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Transformation of self-assembly of a TTF Derivative at
1-phenyloctane/HOPG Interface Studied by STM—
from Nanoporous Network to Linear Structure

Jing Xu,” Xunwen Xiao, ® Ke Deng, ®and Qingdao Zeng *

The self-assembly of a tetrathiafulvalene (TTF) derivative (EDTTF) and 1,3,5-tris (10-Carboxydecyloxy)-benzene (TCDB)
heterobilayer nanostructure at 1-phenyloctane/HOPG interface under ambient conditions has been studied by scanning
tunneling microscopy (STM). EDTTF and TCDB could co-assemble into a brand new hexagonal network with one of the
largest nano-cavities. Finally, the nanoporous network would transform into the more stable linear structure. Density

functional theory (DFT) calculations
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Introduction
Tetrathiafulvalene (TTF) and its derivatives have been
extensively studied in the development of molecular

electronics due to their high electrical conductivity, strong
electron-donating abilities and excellent redox propertiesl'3.
With sulphur atoms in the core part, TTF derivatives exhibit
high symmetry, planarity and reversible redox features, which
are beneficial in electronics™>.

Since most electronic devices have to be supported by a
conductive substrate, the orientation, conformation, packing
patterns, and structural defects of the interfacial region can be
of great importance. They may affect the rate of carrier
mobility and even change the way of carrier transportation.
Among various technical methods, scanning tunnelling
microscopy (STM) has absolute advantages in reflecting the
position and distribution of molecules on 2D surfaces or
interfaces with resolution at atomic level*”.

Previously, STM has been employed to study self-assembled
structures of some TTF derivatives. For example, Chun-hsien
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have been performed to reveal the formation mechanism.

Chen studied template-assisted self-assembly of alkyl-
derivatized TTF®. Simon Laurent et al. studied the influence of
deposition mode on the assembly of TTF derivatives®. Steven
De Feyter et al. studied self-assembled structures of a series of
TTF derivatives with different functional groups and alkyl
chains of various number and Iengthslo' " These studies all
mentioned solvent effects in the experiments. Moreover, the
target TTF systems chosen in these studies were all TTF
derivatives with long alkyl chains. In the work of Steven De
Feyter et al., they reported self-assemblies of three TTF
derivatives without long alkyl chains. The results showed that
STM images could not be obtained at 1-phenyloctane/graphite
interface'’. It should be noted that TTF derivatives without
long alkyl chains have rarely been reported.

In this study, 4-pyridyl-(ethylenedithio) TTF, a pyridyl-
substituted TTF derivative (EDTTF, Scheme 1a) without alkyl
chains was selected to study its self-assembled structure by
STM. Previous studies showed that a novel proton-electron
coupled system based on N'—HeeeN hydrogen-bonding in the
bulk phase was observed™. However, our results showed that
EDTTF itself could not assemble into orderly network at 1-
phenyloctane/HOPG interface under STM. Therefore, we
introduced the 1,3,5-tris(10-Carboxydecyloxy)-benzene (TCDB,
Scheme 1b) molecule into our target system.

EDTTF and TCDB could co-assemble into a brand new
hexagonal network. This network with one of the largest nano-
cavities was detected by STM at 1-phenyloctane/HOPG
interface®™. Finally, this metaphase pattern would transform
into linear closely packed pattern. Density functional theory (DFT)
calculations have been performed to reveal the formation
mechanism.
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Scheme 1. Chemical structures of EDTTF (a), TCDB (b) and 1-phenyloctane (PO, c)

Results and discussion

Figure 1. (a) Large scale
assembly on the HOPG surface. Iy, = 299.1 pA; Vi =
599.1 mV; (b) High-resolution STM image of TCDB on
the HOPG surface. Iy = 289.9 pA; Vipias = 599.1 mV; (c)
and (d) are calculated molecular models for the observed
area in (a).

STM image of TCDB self-

The solvent used in the experiments was 1-phenyloctane (PO,
Scheme 1c). A droplet of solution containing TCDB was
dropped onto the freshly cleaved HOPG to form the stable
monolayer nano-template. Typically, TCDB molecules can form
a molecular template with well-defined rectangular nanopores
at 1-phenyloctane/HOPG interface in a large scale. Figure 1a
shows the large-scale STM image of assembly of TCDB.
Detailed assembly structures are shown in Figure 1b. It could
be noted that each tetragonal cavity is formed by two TCDB
molecules. Careful analysis reveals that two TCDB molecules
form two pairs of hydrogen bonds via the terminal carboxylic
groups (see the red dashed circles in Figure 1d). Figure 1c is
the corresponding molecular model calculated by DFT method
on the basis of STM observations. The measured unit cell is
superimposed on the molecular model with a; = 3.9 + 0.1 nm,
bg=2.2+0.1nm, ag=73+2°.

2| J. Name., 2012, 00, 1-3

Obviously, this type of network is large enough to be used as a
template to accommodate various functional molecules as guest
species. Previous studies have reported the co-adsorption of
guest molecules, such as coronene, phthalocyanine and other
functional macrocycles into these nanopores”‘le. After TCDB
template with rectangular nanopores was formed, a droplet of
EDTTF solution was applied onto the TCDB self-assembly
structure. Figure 2a shows a large scale STM image of
TCDB/EDTTF system. Two kinds of patterns coexist (denoted as
domain |, 1l). Domain | is the traditional pure TCDB assembly. While
in domain Il, a new hexagonal network appears. Interestingly,
EDTTF molecules did not fill in the nanopores of TCDB
template as we had expected. Instead, a totally different
hexagonal network constructed by bright points was observed.
We denoted this hexagonal network as EDTTF-Loose pattern
(Figure 2a, right part). Figure 2b shows the high resolution STM
image of EDTTF-Loose pattern. In the hexagonal network, each
edge was covered with two bright rectangle points, and each
vertex was surrounded with three bright points. Some defects
with missing bright points, which are indicated by the yellow
arrows in Figure 2b, can be visualized in the STM image. The
length of each bright point is approximately 1.5 nm (L,, Figure
2b), which is in accordance with the size of one EDTTF
molecule. We deduced that each bright point corresponded to
one EDTTF molecule. The length of the edge of hexagonal
network is approximately 3.4 nm, which is nearly twice the
length of an alkyl chain of TCDB. We suggested that in the

Figure 2. (a) Coexistence of traditional TCDB self-
assembly () and EDTTF-Loose pattern (ll). Tunneling
condition: I;=299.1pA, V;,s=599.1mV. (b) High-resolution
STM image of EDTTF-Loose pattern. Tunneling condition:
I4e=349.1pA, Vpiss=599.1mV.The distance of d,;=7.0%0.1
nm, L;=1.540.1 nm. The yellow arrows point out the
missing bright points in EDTTF-Loose pattern. A unit cell
was superimposed on EDTTF-Loose pattern with the
corresponding parameters shown in Table 1.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) STM image of EDTTF-Tight pattern. Tunneling condition:
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molecular models of (b) optimized TCDB2 pattern and (c) TCDB2-EDTTF. A unit cell was superimposed on (a) and

(c) separately with parameters shown in Table 1.

TCDB/EDTTF system, the three alkyl chains of TCDB were fully
extended, and TCDB molecules underwent symmetry
transformation from original C; symmetry to C; symmetry.
Then, every TCDB molecule could interact with three TCDB
molecules via hydrogen bonding through the terminal
carboxylic groups (Figure S3). Accordingly, a hexagonal
network could be formed. Considering that EDTTF itself could
not be stably adsorbed on the graphite, EDTTF would only
deposit on the alkyl chains of the TCDB frame. A cross-
sectional profile (Figure S1) corresponding to Figure 2a shows
that the height of the bright spots is higher than that of the
traditional TCDB network. Therefore, we could infer the bright
spots represented EDTTF molecules due to the height as well
as the strong electronic density of the core part of EDTTF. To
obtain the size of the hexagonal cavity, we measured the
distance between the two opposite vertexes (d,, Figure 2b).
The distance d; is 7.0 £ 0.1 nm, which means that the network
is with one of the largest hexagonal cavities ever observed by
STM. The measured unit cell is superimposed on the molecular
model with a;=6.1+ 0.1 nm, b;=6.1+ 0.1 nm and a; =59 + 2°
(Figure 2b).

After obtaining the hexagonal nanostructure, the sample was
kept for 48 hours and detected by STM again. Surprisingly, the
hexagonal EDTTF-Loose pattern disappeared and was replaced
by a compacted linear pattern (EDTTF-Tight pattern, Figure 3a).
In Figure 3a, lamellae structure constructed by bright points
could be observed. The bright points staggered alternately in
each line. As we know, EDTTF deposited on the alkyl chains.
Thus, the dramatic changes of the arrangement of EDTTF
indicated that the hexagonal TCDB frame gradually
transformed back to the closely-packing frame. In this process,
the traditional TCDB packing pattern was also optimized to
adapt to the illustrative molecular model (denoted by TCDB2
pattern, Figure 3b). The red dash circle in Figure 3b marked
out the hydrogen bonds between TCDB molecules via the
terminal carboxylic groups. Furthermore, hydrogen bonding
(C-H * < N) is formed between the two pyridine rings of the
EDTTF dimer deposited on the TCDB alkyl chains (marked by
the red dash circle in Figure 3c), which contributes about -
14.322 kcal mol™ to the total energy. The measured unit cell is
superimposed on the molecular model with a,= 3.5 + 0.1 nm,
b,=2.2+0.1 nmand a, =69 + 2° (Figure 3c).

This journal is © The Royal Society of Chemistry 20xx

Although the pure TCDB cavities could resize to accommodate
guest molecules according to previous reportss' 15, how could
the hexagonal structure be constructed with EDTTF molecules
immobilized on the edge? To answer this question, density
functional theory (DFT) calculation was performed to
understand the formation mechanism based on the observed
phenomena. The calculated lattice parameters for 2D
networks are summarized in Table 1. The calculated
parameters agree well with the experimental data. The cell
size, the structures, and the geometry of the adsorbates are
presented in the supporting information (Figure S4). In the
surface assembly system, the interaction between adsorbates
and substrate plays an important role. Therefore, we
presented the total energy (including the interaction energy
between adsorbates and the interaction energy between
adsorbates and substrate) in Table 2. Furthermore, a
reasonable way to compare the thermodynamic stability of the
different arrays should be the total energy per unit area. Then
we also presented the total energy per unit area of the system
in Table 2.

Firstly, we calculated the total energy per unit area of the
assembled structure of pure packing TCDB (-0.286 kcal mol™* A
2). Since pure TCDB assembly was a well-known packing
pattern, before the EDTTF molecules were introduced into the
system, this value can be viewed as a reference. Then, we
proposed the hexagonal pattern of TCDB framework (TCDB1)
with EDTTF deposited on the alkyl chains (denoted by TCDB1-
EDTTF, Figure 4a). The total energy per unit area of the
hexagonal TCDB (TCDB1) is only -0.077 kcal mol™ A"Z, which is
much higher than that of the pure TCDB packing pattern. This
is why we could not observe the pure hexagonal pattern of
TCDB framework. Then we calculated the total energy per unit
area of TCDB1-EDTTF, in this model EDTTF directly deposited
on the alkyl braches of the hexagonal TCDB framework.
However, the total energy per unit area of TCDB1-EDTTF is
only -0.158 kcal mol™ A2, which is less stable than that of the
pure packing TCDB assembly. It means that this model was not
an energetically favourable structure. Therefore, we
considered the solvent effect, and proposed a TCDB1-EDTTF-
PO model (Figure 4b), in which the solvents (1-phenyloctane,
PO) were conjectured to participate into the TCDB1/EDTTF
system. Figure 4c and Figure 4d show the details of the
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molecular models, respectively. Hydrogen bonding (C-H * + N)
also exists among the three pyridine rings at the end of the

Figure 4. Calculated molecular models of (a) TCDBI-EDTTF
and (b) TCDB1-EDTTF-PO. (c) and (d) show the details of the
red dash circles of (a) and (b), respectively.

EDTTF molecules (marked by the red dash circle in Figure 4),
which helps the three donors together in the hexagonal phase.
Careful calculations show that the interaction energy of
hydrogen bonding is about -23.237 kcal mol™,

It is worth pointing out that the length of 1-phenyloctane (PO)
is approximately 1.7 nm, which matches well to the length of
the alkyl chain of TCDB. With the matching size, in presence of
the strong interaction between PO and substrate, PO adsorbed
on the graphite could interact with the alkyl chain side-by-side.
Two PO molecules located beside an alkyl chain. The total
energy per unit area of TCDB1-EDTTF-PO is -0.297 kcal mol™* A%,
and a little less than that of pure TCDB system (-0.286 kcal
mol™ A'z). Evidently, the participation of PO strengthens the

Table 1. Experimental (Expt.) and Calculated (Cal.) lattice
parameters for TCDB, EDTTF-Loose and EDTTF-Tight pattern.

Unit cell parameters

a (nm) b (nm) ao(®)
TCDB Expt. 3.940.1 22401 7312
Cal. 3.80 225 73.00
EDTTF-  Expt. 6.120.1 6.120.1 592
Loose Cal. 6.08 6.08 60.00
EDTTF-  Expt. 3501 22401 69+2
Tight Cal. 3.59 228 69.00

stability of the TCDB1/EDTTF system, and results in a more
stable system comparing to the pure TCDB system. This is why
when we introduced EDTTF, with PO as the solvent, we
observed the hexagonal network. In addition, the total energy
per unit area of TCDB1-EDTTF-PO is nearly equal to that of the
pure TCDB network. Thus, the coexistence of TCDB and EDTTF-
Loose pattern was observed in Figure 2a. It is notable that the
total energy per unit area of TCDB2-EDTTF-Tight is the lowest
(-0.529 kcal mol™ A'z), indicating that EDTTF-Tight pattern is
the most energetically favourable pattern.

Control experiments have been carried out to ensure that 1-
phenyloctane takes part in the TCDB/EDTTF system. We
introduced another solvent octanoic acid (OA) as the
counterpart into TCDB/EDTTF system. However, we could only
observe the final EDTTF-Tight pattern instead of the hexagonal
network (Figure S2). We noticed that the length of PO is about
1.7 nm, while the length of OA is 1.1 nm. It means that due to
the mismatch of the length between the solvent OA and the
alkyl chain, the test solvent OA could not participate in the
TCDB/EDTTF system. The control experiments proved our

conjecture that the hexagonal network appeared really
because of the participation of 1-phenyloctane in the
TCDB/EDTTF system.

It is interesting to investigate why EDTTF

preferentially adsorbed on top of the alkyl chains of TCDB. As
mentioned before, EDTTF itself could not assemble into

orderly network at 1-phenyloctane/HOPG interface under STM.

It means that without external fixation, EDTTF could not be
stably recorded by STM observation. In our study, TCDB
molecules can form a molecular template with well-defined
rectangular nanopores in a large scale. Thus, the alkyl chains
should be considered not only as the “substrate” to support

Table 2. Total Energy and Energy per Unit Area for EDTTF-Loose and EDTTF-Tight pattern. Here, the more negative energy

means the system is more stable.

Interactions Interactions Total energy Energy per unit
between molecules  between molecules  (kcal mol™) area
(kcal mol™) and substrate (kcal mol! A%
(keal mol™)
TCDB -67.137 -166.817 -233.954 -0.286
EDTTF-Loose TCDB1 -76.266 -167.280 -243.546 -0.077
TCDBI-EDTTF -309.963 -196.342 -506.305 -0.158
TCDBI-EDTTF-PO -479.840 -470.971 -950.811 -0.297
EDTTF-Tight TCDB2 -60.137 -165.817 -225.954 -0.296
TCDB2-EDTTF -233.148 -170.824 -403.972 -0.529

4| J. Name., 2012, 00, 1-3
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EDTTF, but also as a kind of external fixation to bind them
tightly. In the above discussions, further analyses show that
EDTTF molecules deposited on the alkyl chains could form
hydrogen bonding (C-H = * N) between the pyridine rings both
in the EDTTF-Loose pattern and EDTTF-Tight pattern. Obviously,
the hydrogen bonding helps EDTTF stably deposit on the alkyl
chains. We have calculated the energy between EDTTF and
TCDB “substrate”. For the EDTTF-Loose pattern, the energy
between EDTTF and TCDB/PO “substrate” is more stable (-
15.862 kcal mol'l) than that between EDTTF and HOPG. For the
EDTTF-Tight pattern, the energy between EDTTF and TCDB
“substrate” is more stable (-8.955 kcal mol'l) than that
between EDTTF and HOPG. Therefore, EDTTF molecules prefer
depositing on the alkyl chains rather than HOPG.

At last, we presented a scheme (Scheme 2) to illustrate the
whole experimental process. Firstly, TCDB formed the close-
packing pattern. When the EDTTF/1-phenyloctane solution
were introduced into the system, the traditional TCDB pattern
was likely to re-assemble into the hexagonal pattern with
EDTTF deposited on the alkyl chains and 1-phenyloctane (PO)
adsorbed on the graphite side-by-side near the alkyl chains. In
this stage, TCDB pattern and EDTTF-Loose pattern could
coexist. However, EDTTF-Loose pattern is still a metaphase
state. Gradually, with overcoming the steric hindrance under
the tension force and the movements of the solution
molecules, the EDTTF-Loose pattern transformed to EDTTF-
Tight pattern (the most energetically favourable pattern).
EDTTF-Tight pattern should be the final state with absolute
advantages in thermodynamics.

EDTTF-Loose
Metaphase

EDTTF-Tight
Final State

2 Gn T .,:'r*h
PR A R

Scheme 2. Mechanism for the co-assembly of EDTTF and
TCDB.

Conclusion

This journal is © The Royal Society of Chemistry 20xx

In summary, an EDTTF molecule without long alkyl chains was
successfully detected by STM for the first time at 1-
phenyloctane/HOPG introduction of TCDB
molecules. Instead of being immobilized into the TCDB cavities,
EDTTF deposited on the alkyl chains of TCDB molecules to form

interface after

a heterobilayer hexagonal network under 1-phenyloctane
solution. Such network was with one of the largest sizes ever
observed by STM. DFT calculations helped to explain the
mechanism and obtained the most reasonable molecular
model. Finally, the metaphase EDTTF-Loose pattern would
transform into the closely packed EDTTF-Tight pattern. High-
resolution STM images, as well as DFT calculations, provide a
new perspective to study the two-dimensional nanostructures
at submolecular level. The experiment results promote our
understanding of TCDB packing pattern in an indirect way.
Moreover, the new sights may enhance the understanding of
the self-assembly of EDTTF at interfaces and improve further
applications in other EDTTF systems and the design of
nanodevices.

Experimental

Sample preparation

The solvent used in this work was 1-phenyloctane (Aldrich)
without further purification. A pyridyl-substituted TTF
derivative, 4-pyridyl-(ethylenedithio)TTF (EDTTF, Scheme 1a)
was synthesized according to previous report”. EDTTF and
1,3,5-tris(10-Carboxydecyloxy)-benzene (TCDB, Scheme 1b)
were dissolved in  1l-phenyloctane separately with
concentration less than 1.0x10™* M. A piece of highly oriented
pyrolytic graphite (HOPG, grade ZYB, NTMDT, Russia) substrate
was freshly cleaved using adhesive tape. First, a droplet of
solution containing TCDB was deposited on HOPG substrate
and detected by STM. After traditional TCDB network with
rectangular pores was observed, a droplet of EDTTF was
dropped onto the TCDB molecular template and studied by
STM. Then the sample was kept for 48 hours, during which
solution would be added to maintain the liquid/solid
environment. After the treatments, the sample was detected
by STM again. All the samples were studied by STM with its
tips immersed directly into the droplet.

STM investigation

All STM experiments were performed with a Nanoscopellla
scanning probe microscope system (Bruker, USA) in constant
current mode under ambient conditions. STM tips were
prepared by mechanically cutting of Pt/Ir wire (80/20). All the
STM images provided are raw data and were calibrated by
referring the underlying graphite lattice. Detailed tunneling
conditions were given in the corresponding figure captions.

J. Name., 2013, 00, 1-3 | 5
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Computational details

Theoretical calculations were performed using DFT provided
by DMol3 code®®. We used the periodic boundary conditions
(PBC) to describe the 2D periodic structure on the graphite in
this work. The Perdew and Wang parameterization19 of the
local exchange correlation energy was applied in local spin
density approximation (LSDA) to describe exchange and
correlation. All-electron spin-unrestricted Kohn—-Sham wave
functions were expanded in a local atomic orbital basis. For the
large system, the numerical basis set was applied. All
calculations were all-electron ones, and performed with the
medium mesh. Self-consistent field procedure was done with a
convergence criterion of 10® au on the energy and electron
density. Combined with the experimental data, we have
optimized the unit cell parameters and the geometry of the
adsorbates in the unit cell. When the energy and density
convergence criterion are reached, we could obtain the
optimized parameters and the interaction energy between
adsorbates.

To evaluate the interaction between the adsorbates and HOPG,
we design the model system. In our work, adsorbates consist
of m-conjugated benzene-ring. Since adsorption of benzene on
graphite and graphene should be very similar, we have
performed our calculations on infinite graphene monolayers
using PBC. In the superlattice, graphene layers were separated
by 40 A in the normal direction and represented by
orthorhombic unit cells containing two carbon atoms. When
modeling the adsorbates on graphene, we used grapheme
super cells and sampled the Brillouin zone by a 1x1x1 k-point
mesh. The interaction energy E;,... of adsorbates with graphite
is given by Einter=Etot(adsorbates/graphene) - Etot(isolated adsorbates in vacuum) ~
Etot(graphene)-
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When dissolved in 1-phenyloctane, EDTTF could co-assemble with TCDB to form a hexagonal network and
would transform into linear structure.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7



