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ABSTRACT: Controlling chemical reactions on surface is of
great importance to constructing self-assembled covalent
nanostructures. Herein, Knoevenagel reaction between aromatic
aldehyde compound 2,5-di($-aldehyde-2-thienyl)-1,4-dioctylox-
ybenzene (PT2) and barbituric acid (BA) has been successfully
performed for the first time at liquid/HOPG interface and
vapor/HOPG interface. The resulting surface nanostructures
and the formation of C=C bond are recorded through scanning
tunneling microscopy (STM), and confirmed by attenuated total
reflectance Fourier-transform infrared (ATR/FT-IR) spectrom-
eter and UV—vis absorption. The obtained results reveal that
Knoevenagel condensation reaction can efficiently occur at both
interfaces. This surface reaction would be an important step
toward further reaction to produce innovative conjugated
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nanomaterial on the surface.
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B INTRODUCTION

The bottom-up self-assembly is one of the most studied
approaches to obtaining nanostructures with controlled
dimensions and innovational properties.' > Although the self-
assemblies driven by weak and reversible interaction (van der
Waals forces, hydrogen bonding, coordination bond, and so
on) are well-developed nanostructures in large scale, they are
very fragile and easy to collapse under special conditions (high
temperature, low pressure, air and water exposure).‘*_6 In a
sense, these equilibrium self-assembled structures driven by
noncovalent bonds have poor mechanical and chemical
stability, and can not be applied extensively. Control of
molecular arrangement is the prerequisite for their potential
application in nanotechnology development. Therefore, it is
very necessary to obtain mechanically and chemically stable
functional nanostructures with controlled dimensions.

It is important to explore surface reaction in order to
construct stable nanostructures on the surface.” "' Similar with
the solution reactions, on-surface chemical reactions involve
breakage and formation of chemical bonds. New compounds
could be obtained by the in situ synthesis on the surface.'””"*
In the recent years, enormous effort has been devoted into the
in situ formation of covalent bonds to construct covalently
interlinked organic molecular nanostructures on various
surfaces or interfaces.”'>~"” The covalent bonds include N—
H, C—C, B—0O, C=N, C—N, and so on, based on the electron
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transfer reaction,” photochemical reaction,” " Ullmann

coupling reaction,”>** Glaser coupling reaction,”>~*’ boronic
acid condensation reaction,”® Schiff-base coupling reaction,””>°
condensation reaction between acyl chlorides and amines,*"*>
etc. The photochemical reaction usually occurs within the
monolayer of photoactive molecules.*® Ullmann coupling is an
organic reaction of two haloaromatics to form a biaromatic
molecule via catalyst. The dehydration reaction of boronic acid
can form boron linked molecule and construct covalent
nanostructures.>® Imine-based molecules can be formed
through Schiff-base coupling reaction between aldehydes and
amines.>® The strong and irreversible covalent bond has been
considered as a promising alternative for fabricating thermo-
dynamically stable self-assembled materials on the surfaces. A
large number of zero-dimension (0D), one-dimension (1D),
and two-dimension (2D) large-scale covalent structures with
the help of various surface reactions have been achieved.**~*’

Nevertheless, experimental studies aimed at creating and
characterizing conjugated molecules have not been widely
devoted.** Conjugated bond in 2D may enhance carrier
mobility or other favorable properties and extend the
application of molecule device. To explore versatile application
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of conjugated molecules, it is particularly interesting to study
the reaction which can directly form alkene linkage on the
surface. Up to now, no reaction directly generating C=C
alkene groups on the surface has been reported. Thus, it is very
important to investigate the reaction process as well as self-
assembled properties of the final nanostructures. In particular,
the incorporation of alkene bonds can offer conjugation sites in
organic semiconductors, and thus might be utilized as efficient
building block for semiconducting polymers.

Alkenes can be prepared by elimination reaction, reduction
reaction and condensation reaction in the solution. Knoevena-
gel condensation reaction has been considered as an important
reaction for generating C=C double bond. This reaction is
really a nucleophilic addition of an active-methylene-containing
compound to a carbonyl group and finally can generate C=C
double bond in water or ethanol condition, in which a molecule
of water is eliminated.*' A proposed mechanism is shown in
Scheme 1. So far, the study of Knoevenagel condensation

Scheme 1. Proposed Mechanism of Knoevenagel
Condensation Reaction for the Formation of Double Bond
under H,0 (R = H) or CH;CH,OH (R = CH;CH,)
Conditions
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reaction on the highly oriented pyrolytic graphite (HOPG)
surface is rarely reported, which is crucial to understand the
surface chemical reaction and to develop 2D conjugated
nanomaterials and further electronic nanodevices. Two kinds of
methods (liquid and vapor) were used to understand the
process of Knoevenagel reaction on the surface.** At liquid/
HOPG interface, ethanol was used as the solvent, whereas
CuSO,-5SH,0 was used in the case of vapor/HOPG interface.

Barbituric acid (BA) is selected as monomers because BA not
only provides active methylene for reaction but also supplies
amine groups to create hydrogen-bonding for the formation of
supramolecular assemblies with a high degree of symme-
tries.***® On the other hand, a previously reported aromatic
aldehyde compound, 2,5-di(S-aldehyde-2-thienyl)-1,4-diocty-
loxybenzene (PT2) was employed as an aldehyde function-
alized monomer.*® The self-assembled properties of presynthe-
sized PT2BA and the surface nanostructures after in situ
reaction have been characterized by scanning tunnelling
microscopy (STM), which can provide insight into the surface
reactions on the molecular scale as well as the morphology of
self-assembled nanostructures on the surfaces. The chemical
bonds as well as the in situ reaction conversion have been
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confirmed via attenuated total reflectance Fourier-transform
infrared experiments (ATR/FT-IR) and UV—vis absorption.
The reacted and unreacted statuses of the intermediates have
also been discussed according to the adsorption geometry.

B EXPERIMENTAL SECTION

Materials. The reactant PT2 was prepared according our previous
report.® The compound PT2BA was obtained through thermal
treatment in ethanol solution, and the detailed procedure is shown in
the Supporting Information. The freshly cleaved HOPG (grade ZYB,
NTMDT, Russia) was used as the substrate.

Sample Preparation. PT2 sample was prepared by depositing
ethanol solution with concentration of 10" M onto the HOPG
surface. The PT2BA sample was prepared by depositing a droplet (0.4
uL) of tetrahydrofuran solution with the concentration less than 1 X
10™* M onto the HOPG surface. The surface reaction between PT2
and BA was conducted at liquid/HOPG and vapor/HOPG interfaces.
After preparation of sample, a droplet (0.1 yL) of pure solvent 1-
phenylocatne was added onto these surfaces before STM measure-
ment.

Surface Reaction. At liquid/HOPG interface: a droplet (0.4 uL)
of ethanol solution containing PT2 and barbituric acid with the
concentration less than 1 X 10" M was applied into HOPG surface.
Then, the sample was annealed at 60 °C in ethanol for 12 h. Analytical
reagent ethanol was ceaselessly added onto the sample in order to
keep the reaction happened at atmosphere of ethanol. At vapor/
HOPG interface: a droplet of PT2 ethanol solution (1 X 10™* M) was
deposited onto the freshly cleaved HOPG surface and dry for several
minutes. After that, HOPG sample, BA (ca. 0.2 mg) and CuSO,-SH,0
powder (ca. 1.2 g) were added to the bottom of custom-built Teflon-
sealed autoclave. The autoclave was sealed and put into a heating oven
at 150 °C for 3 h to finish the surface reaction.

Characterization. The STM experiments were carried out in a
Nanoscope Illa (Bruker, USA) under atmosphere conditions. The
STM images presented were acquired in constant current mode using
a mechanically formed Pt/Ir (80/20) tip. All STM images provide
were raw data without ant treatment expect for the flattening
procession and the drift was calibrated using the underlying graphite
lattice as a reference. The specific tunneling conditions including
tunneling current (I) and sample bias (Vi) are given in the
corresponding figure captions throughout the article. The molecular
models were built with a HyperChem software package. The density
functional theory (DFT) provided by DMol3 code was conducted to
estimate the length of molecules. Attenuated total reflectance Fourier-
transform infrared (ATR/FT-IR) spectra were carried out and
Excalibur 3100 spectrometer (Varian, USA) equipped with ATR
accessory was employed. The resolution was 0.20 cm™’, whereas 64
scans were set to obtain each spectrum in the region from 600 to 3500
cm™. UV—vis absorption spectra were measured using a UV-756
spectrometer.

B RESULTS AND DISCUSSION

Self-Assembly of Presynthesized PT2BA. The self-
assembly of dialdehyde precursor PT2 was performed in
order to confirm the geometry and chemical change after ex
situ and in situ reactions. A representative STM image similar
to our previous report,30 in which heptanoic acid is used for
liquid/solid interface was shown in Figure S1 in the Supporting
Information. The arranged bright rectangles correspond to the
core of PT2 molecules and the alkoxy chains lie in the dark
channel. The length (L) of the bright rectangles was statistically
estimated to be 1.1 + 0.2 nm.

The compound PT2BA was presynthesized via Knoevenagel
reaction by thermal solvent method as shown in Scheme 2. The
theoretical calculation was performed by using density
functional theory (DFT) to estimate the length of PT2 and
PT2BA molecules to be 1.23 and 1.72 nm, respectively. The
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Scheme 2. Reaction Route of PT2BA with Molecular Length
Estimated from Calculations Using the Density Functional
Theory (DFT) Provided by DMol3 Code

. 1230 A , ; 17.20 A i
i 5 BA | i
! 1o o | o
i d | N N i HN%,;H
N SN ° _ } %
Yy s W :
o HN}_
I —NH
o

PT2

PT2BA

calculated lengths are slightly larger than the estimated length
from the STM images because the former is the distance of
atoms, whereas the latter is the estimation results according to
the cloud density shown in STM images. Regardless, this
geometry change could give much information on the surface
reaction.

Deposition of PT2BA solution onto HOPG surface resulted
in well-ordered structure, and the characterization of the
molecular nanostructures was carried out by utilizing STM at
room temperature. Figure 1 shows a representative large-scale
STM image. The presynthesized PT2BA molecules appeared as
bright rods on the surface, and the average length is estimated
to be 1.6 & 0.2 nm. Six PT2BA molecules make up a flowerlike

Figure 1. (a) Large-scale STM image of PT2BA self-assembled
monolayer at the 1-phenyloctane/HOPG surface with circles marking
flower-structure containing six PT2BA molecules on the surface. (b) A
close-up image of the PT2BA self-assemblies. (c) A suggested
structural model for the network on HOPG. Inset illuminates the
intermolecular hydrogen bonds as indicated by dotted lines. Imaging
conditions: I, = 820 pA, Vi, = 380 mV.
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structure as marked by white circles and one circle was
symmetrically surrounded by six circles. The obtained sym-
metrical assembled structure indicates strong intermolecular
interaction for PT2BA molecules on the HOPG surface. With
close inspection of high-resolution STM image, six PT2BA
molecules closely connect with each other to form a cavity with
diameter of 1.0 + 0.1 nm. The parameters of unit cell are
measured to be a = b = 32 + 0.1 nm and @ = 60 + 2°
respectively. Moreover, it can be found that PT2BA shows
clockwise rotation, whereas no opposite chirality was found.
Molecular model based on STM image is shown in Figure 1lc.
The resulted networks are proposed to be constructed by
hydrogen bond between the terminal groups, indicating the
strong intermolecular interaction due to the presence of
barbituric acid.*”*® Therefore, PT2BA molecules self-assemble
to network through hydrogen bonds between amine group and
carbonyl group in terminal barbituric acid units. In other words,
the hydrogen bonds between the terminal barbituric acid
groups of PT2BA molecules play an important role in the
formation of self-assembled nanostructures.

In Situ Synthesis of PT2BA at the Interfaces. As shown
in the proposed mechanism of Knoevenagel reaction, water or
ethanol facilitated the deprotonating of barbitutic acid
monomer to form the corresponding carbon anion. The latter
attacked the aldehyde group of PT2 monomer and formed the
alcohol intermediate. The process of dehydration was followed
to afford product PT2BA molecule. The Knoevenagel reaction
of monomers PT2 and BA was conducted at liquid/HOPG
interface and vapor/HOPG interface, respectively. Full exgeri—
ment procedure can be seen in the Experimental Section.””

In the case of liquid/HOPG, STM characterization as shown
in Figure 2a reveals that the formed PT2BA is widespread
across the surface in the large scale. Despite disordered
morphology, there are clearly flowerlike structures as marked
with white circles in large scale as same as the structure of
presynthesized PT2BA on HOPG surface. The result indicates
that Knoevenagel condensation reaction occurs at the liquid/
HOPG interface. For a more detailed study of the reaction, the
length of the bright worm-like molecules was estimated with
the help of the STM software. From the statistical analysis
result as shown in Figure 2b, the length of the wormlike
molecules ranges from 1.1 to 2.2 nm. As theoretical calculation
mentioned above, the length of 1.3 + 0.2 nm wormlike
molecules might be assigned to the intermediate, where PT2
reacted with only one barbituric acid. As shown in Figure 2b, it
can be found that the product PT2BA shows abundance of up
to 65%, which indicates the Knoevenagel reaction has great
potential for application in the on-surface reaction field to
construct future functional nanomaterials.

In the case of vapor/solid interface, an efficient method to
accomplish on-surface chemical reaction was shown in the
previous reports,***”** and the feed ratio, the coverage of the
precursor on HOPG, the reaction temperature and the reaction
time have been changed to optimize the reaction condition
occurring on the surface. Figure 3a shows a large-scale STM
image of the reacted surface. The arranged bright short
rectangle phases correspond to the unreacted PT2 molecules,
whereas the wormlike molecules can be assigned to the
obtained compounds. Similar to the liquid/HOPG interface
method, flowerlike structures as marked with circles appeared
in large scale, which indicates that product PT2BA molecules
were synthesized at the vapor/HOPG interface. A reacted
region as marked with a red square was selected, and the length
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Figure 2. (a) Large-scale STM image of Knoevenagel reaction at liquid/HOPG interface. (b) The distribution of the length of molecules measured
from the STM image. Imaging conditions for a: I,; = 640 pA, Vi, = 410 mV.
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Figure 3. (a) Large-scale STM image of vapor/HOPG interface reaction. (b) Distribution of the length of molecules measured from the selected
region marked with a red square in (a). Imaging conditions: I, = 320 pA, Vi, = S30 mV.

Table 1. Proposed Hydrogen-Bonding Interaction Linkages of Wormlike Molecular with Length of Circa 1.9 nm from the STM
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“Molecular Conformation. ®The black curved lines correspond to the extending direction of complexes because of the intermolecular hydrogen-

bonding interaction.

of bright wormlike molecules was calculated and the statistical
result is shown in Figure 3b. The percentage of wormlike
molecules with length of 1.6 + 0.2 nm is up to 85%. The
relative amount of 1.1 + 0.2 nm molecules is about 6.5%.

It is worthwhile to note that the disordered structures at
liquid/HOPG interface and at vapor/HOPG interface possibly
result from the unreacted PT2, incomplete-reacted PT2, and
the residual free barbituric acid coexisting on the surface. The
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interaction between barbituric acid groups might restrict the
mobility of barbituric acid on the surface to react with aldehyde
group.®" These results reveal that the intermolecular hydrogen-
bonding interaction is not strong enough to reorganize the
single molecule after surface reaction. This is different from the
covalent organic frameworks (COFs), which is stabilized by
covalent interaction in the formed assembled struc-

11,40,50,52 . . .
tures.'*%5%52 Therefore, intermolecular interaction could be
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Figure 4. (a) ATR/FT-IR spectra in the region of 600—3500 cm™" of the monomers (a) BA, (b) PT2, (c) the presynthesized PT2BA, (d) liquid/
HOPG PT2BA, and (e) vapor/HOPG PT2BA, respectively. (b) UV—vis absorption spectra of PT2, presynthesized PT2BA, in situ vapor and liquid

reaction.

a reaction barrier, which requires further experimental and
theoretical investigation.

As shown in Figures 2b and 3b, STM images also clearly
indicated the occurrence of molecules with length more than
1.6 + 0.2 nm. What are these larger wormlike compounds? No
other reactions could occur, therefore, there might be more
complex interaction and molecular alignment. As shown in
Figure 1, adjacent two terminal barbituric acids connect with
each other through two hydrogen bonds. As a matter of fact,
there might be another possible interaction form, in which two
terminal barbituric acids connect with each other through only
one hydrogen bond.

Table 1 shows two forms of interaction between barbituric
acid groups. According to length of worm-like compounds, the
features larger than 1.6 & 0.2 nm can be attributed to different
types of complexes with barbituric acid monomers. Impor-
tantly, both hydrogen bonds are parallel facing opposite
directions in Form I, while only one hydrogen bond could
result in an angle between molecules in the case of Form II. For
the complexes with length of ca. 1.9 nm, it is possible that one
unreacted BA molecule connected to the terminal barbituric
acid group of one PT2BA molecule. Two terminal barbituric
acid groups in one PT2BA molecule connected to two
unreacted BA molecules to form complexes with length of ca.
2.1 nm.

According to the hydrogen-bonding linkage, there are several
kinds of conformation, which is in accordance with the various
wormlike molecules as shown in STM images. It is worth
mentioning that the residual free amine and carbonyl groups on
these complexes could provide other hydrogen-bonding
interactions to form complicated dendritic structure. Addition-
ally, although the interaction between aldehyde groups or
aldehyde with other groups has been discussed,” the
interaction is weaker compared with the hydrogen bondin
between BA molecules and PT2BA terminal BA groups.””’
We attempted to add BA and PT2 precursor to presynthesized
PT2BA monolayer on HOPG surface to confirm the influence
of unreacted BA and PT2 molecules on the self-assembled
nanostructure. The STM images as shown in Figure S2 in the
Supporting Information show similar morphology in Figures 2
and 3. Consequently, many hydrogen-bonding sites in
barbituric acid group induce various types of intermolecular
interactions.

Spectrum Analyses. To further confirm the occurrence of
Knoevenagel reaction, ATR/FT-IR experiment was first carried
out to study the molecular structure. Those samples for ATR/
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FT-IR measurement were prepared as described in STM
measurement. The ATR/FT-IR spectra of presynthesized
PT2BA, on-surface synthesized PT2BA as well as monomers
BA and PT?2 are recorded and shown in Figure 4a. The peaks at
2853 and 2928 cm™ are attributed to the C—H stretching of
—CH,— and —CH,.>* The band at 2360 cm™ corresponds to
the N—H stretching.56 The band at 1738 cm™ is assigned to
C—H aromatic stretching. The obtained band at 1659 cm™ is
due to the C=O stretching vibration. A C=C peak are
observed at 1548 cm™! after the ex situ or in situ reaction. The
band around 1256 cm™' is attributed to C—H bending
vibrations. The band between 1010 and 1093 cm™" corresponds
to C—O—C stretching.”” The band found at 869 cm™ is
assigned to the C—H bending absorption.”® The band 668
cm™! can be assigned to C—S absorption.’” The new band at
around 1548 cm™! in spectrum of presynthesized PT2BA is
associated with the generated C=C stretching mode.
Compared with the presynthesized PT2BA, the obtained
bands at 1546 cm™' in spectra d (liquid/HOPG) and e
(vapor/HOPG) are slightly weaker after surface reaction.
Additionally, there are still monomer spectra at both spectra d
and e, indicating the presence of monomers, which is in
accordance with the STM results. Thus, these results confirm
occurrence of Knoevenagel reaction at the interfaces,
generation of C=C double bond and the presence of product
PT2BA. The slight change in frequency might be due to the
existing intermolecular hydrogen-bonding.*’

Moreover, UV—vis absorption spectra were recorded as
shown in Figure 4b. It should be noted that precursor PT2 and
presynthesized PT2BA were directly dissolved in THF solvent
for UV—vis measurements. In the case of in situ reaction, the
substrates after reaction were immersed in the solvent, and the
obtained solutions were used for UV—vis absorption experi-
ments. As shown in Figure 4b, PT2 shows two absorption
peaks as observed at 338 and 407 nm. PT2BA solution shows
two peaks at 385 and 501 nm. The maximum absorption is red-
shifted by 94 nm compared with that of PT2, indicating an
increasinlg of the conjugation due to the formation of C=C
linkage." For the in situ reaction (vapor and liquid), the
spectra show three peaks around 338, 407, and 501 nm, which
indicate that PT2 and PT2BA coexist. Therefore, it can be
concluded that the reaction happened after vapor and liquid
reaction, although there is still PT2 molecules, which agrees
with the result from STM and FTIR research.

From STM images, ATR/FT-IR and UV-vis absorption
spectrum analyses, it can be concluded that the Knoevenagel
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condensation reaction indeed successfully happened at liquid/
HOPG and vapor/HOPG interfaces although large-scale
ordered structure was not obtained. For the formation of
well-defined complexes, appropriate hydrogen-bonding inter-
action should be designed. It is necessary to choose reactions
and suitable reactants in order to take advantage of the
interaction effects, especially for the nanostructure demanding
hydrogen-bonding sites. The reaction between PT2 and
another monomer, which has different chemical structure
from barbituric acid, is going on for ordered structure. Further
study will be continued on the surface reaction mechanism to
construct large-scale ordered conjugated networks and explore
the application in organic electronics and energy storage field.
Based on this kind of reaction, chemical and surface researchers
would develop many unprecedented structures and functional
materials.

B CONCLUSION

Presynthesized PT2BA compound can organize into self-
assembled symmetrical structure on HOPG surface. Knoeve-
nagel condensation reaction between aromatic aldehyde
compound PT2 and BA was first conducted at both liquid/
HOPG interface and vapor/HOPG interface. After the
completion of interface reaction, high-resolution STM images
and spectra analysis reveal that the Knoevenagel condensation
reaction has been successfully achieved at both interfaces.
Although unreacted PT2, intermediate, product PT2BA and
species constructed through various hydrogen-bonding coexist
on the HOPG surface, the amount of the product PT2BA is in
the majority. The flowerlike structures as same as the
presynthesized PT2BA on HOPG surface can also be obtained.
Various intermolecular hydrogen-bonding interactions have
been proposed to explain the observed complicated worm-like
compounds. The intermolecular interactions played an
important role in on-surface reaction for self-assembly
nanostructures. This work observed a new surface reaction,
and importantly provided valuable information about the
interaction in the procedure of surface reaction and a new
strategy for constructing surface-conjugated nanostructures.
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