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ABSTRACT: In this study, we present the experimental
results for the crosslinking process of a commercial polyes-
ter resin based on measurements of the spin lattice relaxa-
tion time T; of protons, as function of the crosslinking
time evolution. Multiexponential decomposition of the
evolution of magnetization measured in inversion-recovery
experiments is performed. The population of “rigid” and
“mobile” nuclear spin sites was estimated as function of
time evolution. In analogy to the usual monomer conver-

sion u, site conversion from “mobile” to “rigid” sites uy,
were also estimated as a function of time evolution and
initial concentrations of the reagents. The multiexponential
decomposition approach of T relaxation data allows one
to follow crosslinking processes. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 121: 2220-2225, 2011

Key words: relaxation
time; NMR

crosslinking; kinetics; mobility;

INTRODUCTION

Typically, more than 70% of synthetic polymers for
commercial use are crosslinked." Crosslinking den-
sity and the mobility of chain segments practically
determine mechanical properties of network poly-
mers instead of the chemical structure of network
chains.? However, information on crosslinking den-
sity and the mobility of chain segments are difficult
to get by standard chemical techniques. Therefore,
several studies of crosslinking polymers by 'H relax-
ation time measurements®” and NMR imaging®
were performed, improve knowledge about the
mechanism properties. On the other hand, crosslink-
ing kinetics knowledge can be used to improve the
design of mechanical properties of polymeric materi-
als. In some cases, crosslinking kinetics could be
estimated from imaging experiments.” In this case,
discrimination can be quite reduced because image
intensity values have mixed contributions from both
spin-lattice relaxation and spin-spin relaxation
processes.® Besides, in more complex reticulation
processes, the crosslinking agent can be found in
different motional regimes. In these cases, it is man-
datory to carry out two or more different kinetic
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studies to rule out any doubt concerning to time
evolution of the crosslinking. In the past, spin-lattice
relaxation measurements were used to follow curing
progress by radical process. However, quantitative
conclusions were not straightforward because of the
small number of measured points and, as result,
they were not very accurate.’

In this study, we conducted nondestructive experi-
ments to follow the crosslinking kinetics using nuclear
magnetic resonance (NMR) relaxation time measure-
ments and multiexponential relaxation data.'® The
commercial resin crosslinking process and the spatial
homogeneity of the reaction were followed by spin—
lattice and spin-spin relaxations and MRI measure-
ments as function of reaction time (f,).

EXPERIMENTAL ASPECTS AND METHOD
DESCRIPTION

Material

The commercial resin used in the experiments was
the polyester resin, Resapol 10-249, from Reichhold.
This material is a high resistant resin used in aggres-
sive atmospheres.'" The resin cure is induced by
addition of the catalyst methyl ethyl ketone perox-
ide. After the addition of the catalyst, the cure
process is fast; however, the cure time can be
adjusted as function of the amount of catalyst added
to the resin.'> The polyester resins are unsaturated
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TABLE I
Characteristics of the Resapol 10-249 Resin (Reichhold)
M, (g/mol) 7896
M, (g/mol) 16,442
Acid value (mg KOH/g) 28
Viscosity at 25°C (cP) 1400-1800

polymers of high molecular weight and generally
they can be diluted in styrene. Since the styrene
molecules are also unsaturated, they can be also
responsible for crosslinking the polymer chains.

The resin is based on styrene monomer and poly-
ester containing ethylene glycol and diethylene
glycol. Besides there are three acids, maleic, phthalic,
and isophthalic. Some characteristics of the resin are
summarized in Table L

The reactions were started by adding the catalyst to
resin and stirring the mixture until the solution
becomes homogeneous. After that, the solutions were
placed in a cylinder sample holder of PVC, which is
5.0 cm high and its internal diameter is 2.5 cm. The
sample holder was hermetically closed (oxygen inhib-
its polymerization process'>'®) and transferred to the
center of rf coil which has an homogeneous region of
7.0 cm in the axial direction. The recommended ratio
between the mass of resin m, and catalyst m. indicated
by the manufacturer is 66.7. The ratio was changed
with the purpose of verifying different kinetic
regimes of cure. The ratios used in some MRI experi-
ments and spin-lattice relaxation time measurements
are indicated in Table II.

Characterization methods

The NMR experiments were performed on a Varian
Inova Unity system operating at 85 MHz (B = 2.07
T) for proton resonance. The system operates with a
horizontal 30 cm bore size magnet. For a power level
of 55 dB, 90° rf pulse length is 36 ps.

Spin echo multi slice sequence (SEMS) were used
on MRI experiments. To get T, weighted images,
echo time Tg and repetition time Tr were adjusted
to minimize T effects.® This method has been used
to follow crosslinking since last decade'® because T,
relaxation time is very sensitive to local motions.
Thus, the formation of a polymer leads to a change
in local motion, as observed by Jackson et al.” Since
curing process of the Resapol is exothermic, several
MRI experiments have been done to verify if there is
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TABLE II
Values for m,/m, for Various MRI and T; Experiments
MRI T,

Experiment A B C A B C D

m,/m, 60.0 66.7 1316 333 500 672 1333

a possible temperature gradient between central and
boundary regions in the sample, resulting in a spa-
tially non homogeneous crosslinking process. Field
of view (FOV), image matrix size, and slice thickness
of some experiments are indicated in Table IIL

Spin-lattice relaxation time T; was measured
using the inversion-recovery pulse sequence. In nu-
clear spin systems, where exponential relaxation
process prevails with one characteristic mean relaxa-
tion time T3, inversion-recovery sequence provides a
z-component magnetization function of inversion
time T; (delay between pulses) given by:

M_(T;) = Mo[1 — 2exp(=T;/T)] )

where M is the equilibrium magnetization. In the
next section, spin-lattice relaxation time measure-
ments are analyzed considering the spin system
response to inversion-recovery pulse sequence.

In addition, spin-spin relaxation time T, was meas-
ured using CPMG pulse sequence, which provides a
transversal component of the magnetization as func-
tion of the time delay between pulses t given by:

M (21) = Mopexp(—21/T>) (2)

where here we also considered an exponential relax-
ation process.

It was also measured Young’s modulus of the sam-
ples used on T; experiments. All measurements were
carried out using an universal testing machine (EMIC
DL-2000) and according to ASTM D638. The Young's
modulus was calculated by measuring the slope of
stress—strain curve between 0.04% and 0.1% of strain.

RESULTS AND DISCUSSION
Magnetic resonance imaging

Figure 1 presents images of the MRI-A experiment.
Under MRI-A experiment conditions (Table III),

TABLE III
MRI Experiment Parameters

Experiment FOV (mm) Matrix size (m x n) Slice thickness (mm) Tr (ms) T (ms) Resolution (mm)
MRI-A 30 x 30 64 x 64 10 1500 12.7 0.469 x 0.469
MRI-B 30 x 30 64 x 64 5 1000 12 0.469 x 0.469
MRI-C 50 x 50 128 x 128 5 1000 12 0.391 x 0.391
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Figure 1 A specific slice images as a function of reaction time (from MRI-A experiment). The dark region on top of

images is an air bubble.

imaging intensities are mainly governed by transver-
sal relaxation process. It can be observed from all
images that, apparently, intensities of the pixels uni-
formly decrease in the whole area of the sample as
function of reaction time. If relaxation process is dic-
tated by motion regime, it seems that motion picture
changes almost at the same rate in the whole
sample. To verify this statement, it was performed
an intensity image analysis using a software. It was
calculated standard deviation o, considering pixels
from a central region on images and from back-
ground noise. The results were similar, which indi-
cate that variations of pixel intensity should be
smaller than noise level.

Relaxation measurements

All relaxation measurements were made in spectros-
copy mode. The T; measurements were performed
along with curing process of resin. All repetition
times in relaxation measurements were adjusted to
2.5 s because T; value in liquid resin without cata-
lyst is 520 ms. However for long reaction times,
fitting process using eq. (1) is quite inadequate.
To illustrate this aspect, Figure 2(ab) indicate the
fitting curve and the corresponding experimental
data at two different reaction times. The relaxation
function in Figure 2(a) was measured at reaction
time ¢, = 19 min. The continuous line is the fitting
function using eq. (1). Figure 2(b) indicates the best
fitting curve and relaxation function at reaction time
t, = 130 min.

These results suggest that the previously com-
mented assumption that there is just one exponential
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process, with mean value relaxation time T; [eq. (1)],
is not appropriate to describe the relaxation process
for long reaction times.

To describe this regime more accurately, it was
adopted that molecular motion around A-type
nuclear spins regions is quite distinct of B-type ones.
This means that relaxation process of the j-type site
(with j = A, B, etc.) is exponential with characteristic
relaxation time Ty;. Besides, apparently, there is no
significant magnetization diffusion between sites;
otherwise relaxation times would be similar. Consid-
ering A and B sites only, inversion-recovery experi-
ments should produce signals as:

MZ(Ti) = M()A[l - 2exp(fTi/T1A)]
+M()B[1 — 2exp(7T,v/T13)] (3)

where My, and Mg are equilibrium magnetizations
of A and B regions and T;4 and T;p are characteris-
tic relaxation times of A and B regions, respectively.
Thus, Mys and Mg are proportional to spin density
in these sites. This approach was used by Geppi
et al."” to probe molecular motions of polymeric
materials above the glass transition temperature.
However, in that study, the multiexponential behav-
ior was observed by spin-lattice relaxation time in
the rotating frame T;,. The results indicate differen-
ces in Ty4 and T, by a factor of two orders of mag-
nitude and My, and Myp varying as a function of
reaction time. The larger value of T, (T}\) was asso-
ciated with the most mobile site, that will be repre-
sented by [M](t,), while smaller T; value (T;g) will
be associated with the most rigid site, that will be
represented by [R](t,). According to Currie Law, the
values of [M](t,) and [R](t,) are proportional to spin
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Figure 2 (a) Experimental data and fitting curve using
eq. (1) for t, = 19 min.; (b) Experimental data and fitting
curve using eq. (1) for t, = 130 min.

densities of mobile and rigid sites and also to the
concentration of these sites, respectively.

In the model, it was adopted that there are only
two kinds of sites present in the system. Equations
(4) and (5) are normalized [M](t,) and [R](¢,):

B Moa(ty)
M) = ¥oaltr) + Mont) @
(8 p—_ )

- Moa(t,) + Mop(t,)

The results obtained for these populations in
experiments T1-A and T1-C are shown in Figure
3(a,b), respectively.

At the beginning, for small reaction times, the con-
centration of mobile sites is high while the concen-
tration of rigid sites is almost null. It explains the
successful fitting using one exponential [eq. (1)] of
the relaxation data for small times [Fig. 2(a)]. After
induction time, the concentration of mobile sites rapidly
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decreases causing an increase on concentration of
rigid sites. The gel effect can be observed starting from
t, = 20 min for T1-A and t, = 46 min for T1-C experi-
ment, while glass effect can be considered starting from
t, = 60 min for T1-A and ¢, = 150 min for T1-C. At the
end of experiment, the concentration is 43% for mobile
sites and 57% for rigid sites for T1-A. In the experiment
T1-C, the final concentrations of mobile and rigid sites
are 47 and 53%, respectively. Each experiment is ended
when there is no significant change in T; values.

The mobile site conversion uy, into rigid site can
be defined as:

(6)

The analysis of the mobile site conversion can
help the selection of cure parameters as reaction
time and final conversion. Figure 4(a) illustrates the
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Figure 3 (a) Concentrations of mobile and rigid sites
obtained in experiment T1-A. (b) Concentrations of mobile

and rigid sites obtained in experiment T1-C.

Journal of Applied Polymer Science DOI 10.1002/app



2224
0,7
{(a)
0,6 -
EE m__seee ¢ o o
mgn " O.... Abdh A
0.5 ® o’
®
. A
0.4 4 A AL A
5 . ¢ . A L
& P v?Y
0.3 ah -
v
o LY m TI-A
0,2 - - A e TI-B
A v A TIC
® LAy -C
0,1 4 - v TI-D
| | ]
5 o wvh
.
o.o-r_@w
T T T T T T T T T T ¥ T T T
0 25 50 75 100 125 150 175 200
t_(min)
58
1(b)
57 4 L ] [ |
= 56
S
‘®
s
@ 554
=
S
O saq
«
= J
= s34 A m 333
J ® 50.0
5 A 72
2] v v 1333
51 T T T T T T T T T T
1.30 1.35 1.40 1.45 1.50 1.55 1.60

Young's Modulus (GPa)

Figure 4 (a) Mobile site conversion as a function of time
for different ratios m,/m. listed in Table II. (b) Final mo-
bile site conversion, obtained by NMR, versus Young's
modulus, for different m,/m. ratios.

mobile site conversion of four different experiments,
which proportions of resin and catalyst are indicated
in Table II. The reaction time, the velocity of reac-
tion, and the final mobile site conversion can be
adjusted by the increase of catalyst concentration.
From these results, the most pronounced change can
be seen in the T1-A experiment.

Figure 4(a) also clearly shows that an increasing
catalyst concentration results in a reaction velocity
enhancement, as expected, as well as the final mo-
bile sites conversion. Consequently, the interval of
time that reaction remains on gel regime is reduced.
The period of gel regime for T1-A experiment is
about 40 min while for T1-C it is around 100 min.
Both final mobile site conversions for the T1-A and
T1-B experiments are 57%, while for T1-C and T1-D,
they are 53 and 52% [at t, = 440 min, in Fig. 4(a)
this instant time is out of range], respectively.
Although in most experiments a little more than
50% of the mobile sites have been converted, all

Journal of Applied Polymer Science DOI 10.1002/app
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samples present high mechanical rigidity at the end
of reaction process.

To correlate mechanical rigidity with final conver-
sion, it was carried out Young’s modulus measure-
ments as a function of the ratio m,/m.. The results
are shown in Figure 4(b) where it can be noted that
the final conversion, obtained by NMR, is increasing
with the Young’s modulus. There is some correlation
between Young’s modulus and final conversion;
however, a high Young’s modulus value does not
mean a high final conversion. It looks that Young’s
modulus value is also determined by the specific
kinetics of the reaction. It should be remarked that
the most suitable ratio, recommended by the manu-
facturer, was used in the T1-C experiment. Accord-
ing to these results, we may conclude that there are
others ratios that can be a better choice, since they
can result in larger final mobile site conversions in
shorter times and larger mechanical rigidity.
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Figure 5 (a) T1p and Tii obtained from the fitting using
eq. (8) for T1-A experiment. (b) Tip and Tig obtained
from the fitting using eq. (3) for T1-C experiment.
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ms; and (V) T; (f, = 162 min) = 0.50 ms.

Figure 5 shows T; measurements as a function of
reaction time. The values of Ty and Tz were
obtained from the biexponential fitting function [eq.
(3)] for T1-A and T1-C experiments. There can be
observed differences around two orders of magni-
tude of Tyy and Tig values in each experiment. T,
differences, during reaction, indicate quite distinct
motion regimes for mobile and rigid sites. Both Ty,
and Tr measurements present double-wing-shape
curves, despite Tig curve is more pronounced. This
discrepancy indicates that rigid sites experience a
significant change in neighborhood motion regime
during curing process which is in accord with a pic-
ture of the crosslinking formation. Although Paci
et al” has also observed an initial biexponential
behavior, it disappears as the reaction proceeds. In
that work,’ the T; values of the rigid and mobile
sites tend to be equal. The shapes of the curves are
similar to that one found in the mentioned work.

Usually 'H spin-spin relaxation time T, is a more
sensitive and specific parameter concerning to
changing molecular motion, as it can be seen in the
NMR literature.!>® However, for this system, T,
measurements under several conditions have
showed that magnetization decay is always monoex-
ponential. Figure 6 shows some magnetization decay
measurements during reaction time for a sample
prepared following ratio m,/m. recommended by
the manufacturer. All curves can be fitted by a
monoexponential decay characterizing a single T,
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value. T, measurements cannot be used to discrimi-
nate rigid sites from mobile sites in this system.

CONCLUSIONS

The analysis of measurements based on the multiex-
ponential decomposition of T; relaxation data allows
to follow crosslinking processes. This procedure ena-
bles one to follow the site concentration during the
curing process. Mobile site conversions obtained by
this procedure clearly show induction, gel and glass
phases. Parameters such as induction time, gel phase
time, and reaction velocity can be extracted from site
conversion curves. The procedure is also appropriate
to study motion regimes by T; values during cross-
linking process. It has been applied to follow the cure
kinetics in polyester-based resins prepared under
different conditions. Although the procedure should
be compared to other methods, it is expected that it
complements studies on polymerization kinetics.
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