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Scanning tunneling microscopy (STM) and electron spectroscopies (XPS and UPS) are used
to study the relation between the mesoscopic dynamics, the microscopic structure, and the
electronic structure of polymeric bis(benzimidazo)benzophenanthroline (BBB). Semiempirical
calculations are performed in order to support the geometrical and electronic structure of
BBB. BBB is a conductive ladder type polymer, samples of which are prepared as thin films
on SiO; substrates and are heat treated between 800 and 1100 K. The STM micrographs
show structural features which include helical fibers coiled to strands and strands of coiled
strings. These precursor structures convert via two routes that include unwinding and
unravelling steps to a local condensation and ordering. The STM micrographs also reveal
the dynamics of these mesoscopic precursors to microscopic structures upon annealing: For
the first time in real space we follow the transition from ordered 1-dimensional domains
with an aromatic corrugation to 2-dimensional arrangements with a graphitic structure.
This process is considered to be a general phenomenon for pyrolytic polymers. Annealing
to around 1100 K causes the formation of patches of glassy carbon within an amorphous
matrix. In the electronic structure the structural transitions do not show strong variations
of the relative stoichiometric values as determined form the core-level intensities but cause
a semiconductor-to-metal transition as derived from the valence-band spectra. The latter
may be rationalized by the formation of defects in 2-dimensional graphitic arrangements
which are formed during the thermally activated reorganization of the structural elements.
Such defects act as polaronic states and hence dope the polymer which ideally is

semiconducting.

Introduction

In the class of organic polymers as a whole, ladder
type polymers exhibit a number of remarkable proper-
ties! which make a systematic study of their electronic
and microscopic structure?~* of great interest. This
relates not only to their thin optical and electronic
properties® but also to their high thermal stability which
is of great technological importance.® The pristine
ladder type polymers exhibit pronounced mechanical
and thermal properties. The possibility of producing
highly aligned transparent films with anisotropic optical
properties—in particular the generation of spatially
selective conductive patterns in such aligned transpar-
ent polymers— opens new perspectives for applications
in lithography, microelectronics, optics, and molecular
electronics.? Another approach to our current work is
the understanding of the electronic contributions and
their geometrical counterpart in polymers with 2-di-
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mensional or 1-dimensional polypyrrole. There are a
number of experimental features which are common to
2-dimensional polypyrrole,” carbon aerogels,® glassy
carbon,® and BBB.310.11 In particular, we refer to the
similarities in the EPR!112 and temperature-dependent
conductivity data.!?

Pristine BBB (see Figure 1) as well as the similar BBL
after polymerization are both insulating materials with
an optically determined bandgap of about 2.5 eV and a
conductivity in the range of 1071* S8 ecm 113 The
conductivity of BBB films can be varied over a wide
range by either Ar bombardment (2102 S em™1) or
temperature treatment.'* Similar conductivities are
found in BBL films with intercalated Ag™ and Ag® ions/
atoms.? Heat treatment causes an irreversible change
in the conductivities: warming to 500 K causes an
increase to about 1072 S cm™!, whereas at 800 K a
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Figure 1. Schematic representation of the chemical structure
of the monomer unit of BBB. The displayed arrangement is
obtained after a force field and semiempirical MNDO optimi-
zation.

further increase to 107% S cm™! is observed (measured
at room temperature).!113 A further increase in con-
ductivity of several orders of magnitude is obtained upon
warming the films to 950 K. The conductivity reaches
values around 50 S cm™! at still higher temperatures.
In this state, the conductivity shows a normal to parallel
anisotropy of around 1/1000 and is almost independent
of the heat treatment. This thermally induced conduc-
tivity change can also be obtained by laser irradiation,
which has the advantage of writing conductive patterns
in a transparent insulating polymer.? The conductivity
increase upon heat treatment is also reflected in the
corresponding EPR data. The spin densities increase
to a value of around 10?2 spins/mol for films heated to
980 K followed by a sharp decrease to densities below
1029 spins/mol upon heating above 980 K.11.12

The ladder type polymers in general show a rather
high degree of ordering as deduced from the appearance
of diffraction spots in X-ray analyses. For BBB films,
diffraction spots indicate mean distances between con-
ductive structures to be 8.2 A, with a next-neighbor
distance of 3.2 A within the polymeric features.? These
data suggest the structure of this ladder type polymer
to be close to that of the layered form of graphite. BBB
films exhibit pronounced changes in their phenomeno-
logical properties upon annealing, which resemble to the
general features of pyrolytical polymers.15-19

Previously, we investigated the chemical and elec-
tronic properties of heat-treated BBB films using XPS,
TDS, HREELS, and UPS spectroscopies.l® Again, the
results allow two different phases of BBB films to be
distinguished. The XPS data underline the thermal
stability of such films as the C/N ratio in the high-
temperature metallic state is independent of the an-
nealing temperature. There is a weak but pronounced
change occurring around 950 K which can be understood
as separating the two phases with similar overall
stoichiometries but with distinct differences in the
electronic properties. In the TDS data, loss of nitrogen
is observed, but no desorption of the monomeric mo-
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lecular unit. This behavior indicates that the annealing
does not cause a desorption of fragments and of incom-
pletely polymerized species, but rather leads to a
reorganization on a molecular scale.

The discussion of conductivity in organic polymers
lacks a detailed knowledge of their geometric structure,
in both microscopic and mesoscopic dimensions. Re-
cently, we have been able to elucidate the microscopic
structure of 2-dimensional polypyrrole films by the use
of electron spectroscopies and semiempirical model
calculations.” For the BBB films we combined these
techniques with the real space structural informations
obtained by STM.

There are a number of STM studies on organic
materials which intend to use the molecular resolution
available with this technique as an analytical tool in
probing these materials.20-22 A number of studies
demonstrate that for some organic materials STM can
be used with atomic resolution. Among these are
several impressive studies on charge-transfer salts
which demonstrate atomic resolution in determining the
position of individual atoms within the surface unit
cell?3-25 and their electronic properties.?® A further
class of materials are thin films prepared by sublimation
or by Langmuir—Blodgett techniques on substrates of
layered compounds (WSe;, MoS;, HOPG, graphite,
etc.).222728 The mechanisms causing the contrast of the
STM images and in particular that of the tunneling
current are not understood in detail yet.?82° However,
to obtain good resolution and reliable STM micrographs,
the samples must have certain properties which include
smoothness (on a microscopic scale), immobilized struc-
tural features, and high conductivity. These conditions
cannot easily be reached, in particular, for polymeric
samples. As a consequence, the number of investigated
polymeric systems is limited to a few studies of conduct-
ing polymers,3®3! thin polymeric films on a conducting
substrate,32 and metallized polymers.?* However, none
of these studies gives information on the mesoscopic
dynamics of the polymer strands, but they do give some
indication of the existence of several helical features in
an unstructured matrix.34

The aim of the present study is to follow in real space
the changes in BBB films around the structural transi-
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tion which occur between 900 and 1000 K in real space
utilizing scanning tunneling microscopy (STM). For the
first time to our knowledge it is demonstrated that a
direct observation of macroscopic changes in bulk
polymers by STM is possible for mesoscopic structures.
The observed patterns start with mesoscopic structures
ranging between 100 and up te 500 nm. The STM
images also reveal the molecular corrugation of BBB
within the films. The observed patterns describe the
changes below and beyond the structural transition
caused by thermal annealing. In addition, we studied
the effect of temperature on the electronic structure of
BBB films by photoelectron spectroscopies. The struc-
tural changes as observed in the STM patterns, as well
as the variations occurring in the electronic structure
as followed by UPS, are supported by semiempirical
MNDO calculations. They also contribute to under-
stand and to elucidate the origin of the strong conduc-
tivity increase as a function of the annealing tempera-
ture.

Experimental Section

Synthesis of the BBB Films. Monomeric BBB (see Figure
1) was dissolved in methanesulfuric acid. With a pipet some
milliliters of the monomeric solution were deposited onto a
SiOg-covered Si(001) wafer as a smooth substrate. Next, the
solution coated substrate was dipped into water to start the
polymerization reaction. All of these preparation steps of the
BBB films were performed in a nitrogen atmosphere. The
resulting BBB films (with a thickness around 10 ym) appeared
as a solid phase and showed a dark violet color. Afterward,
the films were transported to the UHV system without
exposure to air. This delicate procedure allows the use of
surface-sensitive techniques for the determination of bulk
electronic structure without any surface contamination of the
samples.’® The polymerization procedure was followed by a
heat treatment of the BBB films in a vacuum vessel for several
hours at temperatures of 900, 980, and 1120 K. Thereby, we
obtained heat-treated BBB samples below and above the
characteristic temperature of 950 K at which the structural
transition is expected from the conductivity data.l’!2

STM Measurements, The STM experiments were per-
formed with a commercial microscope described elsewhere.3®
All measurements were done in air at room temperature and
the patterns are taken in the constant-current mode. Patterns
with best resolution could be achieved by using electrochemi-
cally etched tips of tungsten wires (0.25-mm diameter). The
sample bias voltages applied have been varied over a wide
range, the value of which depends sensitively on the particular
scan size and the particular heat treatment of the BBB films.
To give some examples, images of BBB films annealed at 980
K and BBB films annealed at 1150 K could be obtained only
with an optimum resolution by using tip voltages around 0.0
V a current of 0.4 nA. On the other hand, the large scan size
used for the topological micrographs covered areas between
about 60 nm up to 510 nm and were recorded using tip voltages
of +0.6 V (current 0.4—1.0 nA). Imaging the molecular
corrugation of BBB films annealed to 900 K was accomplished
by using tip voltages of about —0.35 and a 0.5—-0.7 nA
tunneling current. Recordings of the surface by large scan
sizes were taken at values between —1.0 and +1.5 V (current
0.4—0.9 nA). In all the figures displayed in this work the scan
parameter (scan size, tip current, and tip tunnel voltage) are
given in parentheses in the figure captions.

We like to mention that we have attributed particular care
to avoid the interpretation of artifacts in the STM micrographs
caused by tip effects. Artifacts may be originated by electronic
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noise, resonances in the feedback loop, tips contaminated by
polymer fragments, or others. On polymeric samples with
rough and nonordered surfaces we may also expect artificial
structures caused by the scanning tip. To separate such
artifacts from the real surface structure, we applied several
several commonly used procedures. Real structures are
expected to show identical features with high reproducibility.
The micrographs shown here are found to occur in a similar
shape on different samples. The patterns show no significant
changes from one scan to the next scan. In particular, they
are found to be independent of the scan parameters used, such
as scan frequency, size, and direction. Furthermore, the
micrographs remained qualitatively invariant to the exchange
of the tip. Thereby, the contribution of artifacts to the
observed surface structure is minimized by such tests during
the measurements.

XPS/UPS Measurements. The electron spectroscopies are
done in a UHV system operated at a base pressure better than
10719 mbar using a hemispherical energy analyzer. XPS
spectra are excited by Mg Ka radiation and valence band
spectra by a He resonance lamp.?” The elemental composition
of the films was followed by XPS, the valence band structure
was studied by UPS, and the vibronic and electronic range
near the HOMO—-LUMO transitions were determined by
HREELS. The spectra are taken at room temperature after
annealing the films to a defined temperature for 5 min. The
annealing procedure causes irreversible changes within the
films, the nature of which depends on the annealing tempera-
ture. At all temperatures any intensity of Si2p substrate
emission was not detectable in the XPS spectra. This means
that even after the annealing process the thickness of the
polymer film is larger than the information depth of the Si2p
photoelectrons.

Results

STM Micrographs. For the STM studies we used
BBB films prepared on the natural oxide of polished Si
wafers. These films had a thickness about 10 um and
appeared optically smooth. For BBB films annealed to
900 K we are able to identify various mesoscopic
structures which will now be described. We like to
mention that the features in these patterns are observed
in different regions of the wafer in similar shape and
dimensions. These patterns therefore are considered to
represent the real structure and tip effects certainly can
be excluded. This chapter is organized as a description
of the results in a sequence which is maintained in the
subsequent interpretation section. The structural rear-
rangements in the bulk polymer caused by the anneal-
ing procedure near the structural transition around 980
K starts with a macroscopic 1-dimensional polymeric
precursor structure (Figure 2). It subsequently under-
goes structural variations and converts along two pos-
sible routes (Figures 3 and 4) toward the microscopic
graphitic structure which finally appears above the
structural transition (Figures 6 and 8).

Structures of the Low-temperature Phase (300 K). The
structures displayed in the following micrographs cer-
tainly represent the bulk properties of the BBB films
because of their large thickness. To describe these
structures in detail, we show in Figure 2 STM micro-
graphs with a scan size of 510 nm on a BBB film
annealed to about 900 K. We identify polymer cords
which are aligned almost in parallel with each other
(Figure 2A). The average length of the cords is of the
order of several hundred nanometers, and an average
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after annealing to 900 K. (A, top) The 1-dimensional polymer
cords have an average width of 7.3 nm and a length of several
tens of nanometers. They are aligned almost in parallel. The
A indicates an unravelling cord along the bars, B the segmen-
tation of a wound polymer cord, and C points to a cross
connection between cords (510 nm, +0.95 V, 0.3 nA). (B,
bottom) The micrograph shows a rudimentary cord consisting
of four segments (four arrows next to A). B points to a
segmented cord of smaller dimensions, and C points to three
wound double cords (510 nm, +1.39 V, 0.7 nA).

cord width of 7.0 nm was evaluated. The uniform
appearance of the cords at some sites is disturbed by
additional features. In Figure 2 these are labeled A—C.
Along the bars A a network of smaller polymer cords
occur. B points to a cord showing a segmentation. The
arrow C indicates one of the few cross-linkings.

At a different region of the sample we find an image
(observed with the same scan size) as displayed in
Figure 2B. Here, we observe structures very similar to
the cords also, but with a light curvature. We also
notice on a larger scale rudimentary segments of larger
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cords A with an average diameter of several tenths of a
nanometer. There are several of these rudimentary,
unraveled segments of large cords randomly distributed
all over the image. In this respect the region marked
A shows the development of an unravelling process
which leads to a matrix of less-aligned cords. The latter
are also twisted (B) and cause an undulating topology.
Here, the average cord width is about 5.7 nm (see Figure
5B). This micrograph clearly shows the segmentation
of the smaller cords generating the matrix (B). Fur-
thermore, there are three helical double cords which are
indicated by C.

The unwinding processes shown in Figure 2 are
expected for polymers, we feel that the STM micro-
graphs in Figures 3 and 4 can be analyzed in such a
way that there are two possible routes (A, B) toward a
structural transformation. Both routes start with the
macroscopic cords, which via different unravelling
processes then lead to a planar arrangement of aromatic
units. The first possible mechanism (route A) proceeds
via an unravelling and cross-connecting of helical cords
(Figure 3), whereas in the second mechanism (route B)
the cords unravel to form structures which resemble
scales (Figure 4).

Starting with the first of the routes in Figure 3A we
find a zigzag pattern of these polymer cords running
parallel to the surface plane. The two main orientations
within the pattern are marked (a) and (b) and include
an angle of about 60°. In contrast to (a), direction (b)
is nearly uniform. Angles of 120° also appear but are
rare (A).

In Figure 3B, the pattern is built up by unraveled
cords and the parallel arranged subunit cords to create
ribbons. The recorded framework shows the main
directions a—c. It is very similar to the one described
in Figure 3C with regard to the triagonally elements.
The main direction of cords within the matrix is a. The
two other directions » and c¢ indicate the direction of
the triangle sides. The sides are not straight but weakly
bent. The first arrow on the left-hand side of the image
indicates the direction of a neighboring cord. The
following arrows mark seven individual turns of the
cord. Each turn causes the cord to become broadened
and the resulting structures consist of smaller cords
which are arranged in parallel.

Figure 3C shows a complicated framework of polymer
cords of different widths. At first glance a triangular
pattern is observed with angles close to 30°, 60°, and
120°. However, the main elements of that arrangement
are not these triangles but ribbons consisting of parallel
cords running randomly in a helical manner. Four
arrows on the left (and right) side indicate the way in
which such a ribbon turns three times through an angle
of 60° and takes on a flat compressed helical shape. The
angle of fold (bars) is 120°. The main structural
elements in Figure 3D are rolls which propagate in a
direction diagonal to the scanning direction (parallel to
the upper edge of the image) and have a length of
several tenths of a nanometer (A). The rolls are
segmented in scales of ellipsoidal shape (A) and are built
up by sequences of triagonally shaped structural ele-
ments, each lying behind the other like fallen dominos
(B).

The structural features of the second unravelling
route are described in Figure 4. In Figure 4A we show



2292 Chem. Mater., Vol. 6, No. 12, 1994

Fralma AL g - &

Figure 3. Unravelling of large

Munz et al.

polymer cords via route A (see text and Figure 13) obtained by annealing BBB films to 900 K. (A,

top left) Zigzag pattern of polymer cords running parallel to the surface plane. The two main orientations within the pattern are
marked (a) and (b) and include an angle of about 60°. Angles of 120° (A) are rare (510 nm, +1.24 V, 0.9 nA). (B, bottom left) The
pattern consists of large cords which are unravelled and create smaller polymer ribbons. The arrows on the left-hand side follow
the unravelling of a large cord (510 nm, +0.65, 0.7 nA). (C, top right) Framework of polymer cords consisting of triagonal structure
elements. The pattern is built up by helically shaped polymer ribbons. The series of arrows on the left- and right-hand sides
show the propagation of two multiple folded ribbons. The folding angle is close to 120° and is indicated by the black bars (256
nm, +1.08 V, 0.7 nA). (D, bottom right) Undulated surface consisting of rolls (A) running in the diagonal direction. The rolls are
built up by triangles standing behind each other (B) (256 nm, —0.54 V, 0.5 nA).

a region of a BBB film annealed to 900 K which shows
a random distribution of scale-like structures (A). The
diameter of the scales varies between 50 and 100 nm
and their shape is nearly spherical. Within each scale
there appear ribbonlike structures consisting of parallel
polymer cords.

Figure 4B shows an undulating surface with a trian-
gular fish-scale structure. Here the scales are built up
by polymer cords which have an almost uniform orien-
tation (a). We notice that most of the parallel aligned
cords extend over more than a single scale (follow the
directions of a). The average cord width within the
scales is reduced to 4.1 nm (Figure 5c¢).

In Figure 4C the image again reveals an undulating
surface. Its shape can be described as a synthesis of
the two other figures (Figures 4A and 3B). Within that
undulating surface, both spherical and triangular scales
can be observed which contribute to the main orienta-
tion (a). We further notice that the fine structure within
the scales consists of parallel polymer cords propagating
(roughly) in the direction of b.

Structures of the High-Temperature Phase BBB 980
K. Inthe high-temperature phase (annealing to 980 K)
the variety of different structural elements becomes
reduced, the polymer structures demonstrated in Fig-
ures 3B and 4C disappear upon annealing, and there
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Figure 4. Second observed route B of unravelling large polymer cords. The sequence is built up by patterns observed on BBB
films annealed to 900 K. (A, top) The surface consists of scales (A) showing a nearly spherical shape. The fish-scale-like structures
were built up by parallel polymer cords with an average width of about 3.7 nm (256 nm, —0.34 V, 0.8 nA). (B, middle) The scales
are built up by parallel polymer cords which are slightly curved and have an average width of 4.2 nm. The pattern reveals the
condensation of a triagonally fish-scale structure (510 nm, 1.0 V, 0.6 nA). (C, bottom) The scales appear at different sites and
appear either with a spherical or triagonal shape. The scales are aligned to form ordered elements which define the direction (a).
They are built up by polymer cords running in the direction of . The image can be described as a synthesis of 4A and 4B (510

nm, —0.72 V, 0.5 nA).

are no longer polymer cords as observed in Figures 2.
In Figure 6A we notice a relationship with the structure
of Figure 4C, but the surface shows no spherical or
triagonal scales. The structure is dominated by flakes
which show only a weak orientation. There are further
similarities which become evident by a comparison of
Figure 6B and Figure 3D. In Figure 6B ellipsoidic
shaped scales are evident which are built up into rolls
aligned to run along the direction a. Some segments
or scales (e.g. A) show a fine structure which is along
the direction of . Triangular-shaped structural ele-
ments do not exist.

High-Resolution Measurements. For BBB films an-
nealed to 900 K and BBB films annealed to 980 K we
have been able to perform high-resolution measure-
ments at several sites of the samples. Figure 7 shows
data for the low-temperature phase with the best
achievable resolution. The image is recorded from the
middle part of Figure 4C and reveals a complex surface
of more or less well ordered structural elements: these
elements show an orientation in the direction of a. A
frequently occurring structural element on the surface
is indicated H, which shows a scale with a diameter of
about 3.5 nm. We would like to focus on a further detail
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Figure 5. Histograms of the cord-width distribution. (A, top)
The distribution of the precursor-like structure obtained from
Figure 2A. The curve is continuous between 4.0 and 11.0 nm.
The average cord width is about 7.3 nm. (B, middle) Taken
from Figure 2B, showing a distribution of smaller cord widths
ranging between 3.5 and 9.0 nm. The average width is
reduced to about 5.7 nm. (C, bottom) Data taken from Figure
4B. The cord widths range between 3.0 and 5.0 nm and show
an average width of about 4.2 nm.

indicated with A. The arrows A are pointing to some
parallel structure. The distance between the arrows
corresponds to the corrugation width and amounts of
0.47 nm (£0.02 nm). This distance is significant and
rather uniform within this detailed micrograph.

As a consequence of the smaller dimensions sampled
in these micrographs, the tip-induced artifacts may
contribute and cause artificial structures. However,
double- or multiple-tip images as well as resonances in
the feedback loop appear usually along the direction of

Munz et al.

Figure 6. STM micrographs of a BBB film on a Si wafer
annealed to 980 K. (A, top) Characteristic structure of BBB
films annealed to 980 K. The structure is built up by flakes
which are rather similar in size. The flakes show a weak
orientation along (a). 1-Dimensional polymeric structures no
longer occur and have been transferred into 2-dimensional
planar features (510 nm, +0.62 V, 1.0 nA). (B, bottom) Second
structural element. The surface shows rolls consisting of
segments A in a uniform orientation (a). They have a weak,
fine structure oriented along & (510 nm, +0.60 V, 0.9 nA).

the scan which is not the case in the images of Figure
7. We also find the width of the corrugation to be
independent of the scan size, which is a further indica-
tion that the imaged structures do correspond to the real
space topology. The image of the high-temperature
phase of Figure 8 is recorded from the middle part of
Figure 6A. At first glance the structure seems to be
very similar to that recorded on the low-temperature
phase (Figure 7). The surface also consist of scales (H)
or flakes with diameters of 3—5 nm showing a corruga-
tion with the main direction of @. The corrugation width
(distance between the (A) arrows) is about 0.24 nm
(£0.02 nm).
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Figure 7. High-resolution image of the low-temperature
phase BBB annealed to 900 K. The micrograph reveals the
molecular corrugation of the polymer with an orientation in
the direction of @. The A arrows indicate the corrugation width
within the polymer structure which is about 0.5 nm. (16.0
nm, —0.35 V, 0.3 nA).

Figure 8. High-resolution image of the high-temperature
phase BBB annealed to 980 K. The image shows the raw data,
the surface shows corrugated flakes (H) with diameters of
about 3 nm. a indicates the main direction of the corrugation.
The corrugation width (distance between the A arrows) on a
scale (H) is about 0.23 nm (16.0 nm, 0.0 V, 0.4 nA).

XPS/UPS Measurements. In the context of our
comparative STM-XPS/UPS studies we would now like
to focus on the changes which appear in the XPS and
UPS spectra induced by annealing and in particular to
those which occur around the structural transition at
temperatures near 950 K. In Figure 9A the Nls
spectrum of a BBB-film annealed to 980 K is displayed
which shows two clearly resolved components with
binding energies at 398.7 and 400.8 eV. This remark-
able emission pattern is observed at all temperatures
except immediately after preparation of the films at
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Figure 9. (A, top) XPS Mg Ka spectrum in the N1s range
taken from a BBB film after annealing to 980 K. (B, bottom)
The intensity ratios of the N1s and C1s core levels are plotted
as a function of the annealing temperature. The ratios are
determined from the intensities in the XPS spectra. N1 and
N2 denotes the two components of the nitrogen emission as
shown in Figure 10A.

annealing temperatures below 400 K. In a detailed
analysis we find that the relative intensities of the two
contributions amount to 0.86. This relative intensity
ratio is stable and does not change with the annealing
temperature.!® Only in a very sharp temperature range
around 950 K is there a small but remarkable change
to 0.63 as shown in Figure 9B. This transition was
observed for several samples investigated and found to
be independent of the substrate used (Pt foils or Si
wafers with natural oxides).!® This distinct change is
also observed for the relative intensities of the Cls and
the N1s core levels (Figure 9B). The N/C ratio is 0.125
and varies at the transition temperature to values below
0.1. Consequently, the XPS intensity ratios reveal that
two phases exist which can be identified by their
different Cls and N1s relative intensities. In both
phases the relative intensities are close to the ideal
stoichiometric values of the films. For annealing tem-
peratures below 950 K the emission at lower binding
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Figure 10. (A) Valence-band UPS (Hell) spectrum of a BBB
film annealed to 1120 K. (B) Range next to the Fermi edge
displayed for films annealed to different temperatures for the
Hel spectra. For comparison the metallic Fermi edge of a clean
Ag foil is also shown. The size of the pseudogap is indicated
in the figure.

energy (398.7 ¢V) dominates. The emission at higher
binding energy (400.8 eV) cannot be resolved for tem-
peratures below 400 K. At annealing temperatures over
950 K its intensity decreases more strongly than that
of the main emission at 398.5 eV. In a microscopic
picture, the XPS spectra of the Nls emission give
evidence that there are two different N species in the
BBB films. In the UPS data the structural transition
is most marked. Below the transition there is an n-type
doping as indicated by the distance of the VBM relative
to Er (Figure 10). The DOS increases only negligibly
up to 970 K, whereas above the transition there is a
finite DOS in the gap up to the Fermi energy, indicative
of a metallic state. In Figure 10 the valence band of a
BBB film annealed to 1120 K is shown (A). Thereis a
pronounced emission in the range about 6 eV which is
typical of C2p bands and of aromatic n-systems. In
addition, there is a weak band which extends towards
the Fermi energy Er. In the lower part we show the
region close to Er in more detail for a sample which has
been annealed at different temperatures in the UHV
system (B). Itis clear that there is a negligible density
of states above 1.5 eV unless the annealing temperature
exceeds 970 K. At temperatures above 970 K, there is
a pronounced emission appearing close to Er, however,
the DOS at Er decreases toward zero in these spectra.

Model Calculations. The shape of the BBB mol-
ecule may be discussed controversially: there may be
a N=COH group rather than a carbonyl group associ-
ated with an open heterocycle, which in turn causes a
twisted molecular structure instead of a rigid planar
configuration like that shown in Figure 11A (quinoid
form). Both structural possibilities could be expected
to result in rather different behavior upon annealing,
as the COH group will allow a partial decomposition
and hence more easily permit a cross-linking between
neighboring polymeric chains.

Munz et al.

Figure 11. Monomeric model of the BBB polymer, derived
from semiempirical MNDO calculations to optimize the geo-
metric and electronic structure. The values of the partial
charge at the nitrogen atoms are indicated (A, top). Helical
arrangement of BBB as obtained after a force-field procedure.
The diameter of the helical chain is about 4.0 nm (B, middle).
Helical arrangements with diameters of up to 10 nm are
possible by using an alternating cis—trans sequence, a se-
quence of which is shown in Figure 11C (bottom).

We have modeled a single BBB molecule to obtain the
monomeric unit of the BBB polymer. Using the geo-
metric optimization of a force-field routine, we in
addition performed semiempirical MNDO38 calculations
to optimize both the structural as well as the electronic
structure by minimizing the energy per bond. Our
calculations thereby lead us to favor the planar quinoide
configuration, although a simple straightforward semiem-
pirical calculation does not account for the various
electronic contributions of neighboring molecules. The
obtained structure is shown in Figure 11A. Itis highly
planar, with the N=CO group incorporated within the
plane of the overall 7-system. The partial charges are

(38) MOPAC, Stewart, J. J. P. QCPE 455, Department of Chem-
istry, Indiana University, Bloomington, IN.
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Figure 12. Model of a polymer strand consisting of four coiled
fibers (A) and of its first unravelling step (B).

also determined from the MOPAC subroutines. They
do indeed show that the two nitrogens are quite differ-
ent. The charges on each amount to 0.16e—0.07e.

With this optimized monomeric structure, we have
tried to find the most probable helical arrangement of
a BBB polymer, using force-field routines. For a planar
arrangement and an all-trans sequence, a linear poly-
mer is obtained within the force-field optimization.
Nevertheless, if we allow neighboring monomeric units
to be twisted with respect to each other, we do obtain
helical structures. We find the smallest helical diam-
eter to occur for an arrangement in which the individual
monomeric units are twisted by 6° as displayed in
Figure 11B. Further arrangements with a larger di-
ameter of the helix can be obtained by using an
alternating cis—trans sequence of the N or C=0 groups.
The diameter of the helix depends on the details of
conformational arrangement of subsequent monomeric
units. It is smallest for the arrangement given in Figure
11B and becomes largest for an N-trans,O-cis arrange-
ment. For the latter structure the diameter amounts
to about 10 nm (see Figure 11C). In conclusion, a helical
structure can be rationalized to originate from a non-
planarity within the monomeric structure. Also, start-
ing from a planar monomere, helical structures can be
built by a small inclination angle between neighboring
molecules.

Discussion

Mesoscopic and Microscopic Structural Transi-
tions and Dynamics. The STM measurements de-
scribed above deal with the mesoscopic and microscopic
structure of a bulk polymer film. Certainly, the scanned
areas in the STM micrographs cover only a small range
of the polymers surface. However, they provide new
information on the dynamics of such polymeric films
which are not available in spectroscopic studies. Spec-
troscopies, on the other hand, give integral information
on the elemental composition and the chemical environ-
ment of the individual atoms, molecules, or functional
side groups.

To explain and understand the great variety of
phenctype structures of the material, we have to find
the main principles of their construction and evolution.
If these principles could be identified, we should have
the possibility of distinguishing between precursor and
intermediate structures which are representative of
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different steps within an evolutionary process. On the
basis of only a few assumptions, we would like to
demonstrate that all observed polymer structures can,
in fact be understood as resulting from the dynamics
within a single evolutionary process. Such structures
should be regarded as precursor or intermediate struc-
tures to the final structure. The latter is achieved after
passing the main structural transition at 950 K and
results in polycrystalline graphitic carbon in an amor-
phous matrix.

For a better understanding of the evolutionary pro-
cesses we have organized our results schematically in
Figure 13. We first describe the structures as precursor
structures obtained after annealing to 900 K. These are
followed by several intermediate structures along the
main routes of evolution (route A and B). We then focus
on the patterns obtained at high lateral resolution. The
intermediate structures are shown to be the starting
point for a 2-dimensional polymerization. Finally, we
discuss the structural transition which occurs upon
annealing to 980 K and the features of the high-
temperature phase. For the discussion of the STM data
we have to assume that there are subtle differences in
the temperature distribution on the samples during heat
treatment. As a consequence we cannot rely on the
temperature measurements alone but have to organize
the patterns to find an evolutionary sequence; with the
advantage that different patterns can be observed on a
single sample.

To describe the individual steps of these transitions
we introduce here some terms: If the monomers poly-
merize then a polymeric chain is created. A helical
polymeric chain is named as a fiber, a coiled fiber as a
strand, and a coiled strand as a string. The term cord
is reserved to express the undefined nature of the
polymeric element.

The Precursor Structure. As a precursor structure we
consider the structural evolution that occurs within the
BBB polymer upon annealing to 900 K. This precursor
structure summarizes the critical parameters of the
BBB polymers starting at the room-temperature po-
lymerization process and the entropically enabled dy-
namics of these low-temperatures annealing steps. Due
to the limited conductivities of such samples and their
surface roughness these structures cannot be probed by
STM. Consequently, the precursor structure we expect
might be either a completely irregular arrangement of
short polymeric strings of BBB or may consist of rather
long polymeric cords with an average length of several
hundreds of nanometers. This precursor structure
should have cord widths large enough to allow for a
large-scale orientation of the individual polymer strands
which should amount to at least 30—40 nm. The size
of such a large string is sufficient to allow a further
reorganization by folding, cross-linking, segmentation,
or decomposition.

There is some evidence for the existence of large
precursor fibers in the observed patterns in the BBB
films annealed below 900 K. We have not been able to
record such a large precursor cord in complete. We
suppose that the rough surface topology associated with
it disables an access by STM. However, we do find a
rudimentary structure which might be an indication for
the existence of such a precursor structure. The cor-
responding STM pattern is displayed in Figure 2B. The
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Figure 13. Schematical description of the structural evolution of the low-temperature phase of BBB films. With increasing
temperature (900—950 K) the evolutionary process of the precursor structures (2A, 2B) can be understood as a general unravelling
of polymer cords. On the precursor level the polymer is purely 1-dimensional aromatic. The polymer creates a matrix of multiple
parallel ordered and coiled strings consisting of polymer chains, fibers, and strands. With increasing temperature within a single
string, unravelling starts. Small differences in this process, caused by different flexibilities of the cords, are due to the creation
of some intermediate structures (routes A and B). Unravelling on the string level leads to structures which were displayed in
Figures 2B and 3A—C. The 1-dimensional ordering is reduced and cross-connecting between the strands and fibers occurs. During
the course of this procedure an increase of interaction between fibers results from the creation of 2-dimensional patterns (Figures
3D, 4A, and 4B). After this unravelling and the creation of 2-dimensional fiber structures, the next step of the evolutionary
process commences by a further increase of temperature (>950 K) and comprises the prime structure of BBB films. The purely
aromatic precursor and intermediate structures (Figures 3D, 4C) are then displaced by the occurance of graphitic structures
(Figure 6A,B) in the course of which the structural transition is indicated.

segmented and wound cord (string, A) on the left side
of the image can be visualized as a rudiment of the
expected precursor structure.

The fact that in these micrographs we observe exclu-
sively strands of different widths suggests that BBB
favors polymerizing in large strands. Indeed, our force-
field calculations support this idea as helical structures
can be rationalized to originate from BBB molecules
which are slightly inclined to each other. For a helical
arrangement the monomeric BBB must not be distorted
itself. Amorphous ranges may also exist but are not
probed by STM. Consequently, the helical precursors
may be minority species.

In this context, there appears another structure which
we believe to be an ultimate consequence of the rudi-
mentary precursor structure. This precursor structure
consists of the very regular arrangement of strands
displayed in Figure 2A. The STM pattern shown in
Figure 2A reveals some promising aspects for the
criteria of a supposed precursor structure. These are
the many fold wound strands consisting of a few fibers
with an almost perfect parallel ordering which indicate
a low interaction between the individual cords. A
statistical cord-width evaluation is given in Figure 5A.
It reveals a homogeneous distribution curve for the

diameters of the observed helices between 4.0 and 11.0
nm with a maximum at 7.3 nm.

In general, there is a low number of defects with the
appearance of cross connections. Nevertheless, we also
find some defects within the otherwise regular pattern.
For example, in the upper left hand part of the STM-
image (Figure 2A) a plaiting of cords can be seen along
the bars (A). Some cords show a segmentation (B) with
furrows running diagonal to the direction of the cord
indicating the helical nature of the strands. A cross-
connection between cords is indicated by an arrow (C).

Two Routes along the Structural Transitions. Start-
ing from the precursor structures (Figure 2) discussed
above, we now wish to describe two routes for the
evolution of the polymer cords. Both routes lead to a
condensation of different intermediate structures and
then finally to the structural transition which is ob-
served around 950 K. The two routes (A, B) of evolution
will be discussed separately.

The first route A is described in a sequence of images
in Figure 3. This sequence starts with the precursor
in Figure 2A and leads to the condensed intermediate
structure in Figure 3D as illustrated schematically in
Figure 13. If the cords of the precursor are ordered
parallel to the surface plane (Figure 2A), an increase of
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temperature may cause an unravelling, and the result-
ing expansion of the cords may then lead to a zigzag
pattern of strands (Figure 3A). Further expansion
results in an unravelling of the subunits and creates
polymer ribbons consisting of parallel fibers with a
smaller diameter. The ribbons may be folded and may
reflect the rudimentary helical character of the precur-
sor cords (Figure 3B). Helical structures will appear
in the STM projection as parallel ordered strands and
characteristic crossing overs, both of which are found
in the described micrographs. If more and more strands
unravel, a complex framework is observed which con-
sists of triangular ordered fibers (Figure 3C). As a
consequence of the unravelling, the polymer fibers are
no longer planar but are lifted and can merge to build
triagonal flakes at the surface which are aligned one
behind the other like fallen dominos. The result of this
process is a new condensed three-dimensional structure
(Figure 3D).

The second route B of the evolution process starts
again in Figure 2. The unravelling of the macroscopic
precursor cords (20—30 nm) leads not to a parallel
alignment to the surface plane but to a dipping in. This
route is also observed and illustrated with the sequence
of images beginning with Figure 2B and followed by
Figure 4. The pattern shown in Figure 4C is the second
of the two observed intermediate structures. This
second route B is based on the same principles deduced
from route A, but the unravelling of the strands does
not start solely at their ends, creating ribbons of polymer
fibers, because they are not aligned parallel to the
surface and so they are less flexible. If the cords dip in
in a parallel orientation a more or less undulating
topology is created (Figure 4A,B).

If a cord consists only of a single multiple wound fiber,
the unravelling process should become energetically
favorable in contrast to cords consisting of more than
one wound fiber. This is possibly expressed in the
generation of some different structures during the
evolution process. The intermediate structure (Figure
4C) can be understood as consisting of all these elemen-
tal unravelling steps.

The described transitions from precursor structures
to aligned patches of polymer chains is a consequence
of the polymer dynamics. With a high mobility of the
polymeric strands, the annealing procedure enables
unfolding and unravelling processes which are not
favored energetically at lower temperatures. We also
like to emphasize that the structural features are
characteristic of bulk polymers and are certainly not
caused by substrate or tip artifacts. The reader may
ask why we argue that the evolutionary processes
described in Figures 3 and 4 is to runs in the described
and not in the opposite direction. Our statement is
mainly based on two facts which can be deduced from
the geometrical structures. First, the polymer strands
and fibers described in the images Figures 2 and 3 were
no longer observable after annealing to 980 K. These
structures must arise from variations occurring after
annealing to around 900 K. Second, there are equiva-
lent structures in the main patterns observed after
annealing to 980 K which indicate that the direction of
the evolution process as here described is correct.

We now will compare the two final patterns of Figure
3D and Figure 4C which describe the evolution along
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routes A and B starting from the precursor structure.
Both reflect the dynamics of the polymer strands and
show that there are several similarities, although the
overall patterns seem to be quite different. The differ-
ent kind of fibers and the different ways of unravelling
might be the main reasons for the creation of spherical
or triagonally formed structural elements. A further
indication is the average distance between the fibers
within the structural elements (scales) of the two
corresponding structures. In the first case (Figure 4A)
the distance is about 3.7 nm and in the second 4.2 nm
in agreement with the semi-empirical calculations
(Figure 4B).

Description of the Structural Transition. With STM
best resolution can be reached if the surface is flat,
crystalline (or at least well ordered) and of smooth
topology, and the material should have a good conduc-
tivity. In contrast to the high-temperature phase, the
low-temperature phase fullfills none of these criteria.
Nevertheless a resolution of the corrugation in the
molecular rage could be achieved.

Below the structural transition molecular resolu-
tion is obtained although the obtained patterns do not
exhibit a significantly long-range order. The high-
resolution measurements on BBB samples annealed to
900 K reveal the existence of ordered polymer structures
with an almost constant distance inbetween. Some of
the imaged structure elements show a helical shape
with a length of 1.5 nm or more. We find that these
would polymer chains are the most prominent features
in these patterns. Their irregular arrangement may be
one of the main reasons for the weak resolution, as the
atomic or molecular corrugation would appear better if
the plane of unwound chains caused a flat topological
surface. The wound shape of the chains is of great
importance for the development of the structural transi-
tion. It reflects the potential of the BBB monomer and
of the assembled polymer to create flexible cords. The
latter are able to generate many kinds of phenotypes.
Thereby, the structural variations become enabled and
may be initiated at defect sites as shown in Figure 2A.

The annealing step at 980 K does not change the
structural properties of the polymer films. As shown
in Figure 6 the observed structures show an obvious
relationship with the end structures obtained after the
previous annealing step to 900 K (Figures 3D and 4C).
The triagonal or spherical elements or scales in the
structure of films annealed to 900 K are almost main-
tained after annealing to 980 K. The main difference
is that the structural elements appear to be glued
together. The manyfold structural transitions within
the evolutionary process of BBB polymer films are based
on the high flexibility of differently would polymer cords
caused by low interaction. This is characteristic of the
intermediate structures. During the evolutionary pro-
cess or by increasing temperature a general unravelling
of the polymer cords occurs. The changes in the cord-
width distributions explained in Figure 5 reflect the
evolution of the polymer structure. The process can be
generally described by its two main properties: First,
the standardization of the cord width leading to higher
order and consequently to an increase of the cord-to-
cord interaction. Second, the tendency to form uniform
cord widths of around 4.0 nm during the evolutionary
processes seems to be a major prerequisite for the
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creation of more stable structural elements. This
behavior again points to a two-dimensional polymeri-
zation. The structure of BBB films has now reached
its highest grade of order on a molecular scale. Thereby
the local order is increased and STM images with high
resolution can be taken. The observed corrugation
width is about 0.5 nm and is of the order of molecular
dimensions.

Beyond the structural transition atomic resolu-
tion is obtained at several patches of BBB films an-
nealed to 980 and 1120 K. Knowledge of the precursor
and intermediate structures, as well as their structural
changes toward a 2-dimensional polymerization below
980 K is a necessary prerequisite to understand the
transition. Due to the increased local order, STM
patterns could be obtained with atomic resolution.
These micrographs reveal that it is the next step of
evolution induced by annealing beyond 980 K which
changes the corrugation in that the corrugation-width
is reduced to 0.23 nm. This value is almost exactly the
measurable corrugation width (by STM) of the atoms
on graphite on the (0001) surface.?®

We conclude that the reason for the structural transi-
tion is in the change of the molecular aromatic corruga-
tion toward the graphitic corrugation and indicates the
onset of carbonization. Our STM patterns obtained for
BBB films annealed to 1120 K support this assumption
as they again show well-corrugated crystalline ranges
with the graphitic corrugation width. However, the size
of the graphitic ranges is increased considerably. We
like to mention that recent scanning force microscopy
and scanning electron microscopy measurements of
polypyrrole films (of about 10 um thickness) revealed
that this polymer also has two main structures. The
first shows large polymer cords which are helical
shaped, the second symmetrical spherically ordered
features.*0

We here summarize that after annealing to 900 K,
BBB is purely an organic material and shows the
properties of a polymer. These are reflected in the
dynamics of the structure and the existence of cords and
helixes, as well as the aromatic corrugation-widths. The
transition at 950 K converts this structure to the high-
temperature phase where the corrugation is no longer
aromatic but graphitic. In this phase, BBB films
resemble more an inorganic material with crystalline
structures which are more typical of glassy carbon® or
pyrolytic polymers,15-19

Electronic Structure. The electronic structure of
the BBB films and the influence of the structural
changes induced by annealing can be summarized by
the XPS and UPS spectra given in Figures 9 and 10. In
the XPS data the existence of the two peaks in the N1s
region indicates that the polymer is stable for tempera-
tures up to 1100 K. Both XPS and UPS data show that
there is a structural transition which occurs after
annealing to around 950 K. We observe a decrease of
the N/C ratio and a significant broadening of the Ols,
N1s, and C1s signals. The UPS data show a Fermi edge
formed above 950 K, indicative of metallic behavior. We
also deduce that BBB behaves as a n-type doped
semiconductor at low temperatures, whereas p-type
doping is usually observed in most organic polymers.35

(39) Binnig, G.; Rohrer, H. IBM J. Res. Dev. 1986, 30(4), 355.
(40) Schmeisser, D.; et al., to be published.
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Stoichiometric Intensities and Stability. The stability
of the BBB monomer can be followed by the N/C ratio
as determined by XPS relative intensities of the N1s
and Cls core levels. For stoichiometric films the ratio
is expected to be 1:9 (0.9); indeed, we found a value of
1:8 (0.125). For films annealed above the structural
transition (950 K) the ratio decreases to 1:13 (0.075).
Nevertheless, the existence and the relative intensities
of the two N species indicate that the BBB unit is at
least partially maintained even after annealing to 1000
K. It also indicates that main parts of the sample are
covered with the amorphous polymeric material, whereas
in some parts planar graphitic domains are formed.
Only the latter are accessible for the STM tip. Thereby,
we are not able to deduce from the Nls and Ols
emission in the XPS spectra whether in these parts
there are nitrogen- or oxygen-containing side groups
incorporated. Certainly these side groups exist in the
polymeric matrix. However, from the high conductivi-
ties we might expect that nitrogen or oxygen may act
as dopants also in the graphitic domains.

Fine Structure of the N1s Emission. In the XPS data
a splitting of the N1s signal of about 2 eV is observed
for all temperatures, except in the unannealed samples
on Ta foil and on Si wafers. It indicates a charge
distribution which might be caused by the different
chemical environments of the two nitrogen atoms.
There are several reasonable explanations for the two
nitrogens atoms to appear at different binding energies.
First, there are different electronegativities which may
be induced by the carbonyl group at the N1 atom. This
effect is likely to be enhanced by the absence of any
double bond at the N1 atom and the absence of meso-
meric charge fluctuations. Second, a completely differ-
ent explanation can be given when the aduction of OH
groups to the N2 atom is considered. In this explanation
the N1 atom contributes to the z-system of the BBB
molecule, whereas the other one is localized at the NCO
group. These two explanations consider different chemi-
cal environments and hence consider the ground-state
properties of the nitrogen atoms probed by XPS.

A further physical origin which may be responsible
for a split signal considers different screening mecha-
nisms for the unequal C—N bonds in the final state.
Different screening is expected to become the core hole
excited in one of the two N atoms is stabilized in the
large n-system. Indeed, there are differences along the
polymerization route as the carbonyl group prevents the
generation of a mesomeric quinoid structure via its
neighboring N atom. The mesomeric quinoide structure
forms a long 7-system including the N2 atoms but not
the N1 atoms. Thereby, a core hole at the N2 atom is
more localized and is less effectively screened. A cross
check with fluorinated samples showed only a single
N1s line.l® Although an assignment as to which of the
nitrogen emissions has disappeared is not possible, this
observation gives direct evidence that due to the missing
second Nl1s level, the split is caused by a charge
polarization resulting from mesomeric double bonds. A
detailed analysis for the fluorinated samples is not
possible as charging problems due to the low conductiv-
ity are inherent in the technique. Here we would like
to discuss whether the mechanism for the split is in the
ground or in the final state. The fact that the split is
not observed on unannealed samples (except on Pt) may
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favor the initial state arguments, as the addition
reaction of a OH group has to be activated and hence
the split should not exist for the room-temperature
sample preparation procedure. On the other hand, the
model calculation described in section 3.3 revealed a
huge difference in the partial charges of 0.2e between
the N1 and N2 atoms. As a consequence, the split must
arise predominantly from the ground-state properties
of the BBB monomer and not from relaxation phenom-
ena which hence are of minor significance.

We therefore believe that in the spectra taken prior
to the annealing procedures adsorbed or incorporated
water is preferentially interacting via the carbonyl
groups and makes the two nitrogen atoms similar to
each other. Annealing removes the adsorbed water and
causes the differences in the partial charges to split the
N1s XPS signal, which is in agreement with the MNDO
results.

It should be mentioned that an uncoiling of helical
BBB strands also may release the NCO groups which
are responsible for the intrachain cross-linking via H
bonds. Thereby the changes in the relative intensities
around 970 K may be rationalized.

Valence Band Spectra. The valence band spectra
provide a further indication of the high thermal stability
of the BBB films. It was found that the Hell valence
band spectra do not change significantly upon anneal-
ing. There is only a general broadening of all structures,
but the main features which are indicative of BBB
monomers are still observable.

In the metallic state of 2-dimensional cross-linked
polypyrrole and polyfuran films, an unstructured emis-
sion pattern with very low intensity has been observed
and is interpreted in terms of a graphitic electronic
structure.8 On the other hand, C2p-derived states with
significant intensities are observed in 1-dimensional
polypyrrole films and interpreted in terms of polaronic
states.” The valence band spectra of BBB films an-
nealed above 970 K are not indicative of unstructured
graphite but their emission pattern in the range close
to the Fermi energy indicates that there must be C2p-
derived states responsible for the considerable intensity.
According to this comparison with polypyrrole films, we
would like to argue that the electronic structure close
to the phase transition is determined by polaronic
states.

The appearance of a pseudogap in these BBB films is
in accordance with polaronic states and a high carrier
density. Actually, the EPR results!!12 indicate that
around the structural transition at about 950 K the spin
density has a maximum and decreases rapidly for
higher annealing temperatures. The transition to a
graphitic state at elevated temperatures (T' > 1120 K)
is also shown in the valence band spectra by the strongly
reduced intensity near the Fermi energy.

The absence of a metallic Fermi edge is associated
with the appearance of a pseudogap in the density of
states at the Fermi level. Again this finding is similar
to the UPS results obtained for highly doped polypyrrole
films and is interpreted in terms of the appearance of
long-range Coulomb interaction between the polarons.
From the size of the pseudogap the ratio of U/W can be
determined directly.

Conductivities. The conductivity of BBB films
indicates two different regions with regard to the
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changes upon the annealing procedures.!! There is a
strong increase in the conductivity of the materials
annealed close to the transition, whereas for films
annealed to higher temperatures, the conductivity is
high (50 S em™1) but no longer changes significantly
upon annealing.

In the range below the structural transition the
increase of the conductivity may be assigned to a cross
polymerization via additional OH groups which are still
present in the films because of the polymerization
process in water. Such a cross connection is enabled
by the different partial charges at the two unequal
nitrogen atoms which may be even enhanced by OH
groups. A cross polymerization would induce a charge
separation in the BBB monomers. This process may be
visualized as a doping by polarons in the already
existing 1-dimensional ladder-type polymer. Such
mechanisms are well-known to occur in conjugated
polymers, e.g., polypyrrole and polyacetylene are known
to enhance the conductivity by several orders of mag-
nitude.35

However, there are some differences, such as in BBB
an OH group induces an extra electron corresponding
to n-type doping. An n-type doping is actually reported
for low doping levels,!! whereas at high doping levels
the doping is p-type doping. Otherwise, not only OH
groups but any structural defect may be stabilized by
electron—phonon interactions in a polymeric material.
Most of such defects cause a p-type polaron, and we are
here led to assume a high degree of structural defects
within the films by our STM micrographs. If we assume
structural defects to be stabilized as polarons, then these
will cause the conductivity increase in the p-type doping
region. Furthermore, heavy polaron doping causes a
broadening of the polaron bands which finally leads to
a metallic DOS. Such a description is in accordance
with the findings for polypyrrole.3®

The different charge distribution of the C—N bonds
allows the formation of a 2-dimensional network with
the observed metallic density of states. In this state,
an estimate of the actual carrier densities from the
width of the pseudogap can be derived. It should be
noted that the doping by polarons is not associated with
the structural transition but that the transition to a
2-dimensional graphitic structure is responsible for a
2-dimensional conductivity which no longer causes an
significant increase upon annealing to higher tempera-
tures. In the electronic structure probed by the UPS
valence band spectra a graphitic DOS has a very low
intensity and an unstructured emission pattern. We are
therefore not able to distinguish between the appear-
ance of a pseudogap and the appearance of the 2-di-
mensional graphitic phase. In films annealed to tem-
peratures above 1120 K, the conductivity is determined
by the size and distribution of 2-dimensional domains
with a graphitic structure.

Summary

We have studied changes in the electronic and real-
space structures of BBB films after annealing between
900 and 1100 K. A direct comparison of the different
techniques provides complementary informations, al-
though the films are polycrystalline at all temperature
treatments. In addition, the electronic structure and



2302 Chem. Mater., Vol. 6, No. 12, 1994

the presence of helical arrangements are confirmed by
semiempirical model calculations.

Only at temperatures above 1000 K is the formation
of graphitic domains evident in STM patterns as well
as in the electronic structure. For films annealed to
lower temperatures, the STM provides a microscopic
view and has a sufficient molecular resolution for
discerning smooth ranges, whereas photoelectron spec-
troscopy can also probe the surrounding amorphous
ranges. The STM micrographs allow us to conclude that
an irreversible structural transition occurs when the
films are annealed at temperatures up to 980 K.

In the electronic structure that transition is shown
in the relative XPS intensities, while in the valence
band data there is a change from a semiconductive to a
metallic-like DOS. The structural transition is associ-
ated with the formation of 2-dimensional graphitic
domains with a characteristically low DOS near Er. The
structural transition at 950 K also shows up in the
conductivities and EPR data.ll!2 At low temperatures
polaronic defects cause an increase in the conductivity
which remains almost stable above the transition
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temperature. The spin density initially increases due
to the existence of polaronic states but then decreases
above the transition due to the increasing number of
2-dimensional graphitic domains.

The transition is shown in the STM data as a change
from a molecular corrugation to an atomic corrugation
which can be determined by the graphitic C—C dis-
tances.

There are several precursor structures which are
formed upon annealing to temperatures below 950 K
and which reflect the high dynamics involved in an-
nealed polymeric films. The precursor structures ini-
tially from a large helical strand, which with increasing
temperature shows an increasing number of defects. At
such defects, the formation of fish scales commences
either at unwound or cross-linked helical subunits; these
have an average diameter of around 70 nm and a
2-dimensional arrangement of neighbored BBB fibers.
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