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Self-assembly films of PCDA and its in situ photopolymerization donate different amount of electrons to the MoS,/TiO, surface and thus
modulate the photoluminescence of the latter.

Public summary
m Monolayer MoS, was grown on rutile TiO,(110) single crystal through an ambient CVD method.
m PCDA assembles into lamellae structure on the MoS,/TiO, surface and polymerizes in situ under the UV irradiation.

m The assembled and the further polymerized PCDA molecules donate electrons to the MoS,/TiO, and tune the photolu-
minescence of the latter.
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Abstract: Self-assembly films have demonstrated an efficient method to functionalize the surfaces of variously different
materials. In this work, we preliminarily explored the modification effect of 10,12-pentacosadiynoic acid (PCDA) on the
optical properties of monolayer molybdenum disulfide (MoS,) grown on a rutile titanium dioxide (r-TiO,) (110) single
crystal surface. Atomic force microscopy (AFM) characterizations directly revealed that the PCDA molecules self-
assemble into the same lamella structure as on pure MoS,, which can be further polymerized into conductive polydi-
acetylene (PDA) chains under ultraviolet light (UV) irradiation. Detailed photoluminescence (PL) measurements observed
clearly increased luminescence of negative trions (A") yet decreased total intensities for MoS, upon adding the PCDA as-
sembly, which is further enhanced after stimulating its polymerization. These results indicate that the PCDA assembly and
its polymerization have different electron donability to MoS,, which hence provides a deepened understanding of the inter-
facial interactions within a multicomponent system. Our work also demonstrates the self-assembly of films as a versatile

strategy to tune the electronic/optical properties of hybridized two-dimensional materials.

Keywords: 10,12-pentacosadiynoic acid; MoS,/TiO,; self-assembly; photopolymerization; photoluminescence
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1 Introduction

Recently, transition metal dichalcogenides (TMDs) have at-
tracted immense research attention owing to their superior
properties, including their layered structure, outstanding elec-
trical conductivity and optical properties, and have been im-
plemented in a wide range of applications, such as electron-
ics, optics, sensors and heterogeneous catalysis! ™). In particu-
lar, when integrated with active oxide semiconductors, such
as TiO,, the combinative system has been discovered with en-
hanced electro or photocatalytic performances and thus has
drawn intensive attention due to its expandable potential in
electronics, photovoltaics, and photocatalysis. In the past sev-
eral years, our group has developed an ambient-pressure
chemical vapor deposition (CVD) method to grow high-
quality single-layer MoS, on differently terminated rutile
TiO, single crystals to successfully construct model hybrid-
ized MoS,/TiO, systems with ideally controlled interfaces! *.
Based on the series of characterizations, we revealed that the
subtle change in the atomic structure of the interface may sig-
nificantly influence the optical properties of the combination-
al system. Moreover, under most application conditions, the
MoS,/TiO, structure will be further integrated with other
functional materials. In this case, the interactions between
multiple interfaces must be carefully considered.

Organic self-assembly films (SAMs) have been demon-
strated as an effective method to modify various surfaces in
recent decades™ ", In fact, SAMs are also frequently applied
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in solar cells or photovoltaic devices'"'". Nevertheless, the
detailed interactions between SAMs and the surfaces of func-
tional semiconductors are not yet well understood, particu-
larly for heterostructures comprising ultrathin two-dimensional
materials (2DM). In this work, we investigated for the first
time the assembly behavior of a prototypical photosensitive
molecule, 10,12-pentacosadiynoic acid (PCDA, see Fig. 1),
on the surface of the MoS,/TiO, heterostructure. PCDA has
been demonstrated to assemble into lamella structures on
various surfaces!"'Y. The aligned diacetylene groups can be
further polymerized into linear conductive chains under ultra-
violet (UV) light irradiation or pulse excitation and thus are
considered promising candidates for molecular conductors'.
Our atomic force microscopy (AFM) characterizations
demonstrate that the PCDA molecules form the same as-
sembly structure on the MoS,/TiO, surface as on the pure
MoS, substrate and can also be triggered to polymerize upon
UV irradiation. However, the molecular film and its reaction
product have different effects on the photoluminescence of
MoS,, which can be attributed to the different charge transfer
conditions at the interface. These results may shed new light
on the interface interactions between functional organic
SAMs and hybridized semiconductive materials.

2 Materials and methods
2.1 Preparation of the MoS,/TiO, substrate
The monolayer MoS,/TiO, substrate was prepared with the
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Fig. 1. (a) Molecular structure of 10,12-pentacosadiynoic acid. (b, ¢) The standing-up and flat-lying assembly structures of PCDA on oxide and other

inert substrates, respectively. The rectangle in (¢) marks the unit cell.

same recipe reported previously by our group™®. As the first
step, the received rutile TiO,(110) single crystal (Hefei
Kejing Materials Technology Co., Ltd.) was etched with HF
solution, followed by annealing in air to obtain an atomically
flat surface. Then, the as-prepared TiO, substrate was loaded
into the high-temperature zone of a two-zone tube furnace
(Hefei Kejing Materials Technology Co., Ltd.). After that,
120 mg of sulfur powder (Shanghai Aladdin Biochemical
Technology Co., Ltd., 99.95%) was weighed in a quartz boat
and placed in the upstream low-temperature zone of the tube
furnace, where the temperature was set at 200 °C. Meanwhile,
6 mg of molybdenum trioxide (MoOj;, Shanghai Aladdin Bio-
chemical Technology Co., Ltd., 99.95%) was weighed in an-
other quartz boat and placed approximately 2 cm down-
stream against the TiO, substrate. When everything was as-
sembled, pure nitrogen gas was introduced at a gas rate of
300 sccm for 30 min to flush out the residual air and to en-
sure an inert gas environment during the reaction process.
After that, the nitrogen flow rate was lowered to 100 sccm,
and the high-temperature zone was gradually heated to ~750
°C at a speed of 15 °C/min to ensure that both the S and
MoO; precursors reached their sublimation temperature at
roughly the same time. For the samples used in this study, the
reaction was maintained for ~10 min. As a result, we could
fabricate uniformly distributed monolayer MoS, flakes as
large as 1 um for the side width while perfectly maintaining
the atomic flatness of the surface, as will be presented below.

2.2 Preparation of the PCDA assembly films

All chemicals were used as received without further purifica-
tion. The PCDA molecule (Shanghai Aladdin Biochemical
Technology Co., Ltd., 97%) was dissolved in toluene (Sino-
pharm Chemical Reagent Co., Ltd., analytical purity) until the
concentration reached 1.0x107°-1.0x10" mol/L. The
PCDA/toluene solutions were carefully stored in brown
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volumetric flasks and renewed after a few days. To prepare
the SAMSs on different substrates, 10 pL of solution was
drop cast onto the MoS, or MoS,/TiO, surface and kept un-
der the cover of a beaker for a few minutes until the solvent
completely evaporated. Commercial single-crystal MoS, (He-
fei Kejing Materials Technology Co., Ltd., 15 x 15 x 1 mm?)
was cut into small squares (~5 mm x 5 mm width) before use.
To prepare a clean surface, the top layers of the MoS, crystal
were either peeled off with tape or mechanically cleaved with
a clean knife. In contrast, the MoS,/TiO, substrate was dir-
ectly used without further cleaning. All samples were charac-
terized immediately after preparation. For the UV irradiation
experiments, a UV lamp (TANKO007, UV-AAOl) with a
wavelength centered at 365 nm and a power of 3 W was used,
which was kept ~3 cm from the sample surface and illumin-
ated for 5-10 min to stimulate the polymerization of PCDA.
No obvious temperature rise of the sample was found.

2.3 Characterization methods

All microscopic measurements were acquired on a Digital In-
struments NanoScope I1la MultiMode™ system under ambi-
ent conditions. AFM images were acquired using a silicon
cantilever probe (VTESPA-300, Bruker). Scanning tunneling
microscopy (STM) images were acquired using a Pt/Ir tip pre-
pared by mechanical cutting from a 0.25 mm platinum-
iridium wire (Alfa Aesar). The STM experiments were only
successfully performed for PCDA on the pure MoS, surface,
wherein a commercial MoS, crystal (Hefei Kejing Materials
Technology Co., Ltd.) was used as the substrate. Unfortu-
nately, STM measurements of PCDA on MoS,/TiO, did not
succeed owing to the lack of sufficient conductivity. Photolu-
minescence (PL) measurements were carried out using a laser
Raman spectrometer system from LabRamHR Evolution (JY,
France). The incident laser beam has a wavelength of 532 nm
and a power of 1.5 mW. The diameter of the focus is
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approximately 1 um, which ideally fits the size of our as-
grown MoS,. The integration time is normally set as 10 s.

3 Results and discussion

3.1 Characterization of the as-prepared MoS,/TiO,
substrate

As stated in the experimental section, the MoS,/TiO, sub-
strate was fabricated through the ambient-pressure CVD re-
cipe developed in our own group™ '\ In Fig. 2, we present the
main characterization results of the MoS,/TiO, sample.
Fig. 2a displays the AFM image of the bare TiO, surface be-
fore CVD synthesis of MoS,, which shows atomically flat ter-
races as wide as ~200 nm and separated by monoatomic steps
(~0.34 nm for the height)'”. After the CVD synthesis, the
AFM image in Fig. 2b clearly shows a triangular-shaped
monolayer MoS, flake overlapping on the TiO, surface while
perfectly maintaining the surface flatness and cleanness. The
inserted section profile across the MoS, boundary directly
reads the height of the MoS, flake as ~0.71 nm, demonstrat-
ing its monolayer thickness'”. Meanwhile, the step features of
TiO, underneath MoS, can also be clearly observed, indicat-
ing that both materials have intimate contact. Fig. 2c shows a
typical SEM image of the as-grown sample, manifesting the
uniformly high quality of the fabricated MoS,, each having an
average size of ~1pm.

In addition to this microscopic evidence, we also per-
formed spectroscopy measurements to characterize the
MoS,/TiO, sample. The Raman spectrum was taken on the
special sample prepared by transferring the as-grown MoS,
onto a Si0,/Si substrate. This is done because TiO, has very

strong Raman features overlapping with and hence covering
those for the MoS, adlayer. The spectrum in Fig. 2d clearly
shows the typical E',, and A, features of MoS, positioning at
385.99 cm™ and 405.58 cm™, respectively. The wavenumber
difference between the two peaks was found to be 19.59 cm™
(< 20 em™), which also provides additional evidence for the
monolayer thickness of the as-grown MoS,"* "\ Fig. 2e and
2f show the XPS spectra of the MoS,/TiO, sample. The Mo
high-resolution XPS spectrum clearly displays two distinct
peaks positioned at 231.65 eV and 234.55 ¢V, which are con-
sistent with the Mo* 3ds;, and Mo* 3d;, components of
MoS,, respectively, as reported in the literature™ . Corres-
pondingly, the S 2p spectrum in Fig. 2f also confirms the ex-
isting oxidation state of sulfur as —2"”. Quantitative element-
al analysis reveals that the S/Mo ratio is approximately 2.1,
indicating that a nearly stoichiometric MoS, crystal has been
fabricated on TiO,.

3.2 Self-assembly of PCDA on the MoS, surface

The self-assembly of PCDA and similar derivatives on the
MoS, surface has been extensively investigated previously!* .
Fig. 3 presents our own experimental data of PCDA on MoS,,
providing a reference for the study of PDCA on MoS,/TiO,.
As shown in Fig. lc, on inert surfaces such as graphite and
MoS,, the PCDA molecules tend to lie down and assemble in-
to a lamellar structure wherein the diacetylene groups are
aligned into chains. Here, our AFM scanning (Fig. 3a) also
clearly recognizes the chain-like structures, which are repres-
entative of the PCDA molecular rows with an interval of ap-
proximately 7 nm. The ambient STM characterization in
Fig. 3b directly resolves each PCDA molecule in the rows.
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Fig. 2. Characterization of the as-prepared MoS,/TiO, substrate. (a) AFM image of an atomically flat TiO,(110) surface. The inset in the upper right
corner shows the profile taken along the black arrow. (b) AFM image of a triangular MoS, flake on the MoS,/Ti0, surface. The upper right inset shows
the height profile measured across the MoS, boundary along the black arrow. (c) Typical SEM image of the as-prepared MoS,/TiO, surface. (d) Raman
spectrum of MoS, transferred from TiO, onto a SiO,/Si substrate. (e, f) High-resolution XPS spectra of Mo 3d and S 2p on MoS,/TiO,.
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Fig. 3. (a) AFM and (b) the corresponding STM characterizations of the self-assembly film of PCDA formed on MoS,. Four PCDA molecular models are
overlapped over the STM image. Note that although the film coverage slightly surpasses that of the monolayer, STM can only observe the structure of the
bottom layer. (c, d) are the section profiles taken along the black and blue lines, respectively. The measured distances correspond to ten and double times

the periodicities in these directions.

The bright regions correspond to the alkyl chains, including
the diacetylene groups, while the dark troughs correspond to
the hydrogen-bonded carboxylic end groups. Detailed profile
analyses in Fig. 3¢ and 3d reveal that the width of the PCDA
rows is ~7.1 nm, in which the PCDA molecules are separated
from each other with an interval of ~0.6 nm. All these fea-
tures are perfectly consistent with the literature report as well
as the molecular models, as shown in Fig. 10,

3.3 Self-assembly of PCDA on the MoS,/TiO, surface

After the PCDA test experiments on pure MoS,, we then tried
to explore its assembly behavior on the MoS,/TiO, surface.
Fig. 4a shows a typical AFM image of depositing 10 pL of
the PCDA/toluene (1x10~* mol/L) solution on a 5 mmx10 mm
MoS,/TiO, substrate. Interestingly, it was found that PCDA
does not form a uniform film on the surface but instead forms
distinct aggregates on the TiO, and MoS, regions. The
rectangular-shaped tall islands correspond to the aggregates
on the TiO, surface, which are proposed to be multiple layers
of tilting PCDA molecules, as schemed in Fig. 1b. Although
this is the first study to observe such PCDA assembly on the
rutile TiO,(110) surface, we do not discuss it in detail but only
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focus on the aggregates formed on the MoS, region. Fig. 4b
shows the topographic AFM image covering a MoS, flake. It
can be clearly seen that the deposited PCDA molecules have
assembled into submonolayer films with a height of ~0.5 nm.
In addition, the zoomed-in phase image in Fig. 4c displays an
obvious parallel-line pattern with a periodic interval of ~6.9
nm (see the profile analysis in Fig. 4d). These characteristics
demonstrate that the assembly structure of PCDA on the
MoS,/Ti0, surface should be exactly the same as that on the
pure MoS, surface®. All the PCDA molecules lie on the sur-
face and align their diacetylene groups together, as shown in
the model in Fig. 1c. Such a flat-lying configuration of PCDA
is not surprising considering that the MoS,/TiO, surface is
also barely inert and cannot directly bond to the carboxylic
end group of PCDA. However, such a configuration ensures
direct contact of the diacetylene group with the MoS, surface
and hence facilitates charge transfer between the two materi-
als, as will be discussed later.

3.4 UV-stimulated polymerization of PCDA molecules
on MoS,/TiO,

The most attractive property of the PCDA assembly is its
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Fig. 4. AFM characterization of the assembly structure of PCDA on the MoS,/TiO, surface. (a) Large-area topographic image showing the PCDA ag-
gregates formed on the MoS,/TiO, surface. (b) Zoomed-in topographic image focusing on the MoS,/TiO, region covered by PCDA film. (¢) Zoomed-in
phase image showing the resolved assembly structure of PCDA on MoS,/TiO,. (d) Section profile taken along the white arrow in (c), which measures the

periodicity of the PCDA assembly as ~6.9 nm.

polymerization reaction under external excitations. Previous
studies have demonstrated that PCDA on MoS, can be stimu-
lated to polymerize upon UV irradiation"*. However, wheth-
er this reaction can take place on MoS,/TiO, is still unknown.
Therefore, we shed a 365 nm UV light onto the
PCDA/MoS,/TiO, sample for ~10 min. As shown in Fig. 5a,
it can be clearly seen that some brighter lines developed while
part of the original lower ones are still observed. Their differ-
ences become more apparent when examining the corres-
ponding phase image, as shown in Fig. 5b. These brighter
chains are attributed to polymerized PCDA (PDA) on the
MoS,/TiO, surface!”. Their increased height (~0.14 nm, see
Fig. 5¢) relative to the unreacted PCDA molecules can be ex-
plained by the lifted poly-diacetylene groups, as shown by the
inserted model in Fig. 5c. Aside from the polymerized PCDA
films, we also noticed that the triangular MoS, flake and the
TiO, surface remained unchanged, indicating that UV light
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had a limited influence on these surface structures.
3.5 PL of the PCDA-covered MoS,/TiO, samples

The optical property is one of the most attractive properties of
MoS,**1. To explore the effect of PCDA molecules on the
photoluminescence of the MoS,/TiO, combinational system,
we performed PL measurements on a series of
PCDA/MoS,/TiO, samples. Fig. 6a—c presents mainly the A
peaks of MoS, at approximately 650 nm, which is the most
prominent PL signal resulting from the cross-band annihila-
tion of the A excitons in MoS,'"**". Based on the peak-fitting
analysis, all the PL spectra can be divided into two compon-
ents. The short wavelength component (in blue) is always
dominant and can be attributed to the neutral A exciton, while
the long wavelength component (in yellow) can be attributed
to the negatively charged A exciton (A")"". Detailed analysis
found that both the intensity of PL and the intensity ratio of
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Fig. 5. (a) AFM topography and (b) the corresponding phase images of the PCDA/MoS,/TiO, surface after UV irradiation. The black and red ovals high-
light the polymerized and unreacted PCDA assembly, respectively. (c) Section profiles taken along the black and red arrows in (a), showing the height
difference between the reacted and unreacted PCDA film. Inserted are the simple schematics for the flat lying PCDA (lower) and the PDA polymer (up-

per), respectively.
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Fig. 6. PL spectra measured on the different samples: (a) bare MoS,/TiO, (b) PCDA/MoS,/TiO, and (c) PCDA/MoS,/TiO, structure after UV irradiation.
All the spectra are properly fit with two peaks, i.e., A’ and A". (d) Plot of the PL intensities and the I,- /1,0 ratios versus different samples.

A/A (I,-/1,) significantly vary for different samples. As
summarized in Fig. 6d, the PL intensity is the largest for the
bare MoS,/TiO, sample but consecutively decreases on
PCDA/MoS,/TiO, and UV-illuminated PCDA/MoS,/TiO,
(termed PCDA/MoS,/TiO,-UV). In contrast, the ratio of
I, /I, reverses the ordering, indicating that the A~ lumines-
cence becomes increasingly prominent upon adding PCDA
onto the MoS,/TiO, surface and stimulating its polymeriza-
tion. Realizing that the A~ exciton is a quasiparticle formed by
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combining a neutral exciton with a free electron™, we pro-
pose that the number of free electrons in MoS, actually var-
ies for these different PCDA/MoS,/TiO, samples. These free
electrons may be donated from the PCDA assembly films. As
revealed by the AFM measurements, the PCDA molecules
take a flat-lying configuration on the MoS, surface, which
means that their electron-donating diacetylene groups can dir-
ectly contact the MoS, surface to efficiently transfer elec-
trons into the latter. For polymerized PDCA, although the
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poly-diacetylene groups are slightly lifted away from the sur-
face, their conductive wire structure is much more beneficial
for transporting electrons than the single molecules and thus
may donate more electrons into MoS,. Along with the added
electrons, the formation probability of the A~ exciton in MoS,
synchronically increases. Because the formation of each A~
consumes an A’ exciton, this simultaneously leads to a de-
crease in the A° exciton during the luminescence process.
Moreover, it is well acknowledged that A~ has a significantly
lower luminescence probability than A", Consequently, the
total PL intensity also decreases along with the attachment of
the PCDA assembly and their in situ polymerization.

4 Conclusions

In summary, we have explored the modulation effect of or-
ganic self-assembled films on the properties of a hybridized
semiconductor system. The investigated PCDA molecules
play an electron donative role to the MoS,/TiO, composition-
al surface. Moreover, their assembly films can be further
polymerized under proper excitations such as UV irradiation
in this work. The polymerized PDA film possesses a highly
conjugated skeleton and thus serves as a better electron donor
to the surface. Their charge transfer to MoS, hence signific-
antly varies the luminescence property of the latter. In this re-
gard, we once again witness the effective and volatile modi-
fication effect of the organic films. Our results also emphas-
ize that during the real designs as well as the practical applic-
ations of the functional hybridized systems, the interfacial in-
teractions must be carefully considered.
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