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To achieve a controllable and predictable molecular architecture on a two-dimensional (2D) surface, a series
of oligothiophenes with carboxylic groups and alkane chains were synthesized. The alkane chains and carboxylic
groups, which can form hydrogen bonding, were intentionally designed in different positions of the
oligothiophenes. The resulted molecular architectures by using the so-prepared oligothiophenes on a highly
oriented pyrolytic graphite (HOPG) surface were investigated by scanning tunneling microscopy (STM) and
density functional theory (DFT). It is found that the hydrogen bonding plays an essential role in the formation
of the ordered assemblies. A controlled 2D molecular assembly could be fabricated by using hydrogen bondings.

1. Introduction vices In particular, polythiophene and its substituted derivatives
seem to be of great interest. In the case of poly(3-hexyl-
thiophene), the field-effect mobility as high as 0.1%cvr1s™!

has been measured. On the other hand, it has been demonstrated
that the performance of a device is highly dependent on the

s perfection of the structural organizatiéhFor example, solid-

state quantum efficiencies were found to be related to the degree
of long-range order in the conjugated polymers and nonemissive

Self-assembly is a spontaneous process involved in functional
materials and living organisrh@nd an effective approach to
fabricate a variety of nanostructures as a “bottom-up” strategy
in nanofabricatiors—¢ The formation of a self-assembly is
usually dominated by weaker noncovalent intermolecular action
such as hydrogen bonding, van der Waals interactionsraid
interaction’ Therefore, understanding and employing the weaker ~ . R . . .
interactions is an important issue in designing assembly, makingonentatlon is 5|gr21|f|cant in materials with a greater degree of
an artificial organism, and fabricating a molecular device. long-range ordef:

Among the various intermolecular reactions, hydrogen bondings !N the present paper, we report how to employ hydrogen
exist well in the nature from the double helix of DNA to the Pondings to make molecular assemblies. The relationship
bonding of HO molecules in liquid water. Because of their Petween the formation of oligothiophene self-assembly and
high selectivity and directionality, hydrogen bonding plays an h)_/drogen bon_dmgs is investigated. A series of ollgotf_uophenes
important role in the formation of 2D self-assembly on a solid With carboxylic groups and alkane chains were designed and
surface17 Owing to the flexibility, hydrogen bondings have ~Synthesized® Hydrogen bondings induced from carboxylic
been often observed in 2D self-assembly. As a result of the 9roups were intentionally designed in different positions of the
intensive study, it is known that hydrogen bonding can be ollgothlophe_ne molecules. Various self_—assemblles from the so-
formed through H+O-++H, H---N---H, and H+-F-+-H in 2D or prepared_ohgothlophengs were dgposngd on an HOPG surface
3D assemblie&-22 In previous studies, the effort was usually @nd studied by scanning tunneling microscopy (STM) and
made to find the existence of hydrogen bondings in a self- density functional theory (DFT). The hydrogen bonding was
assembly. The molecules with hydrogen bondings can form found to play an essential role in the formatlon of the assemblies.
different networks that are employed as templates to fabricate Under the assistance of hydrogen bondings, long-range ordered
host-guest assemblies with other molect#&= However, an molecular archltectures. were achlevgd. The symmetry and
intentionally designed assembly by employing hydrogen bond- moIe_cuIar arrangement in the asse_mbhes can be controlled and
ings is rarely reported. It is a challenge to detect the possibility Predicted from the hydrogen bonding.

to fabricate a controllable and/or predictable molecular archi-

tecture with noncovalent weaker intermolecular reactions, which 2. Experimental and Computational Details

is the prerequisite for the practical application of self-assembly ) ] ) )
instead of natural products. Four compounds of different thiophene units (TA, 3-thiophene

Owing to high conductivity and environmental stability, acetic acid; DTDA, 2,2bithiophene-5 5dicarboxylic acid;
conjugated polymers are promising candidates in many elec- T TDA, 3"-pentyl-5,2:5,2"-terthiophene-2 5dicarboxylic acid;
tronic devices such as light-emitting diod@shin film field- QTDA, 4,3"-dipentyl-5, 2.5',2":5",2""-quaterthiophene-2,5
effect transistord® solid-state laser®, and photovoltaic de-  dicarboxylic acid) were synthesized according to the procedure
in the literature®® The chemical structures of the four compounds
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respectively. Besides two carboxylic acid groups, pentyl-alkane interactions as well as the underlying substrate crystallization
chains can be seen on the sides of TTDA and QTDA. In the will decide the adsorption and symmetry of an adl&yét.
elegant configuration of the oligothiophenes, hydrogen bondings Owing to the weak interaction between thiophene molecules
may be formed among molecules. The pentyl-alkane chains will and HOPG surface, no ordered adlayer of thiophene was
balance the skeleton in the later two molecules. It is clear that reported. Although the TA molecule has a carboxylic acid group,
the intentionally designed hydrogen bonding should play an it is not sure if an ordered adlayer could be formed.
important role in the formation of self-assemblies. Those  However, a dimeric structure would be expected due to the
designed molecules could be used to prepare the controlledpossibility of forming hydrogen bondings between carboxylic

molecular architectures such as molecular dimer, wire, square,acid groups. STM observation revealed the resulting structure
rectangle, and parallelogram. The details on the resulted on the HOPG surface.

molecular architectures were directly observed by STM. Figure 1 is a typical STM image recorded in the TA adlayer.
The self-assembled monolayers (SAMs) of the compounds |; can be seen that no long-range ordered structure exists on
were prepared by placing a drop (ca.;2) of solution the adlayer. A careful observation found that the adlayer is

containing the oligothiophene (the concentration is ca® M) composed of bright spots showing in the upper right inset in
on a freshly cleaved atomically flat surface of HOPG (ZYB  Figyre 1. From the high-resolution STM image, it is clear that
quality) with an area of about 30 nnThe solvent for preparing e pright spot appears in an elliptical shape. On the basis of
all solutions was tetrahydrofuran (THF) (Aldrich). The samples  he chemical structure and dimension of a TA molecule, the
were investigated after the solvent evaporated. ellipse is assigned to a thiophene dimer circled in the upper

A Nanoscope llla SPM (Digital Instruments, Santa Barbara, right inset. The hydrogen bondings are expected to be respon-
CA) was employed to carry out the STM experiments using a gjple for the formation of the ellipse dimer. A structural model
standard constant-current mode under ambient condition. STM¢or the dimer is proposed in the lower right inset. A theoretical
tips were mechanically cut PUlr wire (90/10). All the STM  gimylation shows that two strong hydrogen bondings can be
images are presented in the paper without further processing.
The tunneling conditions used are given in the corresponding
figure captions.

The theoretical simulation was performed by using density
functional theory* provided by the DMol3 code. The Perdew
and Wang parametrizati&hof the local exchange-correlation
energy was applied in the local spin density approximation
(LSDA) to describe exchange and correlation. The all-electron
spin-unrestricted KohnSham wave functions were expanded
in a local atomic orbital basis. In the double-numerical basis
set, the valence s and p orbitals were represented by two basis
functions and the d type wave function on each atom was used
to describe polarization. All calculations were all-electron ones
and performed with the Extra-Fine mesh. A self-consistent field
procedure was performed with a convergence criterion of 10
au on the energy and electron density.

3. Results and Discussion

. . Figure 1. STM top view of a large-scale TA assembly on the HOPG
3.1. TA. The intermolecular reaction and molecular/substrate g itace recorded witBy»s= 664 mV,| = 1.08 nA. The upper inset is

interaction is important in dominating the formation of an the high-resolution STM image of TA molecules, and the circled dimer
assembly on a solid surface. The balance in the variousis depicted by the molecular model in the lower inset.
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Figure 3. STM top view of TTDA assembly recorded withyas =
837 mV,| = 785 pA.A, B, andC indicate three domains.

two types of molecular rows, | and Il. In row I, the molecules
form a straight line, while a zigzag line can be seen in row II.
An angle of = 16 + 2° exists between the axis of molecules
in row | and row Il. According to the molecular orientation
and adlayer symmetry, a unit cell for the assembly can be
outlined in Figure 2b. The unit cell parameterandb, parallel
to directionA andB, are measured to be distances 2.1
nm and 1.1+ 0.1 nm, respectively. The angle betwe&rand
B is 81+ 2°. According to the STM observation, a correspond-
ing molecular model is tentatively proposed in Figure 2c. DFT
calculations have been performed to understand the bonding
properties of the DTDA networks. It is found that each DTDA
molecule along directio’\ is strongly hydrogen bonded with
the head-to-head configuration through the carboxyl groups, with
the dissociation energy of about 30.5 kcal mofrom a
theoretical simulation result, although the angles of the hydrogen
bondings in the neighboring molecular rows along direction
are different. On the other hand, along direct®ntwo types
of weak hydrogen bondings,-€H---O and G-H---S, could
exist between the molecular stripes, with the dissociation energy
Figure 2. (a) STM top view of DTDA assembly recorded wilys qf about 4:5 kcal mol'. The intrastripe and interstripe i_nterac-
=842 mV,| = 968 pA. The arrows indicate the molecular defects in  ions stabilize the 2D assembly. The DFT theoretical data
the image. (b) High-resolution STM image of DTDA molecules Support the experimental result. The DTDA molecules first
recorded withEnias = 953 mV, |1 = 911 pA. (c) Structural model for ~ connect with each other through the hydrogen bondings of
the 2D packing of DTDA molecules. carboxyl groups to form a molecular stripe and then organize
into a domain by the week interaction between the stripes. The
really formed between the carboxyl groups of two thiophene proposed model in Figure 2c is in good agreement with the
molecules with the dissociation energy of about 31.1 kcalfnol  results from STM observation. The results are consistent with
This strong hydrogen bonding interaction results in the dimeric the expected structure although there is a difference in the
structure even after being stored for a month or longer time. molecular orientation between row | and row II, which shows

3.2. DTDA. With two carboxylic acid groups and two the flexibility and complexity of hydrogen bonds.
thiophene rings, DTDA molecules have stronger intermolecular  3.3. TTDA. TTDA has a complicated molecular structure
and molecular/substrate reactions than those from TA molecules.compared with TA and DTDA molecules. There are more
The molecules are expected to form molecular wire with a 2D possibilities to form different molecular networks such as a
ordered assembly. square and parallelogram.

Figure 2a is a typical STM image of a DTDA adlayer on an Figure 3 is an STM image of a 2D adlayer formed by TTDA
HOPG surface. It is found that the molecules form a self- on HOPG. Three types of ordered packing geometries marked
assembly. Although several defects indicated by arrows can beby A, B, andC in the large-scale STM image can be seen in
resolved in the adlayer, a long-range ordering can be clearly Figure 3. At the domain boundary, the molecules are disorderly
seen in the image. Even in a scanning area of 100xn&00 dispersed as reported in the literatételhe details of each
nm, only one molecular domain is observed. Figure 2b is a high- molecular domain are intensively investigated by using high-
resolution STM image. In this image, each DTDA molecule resolution STM images.
appears as a bright ellipse. In directidnthe molecules are in Figure 4 shows the details of the domain It can be seen
the same orientation. However, two adjacent molecular rows that all molecules form ordered assembly. The molecular rows
adopt a different orientation in directi@ Therefore, there are  are clearly resolved. The high-resolution STM image in Figure
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Figure 5. (a) STM top view of TTDA assembly in domaBirecorded
with Epias = 961 mV,| = 528 pA, and the inset is the high-resolution
STM image. (b) Structural model for the 2D packing of TTDA
molecules.

For domainB in Figure 3, the details are revealed in a high-
resolution STM image of Figure 5a. The adlayer consists of
regularly molecular rows. A higher resolution STM image is
shown in the upper right inset in the figure. Each molecule can
be corresponded in the inset as illustrated by molecular model.
On the basis of the adlayer symmetry and periodicity, a unit
o cell for the adlayer is outlined in Figure 5a. The parameters of
g A B the unit cell are measured to be= 1.6+ 0.2 nm,b= 2.2+

' 0.2 nm, ando. = 75 £ 2°. Figure 5b shows the theoretical
Figure 4. (a) STM top view of TTDA assembly in doma recorded . :
With Ena= 990 mV,| = 485 pA. (b) The high-resolution STM image molecular packing model with calculated parameters f

recorded WithExass = 865 mV, | = 696 pA. (c) Structural model for ~ 17+ 0.2 nm,b =214+ 0.2 nm, ar_'|d1 = 734+ 2° consistent
the 2D molecular packing of TTDA molecules. with the STM measurement. In this adlayer, TTDA molecules
form dimers, as illustrated in the molecular model. The TTDA
4b shows the details of the adlayer. Each molecule can bedimer is connected by weak hydrogen bondingHG+S (about
discerned as indicated by the molecular model in Figure 4b. A 3.2 kcal mot?) through the thiophene rings. In the 2D assembly,
rectangular unit cell for the adlayer is defined in the image. along directionB, the TTDA dimers also interact with each
The parameters of the unit cell are measured ta be1.2 + other by weak hydrogen bondings through the alkyl side chains
0.1 nm,b = 3.4 4+ 0.1 nm, ando. = 90 + 2°. A structural and thiophene rings (about 2.6 kcal m®] while along direction
model for the adlayer is proposed in Figure 4c. It can be seenA, the TTDA dimers interact with each other by the strong
in the model that the molecules form a rectangular structure hydrogen bondings through the end carboxylic groups (about
through hydrogen bondings and pentyl chains. For this TTDA 27 kcal mot™). The balance of the bondings stabilize the adlayer
patterning, the theoretical result indicates that TTDA molecules on the HOPG surface and make symmetry difference from that
tend to form head-to-head TTDA rows first, then the rows self- in domainA as shown in Figure 4.
organize into ordered 2D assembly. The TTDA molecules in  The molecules form an assembly with strips in dom@in
the head-to-head rows interact with each other by two strong Figure 6a is a typical STM image recorded from dom@in
hydrogen bondings at the end of carboxylic groups, with a The molecular structure is obviously different from those in
dissociation energy of about 30.5 kcal mblin the network, domainsA and B. The molecules form regular stripes. In a
two kinds of hydrogen bondings are formed among the TTDA stripe, a A" shape arrangement can be seen. An individual
rows. Along directionA of the unit cell (Figure 4c), the methyl  molecule can be resolved in the image. A high-resolution STM
group and the S atom formed—®:--S hydrogen bonding.  image in Figure 6b reveals the details of the assembly. T\ie “

Along directionB, the end carboxylic groups formed-®--- configuration consists of two TTDA molecules crossing each
O hydrogen bonding. The energy of the-8---O hydrogen other at an angle of abold = 100 £+ 2°. A unit cell is
bonds is very strong (about 30.5 kcal mb| while the determined for the adlayer. The measured parameters of the unit

C—H---S hydrogen bonds is relative weak (about 3.7 kcal cell from STM image area = 1.8+ 0.1 nm,b =34+ 0.1
mol™1). nm, ando. = 90 £ 2°. A structural model is tentatively proposed
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Figure 7. (a) STM top view of a large-scale QTDA assembly recorded
with Epias= 886 mV,| = 553 pA. (b) The STM image of QTDA with

a surperimposed molecular model and the high-resolution image in the
inset. (c) Structural model for the 2D packing of QTDA molecules.

TABLE 1: Molecular Packing Density, Theoretical Energy,
and Parameter of Unit Cells for Different Phases of the
TTDA Adlayer on HOPG

molecuar packing theoretical energy parameter of

Figure 6. (a) STM top view of a larger-scale TTDA assembly in

domainC recorded withE,ias = 869 mV,| = 600 pA. (b) The high- density (mol/nrd) (kcal/mol) unit cell
resolution STM image recorded witias= 869 mV,| = 600 pA. (c) A 0.49 64.91 a=1.24+0.1nm,
Structural model for the 2D molecular packing of TTDA molecules. b=3.4+£0.1nm,
oa=90+2°
B 0.59 56.14 a=16+0.2nm,

in Figure 6c. In the unit cell, two TTDA molecules in a"

interact with each other with the hydrogen bondings through 2;27?:2&2 nm.

the end carboxylic group. The dissociation energy of the bonding ¢ 033 26.67 a=1.840.1nm,

is about 11.7 kcal mol. To constitute the networks, adjacent b=3.440.1nm,
molecular rows also form hydrogen bondings with the dissocia- a=90+2°

tion energy of 12.7 kcal mol. to stable. The results are further supported by the theoretical

According to the theoretic calculation, the unit cell bonding computation.
energies of phases A, B, and C are 64.91, 56.14, and 26.67 3.4. QTDA. QTDA has a similar molecular structure to
kcal/mol, respectively (see Table 1). From the energy compari- TTDA. However, in addition to quaterthiophene rings, there
son of the theoretical computation, it could be concluded that are two alkyl chains forming a balance in the two sides of the
the arrangement in domain A is the most stable. The arrange-molecular skeleton. A stable and ordered 2D QTDA molecular
ment in domain C arrangement is the most unstable. The STM network on the HOPG surface is expected.
observation also shows that only domain A exists on the surface  As shown in Figure 7a, QTDA molecules form a long-range
after a week, indicating a structural transformation from unstable ordered 2D network. Several domains can be seen in the image
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with identical molecular arrangement. The molecular rows in an essential role in forming the assemblies although molecular
each domain are clear. A high-resolution STM image in Figure symmetry in their chemical structure is also important. By an
7b shows the details of the assembly. It was reported that the intentional design, molecules with hydrogen bondings can be
systems appear much brighter than alkyl chains in STM formed into different 2D self-assemblies on a solid surface.
images®* The bright moieties in the image are attributed to the These results suggest a feasible approach to the construction of
quaterthiophene units. The high-resolution STM image in the a wide range of suparmolecular architectures through molecular
upper right inset shows a displacement of neighboring moleculesengineering. Self-assembly could be adjusted by the grafting
in a molecular row. The corresponding model for the molecular of appropriate chemical substituents, which leads to a remarkable
displacement is superimposed in the inset of Figure 7b. It is improvement of the structural organization of molecules at the
clear that the difference in molecular structure results in the molecular level. The ordered assembly on the nanometer scale
difference in the 2D assembly. Molecules form ordered rows could be a crucial step for the realization of molecular
in directionsA andB. The periodicities of the 2D assembly in  nanodevices.

the A andB directions are measured to be= 2.4+ 0.1 nm
andb = 4.7 £ 0.1 nm, respectively. The angle between the
and B directions isa. = 78 + 2°. A unit cell is outlined in
Figure 7b. On the basis of the STM observation, a structural
model for the 2D packing of QTDA molecules is proposed in
Figure 7c. The unit cell parameters for the adlayer from
theoretical simulation ara = 2.5+ 0.1 nm,b =4.8+ 0.1

nm, anda. = 78 £+ 2° in good agreement with the experimental
data. In directionA, the molecules lie parallel to each other References and Notes
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