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Abstract

A mathematical model for crosslinking copolymerization of acrylamide (or N-isopropyl acrylamide,
NIPAM) and N,N’-methylene bisacrylamide is extended to account for contamination by oxygen and the
inhibitor monomethyl ether hydroquinone (MEHQ). This model improves basic understanding of
interactions among oxygen, MEHQ and polymerization reactions in gel dosimeters that are used to verify
radiation doses delivered by cancer treatment equipment. Improved parameter estimates result in a good

match between model predictions and data. The model predicts that the duration of the oxygen inhibition



period increases with increasing oxygen contamination, in agreement with experimental data. The model

also predicts that MEHQ, in the absence of oxygen, has almost no influence on dosimeter response.

Introduction

Polymer gel dosimetry is a technique used by medical physicists to verify radiation dose
distributions delivered by cancer radiotherapy equipment.!'! To test whether the correct radiation dose is
being delivered to the correct location, a small polymerization vessel is irradiated instead of the patient.
Radiation absorbed by water in the aqueous solution leads to generation of free radicals, which induce
polymerization. The quantity of polymer that forms at different locations depends on the amount of
radiation received at the particular location. The most widely used polymer gel dosimeter is the
Polyacrylamide Gel (PAG) dosimeter. PAG dosimeter recipes consist of acrylamide (Aam) and N,N’-
methylene-bisacrylamide (Bis) crosslinker dissolved in an aqueous gelatin matrix. In some dosimeters,
Aam is replaced by N-isopropylacrylamide (NIPAM). Chemical structures for Aam, NIPAM and Bis are

shown below. A typical recipe for a PAG dosimeter is shown in Table 1.
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Polymer gel dosimeter recipes are usually referred to by the concentrations of monomers in the
solution prior to irradiation. The specifications most commonly used are %T, the total mass percent of
monomers (e.g., Aam plus Bis) in the gel system and %C, the mass percent of the monomer mixture that
is crosslinker. The recipe in Table 1 with 3% monomer and 3% crosslinker is referred to as a 6 %T 50 %C

dosimeter.



Upon irradiation of the dosimeter solution, water molecules dissociate into free radicals that can
initiate polymerization and crosslinking.” The densely crosslinked polymer microgels® that form
precipitate from the aqueous phase. These microgels, which are too large to diffuse through the gelatin
matrix, provide a means for storing spatial information about the absorbed radiation dose. Figure 1 is a
photograph of a non-uniformly-irradiated PAG dosimeter. The white spiral and spherical regions in
dosimeter received higher radiation doses than the surrounding transparent region. Uniformly-irradiated
calibration vials in Figure 2 show how the amount of crosslinked polymer that forms increases with
absorbed radiation dose. Radiation doses are specified in units of Gray (Gy), where 1 Gy corresponds to 1
Joule of ionizing radiation delivered per kg of sample. Radiation-induced changes in several physical
properties of the gel can be measured using a variety of imaging techniques including MRI (Magnetic
Resonance Imaging)"*!, optical scanning® and x-ray computed tomography .’

Unfortunately, Aam is a severe neurotoxin and suspected carcinogen.”’ Recently, Senden et al.
showed that Aam can be successfully replaced with NIPAM, thereby reducing some of the safety
concerns associated with handling of highly toxic chemicals in the clinical environment.®! A typical
calibration curve produced using a NIPAM-based dosimeter is shown in Figure 3, in which the NMR
transverse relaxation rate (R,), which can be measured locally using MRI, is plotted against the radiation
dose. Dose sensitivity is the slope of the initial linear portion of an R, vs. dose plot. Large dose sensitivity
enables accurate dose calibration and read-out.

Commercial monomer-grade NIPAM and other monomers (but not Aam) that have been used in
polymer gel dosimeters™ contain monomethyl ether hydroquinone (MEHQ) inhibitor to prevent

polymerization during shipping and storage.
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In polymer gel dosimeters, monomers are used without inhibitor removal, but the effect of MEHQ on
polymerization kinetics and dose response in polymer gel dosimeters has not been studied. Oxygen, a

10]

well-known inhibitor of free-radical polymerization,”'” is another important contaminant in all polymer

gel dosimeters, unless special precautions have been taken to remove it.'! Oxygen contamination has a

""13] Reactions between oxygen and free

deleterious effect on the performance of polymer gel dosimeters.!
radicals are very fast, so that even small amounts of oxygen can consume enough radicals to significantly
inhibit polymerization reactions. For example, when a dosimeter solution is initially in equilibrium with
air, no appreciable polymerization (and no change in R,) is observed until more than 20 Gy of radiation
has been absorbed."*! The level of O, contamination in polymer gel dosimeters can vary depending on
manufacturing procedures and storage conditions prior to irradiation, resulting in variable dosimetry
results. It is therefore important to reliably remove oxygen from polymer gel dosimeters. Traditionally
this was done by bubbling the dosimeter solution with an inert gas,'* but in recent years oxygen
scavengers have been used to consume the dissolved 0,."'"") THPC is the preferred antioxidant due to

18] Dosimeters that contain antioxidants and are prepared in a

its high reactivity in scavenging oxygen.
fume hood under normal atmospheric conditions are referred to as “normoxic”.

Previously, our research group developed two dynamic mathematical models®®**" that describe
the kinetic mechanisms of radiation-induced crosslinking copolymerization of Aam and Bis, using both
spatially uniform and non-uniform radiation. Unfortunately, these models do not include the effects of
oxygen or other inhibitors, assuming instead that all impurities have been removed from the dosimeter
solution. The first model™ uses the chemical mechanism in Table 2 to predict monomer and comonomer
conversion, as well as the concentrations of crosslinks, unreacted pendant double bonds, and cyclized
groups when radiation is absorbed uniformly throughout the reaction medium. Temperature rise due to
exothermic polymerization reactions is also predicted. The second model,*"! with the same reaction

mechanism, uses partial differential equations to account for the effects of spatially non-uniform radiation

delivery (as in Figure 1).



Although the models were developed to simulate dosimeters that use Aam monomer, they are
also useful for recipes that use NIPAM, since Aam and NIPAM have similar reaction rates due to their
similar chemical structures. Note, however that the phase partitioning behaviours (between aqueous and
polymer phases) of NIPAM and Aam may be quite different due to the isopropyl group on NIPAM. As
shown in Table 2, the reaction steps included in the model are: radical generation by water radiolysis,
initiation, propagation, cyclization, crosslinking, chain transfer to monomer, termination, chain transfer to
gelatin and re-initiation. Phase separation and phase-volume changes due to crosslinking-induced
precipitation and subsequent particle growth are also considered. These models have been particularly
helpful in improving our understanding of “temporal instability” of polymer gel dosimeters, wherein
long-lived radicals can persist in the dosimeter for several days after irradiation ceases, leading to ongoing
polymerization and to associated changes in the R, vs. dose curve. The non-uniform radiation model™"
and a simplified model of DeDeene et al.'**! have been used to simulate the effects of sharp spatial
gradients in radiation dose. As monomers are consumed in high-dose regions they begin to diffuse from
regions of low dose to high dose. “Edge enhancement” occurs when diffusing monomers encounter
radicals at the edge of the highly-irradiated region and polymerize there.

Unfortunately, some of the parameter values in these models** '

are poorly known. Fuxman et
al. used literature values for many of the rate constants in Table 2, but no published values were available
for some of the kinetic and thermodynamic constants required in the model. Reactions with poorly-
known rate constants are indicated by the symbol * on the reaction number in Table 2. Other model
parameters that are poorly known are f'(the initiation efficiency), Dy, (the diffusivity of acrylamide in the
polymer phase) and v (the ratio of the reactivity of radicals with terminal Aam to the reactivity of radicals
with terminal Bis). Trial-and-error simulations were used to select physically reasonable values of
unknown parameters, resulting in a good qualitative match with experimental data available in the

literature. Subsequently, new data”! became available from dosimetry experiments involving recipes

without gelatin, using a variety of radiation dose rates and total monomer concentrations. Unfortunately,



Fuxman’s parameter values do not give good predictions of these gelatin-free gravimetric data, indicating
that better parameter values are required so that the models can be used to simulate new recipes reliably.
New techniques have been developed to aid parameter estimation in complex polymerization

models. Estimability analysis**>*

is used to determine which parameters can be estimated from the
available data, and which should remain at their initial values. Estimability analysis accounts for the
structure of the model equations, for correlated effects of model parameters, and for the level of
uncertainty in each of the initial parameter guesses. The algorithm, which produces a list of model
parameters, ranked from most to least estimable has been used to determine which parameters can and
should be estimated in models of other polymerization systems**"),

In the current article, the reaction mechanism in the spatially-uniform dosimeter model” is

extended to account for the effects of oxygen and MEHQ contamination. Estimability analysis is then

used to identify the poorly-known model parameters that can be estimated from the available

[23 J

gravimetric’® data and calorimetric data with and without oxygen contamination'”. Updated parameter
values are obtained using the weighted-least squares estimation algorithm in Predici™, with the remaining
parameters held at their literature values or the initial values of Fuxman et al. The extended model is then
used to simulate the behaviour of PAG dosimeters that have been contaminated with oxygen and MEHQ.

In the future, it will be important to include reactions involving THPC or other oxygen scavengers, so that

the behaviour of normoxic polymer gel dosimeters can be simulated.

Extension of Mathematical Model to Include Oxygen and MEHQ
Inhibition

Modeling of oxygen inhibition

We assume that oxygen inhibition takes place primarily in the aqueous phase, since the formation
of the polymer phase is observed only after the inhibition period ends.!'*! Oxygen can scavenge initiating

(primary) radicals as well as propagating (polymer) radicals in polymer gel dosimeters. A similar oxygen
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inhibition scheme has been used in models for the photopolymerization of acrylates.!
radicals produced by water radiolysis (Reaction 0 in Table 2) can react with dissolved oxygen. The
resulting superoxide anion radicals (O,° ) and perhydroxyl radicals (HO,®) that form are unreactive
toward most organic compounds and are therefore not expected to initiate polymerization.**** The rate
constants for radical-scavenging reactions between primary radicals and oxygen are of the same order of
magnitude (~10'" M's™) as the rate constants for initiation reactions between primary radicals and
monomer. However, the total initial monomer concentration ([M;] = 0.6 M) is much larger than the
concentration of dissolved oxygen in air-saturated water at room temperature ([O,] = 2.5 x 10 M). This
large difference in the magnitude of the concentrations suggests that relatively few primary radicals are
scavenged by oxygen. Instead, they propagate to form short polymer radicals. Hence, the main oxygen-
inhibition mechanism is the scavenging of short propagating radicals, resulting in the formation of
relatively stable organic peroxy radicals (Reactions 36 and 37 in Table 3).

Figure 4 shows that there is a competition between monomers and oxygen for propagating

radicals. However, radical scavenging by O, is so fast (=5 x 10* M's™")#**!

compared to propagation
(~1.5 x 10* M''s™ for AAm)" " that the oxygen inhibition reactions are initially much faster than chain
propagation even though [O,] << [M;]. Although propagation can occur, the polymerization rate is
negligible until the oxygen concentration declines. For example, using the above rate constants and
typical concentrations in a polymer gel dosimeter, the rates of oxygen scavenging and propagation finally
become equal (i.e., k[O,] = k,[M;]) when [O,] has decreased to less than 2 x 10° M (approximately 7-8%
of the oxygen concentration for a dosimeter saturated with air). The effects of oxygen inhibition have
been observed experimentally as an induction period (See Figure 7), with the length of the induction
period depending on the level of oxygen contamination.!"”!

The reaction mechanism in Figure 4 is shown in Table 3 using the notation of Fuxman et al.*"
wherein short oligomeric radicals of length » in the aqueous phase with terminal monomer i are given the

symbol S%;,. Subscripts i=1, 2 and 3 indicate that the terminal constituent on the polymeric radical is

Aam, Bis or oxygen, respectively. As a result, R,* in Figure 4 corresponds to S;," or S,," and R,-O-O*



corresponds to S;,". The mechanism in Table 3 shows that peroxy radicals S;," can react in three
different ways: propagation (reactions 38 and 39), bimolecular termination (reactions 40-42) and
hydrogen abstraction (chain transfer reactions 43 to 45). Since no visible polymer is produced in the
presence of oxygen, the peroxy radicals must be relatively slow to propagate with monomers. Most
peroxy radicals undergo rapid bimolecular termination,”™ or abstract protons from other molecules, e.g.
monomers or gelatin.”® The new radicals that form by hydrogen abstraction can again be scavenged by
oxygen to produce new peroxy radicals. Decker and Jenkins used a similar mechanism to describe O,
inhibition in the photopolymerization of multi-acrylates.”*”’

Decker and Jenkins and Andrzejewska et al. reported rate constants for oxygen scavenging of
polymer radicals on the order of 10%-10° M™'s™.**3 This approximate value is in agreement with very
high ratios of oxygen inhibition rate constants to propagation rate constants elsewhere in the

7381 Anseth et al. reported kinetic constants for methyl methacrylate, indicating that peroxy

literature!
radicals (i.e., S"3, ) are 2 x 10’ times less reactive towards monomer than are polymeric radicals.””
Propagation rate constants for reactions of peroxy radicals with acrylamide and bisacrylamide, required
for simulations in this article, were calculated using the propagation rate constant and the ratio k, N/ kp31W
=2 x 10°. Peroxy radicals are also assumed to be 2 x 10° times less reactive for chain transfer reactions
than are polymeric radicals with a terminal monomer.

Since rate constants for the termination reactions of peroxy radicals in AAm/Bis systems are not
available in the literature, they were approximated using data reported for (meth)acrylate polymerization.
Kerber and Serini determined the rate constants for the re-initiation of peroxy radicals (ky3;) and
bimolecular termination of two peroxy radicals (kgas3) for different free-radical polymerization systems in
the presence of oxygen at 20 °C.1"" For methyl methacrylate the ratio kia/kp1 is approximately 107, which
has been used in the current polymer gel dosimeter model. This value is in agreement with approximate
rate constants for (meth)acrylate systems mentioned by Andrzejewska et al. ©**

The polyperoxides (D;,, in Table 3) and peroxy acids (D4,) that form in bimolecular termination

and chain transfer reactions can decompose upon exposure to heat or light to form radicals that re-initiate



polymerization.”® It is anticipated that irradiation of polymer gel dosimeters may also break the O-O
bond to form additional radicals. However, these reactions are not included in the current model because
the number of radicals formed in this manner will be much smaller than the number formed by water

radiolysis, due to very high water concentrations.

Modeling of MEHQ inhibition

Commercial monomer-grade NIPAM contains about 500 ppm MEHQ. Phenolic inhibitors, such as
MEHQ, require oxygen to function effectively!®' so that MEHQ is a less effective inhibitor in an
oxygen-free environment than when oxygen is present. Several studies have focused on the role of
oxygen and MEHQ and their synergistic interactions. Cutié et al. have shown that when MEHQ is added
to acrylic acid polymerization systems, the rate of polymerization decreases but does not stop, indicating
that MEHQ, by itself, is a retarder. **! Cutié et al. also showed that when both MEHQ and oxygen are
present, MEHQ can react with peroxy radicals to form stable radicals that can participate in termination
reactions, but not in propagation reactions. Without MEHQ, some peroxy radicals eventually propagate
with monomer, producing polymer chains with peroxy groups along the backbone.*” MEHQ inhibits the
formation and growth of polymer chains, reduces the consumption rate of oxygen, and enhances the
inhibition by oxygen. Reactions involving MEHQ appear at the end of Table 3.

Since rate constants for inhibition reactions involving MEHQ in AAm/Bis or NIPAM/Bis
systems are not available in the literature, we approximated them using data reported for acrylic acid

B85 We use ratios of kinetic rate constants determined by Cutie et al. for acrylic acid

polymerization.
polymerization to make the following assumptions: i) the inhibition rate constants for reactions between
MEHQ and polymeric radicals with terminal Aam and Bis units are Kimmeni=2.7 X 10'5kp11 and

Kinh MEHQ2=2.7 X 10"5kp21 , respectively; ii) the synergistic inhibition rate constant for reaction between

MEHQ and a peroxy radical is Kinnmenos = 200 ky31 where kp3; is the rate constant for propagation of



peroxy radicals; iii) the rate constant for termination between an MEHQ radical and a peroxy radical is
Kinh MEHQ4 = (104)kt33 where k3 is the rate constant for bimolecular termination of two peroxy radicals.[*”
PREDICI" software was used to simulate the joint influence of MEHQ and oxygen using the
reaction scheme shown in Table 3, along with the original reactions shown in Table 2. Peroxy radicals are
relatively stable, but can react very quickly with MEHQ to form an even more stable radical Q.*
(reaction 48). This reaction accounts for the synergistic inhibition effects between oxygen and MEHQ.
Peroxy radicals can combine rapidly in bimolecular termination reactions with the Q.* radical. The
products of the disproportionation reaction are oxygen molecules, which can further inhibit the
polymerization, and dead species (reactions 49 and 50). In their model for MEHQ-inhibited
polymerization of acrylic acid, Li and Schork®! assumed that the Q,* radicals cannot undergo any
reactions except for termination with peroxy radicals, and we adopt a similar assumption. The rate of
reaction of MEHQ with carbon-centered radicals is very slow (reactions 46 and 47) and the product

radicals are very stable. As a result, we do not include the resulting Q* radicals in any subsequent

reactions.

Estimability Analysis and Parameter Estimation

In this article, we estimate some of important but poorly-known parameters (see Table 4) that influence
phase partitioning and reaction rates. During this analysis, other parameters, for which estimates are
available in the literature, remain at their original values shown in Table 5. The improved parameter
estimates are determined using gravimetric data from gelatin-free dosimeters'®! and calorimetric datal"”!
from typical PAG dosimeters containing gelatin. One calorimetry experiment was conducted on an
oxygen-contaminated dosimeter, so the data set contains some information about oxygen-inhibition
kinetics (See Figure 5). No calorimetric or gravimetric data are available for MEHQ-contaminated

dosimeters, so none of the MEHQ-related parameters (values provided in Table 5) could be re-estimated.

An initial attempt to estimate all 17 poorly-known parameters in Table 4 failed because the data set

10



contained insufficient information. As a result, some of the parameters have little influence on the
predictions of the available data and the effects of some parameters are strongly correlated with the
effects of other parameters, causing the parameter-estimation problem to be ill-conditioned.

24261 16 rank the

To select an appropriate subset for estimation we used a parameter estimability algorithm!
parameters from most estimable to least estimable. This algorithm requires initial guesses for all
parameters, as well as information on the uncertainty associated with these guesses. Table 4 shows that
the initial guess for k;, is 0.008 L mol's™ and that the initial uncertainty in this value is relatively large
(0.05 L mol's™). The relative uncertainty in ky;; is much smaller (2E8 L mol's™, compared to an initial
guess of 14.9E8 L mol's™"). The estimability algorithm selects ky13, the rate constant for formation of
peroxyradicals, as most estimable (ranked 1 in Table 4), because perturbations of this parameter from its
initial guess (relative to the size of its initial uncertainty) have the largest overall influence on predictions
of the available data. Successive parameters on the list were selected based on whether changes in their

values (relative to their initial uncertainty) have large influences on model predictions and whether the

effects of the parameters are correlated with those of parameters already selected.

After ranking all of the parameters, it is important to determine how many parameters can and should be
estimated from the ranked list. The methodology used in this article is as follows. First, the most-
estimable parameter (i.e., kyi3) is estimated using the weighted nonlinear least-squares estimation
algorithm in Predici® with all other parameters fixed at their initial guesses. Next, the top two parameters
are estimated; then the top three, and so on. The objective function for parameter estimation and the
qualitative fit of the model predictions to the data are examined after each iteration. Using this technique,
we determined that reasonably good fits can be obtained after estimating the top eight parameters (shown
in bold in Table 5) and that there is little improvement in the fit when additional parameters are estimated.
When the model with the new parameter values is used to simulate dosimeter behaviour for a variety of

different dose rates and recipes (i.e., different values of %C, %T and %gelatin), qualitative predictions

11



(not shown) are consistent with trends that have been observed experimentally**~>?!

. A detailed summary
of these trends is provided in Table 7 of the article of Fuxman et al.*™® Figure 5 shows the fits obtained
for three calorimetric experiments used for parameter estimation. The model matches the data well,
predicting a larger temperature rise (and more polymer formation) when the total radiation dose increases.
The model is also able to predict the initial inhibition period for the oxygen-contaminated dosimeter
irradiated to a total dose of 58.2 Gy. Figure 6 shows that the model can also predict the available
gravimetric data for gelatin-free PAG dosimeters reasonably well. There is some mismatch at radiation

doses below 5 Gy, with the model over-predicting the amount of polymer formed in the 2%T dosimeter

and under-predicting the amount of polymer formed in the 6%T dosimeter.

Note that the predictions of the calorimetric data are only slightly better than the corresponding
predictions obtained using the original parameters”” because Fuxman et al. adjusted some of their
unknown parameters manually to match these data. However, the new model parameters give much
better predictions of the gravimetric data. Use of Fuxman’s original parameter values to predict the mass
of polymer formed in gelatin-free dosimeters (see Figure 6), results in simulations wherein less than 1 Gy
of radiation results in essentially complete consumption of both Aam and Bis (not shown). However, the
experimental data in Figure 6 reveal that a dose of more than 3 Gy is required to consume approximately
half of the monomer. The new parameter values provide predictions that are consistent with this

experimentally observed behaviour.

Examination of the parameter values in Table 4 reveals that many of final parameter estimates are similar
in magnitude to the initial guesses. The parameters that changed the most are kg, the rate constant for
termination between peroxy radicals and propagating radicals (from 1E6 to ~2E3), kg, the rate constant
for propagation of gelatin-centred radicals (from 0.8 to 0.03) and ®y, the partition coefficient for
monomer (from 0.6 to 0.088). Note that the estimability algorithm does not select influential parameters

(e.g., the initiation efficiency f) for estimation when the modeler provides a relatively small uncertainty

12



value for the initial guess. The algorithm favours selection of parameters that the modeler has little prior

knowledge about, with better-known parameters tending to appear near the bottom of the list.

Note that the value of 0.9299 obtained for the parameter 0 (the fraction of gelatin-centered
radicals that can initiate further polymerization (in Reactions 26 and 27 in Table 2) suggests that most or
all of the radicals produced by chain-transfer to gelatin are capable of reinitiation reactions. Thus, the
inhibiting influence of gelatin on the polymerization rate'"® can be explained by a slow initial propagation
step (kpe <<kpi1) following chain-transfer to gelatin.

Using the extended model and improved parameter values, it is now possible to simulate the
behaviour of PAG and related NIPAM-based dosimeters that have been contaminated with oxygen (and
MEHQ). In the future, it will be important to include reactions involving THPC or other oxygen
scavengers, so that the behaviour of normoxic polymer gel dosimeters can be simulated. When additional
experimental data become available, it will be possible to incorporate more reactions in the model and to

obtain improved parameter estimates.
Simulating the effects of oxygen and MEHQ inhibition

Figure 7 shows the predicted conversion of vinyl groups with different initial levels of oxygen in
PAG dosimeters that are irradiated to a total dose of 20 Gy at a dose rate of 1 Gy/min. An induction
period, in which very little polymerization occurs, is clearly observed in all of the simulated runs with
oxygen. In these simulations, there is no appreciable conversion of vinyl groups until nearly all of the
oxygen is consumed. The duration of the predicted induction period decreases when the amount of
dissolved oxygen is decreased. These simulation results agree with experimental observations.!"*!

Figure 8 shows the conversion of vinyl groups over time in dosimeters containing either oxygen
or MEHQ, or both. Curve a) indicates that there is no noticeable inhibition when 15 ppm of MEHQ is

present in the dosimeter, without oxygen. Note that 15 ppm of MEHQ in the final recipe corresponds to

an MEHQ level of 500 ppm in the monomer, which is a typical amount in commercially-available
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NIPAM. Curve b) shows that there is a short induction period when the dosimeter is contaminated by
oxygen at a concentration of 2.5 x10” M, which is 10% of the concentration of O, in equilibrium with air
(which is 2.5 x10* M). Curve ¢) shows an induction period of approximately 200 seconds when both
MEHQ and oxygen are present. Comparison of curves b) and c¢) in Figure 8 shows that there is an
appreciable change in the length of the induction period when MEHQ is added to an oxygen-
contaminated dosimeter. The synergistic inhibition effect of oxygen and MEHQ becomes stronger as the
oxygen concentration increases. In simulations where the concentration of O, in the dosimeter is in
equilibrium with air (2.5 x10* M) and 15 ppm MEHQ is present, no appreciable polymerization is
observed up to a total absorbed dose of 20 Gy, which requires 20 minutes of irradiation (results not
shown). The results in Figure 8 demonstrate that MEHQ has no appreciable effect on the polymerization
in the absence of oxygen, but it plays a significant role as an inhibitor when oxygen is present.

The simulation results in Figure 8 indicate that MEHQ contamination resulting from typical
levels used in commercial-grade NIPAM have no appreciable influence on the rate of polymer formation
in polymer gel dosimeters when all of the oxygen is scavenged from the system. Unfortunately, even
small amounts of oxygen enhance the inhibiting effect of MEHQ to a point where no polymer is formed.
As a result, scientists who manufacture and use polymer gel dosimeters need not take steps to remove
MEHQ from the dosimeter solution. However, effective oxygen removal is essential to achieve reliable

dosimeter results.

Conclusions

Reaction mechanisms for inhibition by oxygen and MEHQ were incorporated into a previous kinetic
model for polyacrylamide gel dosimeters. Several important model parameters were estimated using
gravimetric and calorimetric data, with and without oxygen contamination. Predictions obtained using the
improved parameter values provide a reasonably good quantitative match to the experimental data used

for parameter estimation. The oxygen inhibition observed in polymer gel dosimeters was successfully
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modeled, based on the scavenging of propagating polymer radicals and the formation of relatively stable
peroxy radicals. The model predicts an increase in the induction period with increasing levels of oxygen
contamination. The model also predicts that MEHQ contamination, at typical levels associated with
commercial NIPAM monomer, does not significantly influence the rate of polymerization and hence the
dose response. However, when the effect of MEHQ is enhanced by the presence of oxygen in the system,
significant inhibition occurs. As a result, it is recommended that dosimeter users should ensure that all
oxygen is removed or chemically scavenged from dosimeter phantoms. However, MEHQ removal is not
required. The extended model developed in this article is an important step toward predicting the
behaviour of normoxic polymer gel dosimeters. Better understanding of the many chemical reactions
involving the oxygen scavenger THPC is required before its influence can be included in mechanistic

models in a meaningful way.

Acknowledgments

Funding for this work was provided by Natural Science and Engineering Research Council (NSERC),
MITACS, the Canada Institutes of Health Research (CIHR), the Ontario Consortium of Image Guided

Surgery and Therapy (OCITS), and Queen’s University.

15



Nomenclature

a; mean distance travelled by a radical when an acrylamide (i=1) or bisacrylamide (i=2) monomer
unit is added (m)

A surface area of the vessel containing the PAG system [m?]

C cyclized unit

Gy heat capacity of the PAG gel system [J.g" . K]

D, dead polymer chain, for dead polymer chains formed by short radicals, the subscript n indicates
the length of the chain

D;,  Dead polymer chain of length n, containing one or more peroxide groups

Ds,  Dead polymer chain of length n, with a peroxy acid end group

DH Hydrogen donor

Dy diffusivity of acrylamide (k=1) or bisacrylamide (j=2) monomer in the polymer phase

D Rate at which the radiation is given [Gy. s']

Dg;j diffusivity in the polymer phase of a sort radical (K=S) or long crosslinked radical (K=L) bearing
the active radical center on an acrylamide (j=1) or bisacrylamide (j=2) unit

€aq hydrated electron

f radical efficiency
G gelatin
G; chemical yield of specie i, where i can be H", e or OH" [mol . I

H’ hydrogen radical

H, hydrogen molecule

H,0, hydrogen peroxide molecule
H,O* triplet excited water molecule

H;O0" oxonium ion

16



ki
pjk

ki
PGk

fjk

kL.
Xj

o
pij

diff
kpij

o
ke,

diff
kel

rate constant for intramolecular cyclization reaction in the i™ phase [s™']

rate constant for transfer reaction in the ith phase between a macroradical bearing the active

radical on an acrylamide unit ( j=1) or bisacrylamide unit ( j=2) and acrylamide monomer (k=1)
or bisacrylamide monomer (k=2) [1. mol™ . 5]

rate constant for transfer reaction in the i phase between gelatin and a macroradical bearing the
active radical on a acrylamide ( j=1) or bisacrylamide (j=2) [ . mol™ . s™"]

rate constant for propagation reaction in the i phase between a macroradical bearing the active
radical on a acrylamide ( j=1) or bisacrylamide ( j=2) and acrylamide (k=1) or bisacrylamide
(k=2) monomer [1. mol” . s7]

rate constant for reaction in the i" phase between a gelatin radical and acrylamide (k=1) or
bisacrylamide (k=2) monomer [1. mol™ . s]

rate constant for termination reaction in the i phase between a macroradical bearing the active

radical on a acrylamide ( j=1) or bisacrylamide ( j=2) and a macroradical bearing the active
radical on a acrylamide (k=1) or bisacrylamide (k=2) monomer [l . mol™ . 5]

rate constant for reaction in the i phase between a macroradical bearing the active radical on a

acrylamide ( j=1) or bisacrylamide ( j=2) and an unreacted pendant double bond [I . mol™ . 5]

rate constant for propagation reactions in the absence of diffusion control [1 . mol™ . s™']

diffusion-limited rate constant for propagation reactions [1 . mol™ . 5]

rate constant for termination reactions in the absence of diffusion control [1. mol™ . s™']

diffusion-limited rate constant for termination reactions [I . mol™ . 5]
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long crosslinked radical in the polymer phase bearing the active cite on a acrylamide (i=1),

bisacrylamide (i=2) unit or on a newly crosslinked unit without a neighboring pendant double

bond (i=3)

m mass of the gel system [kg]

M mass of irradiated water [kg]

M, acrylamide monomer

M, bisacrylamide monomer

nppg  number of pendant double bonds on a water soluble polymer chain (growing radical or dead
polymer chain)

nc number of cyclized units on a water soluble polymer chain (growing radical or dead polymer
chain)

Na Avogadro’s number

OH®  Hydroxyl radical

0,*  Superoxide anion radical

R* General notation for polymer radical

R-0-O* General notation for peroxy radical

R-0-O-R General notation for polyperoxide

R-O-OH General notation for peroxy acid

PDB. un-reacted pendant double bond available for crosslinking

PDB, un-reacted pendant double bond from the polymer phase available for crosslinking

PR®  primary radical

R, Transverse relaxation rate [s']

r radii of interaction of free radicals

Tdb rate of consumption of vinyl groups [mol . I . s™']

R gas constant [1.9872 cal . mol™ .K']
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RPR® rate of generation of primary radicals [mol . s™']

or bisacrylamide (i=2) unit

T temperature in the PAG gel system [°C]

T, temperature of the surrounding environment [°C]

v factor used to reduce the reactivity of radicals bearing the active site on a bisacrylamide unit
V! volume of the i" phase [1]

X crosslinked unit

V4 typical length of the short radicals in the polymer phase

Superscripts

)2 polymer phase
w aqueous phase

Designates a radical

Subscripts

nor m Number that indicated chain length
1 acrylamide

2 bisacrylamide

S short radical

L long radical

Greek Letters

c Lennard-Jones diameter of the monomer

s/ short radical with n monomer units, in the j phase, bearing the active cite on a acrylamide (i=1)
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) ratio of the concentration of species in the polymerphase (*) over the concentration of the same
species in the aqueous phase (%)

Y gamma radiation

0 fraction of radicals on the gelatin that can re-initiate the polymerization

Symbols

AHgp  Energy released per double bond consumed [kJ . mol”]
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Tables:

Table 1: Typical 6%T, 50%C Polymer Gel Dosimeter Recipe.

Monomer Acrylamide (AAm) or N-isopropylacrylamide (NIPAM) 3g
Crosslinker | N,N’-methylene-bisacrylamide (Bis) 3¢g
Gelatin 5g
Water 89 ml
Antioxidant | Tetrakis (hydroxymethyl) phosphonium chloride (THPC) 10 mM
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Table 2: PAG dosimeter reaction scheme developed by Fuxman et al.***'! Reaction numbers

with a * indicate that the associated rate constant is poorly known.

Aqueous phase

Polymer phase (i=1, 2; j=1, 2)

Radical generation

Radiation +H,O — (2PR"")

Initiation

PR S poopre

. kini1

. kini2
2PR" + MY —> ¥,

Propagation

p11
w w s CW
Sl n + M Sl,n+1

w w kp12 w
Sin T M3" — S3n41

w p21

Sy + My 25 s¥ .+ PDBY

w

k
p22
S{Yn + My — S{ﬁ’nﬂ + PDBY

Cyclization

w

K
Sy = S+ Cv

Crosslinking

w
x1

k
SY, + PDBY = ¥ + X"

w
kx2

SY, + PDBY =3 S¥, + X" + PDBY

w
x1

k
SY, + PDBY = St + X"

w
kx2

SY. + PDBY =3 S, + X" + PDBY

(0)

(1a)

(2a)

(3a)

(4a)

(5a)

(6a)

(7a)

(11a) *

(13a)
(14a)
(15a)

(16a)

o fast .
(2PR") — [ 2PR*

o pkinil )
2PR*" + M} — 51,1

. pkiniz )
2PR + MY — S,

SP+ MY == g sP

LA (i-1)PDBY

p

kplZS p . p
Sp, +My —5 S} .4 +(i-1)PDB;
2+ MP == i 5 1P + (i-1)PDB?

P+ My == iz 5 1P + (i-1)PDB?
p 2 Kpait P
Ly +Mi —_— Li

k
p ¢ ¢p p
Somn = SiptC

ke
L5 > L[5+ cP

kP
x15

Sin+PDBY —5

14
xi,L

L5 + XP + (i-1)PDBY

LY + PDBY —5 L; + XP + (i-1)PDBY

(1b)
(2b)

(3b)

(4b)
(5b)
(6b)
(7b)

(8b)

(11b)

(12b)

(13b)

(14b)
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Transfer to monomer

sy o+ my L5 Hay S¥, + DY + PDBY

kfl
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Table 3: Proposed reaction scheme for oxygen inhibition reactions and for reactions involving

MEHQ.

Oxygen incorporation

kp13

S+ 0, — 53 (36)

kp23

Son 02 — S3y (37

Propagation of peroxy radicals

w

kfsy

Sé",’n + My — S{‘”l + D}f,’n (38)
k,‘évsz

S;‘,/n + Mgv - Séd,/l + DX‘,,n (39)

Termination of peroxy radicals

SY. + S, =5 it DY, + D¥ + PDBY  (40)
kY

S¥,+ Sy =3 DY +D¥+2PDBY (41)

t33

S3n+S3m_) D3n+m+02 (42)

Transfer to monomers and gelatin by peroxy radicals

p31

Sgn+ MY — St (43)

S3n + MW P32 52 n+1 (44)
kY

s¥. + 625 py, +6° (45)

Termination with MEHQ

kin ,

¥, + MEHQ —1% o+ (46)
kin ,

S¥., + MEHQ —% o+ (47)

Synergistic inhibition of peroxy radicals by MEHQ

Kinh,MEHQ3
5

SY¥. +MEHQ On* (48)

Synergistic termination of peroxy radicals

kin ,

SY + Qu* T W, 1 +0 (49)
kin ,

SY + Qu* —EI8 Qw4 Q1 420, (50)
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Table 4: Parameter estimates and estimability ranking for poorly known parameters.

Parameter

Description

Units

Estimability
Ranking

Initial
Guess

Guess
Uncertainty

Final
Estimate

kp13

Rate constant for formation
of a peroxy radical

Mls!

1

5.0E+08

4.0E+08

2.04E+08

Propagation of  gelatin-
centred radicals

Lmol's!

2

0.008

0.05

3.676E-03

Partition  coefficient for
water between polymer and
aqueous phases

mol/L

mol/L,,

0.9

0.3

0.682

Chain transfer to gelatin

Lmol's!

0.8

2.0

2.83E-02

Fraction of gelatin-centred
radicals that can propagate

0.8

0.2

0.9299

Rate constant for
termination reaction
between a polymer radical
bearing the active radical on
a peroxy unit and a polymer
radical bearing the active
radical on an acrylamide
unit

1.0E+06

2.0E+06

2.38E+03

cI)Ml

Partition  coefficient for
monomers between polymer
and aqueous phases

mol/L

mol/L,,

0.6

03

0.0881

q)PDB

Fraction of pendant vinyl
groups in polymer phase
that can crosslink with
aqueous-phase radicals

0.1

0.1

Primary cyclization

6.0E+04

3.0E+04

1.15E+04

Radical efficiency in
aqueous phase

10

0.5

0.1

Diffusivity of acrylamide in
polymer phase

11

1.0E-11

1.0E-12

Ratio of reactivity of
radicals ~ with  terminal
acrylamide to radicals with
bisacrylamide

12

0.5

kpll

Propagation rate coefficient
in the absence of diffusion
control.

L mol's™

13

1.65E+06

2.0E+05

Heat transfer coefficient for
heat transfer from the PAG
to the surrounding
environment.

Jem 2K 's™!

14

5.0E-03

5.0E-04

ktll

Bimolecular termination
rate  coefficient in the
absence of diffusion control.

L mol's™

15

1.41E+09

2.0E+08

kfl 1

Rate coefficient for transfer
reaction between a
macroradical and monomer.

L mol's?!

16

9.55E+06

9.55E+06

Rate constant for inhibition
reaction between primary
radicals and oxygen.

17

1.0E+10

1.0E+10
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Table 5: Parameters required for Polymer Gel Dosimeter Simulations. The parameters that are in

bold are new values estimated from experimental data.

et al.?**! or are from the literature.

[13.23

Parameter Value Description Units Source
a) Model parameters for simulations without oxygen and MEHQ
kini, ~1x10" Initiation rate constant for reaction | L mol's™ [30]
between  primary radical and
monomer.
kgl . 1.65 x 10°exp (-2743/RT) | Propagation rate coefficient in the | L mol's” [34]
absence of diffusion control.

kg 3.676E-03 Propagation of gelatin-centred | L mol's™

radicals

k})l ) 9.55 x 10°exp (-10438/RT) | Rate coefficient for transfer reaction | L mol's™ [34]

between a macroradical and monomer.

ksg 0.02825 Chain transfer to gelatin L mol's™

ke (1532 exp (-741/RT))* Bimolecular termination rate | Lmol's” [34]

coefficient in the absence of diffusion
control.
k. 1.1495E+04 Primary cyclization s
kp, kg, 0.5 - [44]
kp,,/kp,. 2 - [44]
(2] 0.929993 Fraction of gelatin-centred radicals
that can propagate

Om, 5.02x 10 Lennard-Jones diameter of acrylamide cm [45,46]

monomer.

Om, 6.42 x 107 Lennard-Jones diameter of cm [45,46]

bisacrylamide monomer.

a, 1.54 x 107 Mean distance travelled by a radical cm [47]

when an acrylamide monomer unit is
added.

Dy 4x10° Diffusivity in the water phase of cm’s’ [20]
acrylamide monomer.

Dy, 0w 1.5% 107 Diffusivity in the water phase of | cm’s’ [20]
water.

Gy 4184 Heat capacity of the PAG gel system. Jkg'K! [13]
-AHg 81500 Enthalpy of the reaction. Jmol! [34]
oo 5.98 x 107 Thermal conductivity in the PAG gel | Jem'K''s™ [20]

dosimeter at 20°C.

h 5% 107 Heat transfer coefficient for heat | Jem?K's™ [13]

transfer from the PAG to the
surrounding environment.
G[#ﬂq,w,ﬂw ,}- 6.27 < 10” Chemical yield of H®, =2 or OH® molJ”! [20]
Prop 0.1 Fraction of pendant vinyl groups in - [20]

polymer phase that can crosslink
with aqueous-phase radicals.

I The remaining values were used by Fuxman
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0.6817

Partition coefficient for water
between polymer and aqueous
phases

mol/L

mol/L,g

0.0881

Partition coefficient for monomers
between polymer and aqueous
phases

mol/L,

mol/L,,

0.5

Radical
phase.

efficiency in aqueous

1.0E-11

Diffusivity of
polymer phase.

acrylamide in

(20]

3/4,

Diffusivity of bisacrylamide in
polymer phase.

[20]

1._|q
he Fu1

Rate constant for reaction between
a macroradical bearing the active
radical on a acrylamide unit and
un-reacted double bond.

L mol's™

(20]

1020y

Dead primary radicals in the

aqueous phase.

[20]

Varied from Loy to 0

Dead polymer chain bearing the
active radical on an acrylamide
unit.

[20]

Dead polymer chain bearing the
active radical on a bisacrylamide
unit.

[20]

a;

Mean distance travelled by a
radical when a bisacrylamide
monomer unit is added.

cm

Dg

Ratio of the concentration of
gelatin in the polymer phase over
its concentration in aqueous phase.

Ratio of reactivity of radicals with
terminal acrylamide to radicals
with bisacrylamide

b) Parameters for Reactions Involving Oxygen and MEHQ

i
P13

2.04E+08

Rate constant for inhibition reaction
between oxygen and a polymer radical
on an acrylamide unit

't:?}n

'E:.‘%r_?. v

Rate constant for inhibition reaction
between oxygen and a polymer radical
on a bisacrylamide unit

[20]

E

2000

Rate constant for re-initiation of a
peroxy radical with acrylamide
monomer

[39]

2'11':.‘431

Rate constant for re-initiation of a
peroxy radical with bisacrylamide
monomer

[20]

';'1?-131 *107

Rate constant for termination reaction
between a polymer radical bearing the
active radical on a peroxy unit and a
polymer radical bearing the active
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radical on a peroxy unit

o

2.382E+03

Rate constant for termination reaction
between a polymer radical bearing the
active radical on a peroxy unit and a
polymer radical bearing the active
radical on an acrylamide unit

T /v

Rate constant for termination reaction
between a polymer radical bearing the
active radical on a peroxy unit and a
polymer radical bearing the active
radical on a bisacrylamide unit

[20]

.
"izg

s 12000

Rate constant for chain transfer
reaction of a polymer radical bearing
the active radical on a peroxy unit to
acrylamide monomer

'?':.i" 1

z'l“".fzj

Rate constant for chain transfer
reaction of a polymer radical bearing
the active radical on a peroxy unit to
bisacrylamide monomer

.*\.‘_-Lr1 o

b
*f1g /2000

Rate constant for chain transfer
reaction of a polymer radical bearing
the active radical on a peroxy unit to
gelatin

[40]

el
4

el

2

T

2.7E-05 (Fges)

Rate constant for the MEHQ-alone
inhibition in case we have acrylamide
unit at the end of the polymer chain.

[38,43]

fz

el PO S

2.7E-05 (Fzes )

Rate constant for the MEHQ-alone
inhibition in case we have
bisacrylamide unit at the end of the
polymer chain.

[38,43]

200 (Fgs1 )

Rate constant determining the
synergistic inhibition effect of oxygen
and MEHQ.

[38,43]

(104)':"--";3

Rate coefficient describing the
inhibition of the peroxy radicals by
MEHQ radicals.

[38,43]
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Figures:

Figure 1: Photograph of a non-uniformly irradiated polymer gel dosimeter.
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Figure 2: Photograph of uniformly-irradiated polymer gel dosimeters. Radiation doses vary from
0 Gy for the vial at the left to 40 Gy for the vial at the right.
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Figure 3: Dose-response curve of 6%T, 50%C NIPAM/Bis Dosimeter ( ¢)
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Figure 4: Reaction mechanism for oxygen inhibition by scavenging of propagating radicals. R,*
is a propagating chain of length n, R,-O-O* is a polymeric chain of length n with a peroxy end unit, M is
monomer and DH is a hydrogen donor such as monomer or gelatin that can participate in a chain-transfer

reaction.l*”
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Figure 5: Comparison of simulated (==) and experimental (symbols) calorimetric data!'* obtained for 6
%T 50 %C PAG dosimeters. The dosimeters without oxygen were irradiated at a dose rate of 1.1 Gy/min
to a total dose of 8.8 and 15.4 Gy, respectively. The oxygen-contaminated dosimeter was irradiated at a

dose rate of 1.25 Gy/min to a total dose of 58.2 Gy.
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Figure 6: Comparison of simulated (-----) and experimental (symbols) gravimetric data!*’!
obtained for gelatin-free 50 %C PAG dosimeters irradiated at 1 Gy/min. Simulations were performed

using parameter estimates from Table 4.
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Figure 7: Simulation results showing the conversion of vinyl groups in PAG dosimeters with
different initial concentrations of oxygen. The 6 %T, 50 % C dosimeters were irradiated at a dose rate of

1 Gy/min to a total dose of 20 Gy. The concentration of O, in a dosimeter in equilibrium with air is 2.5
x10* M.

40



0,3

= 0251
S
(7]
o
S 0,2 1 a)
o
S
O 15ppm MEHQ, no O,
>
£ 015
>
S c)
c
o 2.5E-5M O, + 15ppm MEHQ
m 0’1 m
S
2
= b)
o
O 005 1 2.5E-5M O, , no MEHQ
0
0 100 200 300 400 500 600
Time (s)

Figure 8: Simulation results comparing the vinyl group conversion over time in dosimeters with
and without oxygen and MEHQ contamination. The simulated 6%T 50 %C dosimeters were irradiated at

a dose rate of 1 Gy/min to a total dose of 10 Gy.
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