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Electron paramagnetic resonance and microwave conductivity
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It is possible to polymerize good quality polyacrylonitrdEAN) chains, typically 360 monomers long,
inside the channels of a zeolite. After suitable pyrolysis, these chains become conducting, as proved by
microwave measurements and by electron spin resonance. This behavior contrasts with our preceding work
with polypyrrole, where the presence of the counterions required for doping very probably blocks the mobility
of the charge carriers. In the case of pyrolyzed P@WRAN), no such doping is needed, as the carriers appear
through the creation of aromatic regions by pyrolysis. The conductivity values obtained prove that the imbed-
ded polymer is a better conductor than the bulk one. Our EPR measurements prove that zeolite-imbedded
PPAN undergoes a semiconductor-to-metal transition in the 70-150 K temperature range. Our microwave
conductivity measurements imply that this metallic conductivity is restricted to clusters between which the
carriers have to jum.S0163-18207)07444-4

[. INTRODUCTION and mordenite We emphasize here the impossibility of per-
forming dc transport(2- or 4-poin} experiments on our
The electronic conductivity of various conducting conju- Samples: the zeolite crystal size is in the micrometer range,
gated polymers has been extensively studied for severdfius the included polymer is not accessible to outside con-
years. Potential applications of these polymers are numerout&cts; we shall discuss more thoroughly the question of the

light weight batteries, antistatic equipment, microelectronics requency dependence of conductmty in Sec. VD. A dg-
tailed account of the sample preparation and characterization

and in a more speculative way mplecular electronic d_ewcegNas published elsewhefeThis work can be related to the
On a more fundamental basis, it would be of great interesf, 5y of Sonobeet al. who report the polymerization of PAN
to study the properties of such polymer chains when interin montmorillonite, a two-dimensional matrix.
chain interaction is eliminated or at least reduced. Bein and |jterature concerning EPR in PPAN is not always very
Enzel have demonstrated the encapsulation of conjugatedonsistenf° Hasegawa and Shimizwbserve an EPR line
polymers such as polypyrrole, polyaniline, and poly-with intensity increasing with pyrolysis temperature. Below
thiophene in the channel system of zeolites. In a previoug pyrolysis temperature of 600 °C, they see a simple signal
pape? we studied the spin and conductivity properties ofthat they attribute to free radicals. Above 650 °C, they ob-
encapsulated polypyrrole chains in such zeolites. Our maif€rve two signals, the narrower of whi¢8-10 G broaglis
conclusion was that the ESR signal was due to trapping oftill attributed to free radicals. The broader sig(@0—-110 G
polarons and bipolarons by the electrostatic field of the ion®road, which decreases with decreasing temperature, is ten-
present in the periodic zeolite framework, and that this trapitively attributed to conduction electrons. Lefhperforms

ping prevented measurable rf and microwave electronic corPY/0lysis between 435 and 670 °C and sees a single EPR line
ductivity. with some departure from Curie law, which he analyzes in

erms of a some Pauli-like contribution to the spin suscepti-

In this context, it seems interesting to study another kmi)ility However, he does not see any correlation between the
of conducting polymer for which no such ions are needed fospins and the charge carriers as observed by conductivity

doping. Noncharged polymers should give much weake easurements. He givesgafactor value of 2.0028.

eleqtrostatic interac;ion between the conjugated polyme.r Concerning conductivity measurements on pyrolyzed
chains and the zeolite channels. One good example of th ' giving an acti-

. . o X $AN, numerous studies are availabl
family of polymers is polyacrylonitrilgPAN) subjected to | 5iaq exptTo/T) law. A hopping mechanism is generally

pyrolysis® Pyrolysis of PAN leads to the formation of a lad- jnyoked, but little is said about the carriers. We also have to

der polymer by cyclization through the nitrile pendant group,mention Wasserman’s measurements on irradiated BAN,

resulting in two(one C-C and one C-Nconjugated chains. giving a exp-To/T)Y2 law.

Higher-temperature pyrolysis gives a graphitelike structure, The present paper deals with experimental details, includ-

with increasing electrical conductivity. ing sample preparation and characterization and a description
In this paper we present EPR and microwave conductivityof the two experimental techniqug§ec. 1): microwave

measurements on pyrolyzed PARPAN) chains imbedded (Sec. Il) and EPR(Sec. I\) measurements. Finally we give

in the channel network of two kinds of zeolitéseolite Y  our present analysis of these results in Sec. V.
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TABLE I. The samples. The treatment is done under nitrogen 0.7 77T T
flow (N) or vacuum V). 0.6 L §""£
T of pyrolysis Duration __ 05F E i
Sample Name °C Atmosphere h D
p (°C) p (h) e ol e iii
11 NaY/PPAN 650 v 24 S sl Ll b
12 NaY/PPAN 700 v 12 - T g
13 NaY/PPAN 700 \% 24 0.2 F g i‘_@.-é"' 7
14 NaY/PPAN 650 N 12 0.1 e E i
15 NaY/PPAN 650 N 24 e R §--§"‘§""§
16 NaY/PPAN 700 N 12 0, — T s
17 NaY/PPAN 700 N 24 v (GH2)
b1l bulk PPAN 600 \Y, 12
b2 bulk PPAN 650 N 12 FIG. 1. Microwave conductivity vs frequency for the zeolite
Y/PPAN samples at room temperature. Open dots: sample 14; open
squares: sample 15; full dots: sample 16; full squares: sample 17.
Il. EXPERIMENT

host zeolite, and finally PPAN extracted from zeolite Y
A. Sample preparation and characterization samples by dissolution of the zeolite matrix.

In order to obtain suitable samples for EPR or microwave
conductivity measurements, small amounts of zeolite-PPAN
powders (typically 10 mg were introduced in 4-mm-
diameter quartz tubes, which were sealed under an inert at-
mosphergHe gas.

The sample preparation consistsitfsitu polymerization
of acrylonitrile in the pores of a zeolite, followed by variable
temperature pyrolysis. We used zeolite Y, which is com-
posed of sodalite cage@vith 0.3-nm windows$ intercon-
nected by double six-rings of Si/Al and of superca@sith
0.8-nm windows$ forming a three-dimensional open frame-
work. We summarize here the sample preparation; a more
detailed account can be found in Ref. 4. A small amount of EPR spectra are taken using a conventioXalband
degassed zeolite powdérypically 500 mg is loaded with ~ Bruker ER200D spectrometer with microcomputer data ac-
acry'onitr"e Vapor fo 1 h atroom temperature_ The amount qUiSition. An Oxford Instruments ESR900 |IC]UId helium flow
of monomer loaded is obtained by weighing the sample. Th€"yostat enables work betw.een 4 and 300 K. Such a cryostat
intrazeolite polymerization is then performed in an aqueougl0€S not enable very reliable temperature measurement,
solution of potassium peroxodisulfate and sodium bisulfitgherefore we used a r_e5|duaI3FeEPR signal coming from
for 12 h at 40 °C. For the pyrolysis operation, the zeo-Minoriron coptammatlon of the zeol_lte for temperature cali-
lite/PAN samples are heated in a quartz tube reactor at a raf¥ation, as this signal follows a Curie law.
of 2 °C per min. The target temperature is held for 12 or 24 Microwave conductivity measurements are taken by a
h; the treatment is done under nitrogen flow or vacuum. Cavity perturbation method. The quality facirof a cavity

The following characterization was performed: IR spec-'S measured with an HP8510C network anglyzer. For room
tra, electronic absorption spectra, proton di@ NMR, gel ~ témperature measurements we use a multimodgy, Tiect- -
permeation chromatography, dc conductivity, and thermo@ngular cavity? giving 8 resonances with maximum electric
gravimetric analyses. For some of these experiments, thield between 7 and 14 GHz. For variable temperature mea-
zeolite network was dissolved with a 25% aqueous solutiorpurements, we use a Tgp cylindrical cavity working at 1.9
of HF. The main conclusions are as follow#: polymeriza- ~ GHz and cooled _by a continuous-flow Ilq_wd-hellum cryostat.
tion does occur in the zeolite framewofk) The intrazeolite ~ For the two cavities a measurement with an empty tube is
polymer is very similar to bulk PAN. Chain length analysis "équired for extracting relevant data as the sample conduc-
reveals a peak molecular weight of about 19 (860 mono- tivity is proportional to the difference of @ with and with-
mer units or a length of 0.2m, which is roughly the diam- 0ut sample. The conductivity is deduced from the imaginary
eter of one individual grain of zeolitdor PAN in zeolite Y ~ Part €’ of the dielectric constant epsilon via the formulas
and about 100020 monomersin mordenite.(iii) The zeo- €= (V/4Vs)A(1/IQ) (V. is the cavity volume and/s the
lite hosts drastica”y Change the pyr0|ysis reacti@m) The Sample Volume; an eventual correction from the depolal’izing
zeolite framework is not destroyed during the pyrolysis op-factor can be made herando = wx ep€”.
eration.(v) After recovery from the zeolite hosts, the PPAN
shows dc conductivity at the order of 10S cmi L. 1. MICROWAVE CONDUCTIVITY MEASUREMENTS

We give in Table | the main data concerning the zeolite-
PPAN samples studied during the present work. The relevant
parameters are the pyrolysis temperai@®0 or 700 °Q, the In Fig. 1 we present the variation of the measured con-
pyrolysis time(12 or 24 H, and the atmosphere for this py- ductivity with the microwave frequency, measured at room
rolysis (nitrogen or vacuum While most samples studied for temperature for the zeolite Y/PPAN samples. Two facts
the present work are the zeolite Y samples of Table I, weseem to be clear: first, the general tendency is that the con-
performed some complementary measurements on songkictivity increases with increasing pyrolysis temperature or
other samples: bulk PPAN, PPAN included in mordenite agluration; second, the conductivity increases with increasing

B. Measurement techniques

A. Room temperature measurements
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A. The narrow signal

The intensity of this signal decreases with increasing py-
rolysis time and temperature; no narrow signal can be de-
tected in the samples pyrolyzed at 700 °C. The linewidth
ranges from 1.5a 2 G while theg value is 2.0028. The
intensity of the signal follows a Curie law. The number of
spins contributing to this signal is small, a typical value be-
ing 2.5x 10 spins/g(see Table ).

o'(T) / ¢'(300)

B. The broad signal

0.01 — ! 1 T A B |
10 100

Temperature (K)

In contrast to the preceding one, this signal can be ob-
served in all the pyrolyzed samples, and its intensity in-

FIG. 2. Microwave conductivity vs temperature at 1.9 GHz for Créases with the pyrolysis time and temperature. In Fig. 3
the zeolite Y/PPAN sample 16. The solid line corresponds to aV€ give the correlation between the spin magnetic suscepti-
linear fit of the conductivity data fof>100 K. The dotted line Dility (proportional to the number of spins per monomer
corresponds to the model given in the text. corresponding to this broad signal and the microwave con-
ductivity at room temperature as already described. In Fig. 4
R . . we give the variation with temperature of the susceptibility
frequenpy, in Fig. 1, the straight lines correspond tmra. and of the linewidth of a typical signasample 1% the
proportional to frequency law. Extracted PPAN samples givgemnerature law clearly departs from a classical Curie law:
typically a conductivity 2 or 3 times higher. All samples, {he spin susceptibilities given in Fig(8 correspond to the
however, exhibit a conductivity proportional to microwave gpR |ine intensity measured at room temperature. g Feec-

frequency in the 2-15-GHz range. tor of this broad line is around 2.003.
B. Variable temperature measurements V. DISCUSSION
In Fig. 2 we show the variation of the logarithm of the A. Charge carriers and spins

measured microwave CondUCtiVity with the inverse tempera- Figure za) shows a clear correlation between the micro-
ture, at a frequency of 1.9 GHz, for sample 16. The solid linewave conductivity and the number of spins, both quantities
corresponds to & law, which is followed above 100 K. We increasing with pyrolysis time and temperature. From this we
shall discuss this behavior in Sec. V. deduce that pyrolysis induces significant electronic conduc-
tivity on the PPAN chains imbedded in the zeoli{@s the
same order of magnitude as the bulk polymerized polymer
IV. EPR MEASUREMENTS and that the charge carriers involved in this conductivity are

~ also responsible for the broad EPR signal observed.
All the samples show a more or less complex EPR signal.

A typical spectrum shows a complex line, which can be eas-

ily decomposed into two Lorentzian lines. Some other B. EPR spectra

samples exhibit a non-Lorentzian line shape, which again We attribute the narrow EPR line seen only in samples
can be computer analyzed as the sum of two Lorentziapyrolyzed at low temperature to intermediate defects during
lines. These two signals have different behaviors, which wehe pyrolysis process, which disappear at higher pyrolysis
describe now. temperature or time. We will not focus on this signal.

TABLE Il. Conductivity and EPR resultsygeiects Narrow signal(Sec. IV A); xo: broad signal(Sec.
IV B), decomposed in two contributiong;, : attributed to charge carriers; and : a Curie-type signal due
to localized magnetic moments.

o at 8 GHz Xdefects Xo Xp Xc
Sample (Qm? 10 spins/g 1012 emulg 102 emu/g 10% spins/g
11 0.172 3.07 2.40 1.3
12 0.112 2.66 1.41 2.4
13 0.330 8.57 4.34 8.3
14 0.064 2.51 1.89 1.25 1.3
15 0.145 2.33 2.74 2.15 1.2
16 0.192 3.50 2.66 1.6
17 0.269 4.23
bl 1.6 1500

b2 1.25 2000
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0.4 : : : : FIG. 5. Variation of spin susceptibilitjwhite dots vs tempera-
ture for sample 13. The line corresponds to the Curie law fit of the
low-temperature behavior, whereas the full dots displayyxtheart

0.3F . of the susceptibility.

~
TE L | (i) For 100<T<150 K, the rapid broadening of the EPR
&} 0. s width indicates a phase transition.
o . (iii) Above 150 K, the susceptibility increases rapidly and
0.1k - the linewidth becomes constant. In the sameange, con-
. ductivity shows a continuous transition from semiconductor
to metallic behavior.
0, ” 5 s . 5 For our measurements in PPAN, we $€&. 4) that the
_12 Curie law is followed under 100 K. For higher temperatures,
(b) 1, (107" emu/g)

there is an additional component as shown in Fig. 5, where
the full dots correspond to this componegy,, after subtrac-
ion of th ri ntributiony, is zer low 75 K, rapidl
(measured at 8 GHzand spin susceptibility computed from the ;[nocreoasfese ggoSecqth}sbtuetn?p)éﬁatsurS Oatr)uzorea(?he,s Zp 30):18'[3”'[
broad EPR linga) or spin susceptibilityy, as analyzed in the text . . :
vqalue above 150 K. In this ladt region, the behavior of
(b). Open symbols represent samples pyrolyzed under vacuum an - . X . p
full ones those pyrolzed under nitrogen suggests metallic Pauli behavior. In Figb8 we replot the
' data of Fig. 8a), using x, as the new value for the suscep-
The variation of spin susceptibility with temperature tibility: we get now a true proportionality between conduc-
given in Fig. 4 looks like what is observed in several mo-1iVity and spin susceptibility. We deduce from this that total
lecular crystals based on aromatic molecules, such dusceptibility is made up of two contributions: the first from
anthracen® and perylen¥: for these crystals, susceptibility charge carriers and the second from isolated magnetic mo-
follows a Curie law at low temperature, and then increasefnents, attributed to localized defects. It is worth mentioning
exponentially above 50 or 100 K. Such a behavior isthat this last contribution corresponds to'£010'8 spins per
interpreted® as follows: gram of organic matter, which is much lower than what is
(i) The Curie law, which dominates below 100 K, is at- observed in bulk PPAN: the structure of the embedded poly-
tributed to some crystal defects giving rise to localized magMer is more ordered than that of the bulk polymer.

FIG. 3. Correlation, at 300 K, between microwave conductivity

netic moments. We also have to remark that, neglecting the narrow signal
described in Sec. IV A, only one line is observed in the
10 T . 20 whole T range, while the present analysis supposes two dis-
I * : tinct contributions. This implies an interaction between the
Curie law ° ° d1s8 two spin systems, probably through the diffusion of the mo-
° 1 bile charge carriers. The rapid variation of the total suscep-
g ° lis T tibility around 100 K can be attributed to a semiconductor to
e g SA metal transitior? and is correlated to the substantial broad-
S g 414 g ening of the line in thisT range.
= o 5 3
/m: 412 C. Conductivity values
4 ] It is interesting to mention here the high conductivity val-
' = '160 ' 10 ues measured in the present work: see, for instance, the data
in Fig. 1. These data can be compared to our measurements
Temperature (K) on bulk PPAN samples, giving values between 1 and
FIG. 4. Variation of the logarithm of the spin susceptibilityll ~ 2(2 m)~* at 8 GHz: these values are not much higher than

dot9 and of EPR linewidth{white dots vs temperature for sample those for the embedded polymer samples, for which polymer
13. concentration is quite low, of the order of 4 wt %. We con-
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clude here that the conducting properties of the embeddedhere 7,, corresponds tdJ,,. Assuming, for high enough
polymer are better than those of the bulk polymer. Such betemperature, that) ,<kT, we finally get
havior is not unexpected, since one may think that embed-
ding reduces disorder and can favor aromatic cluster forma- wkT
tion in the supercages or channels of the zeolite host. o' (w)x T (5)
M
D. Variation with frequency and temperature . o .
The microwave conductivity follows with frequendggee Equation(5) is indeed followed above 100 K; see Fig. 2.
The departure from linearity obtained below 100 K is quite

Fig. 1) a law in »® with s of the order of 1. This is a very ; . L .
common behavior in disordered systems, where there existsv_gle“ described by the dotted line, which is Be) with U,

A ' . i =8 meV an =0.1. However, this is onl miquan-
very broad distribution of relaxation times, due to spatial or 8 meV andw7y,=0 owever, this Is only a semiqua

energetic disorder in the materi3lin such a case, unfortu- titative model, as we know from our EPR results that the
9 ! carrier number is not constant below 100 K.

T oo e r) 1o aur Sy f the aralon of i o and T, v
phy port p have thus shown that the microwave conductivity in our

Wis inﬁ:yéie ntzjwv\t/hergegelnderncenc:f Icongutigv;tyll}/mﬂ] samples corresponds to disordered systems, where charge
as give g. 2. YVe model our samples by Metallic CluS-., 0 o folow hopping processes. For our experimental fre-

ters, as proved by EPR’ between Wh.'Ch the carriers have_ t uencies, conductivity is dominated by jumps between the
jump through a hopping process to give nonzero conductiv-

itv. Such an elementary process is described through a relarr_1eta||ic conducting chains; in order to study intrachain con-
Qt/i.onliimer with yp IS : ug )éiuctivity, one should have to work at frequencies higher than

ours, i.e.,>14 GHz.
7= T10eXp(U/KT). (D)

k is the Boltzmann constari, the temperaturd) an energy VI. CONCLUSION
barrier to cross, and a characteristic time. Such jumps
contribute to the conductivity through the following contri-
bution:

We have shown that it is possible to polymerize good
quality polyacrylonitrile chains inside the channels of a zeo-
lite. After suitable pyrolysis, these chains become conduct-
ing, as proved by microwave measurements and by electron
2 spin resonance. This behavior contrasts with our preceding

work with polypyrrole, where polymerization was also ob-
For the whole system, we consider that there is a distriS€rved but where no conductivit_y could b_e detected. In the
, ase of polypyrrole, the necessity of doping to get charge

bution of energy barriers to cross, on which a mean has to b&

taken from the former expression. For high enough fre_carriers implies the presence of counterions, which very

guency, as is the case for our microwave conductivity meapmb"’lbly block the mpbilit_y of these carriers. In the case of
' RPAN, no such doping is needed, as the carriers appear

surements, one can consider that the carriers perform onl X . ; .
P ytﬁrough the creation of aromatic regions on the chains by

limited ber of j duri iod of the elec- . L :
}[/rie(??i;?(;l eso ?#gt] oenreocétrj]mv\?rie uring one period ot the elec pyrolysis. The conductivity values obtained show that the
' imbedded polymer is a better conductor than the bulk mate-
ioT > rial. Our EPR measurements prove that zeolite-imbedded

IN2N€’r? iwr
3 1+iwr’

do(w)=

15 ior (€©)) PPAN undergoes a semiconductor-to-metal transition in the
70—150-K temperature range. Our microwave conductivity
Knowing very little about the barrier distribution, let us Measurements imply that this metallic conductivity is re-
consider that the probabilitg(U) to get a barriet) is con- stricted to clusters between which the carriers have to jump.
stant between two energiék, andUy and zero elsewhere.
With the assumption thatl,,>kT, we get, for the real part
of o(w)

U(w)o<<
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