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ABSTRACT:

'H- and ®C-NMR spectroscopy and FT-Raman spectroscopy are used to

investigate the properties of a polymer gel dosimeter post-irradiation. The polymer gel
(PAG) is composed of acrylamide, N,N'-methylene-bisacrylamide, gelatin, and water.
The formation of a polyacrylamide network within the gelatin matrix follows a dose
dependence nonlinearly correlated to the disappearance of the double bonds from the
dissolved monomers within the absorbed dose range of 0—50 Gy. The signal from the
gelatin remains constant with irradiation. We show that the NMR spin—spin relaxation
times (T,) of PAGs irradiated to up to 50 Gy measured in a NMR spectrometer and a
clinical magnetic resonance imaging scanner can be modeled using the spectroscopic
intensity of the growing polymer network. More specifically, we show that the nonlinear
T, dependence against dose can be understood in terms of the fraction of protons in
three different proton pools. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 79: 1572-1581,

2001
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INTRODUCTION

In clinical radiotherapy there is a requirement to
measure 3-dimensional (3-D) radiation dose dis-
tributions. This is particularly important in situ-
ations where high dose gradients exist and where
it is necessary to verify dose distributions calcu-
lated by 3-D treatment planning computers. Com-
mon dosimeters (i.e., ionization chambers, ther-
moluminescent diodes, radiographic films, etc.) do
not allow the measurement of 3-D dose distribu-
tions because of severe spatial limitations.!
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In 1984 it was proposed to use NMR relaxation
measurements of the Fricke? ferrous sulfate do-
simeter.® Tonizing radiation causes ferrous (Fe®")
ions to be converted to ferric ions (Fe®") through
radiolysis of an aqueous gel system. Fe®" ions
exhibit a larger paramagnetic enhancement than
Fe?" ions, and the NMR spin-lattice (T;) and
spin—spin (7T,) relaxation times of the dosimeter
are related to the concentration of Fe®* produced
and hence to the absorbed radiation dose. In this
radiation dosimetry system, ferrous sulfate solu-
tions were incorporated into a gel matrix in order
to spatially stabilize the absorbed dose signature.
Dose maps can be obtained using magnetic reso-
nance imaging (MRI). A limitation in ferrous sul-
fate dosimetry systems is the diffusion of ions in



the dosimeter, resulting in a spatially unstable
relaxation time or rate distribution.*~1°

Dosimetry based on the radiation-induced
chemical changes in polymers was suggested in
1954.'' As a result, the change in viscosity of
polyacrylamide solutions, which was supposedly
proportional to the absorbed dose of radiation,
was proposed as a dosimeter in 1961.'2 More re-
cently, polyacrylamide gel (PAG) radiation dosim-
eters were proposed in which the copolymeriza-
tion of acrylamide (AA) and N,N'-methylene-bi-
sacrylamide (BIS) monomers is believed to take
place. The monomers and final products are re-
tained in a gel matrix of either agarose or gela-
tin.'®1* In these radiologically tissue equivalent
polymer networks,!®'® the crosslinking of the
monomers was suggested to increase during the
copolymerization process in proportion to the ab-
sorbed radiation dose, although the final products
were not identified. Nevertheless, the resulting
change in the T, could be monitored using NMR
relaxation measurements. The uses of PAG for
radiotherapy dosimetry applications were report-
ed.!™2* In addition to MRI,*®*?3 optical tech-
niques including FT-Raman,?® laser attenua-
tion,?® and X-ray computed tomography?’ can
also be used to monitor the changes in PAG do-
simeters upon irradiation.

Despite the great clinical potential of gel do-
simetry, it is probably fair to say that no clinical
radiotherapy treatment has been altered because
of the results of gel dosimetry. This is partly due
to a lack of understanding of the fundamental
processes taking place in these materials post-
irradiation. The chemical modifications occurring
in PAGs have not been ascertained, leaving un-
answered the fundamental questions concerning
the behavior of the changes in NMR relaxation
times after irradiation with ionizing radiation.
Consequently, there is a good deal of confusion in
the existing literature where heuristic conclu-
sions have been drawn without firm experimental
evidence. This lack of knowledge results in unac-
ceptably large uncertainties in the evaluation
process. It is therefore necessary to undertake
fundamental measurements on these materials to
be able to develop gel dosimeters that will be of
use in the field of radiation oncology.

Various techniques can be employed to obtain
information on the chemical changes occurring at
a molecular level. For example, NMR spectros-
copy and FT-Raman have the potential to provide
quantitative information on the presence of dif-
ferent chemical groups in a molecule.
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We measured the *C-NMR, H-NMR, and FT-
Raman spectra of a PAG dosimeter with the view
to relating the macroscopic parameter T, to mi-
croscopic radiation-induced modifications in the
system. The polymer gel consists of two mono-
mers (AA and BIS) dissolved in an aqueous gela-
tin matrix. The measurements were performed on
different samples having absorbed doses up to 50
Gy. The results provide evidence for the polymer-
ization of the monomers that form a polyacryl-
amide network within the gelatin matrix. We
show that the T, of irradiated samples, measured
with a NMR spectrometer and with an MRI scan-
ner, can be modeled using the number of protons
of the growing polyacrylamide network derived
from FT-Raman spectroscopy. The latter calcula-
tions draw a direct link between the experimental
observations of a growing polymer network and
the associated changes in the T, recorded with
clinical MRI scanners.

EXPERIMENTAL

NMR Spectroscopy and Relaxation Time
Measurements

The NMR measurements were performed with a
Bruker MSL-300 spectrometer operating at a fre-
quency of 300.13 MHz for 'H and 75.482 MHz for
13C. The spectrometer was equipped either with a
commercial 7- or 4-mm double air bearing, magic
angle spinning probe, or a static 7-mm double
resonance probe. Unless otherwise indicated, the
samples were spun at approximately 1.5 kHz to
provide partial averaging of the dipolar couplings,
as well as averaging over B-field distortions.?®
The 90° pulse time for 'H-NMR was 6 us, the
spectrum width was 5 kHz, and 8000 data points
were acquired. The 90° pulse time used in the
high power proton-decoupled single pulse '3C
spectra was 5.5 us. The spectrum width was 38
kHz, and 4000 data points were acquired.

The chemical shift scale of the 'H-NMR spectra
followed the arbitrary setting of the H,O peak to
4.9 ppm while that of the 3C spectra was refer-
enced to the low-field resonance of adamantane
(38.23 ppm). The samples were left to equilibrate
at room temperature (22°C), transferred in ZrO,
rotors, and immediately scanned.

The T, measurements were performed using
the Carr—Purcell-Meiboom—Gill sequence. A sin-
gle point was collected at the echo maximum for
1024 echoes in a pulse train. The time between
successive 180° pulses was varied from 1.2 to 6.0
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ms to optimize the recording for our samples hav-
ing a range of T, values from 200 ms to 2 s,
respectively. In each case, the final intensity was
less than 5% of the original intensity. This condi-
tion ensured reliable exponential fits to the data.

The T, measurements were also undertaken
using the head coil of a Siemens Vision MRI scan-
ner operating at a frequency of 64 MHz. The
sample temperature was approximately 21°C. A
container holding the vials of gel was imaged with
a single slice in the coronal (horizontal) plane
using a modified conventional 32 echo spin—echo
pulse sequence. A repetition time of 4000 ms and
repeated echoes with an echo spacing of 50 ms
was used. The field of view was 256 X 256 mm,
the slice thickness was 5 mm, and the pixel size
was 1.0 X 1.0 mm. Four signal acquisitions were
used. Data were subsequently transferred to a
personal computer and processed to calculate T,
image “maps” using software written in-house.?®
Regions of interest of similar area and number of
pixels were drawn on each vial in the map to
obtain the T, values.

FT-Raman Spectroscopy

A complete description of the FT-Raman spec-
trometer (2000 FT-Raman spectrometer system,
Perkin—Elmer, Beaconsfield, UK) used here was
reported previously.?’ Briefly, the beam from a
continuous wave Nd:yag laser emitting at 1064
nm is directed onto the samples and the scattered
radiation is detected with an InGaAs detector.
There were 250 acquisitions at a resolution of 8
cm !, and a laser power of 400 mW recorded for
each sample.

Sample Preparation

The samples were prepared in a glove box purged
with N,. Oxygen is known to have an inhibitory
effect on the free-radical chemistry of irradiated
liquids®® and on free-radical polymerization.®!
More specifically, O, was shown to rapidly react
with acrylamide radicals.?? For this reason, the
atmosphere inside the glove box contained less
than 0.2 ppm of O,, as measured with an oxygen
meter (Quest Technologies). The samples for
NMR spectroscopy and FT-Raman spectroscopy
were kept in sealed “P6” glass vials (Amersham
International) prefilled with N,. The samples to
be imaged in the MRI scanner were kept in screw-
top glass vials. The samples were made of AA
(99+%, electrophoresis grade, Aldrich), BIS
(99+%, electrophoresis grade, Aldrich), gelatin

(300 bloom, Aldrich), and H,0 (deionized) or D,O
(99.94+% D atom, Aldrich). The details of the man-
ufacture of the gels were described previously.??
The polymer gel used in this study consisted of 3%
AA, 3% BIS, 5% gelatin, and 89% H,0 by weight.
This formulation was previously given the acro-
nym PAG,?® which is loosely used here, even for
our samples containing D,0 instead of H,O.

The samples were irradiated at 22°C with vy
photons from ®°Co in a Gammacell 200 (Atomic
Energy Canada Limited). Typically, the samples
irradiated to 1 and 2 Gy were placed in a lead
attenuator and the dose rate was 0.06 Gy s 1.
Otherwise, the samples were placed in a polysty-
rene holder and the dose rate was 0.27 Gy s~ 1.
Both dose rates were calibrated with an ion cham-
ber.?® A comparison between two gels irradiated
to 10 Gy at one or the other dose rate showed no
detectable difference in the T, values. Because
the T, evolves rapidly in the first few hours fol-
lowing irradiation, and more slowly thereaf-
ter,3+35 the samples were left in a refrigerator for
at least 3 days prior to the NMR investigations.

Degradation Model

Consider a target, containing initially n, reactant
molecules, that absorbs a differential dose D. In a
polymerization reaction, the rate of polymeriza-
tion is proportional to the number of reactant
molecules®® and a first order process is expected.
The number of reactant molecules n; remaining
after the absorption of a dose D is

np=A+ ne ?° (1)

where A is a parameter introduced to take into
account the background intensity underlying a
considered feature in a spectrum. The overall
shape of the curve is an exponential decay with an
initial intensity A + n, and the final intensity is
A. If we remove the background intensity from a
spectrum, the dose constant C can be redefined as
a half-dose, D» = 0.693C, which is simply the
dose required to obtain half the initial number of
molecules.

RESULTS

Peak Assignments

With the present formulation, the water protons
accounted for about 91.9% of the total number of
protons. Hence, the '"H-NMR spectra were highly
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Figure 1 'C-NMR spectra at 75.482 MHz of a PAG.
The spectra for the samples having absorbed doses of 0,
10, and 40 Gy are shifted for clarity. The structures
ascribed to the C=C double bonds of AA and BIS de-
crease with the absorbed radiation dose.

dominated by the water signal. Replacing H,O
with D,O lowered the water signal. It was then
possible to increase the receiver gain and thus
obtain a better signal to noise ratio for the weaker
peaks without extending the measurement time.
Figure 1 shows the '*C-NMR spectra of a PAG
dosimeter irradiated at 0, 10, and 40 Gy. Figure 2
shows 'H-NMR recorded at 300.13 MHz for PAGs
irradiated at 0, 10, and 50 Gy. The peaks were
assigned in comparison with spectra recorded
from separate aqueous solutions of the chemicals
diluted in H,O and D,0. A similar procedure was
used in an independent measurement of the 'H
spectrum of an unirradiated gel and the peak
assignments were identical.>” Some structures in
the 'H spectrum of polyacrylamide may be influ-
enced by the solvent, the pH, and the tempera-
ture.*® However, the assignments were in agree-
ment with published spectra of polyacryl-
amide.?**° TH-NMR spectra were reported for AA
and BIS in solution, and the relative position of
the peaks was similar.*!

In the '*C spectra (Fig. 1), a doublet near 129
ppm was specifically assigned to the vinyl groups
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of AA and BIS. Numerous peaks were found be-
tween 0 and 80 ppm and these could be attributed
to gelatin, which incidentally is composed of 20 or
more different monomeric species.*> From the
separate measurements on individual aqueous
solutions of AA and BIS, we identified the follow-
ing structures between 166 and 183 ppm. The
signal from the carbonyl group of BIS was located
at 168.6 ppm while that of AA was at 170.8 ppm.
The spectrum from gelatin contained several
peaks located at 171, 174.5, 177.4, 181.6, and
184.7 ppm. In the polymer gel system including
AA, BIS, and gelatin, all these peaks were super-
imposed. In the same spectral region, the high
resolution 2C of polyacrylamide from Ganapathy
et al. showed a single narrow peak assigned to the
carbonyl carbon at about 175 ppm.*°

In the 'H spectra of Figure 2 the dominant
peak near 4.9 ppm was attributed to residual H,O
and HDO molecules. We note that the intensity of
this peak was 3.5% of the water peak when H,0
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Figure 2 'H-NMR spectra at 300.13 MHz of a PAG.
The spectra for the samples having absorbed doses of 0,
10, and 50 Gy are shifted for clarity.
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was used. At the foot of this peak, a small peak
located at 4.8 ppm was attributed to the central
CH,, group of BIS. A second set of experiments
was performed on three samples containing H,O
having absorbed 0, 10, and 50 Gy. The samples
were spun at 6 kHz to prevent the spinning side
bands from overlapping the structures. The re-
sults are shown in Figure 2 for the chemical shift
range from 6.65 to 8.9 ppm. A doublet having
peaks located at 7.1 and 7.8 ppm was assigned to
the inequivalent protons of the NH, group of AA.
A peak centered at 8.7 ppm, attributed to the NH
groups of BIS, was superimposed on a broad sig-
nal attributed to the NH groups of gelatin. A
'H-NMR study of the amide side chain of a com-
mercial polyacrylamide sample revealed a triplet
centered near 7.7 ppm and a singlet at about 7
ppm that were assigned to the trans and cis pro-
ton of the amide group, respectively.?® Two sharp
multiplets observed near 5.9 and 6.3 ppm were
assigned to the vinyl groups of AA and BIS. The
large number of peaks recorded between 0 and
4.65 ppm were attributed to gelatin. We observed
new peaks at 2.3 and 1.8 ppm from solutions of
AA in H,O0 irradiated at 50 Gy (not shown). The
latter, which may have been due to CH,, groups of
a polyacrylamide network, were not seen in the
spectra of the irradiated polymer gel of Figure 2.

A set of FT-Raman spectra recorded from PAG
samples having absorbed up to 50 Gy was re-
ported earlier.?”> However, we acquired a new set
of spectra in order to get a better signal to noise
ratio to analyze structures having low intensities.

Figure 3 shows a portion of the FT-Raman
spectra of the polymer gel between 2800 and 3150
cm ! for three different absorbed doses of 0, 10,
and 50 Gy. The 0-Gy spectrum contains two prom-
inent peaks with maxima at 3111 and 3039 cm ™ ?,
as well as structures at 2995, 2980, 2940, and
2884 cm '. The first two were ascribed to the
antisymmetric and symmetric vinyl CH stretch
from both BIS and AA. The peak at 2995 cm !
was ascribed to the alkyl CH stretch of AA. The
intensity of the peaks at 2940, 2980, and 2884
cm !, although different from zero in the 0-Gy
spectrum, increased with the absorbed dose. The
peaks at 2940 and 2884 cm ! resulted from the
excitation of the antisymmetric and symmetric
alkyl CH stretches from gelatin and, as is dis-
cussed below, from a growing polymer network.
The 2980 cm ™! band was attributed to the CH
group part of a polymer chain.

Finally, we recall that two bands located at
1256 and 1285 cm ! were previously assigned to
the vinyl 8¢y, vibrations of BIS and AA, respec-
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Figure 3 FT-Raman spectra between 2800 and 3150
cm ™ Yof a PAG for three different absorbed doses of 0, 8,
and 50 Gy, which are shifted vertically for clarity. On
the 0-Gy spectrum, two prominent peaks are seen at
3111 and 3039 cm ™ *. They are ascribed to the antisym-
metric and symmetric vinyl CH stretch from both BIS
and AA. Although their intensity decreases with the
absorbed dose, the intensity of the 2980 and the 2884
cm ! peaks increases. They are specifically ascribed to
the antisymmetric and symmetric alkyl CH stretches of
a growing polyacrylamide network.

tively.?® The intensity of the vinyl 3¢, vibrations
was dependent on the absorbed dose and thus
FT-Raman imaging was proposed to obtain dose
distributions with high spatial resolution.?®

Peak Intensities as Function of Absorbed Dose

The water content of the samples did not change
significantly with the absorbed dose. Assuming a
G value of 5 for the dissociation of water mole-
cules,*® only 4.7 X 10~ "% of the H,0 molecules
will be broken after a 50-Gy absorbed dose. Fur-
thermore, the signal from water vibrations in all
FT-Raman spectra was found to be constant over
the absorbed dose range studied. Therefore, the
intensity scales of the different 'H spectra re-
corded for samples having absorbed from 0 to 50
Gy were normalized to the residual water peak
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Figure 4 A comparison of the intensity of the
—C=CH, vinyl (8¢y,) vibrations of AA and BIS with
the 'H- and *C-NMR signal from the same chemical
moiety. The PAGs are composed of 3% AA, 3% BIS, 5%
gelatin, and 89% H,O by weight in the FT-Raman
(curve a) and **C-NMR (curve b) results and 89% D,0
in the "H-NMR results (curve c). The half-doses from
the monoexponential fits are discussed in the text.

intensity. By comparing the 'H spectra at differ-
ent doses, it was apparent that the peaks as-
signed to gelatin (0—4.65 ppm) remained un-
changed upon irradiation while those ascribed to
the vinyl group of AA and BIS decreased to zero.
The '3C spectra were therefore normalized to the
integral of the signal originating from the gelatin
peaks (0—80 ppm). It was then apparent that the
peaks from the vinyl groups of AA and BIS de-
creased dramatically.

Figure 4 shows the integral of peaks assigned
to various AA and BIS groups. The half-dose of
the monoexponential fits to the data are also
shown in the figure. More specifically, the curves
were fitted with the exponential decay function of
eq. (1). We used a built-in monoexponential fitting
function based on the Levenberg—Marquardt al-
gorithm from Microcal™ Origin™ (Microcal
Software, Inc., Northampton, MA), which gives
the value and the absolute uncertainty of the
parameters that best describe the data.

The vinyl 8¢y, vibrations of BIS and AA were
observed at 1256 and 1285 cm ™!, respectively,
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with FT-Raman spectroscopy.2® Those bands de-
cayed exponentially with the absorbed dose, al-
though with a different half-dose (Fig. 4, curve a).
More specifically, the half-doses of the exponen-
tial decays for AA and BIS were 8.36 = 0.90 and
452 + 0.49 Gy, respectively. A similar observa-
tion confirming the faster disappearance of BIS
was reported by Nieto et al. for the chemically
induced copolymerization of AA and BIS in solu-
tion and was taken as evidence for the larger
reactivity of BIS.*!

Figure 4 represents the intensity of the peaks
assigned to the vinyl groups of AA and BIS lo-
cated near 129 (curve a) and 5.9 ppm (curve b) in
the C and 'H spectra, respectively. The half-
doses were 7.44 * 1.18 and 7.62 = 0.71 Gy, re-
spectively. The spectroscopic signature of the vi-
nyl groups of AA and BIS are superimposed in our
13C- and 'H-NMR spectra. By simply weighting
the half-doses for AA and BIS obtained from FT-
Raman by the total number of double bonds, we
obtained a half-dose of 6.52 = 0.70 Gy. Consider-
ing that the errors quoted only include the uncer-
tainty from the fitting procedure, the agreement
between the estimated weighted value and the
experimentally determined values was very good.
This justified the normalization of the NMR spec-
tra a posteriori and showed the good agreement
between the two spectroscopic approaches.

The main features in the region of the FT-
Raman spectra located between 2850 and 3150
cm ! (Fig. 3) can be reasonably well fitted with 6
Gaussians centered at the locations mentioned
above. The intensity of the bands located at 3111,
3039, 2940, and 2884 cm ! are shown in Figure 5.
The first two bands were found to have respective
half-doses of 7.28 *= 1.62 (=CH, antisymmetrical
stretch, BIS and AA) and 6.63 = 0.53 Gy (=CH,
symmetrical stretch, BIS and AA). On the other
hand, the bands located at 2940 and 2884 cm !
were growing with the absorbed dose with respec-
tive half-doses of 6.20 = 1.81 and 5.37 = 2.15 Gy.
The relatively large uncertainty on the latter
half-dose value stemmed directly from the rela-
tively low signal intensity of the band located at
2884 cm ' (Fig. 3).

Spin-Spin Relaxation Time for Different Absorbed
Doses

Figure 6 shows the T, measured from PAG do-
simeters that absorbed up to 50 Gy, which were
measured with the 300.13-MHz NMR spectrome-
ter and 64-MHz clinical MRI scanner. A tentative
exponential fit to the data gave half-doses of 4.68
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Figure 5 The intensity of the C—H stretching vibra-
tions of AA, BIS, and a polyacrylamide network in a
PAG as a function of the absorbed dose. The vibrations
from the polyacrylamide network grow with the same
half-dose as the vibrations from the monomers decay.

+ 0.37 and 2.56 = 0.06 Gy, respectively. The solid
lines were obtained from a model described below.
Also shown in Figure 6 are the commonly em-
ployed “dose response” [i.e., relaxation rate R,
(1/T,) against dose] graphs.

DISCUSSION

In the presence of a chemical initiator, AA and
BIS are well known to form a polyacrylamide
network in an aqueous solution.**~*” Copolymer-
ization of the vinyl groups of the monomers (AA
and BIS) creates a C—C chain with amide side
chains. BIS acts as a crosslinker that binds two
chains together. The creation of clusters of finite
size leads to an increased turbidity in polyacryl-
amide gels (PAGs).*"

Our 'H-NMR spectrum of an irradiated solu-
tion of AA (not shown) was very similar to the
spectrum of a polyacrylamide sample published
by Ganapathy et al.*® This showed that radiation-
induced polymerization of AA was achievable
within the dose range used in this study. How-
ever, in a gelatin matrix, although the intensity of
the double bonds from AA and BIS decreases rap-
idly with dose, the characteristic signature of the
CH and CH, groups did not emerge from the
gelatin background intensity. If we assume that
copolymerization occurred (as evidenced below),
the polyacrylamide chains crosslinked with BIS
were likely to precipitate out of solution. As the
quantity of polymer increased with the absorbed
dose, the relaxation via interaction with the poly-
mer surface became more efficient and the 7', of
this polymer gel dropped rapidly'® (Fig. 6). The
line width of the NMR peaks of the polymer is

3% AA, 3% BIS,
1.0F °© 5% gelatin, 89% H,O -
09F 64 MHz -
300 MHz
08 1
45 ._l e rerrr’t ‘_-
07f “0F 48 1 -
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Figure 6 The nuclear spin—spin relaxation time (7',)
and relaxation rate (R,) for PAG samples in the 0-50
Gy range. The results were obtained at (O) 64 and (@)
300.13 MHz. (—) The results as obtained with a model
described in the text.



likely to become so broad that the peak will be-
come very difficult to observe at room tempera-
ture, as was shown to be the case for the copoly-
merization of AA and BIS in solution.? It can
thus be expected that the signal from other chem-
ical groups in AA and BIS would “disappear” with
the same half-dose as the double bonds. Cross-
polarization (CP) experiments, on another hand,
are more sensitive to the presence of rigid poly-
mer chains. We measured the CP spectrum for
the samples having absorbed 0 and 50 Gy. The
latter showed the presence of a peak located at 41
ppm and a shoulder near 35 ppm. These peaks
correspond to CH and CH, groups of polyacryl-
amide.40’48’49

The FT-Raman results of Figure 5 clearly show
the formation of alkyl CH,, vibrations, which in-
dicates the formation of a saturated chain of car-
bon atoms. Within the uncertainties in the fits,
the half-dose for the appearance of the alkyl CH,
vibrations was the same as for the disappearance
of the double bonds. Furthermore, the value of the
half-dose was confirmed by both the H- and 2C-
NMR results (Fig. 4).

In Bansil and Gupta Raman study a band
at 3045 cm ™! was observed that grew as copoly-
merization of AA and BIS in water proceeded.
This vibrational band was assigned to a CH,
stretching from a C=CH,, group from a BIS mol-
ecule part of a polymer chain, but having one
double bond unreacted. In the present study the
intensity of this band was below the limit of de-
tectability in Figure 3. Other researchers made a
direct correlation between the amount of cross-
linker (BIS) and the degree of crosslinking in a
PAG.?® However, the observation that some BIS
molecules in polyacrylamide may have an unre-
acted double bond argues against such a direct
relationship.

We obtained different G values (defined as the
number of molecules of material changed, or of
product formed, for each 100 eV of absorbed en-
ergy in the system*?) from the NMR spectra and
FT-Raman spectra. To a first approximation, the
initial decrease of the double bonds intensity can
be considered linear from 0 to 8 Gy. We observed
that 50% of the double bond intensity from AA
and 27% of that of BIS remained after 8 Gy.
Knowing the initial chemical composition of the
polymer gel, we calculated the G values for the
consumption of the double bonds of AA to be
G(—db) = 2.54 X 10° and for BIS to be G(—db)
= 3.42 X 10°. From those values, assuming every
double bond of AA and BIS participates in the
formation of an alkyl chain (i.e., copolymeriza-
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tion), the G value for the formation of alkyl CH,
groups was calculated to be about G(—CH,—) =5
X 105,

In a diluted solution, the initiation of polymer-
ization is thought to be caused by free radicals of
water. Therefore, if we make the crude assump-
tion that every radical from water [G (total radi-
cal) ~ 10]*® attacks a double bond from AA or BIS
to initiate a polymerization reaction, we find that
the degree of polymerization (i.e., the number of
repeating monomer units in a polymer chain®?) is
of the order of 10%, the same order of magnitude
expected for vinyl polymerization®! and that ob-
tained for copolymerization of AA and BIS in so-
lution.?! The simple degradation model we used
assumes a probability of reaction of a double bond
with a water radical that is independent of the
amount of polymer formed (i.e., independent of
the remaining number of double bonds). The
monoexponential decrease of the double bond in-
tensity with the absorbed dose may suggest that
this condition is realized in PAG dosimeters. This
may imply that the diffusion of the monomers in
the gelatin matrix is independent of the absorbed
radiation dose, within the range covered in this
study, in agreement with monomer diffusion mea-
surements on the same system.37

Copolymerization reactions of AA and BIS cre-
ate a solid polyacrylamide network within the
gelatin matrix. We made calculations using the
classic model of fast exchange®? in which the mea-
sured T is given by

H H H
1 _ mob pol + fgela

= +
T2 TZ,mob T2,p01

(2)

T2, gela

where 2 . ffi,l, and fgza are the fraction of
protons in the mobile, polymer, and gelatin pools,
respectively; and T ,,0p, Topo, and T gq, are
their respective intrinsic NMR spin—spin relax-
ation times. The fractions of protons in the first
two pools were evaluated using the initial concen-
trations of the solution and the curve for the pro-
duction of polymer CH, vibrations in Figure 5.
The mobile pool initially contained the protons
from water and the monomers, the latter protons
being transferred with a half-dose of 7.50 Gy in
the polymer pool. The fraction of gelatin protons
was estimated to be 4.35% and was kept constant
as suggested by Figures 1 and 2. Using a similar
equation, the T .., could be determined experi-
mentally to be 37 ms from a sample containing 5%
gelatin and 95% H,0. In order to fit the data, the
T3 501 Was set at 13 = 1 ms and T ,,,,, Was set at
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2 s for 300.13 MHz. For comparison, the results
obtained from the clinical MRI scanner operating
at 64 MHz were added to Figure 6. The T ,,,,, was
set at 3 s, which agreed with the observation of an
increase for T, with decreasing field strength for a
polymer gel.'® The results are presented as solid
lines in Figure 6, and it is apparent that the
relaxation properties of the PAG are well repre-
sented by the model.

On the basis of this simple model, it is not
strictly correct to fit a monoexponential decay to
the decrease in T, with the absorbed dose. How-
ever, the half-dose that was obtained from the
300-MHz measurements was 4.68 = 0.37 Gy. In-
terestingly, this value is smaller than the half-
dose used to calculate the number of protons in
the polymer chain. Several authors simply as-
sumed that the observed changes in T, were
solely due to the “presence” of the solid formed
polymer that was thought to increase linearly
with the absorbed dose.'?3559%3 Although it may
be approximated to a linear function in the first
few Grays of radiation, the present work showed
that there was no linear relationship between the
increase in polymer protons and the decrease of
T, (or the increase of Ry). Furthermore, the non-
linearity of T, (or R,) with the absorbed dose has
profound implications in the determination of the
absorbed dose from the polymer gels in applied
radiotherapy gel dosimetry.>*°

A recent article presented a study of the evolu-
tion of T, as a function of postirradiation time and
showed a continuous decrease over many days.>5
Although the authors did not characterize the
processes involved or the products formed and
their affirmation was solely based on 7', measure-
ments, they claimed a polymerization reaction
was proceeding throughout the time interval. We
point out that a continuous phase separation or a
rearrangement of the polymer giving it a tighter
structure could also have a similar effect. We will
address this issue in more detail in a forthcoming
article.”® We gathered some evidence that the T\,
relaxation is dominated by chemical exchange.?”
In this regard, not all amide protons in the poly-
acrylamide chain may be easily accessed for ex-
change, especially in the formation of complex
geometries.

CONCLUSIONS

We characterized the chemical changes occurring
in a PAG radiation dosimeter, consisting of AA,
BIS, gelatin, and water, using *C-NMR, 'H-

NMR, and FT-Raman spectroscopy. We showed
that irradiation of AA and BIS in a gelatin matrix
leads to copolymerization of the monomers, with-
out the inclusion of gelatin molecules. Specifi-
cally, the double bonds from AA and BIS disap-
peared with a half-dose near 7.5 Gy while the
signal from gelatin remained constant over the
absorbed dose range up to 50 Gy. A polyacryl-
amide network grew with the same half-dose,
within experimental errors. This polyacrylamide
network within the gelatin matrix was character-
ized with CP experiments results identical to a
similar experiment performed on a polyacryl-
amide sample.*’ The T, values recorded at 64 and
300.13 MHz were fitted accurately by a simple
classical model. The number of protons belonging
to the polymer proton pool was directly derived
from the FT-Raman spectra. Based on this model,
new gel formulations covering a selected range of
T, values can be envisaged.
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