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PREFACE

Recent work bas shown that, as a class, polymeric materials possess
many of the useful electrical properties that are found in the non-
polymeric metals and inorganics. Moreover, the polymers possess po-
tential advantages: notably, ease of fabrication into films, filaments
and complex shapes; variability in molecular design; general availabil-
ity and low cost; and high strength and toughness. The objective of
this program is to develop an understanding of the molecular structure
and configuration in polymers that confers the unusual and desirable
electrical properties and to use this knowledge to develop new polymer
systems with improved utility and greater versatility. It is envisioned
that many of the present day Naval applications that depend on the
electrical properties of non-polymeric materials will benefit
significantly by having available a wider range of materials having new
and unusual electrical properties.

The Naval Research Laboratory and the Office of Naval Research hsve
had a direct interest in this area for several years. About two years
ago both organizations independently reevaluated their programs and
decided that expanded effort was warranted. At NRL, this involved
drawing together several small projects into a larger more well-focussed
effort in this area. Concurrently, ONR through its Advanced Polymer
Program significantly increased its activity in the areas of conducting
polymers and piezoelectric polymers. Coordination of the two programs
was carried out through the Navy Committee on Advanced Polymers,
chaired by Dr. K. J. Wynne of ONR's Chemistry Branch, and through joint
internal reviews of both programs. A joint ONR-NRL Symposium on
Electroactive Polymers held at NRL on August 25, 1978 highlighted
efforts in these programs. Much of the NRL work discussed at that
Symposium is contained in this report.
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THE NRL PROGRAM ON ELECTROACTIVE POLYMERS
First Annual Report
INTRODUCTION

L. B. Lockhart, Jr.
Polymeric Materials Branch
Chemistry-Division

The entire spectrum of Navy technology in weapons, platforms,
and logistics relies heavily on sophisticated electronic devices.
These technologies, in turn, depend on a variety of metals and other
inorganic substances that serve as electrical conductors, semicon-
ductors, and electromagnetic or acoustic sensors.

The utility of available electronic materials is frequently
limited by such factors as weight, mechanical fragility, fabrication
problems, corrosion, scarcity and high cost. As a result, Navy
scientists are looking to the development of a new generation of
electronic components and systems employing non-metallic materials
which we call "electroactive polymers." Although these materials
have long been known to chemists, efforts to exploit their
extraordinary electrical properties have been attempted only within
the last few years.

The Naval Research Laboratory (NRL) research program in electro-
active polymers is directed toward the development of synthetic, non-
metallic polymers with electrical and electromagnetic properties
that are equal to or superior to those of conventional materials
(metals and their compounds), combined with the added advantages of

o greatly simplified fabrication
o high strength-to-weight ratios
o unlimited availability

o low cost

o variability in molecular design and
properties

A subsidiary objective is the development of new theory and
guidelines which relate electrical properties to the molecular
structures and morphological properties of polymeric materials.

Note: Manuscript submitted January 22, 1979.
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NRL's current program of research on electroactive polymers is
concerned with THEORY, SYNTHESIS, CHARACTERIZATION, and APPLICATIONS.
Each of these interrelated tasks draws on prior capabilities developed
at NRL.

Existing theories relating electrical properties to molecular
structure and describing how electrical phenomena operate in polymers
are not well developed. To correct these deficiencies, NRL chemists
are comparing quantum-thcory models with electronic energy levels
and other molecular parameters derived from electron spectroscopy
(ESCA), carbon-13 nuclear magnetic resonance, and conductivity
measurements. ;

Polymer synthesis, guided by parallel theoretical and
characterization studies, is being directed toward both organic and
inorganic materials. The following examples are illustrative:

o Inorganic conducting polymers
Phosphorus nitrides (PN)x
Phosphorus borides (PB)x
Carbon sulfides (CS)x
o Polyconjugated linear and network polymers

Ion-implanted and chemically doped
polyacetylene (CH)x

Dianil-linked polyphthalocyanines
o Charge-transfer (donor-acceptor) polymers
o Polymers exhibiting stimulated electrical phenomena ...
piezoelectricity
pyroelectricity
photovoltaic effect
A variety of physicochemical and spectroscopic measurements is
being used to determine the electrical properties, mechanical proper-
ties and molecular structures of materials. Results of these studies
provide guidance to the theoretical and synthesis tasks. .
As promising new electroactive polymeric materials evolve from

the program, applications which exploit their unique characteristics
will be examined. Beyond the potential for improved sensors,
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detectors, semiconductors and solid-state devices, it is anticipated
that these studies will lead to the discovery of important new
phenomena and exciting new technologies.
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X-RAY PHOTOELECTRON SPECTROSCOPIC INVESTIGATION OF
(SN)yx AND (CH), AND RELATED MATERIALS AND
ESR STUDIES OF (CH)y

P. Brant, D. C. Weber, and C. T. Ewing
Inorganic and Electrochemistry Branch
Chemistry Division

INTRODUCTION

Both X-ray photoelectron and electron spin resonance
techniques were utilized to investigate the electroactive
materials (SN),, (CH),, and their derivatives. It was felt
that these spectroscopic methods could give greater in-
sight into the electronic configurations of these unique
molecules, thereby leading to a greater understanding of
the reasons for their unique electrical properties. Such
an understanding would then be used as a guide in the syn-
thesis of new materials with similar electrical properties
but with much improved physical and chemical properties.
The progress of these studies is discussed as well as the
implications of the results obtained to date.

X-RAY PHOTOELECTRON SPECTRA OF (SN)y AND RELATED MATERIALS

Polythiazyl is synthesized by "cracking" S4Ns4 in the
gas phase to form clear, colorless S;N, which subsequently
polymerizes in the solid state to the golden (SN)x (1).
Exposure of (SN)y to bromine vapors results in the forma-
tion of the highfy conducting material (SNBrg 4)x (2,3).
As part of the Electroactive Polymer Program, we have
undertaken an XPS investigation of several derivatives
containing the SN repeating unit. Gas phase and solid
state data have been recorded for S;N,, and solid state
data have been obtained for (SN)x, zSNBro,os)x. and
( SNBI'O-4) xX°

Gas Phase Data on S;N;

High resolution gas phase X-ray photoelectron spectra
of the S 2pj/2, 2p3/3., and N 1s levels in S;N; are shown in
Figs. 1 and 2, and éﬁe gas phase XPS data for this and re-
lated compounds are organized in Table I. The line widths
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of the S 2p; and 2p3/2 peaks, and the N 1ls peak approach
the natural {ine width' of the Al-Ky X-ray source (0.95 eV)
(4). The symmetric narrow peaks are consistent with the
presence of a single form of nitrogen and sulfur (1) in

S N;. Empirical charge-binding energy relationships (5,6)
for S and N indicate that the charges on sulfur and nitro-
gen in S;N; are ~ +0.15e and -0.15e, respectively. Dr.
Joseph A. Hashmall, who is working as an outside consultant
on this project, has completed MNDO calculations which give
charges on the sulfur and nitrogen of +0.402 and -0.402,
respectively. Calculations for S,N; by others (7) employing
SCF-Xa, ab initio LCAO Hartree-Fock, INDO, and INDO-type
ASMO-SCF methods give N and S charges ranging from -0.21 to
-0.48 and +0.21 to +0.48, respectively. The experimentally
determined and calculated charges are consistent with the
electronegativities of sulfurr?l.Q) and nitrogen (2.5).

Solid State Data: SN,

Solid state XPS data for S,;N;, (SN)y, and (SNBry)x
with y ~ 0,05 or 0.4 are summarized in Table II. For these
experiments, S;N, was sprayed onto a sample probe cooled to
approximately 77°K and its S 2p, S 2s, and N ls spectra
recorded. These core levels have binding energies roughly
the same as reported by Sharma et al (8). 1In addition, an
intense O 1s peak at 533.2 eV was observed. It is believed
that the O 1s peak is due to water which presumably con-
densed onto the probe with the S,N,. Electron energy loss
features are associated with the primary S 2p, S 2s, and N
1ls core level signals. A broad feature situated approxi-
mately 22-24 eV from the primary peak is present in all the
spectra and is attributed to a bulk plasmon excitation. 1In
the S 2p (Fig. 3) and S 2s spectra, weaker and narrower
satellites are also observed 6.2 eV from the primary peaks.
These weak satellites are tentatively attributed to an
intramolecular valence electron transition during photo-
emission. The molecular orbitals involved in the transi-
tion have not been identified.

Solid State Data on (SN)y

In situ polymerization of S;N; to (SN), was achieved
by raising the probe temperature to ~300°K. S 2p and N 1s
spectra of the polymerized product are compargd with thoge
of S;N; in Figs. 3 and 4. Although the s-N~ and N-S8~

topologies of S,N, and (SN)x are similar (see Table III),
and the S and N ground state charges are expected to be the
same, some marked differences in the spectra are observed.
In particular, the S 2p and S 2s peaks broaden approxi-
mately 0.4 eV on polymerization, and the N 1ls peak develops
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TABLE III - STRUCTURAL DATA FOR SN DERIVATIVES?

°
s-N (Aa) <NSN <SNS opgeg
S2N2 1.657, 1.651 89.6 90.4 1.5
SeN4 1.616 105.5 113.5 1.5
(sN) 1.593, 1.628 106.2 119.9 ~1.3

aStructural data found in Refs. 1 and 37.

a strong well-resolved shoulder at higher binding energy.
Gaussian deconvolution of the primary peak and shoulder
resulted in relative peak areas of 2.0 to 1.0. The shoulder
is separated from the primary peak by 2.4 eV. Other inves-
tigators have utilized electron energy loss (EEL) ectros-
copy to examine plasmon dispersion phenomena in (s§§x £10).
A strong, sharp dispersion peak propagated along the SN
chain was found separated by 2.5 eV from the elastically
scattered monoenergetic electrons, while a weak plasmon
dispersion peak propagated perpendicular to the SN chains
was found separated by 1.5 eV. These plasmons are related
to the anisotropic electrical properties of (SN)x. On the
basis of the EEL studies, the broadening of the S 2p and

2s peaks and the shoulder in the N 1ls spectrum from poly- ]
merization of S;N; to polythiazyl are attributed to excita-
tion gf a plasmon transition along the chain during photo-
emission.

Polymerization of the S;N, also results in a shift of
the S 2p, N 1s, and S 2s peaks to lower binding energies. E
In a recent paper, Sharma et al. (8) attributed the lower
binding energies in (SN), to more efficient dissipation of
sample surface charge by the conducting (SN)y compared to
SaN2 which is not a conductor. However, a reasonable
alternative explanation is that the decreased binding
* energies and, with the exception of the plasmon loss peaks

discussed above, the broader peak envelopes associated with

(SN)x are the result of a greater valence electron relaxa-
tion effect in the conducting polymer.

In addition to providing the energy for S;N; poly-
merization, the increased sample probe temperature resulted
in loss of the intense O ls peak at 533.5 eV while giving
rise to a new, much weaker O 1ls peak at 531.5 eV. Correla-
tion of the relative O 1s, S 2p, and N ls peak areas (11)
gave an agproximate 0:S:N stoichiometric ratio of
0.04:1.0:1.0. The large shift to lower O ls binding energy

Rl e St R




suggests that the adsorbed oxygen-containing material
(probably water) reacted with the S;N, and/or (SN)x. In
fact, other investigators have identified a hydride impuri-
ty in (SN)x by mass spectral studies and it was speculated
that the hydride arose from reaction of small amounts of
H,0 with S,N, or (SN)x (12). No oxide impurity was found
in the mass spectral analysis. We believe the O ls signal
recorded in the spectrum on in situ polymerized (SN)yx to
be a previously unobserved oxide impurity. Unfortunately,
independent information concerning the composition of the
oxide impurity is not yet available from XPS or other
spectroscopic data.

Before, during, and after polymerization of the S:;N:
to (SN)y, the carbon 1ls peak remained extremely weak. Com-
parison of the carbon 1ls peak area with the S 2p, S 2s and
N 1s peak areas indicated that the stoichiometric ratio of
carbon:nitrogen:sulfur was approximately 0.05:1.0:1.0.

The very low carbon and oxygen content on the surface
of the in situ polymerized (SN), provided an opportunity to
accurately measure the S 2p, S 28, and N 1s photoionization
intensity ratios without the complication of selective over-
layer signal attenuation of lower kinetic energy photo-
electrons (13). Standardized area ratios determined for
this sample are compared below with those reported by Wag-
ner (11) and Nefedov et al (13), and with ratios calculated
using the equations

I, = 10,02 (e;) [1+ (0.58,)(1.5 sin®-1)Ip,(e,)

1, = T0 nA () [1+ (0.5 B) (1.5 sinzm-l)]Dy(ei)

where I_ is the x-ray flux, o the photoelectron cross-sec-
tion refative to some standard, n is the density of the
atom of interest, \(ej) is the mean free path of an elec-
tron of energy € in %he substance examined, B is an orbi-
tal parameter, @ the angle between the incident radiation
and path of the detected photoelectrons (in this case, 90°),
and D(e;) is the fraction of photo-ejected electrons with
kinetic energy e¢; which reaches the detector.

As the comparisons below show, agreement between the
calculated and three experimentally determined sets of data
is only qualitative. Experimental values probably do not
agree well because of differences in overlayer contributions,
x-ray anode and window contamination, variable sample sur-
face compositions, and satellite loss differences. _




S 2p S 2s N ls

This work, (SN), 2.10 1.00 1.83
wagner, (K,SO4 and KNO3) 3.04 - 1.83
Nefedov, et al 5.28 1.00 2.50
Calculated (Alxu) 3.26 1.00 1.05

Solid State Data on Brominated (SN)x

Two samples of brominated (SN)yx have been examined.
The first sample was prepared by bromination of an (SN)x
film in the spectrometer sample chamber, while the second
was prepared by bromination of an (SN), single crystal to
form (SNBrg_4), according to the literature method (10a).
In the first instance, bromine was condensed onto the (SN),
film at 77°K and the sample was warmed to room temperature
over a one-hour period. The approximate S:N:Br stoichio-
metry at the film surface was ascertained to be 1:1:0.04 by
standardized area comparisons of the S 2p, N 1ls, and Br 34
peaks (11). Although the quantity of bromine absorbed by
the (SN)x was small, discernible changes were observed in
the core level spectra, including loss of definition of
the plasmor peak at 2.4 eV higher binding energy in the
N 1ls spectrum. The changes were largely manifested as peak
broadening (ca. 0.2-0.3 eV), with only slight binding
energy shifts observed.

The second sample, an (SNBry 4), crystal, was held in
place on the sample wheel by an a2m ftum spacer planchette
and a gold screen. Prior to XPS analysis, the sample had
been stored in vacuo for a period of approximately three
months. It had been prepared by exposure of the {sn) to
Brz vapor from undistilled bromine according to the liter-
ature procedure (1l0a). During transfer to the spectrometer,
it was exposed to the atmosphere. Due to the small surface
area of the crystal and the area of gold screen covering the
sample, the core level peaks recorded for this sample are
weak, but the gross features are adequately defined.

i The N 1ls and S 2p spectra of the crystal exhibited
: striking differences from all of the previous spectra of
SaN2, (SN),, and in situ prepared (SNBry,04)x- In addition
to § 2p and N ls peaks at 164.7 and 398.2 eV, respectively,
which correspond roughly to those of undoped (SN)x, new,
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strong S 2p and N ls peaks were observed at 168.7 and 40l1.4
eV. The relative intensities of the higher to lower bind-
ing energy (Ep)peaks in the S 2p and N ls core level regions
are approximately 0.7:1.0 and 1.,0:0.7, respectively. The
additional N 1ls peak which arises after bromination has
also been observed by Sharma and Igbal (14), who attribute
the new peak to ammonium ions (NH4*) which form on the sur-
face of (SN), films during bromination and which they
report have geen identified by infrared and X-ray diffrac-
tion data. (The salt identified from the X-ray powder pat-
tern data is presumably NH4Br.) In the previous report, a
separate higher binding energy S 2p peak was not observed,
but this may be due both to lower resolution and to lower
relative intensity of the higher binding energy peaks, as
reflected in the N ls spectrum where the higher Ep, compon-
ent is only two-thirdsas intense as that observed in our
study.

The position of the higher Ep S 2p peak which we
observe in brominated (SN)x is the same as that found for
a variety of sulfate salts. Based on the relative inten-
sities of the higher binding energy N 1s and S 2p compon-
ents and their binding energy values, we believe at this
point that the additional peaks are due to ammonium sul-
fate, (NH4)2(S04), which forms from substantial decomposi-
tion of (SN)x during bromination. Ammonium bromide, as
well as other ammonium salts (see below), may also be pres-
ent in the sample. Independent evidence for the presence
of either of these salts in the sample is presently being
sought.

Bromine 3d spectra were also recorded for the in situ
brominated (SN), and the (SNBr 4)x crystal. In both
instances, a Br 3d signal was géntered at 68.8 + 0.2 eV
with a fwhm of 2.2 eV. Although the peak is slightly
asymmetric, there is no evidence for more than one form
of bromine within the peak envelope. This peak is indica-
tive of bromine in an unreacted (Br,) or reduced (Brp~
where n = 1 or 3) state.

Along with the Br 3d peak at 68.8 eV, a second peak
is also observed in the Br 3d region of the air-exposed
(SNBrg 4)x crystal. The second peak, which is of variable
intensity, is observed at 75.6 eV with a fwhm of 2.0 eV.
It is believed at present that the higher binding energy
peak is an Al 2p signal which arises from the aluminum
plate used, along with the gold screen, to hold the sample
in place. However, the peak could be due to an oxidized
form of bromine such as BrO3;~. Discrimination between the
two possibilities will be made by changing to a silver
sample holder.

11




X-RAY PHOTOELECTRON SPECTRA OF (CH)x AND RELATED MATERIALS

XPS data have been compiled for (CH), and several
halogen (F;, Cl,, Br,) and AsFs-treated derivatives.
Recently, Baughman et al (15) reported XPS results for
(cH), and (CHIG 23)x . Our data are presented in Table IV.
A gofd screen was placed over the mounted sample in most
cases to eliminate sample charging. Under these conditions,
binding energies were measured with the assumption that
sample charging was negligible. The polyacetylene used
was prepared via Ziegler-Natta polymerization with a mix-
ture of Ti(n-OBu)4 and AlEt; in vacuum-distilled toluene
(16). The polymer films were washed with dry n-pentane
until the washings were clear. In some cases, measurable
quantities of titanium remained trapped in the (CH)y film;
however, no aluminum was detected. XPS and ion bacﬁ—
scattering measurements indicate that e titanium in
"dirty" polyacetylene films comprised less than 2% of the
polymer by weight. The TiZp3/2 binding energy for "dirty"
air-exposed (CH), was 458.2 e6. By comparison, that
reported for pure TiO, (17) is 458.5 eV. We therefore
conclude that the titanium in the air—exggsed (CH)x is
present in an oxidized form (probably Ti*®). “Clean"
polyacetylene films did not exhibit core level signals
for titanium or aluminum. These films, including one from
Prof. MacDiarmid at the University of Pennsylvania, exhibit
a single narrow (fwhm 1.2-1.8 eV), intense C ls line at
284.4 eV, in agreement with previously reported data (15).
This value is the same within experimental error as the C
1ls binding energy reported for polyethylene (284.6 eV)
(19). The peak is markedly skewed to higher binding ener-
gies (Fig. 5). The only other core level photoelectron

ak found between 50 and 1000 eV is that due to oxygen
?g 1s) at 532.4 eV. Using the C 1ls and O ls peaks, area
ratio analyses indicate that the carbon:oxygen molar ratio
on the surface of a freshly prepared, clean sample is
1.0:0.05. Samples which have been exposed to the atmos-
phere for several days have much more intense O ls peaks
and carbon:oxygen ratios approach 1:0.5. These results
are consistent with earlier observations concerning oxygen
uptake by (CH)x (20).

(cH), films have been doped (F,Cl;,Br;,AsFs) by
exposure o¥ the film to the halogen or AsFs gas at room
temperature (21). Each of the films was subsequently
analyzed by XPS techniques and the results are shown in
Table IV. Mass spectral data were obtained by Dr. William
Allen and have been discussed elsewhere in this report.
The approximate halogen content in each of the films was
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determined by area comparison (11) of the C 1ls and appro-
priate halogen peak. In all the halogenated samples, the
C:X ratio is roughly 3:1. As shown by the strong O ls sig-
nal, oxygen is present as a major component (contaminant)
in all the halogenated samples. Its abundance relative to
carbon varies from l:1 in the fluorinated and brominated
samples, to 0.14:1.0 (0:C) in the chlorinated sample.

The effects of the halogen on the (CH), film vary
according to the halogen used, as indicated ﬁelcw:

Fluorinated (CH)j

Fluorination bleaches the polyacetylene film and
results in a shift in the carbon l1ls peak from 284.4 eV to
286.0 eV. The C 1ls peak of the fluorinated polymer also
broadens, for different samples, 0.2 to 0.6 eV and loses
the well-defined "tail" which extends to 288 eV in the
undoped polymer, thus taking on a more symmetric peak
shape. A single, broad F ls peak is found at 686.6 eV,
Due to the high reactivity and electronegativity of F.,
the bleaching of the film, and the net C ls shift of 1.4
eV, it is concluded that the fluorine reacts with the con-
jugated backbone of the polyacetylene, saturating it at
random positions. Indeed, the C 1ls binding energy of the
fluorinated polymer is the same as that calculated (286.1
eV) for a mean C ls shift due to replacement of one hydro-

en by fluorine on every third carbon atom in polyethylene
?18). The single, broad F 1ls peak at 686.6 eV is consis-
tent with this view.

Chlorinated (CH),

Exposure of (CH)x film to chlorine gas results in the
generation of a strong shoulder on the high binding energy
side of the C 1ls peak. The shoulder is separated from the
larger peak by 1.5 eV and the ratio of the area of the
smaller peak to the larger is approximately 0.8:1.0.

Examination of the Cl 2p binding energy region reveals
exceptionally well resolved Cl 2p1/2 and 2p3/2 components,
as shown in Fig. 6. The 1.5 eV separation of the two spin-
?rgit components is the same as that reported by others

22).

Based on the excellent resolution of the Cl 2p spin-
orbit components, it is concluded that a single form of
chlorine is present in the polymer. Mass spectral analyses
of the Cl,-doped polymer at temperatures as high as 340°C
suggest that the Cl, reacted with the polymer. The only
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chlorine-containing species observed below 340°C was HCl
(23). The C1 2p3 /, binding energy (200.2 eV) is the same
as others reported for monc- and dichloro aryls, olefins,
and aliphatics. Based on the mass spectral and XPS data,
it is clear that chlorination of the polymer backbone, with
formation of C-Cl bonds, took place.

At the present time it is believed that the resolv-
able higher binding energy peak observed in the C 1ls region
of the chlorinated sample is due to the chlorinated carbon
atoms as well as those carbon atoms which are adjacent to
two chlorinated carbon atoms. In such a case, the un-
chlorinated carbon ls binding energies are shifted by the
inductive effects of the CHCl groups.

Brominated (CH)x

In contrast to fluorination and chlorination, bromi-
nation does not result in a large shift in part or all of
the C 1ls peak associated with polyacetylene., After expo-
sure to Br, vapor and formation of (CHBrgy 3)x., the C 1s
peak shifts to 284.9 from 284.5 eV and broadens 0.2-0.7 eV,
The asymmetry present in the C 1ls peak of (CH)x remains
sensibly unaltered after bromination. A single Br 3d peak
is found at 69.3 eV. Mass spectral analysis shows Br, and
HBr loss from the sample at temperatures less than 300°,
suggesting that substantial amounts of the bromine do not
covalently add to the polymer backbone (23). Combined,
the mass spectral and XPS data indicate that the bromine
is present in the (CH)y as Br; or Brp,~ (n = 1 or 3). The
results we have obtained for brominaged (CH)x are very
similar to those reported for (CHI 22)x by Baughman et al
(15) who, on the basis of Raman and XPS data, argue that
the iodine is present in the polymer as I, where n = 3.
Higher values of n (5, 7 or 9) may also be possible.

AsFs-treated (CH),

Finally, XPS data have been recorded for a sample of
[cH(ASFs)0.3 ] provided by Prof. MacDiarmid of the Univer-
sity of Pennsylvania. As in the case of the brominated
sample, the C 1ls peak shifts to 284.9 eV and broadens 0. 2-
0.6 eV. The peak remains skewed to higher binding energies.
A well-defined As 34 or As 3pj3/7 peak could not be found,
although in the 3d region, a very broad weak feature at
44.5 eV was noted. A strong broad F 1ls signal was observed
at 686.5 ev.
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ION IMPLANATION OF (CH), AND .(SN),

Previously, highly conducting materials have been
obtained by chemically doping polyacetylene films and poly-
thiazyl films and single crystals with a variety of mole-
cules (Brz, I», AsFs, etc.) (2,3,21). 1In principle, it
should be possible to achieve the same results by ion im-
plantation (24). while chemical dopants have been limited
to compounds with high vapor pressures, and control of the
dopant concentration and placement in the matrix can be
difficult or impossible, ion implantation offers the advan-
tages that any element in the Periodic Table can be added
to the polymers and that the ion flux, energy, and spacial
resolution can be rigorously controlled. Accordingly, a
program has been initiated in collaboration with Dr. C.
Carosella of the Radiation Technology Division, to examine
the effects of ion implantation on the properties of (CH)yx
and (SN),.

A list of the ions implanted to date with their im-
plantation energies and concentrations is compiled in Table
V. A schematic of the ion implantation apparatus is shown
in Fig. 7. In order to evaluate the effects of ion implan-
tation on the (CH), and (SN), polymers, all but one of the
initial studies have involved the use of Br' as dopant,
because the chemically brominated products have been suf-
ficiently well characterized that direct comparisons of
chemical doping and ion implantation can be made.

In the ion-implantation process, the translational
energy of the ion is degraded on impact with the target.
Localized increases in vibrational energy of the target
can result in bond breaking with consequent target degrada-
tion as well as loss of target material. Once implanted,
the ion can either react with the target material, become
neutralized in the grounded target and combine with itself
(e.g., 2 Br = Br,), or become neutralized and react with
the target (24). In the second case, the recombined im-
planted material might subsequently react with the target,
remain trapped but unreactive in the target, or diffuse
out of the target. Under the conditions employed in the
present experiment, it is expected that the third alterna-
tive will be dominant.

In the first Br' implantation experiment attempted,
a single crystal of (SN), was subjected to a rastered
beam of 46-keV bromonium ions. The visible cesults were
encouraging in that the crystal changed from a lustrous
golden color to the deep blue color characteristic of
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TABLE V - ION-IMPLANTATION CONDITIONS EMPLOYED TO DOPE
(cH), AND (SN), POLYMERS
Ene Concentration

Ion fkevi (ions/cm?)

(cH) « pa’ 90 2x1016
Br' 41.6 3x1015
Brt 25 5x1015
Br' 25 3.4x10%°

(SN) Brt 46 5x101°
Br* 25 s5x101°

chemically brominated (SN)_ . However, bromine could not
be detected in the crystalxby XPS or mass spectral studies,
and no changes were observed in the S 2p and N 1ls peaks.
The absence of detectable bromine is likely a consequence
of the low bulk concentration of broming in the crystal
and of the large mean free path (~1000 A) of 46 keV bro-
monium ions. Presumably for the same reasons, bromine
could not be detected in two subsequent ion-implanted
samples of polyacetylene, nor could bromine be detected
(xpS, mass spectral analysis) in a second attempt at bro-
monium ion implantation into (SN)x, though the S 2p and

N 1ls spectra changed significantly. Both peaks broadened.
and very weak new peaks were observed at higher binding
energies due perhaps to sample degradation. The most
striking information acquired from the XPS data, however,
is the fact that the N 1ls peak area decreased relative to
that of S 2p by a factor of three compared with pure,
clean (SN)x. The decreased intensity suggests that the
Br' beam treatment causes nitrogen depletion of the (SN),.

The first successful detection of implanted ions was
made for a polyacetylene film implanted with 90-keV palla-
donium ions. The Pd 3d region of the X-ray photoelectron
spectrum of the specimen contained a strong but unstruc-
tured signal. The Pd 3d3,; and 3dg/, components were not
resolved, and the breadth’ of the Pd/gd envelope (7 eV fwhm)
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indicated that at least two forms of palladium were pres-
ent. In addition, film embrittlement resulted from the

Pd* beam treatment, and the C 1ls signal suggested that.the
Pd* beam had inflicted extensive damage on the (CH), film.
Film conductivity (four-point probe method) did increase
several orders of magnitude, but the reason for the increase
in conductivity is not known.

In the most recent bromonium ion implantation experi-
ment, some experimental difficulties were eliminated by
mounting thex?CH)x to be implanted on a 3/8" rod. Slow
rotation of the rod combined with near tangential impact
of the Brt beam with the (CH), film, low beam egergy (25
keV), high beam concentration (3.4x101® ions/cm®), and
long beam exposure times, resulted in implantation of a
measurable concentration of bromine near the surface of
the sample. XPS of this sample shows a moderately strong
Br 3d signal centered at 70.3 eV. The approximate mean
C:Br stoichiometric ratio in the surface region, derived
from comparisons of relative peak areas, is 1.0:0.07.

The Br 3d spectrum of Brt implanted and Br, chemi-
cally doped polyacetylene are compared in Fig. 8. As the
figure shows, the envelope shapes of the peaks are very
similar, but the peak in the ion-implanted sample is at
1.0 eV higher binding energy than that of the Br, chemi-
cally doped sample. The difference in binding energies
indicates that the implanted bromine is not present as
Br; or Brp~ (n = 1,2) as it is in the case for the Br;
chemically doped sample. However, the binding energy
(70.3 ev) is similar to that of a bromine covalently
bound to carbon.

| Bromonium ion implantation causes changes in the
carbon 1ls spectrum; the major component of the peak shifts
to 285.0 eV (from 284.4 eV for pristine polyacetylene)
and a minor higher energy component also appears. It is
not known whether the changes are due to target damage,
ion-target reactions, or a combination of the two.
Finally, flour-point probe conductivity measurements
of various regions of the surface of the Br" implanted
lyacetylene, when compared with those for an unimplanted
?gn x Ssample, consistently showed that the conductivity of
the implanted sample was an order of magnitude greater than
that of (CH)y.
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ELECTRON SPIN RESONANCE STUDIES OF POLYACETYLENE

In 1960 there was a brief report of the results of
an esr study on polyacetylene (25a). Since polymerized
acetylene is expected to be diamagnetic according to
simple valence bond theory, the fact that the polymer
possesses unpaired electron spin density is somewhat sur-
prising. There have followed reports of esr studies of a
variety of substituted acetylenes (25b) such as polyphenyl-
.acetylene, and of irradiated diacetylene single crystals
(26). 1In collaboration with Dr. A. Snow, presently a post-
doctoral fellow at NRL, and Prof. N.-L. Yang at City Univ-
ersity of New York, we have obtained esr data for poly-
acetylene films under a variety of conditions. The data
for {cn)x films are summarized in Table VI and examples of
X-band spectra for air-exposed and unexposed samples are
shown in Fig. 9. All the films exhibit a strong, sharp,
slightly asymmetric signal (peak-to-peak width 4-8 G) which
contains no hyperfine features and is centered at the
nearly spin-free g value 2.0030. The intensity of the
esr signal from the film's paramagnetic centers was found
to be dependent on the extent of exposure of the films to
oxygen (Fig. 9). For an unexposed sample, the number of
unpaired spins/mole at room temperature is calculated to
be 1x1019." The g value and unpaired spin density are com-
parable to tggse reported for polyphenylacetylene (g =
2.0027; 1x10+? spins/mol) (25b).

Initial exposure of the film to the atmosphere results
in an irreversible threefold enhancement in the polymer
unpaired spin density. After exposure, the peak becomes
symmetric and the line width increases ~1 G (Fig. 9). Al-
though the increase in spin density is retained, evacua-
tion of the sample cell narrows the line to 2.4 G. Similar
oxygen pressure-dependent signal broadening has been
observed in pyrolytic carbon systems (29). .

In contrast to the marked effect of oxygen on the
polymer signal, exposure of the (cn)x film to ammonia or
water vapor at room temperature does not affect the esr
signal intensity or peak-to-peak width. Variable tempera-
ture measurements of the esr signal intensity from -162°
to +22°C show that the paramagnetic centers follow Curie
law behavior and are therefore attributed to a doublet
ground state.
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The effects of the active lH nuclei in (CH), on the
esr line width was examined by comparison with perdeuterated
polyacetylene which was prepared from C,D,. It was found
that perdeuteration decreases the signal linewidth 2G,
while the signal intensity remains constant.

Differential thermal analysis of (CH)y shows an exo-
thermic peak at 145°C which has been attributed to the cis-
trans polymer isomerization process (27). We have examined
the temperature dependence of the esr signal up to 200°C
for polyacetylene films prepared at -78° and 20°C. Based
on the preparation temperature, the sample prepared at
-78°C is believed to be 98% cis and the sample prepared at
20°C is believed to be a 60%-40% mixture of the cis and
trans polymer isomers. For both polymers, the esr signal
intensity was followed as a function of temperature. It
was found that the signal intensity increased tenfold for
the 98% cis isomer, and twofold for the 60% cis isomer at
150°C. The results for the two films are displayed in
Fig. 1loO.

In view of the relatively low unpaired spin density
in the polymer, the unpaired electrons are believed to
arise from defect states (29). 1Indeed, these defect states

may provide the mechanism for cis to trans isomerization of
the polymer as shown below:
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SUMMARY

X-ray photoelectron spectroscopy has been utilized
to characterize S;N;, (CH)x, (SN),, and several chemically
modified products of the (CH)x and (SN)yx polymers. From
the gas phase and solid state XPS data for S,;N;, the
charges on sulfur and nitrogen are empirically estimated
to be +0.15 and -0.15, respectively. The charges calcu-
lated for S and N in S,N, using the electronegativitly
equalization method incorporated in the CHELEQ program are
+0.05 and -0.05, respectively, while the values determined
from MINDO calculations are * 0.40.

In situ polymerization of S;N; to (SN)y was followed
using XPS. The most striking changes observed during and
after polymerization are the increases in all core-level
peak widths which arise at least in part from new plasmon
peaks. In the N 1ls spectrum, a strong well-resolved plas-
mon peak is found 2.5 eV from the primary peak. The in
situ generated (SN)y film was subsequently treated with
bromine in the spectrometer. A film of approximate compo-
sition (SNBrg o5)y Was formed. The only discernible
effect of this liéht bromination was loss of plasmon reso-
lution and broadening of the primary peaks. In contrast
to the in situ bromination, a sample of (SNBrp 4)x pre-
pared on a vacuum line and stored under nitrogen showed
extensive decomposition. New sulfur and nitrogen peaks
at higher binding energies were tentatively attributed to
sulfate and ammonium ions. Decomposition may have arisen
from impurities in the bromine.

XPS has been found to be an effective method for
characterization of polyacetylene films. "Clean" (CH)y
films which have not been exposed to air do not exhibit
Ti 2p or Al 2p signals (from the Ziegler-Natta catalyst)
and the 0 1ls signal remains weak. A moderately strong
Ti 2p1/2, 2p3/7 spectrum is associated with "dirty" poly-
acetylene films. Based on the Ti 2p3/2 binding energy,
the titanium in air-exposed dirty (CH)y films appears to
be in the +4 oxidation state. Both clean and dirty poly-
acetylene films develop strong O 1ls signals after pro-
longed exposure of the polymer to air. 1In one instance
the approximate stoichiometry of carbon to oxygen on the
surface of the sample was 2:1.

Polyacetylene films exposed to F,, Cl;, Br;, and
AsFs vapors were studied with XPS. Based on relative peak
intensities, the approximate stoichiometry of the halogen-
! treated films was in all cases (Cng 3)x (C:H stoichio-
. metry assumed to be unchanged from that in the untreated
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polymer). Whereas fluorine and chlorine appeared to have
reacted with the polymer backbone, forming discrete C-X
bonds, the bromine apparently intercalated into the poly-
mer, forming Br,  species where n is 1 or 3. Similarly,
the AsFs appeared to have intercalated into the polymer,
but information on the fate of the AsFs is not yet avail-
able.

Ion-implantation experlments have been performed as
an alternative method for doping (CH)x and (SN)yx. In the
experiments using (CH) implanted 40-keV Br* and 90-keV
Pd* ions were detectabfe by XPS. The Pd* ion implantation
appeared to cause extensive damage to the polymer surface
and the palladium was present in a variety of states. How-
ever, XPS indicates that the sample implanted with Br+ ions
had sustained minimal surface damage and that the bromine
was present in a single chemical environment but not the
same environment as that of bromine chemically added to
(CH)x as Br,.

Thus far, Brt ion implantation into (SN) has been
found to preferentially deplete nitrogen from the polymer.
It is postulated that the energy transfer from ions to
target leads to polymer decomposition:

X
(sN)y = Z58p+ 3N,

A detailed esr study of both cis- and trans-poly-
acetylene has bein com 8leted Results show that there are
approximately 10 8_101 spins per mole of acetylene depend-
ing on the particular preparation and that the paramagnetic
centers have doublet ground states. The ESR signal in-
creases roughly threefold in intensity due to exposure of
the (CH)yx to oxygen. Spin density-temperature correlations
show a marked increase (2x for the predominantly trans
isomer and 10x for the predominantly cis isomer) in poly-
mer spin density at 150°C. This increase in spin density
is correlated with the cis-trans isomerization process
which, from differential thermal analysis experiments, has
been reported to occur bétween 150 and 155°C.

The results and conclusions of the studies conducted
thus far provide a foundation for analysis of future data.
Techniques for preparing clean films of polyacetylene have
been developed. The fundamental utility of XPS in charac-
terizing polymer films and single crystals and in evaluat-
ing chemical effects and surface composition of (CH) and
(sN), treated with various dopants has been demonstrated.
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In the near future we will obtain gas phase and
solid state XPS data for S4N; to complete a systematic
study of charge variation in the S,N,, S4Na, (SN), series.
We also expect to record the gas phase sulfur and nitrogen
core level spectra of the (SN) 4 species formed on volatil-
ization of (SN)x. A special Knudsen cell has been designed
for the spectrometer sample chamber for this purpose.

At the present time the effects of halogens and AsFs
on the electrical properties of (CH), and (SN)y are rea-
sonably well known. We plan to extend the investigation
of chemical dopants to include SFsBr, S,F,0¢, and SFsOCl.
These dopants may result in greater film stability toward
oxygen and moisture.

Initial results of the unique application of ion
implantation for controlled doping of SN)x and (CH),
have been encouraging. Indeed, our qualified success with
this technique has led to its utilization for doping poly-
phthalocyanines. The ion implantation effect will be
vigorously extended over the next few months. 1In this
time critical questions such as "What are the effects of
varying implanted ion energy and dosage per unit area?"
and "Can the electrical properties of these or other poly-
mers be rigorously controlled?" will be addressed. An
important point to keep in mind which is related to the
questions above is that (SN), and (CH)_ polymers hold
promise as electrical devices if the efectrical properties
of the polymers can be "fine-tuned" for specific applica-
tions by controlling implanted dopant levels and spatial
resolution of implanted ions. For example, it may be
possible to construct a diode or triode from a (CH)y film
by implanting donor and acceptor ions in spatially
resolved regions of the film. As part of the implantation
effort, we will begin examining the effects of implanta-
tion of transition metal ions into polyacetylene. The
metal 4 orbitals offer the possibility of stable m complex
formation with the polymer backbone. One might reasonably
expect back m bonding to increase the conductivity of the

polymer.

Electron spin resonance studies of (CH), thus far
completed have demonstrated the presence of delocalized
defect states in the polymer and their probable role in
polymer isomer conversion. The fate of the defect states
on doping is not yet known.
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CHARACTERIZATION OF HALOGEN-DOPED (CH)x AND (SN)x

W. N. Allen, J. J. DeCorpo, F. E. Saalfeld,
J. R. Wyatt, and D. C. Weber*
Chemical Diagnostics Branch
Chemistry Division

INTRODUCTION

Electroactive polymers have become the subject of
considerable research effort in recent years, not only as
scientifically interesting materials, but also for potential
applicability in the electronics industry. Some of the most
extensively studied ones are polythiazyl, (SN)_, polyacety-
lene, (CH)_, and their doped derivatives. While pure poly-
acetylene Behaves as a large bandgap semiconductor (1),
doping with iodine can increase its conductivity by more
than seven orders of magnitude (2).

Our laboratory has carried out studies in the past on
(SN) . and its brominated derivatives, using mass spectros-
copy to characterize the vapor species associated with the
crystalline material when it is heated. The previous work
(3) identified a persistent hydrogen impurity in (SN)_, and
gave structural information about (SN)4, the major spgcies
produced when (SN)_ is vaporized. We have also character-
ized the vapor spegies associated with brominated (SN)
(4). In this report, we present results of studies on
halogenated polyacetylenes, as well as some preliminary
findings about ion-implanted polyacetylenes and poly-
thiazyls.

EXPERIMENTAL

Polyacetylene was prepared using the method of Shira-
kawa, et al. (5). Samples of pure polyacetylene were then
doped by exposing them to vapors of either iodine, chlorine,
bromine, or fluorine. The mass spectrometric studies of
the polyacetylenes were done with Hewlett-Packard 5985A Mass
Spectrometer using a direct insertion probe. Most of this

* Inorganic and Electrochemistry Branch

39




work was done with electron-impact (EI) ionization; some
samples were examined with chemical ionization, and this
data supplemented the EI data. Mass spectra were taken
over the temperature range 40 to 340°C, 340° being the max-
imum temperature for the direct insertion probe. The maxi-
mum temperature in this study is just below that at which
pure polyacetylene begins to decompose.

RESULTS AND DISCUSSION

Halogen-Doped Polyacetylenes

Examination of the mass spectra of iodine-doped poly-
acetylene as it is heated to a constant rate (20°C/min)
shows that the principal iodine-containing species evolved
are I, and HI. Their intensities in the mass spectra are
of coﬁparable magnitude, (I, intensity ~40% of HI inten-
sity) with the I, being evoived at a lower average femper-
ature than HI. K slight "double peaking" in the I
temperature profile (Fig. 1) suggests that the I %ay be
associated with the polymer in more than one forﬁ.

Mass spectra of brominated polyacetylene similarly
show Br, and HBr to be the principal bromine-containing
species“evolved from the sample. However, Br., is in a much
lower abundance relative to HBr (“v5% of HBr iﬁtensity) than
in the case of iodine-doped material.

Chlorinated polyacetylene yields mass spectra in which
Cl, is not detectable and only HCl was clearly identifiable
as“a chlorine-containing species. Fluorination of polyacet-
ylene is apparently so vigorous that what results is a
fluorinated hydrocarbon, as indicated by fluorine appearing
in the mass spectra only as carbon-fluorine ions.

Thus, the trend observed in the mass spectra of the
various halogenated polyacetylenes is one of decreasing pro-
portion of molecular halogen associated with the polymer as
one goes up Group VIIA in the periodic table from iodine to
fluorine. This trend can be correlated with reported con-
ductivities (6) of these materials.

The iodine~doped polyacetylene exhibits the greatest
conductivity with successively lower values for the bromin-
ated and chlorinated species. The conductivity of the flu-
orinated compound has not been measured. The conductivities
do show a trend which correlates with relative abundance of
molecular halogen observed in the mass spectra. The iodin-
ated material having the highest conductivity has the
greatest abundance of molecular halogen. Spectroscopic data
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(7) suggest that iodine resides principally as I, in the
polyacetylene crystal with some evidence for the presence
of a second type of iodine in the crystal - either I or
intercalated I,. The mass spectrometric results supBort
two types of igdine species because the I, ion temperature
profile shows a small initial rise followgd by a much
larger rise in ion intensity. We interpret this as indica-
ting I, evolution at lower temperature from either inter-
calateé I, or a decomposition of I§ followed at higher
temperatuge by decomposition of I;” to produce I,.

Brominated (SN)x

Previous studies (3) found a persistent hydride impur-
ity (v2-7 atom percent) associated with (SN)_ . Bromination
of (SN)_converts the hydride impurity to hyarogen bromide
(4). Ifi an attempt to determine if there is any relation-
ship between the presence of hydrogen bromide and the crys-
tal's conductivity, we measured the conductivity of a
sample of brominated (SN)_, before and after remcval of
hydrogen bromide. The hyldrogen bromide was removed by heat-
ing the crystal in a vacuum at 60° for 20 hours. This
process removes virtually all (v90%) of the hydrogen bro-
mide. It also causes some of the Br, to be lost from the
crystal, changing its empirical formala from (SNBg ), to
approximately (SNB )_. Results of electrodeles 'éoﬁdue-
tivity measurementg'%8¥ indicate the crystal's conductivity
decreased by a factor of 2, This decrease is probably due
to the loss of Br, from the crystal and not a result of
hydrogen bromide gemoval. A further experiment, in which
the conductivity is measured after re-exposing the crystal
to Br, is in progress, and the results will be reported in
the néar future.

Ion~Implantation Studies

While chemical doping of electroactive polymers is
successful, this process has inherent limitations with re-
gard to what materials are usable as dopants and to what
extent one can control the placement of the dopant in the
crystal. In view of the well-known successes of ion im-
plantation with semiconductors, we have begun an investi-
gation into the use of this technique with electroactive
polymers. This technigue has the advantage that any mater-
ial which can be ionized is usable as a dopant. Our re-
sults, which thus far are only preliminary, are encouraging.

We initially subjected a sample of polyacetylene film

to a 90-keV beam of Pd iogg for a psriod sufficient to give
a total dosage of ~1 x 10 ions/cm®. Implanted materials
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typically have a gaussian depth profile. We estimate by
analogy with graphite that the mean depth of penetration at
this energy is approximately 1000A with a standard devia-
tion of about 400A.

The sample was examined after irradiation by both mass
spectrometry and ESCA. The ESCA studies were done on a
McPherson ESCA 36 Photoelectron Spectrometer equipped with
a PDP 12 computer. Mass spectrometry detected no Pd-
containing species. However, the ESCA data detected the
presence of Pd and revealed, by examination of the C(1ls)
peak broadening (Fig. 2), that surface damage had occurred.
This damage was apparently only on a molecular scale - no
damage (or etching) was observable in a scanning electron
micrograph of the surface. The Pd (3d) peak also showed
considerable broadening over the same peak in pure Pd.

Four-probe DC conductivity measurements on the Pd-
implanted sample before and after the irradiation showed an
enhancement in conductivity of about three orders of magni-
tude.

Polyacetylene ion-implanted with bromine ions under
similar conditions again showed broadening of the C(1ls)
peak. However, bromine could not be detected in the crys-
tal either by ESCA or mass spectrometry analysis. As a
further check for the presence of bromine in the crystal,
we examined the sample by Rutherford back-scattering of
a-particles (Fig. 3). The presence of bromine near the
surface was confirmed by this technigque. We were not able
to measure the conductivity of bromine ion-implanted poly-
acetylene. Reliable conductivity measurements on these
ion-implanted species are quite difficult due to the nature
of the sample - the dopant is below the surface, making
electrical contact with the doped portion difficult.

Finally, a sample of (SN)_ was ion-implanted with
bromine. The surface exposed to the ion beam changed from
the characteristic golden luster of (SN)_ to a bright blue,
similar to the color of chemically bromifated (SN)x'

With these preliminary results, we feel that ion im=-
plantation shows promise for use with electroactive poly-
mers. Further work is needed to characterize the structure
and properties of these ion-implanted materials and is in
progress in our Laboratory. Results of studies on ion-
implanted (CH)x and (SN)x will be reported in the near
future.
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NMR STUDIES OF ELECTROACTIVE POLYMERS

H. A. Resing
Surface Chemistry Branch
Chemistry Division

INTRODUCTION

The piezoelectric (1) and electrical conductivity properties (2,3)
of polymers are being, or appear ripe to be exploited for Naval and
other technological purposes. Though the application of such electro-
active materials must depend ultimately on detailed knowledge of molec-
ular structure and dynamics as they relate to performance properties and
stability, these details are in many cases not known or understood
(2,3). Progress proceeds in Edisonian fashion. This report is con-
cerned with attempts to understand the underlying causes of the desired
electrical properties, attempts based for the most part on the use of
the tool nuclear magnetic resonance (NMR). As these NMR studies are
integrated with the preparative and characterization work of others -
at NRL and elsewhere - it is intended that a coherent description of
such materials as polyacetylene, intercalated graphite, and polyvinyl-
idene fluoride will emerge, a description which will allow these
materials to be used with confidence and profit.

Thus, we first describe exactly what parameters of interest become
available by means of the various NMR techniques which have been de-
veloped recently or are in current use at the Naval Research Laboratory.
Then we assess the possibility of formation of piezoelectric delrin,
based on NMR relaxation measurements. Next we use NMR spectroscopy to
qualitatively and quantitatively analyze polyacetylene for cis-trans
ratio and impurities. Finally we list a rough outline of future
possible experiments and materials of interest.

Nuclear Magnetic Resonance (NMR) techniques allow the motions and
structures of molecules to be fruitfully characterized in polymeric and
other states of matter. On the one hand, NMR relaxation measurements
(4) suffice to determine equilibrium rates of molecular diffusion,
rotation, or internal isomerization; and on the other, NMR spectro-
scopic techniques allow the number and kind of organic functional
groups to be determined, even in the solid state (5). Herein we report
recent application of the relaxation technique to ferroelectric trioxane
and of the spectroscopic technique to semiconducting polyacetylene.
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Relaxation

The random motion of one nuclear magnet with respect to
another (caused by molecular diffusion, etc.) can be characterized by a

KT
1l + w212

power spectrum J(w) " Here K is an intensity factor,

depending on nuclear separations in a known way, T is a correlation
time, roughly the time between molecular diffusional or rotational jumps
(between successive equilibrium positions) and w is the frequency at
which the power density is measured. It is this correlation time which
is the main goal of the experiments on trioxane described below,
although the intensity factor is also quite useful, as in molecular
structure determinations. For nuclei of spin 1/2 (1H, 13c, 17F) the
nuclear magnetic system is only loosely coupled to its surrounding heat
bath. When it is disturbed from equilibrium, as by absorption of
energy at its resonant frequency w_ (usually ~ 10-60 MHz), its
relaxation to thermal equilibrium with the heat bath can be followed.

It is well understood that the rate of relaxation Tl-1 is roughly

-1
'rl N J(mo).

That is, the intensity of the motional power spectrum at the resonant
frequency, J(w ), determines the relaxation rate. In addition to the
spin lattice reélaxation time Tl’ other measurable NMR parameters serve

to determine J(w) at other frequencies. Measurement of such a data
suite generally overdetermines the molecular jump time (L).

Electroactive polymer systems in which molecular motion (hence NMR
relaxation) is important are those in which small molecules intercalate
into a fibrous (2) (polyacetylene) or interlammellar (3) (graphite)
system and interact with the host in some as yet unknown way. Among
such intercalants are SbF_., AsF., Na, K, and benzene (6). All of these

nuclei are subject to NMR motional analysis. Although such NMR work has
been initiated in several labs, the data gathered has been fragmentary,
and final interpretations remain to be made. Note that .since the
intercalants are mobile, the stability of the conductors formed may be
limited by the lifetime against out-diffusion.

Spectroscopy

NMR spectroscop¥3has long been a tool for assessing the numbers and
kinds of protons or ~~C-nuclei in molecules in the liquid state.
Recently such high resolution spectroscopy has become possible in the
solid state as well, most notably for carbon-13. This advance is made
possible by the development of techniques to overcome the lack of
molecular motion in the solid state; for it is molecular motions in the
liquid state which average nuclear dipolar interactions and chemical
shift interactions respectively to zero and to an average shift. For
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carbon-13 nuclei at natural abundance (ca 1.11%) the dominant dipolar
interaction is with protons; in the solid state this is averaged away by
a strong r.f. field at the proton resonance frequency (proton decoupling)
(5). The resulting broad "chemical shift anisotropy pattern" can then
be averaged by "magic angle" spinning to achieve resolution sufficient
for determination of functional groups (5). For polyacetylene and
intercalated graphite, the goal is the observance of a very large shift
due to conduction electrons - the Knight shift (7).

We point out that 130 NMR spectroscopic analysis is complementary
to the relaxation studies mentioned above. There we seek to investigate
the intercalated molecules and find out their behavior. With 13C NMR
spectroscopy we look for chemical changes in the host materials, pre-
sumed to be the locus of the metallic conduction.

WILL FERROELECTRIC TRIOXANE SPONTANEOUSLY POLYMERIZE TO PIEZOELECTRIC
DELRIN?

The unique success of polyvinyldene fluoride as a piezoelectric
material is reportedly (8) due to the presence of ferroelectric micro-
crystalline blocks in the polymeric state, which blocks may be oriented
in a poling field. The work on trioxane described in this section is
motivated by another hypothesis, however, which is based on the fact
that trioxane undergoes radiation-induced polymerization in the solid
state (9). Trioxane crystallizes as a ferroelectric solid with
molecules in stacks, and with all stacks having parallel electric
moments. In any polycrystalline assembly the polycrystals form keeper
domains as in a random ferromagnetic material (10). Suppose that liquid
trioxane were crystallized as a thin film in a strong electric field.

By hypothesis the film is ferroelectric with electric moment normal to
the film. Suppose that this film is caused by radiation or otherwise
to polymerize in the solid state and in the presence of the electric
field. The hypothesis is further that a large fraction of the molecular
electric dipole moment of the trioxane would then remain locked in place
in the resulting delrin polymer. Finally, the hypothesis is that this
resulting material would be piezoelectrically active. For purposes of
application it would only be necessary to test the last part of the
hypothesis, i.e. to carry through the preparative procedure as outlined
above and to test for piezoelectric activity. This has not yet been
done. As a preliminary estimate of the probability of success however,
we have chosen to examine, theoretically, the polymerization act itself
to see whether the molecular moment might be preserved in orientation in
the polymerization process. To do this we compare the activation
enthalpy for polymerization with that for molecular motion (11).

The NMR relaxation data is given in Figure 1. From this data and
from dielectric studies we conclude that there is a molecular motion in
solid trioxane which does not reorient the molecular electric moment;
the Jump time for this process is
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1= 1.8 x 1077 exp (15,000/RT) s.

where R is in units of cal deg"l mol~l. The solid lines in Figure 1
represent the fitting of this motional model to the data, as is dis-
cussed elsewhere. The fact that no dielectric loss is observed in
trioxane at 1 kHz implies that at least 2 kcal more are required to
reorient the molecular electric dipole moment. The hypothesis now
becomes: if the activation enthalpy H for polymerization is less than

15 kcal/mol, it is likely that the orientation of the molecular electric
dipole moment is preserved in the polymerization process and a polar
polymer should result. If H is much greater than 15 kcal/mol, it is

unlikely that intermolecular forces alone will keep the molecular
moments aligned during the polymerization process (although the presence
of the poling field must be of some help). The activation enthalpy for
polymerization, H_, has been found to be 4O kcal/mol; thus the likeli-

hood of loss of molecular polarization during the polymerization process
must be admitted.

The larger question is whether the details of the polymerization
process affect the piezoelectric properties at all. If the NBS
hypothesis (8) involving polymer chains with net dipole moment imbedded
in erystalline blocks with net dipole moment is universally true (i.e.
if such a condition is absolutely necessary for a piezoelectric effect
of useful magnitude) then the only crystallization-polymerization de-
tails which should be of importance are those that govern the size and
packing of the blocks. The existence of such a viable model for poly-
vinylidene fluoride tends to make other hypotheses, such as those upon
with which this trioxane study was based, appear more speculative.
Nevertheless, the polymerization process proposed here for trioxane is
simple and should be tested.

Finally, the NBS model for polyvinylidene fluoride (8) requires
that the crystalline blocks have an electric moment which can be poled.
The crystalline reorganization necessary for this requires molecular
motion. It would be interesting to use NMR relaxation techniques on
this polymer to search for these motions and test the model.

IS POLYACETYLENE METALLIC WHEN DOPED WITH BROMINE?

Metals are characterized by an appreciable density of electroniec
states at the Fermi level and by delocalized electrons. By way of a
hyperfine or contact interaction these electrons cause a shift of the
resonant frequency of the nuclei of the metal to a higher frequency for
a given magnetic field - a deshielding of the nuclei (7). This Knight
shift, measured in percent, is opposite in sign and much larger than the
shift due to interaction of nuclei with electrons in fixed orbits,
usually measured in tens of ppm. In the field of organic conductors, a
Knight shift has been observed for the carbon nuclei of the TTF-TCNQ
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complexes (12); the large conductivity induced by intercalated halogens
in polyacetylene leads one to expect a Knight shift here as well. Thus
far we have found none in two separate doping experiments with Br2.

At lower doping levels than necessary for maximum conductivity,
polyacetylene shows the properties of a semiconductor. For semicon-
ductors Knight shifts are not expected; chemical shifts should be the
same as in any other diamagnetic solid. The two isomers of poly-
acetylene have ~~C chemical shifts different by about 10 ppm (trans 139
ppm, cis 129 ppm) with respect to tetramethyl silane (Just as found
elsewhere (13)). Two spectra obtained at NRL for a mixed trans-cis
specimen are shown in Figure 2. In the upper spectrum, high-power
proton decoupling has revealed the chemical shift powder anisotropy
pattern. There the powder pattern deduced for the aromatic 13¢ nuclei
is sketched in, leaving the sharp line (a) in the aliphatic region and a
broad line (b) in the region where oxygen—sp3 carbon linkages normally
manifest themselves. The effects of spinning at the magic angle are
shown in the lowermost spectrum, where the broad aromatic pattern has
been narrowed to the trans-cis doublet which is not quite resolved. The
aliphatic region is somewhat narrowed as well. But the C-0 region
remains broad (and almost undiscernible in this spectrum) which may be
an indication of a distribution of bonding arrangements such as alcohol,
ether, epoxy etc. Some of these may be due to polymer oxidation, others
to chemical incorporation of butoxy groups from the catalyst (14).

* In Figure 3 the spectrum for the same sample after exposure to
saturated Br2 vapor for 10 minutes is given. The only noticeable effect
is a sharpening or increase in resolution of the aromatic lines. fThis
sharpening gradually disappeared in the course of 24 hours after bromi-
nation. No large shift signalling the onset of metallic behavior was
observed. Since these NMR measurements were not accompanied by con-
ductivity measurements, one may speculate that insufficient Br2 was

taken up. Better controlled conditions in future experiments are thus
required. Since the spinning chambers currently in use at NRL are not
hermetically sealable, the possible effects of air oxidation of poly-
acetylene (15) or of the bromine intercalant are difficult to avoid.
Development of sealable spinning chambers is required.

In Figure 3 the integral for the polyacetylene spectrum is shown,
vhich clearly reveals the intensity in the C-0 bond region; almost one
third of the observable carbons lie in this region. Fully one third of
the carbons are not in polyacetylene per se, i.e. are not olefinic. 1In
the two NRL preparations thus far investigated, this has been the case.

In summary, the ability of 13C-NMR to quantitatively and quali-
tatively analyze polyacetylene has been demonstrated. No indication of
metallic Knight shifts has yet been found. Work for the future includes
(a) a survey of polyacetylene preparations from other laboratories, (b)
investigation of samples doped under conditions in which conductivity
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can be monitored, and (c) development of hermetically sealable spinning
cases. The list of dopants includes halogens, AsF_ and alkali metals;

we will investigate the effects of chemical addition as compared to ion
implantation.

We have observed that the proton relaxation times observable in
polyacetylene are anomalously small and seemingly temperature inde-
pendent. A more complete study here may reveal the very specific
relaxation behavior expected for metals, i.e. the Korringa relation may
be obeyed (TlT = k) where Tl is the spin-lattice relaxation time and T

is the absolute temperature (7).
SUMMARY AND PROGNOSIS

We have examined the role of molecular motion in the solid state
polymerization of trioxane-delrin and concluded that it is unlikely that
the orientation of the molecular electric dipole moment is preserved in
the polymerization process in the absence of an external electric field.
We have shown that a given polyacetylene sample contained both trans and
cis isomers, oxide linkages and a predominant sp3 linkage; no Knight
shift was found. In the future we plan to investigate the systems and
problems listed below via NMR techniques. Emphasis initially will be
on establishing a more complete p&cture of the polyacetylene system;
this task is broken into the more specific subtasks listed under
polyacetylene. Schedule-wise, the intercalated graphite work will be
interleaved with the polyacetylene program. We will also provide

. vigorous analytical support for in-house preparative work on poly-
phthalocyanines and other highly conjugated network systems. The
remaining programs will be pursued when and if time permits.

Polyacetylene

1. Effect of intercalation on chemical shifts, comparison of
chemical and ion-implantation doping; effect of conductivity on
chemical shift for a given dopant.

2. Comparison of specimens from various laboratories (16) 3
prepared by several techniques; determination of sp3 carbon content,
oxidation levels.

3. Measurement of carbon-carbon bond distance using polyacetylene
prepared from 13c-enriched acetylene.

L. Measurement of interproton spacing in cis-polyacetylene via
proton NMR; test of structure as postulated in another laboratory (17).

5. Relation of motional behavior of intercalant AsF. to stability.

5
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Graphite

1. Motional study of SbF5 in highly crystalline graphite (3) as
regards chemical stability.

~ v

2. Fluorine chemical shifts as a function of stage, i.e. of SbF
content, to find a diagnostic tool for routine assessment of doping
level of graphite fibers intercalated with SbFS.

3. Fluorine chemical shift study of graphite fibers doped with
SbF_: origin, preparation, and doping levels of fibers will be variables.
EmPgasis will be on fibers used in composites fabrication.

4. Search for metallic behavior as revealed by 130 NMR Knight
shift in HNO3-intercalated graphite, in K-benzene-intercalated graphite,
etc.

5

Polyphthalocyanines

Carbon-13 NMR spectroscopic studies of the high conductivity
preparations that are mentioned elsewhere in this report.

Polythiazyl (SN)x

Measurement of hydrogen content via proton NMR; comparison with
mass spectrometric assessment (18).

Polydiacetylene

Search for metallic character via 130 NMR chemical shift studies.
Investigation of solid state polymerization process.
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Figure 2:
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Carbon-13 NMR spectra of polyacetylene. Upper spectrum:
proton decoupling only; the largest contribution to the
chemical shift powder anisotropy pattern is due to the
polyacetylene backbone, for which a theoretical spectrum is
shown. Subtraction of the theoretical pattern leaves the
center spectrum, a doublet, with lines (a) at 20 ppm and
(b) at 50 ppm. In the lowermost spectrum, magic-angle
spinning has narrowed the upper spectrum; the olefinic
region (around 130 ppm) shows an unresolved doublet; the

50 ppm line is not narrowed; that at 20 ppm is.
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PHOTO- AND SEMICONDUCTING POLYMER SYSTEMS

R. B. Fox, T. R. Price, 0-K. Kim and R. F. Cozzens
Polymeric Materials Branch
Chemistry Division

INTRODUCTION

Despite intensive effort in both industrial and academic labora-
tories in the past decade (1,2), there is a continuing need for semi-
conducting and photoconducting materials that have the mechanical and
other properties usually associated with thermoplastic organic polymers.
The objective of the research described in this report is the
synthesis and characterization of novel thermoplastic organic polymer
systems having a combination of electrical and mechanical properties
that will make them suitable for application in a Naval context.

Two approaches have been taken. In the first approach, photo-
conducting organic polymers have been designed and synthesized to give
materials in which charge separation is achieved through intrachain
charge-transfer complex formation. These polymers have the type
structures

— D-X-A-X -); and CH,,CH -);

D A
(1) (11)

wvhere D and A represent electron donor and acceptor moieties,
respectively. The first structure is a condensation polymer in which

X is an ester linkage. The second structure is an addition homopolymer
with D and A incorporated into each repeating unit through a variety of
organic groupings. In the second approach, semiconducting
tetracyanoquinodimethane salt systems having the cation complexed

with a macrocyclic ether are dispersed in a polymeric matrix to take
advantage of the matrix mechanical properties and the increased
solubility or dispersibility of the complexed salts in the matrix.

»
This work was carried out under NRL Problem CO4-12.101




The present work is in no sense complete. Electrical measurements
have been made on a screening basis, and materials characterization is
incomplete. In this progress report, therefore, conclusions are to be
utilized primarily in indicating future directions to be taken in the
work.

EXPERIMENTAL

Infrared spectra were obtained by the KBr pellet technique with a
Perkin-Elmer Model 267 Spectrometer. Ultraviolet-visible spectra were
determined with a Shimadzu Spectronic 200 UV instrument.

Electrical conductivity measurements were made with a Keithley
Model 610C electrometer connected in series with an Aminco high voltage
power supply and an interdigital-grid type electrode system of vacuum-
deposited chromium on quartz. Electrode spacing was 0.1 cm. The entire
assembly was carefully shielded with copper screening and all electrical
components were connected to a common ground along with the shield.
Polymer films were cast by evaporation of solutions placed directly on
the electrode system. Current as a function of applied electric field
was measured in the dark as well as when the sample was irradiated
through the quartz and electrode grid with the output from a 200-W high-
pressure mercury arc lamp at a sistance of 15 cm. Light output was
filtered through water to minimize infrared heating of the sample.

RESULTS AND DISCUSSION

Photoconducting Homopolymers and Copolymers

The principle of charge separation through charge-transfer complex
formation is well established; both ground-state and light-induced
excited-state complexes are known. A wide variety of crystalline
organic complexes of these types have been shown to exhibit semi- and
photoconductivity when sufficient order is present to allow reasonable
electron or hole mobilities under an applied electric field (3,4,5).

Organic polymeric systems are also known to form charge-transfer
complexes; their electrophysical properties have been reviewed (6,7).
The most extensively studied of the photoconducting systems is that of
the poly(N-vinylcarbazole) (PVCA) complex with 2,4,7-trinitrofluorenone
(TNF) (8). 1In these and related materials, appreciable charge transfer
occurs in the excited state of the complex to produce ion-radical species
that can act as charge carriers. Hole and electron transport takes place
through the hopping of highly localized charge carriers. Mobility is
strongly affected by the geometric relationships and orbital overlap of
the interacting chromophores, the presence of trapping entities, and the
extent of chemical and physical disorder in these generally amorphous
systems. Complex formation itself is inhibited by steric hindrance

~.._that prevents the efficient alignment of the acceptor additive molecules

ﬁithnghe closely packed donor moieties along the polymer chains. At
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the same time, mechanical and other physical properties of the
complexed polymers are less than optimum for most applications in
which a flexible film-forming material is required.

With these constraints in mind, donor-acceptor polymer systems have
been designed in the present work to allow electron transfer in the
photo-excited state. Two types of polymers, (I) and (II), were noted in
the introduction to this report, and others, such as a regularly alter-
nating copolymer from & vinyl-donor and vinyl-acceptor monomer, are
readily envisaged. For example, Inami and Morimoto (9) disclosed
photoconducting addition copolymers of VCA (as donor) with S-nitro-
acenaphthylene (as acceptor), as well as other monomer combinations,
although regular alternation was not claimed. Alternating copolymers
from 2- and 4-vinylpyridine or 4-(dimethylamino)-styrene with
trinitrostyrene have been reported (10); this report has been
questioned (11). Recently, a 1l:1 copolymer from 1-(2-anthryl)ethyl
methacrylate (donor) and 2,4,7-trinitro-9-fluorenyl methacrylate
(acceptor) has been described along with its spectral properties (12).
The charge-transfer interaction in the ccpolymer was strongly enhanced
relative to that observed with model compounds. In the field of
condensation polymers, Sulzberg and Cotter (13) synthesized a low molar
mass polyester from 2,5-dimethoxyphenyliminodiethanol and 5-nitro-
isththaloyl chloride; this material had a volume resistivity of about
1011 ohm-cm.

In our work, synthesis and screening for photoconductivity was
undertaken with polyesters (polymer type (I)) based on 4,5-dinitro-
fluorenone-2,T-dicarboxylic acid (DNF(COOH)a) (14) and its derivatives
to provide the acceptor moiety. The dimethyl ester of this acid
should have an electron affinity between that of TNF (1.0 eV) and
1,3,5-trinitrobenzene (0.7 eV) (14). Ionization potentials (in eV) of
the donor moieties are exemplified by dimethylaniline 7.3, N-ethyl-
carbazole T.4, anthracene 7.4, fluorene 7.8, and naphthalene 8.1.
Charge-transfer interaction in these systems would be expected to be
weak in the ground state.

The synthesis of the polyesters was carried out by conventional
procedures, with the acid chloride, DNF(COCl),, providing better film-
forming compositions than the dimethyl ester.” In no case were high
molar mass products obtained.

Of the many polyesters screened, that synthesized from DNF(COC1)
and 9,10-anthracenebis(methanol) provided films with the highest photo-
conductive response. In Figure 1 are shown visible spectra of model
compounds, their 1:1 mixture, and the purified polyester. A very weak
charge-transfer band centering at about 525 nm is apparent in the model
compound mixture. In the visible region, the polyester has intense
absorption that overlaps this charge-transfer band. This absorption
may result from a better geometric alignment of the chromophores in the
polymer, where a very high local concentration exists, than in a
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dilute mixture of the model compounds. Films of this polyester, as well
as the other polyesters evaluated, were dark brown in color, and it is
assumed that much of the color results from the excitation of charge-
transfer ground states.

Films of the polyesters, as deposited, were generally weakly
semiconductigg and exhibited a photocurrent to dark current ratiooof
less than 10 . However, when these films are heated to about 150 C in
vacuum, further polymerization may occur and certainly volatile impuri-
ties are removed. In certain cases, the dark current was drastically
reduced while there was little effect on the photocurrent. Current-
voltage plots were generally ohmic in the 100-500 V region.

Typical screening photoconductivities that were obtained with
polyester films that had been heated in vacuum are shown in Tablegl.
Polymer A prior to heat treatment showed a photocurrent of 7 X 10 amp
at 300 V and I /IDK of only 2.5. After heating in vacuum from 55 to
155°C in the course of 2 hrs, followed by 1 hr at 155 C, this film had
the values shown in the Table. The photoconductive response, I H/IDK’
of this film was similar to that of a reference PVCA-TNF (1:1) Fllm,
and it was a better dark insulator. Other samples of this polymer made
by various methods that led to lower molar mass materials and/or poorer
film-forming properties gave lower photoconductive responses. 2,7T-
Fluorenebis(methanol) gave a polyester related in structure to polymer A
that was a poor photoconductor. Polyesters prepared from various
diphenols and DNF(COCl), were less photoconductive than polymer A;
polymer B is a typical example. Other polymers related to polymer B
that gave similar results were synthesized from DNF(COCl). and 1,5-
naphthalenediol or 9,10-anthracenediol. Polymers C and D are examples
that show the effect of varying the acceptor moiety; polymer D has been
previously reported (13), but without mention of electrical properties.

It is evident that certain donor-acceptor polyesters do provide
film-forming materials with a reasonable photoconductive response. This
response is dependent upon not only the nature of the donor and acceptor
but upon their geometric relationship to each other both within a given
chain and between adjacent chains in the solid material. From the
results thus far obtained, it is clearly possible to design systems that
have satisfactory electrical properties. However, as noted above,
products of this type are difficult to obtain as high molar mass
materials (13), possibly as a result of changed reactivity in a charge-
transfer complex system. As a consequence of low molar mass, mechanical
properties of the donor-acceptor polyesters were not satisfactory in
themselves. An alternative is that they be used as dispersions, blends,
or solutions with other polymers to provide materials with both electri-
cal and mechanical properties in useful ranges.
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Homopolymers and copolymers based on type structure II were also
screened as photoconducting filw-forming compositions. Synthetic routes
leading to the monomers for these materials are shown in the following
schemes, in which CA is 9-carbazolyl and A is a 2-(4,5,7-trinito-
fluorenonyl) radical:

CH2= CH CH2=CH L
H,NCH,,CH_,OH cacH, CrtH,
2 2 .3 ht a5
ci, cH,
c1 NH
|
(?He)e
OK
I v
A
('3 cacH,CHCH, e Acoc1 s
C,=C g+ GH ——>  CHyeC
COOH ko co
|
0
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In the presence of a free radical initiator (,azob:lsisobutyron:ltrile,
AIBN), homopolymers were obtained from III, IV, and V, but not from VI,
and the polymers from III and V (VII and VIII, respectively) underwent
partial reaction with ACOCl to give the copolymers IX and X.

4~CH,CH + 4-CE e 4~CH,CH —);
rrp  AIBN i Acocl - i"z
/'N\c /N\c Z N
?‘2 ! ) Fy ; z”z éﬂe e
HOCH t o gt oo gﬂz
OH 0 CH H
Chy (2 s 2
CA LA c(0)a A
VII X
CH CH CH
| 3 |3 ] 3
ey + ot kot
Co ¢o co
y AN 0 ACOC1 0 0
' ’ b,
- B e
HOCH "
P2 CA A i
CA CA
VIII z
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The homopolymer, XI, from IV is the first example of a polymer in which
every repeating unit contains both a donor and an acceptor moiety:

+
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XI

Polymer XI and copolymer IX were tetrahydrofuran soluble chocolate
brown film-forming materials. Films formed by sglvent §vaporation
showed a light to dark current ratio of about 10~ to 10~, but after
heating in vacuum for 2-3 hours at 80-150°c the films became excellent
photoconductors; they were insulators in the dark. These results are
shown in Table II. Simple doping of VII with ACOCl also gave a brown
film-forming material that had low photoconductivity dbut which on
heating in vacuum resulted in a film with properties much like IX.
These materials appeared to be low molar mass polymers and copolymers.
Films were formed from polymer VIII, but reaction of VIII with ACOCl to
form X yielded a brown brittle material from which films could not be
produced.

Semiconducting Polymers Containing Dispersed TCNQ Salt-Crown
Ether Complexes

The semiconducting propérties of salts and complexes of 7,7,8,8-
tetracyanoquinodimethane (TCNQ), one of the strongest known organic ¥

of these unusual substances have been reviewed (16). Some of the
highest electrical conductivities reported for organic compounds have
been associated with stable charge-transfer radical-ion salts in which
TCNQ acts as the acceptor moiety.

acids, were disclosed in 1962 (15). Reactions and electrical properties




Photoconductivity of Donor-Acceptor Addition

Table II

Polymer Systems

Iphoto(amp) : & i«
System at 500 V Photo’ "Dark
9 N
VII (doped with ACOC1) 3.5 2 10 10
X Tz 300 10"
X1 1.8 x 10° 2 x 103
X 2 102

*
After heating in vacuum

Two series of conducting radical-ion salts are formed with TCNQ.
The first series, with the formula MA*(TCNQ*) (called "simple salts"),
is formed with organis SEE me&illic cations and has generally lower
conductivities $< 10 Q" cm than the second series with the general
formula M (TCNQ ).(TCNQ®) or M2 (TCcNQ )2.(Tgnq) (calleg "complex salts"),
which have conductivities in the range 107~ to 102 @+ cm~l. Where M
is an alkali metal, only simple salts have been reported, and these have
conductivities as high as 10-3 @-1 cm~l., The alkali metal salts other
than those from Li are extremely insoluble in organic solvents, but
conducting dispersions of such salts in organic polymer films have been
disclosed in the patent literature (17). In the case of organic cation
complexes, solubility in organics is often greater, and as solubility in
polymer film matrices increases, conductivity also increases (18).

The ability of multidentate macrocyclic compounds, particularly the
so-called "crown ethers", to complex metallic cations and thereby
increase the solubility of both inorganic and organic salts in organic
solvents is well-established (19,20). Crown ether complexes of sodium
and potassium salts of tetracyanoethylene have been studied (21), and
one example involving a TCNQ salt, that of (dicyclohexyl-18-crown-6.K )
(TCNQ*), has been reported (22) without disclosure of conductivity data.
The latter complex, unlike the uncomplexed salt, was soluble in an
organic liquid crystal solvent and in methyltetrahydrofuran, in which
infrared spectra of TCNQ* unperturbed by the cation were obtained. The
reaction that probably occurs is
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In the present work, the following crystalline complex salts

k* TONQ” (m > 300°)
(18-Crown-6.K") TCNQ~ (m.200-202°)

* (TenQ ) (TeNg®) (m > 300°)

(18-Crown-6.x") (TCNQ;) (Teng®)
(m 260-264°)

have been prepared, partially characterized, and their solutions or
dispersions in poly(methyl methacrylate) films screened for their semi-
and photoconducting properties. Other film-forming polymer matrices,
such as polycarbonate, may also be used. It is evident that this work
can be extended to a wide variety of macrocyclic complexing agents and
TCNQ salts and complexes, and that the macrocyclic complexes of the TCNQ
salts and complexes are of interest in themselves for their electrical

properties.

Conventional procedures (15) were used to prepare k" TCNQ™; the
renl%ning compounds vere ¢asily prepared by simple mixing of solutions
of K TCRQ with TCNQ or 18-Crown-6, as appropriate. These substances
were characterized through their nbsorption spectra. In all cases, the
spectra were consistent with known or predicted spectra for elch com-
pound. The infrared spectra are shown in Figure 2. Thtt for K *(reng*)-

(TCNQ®) appears to be a superposition of the spectra of k* Tong” (23)
and TCNQ, while the corresponding complexed salts contain bands
ascribable to 18-Crown-6. Qualitatively, the visible spectra of the
simple salt and its crown complex in acetonitrile are sinilnr to those
reported for TeNQ” (15,24) and for (dicyclohexyl18-Crown-6. K ) (TeNg®)
(22). With the corresponding complex salts (containing TCNQ®), the 419
nm band maximum of the simple salts is shifted to 391 nm, but there is
no change in the other band maxima. Extinction coefficients are given
in Table III. The shift to 391 nm is reasonable, since TCNQ has a
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Table III

Molar Extinction Coefficients for TCNQ Salts in Acetonitrile

€ /e
Amax (em) 419 Th2 842 419/ =842
k* Teng 20800 19700 36800 0.57
(18-Crovn-6.x*) (TCNQ;) 25200 23600 43400 0.58
k* (TeNQ™) (TCNQ®) 67900 31100 59000 1.15
(391)
(18-Crown-6.x") (TCNQ;) (Teng®) 87500 18000 40000 2.19
(391)
strong A___ at 395 mm (25) but no other significant bands up to 900 nm.

In addition,_the presence of TCNQo appears to increase stirongly the

€ in the 400-nm region. The € at 391 nm for 18-Crown-6.K'(TCNQ™ )-

(TcNQ®) appears to be anomalously high, however, suggesting that more
than one TCNQ is present per molecule of complex. Melby et al (15)
regarded the intensity ratio of the 420 and 850-nm bands as diagnostic
for simple salts, for which the ratio was about 0.5.

The solubilization of the TCNQ salts in organic solvents by a crown
ether is easily demonstrated by adding 18-Crown-6 to a suspension of

k* TCNQ™ .in a solvent such as 1,2-dichloroethane; the bright green color
of TCNQ becomes immediately apparent. In Figure 3, visible spectra are

given to show these phenomena; K"TCNQ'L is soluble in acetonitrile but
not in dichloroethane.

For the purpose of making screening conductivity measurements,
films were prepared by the slow evaporation of 1,2-dichloroethane
solutions of a commercial poly(methyl methacrylate) (PMMA), Elvacite
2010, that contained appropriate amounts of the TCNQ salt or crown
ether-complexed salt. In the absence of crown ether, very faintly
greenish films containing suspended solids were obtained; there was
little evidence of significant solubility for these salts in either the
solvent-solute system or in the polymer film. Green solutions were
obtained in the presence of 18-Crown-6 either as part of a previously
formed complex or as an additive to a salt suspension. Solubility in
the polymer film is less than ip the solvent system. One percent by
weight of (18-Crown-6.K *) (TeNg”)(TeNQ®) plus an equal weight of
additional 18-Crown-6 in PMMA gave a clear green film, the spectrum of
vhich is shown in Figure 4. This film underwent photobleaching in air
during a one-hour exposure to the radiation, filtered through water to
minimize heating, from a 200-W high pressure mercury lamp at a distance
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of about 15 cm; the resulting spectrum is also shown in Figure 4. The
same solute system at a weight concentration of 3% in PMMA gave a green
film with widely scattered clusters of blue needles. At 6% or higher,
the needle clusters were overlapping. Immersion of these films in water
over a period of several days did not change their appearance.

As expected, films containing the complex salt or its crown ether
complex were better conductors than films with the substances not having
excess incorporated TCNQ. Therefore, the screening electrical measure-

ments were centered on PMMA films containing K (TCNQ )(TCNQ®)
("uncrowned salt"), (18-Crown-6.K') (TCNQ*)(TCNQ®) ("crowned salt"), and
crowned salt with an equal weight of 18-Crown-6 ("crowned salt plus
crown"). In no case was a significant photoconductive respunse ob-
served. The observations that follow refer to dark currents produced at
room temperature.

Initially, the films were electrically unstable. Application of
the electric field tended to produce dark currents that varied with
time, suggesting detrapping of charge carriers. Repeated application of
the field, however, eventually resulted in stable and reproducible dark
currents in films containing the crowned sazlt; stabilization was
achieved more rapidly if excess crown ether was present. Stabilization
was not achieved in films containing uncrowned salt. .In Table IV are
given the estimated dark conductivities at 5000 V cm — observed for
these films at a number of salt concentrations. It is immediately

Table IV
Estimated Dark Conductivity of PMMA Films Containing

x* (TCNQ )(TCNQ®) Systems

o, Q-lcmfl, at 5000 V eat
System < Initial Stabilized

Uncrowned Salt 1% 10'8 (a)
6% 10'8 (a)

Uncrowned Salt, 6§, plus Crown Ether, 6%  10~° 1076
Crowned Salt plus Crown 1% 10"1%(p) -
3% 1077 1078

6% 10~° 1077

aStablization not achieved.
byithin an order of magnitude of a blank PMMA film.
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apparent from these results that conductivity of the uncrowned salt is
enhanced by the incorporation of the crown ether and that excess crown
ether does not grossly change this conductivity. It is also clear that
conductivity is not a simple function of solubility in the crown
systems, since crystalline material was present in the films at the 3%
and 6% levels.

Dark currents as a function of applied voltage are shown in Figure
S for a film containing 6% crowned salt plus crown; the figure shows the
effect of continued application of the electric field on this film. In
the 100-500 V range, the response was approximately ohmic, but below
this range the response became stiperohmic. The initial dark currents
at any given voltage were fairly rapidly decreased with time of electric
field application, and they recovered somewhat after standing for
several hours in the dark in the absence of a field. After stabiliza-
tion, however, dark currents did not vary with the duration of field
application, and there was no back current when the field was removed.

The spectrum in Figure 4 indicates that these films are photo-
sensitive. The effect of irradiation on field-induced dark currents in
films containing 6% of the uncrowned salt is compared to that for the
crovned salt plus crown in Figures 6 and 7. In general, the effect is
to reduce the dark current at the time of application of the field
(Figure 6). However, the time response of the current induced by a
given voltage while the film is continuously irradiated is quite
different for the two samples, as seen in Figure 7. It is clear that
light has a profoundly degrading effect on the induced current when
crown ether is absent, but the nature of the effect is unknown at
present.

The foregoing is intended to be a phenomenological description.
No attempt is made to adduce mechanisms or even to explain the results,
since these represent preliminary data acquired with a screening device.
Nonetheless, polymer films containing crown ether complexed TCNQ salts
do show promise in the development of flexible semiconducting films. The

crown ether does appear to be an essential element in this development.
SUMMARY

A series of polyesters having alternating electron donor and
acceptor moieties have been synthesized and screened for their photo-
conducting and other properties. Photoconductive response in certain
cases approaches that of 1:1 PVCA-TNF, a commercially useful polymeric
photoconductor, but only low molar mass polymers were formed and as a
consequence, mechanical properties were not satisfactory.

Addition polymers and copolymers containing pendant donor and

i acceptor groups were also synthesized and screened. These materials
: include a representative of a new class of addition polymers, those
containing a strong donor and acceptor moiety in every structural
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repeating unit. As with the condensation polyesters, good photocon-
ductive response was observed with specific donor-acceptor addition
polymer systems. Some of these materials were film-forming, but in
general they were low molar mass polymers with poor mechanical proper-
ties.

The results with both condensation and addition donor-acceptor
polymer systems indicate that it is possible to design photoconducting
polymers based on intramolecular charge-transfer complex formation as a
probable source of charge separation. In both cases, ways must be
devised to increase polymer chain length to provide materials with
useful mechanical properties.

Crown ether complexes of tetracyanoquinodimethane salts have been
synthesized. They are found to be more soluble in organic solvents than
the salts themselves. Solutions and dispersions of the complex salts in
common film-forming polymers, such as poly(methyl methacrylate), provide
flexible semiconducting films having conductivities several orders of
magnitude greater than those for polymer dispersions of the salts in the
absence of crown ethers. The crown ethers appear to have roles, such as

that of electrical stabilizers, in addition to that of separation of the
cation from the radical anion that functions as the conducting species.
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Fig. 1 Absorption spectra of 10-3 M dimethyl sulfoxide solutions
of 9, 10-anthracenebis(methanol)(A), dimethyl U4,5-dinitro-
fluorenone-2,7-dicarboxylate (B), mixture of these compounds |
(c), and the condensation polymer from the diol and DNF |
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Dark currents (A) before and (B) after irradiation of PMMA

films containing 6% (18-Crown-6.K")(TCNQ")(TCNQ®) (1lower
plots).
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field application during continous UV irradiation of PMMA
films conteining 6% (18-Crown-6.K")(TcNQ")(TCNQ®) (upper
plots) and 6% K+(TCNQ&)(TCNQ°) (lower plots).
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~ CONJUGATED NETWORK POLYMERS AS ELECTRICAL CONDUCTORS

T. R. Walton
Polymeric Materials Branch
Chemistry Division

INTRODUCTION

Complete conjugation (alternating single/double or single/triple
bonds) along the polymer backbone is considered as one important means
for introducing electrical conductivity into organic materials. Long
before researchers became interested in organic conductors, the organic
chemist recognized that certain electrons (m-bond electrons) in a
conjugated organic molecule had the ability to roam freely throughout
the conjugated structure, while other electrons (o-bond and isolated
m-bond electrons) were more or less fixed between adjacent atoms.

This electron mobility results from the partial overlap of neigh-
boring p orbitals in the m-bond system, thus interconnecting all m-bonds
along the conjugated part of the molecule. Thus, the electrons in
these overlapping orbitals have a path to move freely from atom to atom
along the conjugated structure. It is only in a conjugated structure
that these orbitals have the extended overlap necessary for the elec-
trons to become delocalized.

However, a material composed of conjugated molecules would not
necessarily be conductive. If an applied potential is placed across the
material, the electron would begin its trip to the opposite positive
electrode by moving through the conjugated portion of the molecule in
contact with the negative electrode. When it reaches the end of that
molecule, it must get to the next molecule if the process is to continue.
Since the molecules are relatively far apart compared to the distance
between atoms within the molecule, there is no orbital overlap connect-
ing neighboring conjugated molecules. Thus, a relatively large amount
of energy would be required to get the electron to "hop" to the next
molecule. If the molecules are relatively small, this "“hopping"
process would have to occur many times before the electron finally
reached the opposite end of the material. Since a large amount of
energy would be required for these numerous hopping processes, one
would expect poor conductivity. On the other hand, if instead of a
large number of small molecules, the material were composed of one huge,
completely conjugated molecule, there would be no disruption of the
conjugation path from one end of the material to the other, and one
would expect high conductivity.
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In practice one cannot prepare infinite network polymers; that is,
polymerize all of the monomer (prepolymers) into a single molecule.
Side reactions and/or immobility terminates polymer growth such that the
material is generally composed of a number of very large polymer
molecules rather than one single molecule. Nevertheless, the amount of
hopping would be greatly reduced and increased conductivity would be
expected as the polymer structure approached an infinite network.
Since the extent of the polymer growth will control conductivity,
polymerization reactions that lead to high molecular weight, network
polymers are important requirements.

PREPOLYMER RESINS

Figure 1 shows three basic chemical reactions which, when utilized
with the properly designed monomer molecule, would lead to three-
dimensional, conjugated polymer networks. In each reaction a conjugated
system of aromatic rings is formed.

To ultilize these reactions for polymer synthesis, two reactive
groups must be linked together, as illustrated for the phthalonitrile

structure:
NC R CN
NC CN

Since a completely conjugated network is desired, the linking R
group must also be conjugated. The linking groups reported on in this

paper have the structure:
-NSCHh[:jE},Cﬂgn-

Prepouiymer resins are prepared by a Schiff-base synthesis in which the
appropriate aromatic dialdehyde is reacted with an aminophenyl orthodi-
nitrile, nitrile, or acetylene, to produce a dianil linking structure:

2 NC NH NC N=CHA N-CHsN CN
2 4+ OHC CHO —> G

NC NC CN

+ 2320

2 HesC O NH, + oancm —> HCzC O— N-CHQ cn-n@-c;cn
+ 2H,0

2 NC
) P on{_Yror0 —> e N necnf Ycren Hoen
2

+ 2H20
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Fig. 1 - Syﬂfhesis Reaction.
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Table 1 lists four prepolymer resins that have been prepared and
the common names that will be used in the discussion to follow. In the
synthesis of these materials, a slight excess of the amine is used to
ensure reaction of both aldehyde groups. The preparations are generally
carried out in refluxing toluene and the progress of the reaction is
followed by measuring the amount of water collected during the reaction.
In addition to carbon, hydrogen and nitrogen analysis, the infrared and
nuclear magnetic resonance (NMR) spectra are used to verify the
structures.

The presence of the imine linkage (-C=N-) introduces the possibili-
ty of cis-trans isomers in the structures of the prepolymers. Since
there are two such linkages, three isomers are possible, a cis-cis, a
trans-trans, and a cis-trans. Melting points and NMR indicate only one
isomer is formed and this has the trans-trans structure.

POLYMERIZATION

The type of network polymer structure produced on thermal polymer-
ization of the dianil phthalonitrile resin in the presence of a metal
co-reactant, such as Cu, is shown in Fig. 2, and the product from the
dianilphenylacetylene resin is shown in Fig. 3, where the R groups in
both figures have the following structure:

-Nscn©- CH=N- or -N=CH- CH=N-

The polymer from the dianil phenylnitrile resin would be similar to
the acetylene polymer in Fig. 3 except that triazine rings would replace
the Kekule benzene rings:

N
—7

£

Since the R groups in Figs. 2 and 3 are completely conjugated,
the polymer network is a totally conjugated (alternating single/double
bonds) system. Furthermore, we would expect these polymers to be of
high molecular weight due to the high functionality (multiple growth
sites) of the polymerization reaction. Thus, with electron mobility
provided by the extensive delocalization of the m-bond electrons
throughout the structure, we might expect these systems to be
electrically conducting. It should be kept in mind that the structures
are much more complicated then illustrated. Further, the diagrams
depict a planar configuration, but the actual structures are three-
dimensional highly crosslinked networks.
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Fig. 2 ~ Phthalocyanine Polymerization Reaction.
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Fig. 3 - Acetylene Polymerization Reaction.
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The phthalonitrile and acetylenic systems have been successfully
polymerized. It appears that a catalyst will be necessary to
effectively convert the dianilphenylnitrile resin into a triazine
network polymer. In the case of the dianil phthalonitrile resins, the
polymerization can be carried out in either the presence or absence of a
metal or metal salt co-reactant. If a metal is present, it is incorpo-
rated into the phthalocyanine nucleus (see Fig. 2). The purpose of
adding a metal co-reactant would be to modify the electrical properties,
for example, from an n to p type semiconductor, as well as to accelerate
the cure.

In the absence of a metal co-reactant, the resins are polymerized
by simply heating them above their melting point, usually to 275-300°C.
Gelation occurs in approximately 2 hours and the cure is continued for
an additonal 24 to 50 hours. The cured polymer is a dark brown color,
changing to black during postcuring. The dark color is attributed to
the conjugation of the system.

In the absence of a metal co~-reactant, polymerization may lead to
an alternate structure, called dehydrophthalocyanine:

=S
“\ 72
/ N\
C N C
sl
N—C C=N

This structure has been identified and also apparently exists in the
case of certain metals which form hexavalent coordinate complexes.

Metal cures are somewhat more complex and the cure rate is gen~

erally greatly accelerated. With a free metal such as Cu, there is
always some unreacted metal left which tends to settle out because of
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the density difference. Metal chlorides can generally be more uniformly
distributed, but partial ring chlorination may occur and HCl gas
liberated.

Anhydrous tin dichloride, SnCl,, is an exception since it
increases its valence to +4 and is gnserted as (8nCl1,)*2 without gas
evolution. The melting point of the SnCl, is approximately the same
as the resin (241°C), and both components“are in the liquid state and
mutually soluble at the polymerization temperature. The polymerization
is extremely fast, gelation occurring within a few minutes after melt-
ing. The stoichiometry of the reaction requires one metal atom for each
two resin molecules to have a metal atom in each phthalocyanine ring
formed. However, since the polymerization occurs even in the absence of
metals, one has the option of using less then stoichiometric amounts.
Indeed the insertion of metal atoms into only a few of the phthalo-
cyanine rings may be sufficient to modify the electrical properties of
the polymer.

The dianil phenylacetylene resin can be polymerized at much lower
temperatures than the dianil phthalonitrile resins. Generally, the
acetylene resin is initially heated at lSOOC for 1 hour during which
time the liquid resin darkens in color and its viscosity slowly
increases until gelation occurs. The resin is then further cured

overnight at 200°C, and then postcured at 300°C for 50 hours. Although .

the acetylene polymerization may be catalyzed by certain metal or metal
complexes, the metal cannot become an integral part of the polymer
structure as with the polyphthalocyanines.

POSTCURE AND ELECTRICAL CONDUCTIVITY

Both the phthalocyanine polymer and the acetylene-based polymer are
essentially non-conductive (resistivities greater than 101 ohm-cm)
after the initial cure. Postcuring these polymers at higher tempera-
tures in a vacuum or inert atmosphere results in substantial increases
in conductivity.

Resistance is measured in a straightforward manner with a Keithley
610A electrometer. The sample is sandwiched between soft conductive
mats which are held between copper electrodes under a constant load of
approximately 1.2 Kg. Resistivities are calculated from the measured
resistance, sample thickness, and a conservative estimate of the contact
area. The measurements are made in air and the apparatus %s not 10
shielded. With this setup, resistances in the range of 10~ to 10" ohms
can be measured. Resistivity values determined in this manner agreed
reasonably well with the more detailed measurements reported in the
following paper by J. P. Reardon.

Initial examination of the postcure necessary to introduce con-
ductivity into these new polymeric materials revealed that little change
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occurs below 400°C. Even after. sgveral hundred hours at 400° C, resis-
tivity was still greater than 10 ohm-cm. However, at SOO C, resis-
tivity rapidly dropped to 105 ohm-cm, and continued to decrease with

time, leveling off at 10 -10° ohm-cm after 800 hours_(Fig. L4). At
600°C another rapid drop in resistivity to 10° to 10" ohm-cm occurred.

As expected, both temperature and time are important factors in
controlling resistivity. Although the lower temperatures do not lead to
rapid development of conductivity, they are important in developing the
polymeric structure and in minimizing weight loss and the problem of
sample cracking at the higher temperatures. With these preliminary
results as guidelines, a standard heat treatment was adopted in which
the cured polymers vere first heated at 400°C for 100 hours, then 500 c
for 100 hours, 600°C for 100 hours, etc. Thus, the samples have an
accumulated history of the previous heat treatments. Further, to avoid
temperature shock and minimize the development of thermal stresses in
the sample during the 8ostcure, slow heat-up and cool-down rates were
used, ranging from 0.5 C/min. to 2°C/min.

In Table 2 are summarized some typical results on postcuring the
para- and meta-dianil phthalocyanine polymers and the para-dianil
phenylacetylene polymer. For ease of comparison, Fig. 5 shows a
composite plot of the change in resistivity with temperature for the
three polymers. In a qualitative sense the materials fall in the same
conductivity range for a given temperature treatment.

In Figure 6, the weight losses for the materials in Table 2 are
plotted as a function 8f thg postcure temperature. In general,
temperatures above 300 -400 C are disastrous for most organic polymers,
but these new polymeric materials show relatively low weight losses at
hOO-SOO C and maintain a great deal of structural integrity even at
600-700 C. The implications of the high thermal stability is that these
materials have the potential for operation in a high temperature
environment.

An indication of the variation of properties between replicate
samples can be obtained from the data in Table 3 for a series of
identically cured and postcured polyphthalocyanines. Samples 1-k4
were from one resin batch while 5 and 6 were from another. All samples
were cured and postcured at the same time in the same furnace.
Considering the variation in temperature that could exist at different
positions in the furnace and the rapid change in electrical properties
in the 400-500°C range (Figure 5), the agreement between samples is
exceptional.

Up to this point we have considered only metal-free cured resins.
However, as discussed earlier, the phthalonitrile resins can also be
cured in the presence of a metal or metal chloride. Under these
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Fig. 4 - Room temperature resistivity vs. time of heating at 500°C

for p-dianil phthalocyanine polymer.
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(a) p-dianil phthalocyanine polymer, O;
(b) n-dianil phthalocyanine polymer, O;
(¢) p-dianil phenylacetylene polymer, A.
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Table 2

Postcure Effects on Resistivity, Shrinkage, and
Weight Loss for Dianil Phthalocyanine and
Phenylacetylene Polymers

stcure Weight Linear Resistivity }
C Hrs Loss, % Shrinkage, % ohm-cm ~!
Metal-Free p-Dianil Phthalonitrile Polymer ’
400 100 1.1 0.85 >101° ; ‘
500 100 3.0 3.80 1.7 X 10
550 100 5.4 6.80 7.6 X 10°
Metal-Free m-Dianil Phthalonitrile Polymer
400 100 2.2 1.2 >1010 ;
500 100 5.9 5.2 5.8 x 10"
600 100 10.4 9.1 9.0 x 10°
700 100 14.8 11.4 4.8 x 10°
P-Dianil Phenylacetylene Polymer
400 100 5.0 *, >1010
500 100 10.2 % 9.4 X 10°
600 100 13.0 i 1.2 x 10t
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conditions the metal may be chemically incorporated into the phthalo-
cyanine ring structure. Results of cures conducted in the presence

of Sn012 and Cu012 are shown in Table 4. As discussed earlier, the tin
expands its valence to +4 as the Sn012 becomes part of the phthalo-
cyanine ring. With CuClz, only the copper becomes part of the phthalo-

cyanine ring and the chlorine is lost through other reactions as dis-
cussed earlier. When less than 100% of the theoretical amount of metal
is used (i.e., less than one metal atom for every phthalocyanine ring
that can be formed), both metal and metal-free rings will be present in
the polymer structure.

Compared to the metal-free system, the SnCl2 and CuClz-cured

polymers are more conductive at a given postcure treatment. For
example, at 400°c iae resistivity of the metal-free polyphthalocyanine
is greater than 10° ohm-cm, while the resistivities of the SnCl2 and
CuClz-cured polyphthalocyanines are 10~ to 10 ohm-cms. It is believed
that the increase in conductivity results from an earlier development of
the extended conjugated polymer network rather then a specific electri-
cal influence of the metal in the phthalocyanine ring. It is observed
that as the content of the metal co-reactant is increased, the gelation
time decreases and lower resin loss occurs during the initial cure at
300 C. The weight loss during initial cure results from sublimation of
some uncured resin, which is minimized by the earlier development of
high molecular weight species. Thus, it is apparent that the polymer
structure has developed more rapidly in the presence of the metals and
this could account for the higher conductivities at 400°c. Although the
extended polymer structure develops earlier, it does not rule out the
possibility that the metal may also have an important influence of the
electrical conductivity.

Although higher conductivities are obtained at lower processing
temperatures with the SnCl2 and Cu012 systems, there are undesirable

side effects which include high weight losses during postcure, too rapid
cure at high metal contents, and the production of HCl in the case of
CuCl2. In addition, problems with sample cracking during postcure are

more severe.

As discussed earlier, direct reaction of the phthalonitrile resins
with metal powders (Cu and Zn) results in much of the metal remaining
unreacted and settling to the bottom of the sample during the cure.
Thus, an effective means for introducing a metal into the phthalocyanine
polymer remains to be developed.

We have referred to the heat treatment used to introduce conductiv-
ity into these polymers as a postcure because of observations made on
the metal—free cured phthalocyanine polymer structure after initial cure
at 300 C and postcure at 550 ESCA (Electron Spectroscopy Chemical
Analysis) analysis of the 300 -cured polymer did not reveal the
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characteristic spectra of the phthalocyanine ring bond&ng energies for
carbon and nitrogen electron. After postcuring at 550 C, ESCA showed
two types of nitrogens of almost equal concentration with distinct
binding energy levels of approximately 398.4 and 399.8 eV, and a single
type carbon with a binding energy of approximately 284.6 eV. These
values agree with measurements made on the simple (non-polymeric)
metal-free phthalocyanine and are comparable to values reported by
others.

It appears that after the initial cure at 300°C. the conjugated
polymer network of phthalocyanine rings shown in Figure 2 is not
completely formed. Although infrared spectra show that most of the CN
absorption has disappeared, ESCA indicates that phthalocyanine rings have
not yet formed. Thus the flow of electrons is hindered by the lack of '
extended conjugation and electrons must undergo a "hopping process" from !
molecule to molecule to move through the material. Since the hopping \
mechanism is a high energy process, conductivity would be low. As the )
phthalocyanine rings form at the higher postcure temperatures and a more i
extensive conjugated network develops, less hopping is necessary and
conductivity increases. In addition, during the postcure some weight {
loss occurs which may eliminate charge-carrier traps and thus increase
conductivity.

et gl S oo Pl PO

The exact structures of the postcured polymers are not known. In
the case of the polyphthalocyanine, there is a 5-8% weight loss at 550°C }
and some decrease in the nitrogen content of the polymer. This might |
indicate some deviation from the ideal structure shown in Figure 2, )
but it is also possible that the decomposition is at unreacted end-sites
wvhich would lead to little or no change in the basic polymer structure.
At 900°C, vhere a 27% weight loss occurs, a definite change in the
polymer structure is expected.

Our present feeling is that the bulk of the conductivity results
from a conjugated, condensed aromatic, organic structure and not from
the formation of carbon. Even at 900 C, this temperature is too low for {
graphite formation and the X-ray diffraction pattern is not indicative i
of a graphitic structure. At this temperature, ESCA still indicates the
presence of organic structure; however, the phthalocyanine ring concen-
tratiog appears to be 1/4 to 1/2 that observed for the materials heated
at 550°C. A carbon-hydrogen-nitrogen analysis has not been obtained on
the 900 C sample, but at 550°C values are 81.35%, 2.08%, and 16.69%
(100.12% total), respectively, compared to theoretical values of T4.99%,
3.15%, and 21.86%. Although these results show carbon enrichment, it is y

f a logical consequence of further aromatization of the structure rather
then formation of inorganic carbon.

SUMMARY, CONCLUSIONS, AND FUTURE WORK

This paper has described several extended conjugated polymer
networks based on the polymerigation of orthodinitriles into
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phthalocyanines, phenyl nitriles into triazines, and phenyl acetylene
into condensed aromatic rings.

Under the concept of extended conjugation and network polymeriza-
tion, new organic polymers have been prepared having conductivities

ranging from 10> -%O+ ogm'l-cfs'l). For comparison, copper has a
conductivity of 10*0 ohm™*-cms™*. The conductivity of these new polymers
is controlled by the postcure (temperature and time) treatment. Thus,
conductivity can be tailored to specific values required for a given
application or device. Moreover, because of their high thermal stabil-
ity, these polymcss should be capable of operating at temperatures in
excess of 300-400°C.

Future work will dddress means for effectively introducing metal
atoms into the phthalocyanine ring structure and assessing their in-
fluence on electrical properties. More extensive study will be made of
the acetylene-terminated resins and for finding an effective catalyst
for converting the phenylnitrile resin into a conjugated triazine

polymer.

The effect of the aggressive environments on the polymer stability
and electrical properties will be evaluated. Information will also be
sought to further elucidate the structure of the high temperature, post-
cured polymers.

Finally, upon completion of more detailed analysis and character-

ization of the electrical properties, potential applications of these
materials in electrical devices will be sought.
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ELECTRICAL PROPERTIES OF METAL-FREE,
DIANIL-LINKED PHTHALOCYANINE POLYMERS

Joseph P. Reardon
Surface Chemistry Branch
Chemistry Division

INTRODUCTION

Charge carriers in organic molecules are readily generated by
activation of m-bonded electrons. When the m-bonded electrons in a
conjugated system are delocalized, they provide an intramolecular
conduction path of high mobility. Polyene, (-CH=CH-) , and poly-
methinimine, (-CH=N-) , chains are examples of systems of delocalized
T-electrons. Such conjugated systems lend themselves nicely to a simple
quantum mechanical "free electron" calculation; thus, for example, one
finds that the energy, Ea’ required to raise an electron from the ground
state to the first excited state in a polyene chain of n units is:

2n + 1)
2n

- A

where E is in electron-volts. Hence, an increasing number of polyene
units iR the chain should yield a progressively lower activation energy.
For values of n typical of polymers (“ 500), E_ becomes equal to kT at

. room temperature, which means that the excited levels become thermally
populated.

High conductivity within the polymer molecules, however, is no
guarantee of high conductivity in the plastic made from that polymer.
Polymer chains are ordinarily quite short compared with the macroscopic
dimensions of a plastic article. Held together principally by weak van
der Waals forces, the chains are widely separated on a molecular scale.
To move from chain to chain, the conduction electrons rely on thermally-
activated hopping, which means that their mobility is low. In general,
though, mobility increases with long-range order, the very property that
is lacking in the common organic polymers.

It was our desire to make an electrically conductive polymer that
could be used for manufacturing useable items. The approach to doing
this was spawned by our program in the synthesis of phthalocyanine
polymers for high-temperature plastics (1). Polymeric phthalocyanines
based on pyromellitonitrile (2,3) had been synthesized and exhibited
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semiconducting properties with resistivities as low as a few ohm-cm.
Being of a low degree of polymerization, however, they lacked mechanical
strength and could be processed only by compression of the powdered
polymer. As a consequence, & limit on conductivity was set by the
contact resistance among the particles constituting the manufactured
component. By contrast, the materials described in this paper are from
a new class of phthalocyanine resins that liquify at the onset of
polymerization and, so, can be cast or molded by conventional polymer
processing techniques, thereby being made adaptable to many technical
applications.

MATERIALS

A subclass of these new phthalocyanine resins is synthesized from
fully conjugated monomers. The two specific polymers reported here were
made from N,N'-isophthalylidene bis(3,4-dicyancaniline),

NC =CH CH=N CN
NC cN ’

and N,N'-terephthalylidene bis(3,4-dicyancaniline),
NCY7” l N-CH4<::::>}CH-N-
NCA

and were described in the preceding paper ("Conjugated Network Polymers
as Electrical Conductors" by T. R. Walton). Henceforth in this paper
the polymers made from these monomers will be referred to as meta dianil
and para dianil polyphthalocyanine, respectively, with meta and para
denoting the substitution positions on the central benzene rings.
Thermal curing of the monomers yields the polymer represented by Figure
1. The cure can be effected without a metal co-reactant; indeed,

with a single exception the materials discussed below are the metal-free
polymers. The figure suggests that s two-dimensional network is formed.
The more likely case is a "statistical" three-dimensional network
produced by numerous out-of-plane reactions of the phthalonitrile end
groups and containing also a large number of unreacted end groups.
Ideally one would like to promote the continued reaction of the active
end groups until the polymer existed as a single macromolecule. In such
a single-molecule plastic, any discontinuity of the conduction path
would be offset by a multitude of alternate pathways.
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The cured dianil polyphthalocyanines are dark colored, rigid
plastics, outwardly resembling an epoxy or phenolic. Like other thermo-
setting resins, they are primarily useful as structural materials.

EXPERIMENTAL TECHNIQUES

Samples for study were prepared by melting the crystalline monomer
in a 2.5-cm diameter aluminum planchet and curing at 300°C in air for 25
hours or longer. The solid disk was removed from the planchet and its
faces polished smooth on 600-grit paper to a thickness of about 2 mm.
The faces were repolished as required after postcuring.

Our main interest was in the effect of postcuring or thermal
annealing on the electrical resistivity of the specimens. After the
initial 300 C cure, the polyphthalocyaniune is an electrical insulator,
reflecting the ract that molecular discontinuities are numerous. The
polymer was postcured to promote the cortinued growth of the conjugated
system. For this the specimens were either sealed in an evacuated vial
or kept in a stream of inert gas, usually argon. The postcure is
described in detail in the preceding paper by Walton.

Measurement of d.c. resistivity was done in either of two ways.
For specimens of high resistance (> 100 ohm), the standard two-electrode
technique was employed using a Keithley 610C electrometer. Gold
electrodes, usually 1.9 cm in diameter, were vapor-deposited on each
face of the specimens. They were housed in a well shielded oven and
cycled between 22 and 155 C. A continuous trace of resistance and
temperature was made on a Houston Omnigraphic 3000 strip chart recorder.
The volume resistivity was computed as:

o= <g> R,

wh!re p is in ohm-cm, d is the sample thickness in cm, A is the area in
cm- of an electrode (assuming the electrodes are of equal size), and R
is the measured resistance in ohms.

The van der Pauw four-probe technique was used for low-resistance
samples (< 100 ohm) (4). Contact was made with small copper clips at
the perimeter of one face of the specimen. A Keithley 16LTT digital
multimeter was used in the milliohmmeter mode. The sample was allowed
to equilibrate at various discrete temperatures between 22° ana 172°C.

RESULTS

The effect of the postcure temperature on the room temperature d.c.
volume resistivity, p, of the metal-free dianil polyphthalocyanines is
shown in Figure 2. Both meta and para isomers are included, the
differences between them being insignificant. Of the fifteen samples
illustrated, nine were held at the indicated temperature for 100 hours,
five for 60 hours or longer, but the 850°C sample only for about 12
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hours. The dwell time at a given postcure temperature is gn important
variable in the h50-650°C range, as is illustrated for 500 C in Figure
3. Our experience, however, has been that below or above this range
changes in resistivity are quite small beyond 8 hours at temperature.

The corresponding changes in activation energy, E , with postcure
temperature are shown in Figure 4. The change in p was mgasured as the
sample was cycled between room temperature and 172°C (155 C for the
high-resistance samples) and Ea was computed from the Arrhenius
relation:

Ea/kT
p=p,e .

where p is a constant, k is the Boltzmann constant, and T is absolute
temperagure.

Figures 5-11 are plots of resistivity and temperature data repre-
sentative of those which generated the curves in Figures 2 end 4 above.

The resistance-vs-temperature curve in Figure 5 is typical of the
polymer postcured at 500 °C. The same data are presented in an Arrhenius
plot in Figure 6; the negative deviation from linearity at the higher
temperatures should be noted for future reference. (The points on these
two curves are merely values taken from the original strip-chart traces
for t?e sake of replotting the data. The same holds for Figures 7 and 8
below).

Figure 7 illustrates the rather dramatic drop in resistivity that
accompanies an increase in the postcure temperature of just 50°C. The
hysteresis in the curve that appears during the first cycle is attrib-
utable mainly to loss of absorbed moisture from the sample. The
Arrhenius plot in Figure 8 includes data from resin co-reacted with a
small amount of SnCl,. The two sets of data yield the same E (within
experimental error); the displacement of the SnCl, curve to eiightly
higher resistivity values is most probably due to a shorter time of
pestcure, viz., 30 hr for the SnCl, co-reacted polymer but 100 hr for
the metal-free polymer. Hence, the SnCl, co-reactant, at least at this
low level, seems to have no effect on thé resistivity of the dianil
polyphthalocyanine.

Figure 9 pogtrays another hundred-fold drop in resist%vity follow-
ing a further 50 C increase in postcure temperature to 600 C. (The
points on the curve now represent individual measuremegts of p at
equilibrium temperatures.) When we have reached a 900 C postcure
(Figure 10), we are in the milliohm-cm range apd measure only a 12%
decrease in p upon heating the specimen to 168°C, which corresponds to
Ea = 0.010 eV, If, however, the range of measurement is extended down
t0 cryogenic temperatures with liquid helium cooling, as in Figure 11,
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we see that the linearity of the Arrhenius Jlot is lost below -20°c.
Indications of this negative deviation were just becoming manifest near
room temperature in the earlier Arrhenius plots (Figures € and 8 above).
DISCUSSION

Reliability of the Resistivity Measurements

Figure 12 shows the increase in density that results from raising
the postcure temperature. Over the same temperature range there is a
corresponding linear shrinkage of about 15%. These rather drastic
physical changes tended to _cause very fine hairline cracks in the speci-
mens, especially above 600°C. Because resistivities of samples post-
cured at 600°C or above were measured by the van der Pauw four-probe
technique, a question arises as to the validity of the measurement,
inasmuch as the technique rests on the assumption that the specimen
contains no voids or cracks. One would expect to obtain apparent
resistivity values higher than the true values if the sample contained
voids or cracks. In an attempt to estimate whether our measured values
were too high, we also made some resistivity measurements on selected
samples using a collinear four-probe arrangement (5,6) in conjunction
with a Keithley model 530 "Type All" system. The l-mm spacing between
the probes allowed the measurements to be made on small areas of sample
surface that appeared to be free of any cracks. To our surpgise, 3he
values obtained in this fashion for samples postcured at 400 , 500,
SSO°, and 700°C were higher than the van der Pauw values by roughly a
factor of ten. This discrepancy was considerably larger than the
variation that resulted from repositioning the collinear probes on the
surface of the sample. Moreover, the collinear four-probe technique
exhibited hysteresis upon reversal of the polarity, the deviation being
as great as :_21% from the mean. No such hysteresis was ever observed
with the van der Pauw technique.

A possible explanation for these apparent anomalies in the
collinear four-probe measurement is that the sample surface is rough
with respect to the very fine probe tips. (The 600-grit paper used to
polish the specimens contains 17-um diameter particles.) Thus, given
the hardness of these polyphthalocyanines and the spring loading on each
individual probe, it is conceivable that the probe tips are resting on
asperities or even on particles of abrasive, thereby producing both the
anomalously high resistances and rectification (hysteresis upon polarity
reversal). As a test of this hypothesis, the measurements will be
repeated after the samples have been given a much higher polish.

Until satisfactory resistivity measurements can be made on small,
crack-free areas, the effect of cracks in the samples cannot be esti-
mated. In general, though, one would anticipate slighgly lower re-
sistivity values for the high-temperature (i.e., > 600°C) samples. ;
The worst case would be met if cracks and perhaps internal voids would
mask metallic conductivity. A situation of that sort occurred in the
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investigation of polythiazyl, (SN)_ (7). Compressed pellets of poly-
crystalline (SN)_ exhibited a room>temperature resistivity of about 0.05
ohm-cm with a sefiiconductor-like temperature dependence that yielded an
activation energy of about 0.02 eV. Single crystals of the same polymer,
however, measured along their most highly conductive axis, gave a
resistivity one-hundreth as large and showed a metallic temperature
dependence (E = 0). The investigators concluded that in the poly-
crystalline méterial the metallic conduction within the crystallites was
more than offset by the thermally activated transport (hopplng) of
electrons across the grain boundaries. By analogy, then, microscopic
cracks in the polyphthalocyanine might be acting like grain boundaries
and masking the intrinsic conduction mechanism.

With respect to the van der Pauw-type measurement, a colleague
using silver-paste cogtacts and different electronics has obtained a
resistivity for a 550 C p-dianil specimen in good agreement with the
measurement reported here. Linearity in the I-V curve from 1 pA to 400
HA with no hysteresis upon reversal of polarity confirmed that the
silver-paste contacts were indeed ohmic.

Activation Energy

The activation energy is the parameter known to solid-state physi-
cists as the band gap. In computing E for the dianil polyphthalo-
cyanines, the expression p = p_ exp (E-/kT) was used. This form does
not necessarily suggest any particularaconduction model and is generally
suitable for amorphous semiconductors (8). For an intrinsic semicon-

| ductor, in which there is a hole carrier for every conduction electron,
; : the relationship takes the form p = p_ exp (€/2 kT), wherein the factor
g : of 1/2 acknowledges that the current carriers are equally divided be-

; tween electrons and holes. Some authors choose to characterize organic
semiconductors by this latter expression (2,9). Our opinion, however,
is that the a priori assumption of intrinsic conductivity, at least for
the polyphthalocyanines, is not justified, in particular because they
are principally amorphous and also because the level of impurities in
nearly all organic materials is much higher than in electronic-grade
silicon or germanium.

A general scheme for classifying materials by the activation energy

g of conduction is the following (10):
Material E, eV
Insulators >3
Most of the useful semiconductors al
Thermoelectric and infrared detectors P 0.1
Semimetals ARy
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Keeping in mind that € translates as 2 E , it is interesting to note
that the activation energies shown in Fi%ure L, above, cover the entire
range from useful semiconductors to semimetals. Thus, if one had an
application that demanded a particular E , these dianil polyphthalo-
cyanines could be matched to the need’siﬁply by the appropriate post-
cure.

Carrier Typing

The Keithley 530 "Type All" system with collinear four-probe head
described earlier was used to help identify the majority charge carrier.
The instrument utilizes two separate methods for this: the rectifica-
tion method (preferred for high resistance materials) and the thermo-
electric method (Seebeck voltage; for low resistances). The rectifica-
tion meghod failed to give any meaningful response on the 400, 500, 550,
and 700 C samples examined. The thermoelectric method, however, indi-
cated p-type (hole) conductivity for all four samples. Because of the
anomalies encountered in our resistivity measurements with the collinear
four-probe arrangement, it seems premature to speculate at this point on
the mechanism of the electrical conduction in the polyphthalocyanines.

Pyropolymer Formation

The high temperatures at which the dianil polyphthalocyanines are
postcured are within the range of pyropolymer formation. A pyropolymer
is Just an organic polymer that has been converted by pyrolysis to an
electrically conductive species. The term includes natural pyropolymers
such as cokes, carbon blacks, and chars, and synthetic pyropolymers such
as pyrolyzed polydivinylbenzene, polyvinylidene chloride, and aromatic
polyimides. Carbon fibers, which are made from viscose rayon, poly-
acrylonitrile, or mesophase petroleum pitch, and which are finding
widespread use as reinforcement for high-strength plastics, are examples
of synthetic pyropolymers. The curves of log R- and Ea-vs-pyrolysis
temperature for many of these polymers closely resemble the same curves
for the dianil polyphthalocyanines (Figures 2 and 4) (11). It may well
be, then, that postcuring of the phthalocyanines is converting them into
pyropolymers in addition to stimulating continued growth of the polymer
network. Pyropolymer formation involves the cleavage of less stable
bonds — as evidenced by the evolution of gases like CO, and NH_ - and
the formation of semi-isolated regions of condensed poiynuclea; systems
that eventually, as the temperature is increased, merge into a con-
tinuous network of fused aromatic rings in which an increasingly
effective m-orbital overlap develops. Indeed the weight losses that
occurred as the dianil polyphthalocyanines were postcured above 500 C
were by themselves strong indicators that something considerably more
drastic was happening than simply the progressive growth of the macro-
molecular network envisaged in the model described earlier in this
paper.
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Not all organic polymers form good pyropolymers and, of those that
do, some develop electrical conduction at appreciably lower temperatures
than others. Thus, for example, pre-oxidized polydivinylbenzen7
pyro}yzed at 700°C has a room-temperature conductivity of v 107 (ohm-
cm)™", whereas an aromitic polyimide pyrolyzed at the same temperature
yields ~ 0.1 (ohm-cm)™™ (11). Similarily carbon fibers made from
polynuclear aromatic petroleum pitch are more highly conductive than
polyacrylonitrile-based carbon fibers produced at the same temperature.
The dianil polyphthalocyanines appear to fall into the class of good
pyropolymer formers. Considering the good structural integrity that
survives the postcure (or pyrolysis), they might be considered three-
dimensional analogs of the quasi-one-dimensional carbon fibers.

It is not uncommonly thought that pyropolymer formation is nothing
more than progressive carbonization leading to graphitization. If that
were indeed the case, heteroatoms like nitrogen and oxygen would be
expected to hinder pyropolymer formation. It has been shown, however,
that in an aromatic polyimide pyrolyzate considerable quantities of
nitrogen and oxygen are retained even at 800°C (11). Similar findings
are common in the technology of the polyacrylonitrile-based carbon
fibers. Thus, graphitization is not an essential requirement for
electrical conduction in pyropolymers and there would be no basis for
dismissing the dianil polyphthalocyanines as pyropolymer formers because
of their relatively high : _trogen content. Moreover, our postcure
temperatures are lower by a few hundred degrees than the temperatures
required for graphitization. Nevertheless, there may be signs of
incipient graphitization in the X-ray diffraction scan of the poly-
phthalocyanines. The scans shown in Figure 13 were made using a General
Electric XRD-6 diffractometer with Ni-filtered Cu:Ko radiation. The
broad peaks of the 300°C-cured specimen are typical of a semicrystalline
polymer. The way the peaks grow progressively sharper with higher
postcure temperatures is indicative of increasing structural order. The
large peak at 20 = 25° corresponds to a d-gpacing of 3.56 X (0.356 nm)
which is approaching the 3.35 (ge = 26.6") spacing between the basal
planes of graphite. Even this 25 peak, however, is much broader and
much less intense than X-ray diffraction peaks fromoa high-grade
graphite. In addition, the density of even th§ 900 C samples (v 1.7
g/cm”) is far from that of graphite (2.25 g/cm”). Thus, the graphitic
character of the postcured polyphthalocyanines is much too weak to
account for their considerable electrical conductivity.

CONCLUSIONS

The metal-free dianil polyphthalocyanines, both the meta and para
forms, show promise as a new class of organic semiconductors. They are
network (i.e., three-dimensional) polymers, suitable for molding into
structural components, and their conductivity is tunable by postcuring
or annealing at the appropriate temperature over the range from insula-
tors to semi-metals. Being insoluble and opaque, they have thus far
defied all attempts at chemical analysis. The pattern of change in
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various properties, including resistivity, weight loss, and density, as
the materials are postcured at high temperatures is strongly suggestive
of pyropolymer formation.

In continuing this work, our plans include examining polyphthalo-
cyanines co-reacted with various metals. Besides the direct effect on
conductivity that co-reacted metals might have, there is the beneficial
influence on pyropolymer formation that metals might exert (12).

The extensive charge delocalization within the m-electron system of
highly conjugated systems like these dianil polyphthalocyanines gives
rise to the ability to form quite stable charge-transfer complexes with
suitable electron donors and acceptors. Thus, the effect of various
dopants will be part of our study. A variation on the doping technique
is ion implantation, preliminary results from which already show great
promise.

Modification of the "bridge" connecting phthalocyanine nuclei — the
"bridge" being the -R- of Figure 1l — is another part of the study
contemplated for the near future. Numerous options exist in addition to
the dianil structure discussed in this paper, thereby offering some
latitude in adjusting for desired mechanical properties as well as
electrical properties. Also along the lines of modifying the basic
monomer, itself, we intend to investigate the possibility of solid-state
polymerization of crystalline monomers. On this matter we take our cue
from investigators like Tobin Marks (13) who have produced solids with
highly anisotropic metallic properties by partial oxidation of non-
polymeric phthalocyanines with iodine. Our purpose will be to impart
mechanical strength and integrity to these highly conducting phthalo-
cyanines.
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Figure 2 - The effect of postcure temperature on the electrical resis-

tivity (measured at 23°C) of the dianil polyphthalocyanines.
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Figure 5 - A typical resistance-vs-temperature curve for a m-dianil

polyphthalocyanine postcured at 5oo°c. Temperature as shown
on the abscissa is the temperature of measurement.
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Figure 6 - Arrhenius plot of the data of the preceding figure. The
linearity is characteristic of a semiconductor.
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PROBLEMS AND PROSPECTS OF FUTURE ELECTROACTIVE POLYMERS
AND "MOLECULAR" ELECTRONIC DEVICES

Forrest L. Carter
Inorganic and Electrochemistry Branch
Chemistry Division

INTRODUCTION

A major portion of the Electroactive Polymer Program
is directed toward the development of lightweight, thermal-
ly stable, metallically conducting polymers. Such novel
materials, successfully developed and presumably composed
primarily of light elements such as B, C, N, F, Si, P, S,
and Cl1, would (1) offer significant savings in cost and
weight, (2) constitute an inexhaustible material source,
and (3) provide new DoD opportunities in material usage and
fabrication. Moreover, this program may well provide an
entrance into a related subject whose possible future im-
pact on the computer and electronics industry would far
exceed what we currently conceive as the scope of the Elec-
troactive Polymer Program.

In particular, the new subject concerns the develop-
ment of future electronic devices whose dimensions are at
the "molecular" level, that is, diodes, capacitors, and
gat§s (or swktches) whose dimensions are in the range of
10 A to 500 A. As will be indicated below, systems com-
posed of arrays of such devices would correspond to com-
puting speed and memory capacity increases several magni-
tudes beyond anything currently contemplated.

In anticipation of mid-1980 tri-service military
needs, the DoD has allocated funding of $150 million for
a six-year period to develop VHSI (very high speed inte-
grated¥ circuits corresponding to an eventual size reduc-
tion of 1/10 in chip pattern features (1,2). However,
even with this size reduction, such switches are still at
least three orders of magnitude larger than those based on
a "molecular" approach.
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In developing the theme of "molecular" electronic
devices, the following points will be taken up in turn:

* We will review the problem areas in the current NRL
effort to produce new polymeric conductors and offer some
ideas for their resolution.

* Then we will discuss the importance of making good
electrical contacts Between such materials and the more
conventional metallic conductors. At the "molecular" level
of electronic devices, it is readily appreciated that the
communication problem between the device and the external
environment is of extreme importance.

e In the third section, we consider a host of prob-
lems in both the application of current quantum mechanical
theory and in the development of a quantum mechanics for
"molecular electronic devices."

* Next we discuss in outline form a variety of pos-
sible switching mechanisms operating at the molecular level,
indicating in greater detail two phenomena of special inter-
est, the sudden polarization effect and a very promising
switching mechanism involving periodic tunnelling.

* This leads us to two highly speculative forecasts
of how computers might be synthesized and operated in the
far future (20-40 years).

* Finally, we note that a computer based on individ-
ual quantum effects might be expected to have a lower-than-
hoped-for reliability per gate and might require a dramatic
change in approach for the electronics engineer.

CURRENT MATERIAL PROBLEM AREAS

It is apparent from the current literature that, exper-
imentally, considerable advances have been made in modifying
the conductivity of such interesting polymeric compounds
as polythiazyl, (SN)y, and polyacetylene, (CH),. However,
the current situation with respect to the preparation of
metallically conducting polymers can be quickly grasped
by noting the band structure type with which the parent
material can be identified. For example, if a normal val-
ence bond structure can be readily written, the material
is probably a semiconductor (or insulator) with the Fermi
level located at an energy gap AEqg, as in Fig. la., This
includes such materials as crystalline benzene, naphtha-
lene, polyacetylene ((CH),), polydiacetylene ((CqH2)yx)., and
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the polyphthalocyanines. Thus, while the resistance of
polyacetylene can be decreased many orders of magnitude

by electron extraction from the valence band with Br,,
this technique may not produce the highest metallic con-
ductivity. The reason is that, in order to extract enough
electrons from the band to obtain a high density of holes
at the Fermi level, the electronegativity of the extracting
reagent must be so large that other processes, like bond
rearrangement, will occur first (as in the addition of F,
to a double bond). i

If the situation is similar to Fig. 1lb, with the
Fermi level falling at a zero band-gap region (AE4=0),
electron extraction to a high density of states can be
achieved with a less electronegative reagent. This is
the situation with both graphite and with (SN),, where the
addition of Br, vapor enhances the conductivity signifi-
cantly, but less dramatically, than in applications to
materials appropriate to Fig. la. We note that the major-
ity of isovalent analogs of (SN)y will be similar to Fig.
1b, i.e., with a zero band gap.

For a good metallically conducting polymer, one would
prefer the situation indicated in Fig. lc where the filled
valence band and the mostly empty conduction band overlap
at the Fermi surface. This provides a large density of
states in both the hole and electron conduction modes.

The primary question then is: "How does one achieve
the overlapping of valence and conduction bands with the
light elements of the first two rows?" In metals and inter-
metallic compounds we note two relationships: (i) The
metal atoms have more available atomic orbitals than val-
ence electrons*; and (ii) The atoms have more bonded neigh-
bors than valence electrons.

The first relationship suggests the incorporation of
the electron-deficient element boron into the polymeric
structure, and possibly phosphorus and sulfur as well,
since these latter elements have some d-character avail-
able when they are in a positive charged state. Realiza-

* By valence electrons, we mean electrons involved in bond

formation, rather than all electrons outside a noble gas
core. :
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tion of the second relationship in polymers may not be
readily possible since the elements H through Cl show a
strong preference for having equal or fewer neighbors than
they have valence electrons,

One aspect of the current NRL work in the conducting
polymer area is directed toward preparing composite poly-
mers containing B, S, and P, using, among other methods,
atom-insertion reactions. The latter may lead to the sec-
ond condition above, where some atoms will have more
neighbors than valence electrons.

Since we have now outlined approximately the class
of materials and properties desired, the second question
becomes: "Can more specific indications be offered to the
experimental chemists as to what exact compounds should be
prepared?" At the moment, the answer is "No." However,
before leaving the preparative chemist entirely to his own
intuition, it is possible to eliminate certain classes of
chemical bond sequences.

We will illustrate this possibility by comparing var-
ious S-N polymers with known S-P polymers using polyhedral
atomic volume (PAV) results to make an estimate of charge
transfer. The electron distribution among the energy
levels in (SN), may be represented as in Fig. 2. In Fig.
2a we show two paired, unshared electrons each in a local-
ized level on N and S, and two shared electrons each form-
ing two ¢ bonds. In Fig. 2b, one electron is added to each
atom to form the m bond. The remaining electron per S-N
pair, which would normally reside on sulfur to give neutral
S and N, however, is equally shared by N and S in an anti-
bonding 7 bond in a highly delocalized molecular orbital
(Fig. 2c). The distribution of approximately 1/2 a shared
electron on N and S is supported by both ESCA and molecular
orbital results, and indicates a very sensitive charge bal-
ance between the two atoms. Naively, but clearly, a more
asymmetrical charge distribution is likely to lead to elec-
tron localization and strongly diminished conductivity.
Chemically, electron localization might be expected to
result in sulfurs with an unpaired electron which would
react to form additional S-S bonds and hence a completely
different insulating compound. *

In looking for isovalent analogs to (SN)yx, one natur- ;
ally considers P as a substitute for N, especially since, ’
as indicated earlier, the use of P might lead to overlap- |
ping valence and conduction bands if phosphorus d-charac- i
ter is involved. By comparing atomic volumes of related {
S-N compounds with S-P compounds, it appears that charge
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delocalization of the antibonding m electron will not take
place in the hypothetical ( SP)y polymer. Figure 3 indicates
how the space between two non-similar atoms might be
divided so that their covalent bonding electrons are
equally divided. Making such a division for all of an
atom's bonds leads to the concept of the polyhedral atomic
volume (PAV), where the stoichiometric sum of all the
atomic volumes of a compound corresponds to its molecular
volume. Recent accurate crystal structure analyses of
some S-N and S-P compounds leads to the results of Table I,
and Fig. 4 illustrates such PAV cells for B-P4S3I. We

TABLE I. POLYHEDRAL ATOMIC VOLUMES (53)
S N S P I

SN2 22.4 11.7
SaNg 21.2 12,2 0-P4Sgq 24.7 22,7

(sw), 22.3 10.7 B-P4S3I  25.4 21.8 46.2

4 oo o0 o0 %0 00 0 o

Ave = 22.0 Ave = 25.1

note in Table I that the average sulfur PAV is 12.3%

larger for S in the S-P compounds than for sulfur in the
S-N compounds. This strongly indicates that charge local-
ization could occur on S in hypothetical (SP), polymers.
Further, the suggestion to the preparative chemist is to
avoid sequences like P-S-P-S bonds where P is in the tri-
valent state. Phosphorus in the pentavalent (or hypotheti-
cal tetravalent) state requires separate consideration.

The third problem in the materials area that we will
consider here is the possibility of electrical component
degradation caused by the release of dopants from such con-
ductors as (CH)x, graphite, and (SN), which have been
intercalated with Br,;, ICl, or I,. The release of these
extremely corrosive reagents is to be anticipated as a
function of time, current flow, heating, and oxidation of
the conducting polymers. One solution, which is fairly
obvious, originates as an answer to a different question
concerning another material of the Electroactive Polymer
Program. The query posed was "What metal dopant should be
incorporated in the central position of the phthalocyanine
ring structure to act as a p-dopant in semiconductor poly-
phthalocyanine?"
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To examine this latter question we drew on crystallo-
graphic data recently summarized (3) for metal atoms in the
porphyrin structure, which is a highly conjugated ring sys-
tem similar to that of the phthalocyanine ring (Fig. 5).
The metal atom in both structures has four N neighbors in
a planar or near planar configuration. The metal atom bond-
ing can be considered as a resonance of two electronic
structures, in each of which the metal atom forms single
bonds with two opposite nitrogens (replacing two hydrogens)
and forms two partial dative bonds with the remaining two
nitrogens.

The interatomic metal-to-N distances for a series of
metalloporphyrins support the simple picture above (Table
II). From the bond distances, we can calculate the cor-
responding bond orders and metal valences by assuming the
application of Pauling's metallic radii (4). We also show
that the valence is very similar if the bonds are assumed
covalent rather than metallic. 1In general, it appears
that the metal atom is generally trivalent (with the excep-
tion of Mn) but not tri-positive, corresponding to the
resonance of two metal-N single bonds with two metal-N
*half-bonds."” In the latter case, we may consider a "half-
bond" to be the use of a single metal orbital and one elec-
tron to form bonds simultaneously with two N atoms. Fig-
ure 6 illustrates two different types of metal orbitals
suitable for the formation of half-bonds (5).

The data in Table II suggest that: (a) The metal-
nitrogen bonds are probably semiconducting in nature; (b)
Although the transition metals use d-character in their
bonds to nitrogen, the use of metals here does not intro-
duce delocalized d-character into the band picture; (c)

The polarization of the metal-nitrogen bonds transfers
about one electron away from the metal atom, which cor-
responds to the formal transfer of one electron to the
metal atom from the nitrogen unshared electron pairs in

the formation of the two dative half-bonds; thus the metals
are near neutral; and (d), In total, then, the replacement
of two hydrogens in the phthalocyanine ring by a transition
metal has little effect on the conductivity of phthalocya-
nine. :

In returning to the question of how to make p-type
polyphthalocyanine semiconductors, we should remember that
the metal atom as discussed above is bonded by nitrogen in
an approximate square planar configuration so that two
sites (or at least one) are available for additional metal
complexing. If such sites are occupied by mono-charged
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anionic groups, like Br , then the metal-atom-anionic couple
can act as an electron acceptor from the phthalocyanine
ring and hence produce a p-type (hole-conducting) poly-
phthalocyanine.

Now the advantage of this approach is that the anion-
ic groups are stabilized or "trapped" by the metal atom
which transfers the electron -~withdrawing effect of the
anions to the ring system. Perhaps such materials can be
made by either (1) polymerization of the phthalocyanine
with the transition metal (very finely divided), followed
by introduction of halogen, (2) ion implantation of both
metal and halogen atoms, or }3! polymerization with cuprous
or cupric salts (currently one technique in use).

Let us return now to the problem of the corrosive
nature of the popular dopants (Br,, etc.) for polyacetyl-
ene ((CH)x), graphite, and (SN)yx. From the polyphthalo-
cyanine case above, it would appear desirable to insert in
these materials a similar polar trap for the anionic
species. This might be achieved in several ways as sug-
gested above or by synthetically incorporating other trap-
ping groups.

THE CONTACT PROBLEM

If the preparation of chemically produced "metallic"
polymers is the primary current problem, then the succeed-
ing important problem will be the development of reliable
electrical contacts between such polymers and the more
ordinary metallic conductors. In terms of future "molecu-
lar" electronic devices, the contact problem is again an
extremely important one whose solution must be sought
simultaneously with the development of the devices and
their interconnecting conducting filaments.

In taking a larger view of the "contact" problem as
one of communication with an array of molecular devices or
memory cells, the use of optical techniques to communicate
or prepare and read quantum states should not be over-
looked. However, consideration of that prospect is beyond
the scope of this article.

The usual contact problems between two conductors
are associated with contact resistance, contact heating,
rectification and then failure. When these considerations
are applied to lower temperature, reactive materials like
(sN)x or doped (CH)y, it is to be appreciated that con-
tact heating will lead to chemical reactivity and early

128




e Al

b e AR

contact failure. Accordingly, it is to be understood that
such contacts must be made with more than ordinary con-
cern.

While the electrical properties of doped and undoped
(CH)x and (SN), specimens have been determined using sil-
ver-painted contacts, such contacts are usually employed
at low-current conditions and are not likely to be stable
contacts for high current and continuous use. ;

Ion-Implaated and Metal Atom Contacts

As an example of a near term approach that might
prove useful, consider the contact indicated in Fig. 7
between an ion-implanted conducting layer and a metallic
external conductor. If a dopant is implanted in a mater-
ial at a single implanting potential, then the dopant has
a Gaussian-like distribution below the surface. On the
left of Fig. 7 we see the conducting implanted layer with
a peaked dopant distribution about 1000 A below the sur-
face, but with a nonconducting surface. However, by
spatially varying the energy of the impinging ions and/or
by varying the impinging angle on the surface, the peak
concentration of the dopant can be brought to the surface,
as on the right side of Fig. 7. At this point, it is
desirable to form a strong, cohesive bond with the polymer
conductor by perhaps employing metal-atom techniques (6)
where the highly reactive atomic species form strong con-
ducting bonds at low temperatures with the conducting
polymers. Over the layer deposited by the metal-atom
technique, an evaporated metallic conductor is deposited.
For most metals, of course, reactive metal atoms are pro-
duced by evaporation and then trapped in a cold neutral
matrix. The picture just described for the preparation
of a contact is within the current state-of-the-art.

vValence-Bonded Surface (VBS) Contacts

This type of contact, in which the conducting fila-
ments are to be covalently bonded to the metal substrate,
is an area of high current interest to electrochemists
and surface chemists (7). However, at the present time,
the main research efforts involve covalent bonding of
insulating materials to metal surfaces.

The general approach is illustrated in Fig. 8 where
a specially prepared Pt-metal surface is exposed to a
vapor of a reactive trimethoxy silane. In the right-hand
side of Fig. 8, we note two possible modes of the attach-
ment of the reagent to the Pt-metal surface, that is, by
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either one or two covalent-bonded oxygen linkages. ESCA
studies of this reaction at NRL show that the Pt surface
is indeed involved in the surface reaction. Figure 9 shows
the Pt 4f spectra and the very significant increase in the
Pt peak widths, i.e., from a FWHM of 1.55 for Pt metal to
a FWHM of 1.95 for the modified Pt surface. A Pt atom by
itself would show a significant ESCA chemical shift; how-
ever, here a surface Pt atom sees not only the one or two
oxygen linkages to silicon, but is also influenced by
still being firmly attached to many other Pt atoms in the
metal. Hence the charges on the attached Pt atom are
strongly compensated for by the metallic Fermi sea of
electrons.

ESCA results show, as suggested in Fig. 8, that dur-
ing the reaction, the trimethylene chloride group is con-
verted to a propylene group. Such a terminal reactive
group permits extending the length of the propylene group
by further reactions. This small beginning then suggests
the feasibility of adapting this approach to form valence-
bonded surface (VBS) contacts. Thus, firstly one would
want to attach to the propylene group a conducting poly-
meric filament. Secondly, instead of the oxygen bridging
link, one might prefer a thio-linkage, since kinetic studies
suggest sulfur linkages are more conducting (8). Follow-
ing these considerations, we might picture the Pt surface

sV
! t—S OCH3

// .........
LCHERNG. . EEN
// Pt—s”" NCH=CH’ Ng=i7TTN

o
We note that a short section (~10 A) of the hetero polymer
is semiconducting in nature. Accordingly, we suggest that
clever surface chemists will find a way to minimize such a
resistive chain element once the problem is posed.

If a strong VBS contact can be formed on a metal sub-
strate, it would also appear possible to reverse the pro-
cedure and, by starting with a conducting polymer substrate,
prepare VBS contacts to metal. This might be possible using
a variation of metal-atom chemistry.
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By such detailed attention to the preparation of
electrical contacts, we hope in the future to be able to
prepare and predict the nature of electrical contacts, not
only between conducting polymers, but also within "molecu-
lar" electronic device arrays and between such arrays and
the larger outside world.

THEORY: APPLICATION AND NEED

In this section we will first discuss current problems
in the application of Molecular Orbital theory to the pre-
diction of new metallic inorganic polymers and what might
be done to improve prediction capabilities. Then, in a
somewhat different vein, we will look to the future and
consider areas of molecular electronic devices in which
new theoretical considerations might play a useful and
guiding role.

Present Needs

In the search for new, light, metallically conduct-
ing polymers, one must rely primarily on intuition and the
rather vague suggestions of the theorist as outlined above.
while Molecular Orbital (MO) theory and Band Structure (BS)
calculations are widely touted and provide assistance in
understanding known materials and properties, they are of
little value in the prediction of new materials having
specific unique properties. Several reasons exist for
this situation.

MO and BS calculations are primarily single-particle
calculations, and as such do not take adequate account of
electron correlation energy (i.e., between the correlated
motion of electrons). This electron correlation energy,
which is defined as the difference between the experimental
total energy of the system and the best Hartree-Fock energy,
amounts to approximately 30 Kcal/mole per electron pair.
However, bond energies are usually of a similar value, i.e.
20-30 Kcal/mole per single bond, and many very important
phenomena depend entirely on even weaker bonds (like the
hydrogen bond). Thus, while Hartree-Fock MO calculations
can be very accurate percentagewise, they are not general-
ly useful for predicting compound existence. However,
such MO calculations are of value if performed on series
of compounds, so that trends in properties can be observed.
Otherwise, in calculations of heats of formation, one must
depend on accidental cancellation of electron correlation
energies, which is hardly a reassuring situation. This
situation will only improve when valence-bond or electron-
pair function calculations are systematically performed.
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Another reason to be modest in one's expectations of
MO or BS calculations is that, in general, only a few atoms
in the asymmetric unit can be treated. Thus, most MO cal-
culations can treat perhaps 60 electrons in the valence
shell, corresponding to about 10 atoms (non-hydrogen).
In fact, however, it would be desirable to treat more than
60 non-hydrogen atoms, with a total of several hundred
electrons, in order to study the band-like properties of
an electroactive polymer as one increases the number of
repeat units to ten or more.

Another problem is that of having a sufficient num-
ber of basis functions, so that the results reflect some-
thing of reality and not just the bhuilt-in limitations of
a restricted set of basis orbitals. Thus it is desirable
to permit the use of some Si, P, or S d-character with a
contracted radial character for bonding electrons, but
with extended radial character for anti-bonding, delocal-
ized, or unoccupied 4 orbitals.

While the prospects for performing ab initio cal-
culations using hundreds of electrons are currently quite
dim, the rapid increase in computer capacity and the
recent introduction or array processors suggests that
semi-empirical calculations involving large numbers of
electrons are not so distant.

However, in the application of semi-empirical MO
methods to the search for new metallically conducting
polymers, one quickly finds new problems. Thus in Dewar's
MINDO-3 programs, one has well-developed bonding parameters
for C and Hwith B, N, O, S, F, P, S and Cl, but not for
the latter group of elements with themselves. A second
problem is that all the parameterization has been achieved
with well-known and rather conventional compounds. Thus
it is not clear that fhese semi-empirical approaches based
on conventional materials will provide useful guldance in
predicting the feasibility of compounds like (SN), that
may be unique in their bond formation.

Future Needs

In anticipation of the development of "molecular"
electronic devices, it is possible to indicate areas in
which theoretical efforts might play an important and
guiding role in the design of molecular conductors and
devices.
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l. Filamentary Conductors. The following questions
can be asked concerning the structures of intermediate
size involving many parallel molecular filaments, down to
the single molecular conducting filament.

What is the nature of electrical conduction along
filaments of molecular dimension and finite length, per-
haps having 10-20 repeat units? Here we must remember that
such filaments may involve zig-zag chains as well as
straight chains of atoms. Wwhat is the effect of structural
conformations on conduction and mobility? Are end or
termmination effects important? How detrimental are short
distances of "insulating" bond character in the structure -
can the problem be relieved by alternating single-double
bond systems? While the physics of " free" electron con-
duction is well understood, and the effect of bond forma-
tion and bond direction upon the Fermi surface is qualita-
tively understood (5,9), the details of conduction at the
molecular level in non-metal containing systems is in its
infancy. Thus, for example, it is not yet clear whether
conduction in conjugated molecular systems like TTF-TCNQ
is via electrons, valence electron pairs (10), or holes.

2. Tunnelling Phenomena. In systems of molecular
size, the phenomena of quantum mechanical "tunnelling" may
be expected to play an important role. As indicated in
the section below, it may lead to some powerful molecular
devices or, alternatively, it may have a deleterious
effect similar to the " cross-talk" phenomena in current
semiconductor technology. In the area of conductors,
one may pose queries involving electron tunnelling para-
llel to conducting fibers past atomic defects or short
"saturated" areas in the conductor. Further, will tunnel-
ling occur between two or more filamentary parallel con-
ductors? or between a finite filament and a parallel con-
ducting plate? or between a short filament and a perpendi-
cular plate? One can pose similar questions concerning
parallel-conducting layers and in regard to both the nor-
mal and the superconducting states. Many interesting
questions and solutions await us in these areas.

3. Layered Clusters. One should not be concerned
solely with filamentary structures, since layered devices
are also interesting potential molecular devices (see
below). Here one might consider planar structures, as in
the porphyrins and phthalocyanine ring systems and their
metal derivatives, in graphite-like systems, or in inor-
ganic systems based on covellite or klockmannite in which
metal-like Cu-S hexagonal layers are separated by insulat-
ing tetrahedral layers involving the semiconducting link-
age Cu-S-S-Cu.
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4. Quantum Mechanics of "Molecular Devices." Inas-
much as Quantum Mechanics (QM) is hardly able to handle as
many as three electrons without neglecting electron corre-
lation, it is clear that considerable simplification must
occur in the formalism of QM if it is to be tractable and
useful in discussing the gross features of networks of
molecular devices. It will be necessary for theorists to
develop analogs, at the molecular scale, of the electrical
concepts of resistance, impedance, capacitance, etc. Fur-
ther, it is to be expected that such a "network" analog
will consist of finite one-dimensional solutions joined to
others at the ends, where a quantum-mechanical analog of
Kirchoff's law (for current flow) would apply. In addi-
tion, it is clear that both time-dependent and stationary
solutions would be of great interest. Surely many new
phenomena will be discovered as our understanding about
"molecular-sized" gates, switches, and oscillators
increases.

SIGNAL TRANSPORT AND MOLECULAR SWITCHES

One of the most fascinating aspects of the concept
of switching at the molecular level is the very wide
variety of energy carriers that can be utilized. These
can include excited molecules, ions, photons, phonons,
excitons, and magnons, as well as holes and electrons.
The variety of molecular switching phenomena that can be
involved is even larger and can involve bond breaking and
reformation, molecular transformation, conformation
changes, electronic or magnetic excited states, as well
as vibrational and rotational states.

Signal Transport Possibilities

In this section we will treat some of the possible
carriers of information and generally only sketch the
particular phenomena involved. However, two phenomena,
one chemical and one quantum mechanical in nature, will
be treated more fully in the next sections, the Sudden
Polarization Effect, and the phenomena of Periodic
Tunnelling.

In Table III we list some of the ways in which a
signal might be transported within a molecular device.
The table summarizes the particles carrying the signal,
the typical distance involved in a single step, the
pertinent structural features, the phenomena, and the
action required for utilization of the phenomena as a
"switch."”
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1. Proton and Hydride-Ion Particle Tunnelling. As a
first example, we might consider proton (H+) or hydride ion
(H”) transfer. The motion of such light particles might
occur as either a vibration phenomena or one involving par-
ticle tunnelling. 1In biological systems, great use is made
of the asymmetrical hydrogen bonds not only as weak bonds
tying together long strands of nucleic acids and polypep-
tides to form DNA, RNA and proteins, but also as one-way
conductors (11) and as photoactivated proton pumps through
a membrane as in the bacterium "halobacterium halobium"
(12). 1In hydrogen bonds such as

H

s % & \ = &
R-D-H-:0-R, R—O-H-':I:-R, and R-0-H-:C1l-R
L1 ' . £ ..
H H

the amount of asymmetry varies considerably between the
-0-H bond and the weaker dative bond (-H-:?-) where the

H

hydrogen is attracted toward the unshared electron pair of
O, N, or Cl. If a potential were imposed across the hydro-
gen bond (i.e., the dative bond) such that the RNH, group
was more negative, one might anticipate the proton (H*)
tunnelling through the potential barrier, picking up an
electron and returning as neutral hydrogen. Current flow
under the reverse potential would require a hydride ion to
jump to the RNH, group, a much less favorable process.

Thus the hydrogen bond could act as a molecular diode
or rectifier. On the other hand, hydride ion (H~) transfer
to carbonium ions C*t=(R)3; is well known, and could similar-
ly provide a particle tunnelling mechanism for conduction
and switching at the molecular levels.

2. Excimer and Exciplex Energy Transport. If two
identical chromophores are properly oriented, the photon
energy sufficient to excite one to a singlet state can be
shared with the chromophore in the ground state via a
dipole-dipole coupling mechanism, if they are sufficiently
close, i.e., ~458. We note that excimer fluorescence is
slightly less energetic than the fluorescent radiation of
a single chromophore. The interesting aspect of the crea-
tion of this excited pair is that the probability of crea-
tion is quite sensitive to the relative orientation of the :
two chromophores via the dipole-dipole interaction. Accord- '

ingly, excimer formation could be turned off by literally
"turning" one chromophore by 90°. Later in this section
we discuss a mechanism for doing this via the "Sudden
Polarization" effect.
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If the two chromophores are not identical but closely
related, the shared excited state is called an "exciplex"
rather than an excimer. Finally, we note that non-radia-
tive energy transfer between similar chromophores can occur
up to distances of 150 K via the dipole-dipole coupling
mechanism but without excimer formation. Energy transfer
by this phenomenon can also be turned off by rotating one
of the involved chromophores by 90° about the appropriate
axis.

3. Exciton Energy Transport. The "exciton" is a col-
lective electronic excitation in a crystalline material
which has been optically generated and is associated with
a crystal wave vector of k =~ 0., If, for a molecular crys-
tal, the thermal energy, , is large compared to the
exciton band width so that a wide range of k values is
involved, then the physical extent of the exciton can vary
from several lattice spacings wide down to a single large
molecule (14). The half-life of the exciton can vary enor-
mously, depending both on the concentration of exciton
traps and on the exciton spin states; thus for a triplet
spin state, half-lives several seconds long have been
observed, while singlet lifetimes can be five to nine orders
of magnitude smaller. During the longer half-lives, the
exciton can travel (diffuse) distances readily measured
in millimicrons.

For our current purpose, we are interested in exci-
tons which are close to molecular size and which can
transpo the electronic excitation energy distances of
=~ 1000 A. When an exciton is trapped, the energy can be
released as delayed fluorescence radiation, thermal energy,
electronic charge separation, etc. Since exciton trapping
is relatively easy, the switching mechanism can involve
the preparation of alternate trapping sites. While exci-
ton behavior has been well studied in three-dimensional
semiconductors and organic crystals, it would be of con-
siderable interest for our present purposes to understand
exciton transport in materials with strong one- or two-
dimensional aspects.

4, phonon Propagation in Polymer stems. Energy
transport along polymer chains (meaning extended linear
molecules) could also be achieved by means of phonon propa-
gation over distances involving hundreds of Angstroms.

The phonon might be generated by optical absorption at a
chromophore or by non-radiative decay of an excited elec-
tronic state, e.g., perhaps from a trapped exciton. As a
switching mechanism, one might consider either a chain-
breaking process involving a hydrogen bond or a pair of
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them as in Fig. 10, or by a damping process, wherein the
polymer chain is coupled to the wall, perhaps by the forma-
tion of a charge-transfer complex which would give rise to
an electrostatic attraction. In either case, it is clear
that phonon propagation along the polymer chain would be
interrupted, but in a manner which could be reversed.

5. Electron Transport via Periodic Tunnelling. 1In
1962, Pshenichnov (15) showed by quantum mechanical argu-
ments that the transmission of particles through a series
of identical potential barriers can be anomalously high
under certain conditions. Normally, the transmission co-
efficient, Q(E), for an electron of energy E through a
potential barrier of height V declines exponentially with

le - B | and with the barrier thickness. However, for a

system of periodic barriers, quasi-stationary states of
energy E; exist between each succeeding pair of barriers.

Now if the energy E of the incoming electron matches
that of one of these quasi-stationary states, then the
transmission coefficient Q(E) approaches 1.0, i.e., perfect
transmission. However, by changing one of the potential
wells, one can spoil the perfect match and achieve a very
fast cutoff of transmission. This then becomes both a
very effective switching mechanism as well as a signal
transport mechanism over distances of several hundred
Angstroms. This is perhaps one of the most promising of
molecular device mechanisms and as such will be further
considered after a discussion of the Sudden Polarization
Effect.

The Sudden Polarization Effect

The sudden polarization effect is of particular inter-
est in this discussion because it is a photochemical effect
which often results not only in the rotation of a molecular
moiety about a normally rigid double bond, but also results
in the unexpected separation of charge. Theoretical chem-
ist Prof. L. Salem has further suggested that this recently
discovered effect plays an important role in the mechanism
of human sight (16?.

W. G. Dauben, the chemist primarily responsible for
the discovery of the effect, is an experimental photochem-
ist who in 1970 proposed a reaction mechanism involving a
zwitterionic intermediate to explain some highly stereo-
specific photocyclization products of nonpolar precursors
(17). This rather daring proposal and zwitterionic inter-
mediate (i.e., with charge separation and bond rotation)
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For the above reaction, Dauben (18) proposed that the pho-
ton excites the m bond at position 3-4 and that the two
portions of the molecule rotate about the bond by 90°; he
further proposed that charge separation takes place and is
distributed over the remaining double bonds via resonance
forms. Once this has occurred, the reaction rearrangement
can proceed as indicated above.

The theoretical studies have given valuable clues as
to the three conditions necessary for this development of
the zwitterionic intermediate. These have been summarized
by Salem (16) as follows:

* The overlap of the nm systems to the left and the
right of the "broken" (rotated) double bond should be ortho-
gonal, as indicated in Fig. lla.

* Charge separation occurs only when the angle of
rotation is within a degree of 90°, as indicated in Fig.
12, It is this very "sudden" change in charge separation
as the rotation angle approaches 90° that gives rise to
the term "sudden polarization effect." 1In fact, this
second condition is in accord with the first condition
concerning orthogonal m systems and allows the mixing of
the two wave functions Z; and Z; of Fig. llb. Only then
do these highly polarizaéle Z; states result in charge
separation.

* The wavefunction mixing is only stabilized if the ‘
4 two ends of the molecule are somewhat dissimilar. Here we |
; note that, in a n system of alternating single and double '
Z bonds, the presence of an extra electron (due to a m-bond |
rupture) or absence of a m electron (hole) is readily
delocalized on the m system, as was indicated above for
hexatriene. In addition, and more directly related to the
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sudden polarization effect, there is an excited antibonding
diradical state of comparable energy to the zwitterionic
states.

We anticipate that excitation to this diradical state
might provide the impetus for the relative twisting of the
molecule about the broken m bond (around the bond 3-4 in
hexatriene above). It is qQuite clear that the 90° ortho-
gonal relation of the p orbitals in Fig. lla is more stable
than in the m* state where the non-bonded occupied p orbit-
als are in the same plane.

Although we have paid special attention to the "sud-
den polarization effect" as a mechanism leading to both
charge separation and molecular rotation (and rearrange-
ment), we now call attention to the fact that it may be an
important mechanism in the conversion of cis-polyacetylene
to the more stable trans- form.

When acetylene is first polymerized at low tempera-
ture, its IR spectra indicates it is entirely cis-poly-
acetylene. However, if it is heated or allowed to remain
at room temperature, it gradually converts to the trans-
form (19). In Fig. 13 we note that each of these two forms
has a resonant equivalent structure (near equivalence in
the cis case) that tends to restrict all atoms to the plane
of the paper. Two simple arguments suggest that the trans
version is the more stable form: (1) for long chains, the
two resonant forms are equivalent, giving rise to a greater
stability, and (2) the hydrogens in the cis- form provide a
steric hindrance that is not present in the trans- form.

In Fig. 14 we postulate a photocatalyzed conversion
of the cis to the trans form employing the "sudden polari-
zation effect." 1In Fig. 14b, we illustrate the zwitter-
ionic state with two carbons and their hydrogens rotated
as a group 90° out of the plane of the paper. We show the
negative charge localized and the plus charge distributed,
although it is not clear which is the more favorable state.
The energy for rotation might be of thermal origin or from
the repulsive interaction of the two p electrons in the
diradical antibonding n* state, as discussed above. How-
ever, once having reached the 90° rotation state, further
rotation by 90° would give the favorable trans conformation,
as in Fig. l4c. At this point, a shift in electrons, also
as indicated in Fig. l4c, could provide a further charge
separation and a rotation of two more carbons with their
hydrogens into the 90° plane. This process can repeat
indefinitely, each time converting two cis m bonds into
the trans configuration, until it terminates at the end
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the chain or meets a charged state coming from the right.
In order to understand this process, it is important to
remember that the resonance of a p-orbital hole (plus
charge) over a small portion of the carbon chain appreci-
ably decreases the restoring force with which the resonat-
ing m system tends to keep all the carbons in the same
plane.

Finally we note that, in Prof. Salem's application of
the "sudden polarization effect" to visual excitation of
the rhodopsin molecule, there is both a transformation of
the conjugated retinal skeleton to the all trans form, as
well as a very real separation of charge. 1In the latter
case, a mobile electron on the conjugated chain is neutral-
ized by a quaternary imino group attached at the end of
the conjugated chain, Fig. 15.

Tunnelling in Periodic Structures

We have just seen how the "sudden polarization effect"
can give rise to the rotation of a molecular moiety in
structural transformation, as well as to charge separation,
all via a photochemical-quantum effect. As such, it repre-
sents only part of a potential molecular electronic device.
For example, the moiety rotation might be employed to turn
on (or off) excimer formation between two chromophores
coupled via the dipole-dipole interaction. :

However, in contrast, we can draw almost immediately
a parallel between modern microcircuitry and the molecular
devices based on Pschenichnov's study (15) of tunnelling
in periodic structures. The basic ideas are indicated in
Fig. 16, where we have four identical wells periodically
spaced. Assume that the dimensions of the well are such
that a single well would have two stationary states, one
deep and one relatively near the surface. If the four
such potential wells are adjacent, it is anticipated that
the upper levels will be split by the interaction, while
the splitting of the lower level is negligible as sug-
gested by Fig. l16a. Now imagine that on either side of
the set of four wells, the potential is dropped, as indi-
cated by the heavy dashed lines. The four split levels
then correspond to the pseudo-stationary states discussed
by Pschenichnov. Then the transmission probability, Q(E),
for an electron of energy (E) penetrating the periodic
structure is indicated schematically in Fig. 16b. If the
particle energy E is not close to one of the energies, E;,
Ez, E3 and E4, of the pseudo-stationary states, then the
transmission probability is virtually zero; even close to
the resonant energies Ej, the fall-off of Q(E) is a strong
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exponential. However, at the energies E;, the transmission
is perfect, i.e., Q(Ej) = 1. It is clear then that any
change in potential at any well is likely to induce a pre-
cipitous decline in the transmission probability.

The perfect transmission at E = E; and the sharp
probability drop for any disturbance of the wells then
provide an ideal opportunity for a molecular switching
device. In Fig. 17 we indicate the usual circuitry for
a "NAND" gate and a "NOR" gate. For the "NAND" gate, the
potential at the output drops only when there is input at
both input transistors such that current flows from the
positive potential to ground. An analogous situation is
obvious using the quantum tunnelling through periodic
barriers. For example, the addition or subtraction of an
electron at any of the deep levels in the four wells would
reduce transmission through the structure to zero.

In Fig. 16c, we suggest a molecular device that uses
the periodic tunnelling approach to generate a highly mono-
chromatic beam of electrons. Here the potential drop be-
tween each well must match the energy difference (Ej,]-Ej)
between succeeding pseudo-stationary states.

The molecular systems which might function as period-
ic tunnelling devices are currently poorly defined. How-
ever, as linear systems, perhaps something as simple as a
short linear copolymer involving alternate chromophoric
aromatic groups serving as the potential wells, linked by
methylene groups as potential barriers, might be appro-
priate. The wells could then be either influenced optic-
2lly to form charge-transfer states, or perhaps even
induction effects might be quite effective. A more rigid
linear system might involve stacked metal ligand systems
like Pd(dpg) 2I, or Ni(Pc)I (20) (where dpg = diphenyl-
glyoximato and Pc = phthalocyanine) or the halogen-bridged
copper complexes of thiazole (21). Here the organic
ligands of the stacked systems provide handy access to
modify the metal atom potential (the well) while the metal-
metal distance can be readily varied by either the choice
of ligand or by degree of oxidation by iodine.

If quantum tunnelling of periodic structures occurred
perpendicular to the lamella in layered structures, one can
easily imagine molecular analogs to the "NOR" gate of Fig.
17¢c. For example, in the covellite (CuS) and klockmannite
(cuse) structure, semiconducting layers and metallically
conducting layers alternate in a periodic fashion. Such a
structural arrangement, as in Fig. 174 and employing quan-
tum tunnelling between layers, provides a ready "NOR" gate

‘analogy.
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ON GROWING AND OPERATING THE COMPUTER OF THE 1990s

One of the impressive aspects of the U.S. computer
industry has been its ability to mass produce electronic
circuitry of diminishing size with ever-increasing com-
plexity, reliability, and operating speeds (22). Even so,
the industry not only sees a technological threat from like
industries in Japan, but also is currently struggling with
technological limitations to further reduce active compon-
ent sizes. Before considering the benefits that might be
associated with a computer based on molecular-sized elec-
tronic components, it is desirable to consider three prob-
lems associated with the current larger computers.

Problems in Current Computer Technology

The problems are the increased cost and performance
degradation associated with wiring the Central Processor
Unit (CPU) and memory chips together and heat generation
by the ever-present resistive elements, as suggested by
the NAND and NOR gates of Fig. 17. While tens of thou-
sands of active elements can now be routinely placed on a
single silicon chip, it now costs more to assemble these
chips onto printed circuit boards and then assemble these
boards into a working computer than to produce the chips.
In 1977 it was estimated (23) that the chip cost was only
3.4% of the total cost of the assembled and tested elec-
tronic systems. As illustrated in Fig. 18, this is pri-
marily because of the two-dimensionality of both the sili-
con chips and of their assembly. This leads to another
related problem, namely the operating speed of the compu-
ter. Since the speed of an electrical impulse is no
greater than 0.3 mm per picosecond, the length of the
wires hooking together chips provides a clear limitation
on the ultimate speed of a computer. Cne well-known suc-
cessful computer architect, Seymour Cray, has built very
fast large computers with this limitation very much in
mind (thus no wire in the computer is longer than 3-1/2
ft.) (24). One obvious way to circumvent this problem in
the future is to build three-dimensional rather than two-
dimensional microcircuitry. 1If, for example, all the
microcircuitry could be included in a three-dimensional
block, 1 cm on a side, the transport of information from
one element to another would take no longer than 34 pico-
seconds, compared to 3.5 nanoseconds for a 3-1/2 ft. wire,
an improvement of a hundred-fold. We further note that
most silicon devices are limited by the drift velocities
of holes and electrons in silicon, whereas molecular
devices could have pico and sub-pico response times (25,26).
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Thus, if it were possible to form a three-dimensional
array of microcircuitry elements, it would be possible to
enhance the operating speed many-fold while virtually
eliminating the wiring costs.

The third problem that plagues modern large computers
is the heat generated by the resistive elements in the
microcircuitry. For example, the current Cray supercompu-
ter uses 1/10 megawatt of electrical power (24). For ade-
quate cooling, the Cray computer has a built-in refrigera-
tor while others imbed their circuitry in the Freon cooling
fluid itself. In the prior section treating molecular
devices based on tunnelling of periodic barriers, we indi-
cated that switching the gate on or off might be controll-
able by just a few individual electrons or particles.

This suggests that the enormous heat load of modern com-
puters might be avoidable in the future by making use of
"molecular electronic gates," etc.

Density of Switches vs. Switch Size

The enormous number of elements, indicated in powers
of ten, that might be contained in one cubic centimeter
are indicated in Fig. 19 as a function the size of the
active element. The time parameter indicating approximate
past, current, and projected future gate densities is indi-
cated on the curve itself. It is apparent that if a
switching element plus its insulation could be contained
in a cubic molecular volume 100 A on a side, a cubic cen-
timeter of molecular circuitry could exceed the sum of all
memory elements manufactured to date. Obviously, the
potentials are enormous. A highly speculative description
of how a forerunner of such a computer might be made is
indicated in the next section.

The Chemical Growth of a Computer

In the development of a three-dimensional array of
electrical *molecular" elements on the order of 100 to
1000 & on edge (center to center), one can readily imagine
at least two approaches. The first is closely related to
current microprocessor technology, while the second is
much more chemical in nature, and as a newer concept, will
be developed more fully.

£ 1. Computer via Vapor Deposition, etc. 1In the

first approach, one would employ the use of laser or x-ray
lithographic techniques to develop a set of active elements
on a substrate surface. On top of these elements would be
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superimposed another substrate ~1000 A thick, which would
include electrical leads through the substrate circuitry
to elements to be developed on this second substrate. Here
the process to develop the molecular circuitry would be
repeated, with a third substrate deposited, and the pro-
cess repeated until the desired number of elements and
their conductors had been prepared. Material deposition
would be presumably achieved by some combination of evap-
oration, sputtering deposition, and/or vapor-phase chemi-
cal reaction and deposition. 1In terms of this first model,
the difficulties include (1) deposition of the second and
succeeding substrate layers over the active elements in
such a way that the substrate would be perfect enough for
the development of succeeding active elements; (2) the
process of developing conducting paths through the sub-
strate from active elements below to active elements on
top, and (3) the problem of the registry of the conducting
filament to the switches above and below.

Conducting linear filaments through insulating mater-
ials are a subject of considerable current interest. For
example, consider the stacked metal complexes such as
K2Pt(CN) 4Bry_30°3 H20 and Ni(Pc)I* where planar complexes
of transition metal atoms are stacked, one complex on the
other, so that the metal atoms form a continuous, some-
times conducting, chain (20). By controlling the thick-
ness of the ligand complexes and the oxidation of the
metal, one can modify the metal-metal distance and hence
the conductivity. Moreover, by controlling the size of
the ligand, one can control within limits the separation
of the conducting metal chains. Having made a molecular
crystal of such a metal complex, it may be possible to
crosslink the ligands between metal strands by optical
excitation and subsequent solid-state reaction. This,
however, would undoubtedly require ligands which had
appropriately reactive side groups in anticipation of the
crosslinking reaction, as has been done in the multilayer
polymerization of tricosa-10,12-diynoic acid (27).

A second possible source of conducting filaments
with a periodic repeat separation is the so-called "modu-
lated" structure where carefully controlled non-stoichio-
metry produces long-period modulations. In ceramic
materials, these modulations have a shear plane attribute
associated with a local non-stoichiometry and metal-metal
contacts. It is likely that modulated materials will be

* Pc = phthalocyanines
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found such that the metals form a conducting path through
the insulator substrate, where the periodicjty between
conducting paths is long, perhaps 100-1000 k. In addition
to linking two planar assemblies of molecular gates on
either side of such a modulated substrate, such a material
might be useful for constructing a field emitter array, as
indicated in Fig. 20.

2. Computer via Chemical Growth. 1In this second
hypothesized approach to manufacturing a three-dimensional
array of molecular switches, i.e., a computer, considerable
use is made of solution reactions, sometimes catalyzed in
selected regions near the growing surface by a laser beam
of selected wavelengths.

To appreciate and imagine how a computer might be
synthesized or grown in solution, it will be useful to
acquaint the reader with the process known as the Merri-
field Method of polypeptide synthesis (28). This highly
successful technique of biochemistry is now a standard
method for producing long polypeptide chains in high yield.
Furthermore, these polypeptide chains, perhaps a hundred
amino acid units long, might be composed of many different
amino acids linked together in a very specific and pre-
selected order. The process of building the polypeptide
chain is initiated by preparing a substrate, usually in
the form of plastic beads, with a link to the first amino
acid that can later be broken. Then, using a system of
automatic controlled valves, various reagents and solu-
tions containing the appropriate amino acids are reacted
with the polypeptide growing on the bead substrate, When
the desired polypeptide is achieved, the linkage to the
substrate is broken and the polypeptide collected.

The proposed process for growing an array of molecu-
lar devices is similar, except that in different areas of
the now planar substrate, one is producing regions of
different character, i.e., conductors, insulating material,
and components which will be active molecular devices.
Different solutions will be introduced, reacted and rinsed
away for each layer of each function.

A schematic overview of the process is suggested by
Fig. 21. By employing optical lithography, large elec-
trical contacts to the external environment would be
developed on a substrate of high thermal conductivity.
Then, by using the technique of forming valence bonds
between a molecule and a metal surface, described in an
earlier section above, specific areas would be covered

146




with molecules destined to become conducting filaments and
paths, while the remaining surface is covered with insulat-
ing material. Each new layer contains reactive sites for
chemically bonding the succeeding layers. The fine graphic
detail necessary here might be achieved using x-ray litho-
graphy. At this point, the prepared substrate would be
introduced into the "reaction cell," into which the flow
of reagents, solutions, and rinses is controlled by a com-
puter (upper left). Thus, layer by layer, active elements,
conducting filaments, and insulating materialare built up
just as a long chain polypeptide is built up in the Merri-
field method. 1In some instances, the reactions would be
catalyzed in certain regions by the "reaction laser"” shown.
Ultimately, additional electrical contacts to the external
environment would be developed on the outer surfaces.

Such a process presumes, of course, that the chem-
istry of each step is well understood and controlled.
Incomplete reactions are difficult to tolerate in such a
case. Enough duplication must be built in so that there
is a finite overlap of functions. Thus, a conducting fila-
ment might involve several strands of (SN), molecules.

Operation of the Advanced Chemical Computer

The conditions under which the proposed chemical com-
puter of the future would operate are indicated in Fig. 22.
Here we see that the central processor unit and memory of
the future supercomputer has a volume of a cubic centi-
meter and is mounted on a support cooled by a helium re-
frigerator. The electrical leads are relatively few, with
most of the input timing control pulses and numerical
input data being transmitted via optical pulses through
cooled masks. Output illustrated here is envisioned as
being via multichannel optical techniques in which each
channel source would be highly directional.

At the microscopic or molecular level, such a highly
directional output might be achieved as follows: Assume
that one has developed a linear array of oriented chromo-
phores which, when excited, will radiate in preferred
directions (i.e., dipole). Further, that these dipoles
are parallel and reinforce each other as in Fig. 23. Now
if several of these chromophores could be excited nearly
simultaneously, the spontaneous radiation of one might
stimulate the remainder to also radiate, producing in
essence, a small, highly directional laser source.

Another possible output source for the CPU of a chemi-
cal computer might take advantage of the sensitivity of a
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two-dimensional charge-coupled device (CCD) built into the
side of the chemical computer. Usually, of course, the
receiver cells of the CCD detect charged particles or
electrons which have been photoemitted. As currently
imagined, electron impulses can be injected into the re-
ceiver cells over a small potential barrier using the
molecular tunnelling device of Fig. 16b, which can be
readily switched on or off by a very small signal. Such

a use of a CCD as an output device provides a high density
of output channels for a low controlling charge input.

Benefits to be Derived from a Chemical Computer

As a summary of the advantages of a computer based
on molecular level electronic devices, we recall the fol-
lowing points:

(a) In going from a modern-day, two-dimensional com-
puter to three-dimensional fabrication, chassis and wiring
costs would be significantly decreased and fabrication
more fully automated.

(b) By reducing the switching elements to molecular
size, the memory density could be increased by several
orders of magnitude and power input very significantly
reduced.

(¢) Three-dimensional construction, plus switching
elements of molecular size, could enhance computer speed
by several orders of magnitude.

These possible advantages are all very significant,
and now is an appropriate time for chemists, physicists,
and engineers to be sensitized to the possibility of use-
ful switching devices at the molecular level. However,
there exist disadvantages to be considered, as indicated
in the last section.

RETHINKING COMPUTER ENGINEERING

The principal reason for the success of the modern-
day computer technology is the enormous reliability that
has now been built into the individual switching elements
of a computer. For example, compared to the vacuum tube
of the early 1950's, the faglure rate per gate has
decreased by a factor of 10° (29). 1If, however, the com-
puter is to be based on quantum mechanical devices, with
the dimension of large molecules, i.e., 100 = 1000 A,
then it should be anticipated that the failure rate will
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go up until a learning period has indicated how reliable
molecular switches should be constructed and operated.
However, it is entirely possible that molecular switches
will never be as reliable as microscopic switches.

In such a case, in order to gain the enormous advan-
tages conceived above for molecular electronic devices,
it will be necessary to rethink the computer engineering
and architecture. Some obvious concepts which might be
incorporated to regain reliability are:

5 -~

* Duplicate circuitry, where the same function is
performed by components in parallel.

« Duplicate calculations where the same elemental
calculation (addition, etc.) is performed in duplicate,
either by different circuits or by the same circuit sev-
eral times.

* Reserve computing capacity wherein faulty cir-
cuitry is automatically recognized and switched out by
the computer and circuits which constitute an initially
built-in reserve are switched in.

Here, two points are of interest. First is the
question of whether a circuit of molecular electronic
devices is repairable or not? The second is the observa-
tion that the above considerations are based on a strict
adherence to the principles of Boolean logic - and the
resultant question: is such adherence necessary?

The question of repairability, by way of contrast
to disablement and replacement by reserve capacity, is a
very challenging one. An interesting possibility would
be to use laser techniques to selectively break or induce
bond rearrangement in special molecular moieties built
into strategic positions in the active circuitry. 1In
order to enhance the spatial resolution available with
optical techniques, it is clear that a wide range of such
"repair" moieties should be available, each sensitive to
a particular wavelength with an insensitivity to all other
"repair" wavelengths.

If the above question is one of special challenge
to the chemist and spectroscopist, then the second ques-
tion concerning the necessity of strict adherence to the
principles of Boolean logic should be an equally challeng-
ing question for future computer engineers. At what part
of computer technology is approximate adherence to Bool-
ean logic possible? Obviously, one area might be in the
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least significant digits of a numerical calculation which
are affected by round-off problems. However, special
circuitry for the lesser significant digits may not be
economically attractive. On the other hand, information
transport in biological nervous systems, as pointed out
in detail many years ago by the mathematician and father
of the modern electronic computer, J. Von Neumann, is
certainly not a system of Boolean logic (30). The beauty
and logic of biological systems for a moderately complex
feedback circuitry has been recently exemplified by the
description of the control system for a swimming leech
(31). pPerhaps the computer engineers might take inspira-
tion for re-engineering the computer architecture for
molecular electronic devices from their famous predecessor
and by looking to examples from the living world.
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BAND STRUCTURE TYPE

a. b. 5.
;
aE>0 AE,=0 aE<O FERMI
1 LEVEL
w \
e DENSITY(E)
.2 benzene graphite B-P-S cpds. ?
(CH), (SN)y |
(C4Hz)x = analogues ;

Fig. 1. Materials having all saturated or only alternating
single and double bonds are band structure type a
with a finite band gap, >0. Graphite and ana-
logs of (SN)x will likely of type b, with a
zero band gap. What is sought is type c, with
overlapping conducting and valence bands. This
might be achieved by the atoms having more orbitals i
and neighbors than bonding electrons. |
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CELL CONSTRUCTION

VORONOI PAV |
Bisecting Bisecting :
Plane Plane
‘< » Q< —. pa— 4—»0
‘#é (¥2 'Qg yé

g Fig. 3. 1In the construction of Voronoi cells, the planes !

] perpendicular to the interatomic vectors are placed |
midway between the atom positions. For Polyhedral e

,!5' Atomic Volume (PAV) cells, these planes are midway

' between the outer spheres of the atoms assuming a

single bond radius. Voronoi cells are space-

filling and PAV cells usually so.
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These are PAV cells for the unique atoms of B-P4S3I.
They fit together in the crystal structure to fill
all space. Atomic positions are indicated by -+
while the cell centroidsare indicated by )1

signs.
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N-H H-N
\ . /
PQ\\
Rl“
Phthalocyanine group Metalloporphyrin

Fig. 5. The phthalocyanine group and the porphyrin group
are shown. 1In the latter case, the hydrogens on
nitrogen have been replaced by copper to form a
metalloporphyrin where the Cu-N bonds resonate
with the dative N:---Cu bonds to give four equiva-
lent half-bonds. The R, R, etc., groups are
hydrogen or side chains.
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Fig. 6. Transition metal atoms can form hybrid orbitals in
which the angular part of the electron density is
well concentrated into two lobes suitable for form-
ing half-bonds with suitably located neighbors.

C orbital is a Py'dxy hybrid, while a G orbital

is a s-d,2-p, hybrid.
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SURFACE VALENCE BONDING

N\,
_|_ bD—0" CH,CH=CH,
(CH0)5Si=C H,CHCHCI

.

Pt—0 -
Ng #CHaCH=CH,

(OCH3),
\

An important future method of establishing electri-
cal contacts may be via forming strong valence
bonds between a metal surface and precursor of a
conducting oligomer.
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The large increase in the FWHM of the Pt(4f)
spectra (1.55 - 1.95 eV) indicates that a surface
layer of Pt atoms has indeed been metal-bonded to
methoxysilane as suggested in Fig. 8.
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Fig. 10. Phonon energy transport along a polymer chain might
be "switched off" by breaking two weak hydrogen
bonds, part a, or part b, by damping the chain
vibration through the formation of a charge trans-
fer complex, ATBt, between the chain and a sta-
tionary group in a nearby wall. Part b also
illustrates chain clamping via a photogenerated
dipole-dipole complex.
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Fig. 1l. Fagure lla illustrates the two p orbitals of an
excited m bond after a 90° rotation about the bond.
The wavefunctions 2; and 2, of Fig. 1llb represent
ionic ways of distributing the excited electrons
(shown schematically in Fig. llc). The zwitter-
ionic states correspond to linear combinations of
21 and 2,.
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Fig. 12. The charge transfers in the zwitterionic states
depend very much on angle of rotation 6 about the
excited double bond, especially near 90°. It is
this surprising angular dependence that gives rise
to the term "Sudden Polarization Effect." This
figure is adapted from that of Salem, Ref. 16.
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Fig. 13. The two related resonance forms of the cis isomer
of polyacetylene are compared to the equivalent
resonance forms of the trans- isomer. By rotating
the trans- cisoid form repeatedly about the single
bonds, one can hypothetically convert this form to
one of the trans forms; however, this is a very
unlikely route of cis to trans conversion due to
steric hindrance.
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Cis to trans conversion of polyacetylene can be
readily formulated as above making use of the
sudden polarization effect and sequential rotation
of carbon atom pairs. The first rotationl involves
carbons 3 and 4 about an axis joining carbons 2
and 5. The omitted step e is essentially the same
as step ¢ with the + charge four carbons further
right. The electron rearrangement indicated in
step f-g suggests extended charge separation is
not necessary.
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Fig. 15. The conversion of 11 cis-retinal to all trans

retinal via Salem's use of the sudden polarization
effect is associated with extensive charge separa-
tion strongly assisted by the quatinary imino-
nitrogen. The role of the protein part of the
molecule (OPSIN) in the optical activity is
currently controversial.
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TUNNELLING PERIODIC BARRIERS

a.
................ b8
b.
1.6
Q
}
] W

ENERGY ——»

Fig. 16. In part a, the splitting of upper energy levels
into the Ej values is indicated by the dotted
lines. The rapid fall-off in transmission Q(E)
as one deviates from an Ej value is schematically
indicated in part b. Part c suggests use of
periodic tunnelling to accelerate electrons to a

monochromatic beam.
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This illustration shows not only the relative {
cost of the integrated chip to the testing, -
hookup, and assembly of computer systems, but i
also visually indicates the essentially two-

dimensional nature of current computer assemblies. ]
Reprinted by permission from "Microelectronics

and Computer Science" by Ivan E. Sutherland and -
Carver A, Mead, Ref. 29, Copyright © 1977 by {
Scientific American, Inc. All rights reserved.
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Fig. 19. If molecular electronic gates can be produced in
the range of 100 to 1000 on an edge, the enor-
mous number of components per cubic centimeter
(1018 to 1015) would produce a revolution in com-
puter technology if three-dimensional assembly
were achievable.
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Fig. 20. Modulated structures imbedding linear conductors
(vertical dotted lines) in a periodic array pre-
sent some problems in registry with arrays of
other molecular electronic devices. These might
be solved by developing conducting islands in an
otherwise insulating epitaxial layer. Fig. 20b
illustrates a suggested development of field
emitter arrays, using modulated structures with
conducting filaments. The projecting caps might
be deposited on the modulated substrate using
electrochemical techniques.
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Fig. 21. A schematic for the chemical growth of the compu-
) ter of the future assumes use of a variety of
current techniques including the Merrifield
method of long chain protein synthesis.
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Fig. 22. A supercomputer of the 1990's is pictured as
miniscule by comparison with current models.
Such a computer would have low power consumption
and optical input and output devices.
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