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Using cryogenic scanning tunneling microscopy and spectroscopy, we investigated cross-linked phenyelene-
based polymers with various branched morphology at a single-molecule resolution.We found that localized states
that are in the band gap of un-branched polymers emerge at the branch junctions. These in-gap states can be shifted
close to the Fermi level through three means: extending the length of branch arms, coupling adjacent branches
in hyperbranched structures, or increasing the number of branch arms. Single-band tight-binding calculations
can reproduce all experimental results and provide quantitative relationships between the energy level shifts and
the branching geometry. Our discovery evidences the emergence and development of in-gap states in the band
structures of conjugated systems with fractional dimensions.
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I. INTRODUCTION

Carbon-based aromatic systems provide a unique platform
for studying electronic structure as well as charge transport
in different dimensions.1,2 At one extreme, benzene can
be viewed as a zero-dimensional object which has a wide
gap between its occupied and unoccupied states. The other
extreme is two-dimensional (2D) gapless graphene. Between
the two extremes, there exist a large variety of structures
exhibiting rich properties, including fullerenes, polycyclic aro-
matic hydrocarbon molecules, one-dimensional (1D) aromatic
polymers,3 nanoribbons,4 nanotubes, and porous graphene.2 In
this wide spectrum, hyperbranched structures show a fractal
topology and represent a transition state from 1D polymers
to 2D graphene. Electronic excitation in these structures
can be spatially delocalized or localized depending on the
branching topology.5 Thus, unraveling the electronic states
of the hyperbranched polymers may shed lights on the band
structure development of π -electron systems from the gapped
1D polymers to the gapless 2D graphene.
Hyperbranched polymers and dendrimers have been syn-

thesized in polymer chemistry and extensively used in
technological applications due to their interesting electronic
properties.6,7 Experimental measurements evidenced that hy-
perbranched topology red-shifts the absorption peak7 signif-
icantly, enhances the conductivity and controls the direction
of electron flow.2,8 Hyperbranched systems have also been
addressed theoretically. For example, it was predicated that
addition of several side branches at a molecule wire produces
a noticeable increase in electron transfer rates;9 branched
topologies show conductance higher than the linear chain
counterparts due to the increase in the band width due to
the additional side groups,10 and the connectivity in branched
polymers may lead to localization of the electronic states
even within the “bands”.11 Particularly interesting is that
these structures are proposed to be used as monomolecu-
lar electronic circuits,12 such as single-molecule transistors,
quantum-interference devices, and spin filters.13–15 However,
the electronic structures of hyperbranched conjugated poly-
mers have not yet been explored experimentally at a single-
molecule level and many theoretical predications could not
be tested directly. In this paper, we report on a systematic
study on single conjugated oligomers with branched topology.

Using scanning tunneling microscopy (STM) and tunneling
spectroscopy (STS) working at 5 K, we discovered that the
branches introduce new unoccupied electronic states that
lie below the lowest-unoccupied molecular orbital (LUMO),
that is, in the band gap, of the unbranched oligomers.
Furthermore, we found that the energy level of these in-gap
states depends on the length of branch arms, the coupling
of neighboring branches in hyperbranched structures, as well
as the number of branch arms of multiarm structures. These
observations demonstrate that the branched aromatic polymers
exhibit electronic characteristics in between the gapped 1D
polymers and the gapless 2D graphene. Our results illustrate a
progressive evolution of the electronic band structures of the
carbon-based aromatic systems in terms of dimensionality.

II. EXPERIMENT AND CALCULATION

The experiments were carried out in a commercial STM
system (Omicron) operated at cryogenic temperature (4.9 K)
and ultrahigh vacuum condition (∼10−11 mbar). A single
crystal Cu(111) sample was cleaned by cycles of Ar+ sput-
tering and annealing to ∼900 K. The precursor molecules
were thermally evaporated onto Cu(111) substrate held at
room temperature and followed a >470 K annealing to
form conjugated structures. The STM topographic data were
acquired in constant current mode. The differential tunneling
spectroscopic (dI/dV) data were acquired using a lock-in
amplifier with a sine modulation of 1.5 kHz at 15 mV. The
dI/dV scans along the molecules were measured at constant
tunneling set point. In the local density of states (LDOS)maps,
each spectrum is normalized by dividing I/V.
The precursor molecule is 4,4′′-dibromo-p-terphenyl,

which contains two Br atoms at the two terminals of a
p-terphenylene as shown in Fig. 1(b). On the Cu(111) surface,
debromination occurs at 300 K catalyzed by Cu adaoms and,
at >470 K, polyphenylene (PP) oligomers are formed.16–18

At higher annealing temperatures, in addition to the chainlike
oligomers, many branched structures are present, as marked by
the red circles in Fig. 1(a). The branched topology is formed via
dehydrogenation of the phenylene moieties. As illustrated in
Figs. 1(b) and 1(c), two types of three-arm branches, Y-shaped
and star-shaped, are formed with a different reaction site.
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FIG. 1. (Color online) (a) STM image (60× 60 nm2; 1.0 V,
0.5 nA) showing PP (inset model) oligomers. The red circles mark
several branched structures. [(b) and (c)] Reaction path of forming a
Y-shaped and a star-shaped three-arm branch, where dehydrogenation
of a phenylene moiety, as marked by the red dots, occurs as an
intermediate step.

Single-band tight binding (TB) calculations were carried
out considering nearest-neighbor hopping.16 Following the
notation of the inset in Fig. 3(c), the Hamiltonian is expressed
as

H = E0

i+j+k+1∑

n

c+
n cn − t

i,j,k∑

n

[c+
n+1 cn + c+

n cn+1]

− t
∑

e

[c+
e c0 + c+

0 ce], (1)

where E0 is the on-site energy and t the nearest-neighbor
hopping integral. The third term corresponds to the hopping
at the branch junction, where site 0 denotes the central phenyl
unit of the branch junction and sites e denote the end
phenyl units of the three branch arms that connect the central
phenyl unit. The same on-site energy E0 (2.9 eV) and the
nearest-neighbor hopping integral t (1.15 eV) were used
in all TB calculations. In the TB calculations, a Gaussian
function was used to simulate the energy broadening (spatial
broadening) with a standard variance of 0.2 eV (2 Å).

III. RESULTS AND DISCUSSION

Figures 2(a)–2(d) show close views of four typical branched
structures and the corresponding structuralmodels: Figure 2(a)
shows a Y-shaped three-arm branch, Fig. 2(b) shows a star-
shaped three-arm branch, Fig. 2(c) shows a hyperbranched
structure which contains two three-arm branches linked via

FIG. 2. (Color online) Close-view STM images and molecular
models of (a) a Y-shaped three-arm branch, (b) a star-shaped three-
arm branch, (c) a hyperbranched structure, and (d) a four-arm branch.
1.0 V, 0.5 nA; all scale bars = 2 nm.

a spacer, and Fig. 2(d) shows a four-arm branch. Notably,
the apparent height of the branch junction sites (imaged at
1.0 V bias) is always higher than the rest of the oligomers. As
indicated by the STM topograph acquired at −0.1 V imaging
condition, the branch junctions are at a similar adsorption
height as the rest parts. Thus, the enhanced apparent height
in the 1.0 V images cannot be attributed to geometric effects
but rather caused by additional electronic states localized at
the branch junctions. In the following, we will present detailed
investigations of the local electronic states of different branch
structures.

A. Three-arm branches

We measured differential tunneling spectra (dI/dV) along
the dashed lines in Figs. 3(a)–3(d) point by point. The obtained
dI/dV spectra are expressed as condensed LDOS maps as
shown in the up panels of Figs. 3(e)–3(h).16,17 In these maps,
the horizontal axis refers to the positions along the dashed
lines in Figs. 3(a)–3(d), the vertical axis refers to energy
defined with bias voltage (the positive energy corresponds
to state above Fermi level, i.e., unoccupied states), and the
color refers to the LDOS intensity. Our previous study reported
that straight or kinked PP oligomers have appreciate LDOS at
energy above 0.8 eV, revealing that the LUMO of the straight
or kinked oligomers lies at 0.8 eV above the Fermi level.16 In
contrast, Figs. 3(e)–3(h) clearly shows that new states below
0.8 eV appear at the branch junctions [hence, the new states
are denoted as branch junction state (BJS)]. As these new
states are below 0.8 eV, we conclude the branched topology
creates in-gap states that are localized at the branch junctions.
Note the Y-shaped and the star-shaped three-arm branches
exhibit no significant difference. It is worthwhile to point
out that similar bound state was detected at the junction of
two intersecting quantum wells in a T-shaped GaAs/AlGaAs
system.19 Recently, Fölsch et al. reported that Y-shaped
branched adatom chains exhibit similar localized low-lying
states.20 It is interesting that the localized low-lying states

FIG. 3. (Color online) (a) STM image of a Y-shaped three-arm
branch. [(b)–(d)] STM images (1.0 V, 0.5 nA) showing three star-
shaped three-arm brancheswith different arm length. [(e)–(h)] (Upper
panels) LDOS maps of tunneling spectra measured along the dashed
lines in (a)–(c), respectively; (lower panels) TB calculated LDOS
along the dashed lines. All scale bars = 2 nm.
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appear as a common characteristic for the atomic, molecular,
and semiconductor branched structures. However, the kinked
atom chains exhibit a localized lower-lying state; while, in
contrast, the kinked PP chains do not show the low-lying
states.16 We will discuss this difference later. The lower panels
in Figs. 3(e)–3(h) show the TB calculated LDOS maps. The
calculated results exhibit a spatially localized state below the
LUMO of the unbranched oligomers and the energy level
agrees very well with the experimental results. Kopelman et al.
reported that the lowest-energy band excitations are localized
at the nodes of branched structures based on the comparison
of the electronic spectra of a family of compact dendrimers.21

Our results directly reveal the electronic localization at the
branch junctions.
Figure 3(b)–3(d) shows three star-shaped symmetric three-

arm branches of different sizes (each has three equally
long arms consisting of three, six, and nine phenyl units in
Figs. 3(b), 3(c), and 3(d), respectively). The corresponding
LDOS maps clearly show that the BJS appears at 0.6 eV
[Fig. 3(f)], 0.4 eV [Fig. 3(g)], and 0.3 eV [Fig. 3(h)],
respectively, revealing a downshift of BJS to Fermi level as
the branch arm length increases. This experimentally resolved
downshift of BJS energy level (EBJS) is reproduced in the TB
calculated results as well [cf. the low panels in Figs. 3(f)–3(h)].
The downshift of EBJS as a function of branch arm length
n of four symmetric branches (the total size of the branch
N = 3n+ 1) is plotted in Fig. 4(a). As reported previously,
LUMO level of straight PP oligomers scales with 1/N (N
refers to the size of the oligomers).16 However,EBJS exhibits a
different dependence on the branch’s size: It decreases sharply
as the branch’s size increases up to N = 19 (n = 6) and then
approaches a saturation value of 0.45 eV for larger N . This
different downshift trend can be attributed to the localization
of the BJS, that is, the BJS is localized around the branch
junction within about five phenyl units soEBJS is insensitive to
further increment of the branch arms when the arms are longer
than five phenyl units; in contrast, in straight PP oligomers
the LUMO states are delocalized, which gives rise to the 1/N
scaling of the LUMO level.

FIG. 4. (Color online) [(a) and (b)] Experimentally measured and
TB calculated energy levels of the BJS (EBJS) plotted versus the
number of units n, where n is defined in the inset. (c) Energy levels
of the BJS plotted verses the coupling function ε (i,j ,k), where i, j ,
and k are the number of units in each arm as defined in the inset.

In addition to the symmetric three-arm branches, we have
investigated totally 27 three-arm branches of various arm
length, including asymmetric arms. All these samples exhibit
in-gap BJS and their energy level EBJS depends on the branch
arm length as well. In general, the longer the arms are, the
lower the EBJS is. This result is consistent with an early report
that dendrimers of similar structure but different molecular
branches’ lengths exhibit a decrease in the band edge energy
with a growing size of the system.21 Figure 4(b) showsEBJS of
the three-arm branches that contain two equally long (denoted
by m) arms depending on the length of the third branch arm
(denoted by n). For two serials of m = 2 and m = 5, EBJS
shows the same shift trend as shown in Fig. 4(a). Interestingly,
for m = 2 serial, even the third arm is very long (n = 10),
EBJS can only approach to 0.55 eV, i.e., 0.1 eV higher than
the saturation value shown in Fig. 4(a). This observation hints
that EBJS depends not only on the total size of a branched
oligomer but more on the length of its shortest arm. Thus, for a
three-arm branch with two long arms and one short arm, EBJS
is more sensitive to the length of the short arm rather than the
long ones. As for asymmetric branches the dependence ofEBJS
on the branch arms’ length shows a more complex behavior,
here we define a coupling function ε (i,j ,k) to describe the
shifting trend of EBJS in terms of the arm length of three
branches:

ε(i,j,k) = δ + α
∑

n=i,j,k

ϕ(n)+ β2
n=m∑

n,m=i,j,k

ϕ(n)ϕ(m)

+ γ 3
∏

n=i,j,k

ϕ(n), (2)

where i, j , k stand for the length of the three arms, respectively,
and

ϕ(n) =
sin

(
π

2(n+2)
)

n + 1 .

In function ϕ(n), n+ 1 defines the length of individual branch
arms including the central phenyl unit, and the sine function
represents the intensity of the LUMO wave function at the
end of the branch arm given the arm is isolated from the
branch junction. The second term in Eq. (2) accounts for the
contribution of individual branch arms to BJS (note the LUMO
level of a straight oligomer is scaled with its length as 1/N ).16

The third and the fourth terms account for the contribution of
the two-arm coupling and the three-arm coupling at the branch
junction, respectively, to the BJS.
The measured as well as the TB calculated BJS energy

levels EBJS of all branches are plotted as a function of the
coupling function ε (i,j ,k) in Fig. 4(c) with δ = 0.44 eV, α =
0.31 eV,β2= 0.6 eV, and γ 3= 14 eV [the blue line represents ε
(i,j ,k)]. One can see the coupling function ε (i,j ,k) reproduces
the general shifting trend of the experimentally observed
as well the TB calculated EBJS fairly well. In the coupling
function, the first term δ (0.44 eV) defines the limit of theEBJS
downshifting. The nonzero δ indicates that there always exists
an energy gap at the branch junction regardless how long the
arms are. The second term gives rise to the observed behavior
that EBJS of a branch junction with two long arms and one
short arm is more sensitive to the length of the short arm. The
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coefficient of the three-arm coupling is larger than that of the
two-arm coupling (γ > β) implies that the three-arm coupling
plays more significant roles than the two-arm coupling in
constructing the BJS. In other words, the observed BJS is
a characteristic feature of the branch topology but not of the
kinked topology. This effect explains the absence of detectable
BJS in the kinked structures because the kinked structures only
have a weak two-arm coupling term.16

B. Hyperbranched structures

Next, we have investigated the hyperbranched structures to
probe electronic coupling of neighboringBJS.Here, to exclude
the effects of EBJS dependence on arm length, we choose
the hyperbranched structures that contain branches with two
long arms (larger than 10 phenyl units) since EBJS of these
branches only depends on the shortest arm [cf. Fig. 4(b)].
Figures 5(a)–5(c) shows three hyperbranched structures, each
containing two adjacent branch junctions linked by a spacer
group. The size of the spacer group is defined by the number of
phenyl unit n as illustrated by themolecular model in Fig. 5(g).
In Figs. 5(d)–5(f), the up panels display the experimentally
acquired and the low panels display the TB calculated LDOS
maps along the dashed lines in Figs. 5(a)–5(c), respectively.
As n = 3, the LDOS maps [Fig. 5(d)] show a ∼0.5 eV state
distributed at the spacer. As n = 1, the spacer is reduced to
one phenyl unit, the LDOS maps [Fig. 5(e)] show a ∼0.35 eV
state localized at the spacer. In an extreme case of n =
0 while the two branches are connected by a C-C single
bond, the LDOS maps [Fig. 5(f)] show a ∼0.3 eV state
localized at the single bond. In all three cases, the energy
levels of the new states are lower than those of the individual
component three-arm branches. We attribute the new states
to an effective electronic coupling of the two BJS of the
component branches via the spacer group.22 To quantitatively
analysis the coupling effect, we define an energy reduction as
	E = E1 + E2 − 2Eh, where E1 and E2 stand for the energy
levels of the BJS of the two component three-arm branches
and Eh the energy level of the hyperbranched structure.

FIG. 5. (Color online) [(a)–(c)] STM images (1.0 V, 0.5 nA; all in
same scale) showing hyperbranched structures with different spacers:
(a) n = 3, (b) n = 1, and (c) n = 0 [n is defined in the inset of (g)].
[(d)–(f)] (Upper panels) LDOS maps of tunneling spectra measured
along the dashed lines in (a)–(c), respectively; (lower panels) TB
calculated LDOS along the dashed lines. (g) Energy reduction 	E

plotted as a function of spacer size (n). All scale bars = 2 nm.

Figure 5(g) shows the experimentally measured and the TB
calculated	E as a function of spacer size n. One can see	E

decays exponentially with increasing spacer size, obeying a
relationship of	E = Aexp(−βd), where d = (4.3n+ 1.3) Å,
stands for the length of the spacer group. Fitting of the data
results in a decay constant β = 0.12 Å−1. This decay constant
is very close to the value (0.10 Å−1) obtained previously in
similar polyphenylene systems.22

C. Multiarm branches

In addition to the three-arm branches, we have investigated
various multiarm branches. Figure 6(a) shows a four-arm
branch and Fig. 6(b) a five-arm branch. These multiarm
branches also exhibit localized BJS states. Figures 6(c) and
6(d) reveal the BJS of the four-arm (five-arm) branch is at
∼0.35 eV (∼0.3 eV). Figure 6(e) displaysEBJS of themultiarm
branches of three-arm, four-arm, and five-arm branches as a
function of the number of branch arms (as a reference the
LUMO of the unbranched straight PP polymer denoted as No.
= 2 is also shown). Thewide range ofEBJS is given by theEBJS
dependence on the branch arm length as discussed previously.
Despite the wide range, the downshift of theEBJS with increas-
ing number of branch arms is obvious. This trend is reproduced
by the TB calculations of different multiarm branches (with
arms of 12 units) shown by the red dots in Fig. 6(f). The
calculated results can be quantitatively summarized as	En =
−0.25n eV+ 0.46 eV, where 	En = En − E2, En refers to
EBJS of the n-arm branch structure and E2 the LUMO level
of the straight PP polymer. This relation infers that addition
of one arm at a branch junction may down shift the BJS state
by 0.25 eV. In the case that the band structures of electron and
hole are symmetric, this downshifting results in a band gap
narrowing of 0.5 eV. We have not observed six-arm branches
experimentally. Nevertheless, it is worthwhile to note that,
taking into account straight PP polymers have a band gap of
2.8–3.1 eV,23,24 a six-arm branch may have a very narrow gap
or even gapless BJS state.

FIG. 6. (Color online) [(a) and (b)] STM images (1.0 V, 0.5 nA)
showing (a) a four-arm branch and (b) a five-arm branch. [(c) and (d)]
(Upper panel) LDOS maps of tunneling spectra measured along the
dashed lines in (a and b), respectively; (lower panels) TB calculated
LDOS along the dashed lines. (e)EBJS of themultibranched structures
plotted as a function of number of branch arms. All scale bars= 2 nm.
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IV. CONCLUSIONS

In conclusion,we found that branch junctions of polypheny-
lene oligomers introduce localized states that lie in the
gap of the unbranched polymers. We established quantative
relationships between the energy level of these in-gap states
and the underlying branched structures, including branch arm
length, hyperbranched structures, and multiarm structures.

These results afford insight into the narrowing of band gap
and the enhancement of conductivity of conjugated polymers
with branched topology.
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