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ABSTRACT: Conductive polymers were obtained with a
new polymerization method in which UV light was used as
a photochemical initiator. In a previous work, optimum
irradiation times were determined to obtain high conversion
percentages. The effect of dopants on the conductivity of the
polymer poly(ethylene glycol dimethacrylate) (PEGDM)
was studied with LiClO4 and I2 as a dopant. The most
effective dopant concentration was determined by the mea-
surement of conductivities. Through the tracing of the con-
ductivity change at various temperatures during the reac-
tion of PEGDM with the dopant, the activation energies of
the interactions were calculated, and a method was devel-
oped to follow the kinetics of the polymerization reaction
with a conductometric technique. This work presents a nu-
clear magnetic resonance (NMR) study of the same polymer
prepared under the optimum conditions with the results

obtained in a previous study. NMR spectroscopy was used
to determine the relaxation time, rate constants, and activa-
tion energy of the polymer–dopant interactions. As a pre-
liminary study, pyruvic acid was used, and for acid-cata-
lyzed pyruvic acid/water reactions, the relaxation time, ac-
tivation energy, and enthalpy change values (�H) were
determined. With the same NMR technique, the reaction
mechanisms of the polymerization, relaxation times, and
rate constants of the polymer–dopant interactions were de-
termined. The polymerization pathway was determined
with NMR spectra; the results were confirmed by the calcu-
lation of the activation energies and bond-breaking energies.
© 2006 Wiley Periodicals, Inc. J Appl Polym Sci 100: 5087–5101, 2006
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INTRODUCTION

The development of conducting polymers can be
traced to the mid-1970s.1,2 A major discovery was that
certain polymers such as polysulfonitride3 and poly-
acetylene4 can be made highly conductive in the pres-
ence of certain additives called dopants.5

Although the mechanism of conduction remains in-
completely understood, it is believed that certain
structural features influence the level of conductivity;
they include delocalization (charge may be transferred
through pendent groups), doping (by additional
groups rearranging double bonds into a conjugated
mode6), and morphology (conjugational and confor-
mational factors7,8).

Conductive polymer resin demand in the United
States is expected to increase from 270 million pounds in
1996 to 470 million pounds in 2006. This number will be
nearly 600 million pounds, including additives, in 2006.9

Improved resin grades will result in more intensive use

in electronics, appliances, and electrostatic spray paint-
ing of automotive and industrial parts. Conductive poly-
mers will control the high levels of static electricity de-
veloped by moving parts as well as electromagnetic
interference (EMI)/radiofrequency interference (RFI)
emissions, and they will be more effective in protecting
sensitive electronic devices from static discharge during
production, transportation, and storage. Recently conju-
gated polymers are used in biomedical applications in
tissue engineering.9

Carbon black powders are used with conductive
polymers for electrostatic discharge protection. Metal-
lic and carbon fibers are used as additives in conduc-
tive polymers for EMI and RFI shielding.9 There is
much interest in conductive polymers because of their
applications in rechargeable batteries,10 electronic de-
vices,11 gas-separation membranes,12 and enzyme im-
mobilization13,14 due to their electrical properties.
Their practical use and processibility can be improved
by the development of their poor mechanical and
physical properties with chemical electrochemical
blending.15–17 In addition, their conductivity can be
improved by the addition of dopants.18,19 Solvents
used during the polymerization process also have im-
portance in increasing the conductivity of the poly-
mer.20
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The purpose of a previous study was to obtain a
new conductive polymer, poly(ethylene glycol
dimethacrylate) (PEGDM), with photochemical meth-
ods (UV irradiation) to obtain high conversion per-

centages, to determine the optimum irradiation time,
and to study the temperature effect on the conductiv-
ity of the obtained polymer.21 Further aims were to
increase the conductivity of the polymer, to incorpo-

Figure 1 NMR spectrum of a system (0.50 mL of pyruvic acid � 0.35 mL of H2O � 0.25 mL of HCl) at room temperature.

Figure 2 NMR spectrum of a system (0.50 mL of pyruvic acid � 0.35 mL of H2O � 0.25 mL of HCl) at 40°C..
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rate the polymer with some dopant substance such as
iodine and lithium perchlorate, and to find the most
effective concentrations for each dopant by tracing the
conductivity while changing the dopant concentra-
tion.21

In this study, dopant-incorporated polymers
(PEGDM) were prepared with the same methods de-
scribed in a previous study.21 The reaction mechanism
of polymerization was studied with a nuclear mag-
netic resonance (NMR) technique. By the determina-
tion of the full width of the broadened bands at half of
the band height (fwhm) to be a for the corresponding
NMR peaks, the relaxation times and rate constants of
the polymer–dopant interactions were calculated. A
determination of the rate constants at different tem-
peratures provided an estimate of the activation ener-
gies.

The calculation of the activation energy by a relax-
ation time technique could also provide additional
information on the reaction mechanism, showing
where exactly the free-radical mechanism was initi-
ated during the polymerization process. By taking
NMR spectra of polymeric samples and dopant-added
samples, we could determine the mechanism of the
polymerization and reaction kinetics of the dopant-
incorporated polymers.

EXPERIMENTAL

Materials

Ethylene glycol dimethacrylate (EGDM) monomer
was obtained from Sigma Aldrich Chemical Co. (Mil-
waukee, WI). It was purified of the inhibitor by vac-

Figure 3 Plot of 1/T2� versus [H�] at 1.75 ppm (at 40°C).

TABLE I
Reaction Kinetics of Acid-Catalyzed Pyruvic Acid Reactions at Room Temperature

Solution
number

Width (cm) at half-
height

��1 (s) at
2.6 ppm

��2� (s) at
1.75 ppm

1/��2 (s�1)

[H�] (M)

kH� (slope)

2.6 ppm 1.75 ppm 2.6 ppm 1.75 ppm 2.6 ppm 1.75 ppm

1 0.2 0.3 1.59 1.06 0.63 0.94 0
2 0.5 0.5 0.64 0.64 1.56 1.56 0.55
3 0.5 0.6 0.64 0.53 1.56 1.89 1.09 0.30 0.814
4 0.6 0.8 0.53 0.39 1.89 2.56 1.64
5 0.7 0.9 0.45 0.35 2.22 2.86 2.18
6 1.0 1.0 0.32 0.32 3.14 3.14 2.73
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uum distillation at 60–80°C at 30 mmHg. 2.2�-Azobi-
sisobutyronitrile (AIBN) initiator was obtained from
Polysciences, Inc. (Warrington, PA). It was purified of
methanol before use as follows. A solution was pre-
pared in methanol and cooled. The crystals were col-
lected on a fritted glass filter and dried in vacuo at
room temperature. Iodine was obtained from
Mallinckrodt Chemical Works (Phillipsburg, NJ). It
was used as a solid directly in a tetrahydrofuran (THF)
(Aldrich) solution during the polymerization of
EGDM.

Pyruvic acid, used for preliminary NMR studies,
was obtained from Sigma Aldrich Chemical. It was
purified by vacuum distillation at room temperature
at 30 mmHg. Deuterated acetonitrile (CD3CN) and
deuterated water (D2O) (both from Aldrich) were
used as internal reference solutions for NMR studies.
For UV irradiation, a Phillips HPR 125-W mercury
vapor lamp was used with a maximum wavelength of
254 nm. NMR spectra were recorded on a 300-mHz
FT-NMR spectrometer. All samples were degassed

and irradiated in quartz tubes 12 cm high and 2.8 cm
in diameter. A high-vacuum system was used (10�4 to
10�5 mmHg) for evacuating monomer solutions.

Preparation of the polymers

About 5 mL of distilled monomer EGDM, 10 mL of
THF, and 1.0% inhibitor (AIBN) were placed in quartz
tubes. The tubes were sealed with a septum and con-
nected to a high-vacuum system with a syringe needle
and degassed to 10�4 to 10�5 mmHg for 5–6 h. The
degassed tubes were irradiated in a horizontal posi-
tion at a distance of 20 cm from the UV source. After
irradiation for the required time of polymerization,
the obtained polymer was dissolved in THF, which
was a good solvent for both the monomer and poly-
mer, and precipitated in methanol. The obtained poly-
mer was then filtered and dried in a vacuum oven at
room temperature to a constant weight. When dopant
addition was required, about 0.347M dopant was in-
corporated with the monomer solution system before

Figure 4 Plot of ln k versus 1/T for the peak at 2.6 ppm (forward reaction).

TABLE II
Temperature Dependence of Acid-Catalyzed Pyruvic Reactions (at 40°C)

Solution
number

Width (cm) at half-
height

��1 (s) at
2.6 ppm

��2 (s) at
1.75 ppm

1/��1
(s�1) at
2.6 ppm

1/��2
(s�1) at

1.75 ppm [H�] (M)

kH� (slope)

2.6 ppm 1.75 ppm 2.6 ppm 1.75 ppm

1 0.3 0.4 1.06 0.79 0.94 1.26 0
2 1.2 1.5 0.265 0.212 3.77 4.72 0.55
3 1.3 2.1 0.245 0.152 4.08 6.58 1.09 0.43 4.083
4 1.35 2.9 0.236 0.109 4.24 9.17 1.64
5 1.4 3.3 0.227 0.0096 4.4 10.42 2.18
6 1.15 2.6 0.277 0.122 3.61 8.196 2.73
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polymerization, or it was added to the polymer solu-
tion after polymerization.

This work presents an NMR study for the determi-
nation of the relaxation time, activation energy, and
enthalpy change (�H) of the polymer–dopant interac-
tion. As a preliminary work, pyruvic acid was used for
acid-catalyzed pyruvic acid reactions. With NMR
spectra, the polymerization pathway was determined;
it was confirmed by the calculated activation energy
values.

THEORY

NMR spectroscopy provides a method for determining
the reaction kinetics and pathway for polymer–dopant
systems. The NMR technique is used to determine the
reaction mechanism of polymerization. The relaxation
times and then rate constant of the polymer–dopant
interactions can be calculated by the determination of
fwhm � a for the corresponding NMR peaks

Determining rate constants at different temperatures
can provide an estimate of activation energies. Calculat-
ing activation energies by a relaxation time technique
can also provide additional information about the reac-
tion mechanism, showing where exactly the free-radical
mechanism is initiated during the polymerization pro-
cess. By taking NMR spectra of polymeric samples and
dopant-added systems, we can determine the mecha-
nism of the polymerization and the reaction kinetics of
the dopant-incorporated polymers.

The fwhm is inversely proportional to the net relax-
ation time (T2�) for the proton:

F�a��Hz� � 1/� � T�2 (1)

1/T�2 � 1/T2 � 1/� (2)

where T2� is related to the relaxation time of the fully
exchanged protons, T2 is the relaxation time in the
absence of the exchange, and � is the lifetime. The rate
of the acid-added reaction is proportional to the acid
concentration. Thus, eq. (2) can be written in the form
of eq. (3):

1/T�2 � Constant � k�H�	 (3)

A plot of 1/T2� versus the H� concentration should
yield a straight line with a slope equal to the value for
the dopant-added rate constant, k. By measuring the
fwhm of mean peak resonances in NMR spectra, we
can calculate the relaxation times and rate constants.
The Arrhenius theory of the reaction rates predicts the
temperature dependence of the rate constants:

k � Ae�Ea/RT (4)

where Ea is the activation energy of the reaction, A is
a unit-bearing pre-exponential factor, R is the gas con-
stant, and T is the temperature. Equation (4) leads to
the so-called Arrhenius plot:

ln k � lnA �
Ea

RT (5)

Figure 5 Plot of ln k versus 1/T for the peak at 1.75 ppm (reverse reaction).
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Thus, a plot of ln k versus the reciprocal of the tem-
perature should yield a straight line, and the activa-
tion energy can be calculated from the slope.

For an acid-catalyzed reaction such as acid-cata-
lyzed pyruvic acid, rate constants can be calculated for
the peaks corresponding to the forward and reverse
reactions at two different temperatures with the relax-
ation time method. The activation energies for these
two peaks can be calculated for both forward reactions
(Ea(f)) and reverse reactions (Ea(r)) from the slope of ln
k–1/T plots. Because in the activation energy diagram
the difference between Ea(f) and Ea(r) is equal to the
internal energy change (�U), this value becomes equal
to �U and consequently because of the following
equation given

�U � �H � P�V (6)

becomes equal to �H at a constant pressure; since
there is no volume change (�V), volume change value
is 0.

At the same time, the equilibrium constant (Keq) is
equal to the ratio of the rate constants:

Keq � kforward/kreverse (7)

From the van’t Hoff equation

d�ln Kp�/dT � �Ho/RT2 (8)

the relation between two Keq values at two different
temperatures can be written as follows:

ln�Keq�1�/Keq�2�	 � � �Ho/R�1/T1 � 1/T2� (9)

Keq values can be calculated for two different temper-
atures, and with eq. (9), the standard enthalpy change
(�H0) value can be calculated, which should yield the

same result as that calculated with activation energies
with eq. (5).

RESULTS AND DISCUSSION

NMR study of pyruvic acid

For the preliminary work, we decided to use pyruvic
acid to see if the NMR technique was applicable to the
determination of the reaction rate constants.22–26 After
pyruvic acid was purified, six different concentrations
of pyruvic acid solutions were prepared:22–26

1. 0.50 mL of pyruvic acid and 0.60 mL of water.
2. 0.50 mL of pyruvic acid, 0.55 mL of water, and

0.05 mL of HCl.
3. 0.50 mL of pyruvic acid, 0.50 mL of water, and

0.10 mL of HCl.
4. 0.50 mL of pyruvic acid, 0.45 mL of water, and

0.15 mL of HCl.
5. 0.50 mL of pyruvic acid, 0.40 mL of water, and

0.20 mL of HCl.
6. 0.50 mL of pyruvic acid, 0.35 mL of water, and

0.25 mL of HCl.

The spectrum of pyruvic acid systems were then re-
corded with D2O as the internal reference solution.
Figures 1 and 2 show the NMR spectra of one of these
six samples taken at room temperature and 40°C, re-
spectively. Each spectrum for all six samples was then
expanded to show only the methyl peaks at 1.75 and
2.6 ppm. The results were recorded for all six solutions
with the same scale after the expansion of the two acid
methyl resonances and the calculation of their widths
at half-height.

The reaction between pyruvic acid and water fol-
lows both uncatalyzed and acid-catalyzed pathways,
as shown in eq. (10):22–26
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The bands at 2.6 and 1.75 ppm represent the reso-
nances of the methyl protons of pyruvic acid and
2,2-dihydroxy proprionic acid, respectively. fwhm is
inversely proportional to T2� for the proton, as given
in eq. (1). T2� is also related to � according to eq. (2).

The rate of the acid-catalyzed reaction is proportional
to the concentration of the protonated pyruvic acid,
which in turn is proportional to the H� concentration.
Thus, the acid-catalyzed rate is kH � [H�] and can be
written as given in eq. (3). A plot of 1/T2� versus the H�

concentration should yield a straight line with a slope
equal to the acid-catalyzed rate constant kH�.

For two different temperatures (room temperature
and 40°C), the rate constants for the forward (at 2.6
ppm) and reverse (1.75 ppm) reactions were calcu-
lated from the slopes of 1/T2� versus H�. Figure 3
shows one of the plots for the results at 40°C. The
results are given in Tables I and II.

The Arrhenius theory of reaction rates predicts the
temperature dependence of the rate constants, as
given in eq. (4). This equation leads to eq. (5). Thus, a
plot of ln k versus the reciprocal of the absolute tem-
perature results in a straight line; from the slope, the
activation energy can be determined. Figures 4 and 5

Figure 6 Suggested polymerization pathway of EGDM.

TABLE III
Reaction Rate Constant and Ea Determination of Uncatalyzed and Catalyzed Reactions

Between Pyruvic Acid and Water

Temperature
(K)

k ln k 1/T
(K�1)

Keq
(k2.6/k1.75)

Ea (kJ/mol)

2.6 ppm 1.75 ppm 2.6 ppm 1.75 ppm 2.6 ppm 1.75 ppm

298 0.302 0.814 �1.197 �0.2055 0.0035 0.3709 8.251 67.114
313 0.43 4.083 �0.8 1.409 0.0031 0.1053

�H* (kJ/mol) by Eaf � Ear ln Keq �H* (kJ/mol) by eq. (9)

�58.86 �0.992 �65.1
�2.631
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show such plots for 2.6 and 1.75 ppm peaks, corre-
sponding to the forward and reverse reactions. From
the slopes of these plots, activation energies were cal-
culated for the forward and reverse reactions. Because
each point in this plot was calculated with six different
samples for each temperature, they are considered
very solid points; thus, taking only two points for two
different temperatures was sufficient. The results are
summarized in Table III. In an activation energy dia-
gram (potential energy vs reaction coordinate), the
difference between Ea(f) and Ea(r) is equal to �U. The
�U value calculated in this manner turns out to be
equal to �58.86 kJ/mol. This value is also equal to �H
of the reaction at a constant pressure according to eq.
(6).

At the same time, Keq is equal to the ratio of rate
constants, as given in eq. (7), where kforward and kreverse

values correspond to the peaks at 2.6 and 1.75 ppm,
respectively. Keq values were calculated for two dif-
ferent temperatures, and with eq. (9), �H0 was calcu-
lated to be �65.1 kJ/mol. This value is very close to
the enthalpy value calculated with activation energies.
Therefore, it is concluded that NMR provides a con-
venient technique for studying reaction kinetics, and it
was decided to use the same technique for the study of
dopant-added polymerization. The results are pre-
sented in Table III.

NMR study of PEGDM

Dopant added before polymerization

For the NMR study, the sample tubes were prepared
with the following procedure. Iodine was added to the

Figure 7 Path A: breaking across the COCH3 bond.
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monomer mixture (5.0 mL of EGDM � 10.0 mL of
THF � 1% AIBN � 0.5M I2) before irradiation. How-
ever, there was no polymer obtained when I2 was
introduced before UV irradiation. This is attributed to
the following mechanism: although the monomer rad-
ical is formed by UV irradiation, at the same time, I2
with UV light forms iodine radicals, which cause ter-
mination in the polymerization reaction. The reactions
can be summarized as follow:

MO¡
hv

M � I2O¡
hv

2I � M � � I � 3MI (11)

As a result, no polymer was obtained.

Dopant added after polymerization

The most effective dopant concentration with I2 as a
dopant was calculated by a conductivity method from
plots of the conductivity versus the I2 concentration,21

and it was found to be 0.5M. The most effective irra-
diation time was also determined by the measurement
of the conductivities of iodine-incorporated PEGDM
samples with iodine from plots of the conductivity
versus the irradiation time.21 The maximum conduc-
tivity was achieved after 3.0 h of irradiation. The con-
ductivity of polymers obtained after 3.0 h of irradia-
tion without any dopant was 1.24 �s; when iodine was

Figure 8 Path B: breaking across the H2COCH2 bond.

Figure 9 Two possible pathways for free-radical polymer-
ization.
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Figure 10 NMR spectrum of PEGDM incorporated with I2 (after 3 h of UV irradiation) at room temperature (25.3°C; 0.125
g of PEGDM � 12.5 mL of THF � 1.2M I2).

Figure 11 NMR spectrum of PEGDM incorporated with I2 (after 3 h of UV irradiation) at 40°C (0.125 g of PEGDM � 12.5
mL of THF � 1.2M I2).



added after 3.0 h of irradiation, the conductivity in-
creased to 60.8 �s. This indicates that iodine increases
the conductivity value by about 60 times. However,
this study is focused only on the kinetics of polymer–
dopant interactions with an NMR technique.

In a typical run, 50 mg of the obtained polymer
sample that was incorporated with iodine was put
into an NMR tube, and 750 �L of the solvent (aceto-
nitrile-d3) was added. The sample was then loaded
into the NMR probe at room temperature and later at
40°C. 1H-NMR spectra were taken for different sam-
ples of the polymer prepared with various concentra-
tions of iodine.

The maximum observed variation in the probe tem-
perature during runs was 0.2°C. The signals observed
for the polymer PEGDM show the following peaks
(1H-NMR, CD3CN): 4.3 (t), 2.4 (d, 2H), 2.3 (m), and 1.4
(d, 2H). The suggested polymerization is given in
Figure 6 with the corresponding ppm values. This
figure presents the suggested polymerization pathway
of EGDM, by which polymerization would normally
take place across the double bond. However, this was

not observed when the 1H-NMR spectrum of PEGDM
was taken. Evidence showed that the signals were not
corresponding and that the multiplicity did not match
at all. The methylene groups (OCH2OCH2O), which
were supposed to appear in the region of � � 4.0 ppm
with the combination of two monomers, were not
observed in the NMR signal. This implies that poly-
merization takes place by a free-radical process. For
the free-radical polymerization, possible pathways are
across the COCH3 bond (path A) andOCH2OCH2O
bond (path B).

Figures 7 (path A) and 8 (path B) present the mech-
anisms of two possible pathways by which free-radi-
cal polymerizations take place. These two pathways
are both possible for the free-radical polymerization of
EGDM, as summarized in Figure 9. To find out the
most probable pathway, the corresponding bond-
breaking energies were calculated for both OCOCH3
and OCH2OCH2O bonds.

Mercury vapor UV light with a wavelength of 254
nm was used for the irradiation. The corresponding
energy for the UV light was calculated with the equa-

Figure 12 Expanded NMR spectrum of 2.4 ppm showing the full width at half-height of the OCH3 peak.
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tion �E � h	, where h is Planck’s constant and 	 is the
frequency equal to c/
. The energy of UV light was
calculated to be 78 
 10�20 J/photon. Because by UV
irradiation one photon can activate only one molecule,
the energy can be represented as 78 
 10�20 J/mole-
cule. The energy required to break the COCH3 bond
was determined to be 61.2 
 10�20 J/molecule (with

the binding energy for COCH3 to be 88 kcal/mol).27

In a similar manner, the energy required to break the
CH2OCH2 bond was calculated to be 57.8 
 10�20

J/molecule by assuming the binding energy for the
COC bond to be 348 kJ/mol.28 In the presence of
oxygen atoms (OOOCH2OCH2OOO) in the molec-
ular structure, this would be much smaller because

Figure 13 Expanded NMR spectrum of 4.3 ppm showing the full width at half-height of the OH2COCH2 peak.

TABLE IV
Reaction Kinetics of Polymer–I2 Interactions at Room Temperature (25.3°C)

Solution
number

Width (cm) at
half-height

��1 (s) at
4.3 ppm

��2 (s) at
2.4 ppm

1/��1
(s�1) at
4.3 ppm

1/��2
(s�1) at
2.4 ppm I2 (M)

k1 (slope)
at

4.3 ppm

k2 (slope)
at

2.4 ppm4.3 ppm 2.4 ppm

1 1.4 1.5 2.243 2.093 0.446 0.477 0.2
2 1.7 1.6 1.847 1.9625 0.541 0.5095 0.5
3 1.5 1.8 2.093 1.744 0.477 0.573 0.8 0.32 0.16
4 1.6 1.6 1.9625 1.9625 0.5095 0.5095 1
5 1.8 1.5 1.744 2.093 0.573 0.477 1.2
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oxygen is highly electronegative and pulls the bond
on either side. As a result, it has been calculated that
the energy of UV light is capable of breaking both the
COCH3 and CH2OCH2 bonds, but the possibility of
breaking the CH2OCH2 bond is more probable. Thus,
the polymerization of EGDM can be considered to
follow both pathways A and B; however, because the
energy required to break the CH2OCH2 bond is
smaller, free-radical polymerization most likely fol-
lows pathway B.

Relaxation time and activation energy
determination of the dopant (I2)–polymer
interaction

First, the relaxation time of interaction was deter-
mined by the same method applied to pyruvic acid.

Six different NMR samples were prepared by the
placement of 50 mg of the obtained polymer samples
incorporated with different concentrations of iodine.
For each run, 750 �L of the solvent (acetonitrile-d3)
was added to the polymer, and 1H-NMR spectrum
was taken immediately at room temperature (25.3°C)
for each sample prepared with a different dopant
concentration. Figures 10 and 11 show two NMR spec-
tra for one of the polymer–I2 systems (0.125 g of poly-
mer � 12.5 mL of THF � 1.2M I2) at two different
temperatures (25.3 and 40°C). The spectra of the I2-
doped polymer samples consist of two bands. The
bands at 2.4 and 4.3 ppm represent the resonances of
OCH3 andOCH2OCH2O protons, respectively. Each
spectrum was expanded to show OCH3 and
OCH2OCH2O peaks at 2.4 and 4.3 ppm. Figures 12

Figure 14 Plot of ln k versus 1/T at 2.4 ppm.

TABLE V
Temperature Dependence of Polymer–I2 Interactions at 40°C

Solution
number

Width (cm) at
half-height

��1 (s) at
4.3 ppm

��2 (s) at
2.3 ppm

1/��1
(s�1) at
4.3 ppm

1/��2
(s�1) at
2.3 ppm I2 (M)

k1 (slope)
at

4.3 ppm

k2 (slope)
at

2.4 ppm4.3 ppm 2.3 ppm

1 1.4 1.0 2.243 3.14 0.446 0.318 0.2
2 1.2 1.0 2.616 3.14 0.382 0.318 0.5
3 1.4 1.0 2.243 3.14 0.446 0.318 0.8 0.32 3.9
4 1.3 0.9 2.415 3.48 0.414 0.287 1
5 1.2 0.8 2.616 3.92 0.382 0.255 1.2
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and 13 show expanded NMR spectra at the corre-
sponding peaks. The peak width at half-height (fwhm
� a) was calculated for each peak at two different
temperatures for five different polymer–dopant sam-
ples. The fwhm � a value is related to the relaxation
time in the manner shown in eq. (1). The relaxation
time for each sample was calculated with that equa-
tion.

The rate constants k1 and k2 for 2.4 and 4.3 ppm
peaks were calculated after the conversion of eq. (3)
into the following form:

1/T�2 � Constant � k�I2	 (12)

This shows the relation between the rate constant and
relaxation time for I2-added polymers. The rate con-
stants were calculated with plots of 1/T2� versus I2
concentrations. The same experiment was repeated at
another temperature (40°C). Tables IV and V show the
results of the reaction kinetics at 25.3 and 40°C, respec-
tively. For each temperature, the rate constants at 2.3
and 4.3 ppm were calculated.

The activation energy of interaction for the I2 do-
pant with the polymer (PEGDM) when I2 was attack-
ing theOCH3 bond (2.4 ppm) and theOCH2OCH2O
bond (4.3 ppm) was calculated after the rate constant
values were obtained for these peaks at two different
temperatures. A plot of ln k versus the reciprocal
temperature resulted in a straight line with a negative
slope of magnitude �Ea/R [eq. (5)]. Figures 14 and 15
shows the plots at 2.4 and 4.3 ppm, respectively. The
corresponding activation energies of interaction were
calculated to be 165.764 and 64.436 kJ/mol, respec-
tively. The results are shown in Table VI.

Because the activation energy for the 4.3 ppm inter-
action is much lower than the activation energy for 2.4
ppm, it provides additional evidence that the dopant
attack occurs on the OCH2OCH2O bond rather than
the OCH3 bond. These results agree with previously
obtained results in whichOCH2OCH2O bond break-
ing by a free-radical polymerization process was de-
termined to be the more probable mechanism as cal-
culated by bond-breaking energies.

Figure 15 Plot of ln k versus 1/T at 4.3 ppm.

TABLE VI
Reaction Rate Constant and Ea Determination of Polymer–I2 Interactions

Temperature
(K)

k1 at
4.3 ppm

k2 at
2.4 ppm

ln k1 at
4.3 ppm

ln k2 at
2.3 ppm

1/T
(K�1)

Ea (kJ/mol)

4.3 ppm 2.4 ppm

296 0.32 0.16 �2.764 �1.83 0.00336 64.436 165.764
313 0.32 3.9 �1.139 1.36 0.00319
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