination, i.e., per-
sistent radical accumulation. FTIR spectroscopy is also
utilized to examine the unsteady-state kinetics of both
the PEG600DMA copolymerization with DEGDMA and
the DEGDMA polymerization with the addition of
nonreactive PEG600 solvent as a function of light
intensity.

Finally, electron paramagnetic resonance (EPR) spec-
troscopy was used to monitor the radical concentration
decay rate in the dark to obtain information about the
chain length dependence of the termination kinetic
constant for two monomers that form either a rubbery
or glassy network. This is accomplished using an
analytical technique recently developed by Buback and
co-workers for the low double bond conversion of mono-
vinyl methacrylates. While the analysis was developed
for radical concentration decay profiles during the dark
cure for systems that yield very monodisperse KCLDs,
it is the only analytical technique for evaluating the
chain length dependence of the termination kinetic
constant. Additionally, while a homogeneous KCLD does
not exist when the light is extinguished, a more homo-
geneous KCLD is approached at long times in the dark,
and thus, the analytical technique is applied to multi-
vinyl monomer photopolymerization kinetics for the first
time. Thus, a series of experiments that probe the
importance of CLDT and chain length dependent reac-
tion diffusion controlled termination throughout mul-
tivinyl monomer photopolymerizations are presented.
A more complete understanding of the complex termi-
nation mechanism will enable a more rational approach
for designing and tuning monomer chemistry and cure
conditions for specific end-use applications.

Experimental Section

Materials. This study utilized the following monomers:
PEG600DMA (Figure 1, n = 14, Polysciences, Inc., Warrington,
PA), DEGDMA (Figure 1, n = 2, Polysciences, Inc., War-
rington, PA), and tri(ethylene glycol) dimethacrylate (TEGD-
MA, Figure 1, n = 3, Polysciences, Inc., Warrington, PA).
Samples contain 0.1-1.0 wt % of the photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMPA, Ciba Geigy, Haw-
thorne, NY).

Irradiation Source. An ultraviolet (UV) light source
(Acticure, 100 W Hg short-arc lamp, EXFO, Mississaugua,
Ontario, Canada) equipped with a liquid light guide and a
band-pass filter (320—390 nm, EXFO, Mississaugua, Ontario,
Canada) was used to irradiate monomer mixtures. The inci-
dent light intensity is controlled via the internal aperture of
the Acticure.

Methods. a. Fourier Transform Infrared (FTIR) Spec-
troscopy. A real-time FTIR spectrophotometer (Nicolet model
760 Magna Series II FTIR, Nicolet, Madison, WI) equipped
with a MCT/B-XT KBr detector—beam splitter combination
monitors the polymerization kinetics. A horizontal transmis-
sion accessory enables horizontal sample mounting for FTIR
measurements.’”% Monomer/initiator mixtures for mid-FTIR
analysis are sandwiched between NaCl crystals to obtain an
approximately 10—30 um thick sample. The mid-FTIR analy-
ses scan the spectral range 600—3800 cm ™! and monitor double
bond conversions by measuring the area of the C=C absorption
(ca. 1637 cm™1).5?

FTIR spectroscopy is used to obtain information about the
termination mechanism throughout the polymerization, i.e.,
to determine o for the photopolymerization, where o describes
the relationship between the polymerization rate and the
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initiation rate (R, 0 R;%). First, the change in the methacrylate
double bond peak is monitored as a function of polymerization
time. Then, the derivative of the FTIR data is taken to provide
the polymerization rate as a function of time, which is directly
correlated to R}, as a function of double bond conversion. Data
are collected for at least two initiation rates. Least-squares
analysis is then used to fit an a so that the sum of the squared
error between R,/R;* for each initiation condition at a given
double bond conversion is minimized (i.e., the error is less than
1079). o values were calculated for photopolymerizations at 0.5
and 20 mW/cm? with 1 wt % DMPA.

The a analysis was developed to account for exponential
decay of the initiator concentration ([Ab], eq 3) with polym-
erization time and assumes that the molar absorptivity (¢) for
DMPA at the peak initiating wavelength (1 = 365 nm) is 150
L/(mol cm). Equation 4 then describes the change in the
initiation rate with polymerization time.

d[Ab]  —2.303¢[AbI, A

dt Ny he )
b ol = gy 230340
i 2¢ a ¢ NAVhC (4)

Here, t is the polymerization time, [i. is the incident light
intensity in units of power/area, Ny is Avogadro’s number, A
is Planck’s constant, and c is the speed of light. Additionally,
the 2 represents two radicals produced per initiator molecule
photocleaving,® ¢ is the fraction of absorbed photons that
initiate polymerization and is assumed to be unity, and I, is
the photon absorption rate.®! It is important to note that the
scaling of the polymerization behavior with initiation rate is
of primary importance in these studies, not the absolute value
of the initiation rate. The assumptions of unity for the
efficiency and 2 radicals produced per initiator molecule
photocleaving will, thus, have minimal impact on the scaling.

FTIR spectroscopy was also used to examine the polymer-
ization kinetics during the dark reaction (i.e., the unsteady-
state kinetics). In the absence of initiation, the change in the
radical concentration is due only to radical termination. The
unsteady-state analysis takes into account bimolecular, chain
length independent termination according to eq 5:

dP’] 2
—— = —2k,[P 5
AT [P’ (6))
where [P*] is the radical concentration. Upon integration, eq
5 provides an expression for the radical concentration as a
function of time. This expression is then substituted in the
expression for the change in the double bond concentration
with dark polymerization time (eq 6), which upon rearrange-
ment provides eq 7.

dic=cl_ .
G = hlc=CIP ®)
AIC=C] = 5= In(2RR gt gy + 1) )

The change in the double bond concentration (A[C=C]) with
dark polymerization time (f4ayx) depends only on the polym-
erization rate at time zero in the dark (Ry) and the ratio of
the termination kinetic constant to the propagation frequency
(R from eq 2). The R value that provides the best fit of eq 7 to
the FTIR unsteady-state data describes the ratio of the
termination kinetic constant to the propagation frequency at
the double bond conversion that the light was extinguished.
R values are obtained at several different double bond conver-
sions, and the double bond conversion at which R plateaus is
indicative of the termination mechanism occurring predomi-
nantly via reaction diffusion controlled termination. A more
complete description of the unsteady-state kinetic analysis is
provided by Anseth and co-workers.?
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b. Dynamic Mechanical Analysis (DMA). A dynamic
mechanical analyzer (DMA7e, Perkin-Elmer, Norwalk, CT)
was used to obtain the glass transition temperature (T) region
for the resulting polymer networks using extension mode.
Samples were polymerized at room temperature using 320—
390 nm UV light at 5 mW/ecm? with 1 wt % DMPA in the
geometry necessary for DMA (7 x 3 x 1 mm?). The loss tangent
was recorded over a temperature range of —50 to 300 °C. The
temperature was increased at a rate of 5 °C/min. The T, was
taken as the temperature that the loss tangent curve achieved
its maximum value. Analyses were performed in triplicate.

c. Electron Paramagnetic Resonance (EPR) Spectros-
copy. An EPR spectrophotometer (ESP300E Bruker Analytik
GmbH, Rheinstetten/Karlsruhe, Germany) operating in the
X-band was used to monitor the radical concentrations through-
out the polymerization. A TE;¢2 cavity, operating at a 100 kHz
field modulation frequency and at a 2 Gy, field modulation
amplitude, was used.

All monomer/initiator mixtures are purged with nitrogen
gas for 10 min. 1 mm i.d. capillary tubes are filled with equal
sample volumes and flame-sealed under a nitrogen purge. The
capillary tubes are placed in a thick-walled quartz EPR sample
tube (Wilmad precision quartz model 700-PQ-7 sample tube,
1.40 mm wall thickness, 2.16 mm i.d., Wilmad Glass, Buena,
NJ) and then into a TE;¢2 cavity for analysis. A double-walled
quartz dewar insert (Wilmad Suprasil Quartz dewar insert,
model 821-F-Q, Wilmad Glass, Buena, NJ) is inserted in the
cavity, which allows for cavity temperature control and
increased cavity sensitivity. The microwave cavity was purged
with nitrogen gas to eliminate the background oxygen signal.

Sample irradiation and EPR spectroscopic measurement are
concurrent; thus, the EPR monitors the radical concentration
profile during photopolymerization. The a,a’-diphenyl-1-pic-
rylhydrazyl (DPPH, Aldrich, Milwaukee, WI) calibration curve
correlates the EPR spectra’s intensity to radical concentration.
All experiments are at 25 °C. A more detailed discussion of
EPR spectroscopy parameter selection, DPPH concentration
calibration, polymerization characterization, and EPR analysis
is in ref 62.

Results and Discussion

FTIR Spectroscopy. PEG600DMA and DEGDMA
are similar in chemistry and functionality but form
rubbery and glassy polymer networks, respectively. To
examine the hypothesis that the nature of the polymer
network formed impacts the importance of CLDT
throughout the polymerization and to investigate the
impact of network formation on the initiation rate
dependence of PEG600DMA’s reaction diffusion coef-
ficient, DEGDMA was copolymerized with increasing
PEG600DMA concentration.

Dynamic mechanical analysis (DMA) reveals that
increasing the PEG600DMA composition results in a
decrease in the glass transition temperature of the
resulting copolymer network (7 ~ 110, 35, 10, and —30
°C for 0, 65, 80, and 100 wt % PEG600DMA, respec-
tively). Additionally, increasing the PEG600DMA con-
centration of the comonomer mixture increases the final
double bond conversion achieved and decreases the
breadth of the resulting polymer network’s glass transi-
tion temperature region.

The impact of the rubbery or glassy polymer forma-
tion on CLDT and chain length dependent reaction
diffusion controlled termination was investigated utiliz-
ing FTIR spectroscopy to evaluate the dependence of the
polymerization rate on the initiation rate. Figure 2
reveals that copolymerizing DEGDMA with 65 wt %
PEG600DMA increases the importance of CLDT beyond
20% double bond conversion and a transition from
CLDT important kinetics (o« < 1/2) to a chain length
independent termination mechanism (o0 ~ 1/2) is ob-
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Figure 2. o is presented as a function of double bond
conversion for the copolymerization of DEGDMA with PEG600-
DMA (0 (m), 65 (), 80 (a), and 100 wt % (®) PEG600DMA).

served at ~65% double bond conversion. The DEGDMA
copolymerization with 80 wt % PEG600DMA exhibits
CLDT kinetics (o0 < 1/2) throughout the entire polym-
erization. Thus, these results suggest that the impor-
tance of CLDT at high double bond conversion depends
on the rubbery or glassy nature of the resulting polymer
network. Additionally, several termination mechanisms
may be important during network formation, especially
when the polymerization occurs below the resulting
network’s T,. For example, if termination occurs by both
unimolecular termination and chain length dependent
bimolecular termination, mechanisms characterized by
a scaling exponent of o > 1/2 and o < 1/2, respectively,
the system may exhibit an average scaling exponent of
o~ 1/2.

The impact of the resulting copolymer’s T, region on
the termination kinetics was investigated further by
examining the impact of curing temperature on the
importance of CLDT throughout the polymerization.
Increasing the cure temperature from 25 to 70 °C did
not impact the CLDT behaviors that bulk PEG600DMA
and DEGDMA exhibit. While this behavior was antici-
pated for the homopolymerization, both of the copolymer
networks exhibit very broad glass transition tempera-
ture regions that overlap with the ambient cure tem-
perature, and thus, the impact of the cure temperature
on these systems was also investigated. Interestingly,
the DEGDMA copolymerization with either 65 or 80 wt
% PEG600DMA is affected minimally by increasing the
cure temperature (Figure 3), especially at greater double
bond conversions where the increased mobility due to
increased curing temperature would have the greatest
impact on the reaction kinetics.

To investigate further the importance of CLDT at
high double bond conversions during the copolymeriza-
tion of DEGDMA with PEG600DMA, the unsteady-state
kinetics were examined as a function of light intensity.
Table 1 presents the reaction diffusion coefficient (R)
in the plateau region for bulk PEG600DMA and
DEGDMA polymerizations and the copolymerization of
DEGDMA with 80 wt % PEG600DMA. The steady-state
copolymerization kinetics for this system exhibit CLDT
throughout the entire polymerization (Figure 3); how-
ever, the unsteady-state copolymerization kinetics ex-
hibit a plateau in the ratio of the termination kinetic
constant to the propagation frequency (the R value) that
is nearly independent of the initiation rate. Thus, the
copolymerization of DEGDMA with 80 wt % PEG600-
DMA exhibits steady-state polymerization kinetics in-
dicative of the importance of CLDT at very high double
bond conversions; however, the unsteady-state polym-
erization kinetics reveal an R value that depends weakly
on the initiation rate (Table 1).
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Figure 3. o is presented as a function of double bond
conversion for the copolymerization of DEGDMA with 80 (a)

and 65 wt % (b) PEG600DMA. « is presented for polymeriza-
tions at 25 (O) and 70 °C (@).

Table 1. Reaction Diffusion Coefficients as a Function of
Monomer Chemistry and Light Intensity®

R (0.5 mW/cm?2) R (20 mW/cm?)

monomer system

DEGDMA 2.7+£05 2.8+04

PEG600DMA 27+£0.6 8.0£1.0

20/80 wt % 24+04 29+0.1
DEGDMA/PEG600DMA

@ All polymerizations are initiated with 1 wt % DMPA.

The different CLDT behaviors exhibited by DEGDMA
and PEG600DMA were investigated further. Specifi-
cally, the impact of the addition of nonreactive PEG600
solvent to the DEGDMA polymerization was investi-
gated. Figure 4 reveals that increasing the PEG600
solvent concentration increases the polymerization rate
at the onset of the polymerization, shifts the maximum
polymerization rate to lower double bond conversions,
and decreases the autodeceleration rate, which enables
100% conversion of the methacrylate double bonds.
Furthermore, the addition of PEG600 solvent increases
the importance of CLDT (i.e., a < 1/2) for the majority
of the DEGDMA photopolymerization (Figure 5).

The unsteady-state kinetics exhibited by the
DEGDMA polymerization with the addition of non-
reactive PEG600 is also examined. Polymerizing
DEGDMA with the addition of 70 wt % of nonreactive
PEG600 results in an elevated reaction diffusion coef-
ficient; however, the elevation in the R value is inde-
pendent of the light intensity (R ~ 5.7 + 1.3 and 6.0 +
1.6 when irradiated at 0.5 and 20 mW/cm?2, respectively).
These results suggest that polymerizing DEGDMA in
the presence of nonreactive PEG600 increases the
importance of CLDT throughout the polymerization and
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Figure 5. o is presented as a function of double bond
conversion for bulk DEGDMA (O) and DEGDMA with the
addition of 70 wt % nonreactive PEG600 (@).

elevates the termination kinetics during reaction dif-
fusion controlled termination; however, a chain length
independent reaction diffusion coefficient is observed.
Additionally, these results suggest that the unique
CLDT kinetics exhibited by PEG600DMA are possibly
due to enhanced radical termination in the presence of
PEG600DMA monomer or very short poly(PEG600DMA)
kinetic chains.

EPR Spectroscopy. The analysis of the unsteady-
state kinetics obtained via FTIR spectroscopy assumes
chain length independent bimolecular termination.
Recently, Buback and co-workers developed an analyti-
cal method to determine the chain length dependence
of the termination kinetic constant for monometh-
acrylate monomers.%3 They utilized the experimental
procedure of SP-PLP-EPR (single-pulse pulsed-laser-
polymerization EPR). In this experiment a single laser
pulse rapidly generates the radicals that initiate kinetic
chains. The instantaneous generation of reactive radi-
cals results in radical chains that grow nearly uniformly
in the dark according to eq 8.

i ~ b [C=Clt (8)

Here, i is the degree of polymerization, k, is the
propagation kinetic constant, [C=C] is the double bond
concentration, and ¢ is the dark time. EPR spectroscopy
is then used to monitor the bimolecular termination
kinetic constant between two radical chains of equal
chain length (eq 9).

dPT
———=2R"[P’
P kP 9)
Here, [P’] is the radical concentration and k¢ is the
termination kinetic constant of two radical chains of
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Figure 6. Polymerization rate (- - -) as a function of polym-
erization time for TEGDMA at 5 mW/cm? with 0.1 wt % DMPA
is presented. Additionally, the radical concentration (—) for
different polymerization times that the light is extinguished
is presented. Radical concentrations are monitored via EPR
spectroscopy.

equal chain length, i. However, since the degree of
polymerization increases with increasing dark time, the
dependence of ki’ on radical chain length is taken into
account using a power-law relationship for the chain
length dependence of k¢ (k' = kiyi %, where ¢ is the
extent of chain length dependence), resulting in eq 10.

d[P7]
dt

= 2k, ?[P"]? (10)

The rearrangement of the integrated form of eq 10
following substitution of the expression for the degree
of polymerization results in eq 11.

Plo y_ 2Rl gy
P, (1 — @)k, [C=C])*

Here, [P’]j is the radical concentration when the light
is extinguished (time zero in the dark) and [P°]; is the
radical concentration at time ¢ in the dark. The slope of
a double-log plot of eq 11 provides information about
the chain length dependence of the termination kinetic
constant, i.e., the slope is equal to 1 — ¢.

In this work EPR spectroscopy monitors the radical
concentrations of PEG600DMA and tri(ethylene glycol)
dimethacrylate (TEGDMA). TEGDMA is a monomer
that differs from DEGDMA by only one ethylene glycol
spacer unit and exhibits termination kinetics similar
to DEGDMA, i.e., a transition from an o value less than
classical to a value greater than classical at greater
double bond conversions. EPR spectroscopy is used to
ascertain the impact of rubbery and glassy network
formation on the polymerization kinetics that these
monomers exhibit during the dark reaction. Figure 6
presents the radical concentration profiles for several
unsteady-state experiments; i.e., the monomers are
irradiated for various polymerization times prior to
extinguishing the light. The polymerization rate as a
function of polymerization time for continuous irradia-
tion is also presented.

One difference between the unsteady-state method
presented here and the SP-PLP-EPR method developed
by Buback and co-workers is that the SP-PLP-EPR
method generates a homogeneous radical chain length
distribution. In this unsteady-state technique, a het-
erogeneous radical chain length distribution exists when
the light is extinguished during the multivinyl monomer
unsteady-state experiment. Thus, the analysis for de-
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Figure 7. A double-log plot from the radical concentration
decay data obtained via EPR spectroscopy according to eq 11
for 90 s of TEGDMA (- - -) and 50 s of PEG600DMA (- - -)
irradiation (~60 and 90% double bond conversion, respec-
tively). The straight lines are the best linear fits to the long
(10—100 s) dark times. The slope of the linear fits, 1 — ¢,
reveals the extent of ks chain length dependence. All poly-
merizations are at 5 mW/cm? with 0.1 wt % DMPA.

termining the chain length dependence of the termina-
tion kinetic constant clearly does not apply to the
network formation unsteady-state experiment at short
dark polymerization times. However, in the absence of
chain transfer, the distribution of radical chains that
survive termination all grow to approximately equiva-
lent degrees of polymerization (i, eq 8) at long times in
the dark when i during the dark polymerization is much
greater than the radical length at the time the light is
extinguished. Hence, a more homogeneous distribution
of radical chains is approached at long times in the dark.
Thus, EPR spectroscopy and Buback and co-worker’s
analysis provide information about that chain length
dependence of the termination kinetic constant for long
chains during the dark polymerization of network
forming monomers.

Figure 7 presents a double-log plot of eq 11 for the
radical concentration data obtained during the dark
polymerization of TEGDMA and PEG600DMA (light off
at 60 and 90% double bond conversion, respectively). A
representative data set for each monomer when the light
was extinguished after at least 30% double bond conver-
sion is presented. Prior to 30% double bond conversion,
the radical concentration decays too rapidly to obtain
data beyond 2 s of dark time. The slopes of the best
linear fit to the EPR data reveal a very strong depen-
dence of the termination kinetic constant on the radical
chain length at long dark polymerization times.

To test the validity of this approach, a simulated EPR
experiment was performed using the model of Lovestead
and co-workers.%33 This simulated dark experiment was
then analyzed by the same method of Buback and co-
workers.%2 The model is a useful tool for analyzing the
polymerization kinetics of multivinyl monomers during
network formation because it accounts for radical chains
of each length and thus predicts the impact of CLDT
on the polymerization kinetics. Additionally, the model
predicts polymerization behaviors typically observed
during network formation, i.e., autoacceleration, reac-
tion diffusion controlled termination, and incomplete
double bond conversion. The model that utilizes the
material properties for DEGDMA and the model pa-
rameters for diffusion control and free volume effects
on termination and propagation appears in Lovestead
et al.%* The scaling exponent (¢ = 0.8) was selected to
describe the experimentally observed CLDT behavior
that DEGDMA exhibits when polymerized with 1.0 wt
% DMPA at both 0.5 and 20 mW/em?2. Interestingly, the
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Figure 8. A double-log plot from the radical concentration
decay as predicted by a CLDT model simulation according to
eq 11 of DEGDMA polymerization where R; is 0 at 50% double
bond conversion. The straight line is the best linear fit to the
long (10—100 s) dark times. The slope of the linear fits, 1 — ¢,
reveals the extent of k¢ s chain length dependence. The
polymerization is simulated at 5 mW/em? with 0.1 wt % DMPA.

model reveals that a ¢ of 0.8 is predicted after 10 s of
dark polymerization time (Figure 8). Thus, the model
reveals that the analysis does not provide accurately the
extent of chain length dependence of the termination
kinetic constant during network formation at low dark
times but may do so for longer times.

The experimental results for TEGDMA and PEG600-
DMA reveal strong chain length dependence of the
termination kinetic constant (¢ = 0.8) for long chains
during the dark polymerization of network forming
monomers. Buback et al. report a different phenomenon.
They investigated the chain length dependence of the
termination kinetic constant for a dodecyl methacrylate
and observed that chain length dependencies decrease
with increasing dark polymerization time (i.e., ¢ is ~0.5
and ~0.2 for short and long times, respectively, in the
dark). The change in the dependence of % on the radical
chain length is attributed to the termination mechanism
transitioning from translational to segmental diffusion
control. On the basis of the results that Buback and co-
workers report, it was expected that the EPR spectros-
copy experiment would reveal a weak dependence of the
dark termination kinetics on radical chain length during
multivinyl monomer photopolymerizations, especially at
high double bond conversions when termination is
thought to occur predominantly via reaction diffusion
controlled termination. While the observed strong chain
length dependence of the termination kinetic constant
is not fully understood, it is an interesting result.

Conclusions

The origin of the different CLDT kinetics exhibited
by glassy and rubbery network forming dimethacrylates
was investigated to elucidate the nature of PEG600-
DMA’s simultaneous exhibition of chain length depend-
ent and reaction diffusion controlled termination. The
copolymerization of DEGDMA with the addition of
PEG600DMA reveals that decreasing the T region of
the resulting copolymer network increases the impor-
tance of CLDT throughout the polymerization; however,
R is not initiation rate dependent. As well, the addition
of nonreactive PEG600 solvent to the DEGDMA polym-
erization increases the importance of CLDT throughout
the polymerization and elevates the reaction diffusion
coefficient; however, a chain length independent R value
is observed in contrast to the PEG600DMA polymeri-
zation. Finally, unsteady-state EPR experiments reveal
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a strong chain length dependence of the termination
kinetic constant for long radical chains during the high
double bond conversion of both rubbery and glassy
dimethacrylates. Thus, a series of experiments are
presented that probe the importance of CLDT and chain
length dependent reaction diffusion controlled termina-
tion during network formation of both rubbery and
glassy dimethacrylates.
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