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Hyperelectronic Polarization in Polymeric Semicondudors
R. D. BARTMAN', Department of Physics

Oldahoma State University, Stillwater
Electronic conduction properties of organic materials were first re

ported by Pochettlno in 1906, in a study of the photoconductivity of
anthracene. It was some 40 years later that investigators began seriously
examlnlng organic materials. Within recent years, many organic solids
(well over 100) have been examined and classified as semiconductors.

Of particular interest 18 a group of polymeric semiconductors which
exhibit unuaually high dielectric constants. This 1s certainly not to be
expected, lince polyethylene and polytetrafluoroethylene, among other such
polymers, poueaa dielectric constants of 2.3 and 2.9 respectively.

Pohl and Rosen (1965) first reported this phenomenon of high dielec
tric conatanbl. Further evidence of the effect was reported by Rosen and
Pohl (19M) and by Hartman and Pohl (1965).

Slnce that Ume we have found several additional polymers which
exhlblt such a phenomenon. Th1a paper presents data tor 4 ot these
polymers. In addition a model which qualitatively accounts for the un
uaually hiCh dielectric COJUltants 18 preaented and dlacussed.

SAMPLE PaPARATlON

The polymera were prepared and puritled In a manner slmilar to
that deecrlbed by Poh1 and Engelhardt (1962) and Pohl, Bommann, and
Ito (1M2).

Polymers JK11B and JM85B were tonned by miXing zinc chloride and
anthracene with pyromellltic dlanhydrlde (PMA) 1:1:1, and zinc chloride
and phenothluine with me1Utic trlanhydrtde (MTA) respectively, and
heatblC at 296 C tor a period of 24 hr under nitrogen (Mason, Pobl. and
BaItmaD 1917).
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sample DPlA was prepared by mixing anthraquinone with PMA
1:1:1 and zinc chloride &8 a catalyst. and heating 2. hr at soo C.

SK3A polymer was prepared by mlxlng N,N'-d1methyldithlooxamlde
with copper sulfate (1:1) (Hartman, Kanda. and Pohl. 1968).

Each of the polymers studied was a fine-grained. black. lnaoluble
powder. After formation the powders were purified by continued wash
ing in hot water, ethanol. and toluene in a Soxhlet apparatus. Following
purification. they were stored in a desiccator until used.

DIELECTRIC CONSTANT MEAsUREM£N'I'S

The audiofrequency dielectric constants were determined by measur
ing the parallel capacitance of the samples in a Bridgman opposed-anvil
high pressure cell. (For specific details of the cell. ct. Rosen and PObl.
1966.) A Koop's bridge (Roop, 1951) was employed to measure the capa
citance of the sample, after the background capacitance had been care
fully nulled out. This bridge has an advantage over most bridges in that
it yields the parallel capacitance and resistance ot the unknown directly.

Before taking data, the samples were premolded at high pressurea
( ....20,000 Kbar) to insure good compaction of the polycrystalline mate
rials.

Data obtained on sample JM77B is displayed in Figure 1. The ruiJ
tiv1ty remains essentially constant, while the dielectric constant la ap
proximately halved, over the frequency range examined.

Similar characteristics are exhibited by polymers DPIA and JMMB
as shown in Figures 2 and 3 respectively.

Polymer SK3A departs from the above generalization. a8 can be
seen in Figure ., in that the resistance drops significantly as well as does
the dielectric constant.

Table I presents general data tor the polymers studied. llated in order
of increasing dielectric constant. The values tabulated correspond to a
frequency of 1 KHz.

In addition to frequency dependence, the dielectric constant depend
ence upon applied pressure and electric field strength were stUdied. Data
is not presented here, but the general trend was that the dielectric con
stant increased with pressure, and decreased with increasing electric tield
strength. The latter observation agrees with that reported by Rosen and
Pohl (1966).

DISCUSSION or RESULTS

In general, a lOUd dielectric wlll exhibit various typea of polarization
When exposed to an a1tematin~ electric tteld There are tour dlsUDct
types of polarization known. These mecbanisIna are shown graphically
In FIgure 5. Each fonn of polarization plays an important role in deter
mining the dielectric properties of a BOUd within its re8P8Ctlve frequency
range. A given .aUd wlU pouea one or more of these ~nlOD8 In It.
dielectric constant, the number depending upon the Itructure of the 1011d.

The particular range of intereat to th1B study centel'll around the 1
KHz value. ThlB corresponds to the range normally associated with sur
face polarization phenomena. However. if ODe examines the curves shown
In FIgures 1.... It is obvious that there is a tremendous enbancement in
dielectric constant over that for most hydrocarbou (tr-2-6). In addition,
there is no trend tor the dielectric constant to level ott below 1 KHz.
In fact, It appears to swtng upward at a very fut rate.
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J'1I'ure 1. Variation Of the relative dlelectricconstant (.,,) and resistlv
ity <p> for the polyacene quinone radical polymer based on
anthracene and pyromeWtic dianhydride. versus frequency;
T = 298 K. .p = 1.37 K~.
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FIgure 2. Variation of the relative dielectric con.etant hr) and resl8t1v
Ity (p) for the polyacene quinone radical polymer baaed on
anthraquinone and pyromel1ltic dlanhydride, venua frequency;
T = 298 K, P = 1.1 Kbara.
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~ a. Varlation of the relative dielectric constant (er) and res18t1v
tty (p) for the polyacene quinone radical polymer based on
phuothlulne and me1lltic trtanhydrlde. veraua frequency; T =
t88 K. P = 1.37 Kbara.
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Figure~. Variation ot the relative dielectric constant (lr) and reststlv
lty (p) tor the metallo-organic complex Polymer based on Cu"
and N ,N'-d1methylrubeanic acid (i.e., copper N ,N'-dlmethyl
rubeanato polymer), versus frequency; T = 298 K, P = 7.86
Kbars.
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TABLE I

PARAMETERS FOR POLYMERIC SEMICONOUCTORS(a)

Sample Chemical .Resistivity Dielectric Constant
No: Composition (ohm-em) (relative to e. )

~ ~1Ot) 1.6Xl0
6

58JM77B + 0 ~O
.~ c.~o 0

Anthracene PMA(b)

* a. .0
Sed)

DPIA ... 0 O+~~ 2.1 x 10 390(d)

Anthraquinone PMA(b)

at,
SK3A J...,!"S ... Cu50...

4(e)
1550(e)2.35 x 10

5' '~H
C.H,

N. N - Dimethyl R;Jbeanic Acid. ~{,
JM85B ~+~~~ 9.5 x 10

2
1820

0

Phenothiaaine MTA(c)

(a) Unless otherwise noted. data reported is for the. sample at room tem
perat\U'e (Z98

0
X) under a pressure of 1.37 Khan with the frequency of

applled electric field being 1 KHz.
(b) PMA: pyromellitie dianhydride.
(e) MTA: mellitic trianhydride.
(d) Measured at pressure of 1.1 Khan.
(e) Measured at pressure of 7. 8S Khan.
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Figure 5. Variation of the relative dielectric constant (h) with frequency
for a general solid dielectric. Each relaxation depends upon
the mechanism as labeled. The new type of polarization, hyper
electronic polarization, is shown by the dashed curve.

This phenomenon, shown qualitatively in Figure 5 as & dashed line,
has been designated as "hyperelectronic" polarization. Its origin 18
thought to be due to the fonnation of extremely large dipoles which oscU·
late within the sample when an alternating electric field 18 applied.

In order to discuss this phenomenon of hyperelectronic polarization,
let us consider a typical polymeric semiconductor as being composed of
long ellipsoidal molecules as shown in Figure 6(&). Note the dimensiona
of the molecules. The length has been suggested by Pohl and Englehardt
(1962) and Rosen and Pohl (1966), while the diameter corresponds to a
carbon-earbon bond length.

Further we shall consider the sample 88 possessing some degree of
localized molecular ordering or stacking. Now, imagine a thermally pro
duced carrier pair (e' and e+) to be formed at the position indicated by
(.). Each carrier migrating through the solid finally becomes locaUzed in
the two molecules 88 shown. The carriers are depicted within the brack
ets, so as to indicate that there 18 some average domain in which the car
riers may be found when no electric field is applied.

Upon applying an alternating electric field, the electron wtll migrate
in one direction, whUe the hole mlgrates In the opposite direction (Figure
6 (b) ). The molecule itself is assumed to posse&I virtually no reaistance.
Thus, the carriers very quickly move to opposite ends of their respeet:1ve
molecule, and form an oscillating dipole. This dipole will be very large
in magnitude. due to the large molecular dimensions which coutltute t&e
dipole arm.
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FIgure 8. Representation of molecules within a polymeric semiconduc
tor, showing local1zed ordering. (A) Without an electric field,
there 18 no net polarization. (B) With an electric field, a
large dipole Is produced which gives rise to the large polariza
tion ob8erVed.

Hence, thl8 ''bypenlectronlc'' polarization Is thought to be the cause
of the unusually high dielectric constants observed in some polymeric
eemtconductora. It appears analogous to the surface polarization effects
of Jlaxwen·waper (Von Hippel. 19M) but Is thought to be microscopic
m Dalure rather than macroscopic.
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SUMMARY

Extremely high dielectric constants, observed in polymeric semicon
ductors, have been attributed to a phenomenon called hyperelectronic
polarization, which is thought to result from the formation of a very large
dipole within the polymer. The dielectric constant is observed to be: (1)
Inversely proportional to frequency: (2) inversely proportional to applied
electric field strength: and (3) directly dependent upon pressure. All ot
these findings, excepting the latter, verity earlier findings by Rosen and
Pohl (1966) .
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