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ABSTRACT: Strong intermolecular interactions in 2D organic
molecular crystals arising from z—z stacking have been widely
explored to achieve high thermal stability, high carrier mobility,
and novel physical properties, which have already produced
phenomenal progress. However, strong intermolecular interactions
in 2D inorganic molecular crystals (2DIMCs) have rarely been
investigated, severely limiting both the fundamental research in
molecular physics and the potential applications of 2DIMCs for
optoelectronics. Here, the effect of strong intermolecular
interactions induced by unique short intermolecular Se—Se and
P—Se contacts in 2D a-P,Se; nanoflakes is reported. On the basis
of theoretical calculations of the charge density distribution and an
analysis of the thermal expansion and plastic—crystal transition, the
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physical picture of strong intermolecular interactions can be elucidated as a higher charge density between adjacent P,Se; molecules,
arising from an orderly and close packing of P,Se; molecules. More importantly, encouraged by the strong intermolecular coupling,

the in-plane mobility of a-P,Se; nanoflakes is first calculated with

a quantum nuclear tunneling model, and a competitive hole

mobility of 0.4 cm® V™! s7! is obtained. Our work sheds new light on the intermolecular interactions in 2D inorganic molecular
crystals and is highly significant for promoting the development of molecular physics and optoelectronics.

B INTRODUCTION

2D molecular crystals (2DMCs) have had a tremendous effect
on electronics and optoelectronics with their specific
advantages of intrinsic flexibility, molecular diversity, low-cost
processing, and tunable properties.l_4 For 2DMCs, the
intermolecular coupling is usually expected to be as strong as
possible for the purpose of improving stability and obtaining
high carrier mobility.”~’ To date, strong intermolecular
interactions in 2D organic crystals arising from 7—7 stacking
have been widely explored;*~"" however, strong intermolecular
interactions in 2D inorganic molecular crystals (2DIMCs)
have rarely been investigated, and the few existing reports
exclusively focused on hydrogen bonding.'”"® The lack of
understanding of strong intermolecular interactions in
2DIMCs has thus been greatly hindering the development of
molecular physics and related optoelectronics. Though it is
known that strong intermolecular interactions are always
accompanied by a crystallographic feature, i.e. unusually short
interatomic distances between molecules,®®*'? unfortunately,
the effect and origin of that have rarely been demonstrated
clearly.'”"> What is more, it is still highly challenging to obtain
2DIMCs because the anisotropic intermolecular interactions
usually drive molecules to crystallize into 1D rods, which is
unsatisfactory for large-scale processing, miniaturization, and
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integration for micronano devices based on 2DIMCs.'¢~1#

Therefore, apart from hydrogen bonding, the study of strong
intermolecular interactions in 2DIMCs is of great significance
for extending the understanding of intermolecular interactions
as well as promoting the potential applications of 2DIMCs in
optoelectronics.

Herein, we report the effect of strong intermolecular
interaction in 2D a-P,Se; nanoflakes synthesized by drop-
casting. The unique short intermolecular Se—Se and P—Se
contacts in a-P,Se; nanoflakes are demonstrated via single-
crystal X-ray diffraction (SC-XRD), and the strong inter-
molecular interaction induced by that is confirmed by X-ray
photoelectron spectroscopy (XPS), temperature-dependent
Raman spectra, and absorption spectra. With theoretical
calculations of the charge density distribution and charge
transfer integrals, the nature and strength of this strong
intermolecular coupling are revealed. Motivated by the strong
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Figure 1. Growth and characterization of 2D P,Se; nanoflakes. (a) A single P,Se; molecule and a crystal structure diagram of a-P,Se;. (b)
Schematic diagram of the drop-casting growth process for 2D P,Se; nanoflakes. (c) Optical image of an as-synthesized 2D P,Se; nanoflake. (d)
AFM image and height profile of the thinnest sample that we obtained. (¢) Raman spectra of the 2D P,Se; nanoflakes and a-P,Se, single crystal. (f)
XRD pattern of the as-grown 2D P,Se; nanoflakes. (g) Crystal structure of a-P,Se; determined from a single P,Se; nanoflake and the unusually
short interatomic distance that we observed between different molecules. The unusually short Se:-Se and P--Se intermolecular contacts are

depicted with blue and red dotted lines, respectively.

intermolecular coupling, we first calculated the in-plane
mobility of 2DIMCs with a quantum nuclear tunneling
model and obtained a competitive hole mobility of 0.4 cm*
V™! 57!, Moreover, we further demonstrate the photoelectric
response of 2D a-P,Se; nanoflakes. Through analyzing the
thermal expansion and plastic—crystal transition, we propose
that the unusual short interatomic contacts mainly arise from
the orderly and close packing of P,Se; molecules. These
findings offer new insights into the intermolecular interactions
in 2DIMCs and will highly promote the research and potential
applications for 2DIMCs in molecular physics and optoelec-
tronics.

B RESULTS AND DISCUSSION

The P,Se; molecule has a cage-like structure, as shown in
Figure la, the symmetry of which is C;,. When P,Se; molecules
self-assemble into crystals, they are reported to exist in at least
four different crystalline phases: two normal room-temperature
forms, a-P,Se; and a’-P,Se;, and two higher temperature

plastic crystalline forms, -P,Se; and y-P,Se;, where the P,Se;
molecules are arranged in an orderly fashion on the crystal
lattice but their orientations are highly disordered.'”~** The
existence of multiple crystalline phases reveals the complexity
of intermolecular interactions of P,Se; molecules. a-P,Se; and
a’-P,Se; are both orthorhombic and are in space group Pnma,
while the latter possesses less eflicient packing in the unit
cell”® The a-P,Se; single crystals in this work were prepared
by a solid-state reaction and further purified with recrystalliza-
tion from carbon disulfide. Detailed synthetic methods can be
found in Materials and Methods in the Supporting
Information. The powder X-ray diffraction pattern (Figure
S1) of as-synthesized a-P,Se; crystals clearly demonstrates its
high purity and crystallinity, as the sharp diffraction peaks can
match well with those of the standard a-P,Se; (PDF# 74-
0811).

a-P,Se; crystals could be dissolved in a variety of organic
solvents, which makes it possible to obtain 2D a-P,Se,
nanoflakes from a solution process.””~>° Herein, 2D a-P,Se;
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nanoflakes were synthesized via a facile drop-casting method respectively.'¥>>*° These unusually short intermolecular

with as-synthesized a@-P,Se; crystals as the source. As
illustrated in Figure 1b, a drop of P,Se; supersaturated
solution was placed on a glass substrate inside a covered Petri
dish, allowing the carbon disulfide solvent to evaporate
naturally. With the gradual volatilization of carbon disulfide,
the P,Se; molecules could self-assemble into nanoflakes. In
particular, it is necessary to vigorously stir the solution before
dropping, which promotes the formation of seed crystals.”> An
optical microscopy (OM) image (Figure 1c) of as-synthesized
P,Se; nanoflakes shows a regular morphology, smooth surface,
and large lateral size. The thickness of P,Se; nanoflakes was
determined by atomic force microscopy (AFM), and the
thickness can be as thin as 60 nm (Figure 1d). To identify the
crystalline phases and quality of 2D P,Se; nanoflakes, Raman
spectroscopy was carried out with a laser having a wavelength
of 633 nm. The Raman spectrum of P,Se; nanoflakes (Figure
le) shows six internal (intramolecular) modes, which are quite
consistent with those of a a-P,Se; crystal. Molecular vibrations
of the six Raman modes can be found in a previous report by
Phillips.”® The spatially resolved Raman mappings in Figure 2
of three typical internal modes at 213, 365, and 485 cm™
suggest the uniformity of the nanoflake. In addition, the
external (lattice) modes were also collected, as exhibited in
Figure S3. The peak positions of the five low-wavenumber
external modes are in accordance with previous reports for a-
P,Se; crystals.””*” To identify the chemical composition,
energy-dispersive X-ray spectroscopy (EDS) was performed.
As shown in Figure S4, the atomic ratio of P and Se is close to
4:3 and the P and Se elements are uniformly distributed in the
flake, again confirming the uniformity of the nanoflake.
Moreover, the crystallinity, purity, and growth orientation of
the 2D a-P,Se; nanoflakes were further explored with X-ray
diffraction (XRD). The seven periodic sharp diffraction peaks
shown in Figure 1f can correspond well to the (001) crystal
plane of a-P,Se;, which clearly demonstrates the preferred
growth orientation, high purity, and quality of as-synthesized
2D P,Se; nanoflakes. Because 2D a-P,Se; nanoflakes are
sensitive to moist air (Figure SS), all of the following
measurements were carried out under vacuum or in an inert
environment.

A more comprehensive and fine analysis of the structure of
P,Se; flakes was performed by SC-XRD. The crystallographic
data and refinement details are presented in Table S1. The cell
parameters of 2D P,Se; flake are highly in line with the
previous reported a@-P,Se;.”””” Amazingly, a number of
unusually short interatomic distances between different
molecules were clearly demonstrated (Figure 1g). The four
unique short intermolecular Se—Se contacts shown in Figure
3b ranging from 3.63 to 3.81 A make it possible to describe the
structure as a layered lattice with four layers lying orthogonal
to the ¢ axis per unit cell."> The four layers are depicted with
different colors in Figure 1g. For instance, the bottom layer is
composed of molecules 3, 16, 6, and 5. Between adjacent
layers, unusually short intermolecular Se—Se and P—Se
contacts were also observed. The Se—Se contacts between
molecules 2—8 and 4—14 are 3.78 A. The P—Se contacts
between molecules 2—3 and 6—11 are 3.66 and 3.75 A,
respectively. Since the Pauling—van der Waals radii for Se and
P are 200 and 190 pm, respectively, the interatomic distances
between Se—Se and P—Se mentioned above are both
significantly shorter than the sum of Pauling—van der Waals
radii for Se—Se and P-—Se: i.e, 400 and 390 pm,

interatomic distances actually signify stronger intermolecular
interactions than the expected van der Waals force.'”'>*"%*
To further confirm the strong intermolecular interactions
between P,Se; molecules, the as-synthesized 2D P,Se,
nanoflakes were characterized by X-ray photoelectron spec-
troscopy. Figure 2a,b shows the high-resolution X-ray photo-
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Figure 2. Characterization of strong intermolecular interactions in 2D
P,Se; nanoflakes. (a, b) XPS spectra of P 2p and Se 3d for P,Se;
nanoflakes, respectively. (c) 2D false-color plot of Raman spectra of
2D P,Se; nanoflakes with temperatures ranging from 80 to 300 K. (d)
Temperature dependence of Raman peak positions. (e) Absorption
spectrum of a dilute solution of P,Se; molecules (solvent: carbon
disulfide). (f) Absorption spectrum of the P,Se; nanoflake and the
corresponding Tauc plot.

electron spectrum of P 2p and Se 3d, respectively. The fitting
peak positions are summarized in Table S2. Though unusually
short intermolecular P—Se contacts were observed, the two
types of P atoms in the P,Se; molecule make it difficult to
directly compare the binding energy of P 2p in P,Se; with
those of other phosphorus compounds. Thus, the binding
energies of P 2p,,, and P 2p;,, are simply determined at
131.71 and 130.84 eV, respectively. However, the three Se
atoms in a single P,Se; molecule are completely equivalent. In
view of the existence of two types of Se atoms (those which
deal with strong intermolecular coupling and those which are
bonded only within the molecule), it is necessary to emgloy
the four-peak fit to decipher the detected Se 3d line shape.””*”
Specifically, the relative weights of 3d;/, and 3ds,, peaks for
coupled and noncoupled Se atoms were both set as 2/3, and
their binding energy difference was set as 0.8 eV (Table
$2).2%** At this point, the binding energy of the four peaks can
be determined accurately. Eventually the binding energy of Se
3ds,, for coupled and noncoupled Se were determined to be
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Figure 3. Theoretical simulations of intermolecular coupling and charge transport. (a) Calculated LUMO and HOMO orbitals for a single P,Se;
molecule and total charge density projected on the (001) plane. (b) Crystal structure of the bottom P,Se; molecular layer and the unusual short
intermolecular Se—Se contacts. (c) Calculated electron and hole transfer integrals for the bottom P,Se; molecules. (d) Calculated electron and hole
reorganization energies of the 16 P,Se; molecules in the unit cell. (e, f) Calculated hole and electron mobilities within the framework of Marcus

theory and the quantum nuclear tunneling model, respectively.

56.3 and 55.23 eV, respectively. The binding energy of 3ds,,
for coupled Se is slightly higher than those for the Se atoms in
CoSe (54.8 eV),” GeSe, (55.3 eV),** and As,Se; (55.0 eV).*
Obviously, this phenomenon arises from the unusually short
intermolecular Se—Se contacts, which allows electron density
to be shared over more atoms.

As a sensitive tool to probe the intermolecular coupling,
Raman spectra exhibit a wealth of details for the crystal field.
The long-range ordered stacking of inorganic molecules and
intermolecular interactions directly lead to the formation of
lattice phonons and Davydov-splitting effects.'*”” At the limit
of vanishing intermolecular interactions, the lattice phonons
fall into zero frequency and the splits of Raman internal modes
(Davydov splitting) disappear.'” In addition, the first-order
temperature coefficient (¥) of Raman modes can effectively
reflect the strength of the intermolecular coupling.”®™*’ Figure
2¢ shows the Raman spectra of a P,Se; nanoflake at
temperatures ranging from 80 to 300 K, and the Raman
spectrum under 80 K is displayed in Figure S6a. As the
temperature is decreased, the Raman peaks around 320, 365,
and 485 cm™" exhibit conspicuous Davydov splitting due to the
stronger intermolecular interactions at low temperature. The
Raman modes around 320 and 365 cm™' from two and three
peaks split into four peaks (Figure S6a,c), respectively. The
broad peak at 485 cm™" also splits into three peaks. Though
the splitting is usually expected to be small, surprisingly, the
Davydov splitting for the P,Se; nanoflake is larger than those
for the isoelectronic P,S; and As,S;.'”*”*"** The notable
Davydov splitting reveals the strong intermolecular interactions
of a-P,Se; nanoflakes.'*'> To further analyze the intermo-
lecular interactions between P,Se; molecules, the first-order
temperature coefficients (y) of the Raman modes were

20195

extracted (shown in Figure 2d and Figure S6b,c) by fitting
the peak position with the equation: @(T) = wy+ T, where T
is the Kelvin temperature of the sample and w, is the Raman
frequency with the temperature extrapolated to 0 K.** As
shown in Table S3, the first-order temperature coefficient of a-
P,Se; nanoflakes at 489 cm™ (Figure 2d) is comparable to or
slightly larger than those of common 2D van der Waals solids,
such as MoS,,** WS,,* RhI3,38 and MnPSe3.46 In addition, in
comparison to the previously reported molecular crystal j-
Hgl,, the first-order temperature coefficients of a-P,Se;
nanoflakes at 367 and 489 cm™' are both much larger,39
which confirms the strong intermolecular interactions in 2D
P,Se; nanoflakes as well.

It has been well established that strong intermolecular
coupling can effectively reduce the band gap of molecular
crystals due to the effects of static polarization and band
dispersion.”’ ™" To visually observe the contribution of
intermolecular coupling to band-gap re-forming, the absorp-
tion spectra of a dilute solution of the inorganic molecule P,Se;
in CS, solvent and 2D P,Se; nanoflakes were recorded and are
presented in Figure 2ef. The absorption maximum for the
dilute solution of P,Se; is located at 393 nm, whereas the
absorption edge of crystalline P,Se; nanoflake is at about 510
nm. The large red shift of light absorption from solution to the
crystalline state reveals the strong intermolecular interactions
in a-P,Se; nanoflakes, which leads to the relatively small band
gap of 2.48 eV."”

In order to obtain a physical image of the strong
intermolecular interaction and reveal the relationship between
intermolecular coupling and charge transport, detailed
theoretical calculations were performed. For a single P,Se;
molecule, a notable feature is that the HOMO and LUMO
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orbitals (Figure 3a) are only delocalized on a few atoms rather
than the entire molecule, which is significantly different from
organic molecules with a conjugated z-system.'”” The
HOMO and LUMO energy levels for a single P,Se; molecule
are determined to be —6.98 and —2.89 eV, respectively; the
band gap is obviously larger than the optical gap we measured,
again confirming the strong intermolecular interactions in
P,Se; nanoflakes. To bridge the strong intermolecular coupling
and the microstructure, the total charge density distribution
was calculated and the top view on the (001) plane is shown in
Figure 3a. We found that locations where the intermolecular
Se—Se contacts are unusually short possess a higher charge
density, which leads to the formation of double-stranded
helices along the a and b axes in each layer. What is more, this
double-stranded helix in terms of charge density is an excellent
mapping of the P,Se; molecule stacking structure (Figure 3b),
which reveals the nature of strong intermolecular coupling.
Though the microscopic mechanism of strong intermolecular
coupling in P,Se; nanoflakes has been demonstrated so far, a
quantitative analysis of the strength of intermolecular coupling
is still lacking. A suitable indicator is the transfer integral
calculated according to the overlap of intermolecular orbitals,
and it has been used to compare the strength of intermolecular
coupling in a great deal of studies.”””' ™" Thus, the transfer
integrals between adjacent P,Se; molecules were calculated at
the B3LYP/6-311+G** level on the basis of single-crystal
stacking and are summarized in Table S4. Figure 3c presents
the charge transfer integrals for the bottom-layer P,Se;
molecules (molecules 3, 16, 6, 5). With molecule 5 as an
example, the transfer integral of holes and electrons between
molecules 5—3 and 5—6 is larger than that between molecules
5—16. In combination with the molecular stacking in Figure
3b, it can be seen that the unusually short Se—Se contacts play
a key role in promoting the intermolecular coupling. Similar
conclusions can be drawn from molecules 3, 6, and 16 and
from other layers. The transfer integrals for the adjacent P,Se;
molecules in each layer are displayed in Table SS. In addition,
the strength of intermolecular coupling for P,Se; molecules
between adjacent layers was also analyzed. As exhibited in
Tables S6 and S7, the transfer integrals between the different
molecules with unusually short Se—Se or P—Se contacts are
much larger, such as for the molecules 2—8 and molecules 6—
7, which is quite consistent with our anticipation.

Inspired by the strong intermolecular coupling in each layer,
we were very interested in exploring the in-plane charge
transport of a-P,Se; nanoflakes, because in-plane charge
transport for inorganic molecular crystals has rarely been
reported and they have always been regarded as insulating
solids.”> >’ Regardless of the transport mechanism, two
important molecular parameters governing charge transport
are the transfer integral and the reorganization energy (4).”
Therefore, to acquire a rational assessment of the charge
transport property in our as-synthesized 2D P,Se; nanoflakes,
we calculated the reorganization energy of the 16 P,Se;
molecules in the unit cell, as shown in Figure 3d and Table
S8. The reorganization energy of electrons is larger than that of
holes, which directly lowers the electron mobility by 2 orders
of magnitude in comparison to hole mobility, as exhibited in
Figure 3e,f and Table S9. In this work, the mobilities of holes
and electrons were calculated by Marcus theory and the
quantum nuclear tunneling model. Quantum nuclear tunneling
model assumed localized charge, the origin of which could
stem from static and/or dynamic disorders or impurity. Since

Marcus semiclassical theory usually leads to an under-
estimation of experimental mobility, we will mainly focus on
the mobility calculated by guantum nuclear tunneling model in
the following discussion.”” The hole mobility reaches its
maximum value (0.4 cm? V™! s7') in the b-axis orientation,
which is comparable to that of many organic semiconductors
and contradicts the viewpoint that the inorganic molecular
crystals are insulating solids.”"~®> For the mobility of electrons,
the maximum value (0.002 cm® V™' s7!) is obtained along the
a axis. Moreover, it can be seen that the in-plane hole and
electron mobility is significantly greater than the out-of-plane
mobility for 2D P,Se; nanoflakes (Figure 3e,(f). This
phenomenon indicates that the intermolecular coupling within
the layers is much stronger than that of adjacent layers, which
explains why the P,Se; molecules could spontaneously
assemble into 2D nanoflakes when the solvent volatilized
naturally.

To promote the practical applications of 2D inorganic
molecular crystals in optoelectronics and prove the ability of
charge transfer in P,Se; nanoflakes, we further studied the
photoelectric response of the 2D P,Se; nanoflakes. The device
performance is usually affected by the charge injection. For a
good charge injection, the Mott—Schottky barrier on a metal—
semiconductor interface is expected to be as small as
possoble.”> Thus, a Kelvin probe force microscope (KPEM)
measurement was carried out to acquire the work function of
P,Se; nanoflakes. As shown in Figure S7a, the potential of the
P,Se; nanoflake is very close to that of the gold substrate. For
convenience, we assume that the Fermi level (E;) of P,Se;
nanoflakes is equal to the work function of Au. Because the
source purity for preparing nanoflakes was high and the whole
preparation process was carried out in a glovebox, the 2D
P,Se; nanoflakes could be regarded as intrinsic semi-
conductors.’* In this case, the valence-band maximum
(VBM) and conduction-band minimum (CBM) of P,Se,
nanoflake could be extracted by the equation

E = Epyggp = KT ln(

m *
p*), where E, ., refers to the

mn

midpoint of E_ and E,, k represents the Boltzmann constant,

and m,* and m,* are the effective masses of holes and

electrons, respectively. When the ratio of effective mass of hole

and electron is not particularly large, the value of %kT ln( :p *)

is always quite small. For example, the difference of E; and
E iggap 1s only 0.09 eV at 300 K, when the ratio of effective
masses of holes and electrons is 100. Thus, we roughly suppose
that E; is equal to E,qg,, here. On the basis of the above
inferences, the VBM and CBM are estimated to be —6.34 eV
and —3.86 eV, respectively, as shown in Figure S7b. To
suppressthe Mott—Schottky barrier at metal—P,Se; nanoflake
interface, we chose silver as the metal electrode. Under the
illumination of a 365 nm laser, the current increased
monotonically with an increase in the incident optical power
(Figure S7c). This result could indicate the dawn of
application potentials of 2DIMCs in optoelectronics.

Last but not least, it is highly fascinating that a strong
intermolecular interaction can form not only between the
different atoms P—Se but also between the same atoms Se—Se.
The latter is thought to exist under high-pressure con-
ditions.””*> Charge-transfer (CT) theory has been widely
used to account for the unusually short intermolecular atom
contacts that are formed between different atoms, such as the
I---Sb contact in tftib-SbPh;.”">*" Nevertheless, charge-transfer
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Figure 4. Temperature and phase transition dependence of intermolecular coupling. (a) Schematic diagram of thermal expansion and plastic—
crystal transition of a-P,Se; nanoflakes. (b) Temperature-dependent Raman spectra of a-P,Se; nanoflakes from 40 to 100 °C. (c) Evolution of
Raman peak positions with temperature and the ratio (¢) contributed by the explicit term. (d) Raman spectra for the same P,Se; nanoflakes cooled
to 300 and 200 K. (e) XPS spectrum of Se 3d for the P,Se; nanoflake returned to room temperature. (f) In situ temperature-dependent dichroism
ratio of a P,Se; nanoflake. (g, h) Angle-resolved absorption at 450 nm for the P,Se; nanoflake at 30 and 100 °C, respectively.

(CT) theory cannot reasonably explain the unusually short
intermolecular Se—Se contact in P,Se; nanoflakes. Hence, to
further figure out the origin of the unusually short
intermolecular Se—Se and P—Se contacts, the temperature
dependence of intermolecular interactions was studied. During
the heating process, the P,Se; nanoflakes would undergo two
processes, thermal expansion and a plastic—crystal transition
(Figure 4a), which provide a wonderful opportunity to
investigate the intermolecular coupling.’® Figure 4b shows
the Raman spectra of a P,Se; nanoflake in the temperature
range from 40 to 100 °C. Before the plastic—crystal transition,
the Raman modes at 213, 364, and 371 cm™! exhibited a red
shift as the temperature was increased, whereas the Raman
mode at 133 cm™' did not show an obvious temperature
dependence. The movements of peak positions with temper-
ature for the Raman modes at 213, 364, and 371 cm™' are
plotted in Figure 4c. The temperature dependence of the
Raman frequency arises from two factors, an “implicit”
contribution resulting from concomitant volume change and
an “explicit” contribution caused by the temperature effect on a
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constant-volume crystal.14 Consequently, the first-order
temperature coefficient () of Raman frequency can be further

described by (%)P, with (j—aT))P = (j_;]>v - %(%’)T, in
which the former term is driven by phonon—phonon
interactions (explicit term) and the latter is driven by volume
dilation (implicit term).'”*”°” Here a and f are the volume
thermal expansion coefficient and compressibility, respectively.
Then the portion of the total temperature coeflicient arising
from the explicit term can be denoted by 6,
0=1- (d—T) (ﬁ) 1.27’67 For a molecular solid, if 6 ~ 0,
P/ \a
then the predominant interaction is an intermolecular van der
Waals force, whereas if 6 % 1, then the principal interaction is a
strong covalent bond, which is influenced little by changes in
volume. The @ values calculated by Burns for the Raman
modes at 213, 364, and 371 cm™! are presented in Figure 4.’
For the Raman modes at 364 and 371 cm™, the @ values are
both located in the range 0—1, which reveals the significant
lattice expansion during the heating process.”’ The anom-
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alously large 0 value for the Raman mode at 213 cm™ may
result from the strong intra-/intermolecular coupling in a-
P,Se; nanoflakes.”” Another abnormal phenomenon was that
the Davydov splitting between 364 and 371 cm™' increased
with an increase in the temperature, and this is because the
effect of thermal expansion on Davydov splitting was shadowed
by phonon—phonon interactions. When the P,Se; nanoflake
was heated to 95 °C, the Raman modes at 213 and 364 cm™
suddenly blue shifted and the Raman mode at 371 cm™
stemming from Davydov splitting disappeared, as illustrated in
Figure 4b,c. This indicates the occurrence of a phase transition
to the orientationally disordered phase f-P,Se;.”’ The space
group of #-P,Se; is R3m, with a = 1622.3 pm and a = 89.47°.%°
What is more, the thermal expansion and phase transition lead
to a decrease in density of about 12%.”" Next, the temperature
was reduced to 300 K and then to 200 K from 100 °C, and the
corresponding Raman spectra are displayed in Figure 4d. The
Raman mode at 371 cm™' did not reappear with the
temperature decreasing, suggesting the plastic—crystal tran-
sition is not a reversible process for 2D a-P,Se;, whereas it is
actually reversible for the bulk. The irreversible characteristic
was further confirmed by the XRD pattern (Figure S8). The
disappearance of diffraction peaks can be attributed to the
freezing of molecular rotations with a decrease in temperature
and incomplete reorientation of disordered P,Se; molecules.”®
This made it possible to compare the strengths of
intermolecular couplings of a-P,Se; and f-P,Se;. Figure 4e
and Figure S9 exhibit the XPS spectrum of Se 3d and P 2p for
the P,Se; nanoflake after the plastic—crystal transition,
respectively. In comparison to the XPS spectra of a-P,Se;
nanoflakes (Figure 2a,b), the binding energies of P and Se both
became smaller, which is concrete evidence that the
intermolecular coupling is weakened after the phase change.
Thus, we conclude that unusually short intermolecular Se—Se
and P—Se contacts are caused by an orderly and close packing
of P,Se; molecules, primarily arising from steric effects
produced by the intermolecular repulsive forces.”"

The processes of thermal expansion and the plastic—crystal
transition were further confirmed by the temperature-depend-
ent dichroic ratio in the (001) plane, as displayed in Figure 4f.
The dichroic ratio was defined as the absorbance ratio of 0 and
90° at 450 nm (Figure S10), where the direction of the long
side of the P,Se; nanoflake was fixed at 0°. The large difference
in the linear expansion coefficient along the a and b axes
allowed us to vary the in-plane dichroism with temperature.”
Before the plastic—crystal transition, the dichroic ratio
gradually decreased from 2.03 to 1.76 with an increase in
temperature (Figure 4f and Figure S10). When the plastic—
crystal transition occurred, the in-plane dichroism disappeared
at the same time, arising from the orientational disorder of
P,Se; molecules. This shift from in-plane optical anisotropy to
isotropy induced by the phase change was further demon-
strated by angle-resolved absorption (Figure 4gh) and
polarization-resolved absorption spectra (Figure S11).

B CONCLUSION

In conclusion, we have successfully prepared high-quality 2D
a-P,Se; nanoflakes and revealed the unique short intermo-
lecular Se—Se and P—Se contacts by SC-XRD. The strong
intermolecular interaction induced by those contacts was
confirmed by XPS, temperature-dependent Raman spectra, and
absorption spectra. More importantly, we illustrated the
relationship between the strong intermolecular interaction
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and charge density and demonstrated the significant effects of
unusually short interatomic distances on charge transfer
integrals on the basis of the results of theoretical calculations.
Inspired by the strong intermolecular coupling, we first
calculated the in-plane mobility of 2DIMCs with the quantum
nuclear tunneling model and demonstrated their photoelectric
response. Through an analysis of the thermal expansion and
plastic—crystal transition, we proposed that the unusually short
interatomic contacts were caused by the orderly and close
packing of P,Se; molecules. Our work extends the fundamental
understanding of intermolecular interactions in 2DIMCs and
will greatly promote the research of molecular physics and
potential applications of 2DIMCs in electronics and optoelec-
tronics.
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