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Introduction 
Homopolymerizations of multifunctional monomers 

result in highly cross-linked polymer networks whose 
structure is strongly dependent on the curing conditions 
and monomer functionality. In this high cross-linking 
polymerization regime, anomalous behavior is often 
observed and includes autoacceleration and auto- 
deceleration,14 trapping of free delayed volume 
shrinkage with respect to equilibrium,1J1v20 incomplete 
functional group (i.e., double bond) conversion,10-12 varying 
functional group reactivity, and microgel formation. 
Microgel formation is the primary cause of polymer 
heterogeneity13-15 as pendant double bonds near the 
location of the active radical are extremely reactive to 
primary cyclization. This behavior directly influences the 
final polymer structure and properties. 

Therefore, it is of great importance that these tendencies 
be understood and characterized. This work develops a 
technique based on photochromic probes to quantify the 
free volume distribution and heterogeneity during pho- 
topolymerization reactions. GardlundlG first used pho- 
tochromic probes to study thermal back reactions in 
polymer glasses. The photoinduced forward reaction, as 
opposed to the thermally induced back reaction, is a 
sensitive measure of the local volume and has been used 
to establish volume distributions by others studying 
physical aging in linear polymer ~ y s t e m s . l ~ - ~ ~  These 
volume distributions are closely related to the distribution 
of free volume in the system, and if the mean free volume 
of the system is known, the free volume distribution can 
be calculated (assuming symmetric probe volume distri- 
butions and free volume distributions). 

We propose, for the first time, the use of these 
photochromic probes in establishing free volume distribu- 
tions during a photopolymerization reaction. Our pre- 
liminary results have shown that these probes provide a 
sensitive measure of the local volume changes and 
qualitatively show the trends in heterogeneity during a 
polymerization. 

Experimental Section 
The multifunctional monomers studied were trimethylolpro- 

pane trimethacrylate (TrMPTrMA; Polysciences Inc., War- 
rington, PA) and diethylene glycol dimethacrylate (DEGDMA; 
Polysciences Inc., Warrington, PA). The monomers were used 
as received and mixed with 1 wt % photoinitiator, 2,2-dimethoxy- 
2-phenylacetophenone (DMPA; Ciba Geigy, Hawthorn, NY). 
Samples were prepared by dissolving 0.1 wt % of a photochromic 
probe in the monomer-initiator solution. The photochromic 
probes chosen for this study were azobenzene and stilbene 
(Aldrich; Milwaukee, WI). Torkelson and c o - w ~ r k e r s ~ ~ - ~ ~  have 
previously quantified the critical volume required for isomer- 
ization of various probes, and stilbene and azobenzene require 
a t  least 224 and 127 A3 to isomerize, respectively. 

Thin films of monomer, probe, and initiator solutions were 
cured using a 365-nm 6-W ultraviolet light source (Cole-Parmer; 
Chicago, IL). The UV light also served to  induce the trans to cis 
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conformational change in the probe. The absorbance of the 
system was simultaneously monitored with an HP8452 UV-vis 
spectrophotometer (Hewlett Packard; Fort Collins, CO). To  
characterize the conversion of monomer as a function of time, 
the monomer was cured under identical reaction conditions 
(temperature and UV light intensity) in a differential scanning 
calorimeter equipped with a photocalorimetric accessory (Perkin- 
Elmer DSC-DPA 7; Norwalk, CT). 

Analysis 
Four possible states for any given photochromic probe 

are the trans and mobile (or free) state, the trans and 
immobile (or bound) state, the cis and mobile state, and 
the cis and immobile state. A molecule is considered 
immobile when the local volume is smaller than the critical 
volume required to isomerize and the probe becomes locked 
in a single conformation. During polymerization, the probe 
may undergo the following reactions: 

k l  

k2 
tf* Cf 

k3 

(3) 
where t represents the trans state, c represents the cis 
state, f refers to the free or mobile state, and b is the 
bound or immobile state. Assuming the probes are mobile 
in the liquid monomer, the reactions in eqs 2 and 3 would 
not exist in the absence of polymerization. The probe 
reactions are occurring in parallel with the polymerization 
reaction. 

For a monomeric system (monomer and probe only), 
the absorbance as a function of time was monitored and 
is related to the trans and cis concentrations by 

(4) 
Here, t is the molar absorption coefficient of the respective 
state, 1 is the sample thickness, m refers to the monomer 
system, and A is the absorption. 

A similar expression exists for the polymerizing sample, 
but not all of the probe is mobile and the fraction that is 
mobile changes as a function of polymerization time. 
Therefore, 

(5) 
where p refers to the polymer system. For a photopoly- 
merized sample, the absorbance of the polymer sample 
includes the absorbance of the photoinitiator, Ai, in the 
sample. Ai was measured during identical reactions 
without the probe molecules and generally was insignifi- 
cant above 300 nm. For the polymerizing system, the 
kinetic constants in eq 1 are assumed to be independent 
of double-bond conversion in the sample. The kinetic 
constants for eqs 2 and 3 are the same and represent the 
rate of conversion of any mobile state to a bound state. 
Now, we define a variable 2 which is the fraction of probe 
molecules that are mobile 

A, = $tf + t,kf 

A, = €J(tf + tb)  + t ,l(Cf + cb) + Ai 

where the total concentration of the probe is [PI. Then, 

(7) 

This analysis reduces to a system of eight equations and 
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Figure 1. Absorbance as a function of time for a sample thermally 
polymerized 0 (monomer), 10, and 30 min. 
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Figure 2. Typical absorbance versus time curves for a monomer 
system and a polymerizing system. 

eight unknowns: tf, cf, tb ,  Cb, kl, kz, k3, and 2 .  Solving for 
2, 

To address the assumption that the free probes in a 
polymerizing sample will behave as those in a monomer 
sample (i.e., Izl and k2 are not functions of conversion in 
the sample), a series of experiments was conducted as 
follows. A monomer sample was doped with 0.1 wt 76 
probe and mixed with 1 wt 76 thermal initiator. The 
absorbance versus time was monitored for a monomer 
sample, and samples that were thermally cured for 10 and 
30 min. Thermally curing the sample ensured that the 
probe remained in the trans state, and the complication 
of simultaneous reaction and isomerization present in 
photopolymerizations was eliminated. Figure 1 shows the 
absorbance versus time curves for each of these systems, 
and the decay time of the probe in each sample was 
independent of the polymerization time (k = 0.001 95 f 
0.000 028 4) with only an offset in the final absorbance 
present. This offset shows the trend of more probe being 
locked in the trans state for samples polymerized to higher 
conversions. 

Results and Discussion 
Figure 2 shows absorbance versus time curves for a 

monomer and a polymerizing system. At  low reaction 
times, the conversion is nearly zero and all of the probe 
in the sample is in a mobile state. Therefore, a t  the initial 
time, the slopes of both curves are identical and z is 1. As 
the polymerization continues, some of the probe becomes 
locked in the trans state, and the absorbance of the 
polymerizing curve remains higher than the absorbance 
of the monomer curve. When the polymerization is 
complete (after 2 min in Figure 2), the slope of the polymer 
curve reduces to the same exponential decay as the slope 
of the monomer curve (the monomer system has been 
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Figure 3. Fraction of probes that are mobile a8 a function of 
double-bond conversion of TrMPTrMA polymerized with 1.2 
mW/cm2 of UV light and 1 wt % DMPA. 
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Figure 4. Fraction of probes that are mobile as a function of 
double-bond conversion of DEGDMA polymerized with 1.2 mW/ 
cm2 of UV light and 1 wt % DMPA. 

mathematically analyzed, and the slope was found to decay 
exponentially). The polymer system, however, has a 
different preexponential factor due to the locked probe 
molecules. Therefore, when the polymerization is com- 
plete, z reduces to a constant value or offset which 
represents the fraction of probes that are still mobile in 
the polymer. 

Preliminary studies have been conducted with two 
commercially available probes, azobenzene and stilbene. 
The critical free volumes for isomerization of azobenzene 
and stilbene are 127 and 224 A3, respectively. Figure 3 
presents the fraction of mobile sites for the azobenzene 
and stilbene probes as a function of conversion for 
trimethylolpropane trimethacrylate, TrMPTrMA, cured 
with 1.2 mW/cm2 of 365-nm ultraviolet light and 1 wt 76 
DMPA. 

At the beginning of the reaction, the fraction of 
azobenzene and stilbene probes that are mobile is slowly 
decreasing. This slow decrease can be explained by the 
formation of microgel regions. The microgels form at  the 
beginning of the reactions and are highly cross-linked 
regions with an average local volume that is much smaller 
than the overall free volume of the system. As conversion 
is further increased, the average free volume of the entire 
system is decreasing and the fraction of the probes that 
are mobile dramatically decreases. In comparing the 
fraction of mobile stilbene probes to the azobenzene probes, 
stilbene begins to sharply decrease earlier than the smaller 
azobenzene probes, and the final fraction of mobile stilbene 
probes is much smaller than the final fraction of mobile 
azobenzene probes (0.73 vs 0.81). The fraction of mobile 
probes observed here is on the same order as others have 
observed17-z0 but lower because of the high degree of cross- 
linking. 

A similar trend is seen in Figure 4 during the polym- 
erization of diethylene glycol dimethacrylate, DEGDMA, 
under identical reaction conditions. In the case of poly- 
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(ethylene glycol dimethacrylate), the final fraction of 
mobile stilbene and azobenzene in the network is smaller 
than that in poly(trimethylo1propane trimethacrylate), 
0.52 for stilbene and 0.64 for azobenzene. This difference 
in the final fraction of mobile probes is attributed mainly 
to the higher conversions reached during the polymeri- 
zation of DEGDMA. Comparing the TrMPTrMA and 
DEGDMA curves at  lower conversions, the probes are less 
mobile in the more highly cross-linked poly(TrMPTrMA) 
network where the reaction stops around 28% double- 
bond conversion. The mobility of the probes in the poly- 
(DEGDMA) network does not drop below that of the 
probes in the poly(TrMPTrMA) network until the double- 
bond conversion exceeds 0.50. 
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