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harge transport in conjugated poly-
Cmeric chains is formulated in the

frame of nonlinear excitations that
are introduced through doping.'”® The
dopant states may enhance charge trans-
port by several orders of magnitude."** In
general, these nonlinear excitations create
midgap or low-energy states inside the gap
of parent polymers, which effectively facil-
itate the charge transport. The signatures
of these midgap states, for example, a
reversed spin-charge relationship of the
topological soliton, wave function exten-
sion, and one-dimensional mobility, have
been probed using various experimental
techniques.®'® However, all the techni-
ques used so far collect an average signal
of the ensemble of polymer samples but
are unable to provide direct real-space
resolution of individual dopant states. This
limitation leaves some important issues
doubtful or under debate as the ensem-
ble-averaged signals can be misleading.
Here we report on real-space visualization
of individual dopant states in single con-
jugated oligomers of poly-para-phenylene
(PPP) using scanning tunneling micro-
scopy (STM). We find these states are de-
localized with a typical spatial extension of
~4 nm where they deform the molecular
backbone and significantly alter the elec-
tronic characteristics of the parent oligo-
mers, in particular, creating inside the
band gap a shallow level. The origin of
these states is traced to a novel doping
mechanism of dehydrogenation of pheny-
lene. Furthermore, we use STM to charge/
discharge the dopant state and measure
their lifetime. The present results not only
directly verify the predicated signatures of
the self-localized excitations but also de-
monstrate a strategy to characterize and
manipulate individual dopant states in
conjugated polymers with subnanometer
resolution.
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ABSTRACT

Nonlinear excitations associated with dopant states play fundamental roles for charge
transport in conjugated polymers. Here we report on real-space visualization of individual
dopant states in single conjugated oligomers of poly-para-phenylene using cryogenic scanning
tunneling microscopy and spectroscopy. We have found that these states exhibit a typical
spatial extension of 4 nm along the oligomers. In particular, these states create a shallow level
inside the band gap of the parent oligomers. The origin of these states is traced to a novel
doping mechanism of dehydrogenation of the phenylene moiety. Furthermore, we use a
scanning tunneling microscope tip to charge/discharge the dopant states and measure their
lifetimes. The present results demonstrate a strategy to characterize and manipulate
individual dopant states in conjugated polymers with subnanometer resolution.
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RESULTS AND DISCUSSION

STM provides unique opportunities to

study single polymers or oligomers owing

to its high spatial resolution."" ~'* Figure 1a

is an STM image showing PPP oligomers

adsorbed on a Cu(111) surface with a typical

length over 50 nm, that is, consisting of

more than 100 phenyl units. Some oligo-

mers exhibit inhomogeneous topographic  «address correspondence to

height, containing low apparent height phnlin@usthk.

FLAH) sections. We. examined ~300 such Received for review January 29, 2012

inhomogeneous oligomers and measured  and accepted March 7, 2012.

the length of the LAH sections. The length

distributi istics d . . b Published online March 07, 2012
istribution statistics drawn in Figure 1 10.1021/nn300428K

shows that the length falls in a range be-

tween 2 and 8 nm while the most popular  ©2012 American Chemical Society
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Figure 1. Dopant states in PPP oligomers. (a) STM image (40 x 40 nm?, 1.0 V, 0.5 nA) showing PPP (inset model) oligomers
containing LAH sections adsorbed on a Cu(111) surface. (b) Length distribution of the LAH sections. (c) Top panel: high-
resolution STM image (—0.1 V, 0.5 nA) showing a LAH oligomer together with normal ones. Bottom panel: line profile of the
LAH oligomer (indicated by red arrows). (d) Spatial map of tunneling spectra (set point, 1.0 V; 0.5 nA; energy is defined with
bias voltage) measured along an oligomer showing modified LDOS at two LAH sections (the STM topograph of the oligomer is

displayed at the bottom).

length is about 4.5 nm. Figure 1c top panel is a high-
resolution STM topograph showing an oligomer con-
taining a LAH section along with several normal ones.
The line profile along this oligomer plotted in the low
panel of Figure 1c shows the LAH section is ~20 pm
lower than the normal parts of the oligomer (note the
normal parts are of the same height as the normal
oligomers). As shown later neither the normal nor the
LAH sections have an appreciable density of states at
the imaging condition of Figure 1c (=0.1 V); the
observed height difference is largely due to topo-
graphic difference. We thus infer the PPP backbones
are deformed at the LAH section. It is worthwhile to
note that the height change from the normal section
to the LAH section is not an abrupt jump but under-
goes a gradual transition in a window of ~1 nm,
indicating that the backbone deformation occurs
progressively.

The electronic characteristics of the oligomers con-
taining LAH section are revealed by acquiring spatially
resolved dI/dV tunneling spectra that reflect the local
density of states (LDOS).'® Figure 1d is a spatial LDOS
map measured along an oligomer that contains two
LAH sections. The normal parts reproduce features of
the normal oligomers reported previously,'? implying
the normal parts behave similarly as the normal oligo-
mers. In particular, there is no apparent state appearing
between 0.8 and —0.8 eV, which signifies a band gap. In
sharp contrast, the two LAH sections exhibit entirely
different characteristics: (1) A new state emerges below
the Fermi level (around —0.5 eV), that is, inside the gap
of the normal oligomers; (2) a set of new states that
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show very strong intensity in comparison with the
conductance band of the normal oligomers lies be-
tween 1.0 and 2.0 eV. These new characteristics evi-
dence that the electronic structure of the LAH sections
significantly deviates from those of the normal
oligomers.

To identify the origin of the LAH sections, we carried
out STM manipulation on single oligomers. First, we
found the LAH sections can be moved along the
oligomers. As shown in Figure 2a, a LAH section was
moved ~3 nm along an oligomer (upwardly) by a
voltage pulse applied at the red dot. Second,
Figure 2b displays that the oligomer at the left side,
which contains a LAH section, was dragged twice on
the surface through tip manipulation as marked by the
yellow arrows. While the oligomer was displaced, the
LAH feature was preserved. These phenomena clearly
indicate that the LAH sections are not associated with
surface defects underneath the oligomers but rather
originate from defects at the oligomer. Next, we found
that applying a voltage pulse may create LAH sections
in nearby normal oligomers as illustrated in Figure 2c.
Note this process is not reversible; an oligomer con-
taining a LAH section cannot be converted into a
normal oligomer by bias pulse. It has been reported
that voltage pulses applied by STM tip may trigger
dehydrogenation of molecular adsorbates.'> We pro-
pose that a similar process occurred here, so, the LAH
sections are associated with dehydrogenation defects
on the PPP backbones. In the sample preparation, we
annealed the samples to different temperatures and
found the LAH sections start to appear above 470 Kand
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Figure 2. STM manipulation on single oligomers. (a) A LAH
section shifts upward after applying a pulse (2.5 V, 10 nA,
0.1 s) at the red dot in the left panel. (b) An oligomer
containing a LAH section is displaced twice by tip drag-
ging (as indicated by the yellow arrows). (c) A normal
oligomer in the left panel is converted to an oligomer
containing LAH in the right panel by a pulse (2.7 V, 30 nA,
0.1s) applied at the red dot in the left panel. (d) STM image
(1.0 V, 0.5 nA) showing the complementary swapping
between the middle oligomer and the right one (all scale
bars: 2 nm).

become more and more abundant with higher tem-
perature annealing. The thermal dehydrogenation of
aromatic systems adsorbed on a metallic substrate has
been reported previously.'* These reactions normally
occur at a higher temperature.'® Interestingly, it was
reported that dehydrogenation of oligo-phenylenes
becomes more appreciable with an increase in the
number of phenylene rings.'”"'® The oilgomers stu-
died here are much longer than the molecules ad-
dressed previously, so the dehydrogenation may take
place at a relatively low temperature. Consistent with
this trend, we found most LAH sections appear at
longer oligomers. The thermal-induced dehydro-
genation is directly confirmed by the formation of
the Y-shape branched oligomers (see Supporting
Information).

Another evidence of dehydrogenation defects is
interchain swapping as shown in Figure 2d: the middle
and the right oligomers switch their configuration in a
highly correlated manner, that is, as the middle one is
atthe LAH state, the right one is at the normal state and
vice versa. The complementary swapping cannot be
attributed to a correlated molecular conformation or
adsorption configuration change since the nearest-
neighboring hydrogen atoms of two adjacent oligo-
mers are ~7.5 A apart, which is too large for any
intermolecular interaction. Rather, the swapping can
be rationalized by an exchange process that occurred
between dehydrogenation and normal oligomers as
follows: a hydrogen (or proton) of the normal oligomer
may jump to the dehydrogenation defect aided by
an intermediate Br atom (cf. the small dots lying in
the gaps between two neighboring oligomers in
Figure 1c'*'®). The back and forth hydrogen (or
proton) transfer gives rise to the complementary
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Figure 3. Switching of the dopant states. (a) Top panel: STM
image (0.5 V, 0.5 nA) showing an oligomer with abrupt
height change (scan direction is parallel to the change
lines). Bottom panel: /—V spectra acquired with the tip
positioned above the dot in the top panel. The black and
red lines were acquired with decreasing and increasing bias
voltage, respectively, as indicated by the arrows. (b) Same
area as panel a scanned at bias voltage of —1.0 V (top panel)
and 1.0 V (bottom panel), respectively. LDOS plots of the
switched oligomer (as marked by red arrows) show that the
shallow state appears in the LAH state. (cand d) STM images
(1.0 V, 0.5 nA) showing interchain swapping by tip-induced
manipulation. (e) Bottom frame: STM topographic height
profiles along the dashed lines before (in black) and after (in
red) the manipulation. Top frame: spatial resolved work
function measured before (in black) and after (in red) the
manipulation. (f and g) Surface-state electron wave scat-
tered by three oligomers before and after switching the
middle oligomer (0.01 V, 0.5 nA). (h) Differential image of
subtracting wave g from wave f.

swapping behavior (detailed discussion in the Sup-
porting Information).

The LAH sections can be switched between a low-
conductance state and a high-conductance state re-
versibly by STM manipulation. An example is illustrated
in Figure 3a where an oligomer shows two abrupt
height changes while being scanned at 0.5 V. The
switching is manifested explicitly in the /—V character-
istics shown in the low panel of Figure 3a. First, the tip
was placed at the position marked by the dot in the top
panel STM image; then bias voltage sweeps between
090 V and —0.75 V were applied to acquire [—V.
Starting from 0.90 V the /—V curve (in black) follows a
low trace and jumps to a high trace at —0.35 V. In the
subsequent backward sweeping, the /—V initially fol-
lows the high trace and jumps to the low trace at
0.65 V. This switching behavior clearly signals that the
LAH section jumps back and forth between high-
conductance and low-conductance configurations.?®
To determine the electronic signatures of the two
configurations, we first set the LAH section at the
high-conductance configuration and measured its
LDOS (Figure 3b top panel); next, we switched it to
the low-conductance configuration and carried out
the same measurements (Figure 3b bottom panel).

VOL.6 = NO.4 = 3404-3410 = 2012 ACNJANC)

VI N

WWww.acsnhano.org

3406



The LDOS maps reveal that the LAH section at the low-
conductance configuration exhibits the shallow state,
whereas the high-conductance configuration does not
have this shallow state. In a controlled experiment, we
performed the same STM manipulation on groups of
normal oligomers and found that the normal ones do
not exhibit such current bistability, which implies that
the bistable behavior is associated with the dehydro-
genated defects.

The bistability of molecular adsorbates on surfaces
has been reported in literature. The switching mecha-
nism includes molecular conformational interconver-
sion,’ molecular rotation,?? hydrogen taotomerization®®
and bistable charge states.**?> Among these processes,
only the charge bistability manifests that the two states
possess distinctive molecular DOS. As revealed in Figure 3b,
the high-conductance and the low-conductance
states exhibit distinctive molecular DOS, hinting that
the observed reversible switching is related to a charge
bistability. (Chemical bonding of the dehydrogenated
site with the substrate atom is ruled out since such
species exhibit very different characteristics. See de-
tailed discussion in Supporting Information.) The char-
ging of organic molecules that are physisorbed on a
metallic substrate is very rare as charge is effectively
screened by the substrate electrons. Note the charge
bistable molecules presented in ref 24 and 25 are
adsorbed on an insulating film. Here the PPP oligomers
are directly adsorbed on the Cu surface, so, the char-
ging of PPP is unlikely. However, dehydrogenated
molecular spices can be stabilized in a charged state
as adsorbed on a metallic surface.® As discussed
previously, it is the dehydrogenated but not the nor-
mal oligomers that undergo the reversible switching,
signifying the charge bistability only takes place on the
oligomers that contain dehydrogenated defects. To
verify the proposed charging mechanism, we mea-
sured the work function of the oligomers. The low
panel in Figure 3e shows the STM topographic height
along an oligomer marked by the dashed lines in
Figure 3 panels c and d. One can see that the section
between points B and C is switched from the low-
conductance state to the high-conductance state by a
tip manipulation. The top panel in Figure 3e displays
the spatial resolved work function measured along the
dashed lines before (in black) and after (in red) the
manipulation. One can see the two curves reproduce
each other between panels A and B, also between
panels C and D, where the oligomer is not changed by
the manipulation. Interestingly, between panels B and
C the work function of the low-conductance state is
higher than that of the high-conductance state. It is
known that work function of a metal surface is en-
hanced by an induced dipole of negatively charged
molecular adsorbates.?’?® So, the work function en-
hancement of the LAH section provides a direct evi-
dence that the LAH sections are negatively charged.
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The surface electron wave pattern scattered by the
oligomers also support the charging of the LAH oligo-
mers. Figure 3 panels f and g show surface-state waves
acquired under the identical parameters around a
group of three oligomers. The oligomer in the middle
was manipulated at the low-conductance state when
acquiring Figure 3f and switched to the high-
conductance state when acquiring Figure 3g (note
the two side oligomers were unchanged). Figure 3h
is obtained by subtracting Figure 3f from 3g. The
subtraction excludes all other influences but only
conceives the effects of the switching. For example,
only the switched oligomer appears as a dark depres-
sion in Figure 3h. The most significant feature of
Figure 3h is that the subtracted surface state displays
ring-like standing wave patterns surrounding the oli-
gomers, which reflects the different scattering strength
of the LAH section.?>293°

In chemical terms, a dehydrogenated defect creates
a free radical and the negative charging may generate
a charged soliton. It is well-known that charge storage
in conjugated polymers leads to nonlinear excitations
(soliton, polaron, or bipolaron) that have delocalized
spin or charge distributions.” The LAH sections exhibit
several key characteristic signatures of the nonlinear
excitations in 1D conjugated polymer: First, the STM-
resolved structural deformation is in consistent with
the predicated structural relaxation associated with the
nonlinear excitations. In particular, it was predicted
that negatively charged PPP takes on a planar
structure,®’ which corroborates the observed LAH
feature. Second, theory predicted solitons in polyace-
tylene or polarons in poly-phenylene-vinylene extend
over eight monomer units.>>** The typical depression
length of ~4.5 nm (10 phenylene units) agrees well
with the predications. In addition, we found that
once a switching occurred, entire LAH sections were
switched, which indicates the LAH sections are enti-
ties that extend along the oligomers. Third, the in-gap
level as revealed by LDOS may correspond to the
shallow states or midgap state associated with the
nonlinear excitons. At the experimental temperature
of 5 K, the LAH sections are immobile. Nevertheless,
the voltage-pulse induced motion as illustrated in
Figure 2a hints that these dopant states may become
mobile with sufficient energy. Unlike normal electron
or hole doping of PPP which results in polaron or
bipolaron, the dehydrogenation somehow resembles
an inverse process of the protonation doping of
polyaniline."* It is worthwhile to point out that the
spatial extension and the shallow in-gap level suggest
that these dopants may effectively enhance the con-
ductivity of PPP or other types of phenylene-based
polymers.

In the following, we present detailed analysis of the
rates of single-chain switching and interchain swap-
ping. In 0.1 V STM imaging (left panel in Figure 4a), the
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Figure 4. Manipulating the charging states of the dopant states. (a—d) Switching of single oligomers: (a) top panel, STM
images acquired at bias of 0.1 and 1.0 V; bottom panel, line profiles of the oligomer marked by red and black arrows. (b) /-t
traces acquired at bias of 0.8 and 1.0 V. (c) Exponential decay of high-state events as a function of resident time at 0.8 V.
(d) Switching rate in the high-conductance state (red), and in the low-conductance state (black) as a function of bias voltage.
(e—h) Interchain swapping: (e) left panel, STM images acquired at 0.1 and 1 V. The dot-like features between two oligomers are
bromine atoms. (f) /-t traces acquired at bias of 0.7 and 0.9 V. (g) Double-exponential decay of high-state events as a function of
resident time at 0.7 V. (h) Switching rate of charging, discharging, and interchain swapping as a function of bias voltage.

oligomer marked by the red line appears as a normal
one, while in 1.0 V imaging (right panel) the same
oligomer appears very noisy. This unstable behavior
indicates that the oligomer experiences a fast switch-
ing process at 1.0 V. To determine the switching rate,
we monitored the current over a period of time (/—t)
under fixed tunneling conditions. Two /—t traces ac-
quired at bias voltages of 0.8 and 1.0 V shown in
Figure 4b reveal in both cases the current jumps
between a high state and a low state. According to
the previous discussion, the high/low state corre-
sponds to the neutral/negatively charged state of a
radical oligomer. So, the fast switching manifests a fast
charging—discharging process. The two /—t traces
behave differently: the current resides longer at the
high state at 0.8 V but shorter at 1.0 V, suggesting the
charging—discharging process is bias-voltage depen-
dent. Figure 4c displays the number of events that
continuously rest at the high state for certain duration
(defined as resident time) decays exponentially as a
function of the resident time. The slope of this expo-
nential function defines the charging rate or inverse of
the neural state lifetime.?*** As summarized in
Figure 4d, the charging rate increases exponentially
with respect to the increasing bias voltage, whereas
the discharging rate decreases slightly with respect to
the bias voltage. This behavior indicates the charging
and discharging must obey different mechanisms: As
the discharging mostly depends on the adsorption
configuration, not the energy of the tunneling elec-
trons, the discharging rate is not very sensitive to the
bias voltage. In contrast, the charging is a process
closely related to the energy of the tunneling electrons
so the charging rate is enhanced dramatically at higher
bias voltages.
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The left panel in Figure 4e is a STM topography
imaged at 0.1 V showing two normal oligomers and
one LAH oligomer (middle). The 1.0 V STM imaging
(right panel) reveals the middle and the right oligomers
swap their configurations. Two /—t traces (Figure 4f)
obtained by positioning the tip above one of the
swapping oligomers exhibit similarly two-level switch-
ing but with a new character: when the current is at the
low state, many short-life switching events (shown by
the spikes in the |-t traces) occur; in contrast, when the
current is at the high state, such short-life switching
disappears. This new behavior becomes evident in
Figure 4g which shows the switching no longer obeys
a simple exponential decay, but rather exhibits two
decaying slopes. Such a double-exponential decay
has been reported in a system associated with two
processes with different rate.3® Here we attribute the
fast process to the charging—discharging of single
oligomers and the slow process to interchain hydro-
gen transfer (note in some scan lines of the 1.0 V
image in Figure 4e both oligomers appear in the high
state. This corresponds to a situation that one oligo-
mer is normal while the other is dehydrogenated
but not negatively charged). Figure 4h displays the
bias—voltage dependent switching rates: the rate
of hydrogen transfer becomes apparent above
1.1V, while the charging/discharging rate follows the
same trends as in the single-oligomer switching (cf.
Figure 4d).

CONCLUSIONS

We immobilized the dopant states in conjugated
oligomers at a cryogenic temperature of 5 K and
used high-resolution STM to examine individual
dopant states. Our data, for the first time to our
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knowledge, directly reveal (1) the characteristic
spatial extension of the dopant states, (2) molecular
backbone structural deformation, and (3) a localized
shallow level within the energy gap of the undoped
parent oligomers. These results provide deep

EXPERIMENTAL SECTION

The experiments were carried out in an ultrahigh vacuum
scanning tunneling microscope system (Omicron) operated at
4.9 K. A Cu(111) single crystal was cleaned by cycles of Ar ion
sputtering and annealing. Molecules of 4,4”-dibromo-p-terphe-
nyl (Sigma Aldrich) were thermally degassed and evaporated
onto the Cu(111) substrate held at room temperature. This was
followed by a 490 K annealing of the substrate to form the PPP
oligomers. The STM topography data were acquired in constant
current mode. The dI/dV signals were measured using a lock-in
amplifier with a sine modulation of 1.5 kHz and a modulation of
15 mV. In LDOS maps, each di/dV spectrum was normalized by
(I/V). The work function data were measured by acquiring I—z
spectra at a specific bias voltage point-by-point along the
oligomers (the determined values of work function was found
to be independent of set point). The STM tip-drag manipulation
was conducted by approaching the tip to the oligomers with a
bias voltage of —2 V, and then laterally moving the tip in a
designed pathway.
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