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A simple and effective method for direct exfoliation of tungsten diselenide (WSe;) into few-layered
nanosheets has been successfully developed by employing a low molecular weight adenine-
functionalized supramolecular polymer (A-PPG). In this study, we discover A-PPG can self-assemble into
a long-range, ordered lamellar microstructure on the surface of WSe, due to the efficient non-covalent
interactions between A-PPG and WSe,. Morphological and light scattering studies confirmed the
dynamic self-assembly behavior of A-PPG has the capacity to efficiently manipulate the transition
between contractile and extended lamellar microstructures on the surface of metallic 1T-phase and
semiconducting 2H-phase WSe, nanosheets, respectively. The extent of WSe, exfoliation can be easily
controlled by systematically adjusting the amount of A-PPG to obtain

nanocomposites with the desired functional characteristics. In addition, the resulting composites possess

in the composites,

unique liquid—solid phase transition behavior and excellent thermoreversible properties, revealing the
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Accepted 30th May 2018 self-assembled lamellar structure o unctions as a critical factor to manipulate and tailor the
physical properties of exfoliated WSe,. This newly developed method of producing exfoliated WSe,

DOI: 10.1039/c8sc01778f provides a useful conceptual and potential framework for developing WSe,-based multifunctional
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Introduction

Nanostructured layered tungsten diselenide (WSe,) materials,
a class of newly emerging two dimensional (2D) transition-
metal dichalcogenide (TMD) nanomaterials, have attracted
extensive interest in the development of sensors,' tunneling
devices,>* transistors,** optoelectronics,® hydrogen evolution”*°
and flexible electronics™* due to their unique thermal, gas-
sensitive, electrical, mechanical, photoelectrical and optical
properties.’* WSe, materials are also promising candidates for
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nanocomposites to extend their application in solution-processed semiconductor devices.

many optical and electrical applications due to their
controllable band structure and intrinsic photo-
luminescence, features not found in graphene.* The single
layer of WSe, is composed of a 6.7 A-thick slab of a Se-W-Se
sandwich layer. Atomically-thin WSe, is unique as it is
chemically homogeneous, but exhibits both a semi-
conducting 2H crystal structure and metallic 1T phase. The
2H phase, in which two layers per unit cell stack in hexagonal
symmetry with a trigonal prismatic coordination, and the
metastable 1T metallic phase, which possesses one-layer unit
cell in tetragonal symmetry with octahedral coordination, are
observed in 2D nanomaterials prepared by intercalation-
assisted-exfoliation.” Recently, the exfoliation of WSe,
nanosheets from pristine WSe, has attracted a great deal of
attention, as understanding the adsorption properties of
functional materials dispersed on the surface of WSe, is
fundamental to enable rational control of surface function-
alization, in order to generate high-efficiency optoelectronic
devices for efficient hydrogen evolution, field-effect transis-
tors and photodetectors/light emitting diodes.'®'” Hence,
exfoliation techniques play a crucial role in the production of
WSe, for a variety of applications.

This journal is © The Royal Society of Chemistry 2018
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A number of synthetic methods have been developed to
fabricate WSe, nanosheets, such as chemical vapor deposition,
micromechanical cleavage, and chemical and sonication-
assisted liquid phase exfoliation methods.> In principle, the
chemical vapor deposition technique enables fabrication of
macroscopic areas of TMD films, though generation of single
continuous layers on the macroscopic scale remains chal-
lenging. The commonly used micromechanical method has low
repeatability, precision and limited ability to control the
thickness and sizes of the sheets during production of exfoli-
ated WSe,."® Hence, many of the existing synthesis methods are
not convenient; the scalability and practical applications of
WSe, nanosheets are limited by their high cost, low yield,
restacking and complex synthetic procedures. Design of an
environmentally friendly, low-cost, efficient and simple fabri-
cation technique remains a significant challenge, but would be
enormously valuable for both research and commercial
applications.*

Compared to the aforementioned methods, the sonication-
assisted liquid phase exfoliation method is more promising,*
as it can produce 2D nanosheets of high structural quality with
stable, uniformly dispersed flakes.** However, the major
limitation of liquid-phase exfoliation is that the WSe, nano-
sheets produced restack into a bulk structure via van der Waals
interactions, which significantly limits extensive application of
these nanomaterials.™ In order to resolve these problems and
provide a realistic solution, it would be highly desirable to
establish an efficient dispersal technique that effectively exfo-
liates WSe, into an organic solution in which restacking of
dispersed WSe, is impeded, to enable the synthesis of high-
quality dispersed WSe, for a wide range of applications across
many fields of engineering and science.'>*

Non-covalently functionalized supramolecular polymers
have been acquired from functional macromers, and exhibit
tailorable physical properties and viscoelastic functionality due
to the dynamic bonds between monomeric units.**** Recently,
our research group discovered an ureido-cytosine-
functionalized supramolecular polymer, which we used to
directly delaminate graphene from graphite into micrometer-
sized few-layered sheets. Application of these supramolecular
polymers for the production of 2D nanomaterials enabled well-
controlled exfoliation, manipulation and successive dispersion
of graphite to be easily achieved. The self-assembled lamellar
microstructure of supramolecular polymers and electric
conductivity of polymer-graphene composites have been char-
acterized.”” Subsequently, we developed a simple, efficient
method for exfoliation of hexagonal boron nitride (h-BN) into
few-layered nanosheets using adenine end-capped poly-
propylene glycol (A-PPG) as a dispersing and stabilizing agent,
and confirmed A-PPG self-assembled into either lamellar or
micelle structures on the surface of h-BN nanosheets via w-m
stacking. Furthermore, A-PPG/h-BN composites exhibited well-
defined phase transition behavior and excellent thermal
stability over a wide temperature range due to the presence of
the adenine moieties and their reversible hydrogen-bond
interactions.” A-PPG is also a biocompatible stimuli-
responsive polymer with potential for biomedical applications

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Chemical structures of the A-PPG macromer and sche-
matic representation of the non-covalent liquid-phase exfoliation of
WSe, nanosheets in the presence of A-PPG dispersant.

such as controlled drug delivery and bioimaging.*® Based on our
previous findings, the combination of A-PPG with WSe, repre-
sents a promising strategy for producing few-layer WSe, nano-
sheets at high efficiency via a simple process, with potential for
various applications.

In the present study, we demonstrate A-PPG can be used
successfully to assist high-efficiency liquid phase exfoliation of
WSe, in tetrahydrofuran (THF) via ultrasonic treatment.
Furthermore, morphological studies indicated formation of
well-ordered lamellar nanostructures among the adsorbed A-
PPG on the surface of WSe, strongly manipulates the self-
assembly behavior and physical properties of exfoliated WSe,
(Scheme 1). Moreover, adsorption of A-PPG on the surface of the
1T and 2H phases of WSe, led to a spontaneous structural
transformation between extended and contracted lamellar
microstructures, resulting in excellent microstructural stability
and stable thermoreversible behavior in the bulk state. To date,
there has been no reported example of the production of exfo-
liated WSe, nanosheets using a supramolecular polymer with
the aim of efficiently manipulating contracted/expanded
lamellar microstructures and achieving thermoreversible
phase transition behavior on WSe, surfaces. Hence, employing
the adenine-based supramolecular A-PPG for exfoliation of
WSe, crystals provides a simple, efficient pathway towards the
development of high-quality multifunctional exfoliated WSe,
for a wide variety of semiconductor applications.

Results and discussion

A novel self-complementary adenine end-capped A-PPG was
successfully prepared using a simple one-step synthesis method
described in our previous work.* The synthesized A-PPG
spontaneously assembled into a well-ordered lamellar nano-
structure (with an interlamellar distance of 1.33 nm, deter-
mined by wide angle X-ray diffraction) due to supramolecular
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polymerization of A-PPG via the doublet hydrogen bonding
interactions between adenine moieties (Scheme 1).>° Subse-
quently, the WSe, and A-PPG blend was sonicated in THF for 1 h
at 25 °C. After ultrasonic treatment, exfoliated WSe, was scat-
tered throughout the solvent, resulting in a dark brown
dispersion (inset photograph i in Fig. 1a). The solution
remained stable for over one month at room temperature with
no obvious signs of precipitation, implying attachment of A-
PPG to the WSe, sheets acts as a strong stabilizing agent
against aggregation and re-stacking of single/few-layer WSe,
nanosheets. In addition, unlike pure A-PPG solution, the 50/50
WSe,/A-PPG composite solution demonstrated the Tyndall
effect in THF (inset photograph ii in Fig. 1a); the path of the
laser beam could be obviously seen within the solution due to
scattering by the WSe, nanosheets - suggesting uniform
dispersion of the exfoliated WSe, nanosheets — and exhibited
red fluorescence due to the band transition after exfoliation.*
Photoluminescence (PL) spectroscopy analyses of these
composites in THF were employed using an excitation wave-
length of 420 nm. The A and B excitonic absorption peaks
shown in Fig. 1b are the result of optical transitions involving
a spin-orbit split valence band and degenerate conduction
band at the K point of the Brillouin zone.**** The two splitting
absorption peaks, A’ and B, in the WSe,/A-PPG composites are
the result of the A and B peaks splitting due to inter- and
intralayer effects induced by the noncovalent interaction
between A-PPG and WSe,. In addition, WSe,/A-PPG composites
exhibited an increase in the emission intensity of the excitonic
absorption peak B and split exciton peaks (A’ and B'), indicating
the flakes thinned to a few layers as the concentration of A-PPG
increased. This result also implies that the increased loading of
A-PPG favors the active phase formation of WSe,. The WSe,
band structure underwent an indirect-to-direct optical gap
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Fig.1 (a) UV-vis absorption spectrum for a THF dispersion of the 50/
50 WSe,/A-PPG composite (concentration, 0.5 mg mL™Y). The insets
are photographs of (i) THF solutions of A-PPG (left) and WSe,/A-PPG
(right) and (ii) the same solutions illuminated from the right using
a 650 nm laser beam. (b) PL and (c) Raman spectra of WSe, nanosheets
with different contents of A-PPG. (d) Raman peak shift data extracted
from peak frequency range (c).
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transition when reduced in thickness to a few layers, which
when exfoliated, yielded a 2D nanomaterial.**** Ultraviolet-
visible (UV-vis) spectra of the 50/50 WSe,/A-PPG composite
(Fig. 1a) contained an absorption peak at 773 nm, a feature of
the A exciton of WSe, (Fig. 1b) and attributed to the smallest
direct excitonic transition in the WSe, layers, suggesting the
potential of these layers for photothermal materials.*® This
observation also implies that the A-PPG macromer was stably
adsorbed on the WSe, surface due to the high-affinity interac-
tion between WSe, and A-PPG.?¢

To further understand the interface structure relationships
in the WSe,/A-PPG composites, Raman spectroscopy was used
to detect the presence of the metallic 1T phase in as-exfoliated
WSe, nanosheets at high sensitivity, as presented in Fig. 1c.
The characteristics of the peak at the respective in-plane
Ej, out-of-plane A,,, B, and small peaks in the high wave-
number region differed with the 2D WSe, sheet thickness.">*®
Raman peak shifts are the major phenomenon indicative of
exfoliation: as the amount of A-PPG loaded increased to 90%,
the Raman peak of the WSe, nanosheets underwent a signifi-
cant red-shift compared to bulk WSe,, in agreement with
previous reports.*” The frequency difference between the 10/90
WSe,/A-PPG and WSe, peaks was 32.6 cm ', which corre-
sponds to three layers or fewer - as indicated by the extracted
peak shift value (Fig. 1d).*® However, an increase in the intensity
of the Big peak provides a fingerprint of an increase in the
proportion of 1T-phase Raman active modes, which are not
allowed in the 2H phase,* suggesting the pristine WSe, layers
stacked in 2H order (2H-WSe,) were successfully converted into
1T-phase WSe, (1T-WSe,) nanosheets by incorporating A-PPG
into the WSe, layer. Notably, in the 1T-WSe, Raman spec-
trum, the intensity of the E;, peak due to the remaining 2H-
WSe, was almost overwhelmed by the signal strength of the A,
peak. In contrast, the intact 2H-WSe, spectrum contained
a stronger Ej, peak than A,, peak as the amount of A-PPG
increased.”® In other words, as the amount of A-PPG
increased, peak splitting and the intensity of the A;; mode
increased significantly as the content of 1T-WSe, increased. The
absence of the small peaks (2M modes, related to second order
and combinational Raman modes) in the higher frequency
region (350-400 cm™ ') of the Raman spectrum of exfoliated
WSe, further confirm formation of the high-quality, few-layer
1T-WSe, phase.'***" This result further indicates that the
extent of exfoliation and proportion of the 1T-WSe, phase can
be controlled by systematically tuning the A-PPG content of the
composites; this feature is highly desirable yet extremely rare
within traditional nanocomposites and dispersing complex
material systems.

In order to verify the presence of A-PPG macromers on the
surface of WSe,, X-ray diffraction (XRD) was performed at 25 °C.
As shown in Fig. 2a and b, the intensity of the diffraction peak at
13.70° assigned to the (002) crystallographic plane in the XRD
pattern of bulk 2H-WSe, dramatically reduced as the content of
A-PPG increased. In addition, a shoulder peak emerged at about
13.40°, which originates from the 1T-WSe, phase - as indicated
by the enlarged (002) diffraction peak.® After exfoliation, the
intensity of the (002) reflection peak for each composite

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) XRD patterns for pure A-PPG, pure WSe, and WSe,/A-PPG
composites. (b) Enlarged view of the (002) diffraction peaks for all
samples. High-resolution XPS spectra of (c) W 4f for bulk WSe, and 50/
50 WSe,/A-PPG, (d) C 1s for A-PPG and 50/50 WSe,/A-PPG.

substantially reduced and slightly shifted from 13.45° (pristine
WSe,) to 13.97° (10/90 WSe,/A-PPG) as the A-PPG content
increased from 50 to 90%, leading to simultaneous disappear-
ance of the (006) and (008) reflection peaks at 41.5° and 56.7°,
possibly due to the effect of the non-covalent interactions
between WSe, and A-PPG. Therefore, three new small reflection
peaks at 31.3°, 37.6° and 47.2° appeared in the XRD profiles,
corresponding to the (100), (103) and (105) crystal planes
(Fig. S11), a consequence of assembly of A-PPG on the surface of
WSe,, which thus tended to form highly exfoliated WSe,
nanosheets containing a high proportion of the metallic 1T
phase.** The weakening of the diffraction peaks revealed the
exfoliated WSe, has low crystallinity, much weaker stacking in
the ¢ direction, no defects and small crystallite size.**** This
further suggests that the introduction of A-PPG into the WSe,
matrix significantly affects the phase behavior of WSe, due to
the self-complementary hydrogen-bonded adenine-adenine
interactions involved in the self-assembly of A-PPG.*

To further confirm how these specific interactions influence
the WSe, exfoliation process, X-ray photoelectron spectroscopy
(XPS) was employed to confirm the bonding characteristics of
the atomic interaction between WSe, and A-PPG. As shown in
Fig. 2c¢, the high-resolution W 4f photoelectron spectrum of
pristine WSe, displayed peaks at binding energies of 32.3 and
34.4 eV, corresponding to the W 4f,, and W 4f;, states,
respectively,*** while lower binding energies of 27.8 for W 4f,,
and 30.0 eV for W 4f;,, were observed for the 50/50 WSe,/A-PPG
composite. This confirms semiconducting 2H-phase WSe, can
be successfully converted into metallic 1T-phase WSe, by

This journal is © The Royal Society of Chemistry 2018
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incorporating A-PPG into the WSe, layer, as the binding ener-
gies shifted negatively for the W 4f,, and W 4f;,, peaks after
exfoliation of the layers.**** In addition, peak deconvolution
also showed that the percentage of 1T-WSe, increased to 80%
compared to pristine WSe, (2.6%) in the bulk, consistent with
the Raman analysis.***

Fig. 2d displays the high-resolution C 1s spectra of the A-PPG
and 50/50 WSe,/A-PPG composite deconvoluted into several
individual peaks. The appearance of the C-C/C=C, C-N/C=N
and C=0 XPS peaks in the composite at 283.5, 284.2, 284.8 and
287.5 eV, respectively, reflect the intermolecular interactions
between the adenine/ester groups of A-PPG and exfoliated WSe,
nanosheets. The additional C-W peak (281.2 eV), which was
absent in pure A-PPG, mainly reflects the -7 stacking of the
adenine unit of A-PPG and electron-rich atoms on the WSe,
basal plane. Similar binding energy shifts also occurred for N
1s, O 1s and Se 3d in the WSe,/A-PPG composites compared to
pristine A-PPG (Fig. S2t). The lower binding energy of the
elements after exfoliation can be mainly attributed to the van
der Waals interactions between the large electronegative atoms
in A-PPG and electron-deficient atoms on the edge sites of
WSe,.>** In other words, the nitrogen and electron-rich struc-
ture of adenine-based supramolecular A-PPG is indeed highly
attractive for induction of noncovalent interactions with WSe,,
including N-Se, N-W and W/Se-m—m coordination, as well as
binding through charge transfer.**® Overall, the Raman, XRD
and XPS results confirm that incorporation of A-PPG further
induced a phase transition from the semiconductor 2H-WSe, to
metallic 1T-WSe, and a microstructural transition from crystal
layered structures to exfoliated nanosheets.

Further validation of the microstructures and morphologies
of pristine WSe, and the functionalized composites was per-
formed by scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM). Fig. 3
shows the SEM micrographs of pristine A-PPG and WSe, in
comparison with their exfoliated counterparts. High-
magnification SEM (Fig. 3e) revealed A-PPG can self-assemble
into a micellar-like morphology with an average diameter of
ca. 14 nm, in agreement with the dynamic light-scattering
results (Fig. S3at).2>*° This suggests the A-PPG chains are able
to form large aggregates in polar THF solution, and form
supramolecular micelles via the intermolecular hydrogen
bonding interaction between adenine-adenine moieties. In the
bulk state, the flat and smooth surface of stack-layered pristine
WSe, is clearly visible in Fig. 3a and c, along with the polygonal
edge arrangements and thicknesses in the few micrometer-
range.'>* In contrast, the 50/50 WSe,/A-PPG composite exhibi-
ted a disordered morphology of folding WSe, nanosheets, with
a lateral size of 5-10 um (Fig. 3b), indicating A-PPG acts as an
effective dispersant to prevent reaggregation and restacking of
the WSe, nanosheets. Surprisingly, high-magnification SEM
image (Fig. 3d) revealed the self-assembled micelles of A-PPG
could self-assemble to form highly clustered structures and
adsorbed on the surface of the exfoliated WSe, sheets, which
was diametrically opposite to the smooth surface of bare WSe,
(Fig. 3c). These observations indicate that A-PPG has a high
binding affinity for WSe, nanosheets due to the strong specific

Chem. Sci, 2018, 9, 5452-5460 | 5455
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Fig.3 SEMimages of (a, ) pristine WSe, (b, d) exfoliated 50/50 WSe,/
A-PPG composite and (e) pristine A-PPG. (f) Schematic diagram
illustrating the interaction between spherical micelles and WSe,
nanosheets.

interactions and is stably adsorbed onto the WSe, surface
(Fig. 3f).>3

Self-assembly of the adenine units in A-PPG played a signifi-
cant role in the construction of the highly ordered hierarchical
microstructure on the surface of WSe, nanosheets. Thus,
HRTEM was performed at 25 °C under high vacuum to further
observe the self-assembled nanostructures of A-PPG in the 50/
50 WSe,/A-PPG composite. As shown in Fig. 4, pristine WSe,
microstructures were distributed as irregular flakes with a high
density of crystal surfaces. In addition, the two-dimensional fast
Fourier transform (FFT) pattern in the inset of Fig. 4a illustrates
the ordered crystalline structure of WSe, with a 0.32 nm lattice
distance.*'®* We carefully examined the structures from
randomly selected areas of a WSe, crystal sheet (in the green
and red squares of Fig. 4b) and confirmed the coexistence of
hexagonal structures, which are typically seen in the 1T phase,
and also honeycomb lattices, characteristic of the 2H phase
(Fig. 4c and d).>** These results were consistent with the XPS
and Raman data. In the 50/50 WSe,/A-PPG composite, self-
assembly of A-PPG into contracted and extended lamellar
microstructures on the surface of exfoliated WSe, nanosheets
was clearly observed (Fig. 5c, labelled as ‘I’ and ‘II’ respectively),
with a contracted lamellar d-spacing of 1.0 nm and an extended
lamellar d-spacing of 1.8 nm. In addition, the two-dimensional
FFT pattern in the right upper corner of Fig. 5a shows a disor-
dered crystal structure with a 0.26 nm lattice distance, which
could be attributed to adsorption of the lamellar microstructure
of A-PPG over the surface of WSe, via a “specific interaction”
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Fig. 4 (a) HRTEM image of pristine WSe, and the corresponding
electron diffraction pattern (insert). (b) Enlarged view of (a) showing the
surface morphology of WSe,. The squares indicate 1T-WSe, (green)
and 2H-WSe; (red) crystalline structures, which are shown in detail in
(c) and (d), respectively.

between the polar moieties of A-PPG and the surface of the WSe,
nanosheets (Fig. 5b).

Most notably, the d-spacing values of the contracted and
extended lamellar microstructures, approximately 1.0 nm and
1.8 nm respectively, were significantly different to the theoret-
ical PPG chain length (1.33 nm),* possibly due to coexistence of
the 1T-WSe, and 2H-WSe, phases that possess different phys-
ical properties and may contribute to dynamic contraction/
extension-motion in the flexible PPG backbone during the
self-assembly process. Thus, the interlamellar distance of the
lamellar structure and transition mechanisms of A-PPG can be
reasonably explained by a theory of chain contraction/extension
transition within the flexible polymer.>® However, the 1T-
structure is comprised of a negatively charged ion®*® that
possesses superior electrical conductivity and catalytic activity
(compared to the 2H phase) and has shown enhanced perfor-
mance in electrocatalytic hydrogen evolution® and super-
capacitors.”>** Therefore, the electron-rich 1T phase in the
surface of exfoliated WSe, nanosheets (‘II’ region of Fig. 5¢) may
trigger formation of an extended PPG backbone and thus
significantly increase lamellar d-spacing by electron transfer to
A-PPG compared to the surface of 2H-WSe, phase.”*” The
unique 1T-WSe,/A-PPG architecture maximizes the interfacial
atomic contact between metallic 1T-WSe, and A-PPG. 1T-WSe,
enhances the electron density of nitrogen donor atoms in the
adenine units via a resonance effect to promote a stable inter-
action between A-PPG adenine moieties and WSe,, resulting in
stretching of the A-PPG linear chain and an increase in inter-
lamellar distance.***® The chemically stable 2H-WSe, phase in
the surface of exfoliated WSe, nanosheets (‘T’ region of Fig. 5¢)

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) HRTEM image of 50/50 WSe,/A-PPG composite and the

corresponding electron diffraction pattern (given as insert). (b) Sche-
matic illustrating the specific interaction between A-PPG and WSe,
nanosheets. (c) Enlarged view of (a) showing the contracted and
extended lamellar microstructure of A-PPG on the surface of WSe,. (d)
HRTEM image of the region enclosed by the white square in panel (c).
(e) SAXS data for A-PPG and 50/50 WSe,/A-PPG recorded at 25 °C.

may have an insignificant effect on extension of the A-PPG
polymer segment. However, the 2H-WSe, phase may enable
more contraction of the flexible PPG backbone compared to
the theoretical d-spacing value (1.33 nm) of free A-PPG due to
possible weakening of intermolecular interactions between
WSe, and A-PPG leading to a more thermodynamically stable
A-PPG structure. Based on the above findings and description,
we reasonably conjecture that coexistence of the 2H and 1T
phases trigger the self-assembly of A-PPG into contracted and
extended lamellar morphologies, respectively. Contraction
and extension of the interlamellar distance in the PPG back-
bone could be easily tuned by regulating the controllable
hydrogen-bonded structure between adenine units, which
depends on the surface reactivity of the heterogeneous phase
structure of WSe,.

This journal is © The Royal Society of Chemistry 2018
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In order further to confirm the d-spacing values of the
adsorbed contracted and extended lamellar microstructures of
A-PPG on the WSe, surface, small-angle X-ray scattering (SAXS)
measurements were used to identify the lamellar crystalline
phases associated with A-PPG in pure A-PPG and the 50/50
WSe,/A-PPG composite. As shown in Fig. 5f, the SAXS profile
of 50/50 WSe,/A-PPG composite at 25 °C exhibited two scat-
tering peaks at ¢ = 5.0 nm~ " (d = 1.26 nm) and ¢ = 3.7 nm " " (d
= 1.70 nm). The peak at ¢ = 5.0 nm ™" may be attributed to
a decrease in lamellar d-spacing of the linear A-PPG polymer
due to the inactive surface of the 2H-WSe, phase, resulting in
formation of a slightly contracted lamellar microstructure on
the 2H-WSe, surface. The other scattering peak located at g =
3.7 nm™ ", with significantly longer d-spacing than that of pris-
tine A-PPG (1.33 nm), is possibly attributed to the highly reac-
tive surface of 1T-phase WSe,,” which enhances chain
extension of the flexible PPG backbone. In addition, the SAXS
results showed similar trends as the HRTEM images (Fig. 5c).
The HRTEM observations also revealed 1T-WSe, and A-PPG
interact via an effective noncovalent interaction, with each
interacting junction contributing partial 7 bonds and charges
to form a stable charge-transfer complex at the interface
between WSe, and A-PPG.*?*¢ On the other hand, the contractile
and extended lamellar structures may help to stabilize the
modified chemical structure and prevent degradation of WSe,
and increase charge transport across the interface.**

Generally, when WSe, nanosheets were highly covalently
functionalized with A-PPG, their surfaces were absorbed by
randomly distributed domains of well-ordered lamellar or
micelle A-PPG microstructures, which prevented restacking of
the exfoliated WSe, nanosheets and also improved their struc-
tural stability (Scheme 2). Mechanistically, we realize the
adenine moieties of A-PPG are an essential unit that has the
affinity to self-assemble spontaneously into desirable micro-
structures on the WSe, surface, primarily due to the presence of
the favorable hydrogen bonding interaction between self-
complementary adenine moieties. When A-PPG is present in
excess in the composites, at the beginning of the blending

OO (2) e @ (o)

o2

QORIAA

WSe»

4nm'

T nm
Extended Lamellar

Contractile Lamellar Microstructure icrostructure

Scheme 2 Proposed exfoliation processes for adsorption of (a) self-
assembled structures, (b) contracted/extended lamellar microstruc-
tures and (c) micellar aggregates of A-PPG on the surface of exfoliated
WSe, nanosheets.
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process, A-PPG tends to generate a well-defined lamellar struc-
ture with excellent long-range order due to the low concentra-
tion of A-PPG on the surface of WSe, (Scheme 2a). Subsequently,
excess A-PPG forms a large number of micellar aggregates over
the flat surface of the lamellar hierarchical structures (Scheme
2c). Due to the presence of both the 1T and 2H phases in the
WSe, nanosheets, A-PPG not only drives the transition between
contractile and extended lamellar structures, but also effectively
manipulates the intermolecular d-spacing of the lamellar
microstructure on the surfaces of the exfoliated 1T-WSe, and
2H-WSe, phases (Scheme 2b). Collectively, this study demon-
strates that contraction and extension of the lamellar micro-
structure depend on the hydrogen bond motion of adenine
dimers, interfacial affinity between WSe, and A-PPG, and the
different surface activity of the WSe, phases. In addition, tuning
the content of A-PPG in the composite can easily control the
extent of WSe, exfoliation and enables manipulation of the
formation of lamellar structures or micellar aggregates over the
surface of WSe, via noncovalent polymerization of A-PPG.*
Therefore, this new discovery suggests the self-assembly
behavior of A-PPG can be employed to effectively tune the
intrinsic physical properties of inorganic 2D nanomaterials and
related heterostructures without additional chemical
treatments.

In order to determine the number of WSe, layers in the
composites, atomic force microscopy (AFM) was performed to
measure the step height of exfoliated WSe, nanosheets on
a silicon substrate. The theoretical WSe, monolayer thickness is
0.64 nm."” The measured step height of 50/50 WSe,/A-PPG layer
was 3.0-3.5 nm (line scan in Fig. S4+t), corresponding to fewer
than five layers of WSe, nanosheets, with a lateral dimension of
0.2-2 um, consistent with the DLS results (Fig. S3bt). In addi-
tion, the edges of WSe, had higher heights than the central
structures; this may be due to the edges being either wrinkled or
the formation of micelle-like or long-range ordered lamellar
structures of A-PPG over the surface of WSe, due to the non-
covalent specific interaction between WSe, and A-PPG.”>%%%°
Differential scanning calorimetry (DSC) and variable-
temperature Fourier transform infrared (VI-FTIR) spectros-
copy were also employed to investigate thermoreversible
stability and phase transition behavior within the WSe,/A-PPG
system. The DSC and VT-FTIR (Fig. S5-S77) showed the WSe,/
A-PPG composites appeared to undergo a thermoreversible
transition between ordered crystals and disordered fluids, and
the hydrogen-bonded supramolecular interactions between
adenine moieties reverted back perfectly to the original state as
the samples were slowly cooled from 120 °C to 25 °C, as a result
of the relationship between the thermoreversible hydrogen
bond interactions and phase transition behavior. (The DSC and
VT-FTIR are described in more detail in the ESIt). Furthermore,
thermogravimetric analysis (TGA) (Fig. S8f) confirmed the
WSe,/A-PPG composites possess excellent thermal stability due
to the presence of the exfoliated WSe, nanosheets in the matrix
phase, which indicates the potential to achieve temperature-
responsive functional composites with higher thermal
stability.®® Based on results obtained in this study, the physical
properties of WSe,/A-PPG composites - in particular their
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contracted/extended lamellar microstructures and thermores-
ponsive behavior (compared to pristine WSe,) — are highly
suitable for potential applications in solution-processed pho-
toluminescent sensors and semiconductor devices.*"%*

Conclusions

We have designed a new, simple, effective exfoliation method
using A-PPG macromer as a dispersant and stabilizer to produce
exfoliated 2D WSe, nanosheets in organic solution. Spectro-
scopic, compositional and morphological studies confirmed
formation of micelle-like and lamellar structures of highly
adsorbed A-PPG on the surface of WSe, due to the specific
noncovalent interaction between A-PPG and the WSe, nano-
sheets. Moreover, the electron-rich metallic 1T-WSe, phase may
trigger the self-assembly of A-PPG resulting in formation of an
extended lamellar microstructure by increasing the electron
density of the nitrogen donor atoms in the adenine unit via
a resonance effect, which enhanced the structural stability of
exfoliated WSe, through 1T-WSe,/A-PPG interactions. In
contrast, the chemically stable semiconductor 2H-WSe, phase
assisted the formation of a contracted lamellar A-PPG micro-
structure due to weakening of the intermolecular interactions
between 2H-WSe, and A-PPG. Tuning the A-PPG content of the
composites can be used to control the layer thickness of the
exfoliated WSe, nanosheets and physical and chemical prop-
erties of WSe, in order to obtain nanocomposites with the
desired functional characteristics. In addition, these newly-
developed composites exhibit unique liquid-solid phase tran-
sition behavior and excellent thermoreversible properties due to
the presence of the highly stable, reversible hydrogen-bonded
adenine network in the composites. To the best of our knowl-
edge, this WSe,/A-PPG system is the first method to exploit A-
PPG macromers to produce highly exfoliated WSe, and enable
controlled, self-assembly of multifunctional supramolecular
polymer structures on the surface of WSe,. This strategy may
provide a useful conceptual framework for further developing
and extending the applications of WSe,-based nanocomposites
in solution-processed temperature-switching semiconductor
devices.

Experimental section

All chemical materials, characterizations and instrumentation
used in this work are described in the ESI.}

Synthesis of adenine end-capped PPG (A-PPG)

A-PPG was produced from low molecular weight PPG diacrylate
(average molecular weight ~800, ca. 14 repeat units) and
adenine via Michael addition reaction using potassium tert-
butoxide as an initiator. The synthesis procedure is described in
detail in our previous work.>*?®

Preparation of bulk tungsten diselenide (WSe,)

WSe, single crystals were grown by chemical vapor transport.”
This method contains two steps. First, prior to crystal growth,

This journal is © The Royal Society of Chemistry 2018
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a powdered mixture of the pure starting material was prepared
(W: 99.99% pure and Se: 99.999%) by reaction at 1050 °C for 10
days in evacuated quartz ampules. To improve the stoichiom-
etry, 2 mol% excess selenium was added with respect to the
stoichiometric mixture of the constituent elements. About 10 g
of this mixture was placed into a quartz ampule (22 mm OD,
17 mm ID, 20 cm length), which was then evacuated to a pres-
sure of 10~ ° Torr and sealed. The mixture was slowly heated to
1050 °C. In the second step, chemical transport was achieved by
mixing an appropriate amount of material and transport agent
(I at 12 mg cm™?), which was placed in a quartz tube (22 mm
OD, 17 mm ID, 20 cm length), cooled with liquid nitrogen,
evacuated to 10 ° Torr and sealed. The growth temperature was
set from 1050 to 960 °C with a gradient of —4.5 °C cm ™" (with
crystal growth occurring in the cooler section). The reaction was
maintained for 480 h, producing large single crystals with
mirror-like surfaces.

Preparation of WSe,/A-PPG composites

WSe,/A-PPG composites were produced by the sonication-
assisted liquid exfoliation method. A-PPG was added into the
THF and stirred at room temperature until PPG completely
dissolved. Choosing a moderate polar THF for preparing
composite materials can possibly be used to maintain the
hydrogen-bonded structures of A-PPG in solution.>**” Various
contents of WSe, were added to the same solution and soni-
cated for 1 h at 25 °C to produce stable, homogenous disper-
sions of WSe,/A-PPG. The synthesized impregnated WSe,/A-PPG
composites were dark brown, and were dried completely by
removing the solvent and volatile impurities in a vacuum oven
at 60 °C. For comparison, pristine WSe, and A-PPG samples
were prepared under the same conditions.
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