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he study on single molecule, molec-
T ular self-assembly and molecular

thin film has become an attractive
research field in recent years because of the
increasing requirement in improving sur-
face function of materials and performance
of organic electronics.'™ In particular, self-
assembly is an important technique in the
so-called “bottom-up” approach to make
electronic devices with single molecules
and atoms.® To prepare a designed self-
assembly, molecules with defined chemical
structure and special property are essential
and will make differences in surface chemis-
try, material property, and molecular de-
vice function.” '® As a model molecule,’''?
thiophene and its derivatives are currently
receiving considerable attention because of
their improved solubility, well defined
chemical structure, and special electronic
property.'> '8 For example, molecules with
good solubility have advantages in
solution-based methods such as spin-
coating, stamping, ink-jet printing, and
self-assembling.'®'* Linear m-conjugated
alkylated oligothiophenes with defined
length and structure are reported to be
promising candidates in electronic and op-
tical devices such as Schottky diodes,"® or-
ganic light-emitting diodes (OLEDs),2%"
field-effect transistors,? and organic thin
film transistors.'>?3 The former research re-
sults demonstrate that the transistors fabri-
cated with thiophene derivatives show high
charge-carrier mobility, high on/off modula-
tion ratio, and long life.?*> By modifying mo-
lecular structures with functional groups,
alkyl chains, and thiophene rings, the emit-

Www.acsnano.org

ABSTRACT Five dual-quinquethiophene self-assemblies are prepared on a highly oriented pyrolytic

graphite (HOPG) surface. The dual-quinquethiophenes are quinquethiophenes (5T)-di to hexamethylene
(n, 2- 6)-quinquethiophenes (5T), abbreviated as 5T-n-5T (n = 2-6). The effect of the bridge alkylene

chains on the structure and property of the five assemblies are investigated by scanning tunneling
microscopy (STM). It is found that all 5T-n-5T molecules form ordered adlayers on a HOPG surface with
stripe feature. The alkylene bridge part in a molecule appears in a dark contrast in an STM image.

Intriguingly, the thiophene backbones of individual molecules in the adlayer always keep an angle with

the direction of molecular stripes. With alkylene bridge length increasing, different structures are found in

5T-5-5T and 5T-6-5T assemblies. To understand the effect of bridge chains on single molecular property,

scanning tunneling spectroscopy is used to probe the electronic property of the different adlayers. The

results will be important in surface engineering by self-assembly and molecular device fabrication with

oligothiophenes.
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ting color of an OLED can be regulated
from blue to red.>*

The property of a molecular assembly is
affected by not only the property of indi-
vidual molecules but also the spatial ar-
rangement of the molecules in the
assembly.’*?> Therefore, understanding
the molecular arrangement and single mo-
lecular property on the substrate surface is
an important issue in fabricating molecular
devices.?® With fine balance between inter-
molecular interactions and molecule/sub-
strate interactions, the molecular structure
can be constructed, resulting in desirable
function 327733

The adlayer structure and property of
thiophene derivatives have been investi-
gated with scanning tunneling microscopy
(STM) in submolecular resolution, and
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Scheme 1. Molecular structures of 5T-n-5T (n = 2-6).
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single molecular property was also measured.>*~3’ For
example, STM experimental results indicated that
thiophene formed a two-dimensional ordered adlayer
on a Au(111) surface through chemisorption while 2,5-
dimethylthiophene formed physisorbed multilayers
having a liquid-like phase.® A series of oligothiophenes
with carboxylic groups and different alkyl chains were
synthesized.>® The alkyl chains and carboxylic groups,
which were subjected to hydrogen-bond interactions,
were designed to different positions of the oligoth-
iophenes. With these molecules, assembling architec-
tures such as dimer, line, square, rectangle, and paral-
lelogram have been fabricated. It was found that the

Figure 1. (a) Large-scale and (b) high-resolution STM images of
5T-2-5T adlayer; (c) structural model of 5T-2-5T adlayer. Tunnel-

= 560 pA; (b) Vi, = 817
= 695 pA.

ip
ip = 641 pA. The inset is V,;,; = 750 mV, I,

ACS) /@) . .
@W&) VOL.2 = NO.4 = YANG ET AL.

hydrogen bond played an essential role in
the formation of the ordered assemblies. In
addition, two dual oligothiophene mol-
ecules, unsymmetrical quarterthiophene
(4T)-trimethylene (tm)-octithiophene (8T)
and symmetrical 4T-tm-4T molecules, were
used to construct surface nanostructures.*
STM observation indicated that 4T-tm-8T
formed quasi-hexagonal and linear adlayers,
while the wavelike adlayer occupied most of
the surface for 4T-tm-4T. The results show
the effect of molecular structure on the self-
assembly structure. To understand the struc-
tural transformation and temperature effect
on the adlayer structure in terms of device
stability and efficiency,*' ™3 thermal stability
of 4T-tm-8T adlayer was also investigated. Af-
ter annealing at 100 °C for 30 min, only a lin-
ear domain can be observed in the 4T-tm-8T
samples, indicating that linear structure of
4T-tm-8T is more stable than quasi-
hexagonal structure. The electronic proper-
ties of 4T-tm-8T and 4T-tm-4T were investigated with
scanning tunneling spectroscopy (STS). Experiments re-
sults indicated that both dual oligothiophenes are
p-type semiconductors with the experimental energy
gap of 4T-tm-8T smaller than that of 4T-tm-4T.*°

In the present paper, five dual-quinquethiophene
self-assemblies are prepared on a highly oriented pyro-
lytic graphite (HOPG) surface. Graphite surface is a quite
inert surface. Most kinds of molecule, also including oli-
gothiophene derivatives, physisorb on a HOPG surface
owing to weak molecule—substrate interactions. Also
the weak molecule—substrate interactions make graph-
ite a proper kind of substrate for STS measurement by
ensuring that the STS results reflect mostly the molecu-
lar property itself. In detail, the dual-quinquethiophenes
are quinquethiophenes (5T)-di to hexamethylene (n,
2-6)-quinquethiophenes (5T), abbreviated as 5T-n-5T
(n = 2-6). The effect of the bridge alkylene chains on
the structure and property of the five assemblies are in-
vestigated by STM and STS. The chemical structures of
the five molecules are shown in Scheme 1. The experi-
mental results on the oligothiophenes will be helpful
to explore the role of the bridge alkylene chain in as-
sembling process and surface engineering by self-
assembly and molecular device fabrication with
oligothiophenes.

RESULTS AND DISCUSSION

Adlayer Structure of 5T-2-5T. Figure 1a represents a typi-
cal large-scale STM image of 5T-2-5T adlayer on HOPG.
Several domains consisting of regular molecular rows
can be easily discerned within the scan area. The differ-
ent domains observed in the image are rotated by
120° or 60°, which is related to the graphite substrate
due to the molecule—substrate interaction in the self-
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assembly.** Figure 1b is a higher resolution STM im-
age revealing the structural details of the 5T-2-5T ad-
layer. The ordered adlayer appears in a stripe feature,
forming regular molecular rows. Each bright stripe con-
sists of shot sticks illustratively indicated by white lines
in the figure. The distance between the neighboring
sticks within one molecular row is d = 0.7 = 0.2 nm.
The sticks stack parallel and orient at an angle of B =
19 = 2° with the direction of molecular rows. Further-
more, there is a slight displacement between the neigh-
boring sticks along the direction B. The inset is an en-
larged STM image of an individual stick. A small black
gap (L3) is clearly resolved in the center of a bright shot
stick and divides the shot sticks into two parts (L1 and
L2). The lengths extracted from STM images are L1 = L2
= 2.1 £ 0.2 nm and L3 = 0.40 = 0.2 nm. These values
match well with the theoretical lengths of each part in
the molecule. The whole length of a stick is 4.3 = 0.2
nm, consistent with the size of a 5T-2-5T molecule.
Therefore, each bright shot stick with a central small
black gap can be assigned to a 5T-2-5T molecule. The
central gap L3 in dark contrast is the bridge alkylene
chain due to its low electronic density. For clarity, sev-
eral 5T-2-5T molecular models are illustrated in Figure
1b.

On the basis of molecular arrangement, a unit cell
is deduced and outlined in Figure 1b. The lattice con-
stantsarea =25+ 02nm,b =22 *02nm,and a =
81 £ 2° A structural model is tentatively proposed in
Figure 1c, giving a visual representation of the adlayer
structure. In the model, the thiophene skeletons of 5T-
2-5T stack with an angle of B = 19° to the molecular
rows and the dimeric quinquethiophenes correspond
to the two parts of a shot stick. The distance between
the neighboring sticks within one molecular row is d =
0.7 nm. The side alkyl chains (-CgH,) are interdigitated
with each other between neighboring molecular rows.
In this model, the molecular plane of 5T-2-5T backbone
is assumed to adsorb parallel to the underlying HOPG
surface.

Adlayer of 5T-n-5T (n = 3-6). Figure 2 panels a—d are
the STM images recorded at 5T-3-5T, 5T-4-5T, 5T-5-5T,
and 5T-6-5T adlayers on a HOPG surface. In comparison
with Figure 1, it can be seen that all these five mol-
ecules formed well-ordered adlayers with similar stripe
feature. The details of each adlayer can be found in the
corresponding higher resolution STM images shown in
Figure 2 panels a1, b1, c1, and d1, respectively. Each
molecular row consists of bright shot sticks. Each stick
is corresponding to a 5T-n-5T (n = 3-6) molecule, as il-
lustrated by white lines. The molecular model for each
adlayer is also superimposed in the high resolution STM
images. Each molecule appears in two parts with a
dark gap in its STM image, consistent with its character-
istics in chemical structure. Owing to the difference in
chemical structure, the gap length of alkylene bridge
link part increases as n increases from a careful observa-
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Figure 2. (a) Large-scale and (a1) high-resolution STM images of
5T-3-5T adlayer; (b) large-scale and (b1) high-resolution STM im-
ages of 5T-4-5T adlayer; (c) large-scale and (c1) high-resolution
STM images of 5T-5-5T adlayer; (d) large-scale and (d1) high-
resolution STM images of 5T-6-5T adlayer. Tunnelling condi-

tions: (a) Vy,ips = 647 mV, I, = 689 pA; (al) Vy,s = 647 mV, I,
= 689 pA; (b) Vy,;,s =580 mV, I,
lyip = 578 pA; (€) Viyins =594 mV, I,
lip = 580 pA; (d) Vyy;ps = 680 mV, I,
mV, I, = 678 pA.

= 523 pA; (b1) Viy,, = 605 mV,
= 580 pA; (c1) Vpas =594 mV,
i = 683 pA; (d1) Vy,;,, = 650
ip
tion. Similar to 5T-2-5T adlayer, the 5T-n-5T (n = 3-6)
molecules in the same row stack parallel and orient in
an angle with the row direction. In this arrangement, a
stable assembly will be organized.

In the well-defined adlayers, a unit cell can be deter-
mined as that in Figure 1. The corresponding param-
eters in each unit cell, 8, L1, L2, L3, a, b, and «, for 5T-
n-5T (n = 2-6) are summarized in Table 1. From Table
1, it can be seen that the parameters in the five adlay-
ers are almost the same within the experimental errors.
L3, the width of central black gaps increases with the in-
crease of carbon number in the bridge alkylene chain.

The adlayer structures of 5T-n-5T (n = 3-6) in Fig-
ure 2 are well reproducible though a different struc-
ture is occasionally observed. However, with the in-
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Viias = 650 mV, |,

Figure 3. An STM image of 5T-5-5T showing two kinds of
adlayers. Tunnelling conditions: V,;,. = 625 mV, I;, = 658
pA.

ip

creasing of the length of bridge alkylene link, different
structures are clearly found in 5T-5-5T and 5T-6-5T ad-
layers, showing the effect of the molecular chemical
structure on their self-assembly. It is clear that with the
increasing of length of bridge alkylene chains, the mol-
ecules will be more flexible, and the flexibility results

in different self-assemblies with different structures. The
structural details in the different 5T-5-5T and 5T-6-5T
adlayers are revealed by STM and compared with other
adlayers.

Zigzag Structure in 5T-5-5T Adlayer. A different structure
from that in Figure 2c was found in the adlayer of 5T-5-
5T. Figure 3 is a large scale STM image acquired on a 5T-
5-5T adlayer. In this image, several molecular domains
can be seen. Among theses domains, different molecular
arrangements can be found as indicated by |, Il, and IIl. In
domain |, linear and stripe feature similar to that in Figures

Figure 4. (a) Large-scale and (b) high-resolution STM images of
5T-5-5T zigzag adlayer; (c) structure model of 5T-5-5T zigzag ad-
layer. Tunnelling conditions: (a) V},;,; = 600 mV, I;;, = 580 pA; (b)

= 601 pA.

ip
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TABLE 1. Parameters of Unit Cell in 5T-n-5T (n = 2-6)
Adlayers

B L1 L2 L3 a b «

(£2°) (£0.2nm) (£0.2nm) (x0.2nm) (%0.2nm) (%0.2nm) (*2°)
5T-2-5T 19 2.1 2.1 0.40 25 22 81
5T-3-5T 19 2.0 20 0.49 2.6 22 83
5T-4-5T 19 2.1 21 0.60 2.6 2.1 80
5T-5-5T 18 2.1 2.1 0.71 2.7 22 79
5T-6-5T 19 2.1 20 0.84 2.7 2.1 81

1 and 2 can be correlated. Intriguingly, a different zigzag
structure can be seen in domains Il and lIl. In particular,
domain Il consists of only a zigzag structure, while mixed
stripe and zigzag structures are in domain IIl.

Figure 4a is a large scale STM image showing the zig-
zag structure. The molecular arrangement in this struc-
ture is clearly different from that in the stripe structure.
The details of the structure are revealed by a higher
resolution STM image in Figure 4b. Although the mol-
ecules form ordered rows along direction A, an angle is
formed between the neighboring molecular rows,
which leads to the neighboring molecular row appear-
ing as a “V" configuration and the whole assembly ap-
pearing as a wavelike morphology. The molecular rows
are composed of bright shot sticks indicated by white
lines in the image. The distance between the neighbor-
ing “sticks” in the same molecular row is d = 0.7 = 0.2
nm. The length of a stick is measured to be 4.9 = 0.2
nm, consistent with the theoretical length of a 5T-5-5T
molecule. The molecular characteristics with two quin-
quethiophene parts and a dark gap are clearly seen in
the image. The length of each partis L1 = 2.1 £ 0.2 nm,
L2 = 2.1 = 0.2 nm, and L3 = 0.72 = 0.2 nm. The angle
B between the neighboring molecular rows is mea-
sured to be 148 = 2°. From the molecular arrangement,
a unit cell can be deduced and outlined in Figure 4b
with the parameters of a = 2.6 = 0.2 nm, b = 10.2 =
0.2 nm, and a = 82 = 2°. A structural model for the 5T-
5-5T zigzag adlayer is tentatively proposed in Figure
4c. In this model, the side alkyl chains of 5T-5-5T mol-
ecules interdigitate with each other. The molecular ori-
entation along its thiophene backbone takes an alterna-
tive transformation and results in a wavelike zigzag
feature.

Through analysis of the STM image of the 5T-5-5T
molecular adlayer, it can be found that the probability
of forming a pure stripe structure (domain 1) is 60% or
so, while that of a pure zigzag structure (domain Il) is
less than 15%. The probability of formation of domain
IIl'is about 25%. Therefore, for 5T-5-5T, the dominative
structure is still a stripe structure instead of a zigzag
one. However, owing to the length increase in the
bridge alkylene chain, the flexibility of the molecules in-
creases, resulting in the zigzag structure.

New Structure in 5T-6-5T Adlayer. Figure 5a is a large
scale STM image recorded on 5T-6-5T adlayer. A differ-
ent domain Il can be seen in the image, although do-
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main | is almost the same as that in Figure 2d with a
stripe structure. Figure 5b is a high resolution STM im-
age showing the difference between domains | and II.
The image consists of two types of domains. The molec-
ular rows align along the direction A and B. On basis
of the molecular orientation and size, each 5T-6-5T mol-
ecule can be recognized as schematically illustrated.
The lengths of dual quinquethiophene and bridge alky-
lene chain are measured to be L1 = L2 = 2.1 = 0.2
nm, L3 = 0.86 = 0.2 nm, consistent with the theoreti-
cal value of the molecule. In domain II, the angle be-
tween the molecular row direction B and thiophene
backbone is B = 10 = 2° smaller than that in domain I.
Another difference of domain Il and | is the displace-
ment difference between neighboring molecules in the
same molecular row. In domain |, one quin-
quethiophene and bridge alkylene chain of 5T-6-5T is
covered by neighbor 5T-6-5T molecules. While in do-
main ll, only one quinquethiophene part is covered by
neighbor 5T-6-5T molecules, which means displace-
ment of domain Il is less than that of domain I. Simpli-
fied molecular models (thick rod, quinquethiophene;
thin cord, bridge alkylene chain) were superimposed on
Figure 5 panels b and c. With these models, the differ-
ence of displacement between these two kinds of do-
main can be seen more clearly. These differences result
in a new adlayer structure. A proposed model is de-
scribed in Figure 5c. In this model, the molecular rows
extend along direction A and B and the side alkyl chains
in neighboring rows interdigitate each other. The unit
cell for domain Il is deduced based on the molecular ar-
rangement and outlined in Figure 5b and c with param-
etersa=25*02nm,b=27 *£0,and o = 88 £ 2°.

Dual oligothiophene with a long bridge alkylene
chain formed diverse structures. The long bridge alky-
lene chains make dual oliothiophene more flexible and
allow molecules to adsorb on the surface with multiple
fashions.

Electronic Property of 5T-n-5T. To probe the electronic
properties of 5T-n-5T molecules on HOPG under ambi-
ent conditions, we performed STS measurements on
5T-2-5T, 5T-4-5T, and 5T-6-5T adlayers. For comparison,
the dl/dV—V curve on bare graphite was also measured.
As shown in Figure 6a, the curve has a characteristic pa-
rabola shape, and no apparent energy gap is found
due to the high conductivity of graphite.

Figure 6b is typical di/dV—V curves from the adlay-
ers of 5T-2-5T, 5T-4-5T, and 5T-6-5T. The di/dV—V curve
reflects the density states of adsorbates. When apply-
ing an appropriate bias on the substrate, the Fermi en-
ergy of the substrate will resonate with certain orbitals
of adsorbing molecules, either highest occupied molec-
ular orbital (HOMO) or lowest unoccupied molecular or-
bital (LUMO), and induce sharp change in the di/dV—V
curve. The edge defined by the cross-point of the tan-
gents of the platform and uplift part of the curve is re-
lated to the energy states of HOMO and LUMO of the

www.acsnano.org

Figure 5. (a) Large-scale STM image of two kinds of 5T-6-5T ad-
layer; (b) high-resolution STM image of two kinds of 5T-6-5T ad-
layers; (c) structure model of two kinds of 5T-6-5T adlayers. Tun-

nelling conditions: (a) Vy,;,s = 650 mV, I, = 678 pA; (b) Vy,;ns =

741 mV, Iy, = 715 pA.
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Figure 6. (a) Typical dI/dV—V curve obtained on bare HOPG; (b) typi-
cal dI/dV—V curve obtained on 5T-2-5T, 5T-4-5T, and 5T-6-5T adlay-
ers on HOPG; (c) The histogram of experimental gap edges of 5T-2-5T
molecules. The black solid lines show a Gauss fit of the columns. (d)
The histogram of experimental gap edges of 5T-4-5T molecules. The
black solid lines show a Gauss fit of the columns. (e) The histogram of
experimental gap edges of 5T-6-5T molecules. The black solid lines
show a Gauss fit of the columns.
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TABLE 2. Summary of STS Results of 5T-2-5T, 5T-4-5T, and
5T-6-5T molecules

left edge right edge experimental

(£0.2eV) (+0.2eV) gap (=0.4eV)
5T-2-5T —1.29 1.42 2.7
5T-4-5T —132 1.39 271
5T-6-5T —127 1.38 2.65

adsorbing molecules.*’ Thus the experimental energy
gap is measured as the separation between these two
edges.

The histograms in Figure 6¢,d,e show the statistic
distributions of the edges of HOMO and LUMO mea-
sured from a large number of spectra obtained on 5T-2-
5T, 5T-4-5T, and 5T-6-5T adlayers. The experimental en-
ergy gap is given by Gaussian simulation. The statistic
results of the left and right edge for each kind of mol-
ecule are summarized in Table 2. On the basis of this
table, it can be seen that the experimental energy gap
centers of all three kinds of molecules are slightly
shifted to positive regions; consistent with the previ-
ous report that oligothiophene is a p-type material in
air."® For 5T-2-5T, 5T-4-5T, and 5T-6-5T, their experimen-
tal energy gap is all around 2.7 eV which is close to the

EXPERIMENTAL SECION

5T-n-5T (n = 2-6) were synthesized according to the proce-
dure reported in the literature.">*® Phenyloctane was from Ald-
rich and used as solvent without further purification. The self-
assemblies of the five molecules were prepared by depositing a
drop of solution containing the assigned molecules in a concen-
tration less than 10~* M on a freshly cleaved HOPG surface.

All STM experiments were performed in phenyloctane on a
Nanoscope llla scanning tunneling microscope (Digital Instru-
ments Co. CA) with mechanically cut Pt/Ir (90/10%) tips. All the
STM images given in this paper were collected with the constant
current mode and used with only flatten processing. The tunnel-
ing conditions for each STM image are given in the correspond-
ing figure caption.

Scanning tunneling spectroscopic experiments were per-
formed by applying a modulation (peak-to-peak 0.02—0.03 V)
to the bias voltage. A lock-in amplifier was used to collect the di/
dV—V signals. The feedback of the STM control was shut down
during STS measurements.
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