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Relationships between conductivity and local topology in heterocyclic polymer networks
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The low frequency complex dielectric relaxation above the glass transition temperatureTg for a series of
well-characterized heterocyclic polymer networks has been analyzed in terms of the electric moduli formalism.
It was established that the contribution of ionic conductivity to the electric modulus can be quantitatively
separated from thea relaxation by using a combination of two Havriliak-Negami~HN! functions. A strong
correlation between the mechanisms of both conductivity and segmental mobility was inferred from the
similarity of the shape of the HN function for conductivity relaxation to those for the main relaxation. This
correlation is further supported by the similarity of the temperature dependencies of the relevant relaxation
times corresponding to both processes. The overwhelming contribution of the preexponentsD0 in the Arrhen-
ius behavior of the apparent diffusion coefficients can be explained by considering a model implying decreased
mean free paths of the diffusing elements and lower activation entropies of diffusion for polymer networks
with higher apparent network densities.
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I. INTRODUCTION

The onset of ionic conductivity for many polymers man
fests itself as a sudden rise of both real («8) and imaginary
(«9) components of the complex dielectric function«* upon
approaching the glass transition. Such a behavior is usu
associated with the generation and transport of polarizat
induced charges through the polymer matrix under the ac
of an electric field. The complex conductivitys* is related
to «* throughs* 5s81 is95 iv«0«* , where«0 is the di-
electric permittivity of the vacuum andv is the angular fre-
quency. Accordingly, the real part of the conductivity can
measured ass85«9v«0 . The recognition of the complex
dielectric function«* as a compliance allows one to defin
an electric modulus as

M* 5
1

«*
5

«8

«821«92 1 i
«9

«821«92 5M 81 iM 9. ~1!

By using the electric modulus formalism for the treatme
of dielectric data an enhancement of the contribution of c
ductivity effects can be obtained@1,2#. The major weakness
of this formalism arises from the fact that the electric mod
lus is not a directly measurable property@3#. However, as far
as conductive effects are concerned, this is counterbala
by the following obvious advantages:~i! In contrast to the
relatively smooth patterns of«9(v) plots, the electric loss
moduli M 9(v) exhibit relaxation maxima which can be cha
acterized by corresponding relaxation times and shape
tors; ~ii ! the contribution of electrode screening effects in t
low-frequency spectrum tail can be eliminated.

Currently, the modulus formalism is widely used in th
data treatment for ion-conducting glasses to derive the m
relaxation times, the Kohlrausch-Williams-Watts~KWW!
stretching exponentsbKWW , and the apparent activation en
ergies for conductivityEs @1–10#. Semiquantitative correla
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tions betweenbKWW and Es , as well as between these p
rameters and the mean interionic distances, have b
reported@5,6#.

Although the mechanism of electrical conduction in po
mers is an important issue, the explicit use of the modu
formalism is a relatively new topic in this field@11,12#. In
particular, studies aiming to look for relationships betwe
the conduction mechanism and the molecular structure
scarce. This is partly due to the fact that conductivity ma
fests itself as an undesirable low-frequency increment in«*
which usually masks the more intensively studied rela
ational processes. Recently, the modulus formalism was
plied to evaluate conductivity effects in polymers like pol
ethylene terephthalate@13,14#, nylon-11 @15,16#, polyether
imide @17#, and segmented polyurethanes@18–20#. As far as
polymer networks are concerned, the apparent conducti
estimated from the modulus formalism has been proved to
a useful measure of chemical conversion in epoxy-am
networks @11,21,22#. In particular, for model heterocyclic
polymer networks a direct relation between both local a
segmental dynamics and the network topology has b
found. However, a possible relation between conductivity
fects and network topology has not been established. In
paper, the modulus formalism is used to discuss the st
tural implications of conductivity for a series of wel
characterized heterocyclic polymer networks~HPNs! in or-
der to gain a deeper knowledge about the conduc
mechanism of polymer networks. The general aim of o
study is to seek for relationships between the system to
ogy, particularly the degree of cross linking and the cond
tion behavior.

II. EXPERIMENT

Heterocyclic polymer networks were prepared by curi
mixtures of hexamethylene diisocyanate and hexyl isocy
ate with different ratios as described elsewhere@23,24#. By
©2003 The American Physical Society01-1
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this procedure, regularly cross-linked copolymers are
tained with precise molar fractions of three-arm~cross-
linked! and two-arm~linear! segments~Fig. 1!. Assuming
full conversion of the reaction groups and formation of
defect-free network structure some relevant structural par
eters can be calculated~Table I!. Here, L/N refers to the
relative ratio of linear and network structures~Fig. 1!, Mc is
the average molecular weight of chain strands between
cross links,P is the molar content of NCO groups in th
copolymers, andTg is the glass transition temperature
determined by differential scanning calorimetry@23#. An im-
portant feature of these systems is an almost invariant c
centration of dielectrically active components in spite of s
nificant topology variation. The complex dielectr
permittivity «* 5«82 i«9 was measured covering a fre
quency range 1021,F,105 Hz by using a Standford
lock-in amplifier SR830 with a dielectric interface and co
trol temperature unit from Novocontrol as previously d
scribed@23,24#.

III. RESULTS

In a first step, the complex dielectric functions in the te
perature intervals above the glass transition temperatureTg
for all studied HPNs were converted into electric mod
through Eq.~1!. As can be seen from the representative p
for the sample with the maximum cross-link density~Fig. 2!,
the electric loss modulusM 9 passes through three relaxatio
maxima which can be identified, in line with the accept
nomenclature@25#, as theb, a, ands processes, respectivel
in the order of increasing temperature.

The next step involved subsequent treatment of the d
for isothermal conditions. In view of significant distortion
of the conductivity-dominant process due to thea relaxation
upon approaching the main relaxation atTa'Tg , the data
were described by a combination of two Havriliak-Nega

FIG. 1. Generalized chemical scheme of heterocyclic polym
networks.

TABLE I. Parameters of investigated systems:L/N, relative
ratio of linear to network content;Mc , average molecular weight o
segment between two cross links;P, content of NCO polar groups
Tg , glass transition temperature.

L/N Mc ~g/mol! P ~%! Tg ~K!

100/0 42.7 287.6
75/25 1137.0 44.3 310.1
60/40 694.5 45.4 324.6
43/57 473.3 46.6 337.1
0/100 252.0 50.0 362.0
03180
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~HN! functions@26# for both M 8(F) andM 9(F):

M* 5M`2
DM1

@11~ ivts!b1#c12
DM2

@11~ ivta!b2#c2 , ~2!

wherets andta are the mean relaxation times fors anda
processes, respectively, 1 and 2 are the corresponding
ces, and the physical meaning of other relevant parame
can be derived from Fig. 3. The limiting value of the real p
of the complex modulus atF→` is obviously M`

51/«a,` ; since 1/«s,`→0 in the limit F→`, the standard
definition DM151/«a,021/«s,` can be reduced toDM1
'1/«a,0 ; finally, DM251/«a,`21/«a,0 .

The excellent quality of the data fits for all studie
samples can be assessed from Figs. 4~a! and 4~b!. The best-
fit values of the parameters of Eq.~2! are presented in Table
II. It can be easily verified that the values related toa relax-
ation compare well with those derived in our previous wo
@23#.

As mentioned above, the onset of ionic conductivity
associated with the generation and diffusion of polarizati
induced charges through a polymer matrix under the ac
of electric field. The Trukhan model of polarization in he

r

FIG. 2. M 9 as a function of temperature and frequency f
sample withL/N50/100.

FIG. 3. Complex plane plot for electrical modulus at 343 K f
L/N5100/0. The continuous line represents the best fit for the s
of two HN functions~dotted lines!. The arrows indicate the limiting
values for thes anda relaxations~see text!.
1-2



t fits for

RELATIONSHIPS BETWEEN CONDUCTIVITY AND . . . PHYSICAL REVIEW E67, 031801 ~2003!
FIG. 4. M 9 ~a! andM 8 ~b! spectra of the HPN system obtained at different temperatures. The continuous lines represent the bes
the sum of two HN functions~dotted lines!.

TABLE II. Parameters obtained from the fitting of Eq.~2!.

L/N T ~K! DM1 b1 c1 t0s ~s! DM2 M`

100/0 333 0.088 0.970 0.743 6.1431022 0.274 0.362
343 0.095 0.968 0.781 1.5631022 0.276 0.370
353 0.103 0.965 0.788 4.9131023 0.282 0.385

75/25 353 0.109 0.998 0.847 1.0831021 0.223 0.331
363 0.115 0.996 0.860 2.6331022 0.221 0.335
373 0.121 0.995 0.878 8.4131023 0.221 0.342

60/40 363 0.133 0.896 0.940 1.1831021 0.223 0.357
373 0.142 0.914 0.901 3.3031022 0.224 0.365
383 0.150 0.925 0.875 1.1031022 0.220 0.369

43/57 373 0.152 0.957 0.809 2.5031021 0.196 0.366
383 0.162 0.962 0.795 7.2231022 0.205 0.386
393 0.171 0.973 0.776 2.6031022 0.243 0.414

0/100 393 0.199 0.828 0.630 5.7231021 0.131 0.326
403 0.200 0.863 0.573 2.4631021 0.171 0.370
413 0.204 0.869 0.570 1.0731022 0.203 0.433
031801-3
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erogeneous systems comprising several layers with diffe
dielectric permittivities@27# was shown to be useful to deriv
the relevant diffusion coefficientsD for a copolymer of vinyl
acetate and vinylidene cyanide@28#. More recently, the con-
ductivity effects in polyetherimide were treated by a mo
refined version of the Trukhan model in which the contrib
tion of diffusion to the real and imaginary components
complex dielectric function were accounted for by the f
lowing approximate relationships@17#:

«8'
l/d1v2t2~123l/8d!

l2/d21v2t2~12l/d!
, ~3a!

«9'
vt~123l/2d!

l2/d21v2t2~12l/d!
, ~3b!

where d is the distance between electrodes~i.e., sample
thickness!, t is the characteristic time of theM 9(F) maxi-
mum, andl is defined as

l5ADt. ~4!

The apparent diffusion coefficientsD were estimated from
Eq. ~4! using the parametersl andt derived from the best fit
of the HN function data of the conduction process to E
~3a! and~3b!. A representative example of the best fit of t

FIG. 5. M* vs frequency for the model predicted by Eq.~3! for
temperatures obtained for the conditionT'Tg150 K for each
sample. Symbols the same as in Fig. 4.
03180
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latter model to the low-frequency conductivity-dominat
data derived through Eq.~3! is shown in Fig. 5 for samples
with different cross-link densities at selected temperature

IV. DISCUSSION

A. Shape factors

As can be inferred from the data collected in Fig. 4 and
Table II, in the modulus representation the values of
shape factorsb andc for the conductivity relaxation~s! are
closer to unity. This indicates that the corresponding maxi
are more symmetric and narrower than those of the m
transition~a!, although for both processes these parame
decrease with increasing apparent network density@23#. The
temperature dependence of the frequencies correspondin
the s relaxation which can be extracted from the maxima
M 9(F) can be analyzed in terms of the Vogel-Tamman
Fulcher~VTF! equation

f M
max9 5 f 0 expS 2

B

T2T0
D , ~5!

where f 0 is the preexponential factor,T0 (,Tg) is usually
considered as a hypothetical temperature of the second-o
transition, and the parameterB is related to the liquid
‘‘strength’’ parameterDs throughB5DsT0 @29#. The quality
of the data fits for all studied samples can be assessed
Fig. 6. The best-fit values of the parameters of Eq.~5! are
presented in Table III. The data obtained clearly indicat
non-Arrhenius behavior off M

max9 similar to the relaxation

times derived from Eq.~2!. Moreover, the VFT parameter
derived from Eq.~5! for the conductivity process are in ex
cellent agreement with those previously calculated for tha

FIG. 6. f M
max9 as a function of the reciprocal temperature f

HPN systems with differentL/N ratios. The lines are best fits of Eq
~5!. Symbols the same as in Fig. 4.
1-4
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relaxation~Table 3 in Ref.@23#!. This indicates that for both
processes the limiting temperatureT0 increases, while the
strength parameterDs decreases, the higher the network de
sity. Apparently, the mobilities of both HPN segments a
charge carriers become completely suppressed at the
limiting temperature. It should be emphasized, however,
in contrast to the data treatment of segmental mobility in
glass transition interval where a universal, fixed valuef 0
51014 Hz has been recommended as a limiting frequency
elementary oscillations@30#, an equivalent universal valu
for the excitations of charge carriers can hardly be expec
Stated otherwise, the intrinsic frequency of conductivity
laxation at very high temperatures should be different fr
that for elementary chain oscillations.

B. Conductivity behavior

The conductivity values evaluated throughs85«9«vacv
are plotted vs frequencyF for isothermal conditions atT
5398 K @Fig. 7~a!#. Qualitatively, the experimental behavio
of s8 with frequency can be accounted for by the gene
expressions85sdc1C(v/2p)s, whereC is a constant, as
observed in glassy and molten ionic conductors@31,32#. The
values of the exponents were below unity and tend to de
crease with increasing apparent network density@23#. Theo-
retically, s,1 is predicted for a system with a broad dist
bution of conductivity relaxation times@2#. Figure 7~a!
shows that higher conductivity levels are observed for a
ear polymer (L/N5100/0), while the fully cross-linked sys
tem (L/N50/100) exhibits values lower by nearly 3.5 orde
of magnitude. Similar plots at equivalentTg150 K overheat-
ing above the respective glass transition temperatures for
ferent samples are shown in Fig. 7~b!. Under these condi-
tions the electrode screening effects, which manif
themselves as a broad hump on the plot in Fig. 7~a! for the
linear sample, are eliminated. As in the previous case@Fig.
7~a!#, the conductivity levels are higher for the linear pol
mer than for the fully cross-linked system.

C. Diffusion coefficients

As shown in Fig. 5, the experimental data in the cond
tion region ~s process! taken at analogous overheatingsT
'Tg150 K can be adequately described by means of
Trukhan model which explicitly takes into account the diff
sion mechanism of the charge carrier transport. The sm
deviations of the experimental data from the predicted mo
can result from neglecting the finite relaxation time spectr

TABLE III. Best-fit parameters forf M
max9 (T) of electric modulus

~Fig. 6!.

L/N f0 ~Hz! B ~K! T0 ~K! Ds

100/0 5.533108 2584 195.1 13.25
75/25 8.953107 2164 231.1 9.37
60/40 4.453107 2158 237.5 9.09
43/57 1.063107 2051 248.6 8.25
0/100 2.633105 1641 270.9 6.06
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in the diffusion model@17#. However, due to the relatively
small deviations from unity of the shape parametersb1 and
c1 calculated by Eq.~2! ~Table II!, it seems reasonable t
consider this model in a first approximation to estimate
apparent diffusion coefficientsD for the studied samples. W
exclude from this treatment the fully cross-linked sample d
to its remarkable asymmetry and the broadening of the
tribution.

As inferred from Fig. 8, the diffusion coefficients follow
an Arrhenius-like temperature dependence according
Eq. ~6!:

D5D0 expS 2
ED

RTD . ~6!

Here,ED is the apparent activation energy of diffusion a
D0 is the preexponential factor. The Arrhenius behavior ofD
might seem somewhat surprising, in so far as bothf M

max9 and

t exhibited the VFT behavior. It should be remarked, ho
ever, that the apparent diffusion coefficientsD were calcu-
lated by Eq.~4!, which is a special combination of the pa
rameters t and l, each exhibiting the VTF behavior
Therefore, there is noa priori reason thatD should also
behave in a VFT-like way, although this issue can be set
only after measurements over broader temperature interv

The best-fit parameters of Eq.~6! are shown in Table IV.
The observed decrease ofED with the increasing network
density~Table IV! is somewhat at variance with the expect
behavior@33#. However, it can easily be verified that in a

FIG. 7. Conductivity vs frequency plots at 398 K~a! and for
different temperatures, obtained for the conditionT'Tg150 K for
each sample~b!. Symbols the same as in Fig. 4.
1-5



e

lu
g

-
f

h

de

p
y

b
re
tia
ch

pi
o

h
ity.
unt
-
l
e

mp-

sed
nc-
ngs

-
ly

the

of

he

ts
ef-
ing
and
s

he
-

s

of

KRAMARENKO, EZQUERRA, AND PRIVALKO PHYSICAL REVIEW E67, 031801 ~2003!
cases the differences between the apparent diffusion co
cients for samples with differentL/N ratios decrease with
decreasing temperature, until an approximately similar va
of Dg510212– 10213 m2/s is reached at the correspondin
glass transition temperaturesTg . Thus, the relatively minor
effect of differentED on D is overbalanced by the over
whelming contribution of the difference~by several orders o
magnitude! between preexponentsD0 .

The simplest model of diffusion@33# assumes that the
preexponentD0 in Eq. ~6! is related to the diffusive free pat
lD and to the activation entropySD as

D0;lD
2 exp~SD /k!. ~7!

In this context, the observed fall ofD0 with the apparent
network density can be associated, formally, with the
crease of eitherlD or SD . Within the frame of the energy
landscape model, the activation entropySD5S* 2S0 is a
measure of structural perturbations occurring by the tem
rary visits of relevant kinetic units initially located in energ
valleys of entropyS0 to activated states of entropyS* . In
our case, for polymer networks, the activated state can
envisioned as a perturbed network structure enabling di
transport of the diffusing elements. Compared with the ini
unperturbed state, this perturbation could imply the stret
ing of chain strands of mean molar mass^Mc& between net-
work junctions. This process will be opposed by an entro
resistance which should increase with increasing netw

FIG. 8. Arrhenius plot of diffusion coefficients for HPN system
with different L/N ratios. The straight lines are best fits of Eq.~6!.
Symbols the same as in Fig. 4.
m.

m
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density as the reciprocal of^Mc&. Hence, the mean free pat
lD should also decrease with increasing network dens
This effect, however, is expected to be too small to acco
for the observed changes ofD0 by several orders of magni
tude. Assuming thatS* 'const for all samples, the additiona
fall of D0 may be explained only by the contribution of th
exponential term due to the decrease ofSD resulting from a
progressively looser packing~that is, higherS0) of the un-
perturbed state as network density increases. This assu
tion is consistent with the previous report ofb relaxation in
these model polymer networks@24#. In this study, a looser
molecular packing with increasing network densities cau
by the increasing content of loosely packed network ju
tions due to the six-member, three-arm isocyanurate ri
was invoked in order to explain the behavior of theb pro-
cess.

V. CONCLUSIONS

~1! The contribution of conductivity to the electric modu
lus of heterocyclic polymer networks can be quantitative
separated from the contribution of the maina-relaxation pro-
cess by using combination of two HN functions.

~2! The Trukhan model can be used to extract from
experiments the apparent diffusion coefficients.

~3! The similarities of the temperature dependences
relaxation times for the conduction process~s! and for the
main relaxation~a! suggest a strong correlation between t
mechanisms of conductivity and segmental mobility.

~4! The overwhelming contribution of the preexponen
D0 to the Arrhenius behavior of the apparent diffusion co
ficients can be explained by considering a model imply
decreased mean free paths of the diffusing elements
lower activation entropies of diffusion for polymer network
with higher apparent network densities.
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TABLE IV. Activation energies and preexponential factors
diffusion coefficients.

L/N ED ~kJ mol21! D0 ~m2/s!

100/0 75.37 4.1313101

72/25 69.42 4.4123100

60/40 63.13 7.96331022

43/57 58.57 3.82031023
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