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Models of multivinyl free radical photopolymerization kinetics
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Abstract

Models for predicting multivinyl free radical photopolymerization that incorporate diffusion controlled propagation and termination
are discussed. One model focuses on spatial effects by incorporating heat and mass transfer in photopolymerizing films. Temperature,
species concentrations, e.g., oxygen and initiator, and light intensity are varied as a function of both time and depth. Specifically, the effect
of using polychromatic initiation on oxygen inhibition was investigated. The model predicts that by utilizing initiating radiation of two
distinct wavelengths, it is possible to overcome oxygen inhibition and achieve complete cure. The second model incorporates chain length
dependent termination (CLDT) and chain transfer to polymer (CTP) in a homogenous, polymerizing system. Specifically, how CTP affects
the polymerization rate (Rp), the reaction diffusion coefficient, the scaling relationship between polymerization rate and initiation rate (Ri),
i.e., Rp ∝ Rα

i , and the transition from CLDT to reaction diffusion controlled termination was investigated. The model predicts that, in
general, at low double bond conversion, CTP inclusion decreases the reaction diffusion coefficient and increases the polymerization rate.
Additionally, increasing the CTP rate decreases the double bond conversion both at which the termination mechanism begins to transition
from CLDT to reaction diffusion controlled termination and at which reaction diffusion controlled termination becomes the dominant
termination mechanism. The model provides more insight into the termination mechanism and complex polymerization behavior.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Free radical chain photopolymerizations of multivinyl
monomers is advantageous for many reasons, including, the
ability to cure rapidly in the absence of a solvent under am-
bient conditions, flexible monomer chemistry, spatial and
temporal control, and the formation of a highly cross-linked
network, i.e., a polymer which is insoluble in any organic
solvent[1,2]. These remarkable attributes allow for detailed
patterning using photomasks[1–5], control of exotherm[6],
and the ability to tailor the resulting polymer cross-linking
density, degradation rate and mechanism, biocompatibility,
and other material properties[7,8]. Additionally, the result-
ing highly cross-linked network is desirable for applications
such as microelectronics[5], protective and decorative coat-
ings [2], orthopedic biomaterials[6,9], drug delivery[8],
and dental restorations[10–17].

Multivinyl monomer photopolymerization is a diffusion
controlled process due to the almost instantaneous build up
of high molecular weight and cross-linked polymer. Since
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the termination mechanism relies on the diffusivity of rad-
ical chains, the termination mechanism becomes mobility
restricted at very low double bond conversion, and au-
toacceleration is observed. Autoacceleration (Fig. 1) is the
counterintuitive increase in polymerization rate due to the
hindered termination mechanism. This reduced termination
causes an increased population of reactive radical chains
and a concomitant increase in polymerization rate. The ter-
mination mechanism is further complicated by chain length
dependencies which have been shown to be important at
low to moderate double bond conversion in multivinyl
monomer photopolymerizations[18–25].

As more double bonds react, most of the growing rad-
ical chains are tethered to the polymer network (Fig. 6b),
thus termination occurs by radicals propagating through
unreacted vinyl groups until meeting and terminating with
another radical. This regime is referred to as reaction diffu-
sion controlled termination and is characterized by the ter-
mination event’s dependence on the propagation frequency.
Eventually, at greater double bond conversion, the propaga-
tion mechanism also becomes diffusion controlled and au-
todeceleration is observed as denoted by the rapid decrease
in the polymerization rate. When the reaction is carried out
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Fig. 1. Polymerization rate vs. time curve for a typical multivinyl pho-
topolymerization is presented and depicts autoacceleration and autodecel-
eration.

below the glass transition temperature of the final polymer,
autodeceleration leads to a limiting double bond conversion
that is monomer chemistry and functionality dependent
[26].

Increased viscosity and the subsequently decreased dif-
fusion of the reacting species during multivinyl monomer
polymerization leads to mass transfer effects[27] and chain
length dependent kinetics[18,24,28]. In addition to mobility
dependent phenomena, cycle formation[29–31], light atten-
uation in optically thick samples[6,27,32], non-isothermal
effects [6,27], oxygen inhibition [27,33–36], and chain
transfer to polymer (CTP)[35–37]also affect the polymer-
ization kinetics. Many of these phenomena lead to poly-
merization rate, double bond conversion, temperature, and
species concentrations that vary spatially within a sample
and as a function of conversion.

This array of complex behavior has hindered the attain-
ment of a more complete characterization of multivinyl pho-
topolymerization kinetics. To obtain a better understanding
of the photopolymerization mechanism in these systems,
two different mathematical models were developed. One
model focuses on spatial effects by incorporating heat and
mass transfer in photopolymerizing films, where tempera-
ture, species concentration, and light intensity are varied as
a function of both time and depth. This model specifically
investigates the effect of using polychromatic initiation on
oxygen inhibition. Additionally, the termination mecha-
nism in multivinyl free radical photopolymerizations is not
well understood or characterized, thus, a second model was
developed that takes into account chain length dependent
termination (CLDT) and CTP in a homogenous polymeriz-
ing system. Each model builds upon the general free radical
photopolymerization kinetic theory presented below and
incorporates diffusion controlled kinetics. An improved un-
derstanding of the highly complex termination mechanism,
along with the impact of oxygen in photopolymerizing
films will further improve efforts to control the multivinyl
monomer photopolymerization process, ultimately leading
to enhanced polymer properties and increased applications
for cross-linked polymers.

2. General free radical photopolymerization
kinetic theory

Known cross-linking photopolymerization behavior, such
as autoacceleration, autodeceleration, and reaction diffusion,
has been incorporated into the fundamental kinetic equations
that describe multivinyl free radical photopolymerizations.
These models are based on free volume theory and diffusion
controlled kinetics[18,38–43].

2.1. Initiation reaction

To model free radical photopolymerizations, accurate pre-
dictions of the initiator concentration ([Ab]) and the initia-
tion rate (Ri) are necessary and are described by the follow-
ing [18,22,24]:

d[Ab]

dt
= −2.303ε[Ab]Iλ

NAvhc
(1)

Ri = 2φIa = 2φ

(
2.303εIλ[Ab]

NAvhc

)
(2)

In Eq. (1), t is the time,ε the molar absorptivity coeffi-
cient, I the incident light intensity in units of power/area,λ

the wavelength of the irradiating light,NAv the Avogadro’s
number,h the Planck’s constant, andc the speed of light.
For Eq. (2), the 2 arises because, most commonly, two radi-
cals are produced per initiator molecule photocleaving;φ is
the product of the efficiency and the quantum yield, andIa
the photon absorption rate which is evaluated utilizing the
Beer–Lambert law[44].

2.2. Propagation and termination

The propagation and termination events are extremely de-
pendent on the reacting species’ mobility. Often fractional
free volume models are used to describe this relationship be-
tween viscosity and the reacting species’ mobility. Increased
polymer formation (double bond conversion) significantly
increases the viscosity (decreases fractional free volume),
decreases the mobility, and decreases the ability of a species
to propagate and/or terminate. This theory was first applied
to monovinyl monomer photopolymerizations[39,40,43,45]
with recent application to multivinyl systems[18,38,41,46].
Anseth and Bowman’s model utilizes one equation to de-
scribe each of the chain length independent propagation and
termination kinetic constants[38]. In this model the prop-
agation kinetic constant,kp, is expressed by the following
[18,38,42]:

kp = kp0

{
1 + exp

(
Ap

(
1

f
− 1

fcp

))}−1

(3)

Here,kp0 is the propagation kinetic constant at infinite free
volume,Ap is a constant that controls the onset of autode-
celeration and the rate of autodeceleration, andfcp is the
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critical free volume at which propagation changes from be-
ing chemical reaction controlled to mass transfer controlled.
Additionally, kt is expressed by the following[38,42]:

kt = kt0

{
1+

(
exp

(
−At

(
1

f
− 1

fct

))
+Rkp[C==C]

kt0

)−1
}−1

(4)

Here,kt0 is the termination kinetic constant at infinite free
volume,At is a constant that controls the onset of autoac-
celeration and the rate of autoacceleration, andfct is the
critical fractional free volume when termination becomes
controlled by the active species’ segmental motion. Addi-
tionally, R is the reaction diffusion parameter, or the ratio
of kinetic constants,kt/kp[C==C], when reaction diffusion
is the dominant termination mechanism[38]. Eqs. (1)–(4)
represent the backbone of the free volume based kinetic
models presented in this paper that predict multivinyl free
radical photopolymerizations.

3. A model of heat and mass transfer effects and
spatial effects

3.1. Model development

To simulate a film with variations in temperature, species
concentration, and light intensity in thez-direction, heat
and mass transfer effects, as well as diffusion controlled
propagation and termination are modeled. Heat effects are
important because the kinetic constants, as well as the diffu-
sion coefficients, are functions of temperature. Diffusion of
small species such as initiator, monomer, primary radical,
and oxygen molecules are an important aspect of pho-
topolymerizations, and thus, mass transfer is also critical.

Energy transport has been incorporated into the 1D sim-
ulation through an energy balance that includes heat accu-
mulation, heat transfer, and heat generation by reaction and
radiation absorption. In the 1D simulation, mass transfer has
been incorporated through the addition of a diffusive flux
term to the species balance. The general species balance in-
cludes species accumulation, diffusive flux, and species con-
sumption or generation by reaction. The energy and species
balances have been comprehensively explained by Goodner
and Bowman[27] previously.

In the 1D simulation, light attenuation is included utilizing
the Beer–Lambert law[44]. The light intensity at depthz
(Iz) is described by the following:

Iz = I0 exp(−εcIz) (5)

Here, I0 is the incident light intensity on the sample,cI
the initiator concentration for a photobleaching initiator
or c∗

I (the total initiator concentration for that slice) for a
non-photobleaching initiator.

For this particular study, the effect of irradiating with a
polychromatic light source is investigated. Specifically, the

effect of irradiating with a combination of 254 and 365 nm
UV light on thin film systems in inert and oxygen environ-
ments is studied. The incident light intensity and initiator
and primary radical species balances have been altered ap-
propriately for this study. Distinct relations are written for
each wavelength to account for the wavelength dependence
of the molar absorptivity of the initiator and monomer. The
light intensities of each wavelength at a depthz are described
by the following equations:

Iz,365 = I0 exp(−ε1cIz) (6)

Iz,254 = I0 exp(−ε2cIz − ε3cMz) (7)

Here,ε1 andε2 are the molar absorptivities of the initiator
at 365 and 254 nm, respectively, andε3 is the molar absorp-
tivity of the monomer at 254 nm. The initiator and primary
radical species balances have been altered such that the ini-
tiator is now cleaved by both wavelengths of light, and thus,
initiator fragments made by both wavelengths of light form
primary radicals.

All parameters used in the model are described by Good-
ner and Bowman[27], except for the molar absorptivity
of 2,2-dimethoxy-2-phenylacetophenone (DMPA) (ε1 =
345 l/mol cm andε2 = 13 000 l/mol cm[47]) and the molar
absorptivity of the monomer, 2-hydroxyethyl methacrylate
(HEMA) (ε3 = 63 000 l/mol cm), which was determined
experimentally. Additionally, it is assumed that the initiator
efficiency is the same at both wavelengths.

3.2. Results and discussion

The effect of irradiating a thin film in air with two wave-
lengths of light was investigated in this study. The motiva-
tion is the inhibition of thin film photopolymerizations by
atmospheric oxygen. Oxygen is known to inhibit free radi-
cal polymerizations by reacting with initiator, primary, and
growing polymer radicals to form peroxy radicals[33,34].
The peroxy radicals are more stable and do not readily reini-
tiate polymerization, and thus, the oxygen essentially ter-
minates or consumes radicals. If oxygen is present at a low
concentration, an induction time will be observed since the
polymerization cannot proceed until all of the oxygen is con-
sumed. At higher concentrations, oxygen scavenges all of the
radicals in the polymerization, and thus, inhibits or severely
retards the polymerization. This effect is most pronounced
in thin films, as more oxygen readily diffuses into the sam-
ple. In thicker films, the lower depths of the film polymerize,
while the top layer remains “tacky” as the oxygen inhibits
the reaction at the surface. The unpolymerized top layer re-
duces surface and optical properties[34]. Several techniques
have been utilized to combat the effects of oxygen inhibi-
tion. The use of high intensity irradiation sources increases
the initiation rate, dramatically increasing the production
of primary radicals such that it becomes much greater than
their consumption by oxygen. Another alternative is to
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polymerize the samples in an inert environment, whereby
the oxygen is eliminated from the polymerization[34].

The approach investigated here was to irradiate a sample
with two wavelengths of light. The motivation for this was
to take advantage of the fact that the molar absorptivity
is a function of wavelength. At 365 nm the initiator has
a molar absorptivity on the order of 102 l/mol cm, while
the monomer has negligible absorption. However, below
300 nm, both the initiator and monomer have absorptivities
on the order of 104 l/mol cm. Thus, at the lower wave-
lengths, considerable light attenuation will occur due to the
high optical density, making these wavelengths non-ideal
for photopolymerization. Applying the Beer–Lambert law,
it can be calculated that the lower wavelength light will
only penetrate about a micron into the sample. However,
the large molar absorptivity of the initiator can be utilized
to increase the initiation rate, causing the top few microns
of the sample to polymerize. The resulting polymer film on
top of the sample “caps” off the rapid diffusion of oxygen
into the thin film. Once oxygen diffusion into the sample is
eliminated, the remaining unpolymerized lower depths of
the sample only have to consume the dissolved oxygen to
begin the polymerization. The longer wavelength of light,
penetrating into the lower depths of the sample, will now
polymerize the remainder of the film. Thus, the goal of uti-
lizing the two wavelength initiation scheme is to polymerize
thin films in the presence of oxygen, a feat not normally
achievable using one wavelength initiation.

First, the effect of the two wavelength initiation on a thin
film in an inert atmosphere is shown inFig. 2. Very early in
the polymerization, a large increase in double bond conver-
sion is seen at the top layer in the two wavelength initiated
film in comparison to the monochromatic film. However, as
the polymerization proceeds, the overall double bond con-
version reached in both films is very similar. This result is
expected because there are no radical scavenging molecules,
such as oxygen.

Fig. 2. Double bond conversion as a function of depth for simu-
lated samples exposed toI365 = I254 = 50 mW/cm2 (solid lines) and
I365 = 50 mW/cm2, I254 = 0 (symbols) for 1, 4, 6, and 35 s. All poly-
merizations were simulated for a 10�m film in an inert atmosphere with
5 wt.% DMPA.

Fig. 3. Double bond conversion as a function of time simulated for a
10�m film with 5 wt.% DMPA andI365 = 50 mW/cm2 with no oxygen
(– – –) and with 10−4 M oxygen (—).

In contrast,Fig. 4shows the effects of the two wavelength
initiation on films in oxygen containing environments, such
as air. Usually, a thin film will not appreciably polymerize
in air, as shown inFig. 3. However, with the two wavelength
initiation, full polymerization is obtainable.Fig. 4 depicts
that the top of the film immediately reaches high conversion,
while the rest of the film is negligibly polymerized. How-
ever, as the reaction continues, the oxygen is consumed in
the lower depths of the sample due to the reduced oxygen
diffusivity through the very top layer (Fig. 5). Once the oxy-
gen is consumed, the polymerization proceeds, and nearly
complete conversion is achieved.

A good question to ask is whether it is really necessary
to have the deep UV radiation since it is at a much higher
intensity than the 365 nm light, and instead just increase the
intensity of the 365 nm light to that of the 254 nm light.
Fig. 4 demonstrates that ifI365 = 300 mW/cm2 andI254 =
0 mW/cm2, there is still insufficient initiation to overcome
the oxygen inhibition. In fact, the 365 nm light source would
need to be in excess of 100 W/cm2 to achieve the same dou-
ble bond conversion as that seen by polychromatic initiation.

Fig. 4. Double bond conversion as a function of depth for samples
simulated with I365 = 50 mW/cm2 and I254 = 300 mW/cm2 (—) at
various times and withI365 = 300 mW/cm2 and I254 = 0 mW/cm2 (�)
at its final double bond conversion. All polymerizations were simulated
for a 10�m film with 5 wt.% DMPA, and [O2] = 10−4 M.
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Fig. 5. The diffusivity of oxygen (a) and oxygen concentration (b) as a function of both depth and polymerization time. All polymerizations were
simulated for a 10�m film with 5 wt.% DMPA, I365 = 50 mW/cm2, I254 = 300 mW/cm2, and [O2] = 10−4 M.

4. A model of CLDT effects

4.1. Model development

This model simulates a homogenous polymerizing sys-
tem with variations in polymerization kinetics as a function
of both double bond conversion and radical chain mobil-
ity. Diffusion controlled propagation and termination, as
well as CLDT and CTP are incorporated. Much of what is
known about CLDT has been developed for monovinyl dif-
fusion controlled polymerization kinetics[28,39,40,48–63]
with Allen and Patrick and Benson and North as two of the
first groups to propose a relationship for the dependence
of the termination event on the initiation rate. Increasing
the initiation rate increases the number of reactive initiator
fragments, and thus, radical chains, which increases the
termination rate and decreases the average length of the
growing radical chains. The shorter chain radicals more
readily diffuse through the reaction medium, and thus, more
rapidly terminate. The increased termination rate for shorter
radical chains decreases the polymerization rate increase
expected from the changing initiation rate. Classically, the
relationship between polymerization rate and initiation rate
is predicted to scale to the 0.5 power, i.e., the scaling ex-
ponent,α, is 0.5 for bimolecular, chain length independent
termination. This relationship is described by the following:

Rp = kp[C==C]

(
Ri

2kt

)α

(8)

In polymerizations where CLDT is important, a less than
classical scaling exponent has been predicted and observed.
While this is an excepted phenomenon in monovinyl
monomer polymerizations, until recently, chain length de-
pendencies have typically been neglected in multivinyl
photopolymerizations. Our group[19,20,22–24]and others
[21,25] have experimentally studied the effect of chang-

ing the light intensity and/or the addition of chain transfer
agent on the polymerization of multivinyl monomers. Each
work identified a less than classical scaling exponent, i.e.,
Rp ∝ Rα

i , whereα < 0.5 at low double bond conversion.
Additionally, a CLDT model[18] of multivinyl monomer
polymerization was developed. To date, the CLDT model
is the only model that is able to predict qualitatively the
impact of changing cure conditions on multivinyl pho-
topolymerizations, and subsequently, the less than classical
scaling exponent observed experimentally.

In multivinyl polymerizations, CLDT is most important
and quantifiable at low conversion when most of the growing
radical chains are not tethered to the network and radicals
are able to diffuse and terminate at rates relative to their
length (Fig. 6a). However, as monomer is converted into
polymer, mobility decreases and most of the growing radical
chains are tethered to the network. Thus, radicals terminate
by reaction diffusion controlled termination, a chain length
independent process (Fig. 6b).

Fig. 6. A schematic of the polymerization reaction at low (a), and high
double bond conversion (b) is presented. Early on during the polymer-
ization, monomer and shorter radical chains more readily diffuse and ter-
minate, i.e., CLDT is important. As more double bonds are reacted, the
majority of the radicals are tethered to the network; thus, reaction diffu-
sion controlled termination dominates the termination mechanism. Chain
length effects are no longer observed in this regime.
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The CLDT theory of Benson and North[50] was incor-
porated as a one-parameter correction to the termination
kinetic constant at infinite free volume,kt0, in the mass
transfer limited regime. This correction coupled with the
previously developed expressions forkt (Eq. (4)) yields the
desired chain length dependentktij [18,24]:

ktij = kt110

{
1 +

(
1

2

(
1

iγ
+ 1

jγ

)
exp

(
−At

(
1

f
− 1

fct

))

+ Rkp[C==C]

kt110

)−1
}−1

(9)

whereγ describes the extent of chain length dependence
and is equal to 0.5 based on Random–Walk theory. The
model also includes mass balances on the initiator (Eq. (1)),
monomer, and radicals of each length (Eqs. (10) and (11))

d[R1
•]

dt
= Ri − kp[C==C][R1

•] + ktp[DP1][R•]tot

−[R1
•]

∞∑
j=1

(ktij[Rj
•] + ktp[DPj]j) (10)

d[Ri
•]

dt
= kp[C==C]([Ri−1

•] − [Ri
•]) + ktp[DPi][R•]toti

−[Ri
•]

∞∑
j=1

(ktij[Rj
•] + ktp[DPj]j), i > 1 (11)

Here, ktp is the polymer chain transfer kinetic constant,
[DPi] the concentration of dead polymer of chain lengthi,
and the propagation kinetic constant is evaluated inEq. (3).
The model parameters are identical to those appearing in
a previous publication[18]. The model also predictskt,avg
[18,48,57,64]. The authors acknowledge that the model in-
corporates several adjustable parameters, but would like to
emphasize that the chain length independent model is un-
able to predict the effects of changing cure conditions on
polymerization kinetics. The simple inclusion of CLDT dra-
matically improves polymerization kinetic predictions for
several cure conditions[24].

4.2. Results and discussion

The effects of incorporating CLDT and CTP into the ki-
netic equations that characterize multivinyl free radical poly-
merizations of a homogenous sample were investigated in
this study. The motivation is improved characterization and
understanding of the complex termination mechanism and
the overall polymerization behavior in these highly com-
plex systems. Not only is the termination mechanism the
least understood aspect of multivinyl photopolymerizations,
but also, no model exists today that is able to predict poly-
merization kinetics for a range of cure conditions. Recently,
CLDT was incorporated into the diffusion controlled ki-
netic equations that describe the termination mechanism and

Fig. 7. The simulated kinetic constants (kt,1 1 (– · –), kt,1 10 000 (– – –),
kt,avg (—), kt,10 000 10 000 (- - -), andkp (· · · )) as a function of both double
bond conversion and radical chain length are presented for a typical
dimethacrylate polymerization (5 mW/cm2 with 5 wt.% DMPA).

was shown to improve greatly the model’s predictive ca-
pability when simulating diethylene glycol dimethacrylate
(DEGDMA) for several different cure conditions[24]. The
initial success of CLDT incorporation revealed the neces-
sity to investigate further the termination mechanism and
the role of chain length in multivinyl photopolymerizations.
The model presented in this paper further explores CLDT
in multivinyl photopolymerizations and also investigates the
impact of CTP in these systems.

This model qualitatively predicts the important regimes
that typify the complex multivinyl polymerization, such
as autoacceleration and autodeceleration (Fig. 1). Accurate
prediction of this behavior relies on accurate prediction of
the mobility restrictions that impact the kinetic constants.
Fig. 7 presents model predictions of the termination kinetic
constant as a function of length and double bond conver-
sion, along with an initiation rate dependentkt,avg and the
chain length independentkp, all as functions of double bond
conversion. For this dimethacrylate simulation, the termi-
nation mechanism is predicted to be diffusion controlled
at the onset of polymerization. Thus, CLDT is observed at
very low double bond conversion andEq. (9) predicts that
the termination kinetic constant for a radical of unit length
terminating with a second, identical radical,kt,1 1, is over
30 times greater thankt,10 000 10 000at about 1% conversion.

The individual kt’s, kt,avg, and the differences in ter-
mination due to chain length all decrease as monomer is
converted to polymer. This decrease represents the poly-
merization reaction transitioning from a chain length de-
pendent, mass transfer controlled termination mechanism,
to a reaction diffusion controlled termination mechanism.
Eventually, at around 40% double bond conversion, all of
the termination events occur at the same low rate and reac-
tion diffusion dominates the termination reaction as a chain
length independent mechanism.

Fig. 7also reveals the simulation predictions for the propa-
gation kinetic constant. At low to moderate double bond con-
version,kp is not diffusion controlled and very little change
in kp is predicted until about 30% double bond conversion.
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Fig. 8. The reaction diffusion coefficient,R, as predicted by the CLDT
model as a function of both double bond conversion and radical chain
length (kt,1 1 (—), kt,10 10 (– – –), andkt,100 100 (- - -)). All polymerizations
were simulated at 5 mW/cm2 with 5 wt.% DMPA.

Around this conversion, termination is already reaction
diffusion controlled, and the propagation mechanism tran-
sitions from non-diffusion control to mass transfer, or
diffusion, control. At this point, both the termination and
propagation kinetic constants are predicted to decrease
dramatically.

The transition form CLDT to reaction diffusion controlled
termination and the impact of radical chain lengths on this
transition are presented inFig. 8. Reaction diffusion con-
trolled termination is quantified by a plateau in the reaction
diffusion coefficient,R, whereR = kt,avg/kp[C==C]. Thus,
when termination no longer occurs as a result of radical
chains diffusing through the reaction to meet and terminate,
termination is facilitated by radicals propagating through
unreacted vinyl groups until meeting and terminating with
another radical. Then, the termination kinetic constant is
proportional to the propagation frequency, and the reaction
diffusion coefficient,R, remains constant.Fig. 8 presents
model predictions forR as a function of both radical chain
length and double bond conversion. The smaller radical
chains are more mobile in the system and more readily
terminate at low to moderate double bond conversions,
thus, they have a greaterR value, where,R = 210, 110,
and 44 forkt,1 1 (—), kt,10 10 (– – –), andkt,100 100 (- - -),
respectively at the onset of polymerization. Additionally,
the double bond conversion where reaction diffusion con-
trolled termination becomes dominant (whereR = 2 for
DEGDMA) shifts towards greater double bond conversion
(40, 44, and 47% double bond conversion) as the radical
chain length of the pair of radicals terminating is decreased
(kt,100 100 (- - -), kt,10 10 (– – –), andkt,1 1 (—)).

Figs. 7 and 8reveal a transition from CLDT to reaction
diffusion controlled termination, a chain length independent
process, during the simulated photopolymerization of the
dimethacrylate monomer. This transition from CLDT to re-
action diffusion controlled termination is also quantified by
evaluating the dependence of polymerization rate on initia-
tion rate, i.e.,Rp ∝ Rα

i . Specifically, a deviation from the

Fig. 9. The reaction diffusion coefficient as predicted by the CLDT
model for kt,avg as a function of double bond conversion and the CTP
rate (ktp = 0 l/mol s (—), 20 l/mol s (– – –), and 50 l/mol s (· · · )). All
polymerizations were simulated at 5 mW/cm2 with 5 wt.% DMPA.

classically assumed scaling exponent is indicative of the ter-
mination kinetic constant having radical chain length depen-
dence.

Berchtold et al.[22–24]examined the effect of changing
cure conditions, not only on multifunctional methacrylate
monomer photopolymerizations, but also on the correspond-
ing multifunctional acrylate monomer photopolymeriza-
tions. In general, the acrylate monomers were less sensitive
to conditions designed to impact the kinetic chain length
distribution (KCLD), and CLDT was not observed in these
systems (α ≥ 0.5). The lack of ability to impact the KCLD
significantly is attributed to increased CTP prevalence in
acrylate systems due to the abstractable hydrogens present
on the backbone kinetic chains. CTP increases branching,
cross-linking, and the polydispersity of the radical chains,
and concomitantly shifts the radical chain distribution to-
wards longer radical chains. Since the KCLD is significantly
impacted with CTP incorporation, its affect on CLDT and
polymerization kinetics was investigated.

CTP was incorporated into the equations that describe
the radical chain balances (Eqs. (10) and (11)). A better
understanding of both CTP and CLDT provides insight into
both the acrylate and methacrylate mechanisms. Specifically,
the parameterktp was manipulated to observe its impact
on kt,avg, reaction diffusion controlled termination, and the
polymerization rate. Additionally, the scaling exponent,α,
was investigated to provide insight into the impact of CTP
on CLDT and the transition from CLDT to reaction diffusion
controlled termination.

Investigating the impact of CTP on the reaction diffusion
coefficient provides insight into its effect onkt,avg and, cor-
respondingly, on the KCLD. Model predictions reveal that
increasing the CTP rate decreasesR at low to moderate con-
versions (Fig. 9). This decrease is attributed to the increased
population of longer chain radicals. Deviations from the
model prediction ofR without CTP occur at less than 2%
conversion for both CTP rates. Also, increasing the CTP rate
(ktp = 0 l/mol s (—), 20 l/mol s (– – –), and 50 l/mol s (· · · ))
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Fig. 10. The impact of increasing the CTP rate (ktp = 0 l/mol s (—),
20 l/mol s (– – –), and 50 l/mol s (· · · )) on the polymerization rate as a
function of double bond conversion is presented. All polymerizations were
simulated at 5 mW/cm2 with 5 wt.% DMPA.

was shown to decrease the conversion at which reaction dif-
fusion controls termination. This prediction makes sense due
to the increased concentration of less mobile, longer radical
chains.

The effect of increasing the longer radical chain concen-
tration is also observed by predicting the polymerization rate
with increasing CTP rate (Fig. 10). At low to moderate con-
versions, the polymerization rate is observed to increase with
increasing CTP due to the overall decrease in termination,
and concomitant increase in the longer radical chain con-
centration. Additionally, the maximum polymerization rate
was increased with increasing CTP rate (Rp = 0.071, 0.073,
and 0.073 s−1 for ktp = 0 l/mol s (—), 20 l/mol s (– – –), and
50 l/mol s (· · · ), respectively).

Valuable information about the polymerization kinetics is
also obtained by examining the impact of CTP on the scaling
exponent,α. In all of the simulations at low double bond con-
version,α is observed to deviate significantly from the clas-
sically predicted scaling exponent of 0.5, whereα is less than
0.5 for the majority of the polymerization before reaction
diffusion controlled termination. This behavior is expected
for systems where termination is chain length dependent.

Fig. 11. The scaling exponent,α, that describes the relationship between
polymerization rate and initiation rate, i.e.,Rp ∝ Rα

i as predicted by
the CLDT model is presented as a function of double bond conversion
and CTP addition (ktp = 0 l/mol s (—), 20 l/mol s (– – –), and 50 l/mol s
(· · · )). All polymerizations were simulated at 5 mW/cm2 with both 0.1
and 5 wt.% DMPA.

As the double bond conversion increases, the CLDT regime
transitions to the classical, chain length independent regime,
where reaction diffusion controlled termination is the dom-
inant termination mechanism, and a plateau atα = 0.5 is
observed for all simulations. Increasing CTP rate decreases
α at low double bond conversion and decreases the double
bond conversion both where the transition from CLDT to
reaction diffusion controlled termination begins, and where
reaction diffusion controlled termination becomes the domi-
nant termination mechanism as determined from the plateau
of α = 0.5 (Fig. 11).

5. Conclusions

Two models of multivinyl free radical photopolymer-
ization that utilize free volume theory are presented with
the goal of attaining a better understanding of the complex
multivinyl free radical photopolymerization reaction. Both
models incorporate diffusion controlled propagation and ter-
mination. The first models temperature, species concentra-
tions, and light intensity variation as a function of both time
and depth. This model was applied to predict the effects of
polychromatic initiation on oxygen inhibition of thin films.
The goal was to photopolymerize thin films in the presence
of oxygen, a feat not normally achievable using monochro-
matic light. The motivation for the polychromatic initiation
was to take advantage of the fact that the molar absorptivity
of the initiator is two orders of magnitude greater in the
deep UV range, and thus, very rapid initiation is possible at
the top of the sample. It was found for a 10�m film with
10−4 M oxygen, using polychromatic initiation ofI254 =
300 mW/cm2 and I365 = 50 mW/cm2, complete double
bond conversion was achieved in about 1 min. Additionally,
a CLDT model was expanded to include CTP. Studying how
CTP affects the reaction diffusion coefficient, the polymer-
ization rate, the relationship between polymerization rate
and initiation rate, and the transition from CLDT to reaction
diffusion controlled termination provides more insight into
the termination mechanism and complex polymerization
behavior. In general, at low conversion, increasing CTP rate
decreases the reaction diffusion coefficient, increases the
polymerization rate, and increases the importance of CLDT.
Additionally, increasing the CTP rate decreases the con-
version both at which the termination mechanism begins to
transition from CLDT to reaction diffusion controlled termi-
nation and at which reaction diffusion controlled termination
becomes the dominant termination mechanism. The two
models presented in this paper provide insight into phenom-
ena that occur in complex multivinyl photopolymerizations.
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