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Polaron formation in conjugated polymers has a major impact on their optical and electronic properties.

In polyphenylene, the molecular conformation is determined by a delicate interplay between electron

delocalization and steric effects. Injection of excess charges is expected to increase the degree of

conjugation, leading to structural distortions of the chain. Here we investigated at the single-molecule level

the role of an excess charge in an individual oligophenylene deposited on sodium chloride films. By

combining sub-molecular-resolved atomic force microscopy with redox-state-selective orbital imaging, we

characterize both structural and electronical changes occurring upon hole injection. While the neutral

molecule exhibits a delocalized frontier orbital, for the cationic radical the excess charge is observed to

localize, inducing a partial planarization of the molecule. These results provide direct evidence for self-

trapping of the excess charge in oligophenylenes, shedding light on the interplay of charge localization and

structural distortion.

DOI: 10.1103/PhysRevLett.125.176803

Excess charges in dielectric solids tend to localize as
small polarons, due to self-induced potentials resulting
from strong carrier-lattice interactions [1-5]. In conjugated
polymers, excess charges induce local distortions of the
molecular structure [6] and the appearance of polaronic
states in the band gap [7]. The formation of in-gap states
strongly affects the optical and the electronic properties of
conjugated polymers [6,8]. In poly(p-phenylene), despite
conjugation favors a planar configuration by maximizing
the orbital overlap between adjacent p, orbitals, steric
effects arising from repulsion between the orthohydrogens
induce a twist away from the planar conformation. Once a
charge is injected, the torsional angle between adjacent
phenyl rings is reduced, reflecting an energy gain upon
orbital delocalization [6,9-11]. Because of the delicate
interplay between conjugation and structural distortion, this
class of nonrigid compounds provides a convenient plat-
form for examining charge localization in conjugated
polymers. However, the degree of polaron extension
predicted by theoretical calculations strongly depends on
the approach [12—14]. While pure density functional theory
(DFT) functionals overestimate the charge delocalization
[15], hybrid DFT [16], and semiempirical Hartree-Fock
[17] methods yield the formation of well-defined polarons.
Further, the accuracy of the different approaches in pre-
dicting the polaronic character of the charge carriers seems
to depend on the type of system under study [9]. Moreover,
despite that electron nuclear double resonance spectro-
scopy [18,19] has been used to study charge delocalization
in thin films of conjugated polymers, a direct experimental
access to the spatial extension of polaronic states in
individual oligophenylenes has remained out of reach. In
particular, the presence of a polarizable substrate, or polar
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solvents, is expected to play a role in further determining
the degree of charge localization [20]. Here, we studied the
effect of hole injection on the structure and electronic
properties of an individual oligophenylene, namely, para-
sexiphenyl (C3cHyg, 6P), deposited on NaCl films. While
noncontact atomic force microscopy (AFM) allows resolv-
ing the molecular adsorption geometry and mapping the
excess charge distribution, redox-state selective orbital
imaging provides direct evidence of orbital localization.

Experiments were carried out with a low-temperature
scanning tunneling and atomic force microscope (STM/
AFM) equipped with a qPlus tuning fork [21] (resonance
frequency f, ~ 29.1 kHz, spring constant k = 1.8 kNm™!,
quality factor Q~3x10% in ultrahigh vacuum
(p ~2x 107" mbar) and at a temperature of 7 K. As
substrates we used a Cu(111) single crystal covered with
different thicknesses of NaCl. The molecules were depos-
ited onto the sample kept at ~8 K inside the microscope.
Bias voltages are given as sample bias with respect to the
tip. Positive constant-height offsets Az correspond to a
distance increase with respect to the STM/AFM set point
above the NaCl. For single-electron alternate charging
scanning tunneling microscopy (AC-STM) experiments
[22], ac voltage (V,.) pulses were produced by an arbitrary
waveform generator (Agilent 33522A) and fed to the
microscope head through semirigid coaxial high-frequency
cables. V. values are given in volts peak to peak (V).
Orbital calculations were performed using the ORCA
(4.0.1) program [24]. The B3LYP density functional, in
combination with the correlation-consistent double-zeta
(cc-pVDZ) basis set, was used.

The chemical structures of the neutral (6P°) and cationic
(6P") molecules are shown in Fig. 1(a). In the cationic
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FIG. 1. (a) Chemical structures of neutral (top) and three
resonance structures for the cationic species of 6P. For the
cationic radical, a transition to a quinoid structure is directly
linked to the separation of hole and unpaired electron, as is
highlighted in red. (b) Calculated HOMO contour of
gas-phase 6P,

radical, the positive charge induces a local transformation
of the structure [9], from benzenoid to quinoid. However,
since the delicate balance between conjugation and struc-
tural distortion is not captured in the Lewis resonance
structures, the actual extension of the charge distribution
cannot be easily predicted. As a result, while the highest
occupied molecular orbital (HOMO) of the neutral gas-
phase molecule [Fig. 1(b)] is expected to be delocalized
over the entire molecule, upon hole injection the spatial
distribution of this orbital, becoming singly occupied, is
a priori not known.

We first investigated the adsorption geometry of indi-
vidual 6P molecules once deposited on a NaCl surface.
Adsorbed on a two monolayer (ML) thick NaCl, the
molecules maintain the neutral charge state, as
indicated by the absence of scattering of the interface
state in scanning tunneling microscopy (STM) images [25]
(see Supplemental Material [26]). AFM with CO-
functionalized tips [23,27,28] has been employed to
characterize the adsorption configuration of the 6P° on
NaCl(2ML)/Cu(111). Figure 2(a) shows a map of the
cantilever’s frequency shift (Af) acquired at a relatively
large tip-sample distance. The contrast is dominated by
features at negative Af values, corresponding to attractive
van der Waals (vdW) interactions. Despite the long-
range nature of these interactions, the image exhibits
submolecular features, suggesting a nonplanar adsorption
configuration. This is in line with previous studies
of conjugated oligophenylenes deposited on weakly
interacting substrates [29-32]. At closer distances
[Fig. 2(b)], less attractive features emerge, corresponding

to bonds that emerge further towards the tip than other parts
of the molecule [33—-35]. Because of the low temperatures
and the adsorption on the NaCl surface, the phenyl rings
cannot freely rotate against each other such that 6 P exhibits
a defined axial chirality and a racemic mixture of two
enantiomers is expected on the surface. Despite the non-
planarity of 6P, which prevents resolving the entire
molecular geometry by constant-height AFM imaging,
the vertical imaging method allows extracting information
about the three-dimensional structure [33,34,36]. This
approach, based on force-distance spectroscopy, enables
the acquisition of data at closer tip sample distances z than
in constant-height imaging and therefore provides infor-
mation about lower-lying structural features. We exploited
this approach to estimate the value of the torsional angle 6
[Fig. 2(c)]. A vertical image [Fig. 2(d)] has been acquired
along the C-C bonds parallel to the long molecular axis [see
direction indicated in the inset of Fig. 2(e)]. Figure 2(e)
shows the frequency shift Af as a function of tip height z
acquired above the center of the C-C bonds of the tilted
phenyl rings. By determining the tip height z*, at which
Af(z) is minimal, it is possible to estimate the height
difference between the C-C bonds lying closer to the
substrate and the ones pointing out toward the tip. A value
of Az* 0.7 A is obtained [Fig. 2(e)]. Given the distance
between two parallel C-C bonds in a phenyl ring being
2.4 A, 0 can be estimated to be ~34°. This is in rough
agreement with the value of 40° determined for
gas-phase 6P° by semiempirical Hartree-Fock calculations
[9]. Because of the absence of dipoles along the 6P, no
influence of the junction’s electric field is expected on the
molecular structure. Instead, a decrease of torsional angle is
likely, due the attractive adsorption potential, which tends
to flatten the molecule, being partially compensated by the
tip’s attractive force. In addition, the experimental pro-
cedure is expected to slightly overestimate 6. In fact, at
closer tip-sample distances, a larger attractive background
force may shift the z* value towards lower values, exag-
gerating the apparent 6 value.

To study the effect of an excess charge on individual 6P,
the molecules have been deposited on NaCl films exceed-
ing 20 monolayers, which enable charge-state control [37].
Figure 3(a) shows a Af spectrum as a function of the dc
bias (V4. acquired above an isolated 6P molecule.
A sudden change in Af(V) at V4 ~—3.4 V indicates a
charge-state transition [37,38], corresponding to the first
reversible oxidation of 6P. Figure 3(b) shows a constant-
height AFM A f image acquired in the cationic state close
to this transition (V4. = —3.45 V). While in most of the
image the molecule is positively charged (6P™), spikes are
present in the center (highlighted by an arrow), resulting
from stochastic tunneling events [38]. These features
indicate that discharging occurs preferentially when the
tip is roughly above the two inner benzene rings [Fig. 4(c)].
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(a),(b) Constant-height AFM Af images of 6P° on NaCl1(2ML)/Cu(111), acquired with a CO-functionalized tip at Az = —0.9

(a)and Az = —2.6 A (b). Azis given with respect to opening the feedback loop at an STM set point of / = 0.6 pA, V = 0.12 V above
the clean NaCl surface. AFM oscillation amplitude, A = 1 A. (¢) Model of gas-phase 6P, where the torsional angle (0) is indicated.
Gray and white spheres represent carbon and hydrogen atoms, respectively. (d),(e) Determination of the torsional angle for 6P
(d) Vertical image of 6P acquired with a CO-functionalized tip along the direction indicated in the inset of (e). The white crosses in
(d) mark the minimum (z*) of each Af(z) spectrum. (¢) Af(z) spectra acquired above the tilted phenyl rings. Inset: an arrow indicates
the direction of the vertical image, superimposed to the panel (b). (d),(e) The feedback was opened at an STM set point of / = 1.5 pA,
V =0.30 V. A background Af(z) spectrum acquired on the bare NaCl surface has been subtracted from all spectra in (d),(e).

This provides a first indication that the hole localizes at the
center of the molecule.

To further investigate this behavior, we imaged the
molecule in both the neutral and the cationic states.
Figures 4(a)-4(b) show constant-height AFM Af images
acquired with a metal tip apex. By choosing a V. value
below the charging threshold (V4. = —3.20 V), the Af
map in Fig. 4(a) corresponds to the neutral molecule. The
contrast closely matches the one obtained with a CO tip on
the thin NaCl films [Fig. 2(a)]. Upon hole injection
(Vge = —3.55 V), a less attractive contrast is detected at
the center of the molecule [Fig. 4(b)]. This feature extends
for ~10 A along the main molecular axis, roughly match-
ing the length of two adjacent phenyl rings. To interpret
such change in the contrast, one has to consider the
different force contributions which determine the AFM
signal. In the A f maps in Figs. 4(a)—4(b), which have been
acquired at rather large tip-sample distances, the Af
contrast is dominated by a sum of vdW and electrostatic

contributions [23,39,40]. Since for metallic tips at these
distances [Figs. 4(a)—4(b)], the distance dependence of A f
is strictly monotonic, the less attractive Af feature in the
center of the molecule could indicate an increase in the
tip-molecule distance, pointing towards a (partial) plana-
rization of the inner benzene rings. However, as shown in
Fig. 3(a), charging leads as well to a less attractive Af
signal [40], possibly indicating charge localization towards
the center. For this reason, disentangling structural relax-
ations from the excess charge distribution in AFM images
is not straightforward.

To determine the spatial extension of the charge dis-
tribution, we performed AC-STM, which allows charge-
state controlled orbital imaging of single molecules [22].
The AC-STM contrast can be directly related to the density
distribution of the molecular orbitals [41], providing direct
information on the spatial extension of the excess charge
[22]. Figure 4(c) shows a map of the 0 — 17 transition,
corresponding to the HOMO distribution of 6PY. The
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FIG. 3.

Charge-state
NaCl(> 20 ML)/Cu(111). (a) Af(Vy.) spectrum acquired on
an isolated molecule (A =1 A, Az =—-2.5 A). (b) Constant-
height AFM Af image acquired with a metal tip apex
(Vae=-345V, Voo =0V, A=1A, Az=-27A). Az is
given with respect to opening the feedback loop at an AFM
setpointof Af = 1 Hz, V4. = 0 V above the clean NaCl surface.

manipulation of 6P on

image indicates a delocalized orbital, exhibiting two
pronounced features at the termini, in agreement with
the simulated image (Supplemental Material [26]). Upon
probing the inverse charge-state transition (17 — 0), the
contrast appears to be much more localized towards the
center of the molecule [Fig. 4(d)]. Notably, the change in
the contrast observed in the AFM A f image upon charging
exhibits a similar degree of localization as in the AC-STM
image [Fig. 4(e)]. This observation suggests that the change
in the contrast of the Af channel is related to the spatial
distribution of the excess charge [37,42]. However,
structural distortions are likely to occur due to the delicate
interplay between geometry relaxation and -electronic
structure in oligophenylenes [8,9]. Charge screening in
the NaCl gives rise to further stabilization [39], possibly
inducing structural relaxations in the molecule [43,44].
Since the excess charge in the 6P is likely to be screened
within the first few layers of NaCl [38], no strong
polarization at the NaCl-metal interface is expected. In
the AFM difference image (see Supplemental Material
[26]), a less-attractive contrast can be seen in the center.
Since features are mostly located at the protruding sides of
tilted benzene rings, rather than resembling the orbital
image [Fig. 4(d)], the Af signal in the difference image
indicates an inhomogeneous distribution of the torsional
angle in the 6P". However, despite that AFM with

Af(Hz)
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0
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FIG. 4. Charge-state controlled imaging of 6P on
NaCl(> 20 ML)/Cu(111). (a),(b) Constant-height AFM Af
images: 6P° [(a) Vg = —320V, V. =0 Vo, Az = =27 Al
and 6P [(b) Vg = =3.55V, Voe =0V, Az = =27 Al (o),
(d) Constant-height AC-STM  images: 0— 17 [(c)
Vie==325V, Ve =140V, Az= —2.5°A]; 1" =0 [(d)
Vie = =332V, V,e = 1.40 V,,, Az = 2.7 A]. All the images
have been acquired with the same metal tip apex and A = 1 A.
Az is given with respect to opening the feedback loop at an AFM
set point of Af = —1 Hz, V4 =0V above the clean NaCl
surface. (e) Line profiles of AFM (top) and AC-STM (bottom)

images.

CO-functionalized tips has been recently exploited to
precisely detect conformation changes [44], the inhomo-
geneous spatial distribution of the excess charge poses a
challenge to disentangle structural contributions from
electrostatic ones, hindering a quantitative determination
of the structural changes [22].

Now we turn the discussion to the extension of the
polaronic state. The orbital localization observed for the
6P [Fig. 4(d)] may—at first glance—come as a surprise,
because of the expected increase in the degree of overall
conjugation upon charging and a stronger conjugation
being often accompanied by a more delocalized orbital
distribution. However, for such kind of conjugated
polymers, due to the delicate interplay of conjugation
and torsional angle, conjugation and delocalization do
not generally coincide. From tight-binding band-structure
considerations, as long as all benzene rings feature an
equivalent geometry, the frontier orbitals display equal
weight along the phenyl chain (disregarding end-state
effects). Localization, instead, requires removing the
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equivalence of the phenyl units (in terms of mutual overlap
integrals), which is the case for 6P having different
torsional angles. Gas-phase semiempirical Hartree-Fock
calculations predicted a partial planarization of the 6P [9].
This is in good agreement with the observed AFM image
contrast [Figs. 4(a)-4(b)] (see Supplemental Material [26]).
Nevertheless, in our experiments the possible role of the
dielectric environment has also to be considered. In fact, the
formation of a polaron at the molecule-NaCl interface can
cause a localization of the electronic wave functions [22].
While the HOMO of 6P° extends for ~30 A [Fig. 4(c)-
4(e)], for the 6P™ the excess charge localizes in a region of
~13 A (see Supplemental Material [26]), in agreement with
the polaron extension predicted by semiempirical Hartree-
Fock calculations of gas-phase molecules [9]. This may
indicate that the charge localization given by the strong
intramolecular relaxations dominates over the contribution
given by the polaron formation in the underlying ionic
substrate.

In conclusion, by combining sub-molecular-resolved
AFM with charge-state-selective orbital imaging, we stud-
ied structural and electronic changes occurring upon hole
injection in a prototypical oligophenylene deposited on
NaCl films. While the neutral molecule exhibits a delo-
calized frontier orbital and a homogeneous distribution of
torsional angles between the adjacent benzene rings, for the
cationic radical the excess charge is observed to localize
towards the center, inducing a partial planarization of the
molecule. These results provide direct evidence for orbital
localization upon polaron formation in conjugated oligo-
phenylenes, paving the way to the study of the distribution
of excess charges in extended conductive polymers.
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