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ABSTRACT: A mean-field kinetic model was developed to describe a diffusion-controlled bulk cross-linking 
photopolymerization. This model incorporates all the physical transport limitations that directly or indirectly 
affect polymerization parameters and rate constants in such reactions. Events such as the continuous decrease 
in initiator efficiency and the presence of a temporary excess free volume were accounted for in the model 
development. Rate equations were written for each of the species present in the reacting system. The 
initiator efficiency was calculated throughout the reaction using a model previously developed by us. The 
propagation rate constant was calculated using the Smoluchowski rate expression and the Vrentas-Vrentas 
theory. Radical mobility caused by propagation diffusion was incorporated in the calculation of the termination 
rate constant. Where the values of model parameters were not available, typical values were calculated using 
predictive methods or group contribution methods. The model was able to predict kinetic results of diethylene 
glycol diacrylate photopolymerizations. 

Introduction 

Bulk polymerizations of multifunctional monomers lead 
to the formation of highly cross-linked polymer networks. 
These networks have found applications in the coatings, 
films, and packaging industries, in information tech- 
n o l ~ g y , ~ - ~  and as biomaterials.P6 They are typically 
prepared by free-radical photopolymerizations since UV 
initiation affords good spatial and temporal control of the 
reaction. 

Though the mechanism of such reactions is fairly well 
understood and well accepted, the kinetic modeling of the 
reaction process has proven to be somewhat difficult. This 
is because cross-linking homopolymerizations often exhibit 
tendencies that are not commonly observed in linear 
polymerizations. For example, the initiator efficiency, 
defined as the fraction of radicals produced that actually 
initiate propagating chains, usually lies between 0.3 and 
0.8 for most systems a t  the start of the p~lymerization.~ 
Studies using electron spin resonance (ESR) spectros- 
~ 0 ~ 9 ~ 9  to follow the radical concentration during polym- 
erization demonstrate that the efficiency decreases con- 
tinuously. In addition, previous studiedo have shown the 
quasi-steady-state approximation for the radical concen- 
tration to be invalid. Radicals tend to get trapped when 
they are surrounded by polymer chains, and the space 
available for chain end movement is severely restricted.11J2 
Thus, in the polymerizing medium there coexist two 
dominant populations of radicals with different reaction 
tendencies: free radicals whose mobility is not directly 
restricted by spatial constraints and trapped radicals. 
Other reaction tendencies include strong autoacceleration 
at  the onset of the polymerization13 and final conversions 
significantly below 100% .14 

These reaction trends are directly or indirectly caused 
by diffusional limitations on the mobility of the reacting 
species. Diffusional processes become important during 
the course of a linear polymerization, causing the control- 
ling step of the reaction to shift from chemical reaction- 
controlled to diffusion-controlled. For a bulk cross-linking 
homopolymerization, diffusional limitations exist from the 
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onset of the reaction, causing the reaction tendencies to 
be even more pronounced. 

One of the most widely accepted models for the 
calculation of the diffusion-limited propagation and 
termination rate constants during linear polymerization 
has been developed by Marten and Hamielec.16 Using 
the Doolittle equation for the diffusivity of a smal l  molecule 
in a polymer solution, they derived expressions that could 
be used to calculate the rate constants throughout the 
range of conversion. These expressions have also been 
used in the modeling of cross-linking reactions;lOJs how- 
ever, a limitation of such an approach is the determination 
of the associated parameters used in the equations. Soh 
and S ~ n d b e r g l ~ - ~  used an approach similar to that of 
Marten and Hamielec for the calculation of the rate 
constants but also incorporated the mobility of the radicals 
due to the propagation reaction. Their model involved 
only two empirical constants but could not accurately 
predict limiting conversion. 

More recent kinetic models for bulk cross-linking 
polymerizations have been offered by Chern and Poehleinl6 
and Batch and Macosko.21 The Chern and Poehlein (CP) 
model used a constant initiator efficiency and expressions 
for propagation and termination rate constants which 
involved parameters evaluated from fitting model results 
to experimental data. The Batch and Macosko (BM) 
model accounted for the diffusional effects on the reaction 
process. These investigators did include the changing 
initiator efficiency; however, it was done by employing an 
empirical expression. They assumed that the propagation 
rate constant was constant and that bimolecular termina- 
tion was negligible. Kloosterboer has shown' that, during 
the course of the reaction, the volume shrinkage rate lags 
behind the reaction rate, leading to the presence of a 
temporary excess free volume which increases as the 
reaction rate is increased. Such a phenomenon which leads 
to an increase in the final conversion due to an increase 
in the reaction rate was not included in either of the models. 
In our estimation, the success of the previous models to 
predict the kinetic behavior is based to some extent on the 
use of a number of adjustable parameters. 

Percolation models have also been developed to follow 
the kinetics of the cross-linking reaction as well as provide 
information on the structure of the n e t ~ o r k . ~ ~ ~ ~ ~  Some 
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Figure 1. Typical free-radical polymerization reaction mecha- 
nism. The radical first decomposes into two radicals which can 
initiate chains by reaction with a monomer unit. In the 
propagation steps, monomer units are successively added to the 
active monomer to form a growing chain. Dead polymer chains 
are formed on the termination reaction of two growing chains. 

recent advances in such models include the incorporation 
of varying initiation rate24-27 and mobilities of the reacting 
species.apa These models have proven useful in under- 
standing the structural development of the network. 
However, at the present time, these models seem to have 
limited applicability for the prediction of the kinetic 
behavior of the crosslinking reaction. 

In this paper, we present the derivation, simulation, 
and experimental verification of a kinetic model for the 
prediction of the reaction behavior of bulk multifunctional 
polymerizations. The model accounts explicitly for each 
of the physical processes that occur during the cross-linking 
reaction. Expressions were derived for the propagation 
and termination rate constants and incorporated into the 
rate equations, which were then numerically integrated to 
obtained the desired kinetic information. Using the 
previously reported13 photopolymerization behavior of 
diethylene glycol diacrylate (DEGDA) as a model system, 
the simulated results were compared to experimental data. 

Model Development 

Free-radical photopolymerizations follow the typical 
chain reaction mechanism which is schematically shown 
in Figure 1. In the chain initiation step, the initiator splits 
up into two equal or unequal radicals which reacts with 
(meth)acryl groups to form active monomers. During 
propagation, the active monomers attach to unreacted 
monomers and form a growing polymer chain. Dead 
polymer chains are formed by the termination reaction in 
which two growing polymer chains react by a bimolecular 
mechanism. Chain-transfer reactions are assumed to be 
absent or suppressed. In the reaction scheme, R' is the 
primary radical produced on initiation decomposition, M 
is a monomer unit, Mi' is a growing polymer chain 
containing i monomers, P is a dead polymer chain, and k, 
and kt are the rate constants for the propagation and 
termination reactions, respectively. 

These rate constants can take different values for 
different coexisting radical populations. However, for 
simplicity, the model presented in this paper uses single 
values for k, and kt. Also, it is assumed that termination 
is by combination only. Such an assumption is valid for 
acrylate  polymerization^.^ It must be noted that the 
traditional assumptions in the modeling of polymerization 
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kinetics, such as the quasi-steady state approximation 
(QSSA) for radical concentration, and a constant initiator 
efficiency throughout the polymerization process were not 
made here. 

Based on the reaction scheme, rate equations were 
written for each of the species present in the reacting 
mixture. Expressions were then developed for the time- 
dependent initiator efficiency, k,, and kt, incorporating 
the volume relaxation using the Bowman and Peppas 
treatment.10 

Rate Equations. For photoinitiated polymerizations, 
the rate of initiation, Ri, is given by7 

where I, is the intensity of absorbed light and $ is the 
number of propagating chains produced per light photon 
absorbed (referred to as the quantum yield for initiation). 
The term $ was expressed as 4 = f$' where f is the initiator 
efficiency and 6' is the number of initiator molecules 
dissociated per photon absorbed. The initiator efficiency 
is defined as the fraction of radicals produced that initiate 
propagating chains. The factor 2 accounts for the two 
radicals that are produced per initiator molecule. 

The absorbed light intensity is often expressed7 as 

where e is the extinction coefficient of the initiator, [A] 
is initiator concentration, and IO is the incident light 
intensity per unit area. This equation was written using 
the thin film approximation in the Beer-Lambert law 
which relates the absorbed light intensity to the incident 
light intensity. 

Assuming bimolecular reaction, the rate of termination, 
Rt, could be calculated by 

R, = -2kt[MI2 (3) 

where [ M I  is the concentration of all polymer chain 
radicals in the system, and the factor 2 accounts for the 
destruction of two radicals per dead polymer chain formed. 

Polymer radicals can be broadly classified into three 
populations: (i) free radicals that are not attached to the 
gel; (ii) radicals attached to the loosely croes- linked portion 
of the gel so that they are spatially restricted but still 
mobile; and (iii) trapped radicals which are surrounded 
by dead polymer chains and unable to react further. 
However, for simplicity, the various radical population 
concentrations were represented by an overall polymer 
radical concentration. 

Then, the rate of change of radical concentration could 
be calculated from eq 1-3 as 

The rate of polymerization, R,, may be expressed as the 
rate of monomer loss' 

R, = -d[Ml/dt k,[Ml[M'l (5) 

where [MI is the monomer concentration. This relation 
intrinsically assumes equal reactivity of the double bonds 
in an unreacted monomer unit and the pendant double 
bonds. The long-chain hypothesis is also made which 
implies that the loss of monomer units is primarily due to 
the propagation reaction and not by the chain initiation 
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reactions. This hypothesis is valid for a process that uses 
a low initiator concentration and produces high polymer.’ 

Initiator Efficiency. Most models assume that the 
initiator efficiency is constant throughout the polymer- 
ization process. Unfortunately, as the reaction medium 
becomes increasingly viscous, the reacting species’ diffu- 
sivity drops considerably, and initiator recombination 
reactions become frequent. These lead to a drop in the 
value of the initiator efficiency. Shen et aL9 reported that 
it approaches zero at limiting conversion. Thus, in the 
present work, the initiator efficiency was expressed as a 
function of the radical diffusivity and radical recombina- 
tion reaction rate constants. 

The initiator used in our work, 2,2-dimethoxy-2-phen- 
ylacetophenone, splits up into a benzoyl radical and a 
benzoylketal r a d i ~ a l . ~ 0 - ~ ~  The latter further decomposes 
to form methyl benzoate and amethyl radical. The methyl 
and benzoyl radicals are instrumental in initiating chains. 
Recombination reactions of the methyl and benzoyl 
radicals, as well as the benzoyl and benzoylketal radicals, 
to form inactive molecules cause a decrease in the initiator 
efficiency. As the polymerization reaction proceeds and 
the diffusivity of the radicals drops, the recombination 
reactions have a greater probability of occurrence. Thus, 
the initiator efficiency decreases continuously during the 
course of polymerization. 

Taking into account the various reactions that the 
radicals can undergo, an equation has been previously 
derived in our to relate the initiator efficiency to 
the diffusivity of the radicals in the polymerizing mixture. 

Macromolecules, Vol. 27, No. 15, 1994 

] (6) 

In this equation, f is the initiator efficiency, a and b are 
radii of the solvent cages around the two unequal primary 
radicals, ki,l is the specific intrinsic rate constant for the 
recombination of the benzoyl and the benzoylketal radicals, 
ki.2 is the specific intrinsic rate constant for the recom- 
bination of the benzoyl and the methyl radicals, kd,r,l is 
the rate constant for the decomposition of the benzoylketal 
radical into methyl benzoate and the methyl radical, DA 
is the relative diffusional constant for the benzoyl and the 
benzoylketal radical, and DB is the relative diffusional 
constant for the methyl and the benzoyl radicals. The 
term & is expressed as 

1 1 
DA 4- aki,l 4- a(kd, , I  1DA)1/2 DB bkt2 b(&DB)’I2 

& = k,,,[MI + k,,,[M*] (7) 

where k , , ~  is the true rate constant for the reaction of a 
primary radical with an unreacted monomer, and kt,l is 
the true rate constant for the reaction of a primary radical 
with a growing polymer chain. 

Some observations can be made without loss of predic- 
tive abilities of this equation. All radicals have the same 
diffusivity and hence DA = DE = 20, where Dr is the 
diffusion coefficient of a radical in the polymerizing 
mixture. In addition, the recombination reaction rate 
constants and the radii of the solvent cages were ap- 
proximately equal so that ki,l= ki,2 and a = b. With these 
approximations, eq 6 becomes 

Equation 8 has been shown33 to have predictive abilities 
and does not involve any empirical constants or adjustable 
parameters. Also, as the reaction proceeds and the radical 
diffusion coefficient approaches a limiting value of zero, 
the initiator efficiency becomes zero. The term D, was 
calculated continuously during the reaction process using 
the Vrentas and Vrentas theorP4 for diffusion of pen- 
etrants in lightly cross-linked polymers. In this manner, 
the continuous change in initiator efficiency was incor- 
porated into the kinetic model. 

Propagation. The propagation reaction involves the 
addition of a small monomer unit to acomparatively large 
growing chain. Such a process involves three steps. First, 
the monomer molecule must undergo translational dif- 
fusion toward the radical site. Then, the monomer must 
undergo segmental diffusion so that the reactive group is 
oriented toward the radical site and is accessible for 
propagation. Finally, a chemical reaction between the 
radical and the (meth)acryl group can occur. Such a 
reaction is typically diffusion-controlled in a bulk cross- 
linking polymerization. ALSO, the radical is usually present 
at a cross-link point in the network and possesses negligible 
mobility of its own as compared to the monomer diffusivity. 

Since the translational and segmental diffusion processes 
occur in series, k, can be represented by a sum of the 
reaction resistances as 

where kp,trans is the translational contribution to the 
propagation rate constant and k,, is the segmental 
contribution to the propagation rate constant. 

Diffusion-limited reactions can be treated using the 
Smoluchowski theorPs which relates the reaction rate 
constant, k, to the relative diffusional coefficient of the 
reacting species, D, where R is the effective reaction radius. 

k = 47rRD (10) 

This approach has been used as a basis for describing rate 
constants in polymerizing systems. For example, Tulig 
and Tirrells and It0~~938 expressed the diffusion coefficient 
D in terms of the reptation theory and used eq 10 to 
calculate kt. 

Using the Smoluchowski rate expression for each of the 
translational and segmental contributions to k,, we 
obtained 

(11) 

(12) 

where D, is the translational diffusion coefficient and 
D, is the segmental diffusion coefficient of the monomer, 
and Fm and rr are the reaction radii of the monomer and 
radical, respectively. The mobility of the radical was 
negligible in comparison to D, and D,. 

The translational diffusion coefficient of the monomer 
was estimated using the Vrentas and Vrentas extensionw 
of the Vrentas and Duda diffusion theory.rn@ This theory 

kP,*- = 4*@, + rJD, 

k , ,  = 4dr, + F ~ ) D ~ ~  
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is most suitable when there are at  least 50 bond vectors 
between two cross-link points and hence in the modeling 
of the polymerizations of multifunctional monomers that 
have 50 bonds or more between the reactive groups. 

The Vrentas-Duda theory for linear polymer-solvent 
systems relates the solvent self-diffusion coefficient, D1, 
to the solvent and polymer mass fractions, oi, as follows: 

Here Do is a constant preexponential factor, E is the energy 
per mole that a molecule needs to overcome attractive 
forces that hold it to its neighbor, T i s  temperature, y is 
an overlap factor introduced to account for the fact that 
the same free volume is available to more than one molecule 
(0.5 < y < LO), vi* is the specific critical hole volume of 
component i required for a jump, 5 is the ratio of the critical 
molar volume of the solvent jumping unit to the critical 
molar volume of the polymer jumping unit, and ~ F H  is the 
average hole free volume per gram of mixture, where the 
subscripts 1 and 2 designate the monomer and polymer, 
respectively. Finally, the term 4 can be calculated as 

5 = vl*Mjl/v2*Mj2 (14) 

where Mji is the molecular weight of a jumping unit of 
component i. 

For cross-linked systems, Vrentas and Vrentas used the 
following equation for the calculation of VFH. 

Here, VFH~ is the specific hole volume of pure component 
i at the temperature of interest, 6 is the factor introduced 
to account for the presence of cross-links, and VFH~(T,O) 
is the specific hole free volume for a corresponding un- 
cross-linked polymer. The term 6 is given by 

where vzo(T,X) is the specific volume of the polymer at  
degree of cross-linking X. 

As demonstrated by Kloosterboer,l during bulk cross- 
linking polymerization, the matrix volume shrinkage rate 
lags behind the reaction rate. This leads to the presence 
of a temporary excess free volume that is present during 
the reaction. As reaction rate is increased, the lag between 
the shrinkage and reaction rate increases, causing an 
increase in the temporary excess free volume and leading 
to a greater mobility of reacting species and a higher 
limiting conversion. This effect explains the higher final 
conversions obtained as the photoinitiation rate is in- 
creased as observed in our recent publication.13 

This temporary excess free volume needs to be included 
in the calculation of the monomer diffusivity. This was 
done by adding an excess free volume term, VFHe, to the 
Vrentas-Vrentas calculation of ~ F H .  Equation 15 was then 
rewritten ~ E I  

VF, = olvmufm + @2vp(5",0) ub6 + €'FH~ (17) 

where f i " ~ ~  is the excess free volume per gram of the 
mixture and is calculated using the Bowman-Peppas 
treatmentlo as shown later, vm and vp are the specific 
volumes of the monomer and polymer, and Ufm and ufp are 
the fractional free volumes of the monomer and polymer, 
respectively. 

Equation 13 can now be used to estimate the diffusion 
coefficients of the monomer and the primary radicals in 
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Figure 2. Schematic representation of a segmental reorientation 
process during propagation reactions. The radical is available 
for reaction in a volume R. However, not all of the surface area 
of sphere R is available for reaction because of spatial constrainta 
induced by network chains. The monomer is represented as a 
sphere B of which the double bonds are effective over an area 
b. For reaction to occur, area b must overlap with the effective 
area of sphere R. 

the polymerizing system. Predictive methods have been 
developed41 to obtain all the parameters in the Vrentas- 
Vrentas theory. 

Thus, eq 11 can be used to calculate kp,trans throughout 
the polymerization reaction. As might be expected, as 
reaction proceeds and polymer is formed, the monomer 
diffusion coefficient decreases continuously, making fur- 
ther reactions proceed at  a lower rate. On a molecular 
scale, the local diffusivity of the monomer near a radical 
site may be lower than the bulk monomer diffusivity as 
calculated by eq 13, but at  present this effect is difficult 
to model and was not considered in the present analysis. 

The segmental diffusion coefficient, D,, was estimated 

DWg = PDm (18) 

where p is the probability that one of the double bonds 
of the monomer is oriented toward the radical site. Such 
an approach allows for the estimation of D, especially at  
the onset of the reaction. The probability,p, was estimated 
using a technique of North.42 

Figure 2 is a schematic representation of the segmental 
reorientation process. The monomer chain about to 
undergo a propagation reaction is encircled in a sphere B, 
with radius m. The double bonds of monomer are free to 
move on the surface of sphere B in an area of radius rdb. 
The polymer network containing the radical is contained 
in a sphere A, and the radical itself is allowed to have an 
effective reaction radius of rR. Further, assume that sphere 
B undergoes rotational motion while sphere A is stationary. 

If the double bonds on sphere B are moving with velocity 
Udb and if sphere B flattens out as i t  approaches sphere R, 
then the area A, projected by the double bonds in time rg 
is given by 

(19) 

as 

A, = 2(?rrd: + 2rdbUdbTB) 
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R, the fraction of area B that is effective, pb, is 
During time TB that sphere B is in contact with sphere 
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moved along a contour of a hypothetical polymer chain 
that has a constant bond length, and bond angle and 
rotation angle - restrictions. The root mean square (rms) 
displacement, r2, can then be calculated as 

- 
r2 = 2nl2 (28) 

where n is the number of bonds and 1 is the bond distance. 
The radical propagation diffusion coefficient, D,, was 

assumed to be Fickian and was calculated4' as 

D, = r2/6& (29) 

where D, is the diffusivity of the radical due to propagation 
reactions and t;i is the time - required for the radical to 
move a rms displacement of r2. 

The time required for one propagation step, t,, is given 
by 

t ,  = l/k,[Ml (30) 

Therefore, the time required - for the radical to undergo 
an rms displacement of r2 and travel over n bonds was 
given by 

- 

Since the radical is present at a cross-link point and 
surrounded by chains that are part of the network, only a 
fraction of the surface of sphere R will be actually accessible 
to the radical. In this analysis, the effective area of sphere 
R, pr, was assumed to be 5 ?6 . 

The term p was calculated as 

The rotational diffusion coefficient is defined43 as 

where OB is the angular displacement given by 

OB = 'dbTdrB (23) 

If dt is the length that sphere B flattens on collision 
with sphere R then, 

where Dbans,~ is the translational diffusion coefficient of 
B. 

The terms Drot,B and Dtrans,B can also be expressed as 

and 

(26) 

where kg is the Boltzmann constant, T is temperature, 
and q is the solvent viscosity. 

Using eqs 22-26, eq 21 was written as 

(27) + 1 rdb dt] 

* rB rB 

Assuming rdb = 0.lm and dt = 0 . 4 ~  the probability p 
was estimated to be on the order of 10-4. Then, eq 18 
could be used in eq 12 to calculate the segmental diffusion 
contribution to k,. 

For linear polymerizations, previous studies& have 
shown that the segmental diffusion coefficient of active 
polymer chains does not change appreciably with conver- 
sion. The segmental diffusion coefficient of the monomer 
will exhibit this behavior even in a cross-linking polym- 
erization. Hence, in this analysis, D, was maintained at 
a constant value calculated at the onset of the polymer- 
ization. 

Termination. Termination occurs when two radicals 
are close enough that they will react and form a dead 
polymer chain. Since the radicals are present very near 
the cross-€ink points, it was assumed that after a few 
propagation steps, motion of the segment that contains 
the radical was severely limited. In this case, the only 
possible movement of the radical was due to propagation 
reactions; such diffusion is called "propagation diffusion" 
or "reaction diffusion".45>46 

In each propagation step, the radical moves a distance 
of two bond lengths. When a sufficient number of 
propagation steps have taken place, the radical will have 

From eq 29 and 31, we obtained 

D,, = $Zk,[MI 

(31) 

Approaches similar to the one presented here have been 
used by other investigators.- Since the termination 
reaction was diffusion-limited, the Smoluchowski expres- 
sion of eq 10 was again used to estimate the termination 
rate constant. Hence, kt was expressed as 

(33) kt = 47r(r, + rJ(D, + D,) 

Using eqs 32 and 33, we obtained 

k, = ~srrZ2k,[M] (34) 

Equation 34 was used to calculate the termination rate 
constant at all stages of conversion. This equation shows 
that when the propagation reaction stops due to diffusion 
limitations, no radical movement occurs, and the radicals 
are trapped. 

Effect of Volume Relaxations. As shown by Bowman 
and Peppas,lo the effect of volume relaxations on the 
reaction kinetics can be included in the model by expressing 
the rate of change of the specific volume of the ~ystem as 
proportional to ita deviation from ita equilibrium value. 
The proportionality constant is characteristic of the system 
and inversely proportional to the relaxation time so that 

dvldt = -(v - Y,)/T (35) 

Here, v is the specific volume, T is the relaxation time, and 
u, is the equilibrium specific volume calculated from the 
conversion as 

u, = vm(l - € j z )  (36) 

In the last equation, vm is the specific volume of the 
monomer, x is conversion, and tV is the volume contraction 
factor calculated from the specific volumes ofthe monomer, 
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vm, and polymer, v,, as 

(37) 

The free-volume-dependent relaxation time was cal- 

(38) 

is the fractional free 

(39) 

In the last expression, 4 is the volume fraction, and the 
subscripts m and p stand for monomer and polymer, 
respectively. The last term in eq 39 accounts for the 
temporary excess volume due to the volume relaxation 
effects. It must be noted that uf, is 0.025 since the polymer 
is in a glassy state, and Ufm was calculated at the reaction 
temperature using the relation given below. 

- 
6, - (Vm - vp)/vm 

culated as 

In 'T = C, + C2/uf 

where C1 and C2 are constants and 
volume calculated as follows: 

Uf = Ufmbrn + UfP4, + (v - v , ) / v ,  
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Table 1. Values of the Parameters Used in the Numerical 
Integrations of the Rate Equations (4) and (5) 

Ufm = 0.025 + am(T - Tgm) 

Here, cyrn is the difference in the thermal expansion 
coefficient when the polymer passes through the rubbery 
transition, T p  is the glass transition temperature of the 
monomer, and T is the reaction temperature. 

Finally, the excess free volume, T'FHe, at  any time was 
calculated as 

(41) 

Equation 41 was used to calculate the excess hole free 
volume term, VFHe, in eq 17. 

This completed the formal derivation of the model. 
Expressions were derived for the diffusion coefficient 
dependent initiator efficiency and propagation and ter- 
mination rate constants. The translational diffusion 
coefficient of the monomer was calculated using the 
Vrentm-Vrentas theory modified to account for the 
presence of a temporary excess free volume. The derived 
expressions were incorporated into the rate equations (4) 
and (5) which were numerically integrated to obtain 
theoretical reaction rate profiles, conversion profiles, and 
other desired kinetic information. 

T'j%He = v - v, 

Results and Discussion 
Model simulations were performed to predict the 

behavior of bulk cross-linking photopolymerizations and 
to compare such results to the experimentally observed 
reaction characteristics. These simulations were carried 
out by numerically integrating the rate equations to obtain 
the polymerization rate profiles and other desired infor- 
mation. These predictions were compared with the kinetic 
behavior reported earlier13 for the photopolymerizations 
of DEGDA monomer using 2,2-dimethoxy-2-phenylace- 
tophenone as an initiator. 

The parameters used in the simulations (see Table 1) 
were chosen so as to represent the characteristics of 
DEGDA bulk photopolymerization. The monomer and 
initiator concentrations were chosen to represent a reaction 
mixture containing DEGDA monomer and 1 % photoini- 
tiator. The monomer and polymer specific voluems were 
experimentally determined by us. Available literature 
values for the extinction coefficient,1° the thermal expan- 
sion coefficient,61 relaxation parameters,lO and bond 
lengthb2 were used. The glass transition temperature of 
the monomer was set equal to that of tetraethylene glycol 
diacry1ate.w Monomer and radical reaction radii were 
estimated from their Lennard-Jones diameters." The 

100 
10.48 
0.001 
0.025 
0.9 
0.5 
3 
1.54 
44 
1.987 
0.5 
0.9 
0.9 
1 
10" 
108 

0.047 
30 
-60 
0.8 

0.165 
1.5 

9253 
440 
0.9 
0.94 

1.32 X 108 
10 

Vrentas-Vrentas diffusion the0ry3~9~ parameters were 
evaluated from the predictive methods presented by 
Zielinski and Duda.4l The initiator decomposition reaction 
parameters have been previously determined byus.33Since 
4 is typically between 0.3 and 0.8, 4' was determined to 
be unity. None of the parameters were used for fitting 
the experimental data. 

Figure 3 shows the reaction rate as a function of time 
obtained by performing the numerical integration of the 
rate expressions using a light intensity of 0.02 mW/cm2. 
The reaction rate was plotted as a percent of the initial 
number of double bonds reacted per second. This profile 
indicates all the experimentally observed reaction trends 
recorded during the photopolymerization of DEGDA when 
a light intensity of 0.02 mW/cm2 was used.l3 The 
polymerization was initially rapid, and the reaction rate 
fell to one-hundredth of its maximum value in about 135 
s. Such a sharp increase followed by a decrease in the 
reaction rate indicated the presence of autoacceleration 
and autodeceleration caused by a decrease in the propa- 
gation and termination rate constants during the course 
of the polymerization. 

Such changes in the rate constants were observed in the 
calculated values of k, and kt. Figure 4 shows the 
theoretical values of k, and kt as a function of reaction 
time when a light intensity of 0.02 mW/cm2 was used for 
initiation. The value of kt at the onset of the reaction 
seems low when compared to that typical of linear and 
some cross-linking polymerizations. This is partly because 
the chemical step often controls the termination reaction 
mechanism at the onset of these polymerizations. How- 
ever, in the case of multifunctional homopolymerizations 
such as those considered in this paper, propagation 
diffusion becomes and remains the dominant mode of 
termination usually before 5 % conversion is attained.66 
Some experimental evidence indicates that values as low 
as lo3 L/mol-s are possible when propagation diffusion is 
the controlling mechanism for termination reactions.& 

This figure shows that kt decreased from the onset of 
the reaction while k, remained constant; such behavior 
causes autoacceleration. The rate constant k, remained 
constant when segmental diffusion controlled the polym- 
erization but began to decrease as translational diffusion 
became the controlling step. In the late stages of the 
polymerization reaction, the calculated values of the 
termination and the propagation rate constants were 
similar because propagation diffusion was the only mode 
available for radical movement. 

An increase in the theoretical value of the radical 
concentration was observed immediately after photoini- 
tiation as can be seen in Figure 5 for photopolymerizations 
with UVlight of intensity 0.02 mW/cm2. The fast increase 
implied that the rate of initiation, Ri, was greater than the 
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Figure 3. Theoreticalvalues of the DEGDA photopolymerization 
rate as a function of time when UV light of intensity 0.02 mW/ 
cm2 was used to initiate the photopolymerization. The reaction 
rate is plotted as the percent of the initial number of acrylic 
double bonds reacted per second. 
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Figure 4. Theoretical values of the propagation and termination 
rate constants, k, (curve 1) and kt (curve 2), as a function of time 
when a light intensity of 0.02 mW/cm2 was used for photoini- 
tiation. 
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Figure 5. Theoretical values of the radical concentration as a 
function of polymerization time at an incident UV light intensity 
of 0.02 mW/cm2. The steady-state level during the latter stages 
of the reaction indicated the presence of trapped radicals. 

rate of termination, Rt (see eq 4). This was because initially 
the quantum yield for initiation was at  a high value, thus 
contributing to a high Ri, and, although k, too had a 
significant value, the radical concentration was low, leading 
to a low termination rate. Therefore, this rapid increase 
in the radical concentration a t  the onset was mainly due 
to the formation of radicals that initiate propagating 
chains. Some contribution to this increase may have been 
the result of a slight decrease in kt. 

After the sharp increase, between 35 and 40 s, the radical 
concentration profile levels off, indicating that Ri was 
comparable to Rt. This was confirmed by verifying that 
the ratio of the rate of change of radical concentration to 
the initiation rate, (d[M*l/dt)/Ri, approached zero during 
this period. 

Between 40 and 70 s, the radical concentration decreased 
slightly because the rate of termination was greater than 
the initiation rate. At  the end of this period, kt still had 

0.00 
0 2 5  50 75 100 1 2 5  150 

Reaction Time (s) 
Figure 6. Theoretical values of the quantum yield of initiation, 
4, as a function of reaction time during a reaction initiated with 
UV light of intensity 0.02 mW/cm2. Since 4 = f4', where 4' is 
a constant, the plot also demonstrates the decrease in the initiator 
efficiency, f. 
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Figure 7. Theoretical values of the polymerization rate of 
DEGDA as a function of reaction time at three UV light 
intensities: 0.02 (curve l), 0.2 (curve 2), and 2 mW/cm2 (curve 
3). The polymerization rate is shown as a percent of the initial 
number of acrylic double bonds consumed per second. An 
increase in the light intensity increased the initial and peak 
reaction rate. 

a significant value as compared with ita value a t  the onset 
of the reaction, while 4 had dropped to one-tenth of ita 
initial value as is shown later in Figure 6. This meant that 
while bimolecular termination reactions were still occurring 
(since the radical concentration waa high), the rate of 
initiation had decreased during this period. 

After approximately 90 s, the radical concentration 
began to level off and approach a steady-state value and 
remained there throughout the polymerization process. 
This occurred because in the late stages of the polymer- 
ization process, diffusion limitations caused the initiator 
efficiency to approach a limiting value of zero, thus causing 
the rate of initiation to be zero, and kt decreased to a low 
value so that the rate of radical destruction was negligible. 
The constant value of the radical concentration indicated 
the presence of a trapped radical population. Such trapped 
radicals have long and lead to structural 
heterogeneities in the cross-linked networks.9 

The new model incorporates a diffusion-dependent 
initiator efficiency, f. Indeed a plot of the quantum yield 
of initiation, 4, as a function of polymerization time (Figure 
6) shows the decrease in f with time and, therefore, with 
conversion. The initiator efficiency decreased during the 
course of polymerization and attained a value about one- 
tenth of ita initial value in 70 s. Such a sharp decrease in 
f has been reported9 for azobis(isobutyronitri1e)-initiated 
methyl methacrylate polymerizations. During the late 
stages of the reaction, the rate of chain initiation was 
negligible since most of the radicals formed on initiator 
decomposition recombined to form inactive initiator 
molecules. 

Figure 7 shows the predicted reaction rates as a function 
of time using three light intensities: 0.02,0.2, and 2 mW/ 
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Figure 8. Theoretical conversion of acrylic double bonds as a 
function of time during the polymerization of DEGDA at UV 
light intensities of 0.02 (curve I), 0.2 (curve 2), and 2 mW/cm* 
(curve 3). A slight S-shaped profile was observed at low light 
intensities demonstrating autoacceleration. As light intensity 
was increased, the limiting conversion increased because of the 
effect of volume relaxations. However, in each case, the limiting 
conversion was below 100 % because of diffusional limitations on 
the reacting species. 

cm2. The model solutions showed an increase in reaction 
rate with an increase in light intensity. The rapidity of 
diacrylate photopolymerizations was indicated by the 
model, as was the strong autoacceleration phenomenon 
observed at  each of the light intensities used to initiate 
the reaction. Both the initial and peak reaction rates 
increased with an increase in light intensity as a result of 
an increase in the rate of radical formation. Such trends 
have been experimentally observed.l3 

Conversion profiles for photoinitiation with UV light of 
intensities 0.02, 0.2, and 2 mW/cm2 are shown in Figure 
8. At  low light intensities, an S-shaped curve was obtained 
indicative of a gel effect. As light intensity was increased, 
the final conversion increased and the time required for 
the limiting conversion to be reached decreased. However, 
in each case, the final conversion was less than 100%. 
This is because, as the polymer network is formed, the 
diffusivity of the reacting species falls to a point where no 
further reaction can occur within the time scale of the 
experiment. The final conversion increased with an 
increase in light intensity as a result of volume relaxations. 

A comparison of theoretical values with experimental 
results previously reported by us13 is shown in Table 2. 
These comparisons are presented for photopolymerizations 
at the three light intensities used in the experimental study. 
As the light intensity was increased from 0.02 to 2 mW/ 
cm2, the time at  which the peak reaction rate was observed 
decreased from 24.3 to 4.1 s, and the induction time 
decreased from 5.8 to 1.5 s. The induction time was defined 
as the time required for 1 ?6 conversion so as to obtain an 
indication of the initial reaction rates. Theoretical 
predictions of these times were in agreement with the 
experimentally observed values. 

The conversion at  the reaction rate peak was predicted 
rather well by the theoretical model. The simulations 
showed a slight increase in these values as light intensity 
was increased, while the experimental results did not show 
this trend clearly. The peak heat flow rate increased as 
light intensity was increased. This occurred because of 
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the increase in the number of radicals in the reacting system 
caused by an increase in the photoinitiation rate. The 
theoretical values of the peak heat flow rates were 
calculated by using a theoretical exothermic reaction 
enthalpy of 86.1 kJ per acrylic double bond.67 The model 
was successful in predicting the increase in peak heat flow 
rate though underpredictions were observed at  light 
intensities of 0.02 and 0.2 mW/cm2. 

Volume relaxation effects lead to a greater mobility of 
the reacting species a t  higher light intensities which lead 
to higher final conversions. Such an effect was observed 
in the experimental resulta shown in Table 2 where the 
final conversion increased from 53.7 7% at  0.02 mW/cm2 to 
94.0% a t  2 mW/cm2. The model predicted an increase in 
the limiting conversion value from 62.4 7% a t  0.02 mW/cm2 
to 96.1 % at 2 mW/cm2, thus demonstrating that the effect 
of volume relaxations was satisfactorily accounted for in 
the model. 

In general, the theoretical model tends to overpredict 
the limiting conversions. One of the reasons for this 
overprediction may be the calculation of the monomer 
diffusion coefficient using a theory applied only to lightly 
cross-linked systems." Yet, the network formed toward 
the end of the reaction is a highly cross-linked one with 
an associated drastic reduction in monomer mobility. 
Model predictions for limiting conversions can be improved 
by employing a parameter in the Vrentas-Vrentas model 
that would cause a steeper decrease in the diffusion 
coefficient as the polymer weight fraction increases. 
Another reason for the overprediction may be that the 
model describes a reaction scheme where chain-transfer 
reactions are absent or suppressed. However, these 
reactions are present in acrylate polymerizations, thus 
imparting additional mobility to the radicals and decreas- 
ing the polymerization rate.' 

The presence of unreacted monomer in the polymerized 
material is usually undesirable because the unreacted 
monomer serves as a plasticizer and decreases the me- 
chanical strength, thermal stability, and structural in- 
tegrity of the material. This is usually avoided by using 
high photoinitiation rates and increasing the fiial conver- 
sions. However, the simulation results showed that higher 
light intensities could lead to greater structural hetero- 
geneities. These predictions are shown in Figure 9 in which 
the radical concentration was plotted as a function of time 
for the three light intensities used. As light intensity was 
increased, the steady-state level of radical concentration 
increased pointing to the existence of a larger number of 
trapped radicals at  higher light intensities. This implies 
the presence of greater structural heterogeneities in 
materials prepared a t  high light intensities. 

Conclusions 
A kinetic model has been developed that reflects the 

transport processes occurring during a diffusion-limited 
bulk cross-linking photopolymerization. This model ac- 
counted for the change in the initiator efficiency with 
conversion as well as the lag of the volume shrinkage rate 
with respect to the reaction rate. These phenomena have 

Table 2. Comparison of Model Predictions with Experimental Resultsla from Photopolymerizations at Three Light 
Intensities 

l o  = 0.02 mW/cmz l o  = 0.2 mW/cm2 lo = 2 mWIcm2 
P w m  expt model expt model expt model 

time for peak reaction rate (8 )  24.3 27.0 9.3 9.0 4.1 3.0 
induction time (8 )  5.8 5.0 2.8 2.0 1.5 0.5 
reacted at peak ( % ) 21.2 20.4 23.4 22.5 22.6 25.2 

final conversion ( % ) 53.7 62.4 67.6 75.6 94.0 96.1 
peak reaction rate (Wig) 13 9 42 30 98 96 
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Figure 9. Theoretical values of the radical concentration as a 
function of time for DEGDA photopolymerizations at three UV 
light intensities: 0.02 (curve l), 0.2 (curve 2), and 2 mW/cm2 
(curve 3). An increase in the steady-state value with an increase 
in light intensity indicated an increase in the number of trapped 
radicals and structural heterogeneities. 

usually been ignored in previous modeling efforts. All the 
parameters in the model were fundamental quantities with 
physical significance, and hence this model has the 
capability of being used as a predictive tool. 

The simulations carried out using the developed model 
demonstrated that this model could predict the experi- 
mentally observed reaction trends at  varying light intensi- 
ties. An increase in the light intensity caused an increase 
in the initial reaction rates and peak reaction rates. The 
effect of volume relaxations was satisfactorily incorporated 
into the model as was demonstrated by the fact that the 
simulated limiting conversions increased with an increase 
in light intensity. 

The termination rate constant decreased from the onset 
of the reaction, contributing to autoacceleration. The 
radical concentration initially increased sharply and at  
long times maintained a steady-state level as a result of 
the fact that diffusional limitations caused the initiator 
efficiency and the termination rate constant to attain a 
very low value. The steady-state radical concentration 
indicated a trapped radical concentration which was 
greater when higher light intensities were used for the 
photopolymerizations. 
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