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ABSTRACT: Ultrathin two-dimensional (2D) semiconductors exhib-
it outstanding properties, but it remains challenging to obtain
monolayer-structured inorganic semiconductors naturally occurring
as nonlayered crystals. Copper sulfides are a class of widely studied
nonlayered metal chalcogenide semiconductors. Although 2D copper
sulfides can provide extraordinary physical and chemical applications,
investigations of 2D copper sulfides in the extreme quantum limit are
constrained by the difficulty in preparing monolayered copper
sulfides. Here, we report a subnanometer-thin quasi-copper-sulfide
(q-CS) semiconductor formed upon self-assembly of copper(I)−
dodecanethiol complexes. Extended X-ray absorption fine structure
analysis revealed that the existence of Cu−Cu bonding endowed the
layer-structured q-CS with semiconductor properties, such as appreciable interband photoluminescence. Theoretical studies
on the band structure demonstrated that the optical properties of copper−dodecanethiol assemblies were dominated by the q-
CS layer and the photoluminescence originated from exciton radiative recombination across an indirect band gap, borne out
by experimental observation at higher temperatures, but with the onset of a direct emission process at cryogenic temperatures.
The following studies revealed that the metal−metal bonding occurred not only in copper−alkanethiolate complex assemblies
with variable alkyl chain length but also in silver−alkanethiolate and cadmium−alkanethiolate assemblies. Therefore, the
current studies may herald a class of 2D semiconductors with extremely thin thickness out of nonlayered metal sulfides to
bridge the gap between conventional inorganic semiconductors and organic semiconductors.
KEYWORDS: ultrathin semiconductor, two-dimensional, metal−metal bonding, organic−inorganic hybrid structure, metal−alkanethiolate

Ultrathin two-dimensional (2D) semiconductors have
rapidly emerged as a fascinating family of materials
showing outstanding electronic, optical, and mechan-

ical properties for diverse optoelectronic and biomedical
applications.1 The electronic structure of 2D semiconductors,
such as graphene and layered transition metal dichalcogenides
(TMDs), strongly depends on the thickness of the 2D
structures. It will be obviously changed especially when the
thickness is approaching the dimension of a single unit cell.2−6

For instance, for layered TMD semiconductors such as MoS2,
WS2, and WSe2, the variation in electronic structures will lead
to a crossover from an indirect to direct band gap transition
when the thickness of the TMDs is thinned to one
monolayer,5,7 accompanied by a thickness dependency for
the photoluminescence.6 It is also reported that monolayer
MoS2 with broken inversion symmetry has a strong intrinsic
piezoelectric response, potentially useful for electromechanical
sensing, wearable and implanted devices, whereas the

centrosymmetric bilayers and bulk counterparts have no
piezoelectric responses at all.8

Copper sulfides (Cu2−xS, 0 ≤ x ≤ 1) belong to one of the
most commonly studied nonlayered transition metal chalco-
genides with various stoichiometries and rich physical
properties.9 Benefiting from its tunable band gap and excellent
p-type conductivity, copper sulfides hold promise for diverse
optoelectronic applications. In addition, off-stoichiometric
Cu2−xS nanomaterials (x > 0) also show a strong localized
surface plasmon resonance (LSPR) in the near-infrared (NIR)
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region, arising from excess holes in the top of the valence band
originating from the intrinsic copper vacancy.9,10 The LSPR
quenches the fluorescence due to the coupling between the
plasmonic and excitonic modes.11,12 By modulating the degree
of the copper deficiency, the NIR fluorescence of stoichio-
metric Cu2S nanocrystals of 5 nm size was successfully
observed by different research groups.11,13 However, the
stoichiometric Cu2S nanocrystals are prone to oxidation into
Cu2−xS under ambient conditions, which will switch the
nanocrystals from fluorescent back to plasmonic again.
The crystal structures of the Cu2−xS family are strongly

dependent on the stoichiometry, but none of them display a
layered structure.14,15 Regarding the layer-structured semi-
conductors, such as graphene and TMDs in which a van der
Waals force holds the atomic layer structures together,
ultrathin 2D materials can be readily prepared by direct
exfoliation of their bulk crystals.4,16 In contrast, it remains very
challenging for nonlayered metal chalcogenides such as Cu2−xS
to form free-standing ultrathin layer structures.17,18 Therefore,
there have only been a few studies on the physical properties of
2D copper sulfide nanomaterials until now.19−23 For example,
3.2 nm thick CuS nanosheets exhibited a large capacity and
good cycling stability when used as an electrode in a lithium-
ion battery,21 and 1.8 nm thick β-Cu2S nanotriangles presented
good ohmic contact and high conductivity,22 while 1.2 nm
thick thin Cu2S nanosheets exhibited high photocatalytic
ability.23 All of these experimental results suggest that 2D
copper sulfide materials can fulfill extraordinary physical and
chemical applications. Nevertheless, there is no report on truly

monolayered copper sulfide to our best knowledge; therefore,
the electronic and optical properties in the extreme 2D
quantum limit remain unexplored.
Herein, we report a type of subnanometer-thin quasi-copper-

sulfide (hereafter denoted as q-CS) nanosheets, with a
crystalline cell unit formed by two linear (Cu-S)n subunits
interconnected perpendicularly via a Cu−Cu bond and four
alkanethiol molecules at the outside as a stabilizing agent.
Theoretical simulations of electronic band structures were
performed using density functional theory (DFT). The results
predicted a semiconductor-type set of electronic band
structures with an indirect band gap of 1.84 eV, which found
supportive evidence in temperature-dependent photolumines-
cence. Moreover, the molecular orbital analysis revealed that
the electronic structures are dominated by Cu and S orbitals,
suggesting the inorganic copper sulfide component is
exclusively responsible for the semiconductor nature of the
resulting nanosheets and thus forms truly the thinnest, and a
type of, 2D copper sulfide semiconductor, which has not been
previously reported. Further studies were carried out to show
the ubiquity of the metal−metal bonding in the other layer-
structured metal−alkanethiolate complexes.

RESULTS AND DISCUSSION

Preparation and Optical Properties of q-CS Nano-
sheets. The preparative procedures for q-CS nanosheets are
given in Figure 1a. Briefly, a powder of copper(I) iodide was
dissolved in excess 1-dodecanethiol at 40 °C to form a
colorless solution of copper−dodecanethiol coordination

Figure 1. (a) Schematic drawing of the preparative procedures for obtaining q-CS nanosheets, accompanied by observations under ambient
light and UV light, (b) PL spectrum (λex = 380 nm) together with corresponding PL excitation (PLE) spectrum (λem = 665 nm), (c) PL
spectra recorded by excitation at different wavelengths, (d) Time-resolved PL decay curve together with its multiexponential fitting (solid
line), (e) MALDI-TOF-MS result, (f) SEM image, and (g) TEM image (inset is the fast Fourier transform analysis of the circled area) of q-
CS nanosheets.
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polymers. Upon the introduction of ethanol, the yellowish
precipitates obtained exhibit an unexpected red emission under
UV excitation, as shown in Figure 1a, whereas the initial
colorless coordination polymer solution presents no fluo-
rescence at all. At room temperature, the photoluminescence
(PL) is characterized by a single peak emission centered at 665
nm with absolute PL quantum yield (PLQY) around 1% and a
wide excitation band, as well (Figure 1b). According to the
emissions recorded at different excitation positions, as given in
Figure 1c, the PL emission remains nearly unchanged with
respect to the peak position, which indicates that there is only
one type of emissive center in the hybrid structures at room
temperature. The time-resolved PL was recorded (Figure 1d)
and is generally characterized by a multiexponential decay
process. The best decay fit was obtained by a triexponential
function, as displayed in Figure S1, from which the average PL
lifetime was calculated to be 5.38 μs.
The elemental composition of the precipitates was

comprehensively analyzed. According to the matrix-assisted
laser desorption/ionization time-of-flight mass spectroscopy
(MALDI-TOF-MS) result in Figure 1e, the precipitates are
presumably formed by self-assembled CuSC12H25 molecular
complexes as the strong signals at m/z = 273.01 and 287.08
can be assigned to [CuSC12H25 + Na]+ and its fragment

[CuSC11H23 + Na]+, respectively (the appearance of Na+,
which combines with electrically neutral CuSC12H25 complexes
to form a positive fragment, may come from the system
pipeline or glass containers).24,25 This is also supported by the
thermogravimetric (TG) behavior (Figure S2) and the
elemental composition obtained through inductively coupled
plasma mass spectroscopy (ICP-MS) and organic elemental
quantitative analysis (Table S3). In addition, the X-ray
photoelectron spectroscopy (XPS) results in Figure S3 show
that the dodecanethiol moieties are coordinated to copper
atoms with an oxidation state of +1. According to the hard−
soft acid−base theory, both RS− and I− are soft bases which are
expected to have strong affinity for the soft acid Cu+. However,
the bond dissociation energy of Cu−S is higher than that of
Cu−I (i.e., 285 vs 197 kJ/mol),26 thus the copper−
dodecanethiol complexes are formed by substituting I− of
CuI with 1-dodecanethiol.
In fact, the introduction of ethanol not only gave rise to

photoluminescence but also triggered the precipitation of
copper−dodecanethiol coordination polymers owing to its
strong polarity. A representative scanning electron microscopy
(SEM) image given in Figure 1f reveals that the resulting
precipitates have brick-like morphologies, whereas the trans-
mission electron microcopy (TEM) results given in Figure 1g

Figure 2. (a) PXRD pattern overlaid with a Le Bail fitting, (b) 13C NMR spectrum, (c) Fourier transform magnitudes of the Cu K-edge
EXAFS of copper−alkanethiol assemblies and Cu2S, CuS, and Cu together with (d) molecular packing model of copper−dodecanethiol
assemblies (the difference between two top views in the middle is that carbon atoms at the bottom are hidden to better show the (Cu−S)n
central plane).
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show that each brick comprises periodic stripes with an
interstripe spacing of ∼3.19 nm. This indicates that the
precipitates have a long-range ordered structure, which was
previously observed from metal−alkanethiolate complexes as
solids, as well.27

Molecular Packing Structure of Copper−Dodecane-
thiol Assemblies. Systematic characterizations were carried
out to show the detailed atomic packing structures within the
self-assembled copper−dodecanethiol complexes. Powder X-
ray diffraction (PXRD) of the yellowish precipitates exhibits a
series of intense signals in the low-angle region peaking at 2.6,
5.2, 7.8, 10.4, and 13.1°, as shown in Figure 2a and Figure S4,
which can reasonably be assigned to (00l) (l = 2n, n = 1−5)
planes with a d spacing of 3.34 nm, consistent with the periodic
stripes in the TEM image (Figure 1f). In fact, the d spacing of
3.34 nm is comparable to twice the length of a stretched alkyl
chain of 1-dodecanethiol (Figure S5),28,29 indicating that the
alkyl chains are most likely stretched out and form a layered
structure. To prove this, a solid-state 13C nuclear magnetic
resonance (13C NMR) study was conducted to disclose the
conformation of the alkyl ligands in the self-assembled
structures. As displayed in Figure 2b, the chemical shift of
midchain C3−C9 methylenes is around 34.5 ppm, suggesting
that the alkyl ligands are highly ordered, showing a trans-
conformation, as given in the inset.30,31 This can also be
evidenced by Fourier transform infrared (FTIR) spectra of the
assemblies shown in Figure S6. Additionally, the chemical shift
of C1 and C2 is 42.9 ppm, obviously higher than those of the
corresponding carbon atoms in 1-alkylthiol (i.e., 24.5 and 33.9
ppm),32 owing to the formation of the Cu(I)−S bond. From
the PXRD pattern, peaks can also be seen in the higher-angle
region, which belong to high-order Miller planes, but more
information is needed to unveil their precise origin.
The coordination environment of the copper atoms in the

molecular packing structure of the copper−dodecanethiol
assemblies was studied by X-ray absorption spectroscopy. The
X-ray absorption near-edge structure (XANES) of the Cu K-
edge in Figure S7 suggests the copper atoms in the assemblies
have a different coordination environment contrasting those in
Cu, CuS, and Cu2S reference materials, with an oxidation state
of +1, which is consistent with the XPS result. The extended X-
ray absorption fine structure (EXAFS) of the Cu K-edge
exhibits two distinct peaks at 1.81 and 2.54 Å, as shown in
Figure 2c, which can be attributed to the scattering paths of the
first-coordinated S atom and the second-coordinated Cu atom
in comparison with the reference samples. Then, the local
atom arrangement was analyzed by EXAFS fitting, showing
that it was best fitted with 2.4 S atoms and 0.8 Cu atoms from
the central Cu atom at the distance of 2.25 and 2.79 Å,
respectively (Figure S8). The distance between two adjacent
Cu atoms of 2.79 Å indicates the existence of Cu−Cu bonding
apart from the Cu−S bonds of 2.25 Å in the assembled
structure. The Cu−Cu bonding has been largely considered as
a type of closed-shell interaction, the length of which ranges
from 2.6 to 3.9 Å.33−35 In fact, there is an enormous body of
work on the transition metal−alkanethiolate complexes, and
long-range ordered structures were often observed from those
complexes in the solid state.31,36−42 It is usually considered
that the orderly packed alkyl chains form the interlayer
structure, whereas a central slab connected by metal−sulfur
coordination bonds forms the intralayer structure.31,36,37

However, no evidence for the existence of metal−metal
interactions inside these metal−alkanethiolate complexes was

reported before. Therefore, it can be concluded that ethanol
superficially acts as a bad solvent for precipitating CuSC12H25
molecular complexes out of the solution, and it indeed induces
the formation of Cu−Cu bonds within the self-assembled 2D
structures, which then explains the appearance of the yellowish
color and red fluorescence that were not observed before in
molecular complexes formed into self-assembled structures. In
other words, ethanol not only acts as a precipitant but also
catalyzes the formation of an unusual and distinct Cu−Cu
bonding.
Finally, a crystalline structure model was constructed based

on the PXRD and EXAFS results. The parameters of the unit
cell with orthorhombic symmetry were derived upon
simulation of the PXRD pattern using the X-Cell package in
the Material Studio software. Then, a layered crystal structure,
as displayed in Figure 2d and Figure S9, was constructed with
space group of I222 upon geometry optimization, with the
detailed data being shown in Table S4. In this layered model
structure, the central plane consists of two (Cu−S)n layers
perpendicularly aligned in-plane and interconnected through
two adjacent copper atoms from the two (Cu−S)n layers. This
central plane is sandwiched by two layers of closely packed
alkyl chains extended outward from the central plane on both
sides. To verify this crystalline structure, a simulated XRD
pattern is provided in Figure 2a for comparison with the
experimental XRD pattern. The perfect match between them
strongly supports the rationality of the crystal structure model
in which the distance between two adjacent copper atoms is
also 2.79 Å. Thus, the assignment of XRD peaks in the higher-
angle region of Figure 2a can be obtained (Figure S10).
Moreover, it can be observed that the copper−dodecanethio-
late assemblies tend to form stacks from the atomic force
microscopy (AFM) images shown in Figure S11. The thickness
of the assembly ranges from approximately 30 to 130 nm,
suggesting the existence of stacked multilayers, consistent with
the TEM image in Figure 1g.

Electronic Band Structure and Optical Properties of
q-CS Nanosheets. To show the optical properties involving
Cu−Cu bonding, the electronic structures and molecular
orbitals of the copper−dodecanethiol assemblies were
simulated based on DFT using the Vienna Ab Initio Simulation
Package (VASP). As shown in Figure 3a, it is obvious that the
copper−dodecanethiol assemblies behave like a semiconduct-
ing material showing a low-lying indirect band gap of 1.84 eV
from the Γ point of the conduction band to the M point of the
valence band, very close to the PL emission peak at 665 nm
(1.86 eV) in Figure 1d (the coordinates of the high symmetry
points in the Brillouin zone are provided in Table S6). Based
on Kasha’s rule,43 it is reasonable to attribute the above PL
emission to exciton radiative recombination from the
conduction band minimum (CBM) to the valence band
maximum (VBM). The projected density of states (DOS) in
Figure 3a and the partial density of states (PDOS) in Figure 3b
provide the detailed compositions of the valence band and
conduction band of the copper−dodecanethiol assemblies. It
can be observed that the valence bands between −3.0 and −1.8
eV primarily originate from the d oribitals of Cu, whereas the
valence bands between −1.8 and 0 eV mainly stem from the
hybridization of the p orbitals of S and the d orbitals of Cu.
Moreover, the high similarity between the state profiles of Cu
and S from −1.8 to 0 eV indicates that σ bonds are formed
between Cu and S atoms.44 It should be noted that the
conduction bands between 1.8 and 2.6 eV are formed upon the
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hybridization of Cu orbitals (s, p, d) and S orbitals (s, p). This
can be visualized in a more intuitive way in Figure 3c. The
VBM and CBM are mainly distributed on the Cu and S atoms,
indicating that the optical properties of the copper−
dodecanethiol assemblies are solely determined by the
inorganic (Cu−S)n thin layer (i.e., the q-CS). The electronic
distribution patterns of the VBM and CBM on the central
(Cu−S)n slab together with the calculated effective mass of the
charge carriers (Table S7) suggest that the carrier motion is
restrained within the q-CS slab and is energetically impossible
along the z-direction due to the insulating nature of the
adjacent alkyl chains.
The UV−Vis absorption spectrum in Figure 3d and Figure

S12 reveals that q-CS nanosheets exhibit a broad multiband
absorption with an absorption tail extended into the red, which
is typical for an indirect band gap transition.45,46 Based on the
electronic structure given in Figure 3a, the absorption curve of
the q-CS nanosheets was simulated in Figure 3d. Apparently,
the theoretical one highly resembles the experimentally
determined one (the residual discrepancies between simulated
and experimental curves probably result from unexpected
lattice defects in the real samples that inevitably formed during
the synthesis process), suggesting that the simulated electronic
band structure can well reflect the actual electronic energy
levels and optical transition behaviors of this subnanometer-
thin 2D semiconducting q-CS structure. From the NIR
absorption spectrum shown in Figure S13, it can also be
observed that no LSPR absorption appears to quench the
fluorescence, owing to the stoichiometric structure of the
current q-CS. In addition, the orderly packed structures of the
alkyl chains will suppress the molecular rotation and vibration
that can depopulate the excited state via nonradiative
relaxation.47,48 Therefore, the excitonic energy in the excited
state of the q-CS layer is released via a radiative recombination
pathway to give rise to the fluorescence shown in Figure 1b.
Contrasting from inorganic semiconductors, organic semi-

conductors largely rely on π−π conjugated structures that

enable the intramolecular delocalization of electrons apart from
the intermolecular overlapping of π electron clouds.49,50 The
layered network of CuSC12H25 molecular complexes inter-
connected with Cu−Cu bonds can also promote the electron
delocalization along the central plane, although no π-
conjugation structure is present in the system. In this respect,
q-CS nanosheets represent a type of semiconductor different in
its fundamental electronic nature from the conventional
inorganic and organic ones. This can also be illustrated from
the average PL lifetime of the q-CS nanosheets (Figure 1d),
which is close not only to that of copper-containing
semiconductor nanocrystals51 but to that of multinuclear
copper compounds.52,53 In addition, the projected band
structure of the q-CS (Figure S14) shows that the CBM is
largely dominated by Cu states, while the VBM is mainly
composed of Cu and S states, indicating that the electronic
transition from CBM to VBM can in some respects be viewed
as the combination of a metal-to-ligand charge transfer and a
Cu-centered transition of multinuclear copper complexes.42

These results imply that the q-CS nanosheets can be a type of
semiconductor bridging conventional inorganic semiconduc-
tors and metal−organic complexes.

Temperature-Dependent Photoluminescence of q-CS
Nanosheets. As shown in Figure 4a, the PL intensity of the
665 nm emission of q-CS nanosheets is dramatically increased
when the temperature is decreased from 280 to 140 K, which is
a common phenomenon as the nonradiative recombination
process is more sensitive to temperature than the radiative
recombination process.54,55 However, a higher-energy emission
peak centered at 560 nm appears when the temperature is
further brought below 140 K, and its intensity quickly increases
when the temperature is decreased from 140 to 80 K. As
shown in Figure 3a, the theoretical indirect band gap between
the Γ and M point is about 1.86 eV for q-CS nanosheets, much
lower than the direct band gap referring to the vertical
transition at the Γ point (2.26 eV). Therefore, it is reasonable
to attribute the former lower-energy emission to the indirect

Figure 3. (a) DFT-computed band structure with projected DOS, (b) PDOS of Cu, S, and C states, (c) Partial charge density isosurfaces of
CBM and VBM, (d) UV−Vis absorption spectrum overlaid with a simulated absorption curve of q-CS nanosheets.
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band gap transition and the higher-energy emission at 560 nm
(2.21 eV) to the direct band gap transition. These two
transitions begin to compete against each other when the
temperature is below 100 K, which can be clearly seen after
multiple Gaussian peak fittings given in Figure S15. According
to the fitting results, the temperature dependencies of the
relative PLQYs (expressed as plots of the relative integrated PL
peak areas) of these two transitions were extracted and are
provided in Figure 4b.
To further verify the attribution of 560 and 665 nm

emissions to the direct and indirect band gap transitions,
respectively, the temperature-dependent PL peak positions
were recorded and then simulated with the well-known
Varshni empirical expression showing the temperature depend-
ence of the band gap energies.56 As shown in Figure 4c, the
indirect process strictly follows the curve described by the
empirical expression, whereas the direct process exhibits a
departure from the empirical law close to the onset around 140
K, and the points at 120−80 K could well follow a separate
fitted curve. However, apart from this step-like jump in the
direct process, both trends are relatively flat when compared
with the dependences usually exhibited by other bulk
semiconductors.56 The flatter response reflects the weaker
temperature dependence of lattice expansion in q-CS nano-
sheets, owing to Cu−Cu bonding that firmly holds the
subnanometer-thin 2D q-CS structures together.
To understand the temperature-dependent band gap

transition behaviors, the temperature dependencies of the
line widths of indirect and direct transition processes are also
plotted in the lower frame of Figure 4c. The total line width
ΓTot(T) of emissive transitions in semiconductors is a sum of
three contributions: the inhomogeneous line width (Γinh) and
the broadenings from acoustic and from optical phonon
interactions (ΓAc and ΓLO, respectively) as described below:

T T e( ) ( 1)E kT
Tot inh Ac LO

/ 1LOΓ = Γ + Γ + Γ − −
(1)

where T refers to temperature, ELO refers to the energy of
longitudinal optical phonons, and k is the Boltzmann constant.
As shown in Figure 4c, both indirect and direct points
determined above 160 K exhibit linear trends and extrapolate
to relatively similar line widths at T = 0 K. According to eq 1,
these linear trends suggest that the temperature dependence of
the band gap transition is mostly dominated by interactions
between the exciton and acoustic phonons. However, the
indirect points show a rising trend as the temperature drops
over the 120−80 K range, and the direct points show a strong
deviation from the otherwise linear trend over the 140−120 K
region. These deviations may originate from the crossover
from almost completely indirect to a mixture of indirect and
direct emission mechanisms occurring when the temperature is
decreased.
The competition between the direct and indirect processes

was further investigated via temperature-dependent transient
fluorescence spectroscopy. As shown in Figure S16, the PL
decay curves of two emission peaks recorded at different
temperatures could be well fitted using a triple exponential
function, and the details are given in Tables S8 and S9. In
combination with the relative PLQYs derived from Figure 4b,
the relative radiative recombination rates of indirect and direct
transition pathways were obtained and compared in Figure 4d.
Even though the integrated PL peak area of the indirect
process is increasing upon cooling, as shown in Figure 4b, the
relative radiative rate is actually decreasing, while the direct
recombination process is becoming more favorable below T =
150 K, competing progressively and more aggressively against
the indirect process.
As discussed before, the direct band gap of q-CS nanosheets

at the Γ point is much larger than the indirect band gap from
the Γ to M point, so the indirect-to-direct band gap crossover

Figure 4. Temperature-dependent (a) PL spectra, (b) integrated PL emission, (c) PL peak position (top) and PL emission line widths
(bottom) overlaid with fitted lines (the few strongly deviated points were excluded from the fits), and (d) relative radiative rates of q-CS
nanosheets.
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cannot be achieved at room temperature. As the radiative
recombination of excitons through the indirect band gap
transition requires additional momentum compensation from
phonons to obey momentum conservation,45,57 the influence
of temperature on the intensity of an indirect emission is an
additive result of phonon momentum and a thermal quenching
effect. When the temperature decreases below 140 K, it is too
low to provide momentum compensation from phonons for
the indirect emission, thus the exciton recombination through
the direct band gap transition is more likely to happen, leading
to the indirect-to-direct band gap crossover for the q-CS
nanosheets.
Ubiquity of Metal−Metal Bonding in Metal−Alka-

nethiolate Complexes. To show the existence of Cu−Cu
bonding in similar systems, CxH2x+1SH ligands with different
alkyl lengths (i.e., x = 4, 6, 8, and 10) were chosen to repeat the
preparation and the resulting copper−alkanethiolate complex
(CuSR) assemblies are labeled as C4, C6, C8, and C10,
respectively, for comparison with the one synthesized with 1-
dodecanethiol (denoted as C12). The PXRD patterns shown
in Figure 5a reveal that all of the resulting samples exhibit
similar long-range-ordered structures. In addition, the inter-
planar distance of the q-CS nanosheets is directly associated
with the length of the alkyl chains following the linear
relationship given below:

y x7.47 2.17= + (2)

where y refers to the layer spacing (Å) and x is the number of
−CH2 units ranging from 4 to 10. According to the fitting
results given in Figure S17, a goodness-of-fit, R2, of 0.998 leads
to a reliable intercept of 7.47 Å that can reasonably be
attributed to the q-CS central slab. Most importantly, C4−C10
also present very similar photoluminescence apart from the fact
that the thickness of the q-CS layer extracted from C4−C10 is
very comparable to that extracted from C12. It is therefore
highly reasonable to infer that the Cu−Cu bonding exists in all
of these systems irrespective of the carbon chain lengths.

To further show the ubiquity of metal−metal bonding in
other metal−alkanethiolate complexes, silver−dodecanethiol
(AgSR) and cadmium−dodecanethiol (Cd(SR)2) assemblies
were also prepared. The chemical structures of the resulting
complexes were confirmed by XPS analysis. According to the
XPS results given in Figure S18, the atomic ratios of Ag/S and
Cd/S were determined to be very close to 1 and 0.5,
respectively, for AgSR and in Cd(SR)2. The PXRD results
shown in Figure 5c reveal that both the AgSR and Cd(SR)2
assemblies display the characteristic diffraction peaks of long-
range ordered structures with nearly identical d spacing of 3.38
nm, quite close to 3.34 nm for copper−dodecanethiol
complexes. Actually, apart from EXAFS, Raman spectroscopy
offers a convenient approach to identify metal−metal
bonds.33,58−61 According to the results given in Figure S19,
the Cu−Cu bonding within q-CS nanosheets is characterized
by a single Raman peak at 63 cm−1.33 As shown in Figure 5d,
AgSR and Cd(SR)2 assemblies exhibit similar Raman signals
peaking at 71 and 59 cm−1, respectively, which can be assigned
to a Ag−Ag stretching vibration59,60 and a Cd−Cd stretching
vibration.61 These preliminary Raman results support the
existence of metal−metal bonding in the layer-structured
metal−alkanethiolate complexes. As a consequence, both the
AgSR and Cd(SR)2 complex assemblies exhibit broad band
photoluminescence, as shown in Figure 5e, similar to that of
the CuSR complexes, although there are no conjugated π
electrons in these two systems either.

CONCLUSIONS

In conclusion, the 2D subnanometer-thin luminescent q-CS
semiconductor was obtained upon self-assembly of CuSR
complexes. The Cu−Cu bonding has been discovered in the
CuSR assemblies through systematic studies. It interconnects
two layers of (CuSR)n perpendicularly, leading to the
formation of layer-structured q-CS semiconductors, independ-
ent of the chain length of the alkylthiols used. Further studies
indicate that similar metal−metal bonding occurs not only in
copper−alkanethiolate complexes but also in the analogous

Figure 5. (a) PXRD patterns and (b) normalized PL spectra (λex = 410 nm) of q-CS nanosheets with variable alkyl chain lengths, (c) PXRD
patterns, (d) Raman patterns, and (e) UV−Vis absorption (dashed lines) and PL spectra (solid lines) of the AgSR and Cd(SR)2 assemblies.
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assemblies of silver−dodecanethiol and cadmium−dodecane-
thiol complexes, which leads to the formation of a class of
subnanometer-thin 2D semiconductors, bridging the gap
between conventional inorganic semiconductors and organic
semiconductors, although their physical properties remain to
be further explored.

METHODS
Chemicals. The following materials were purchased from Aladdin,

i.e., cuprous iodide (98%), 1-dodecanethiol (98%), 1-decanethiol
(96%), 1-hexanethiol (96%), 1-octanethiol (98%), butanethiol (97%).
Other analytical grade chemicals, such as ethanol and cyclohexane,
were purchased from Sinopharm Chemical Reagent Beijing, Co., Ltd.
All reagents were used as received without further purification.
Preparation of Quasi-Copper-Sulfide Nanosheets. To

prepare the quasi-copper-sulfide (q-CS) nanosheets, a solution of
copper−alkanethiolate complexes was prepared first. Typically, a
mixture of 0.4 mmol of CuI and 12 mL of 1-dodecanethiol was kept
under magnetic stirring at room temperature for about 60 min until a
clear and colorless solution was formed. It was found that this reaction
process can be accelerated by raising the reaction temperature, that is,
from room temperature to 70 °C. Other copper−alkanethiolate
complexes (CuSR, SR = −SC4H9, −SC6H13, −SC8H17, −SC10H21)
were prepared by the same method except that 1-dodecanethiol was
replaced by the other 1-alkanethiol homologues. It was found that the
shorter the carbon chain of the 1-alkanethiol reagent, the faster the
reaction occurred. Then, ethanol of 3-fold the volume of the reaction
solution was rapidly added into the colorless solution, and yellowish
q-CS nanosheets were immediately generated. The q-CS nanosheets
were separated from the solution by centrifugation and purified by
washing several times with ethanol.
Preparation of Silver−Alkanethiolate and Cadmium−Alka-

nethiolate Assemblies. To prepare the silver−alkanethiolate
assemblies, 10 mL of an acetonitrile solution of AgNO3 (0.02 M)
was added dropwise into 12 mL of 1-dodecanethiol, and the AgSR
assemblies were immediately formed as yellowish precipitates. Then,
20 mL of ethanol was added into the mixture and kept stirring for 30
min. The AgSR assemblies were separated from the solution by
centrifugation and purified by washing several times with ethanol. The
cadmium−alkanethiolate assemblies were prepared in a very similar
way. Typically, 10 mL of ethanol solution of Cd(CH3COO)2·2H2O
(0.02 M) was added dropwise into 12 mL of 1-dodecanethiol to
generate the Cd(SR)2 assemblies. The subsequent procedures were
the same as those for AgSR.
Structural and Compositional Characterization. The SEM

images were obtained by a Hitachi S4800 scanning electron
microscope operating at beam energy of 10 kV. The TEM images
were obtained by a JEM-2100F electron microscope operating at an
accelerating voltage of 200 kV. AFM images were obtained on a
Bruker Dimension FastScan system. XPS measurements were carried
out on a Thermo Scientific ESCALab 250Xi using 200 W
monochromated Al Kα radiation, and the X-ray beam size was 500
μm. The MALDI-TOF-MS data were collected in positive-ion mode
with 2,5-dihydroxybenzoic acid as the matrix on a Bruker Autoflex ΙΙΙ
mass spectrometer. TG analysis was carried out on a TG209 F3
Tarsus thermal gravimetric analyzer operated under N2 atmosphere
from room temperature to 800 °C. The solid-state 13C NMR spectra
were obtained using a Bruker AVANCE 400 MHz WB solid-state
NMR spectrometer. The FTIR spectra were recorded on Bruker
FTIR Tensor 27 spectrometer. The PXRD patterns were recorded on
a Rigaku D/Max-2500 diffractometer with Cu Kα radiation. The
Raman spectra were recorded on a Horiba Labram HR Evolution
Raman spectrometer with 633 nm excitation. The elemental
composition of the copper−dodecanethiol assemblies was determined
by ICP-MS on a Thermo iCAP RQ spectrometer for Cu and I and
organic elemental quantitative analysis on a Thermo Flash Smart
elemental analyzer for C, H, and S.
Spectroscopic Characterization. The steady-state PL spectra

were obtained from a NanoLog FL3-2iHR infrared fluorescence

spectrometer. The PL decay curves were recorded on a Delta flex
UltraFast lifetime spectrofluorometer. The UV−vis absorption spectra
were recorded on a Shimadzu UV-2600 spectrophotometer. The
absolute PLQY was determined on an Edinburgh FLS980
fluorescence spectrometer equipped with an OXFORD Microstat
temperature-controlling system.

Methods for PL Lifetime Fitting. The PL decay curves were
fitted using a triexponential function (eq 3):

I t B t B( ) exp( / ), 1
i

n
i i i

n
i1 1

∑ ∑τ= − =
= = (3)

In this expression, τi represents the decay time constants, Bi represents
the normalized amplitudes of each component, and n is the number of
decay terms (usually three).

The average PL lifetime was calculated using eq 4
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In the case where emission from the direct and indirect processes
overlapped, the measured average decay rate was assumed to result
from a combination of the two true average decay rates weighted
according to the relative numbers of photons emitted by each process.
In this manner, the separated average decay time for each process was
recovered, with the main influence or correction being upon the direct
decay times measured at temperatures of 120 K and below and 560
nm emission wavelength.

Structure Modeling Methods. The PXRD patterns for structure
modeling were collected on a PANalytical X-Pert Pro diffractometer
operated with the capillary mode and step size of 0.001°/s (Cu Kα
radiation of λ = 1.5418 Å at 40 kV and 40 mA). During the data
collection, the capillary with the sample was spinning to eliminate the
effect of any preferred orientation as much as possible. The molecular
packing structure model of the copper−alkanethiol assemblies was
built by Material Studio software. The unit cell parameters with
orthorhombic symmetry were derived directly using the X-Cell
package in the Material Studio software. After the reflection condition
was carefully analyzed by Le Bail fitting, the possible space group
could be chosen from I222, I212121, Imm2, and Immm. The simulated
annealing parallel tempering algorithm in the Material Studio software
was used to find a starting molecular arrangement according to the
PXRD results. Finally, the crystal structure of the q-CS nanosheets
was solved with the space group of I222.

X-ray Absorption Spectroscopy Methods. The Cu K-edge X-
ray absorption spectra were recorded at Beamline 1W1B of the
Beijing Synchrotron Radiation Facility. Background subtraction and
EXAFS shell fitting were conducted using Athena and Artemis
programs in IFEFFIT software packages62,63 (fitting range: 3.00 ≤ k
(Å) ≤ 12.46 and 1.25 ≤ R (Å) ≤ 2.88).

Density Functional Theory Simulation. All of the calculations
are based on DFT implemented in the VASP.64 Both the lattice
parameters and molecular geometry optimization were performed by
the projector-augmented wave (PAW) method with the Perdew−
Burke−Ernzerhof functional including a dispersion (PBE-D3)
exchange correlation function.65,66 The cutoff energy for the plane-
wave basis set was adjusted to be 400 eV. The k-mesh of 5 × 5 × 1
was used during the optimization. Based on the optimized crystal
structure, the accurate electronic and optical properties were
calculated by means of DFT+U at PBE-D3 level with 11 × 11 × 1
k-point sampling in reciprocal space. In the DFT+U calculations, the
effective U and J values are 1 and 5 eV for Cu 3d, respectively,
according to a previous study.67

ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.0c07388.

Additional figures and tables: TG curve, XPS spectra,
FTIR spectra, XANES spectra, EXAFS fitting results,
AFM image, NIR absorption spectrum, temperature-

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07388
ACS Nano XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acsnano.0c07388?goto=supporting-info
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07388?ref=pdf


dependent PL decay curves and Raman spectrum of the
q-CS nanosheets, XPS spectra of AgSR and Cd(SR)2
assemblies, fitting results of PL decay curves, elemental
composition analysis results, additional data obtained
from PXRD refinement, and DFT calculation (PDF)

X-ray crystallographic data (CIF)

AUTHOR INFORMATION
Corresponding Authors
Lihong Jing − Key Laboratory of Colloid, Interface and
Chemical Thermodynamics, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100190, China; orcid.org/
0000-0001-6115-2743; Email: jinglh@iccas.ac.cn

Jian Li − Department of Materials and Environmental
Chemistry, Stockholm University, Stockholm 10691, Sweden;
orcid.org/0000-0003-2221-2285; Email: jxpxlijian@

pku.edu.cn
Mingyuan Gao − Key Laboratory of Colloid, Interface and
Chemical Thermodynamics, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100190, China; School of
Chemistry and Chemical Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China; orcid.org/
0000-0002-7360-3684; Email: gaomy@iccas.ac.cn

Authors
Haoran Ning − Key Laboratory of Colloid, Interface and
Chemical Thermodynamics, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100190, China; School of
Chemistry and Chemical Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

Yan Zeng − School of Chemistry and Chemical Engineering,
University of Chinese Academy of Sciences, Beijing 100049,
China; Key Laboratory of Organic Solids, Institute of
Chemistry, Chinese Academy of Sciences, Beijing 100190,
China

Shouwei Zuo − School of Chemistry and Chemical
Engineering, University of Chinese Academy of Sciences,
Beijing 100049, China; Beijing Synchrotron Radiation
Facility, Institute of High Energy Physics, Chinese Academy of
Sciences, Beijing 100049, China

Stephen V. Kershaw − Department of Materials Science and
Engineering & Centre for Functional Photonics, City
University of Hong Kong, Kowloon, Hong Kong SAR, China;
orcid.org/0000-0003-0408-4902

Yi Hou − Key Laboratory of Colloid, Interface and Chemical
Thermodynamics, Institute of Chemistry, Chinese Academy of
Sciences, Beijing 100190, China

Yingying Li − Key Laboratory of Colloid, Interface and
Chemical Thermodynamics, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100190, China; School of
Chemistry and Chemical Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

Xiaona Li − State Key Laboratory for Structural Chemistry of
Unstable and Stable Species, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100190, China; orcid.org/
0000-0002-0316-5762

Jing Zhang − Beijing Synchrotron Radiation Facility, Institute
of High Energy Physics, Chinese Academy of Sciences, Beijing
100049, China; orcid.org/0000-0002-3750-374X

Yuanping Yi − Key Laboratory of Organic Solids, Institute of
Chemistry, Chinese Academy of Sciences, Beijing 100190,
China; orcid.org/0000-0002-0052-9364

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.0c07388

Author Contributions
H.N., Y.Z., and S.Z. contributed equally.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

The authors acknowledge the financial support from National
Key Research Program of China (2018YFA0208800), NSFC
(81720108024, 81530057, 81671755, 81671754, 81771902),
Youth Innovation Promotion Association CAS (2018042),
CAS-VPST Silk Road Science Fund 2019 (GJHZ201963),
State Key Laboratory of Luminescence and Applications
(SKLA-2019-01), the Swedish Research Council (VR) and
the Knut and Alice Wallenberg Foundation (KAW) (2016-
04625). H.N. also thanks Yan Guan from the Analytical
Instrumentation Center, College of Chemistry and Molecular
Engineering, Peking University for the help with the
spectroscopic characterization.

REFERENCES
(1) Wang, Z.; Jingjing, Q.; Wang, X.; Zhang, Z.; Chen, Y.; Huang,
X.; Huang, W. Two-Dimensional Light-Emitting Materials: Prepara-
tion, Properties and Applications. Chem. Soc. Rev. 2018, 47, 6128−
6174.
(2) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang,
Y.; Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. A. Electric Field Effect
In Atomically Thin Carbon Films. Science 2004, 306, 666−669.
(3) Geim, A. K.; Novoselov, K. S. The Rise of Graphene. Nat. Mater.
2007, 6, 183−191.
(4) Chhowalla, M.; Shin, H. S.; Eda, G.; Li, L. J.; Loh, K. P.; Zhang,
H. The Chemistry of Two-Dimensional Layered Transition Metal
Dichalcogenide Nanosheets. Nat. Chem. 2013, 5, 263−275.
(5) Duan, X.; Wang, C.; Pan, A.; Yu, R.; Duan, X. Two-Dimensional
Transition Metal Dichalcogenides as Atomically Thin Semiconduc-
tors: Opportunities and Challenges. Chem. Soc. Rev. 2015, 44, 8859−
8876.
(6) Splendiani, A.; Sun, L.; Zhang, Y.; Li, T.; Kim, J.; Chim, C. Y.;
Galli, G.; Wang, F. Emerging Photoluminescence in Monolayer MoS2.
Nano Lett. 2010, 10, 1271−1275.
(7) Wang, Q. H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J. N.;
Strano, M. S. Electronics and Optoelectronics of Two-Dimensional
Transition Metal Dichalcogenides. Nat. Nanotechnol. 2012, 7, 699−
712.
(8) Wu, W.; Wang, L.; Li, Y.; Zhang, F.; Lin, L.; Niu, S.; Chenet, D.;
Zhang, X.; Hao, Y.; Heinz, T. F.; Hone, J.; Wang, Z. L.
Piezoelectricity of Single-Atomic-Layer MoS2 for Energy Conversion
and Piezotronics. Nature 2014, 514, 470−474.
(9) Sun, S.; Li, P.; Liang, S.; Yang, Z. Diversified Copper Sulfide
(Cu2‑xS) Micro-/Nanostructures: A Comprehensive Review on
Synthesis, Modifications and Applications. Nanoscale 2017, 9,
11357−11404.
(10) Luther, J. M.; Jain, P. K.; Ewers, T.; Alivisatos, A. P. Localized
Surface Plasmon Resonances Arising from Free Carriers in Doped
Quantum Dots. Nat. Mater. 2011, 10, 361−366.
(11) Kriegel, I.; Jiang, C.; Rodriguez-Fernandez, J.; Schaller, R. D.;
Talapin, D. V.; da Como, E.; Feldmann, J. Tuning the Excitonic and
Plasmonic Properties of Copper Chalcogenide Nanocrystals. J. Am.
Chem. Soc. 2012, 134, 1583−1590.
(12) Wu, Y.; Wadia, C.; Ma, W.; Sadtler, B.; Alivisatos, A. P.
Synthesis and Photovoltaic Application of Copper(I) Sulfide
Nanocrystals. Nano Lett. 2008, 8, 2551−2555.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07388
ACS Nano XXXX, XXX, XXX−XXX

I

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07388/suppl_file/nn0c07388_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07388/suppl_file/nn0c07388_si_002.cif
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lihong+Jing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6115-2743
http://orcid.org/0000-0001-6115-2743
mailto:jinglh@iccas.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2221-2285
http://orcid.org/0000-0003-2221-2285
mailto:jxpxlijian@pku.edu.cn
mailto:jxpxlijian@pku.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingyuan+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7360-3684
http://orcid.org/0000-0002-7360-3684
mailto:gaomy@iccas.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoran+Ning"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shouwei+Zuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+V.+Kershaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0408-4902
http://orcid.org/0000-0003-0408-4902
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingying+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaona+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0316-5762
http://orcid.org/0000-0002-0316-5762
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3750-374X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanping+Yi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0052-9364
https://pubs.acs.org/doi/10.1021/acsnano.0c07388?ref=pdf
https://dx.doi.org/10.1039/C8CS00332G
https://dx.doi.org/10.1039/C8CS00332G
https://dx.doi.org/10.1126/science.1102896
https://dx.doi.org/10.1126/science.1102896
https://dx.doi.org/10.1038/nmat1849
https://dx.doi.org/10.1038/nchem.1589
https://dx.doi.org/10.1038/nchem.1589
https://dx.doi.org/10.1039/C5CS00507H
https://dx.doi.org/10.1039/C5CS00507H
https://dx.doi.org/10.1039/C5CS00507H
https://dx.doi.org/10.1021/nl903868w
https://dx.doi.org/10.1038/nnano.2012.193
https://dx.doi.org/10.1038/nnano.2012.193
https://dx.doi.org/10.1038/nature13792
https://dx.doi.org/10.1038/nature13792
https://dx.doi.org/10.1039/C7NR03828C
https://dx.doi.org/10.1039/C7NR03828C
https://dx.doi.org/10.1039/C7NR03828C
https://dx.doi.org/10.1038/nmat3004
https://dx.doi.org/10.1038/nmat3004
https://dx.doi.org/10.1038/nmat3004
https://dx.doi.org/10.1021/ja207798q
https://dx.doi.org/10.1021/ja207798q
https://dx.doi.org/10.1021/nl801817d
https://dx.doi.org/10.1021/nl801817d
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07388?ref=pdf


(13) Van der Stam, W.; Gudjonsdottir, S.; Evers, W. H.; Houtepen,
A. J. Switching between Plasmonic and Fluorescent Copper Sulfide
Nanocrystals. J. Am. Chem. Soc. 2017, 139, 13208−13217.
(14) Xu, Q.; Huang, B.; Zhao, Y. F.; Yan, Y. F.; Noufi, R.; Wei, S. H.
Crystal and Electronic Structures of CuxS Solar Cell Absorbers. Appl.
Phys. Lett. 2012, 100, No. 061906.
(15) Goble, R. J. The Relationship between Crystal-Structure,
Bonding and Cell Dimensions in the Copper Sulfides. Can. Mineral.
1985, 23, 61−76.
(16) Coleman, J. N.; Lotya, M.; O’Neill, A.; Bergin, S. D.; King, P. J.;
Khan, U.; Young, K.; Gaucher, A.; De, S.; Smith, R. J.; Shvets, I. V.;
Arora, S. K.; Stanton, G.; Kim, H. Y.; Lee, K.; Kim, G. T.; Duesberg,
G. S.; Hallam, T.; Boland, J. J.; Wang, J. J.; et al. Two-Dimensional
Nanosheets Produced by Liquid Exfoliation of Layered Materials.
Science 2011, 331, 568−571.
(17) Zeng, M.; Xiao, Y.; Liu, J.; Yang, K.; Fu, L. Exploring Two-
Dimensional Materials toward the Next-Generation Circuits: From
Monomer Design to Assembly Control. Chem. Rev. 2018, 118, 6236−
6296.
(18) Tan, C.; Zhang, H. Wet-Chemical Synthesis and Applications
of Non-Layer Structured Two-Dimensional Nanomaterials. Nat.
Commun. 2015, 6, 7873.
(19) Lesyuk, R.; Klein, E.; Yaremchuk, I.; Klinke, C. Copper Sulfide
Nanosheets with Shape-Tunable Plasmonic Properties in the NIR
Region. Nanoscale 2018, 10, 20640−20651.
(20) Shahzad, R.; Kim, T.; Mun, J.; Kang, S. W. Observation of
Photoluminescence from Large-Scale Layer-Controlled 2D β-Cu2S
Synthesized by the Vapor-Phase Sulfurization of Copper Thin Films.
Nanotechnology 2017, 28, 505601.
(21) Du, Y.; Yin, Z.; Zhu, J.; Huang, X.; Wu, X. J.; Zeng, Z.; Yan, Q.;
Zhang, H. A General Method for the Large-Scale Synthesis of
Uniform Ultrathin Metal Sulphide Nanocrystals. Nat. Commun. 2012,
3, 1177.
(22) Li, B.; Huang, L.; Zhao, G.; Wei, Z.; Dong, H.; Hu, W.; Wang,
L. W.; Li, J. Large-Size 2D beta-Cu2S Nanosheets with Giant Phase
Transition Temperature Lowering (120 K) Synthesized by a Novel
Method of Super-Cooling Chemical-Vapor-Deposition. Adv. Mater.
2016, 28, 8271−8276.
(23) Zhou, Y.; Lei, Y.; Wang, D.; Chen, C.; Peng, Q.; Li, Y. Ultra-
Thin Cu2S Nanosheets: Effective Cocatalysts for Photocatalytic
Hydrogen Production. Chem. Commun. 2015, 51, 13305−13308.
(24) Roy, S.; Baral, A.; Banerjee, A. Tuning of Silver Cluster
Emission from Blue to Red Using a Bio-Active Peptide in Water. ACS
Appl. Mater. Interfaces 2014, 6, 4050−4056.
(25) Gao, X.; Lu, Y.; Liu, M.; He, S.; Chen, W. Sub-Nanometer
Sized Cu6(GSH)3 Clusters: One-Step Synthesis and Electrochemical
Detection of Glucose. J. Mater. Chem. C 2015, 3, 4050−4056.
(26) Dean, J. A. Lange’s Handbook of Chemistry, 15th ed.; McGraw-
Hill, Inc.: New York, 1999; Vol. 4.
(27) Smith, S. C.; Bryks, W.; Tao, A. R. Supramolecular Assembly of
Single-Source Metal-Chalcogenide Nanocrystal Precursors. Langmuir
2019, 35, 2887−2897.
(28) Chen, Y. B.; Chen, L.; Wu, L. M. The Structure-Controlling
Solventless Synthesis and Optical Properties of Uniform Cu2S
Nanodisks. Chem. - Eur. J. 2008, 14, 11069−11075.
(29) Chen, J.; Wu, L. M.; Chen, L. Syntheses and Characterizations
of Bismuth Nanofilms and Nanorhombuses by the Structure-
Controlling Solventless Method. Inorg. Chem. 2007, 46, 586−591.
(30) Bensebaa, F.; Ellis, T. H.; Kruus, E.; Voicu, R.; Zhou, Y.
Characterization of Self-Assembled Bilayers: Silver-Alkanethiolates.
Langmuir 1998, 14, 6579−6587.
(31) Cha, S. H.; Kim, J. U.; Kim, K. H.; Lee, J. C. Preparation and
Photoluminescent Properties of Gold(I)-Alkanethiolate Complexes
Having Highly Ordered Supramolecular Structures. Chem. Mater.
2007, 19, 6297−6303.
(32) Badia, A.; Demers, L.; Dickinson, L.; Morin, F. G.; Lennox, R.
B.; Reven, L. Gold-Sulfur Interactions in Alkylthiol Self-Assembled
Monolayers Formed on Gold Nanoparticles Studied by Solid-State
NMR. J. Am. Chem. Soc. 1997, 119, 11104−11105.

(33) Che, C. M.; Mao, Z.; Miskowski, V. M.; Tse, M. C.; Chan, C.
K.; Cheung, K. K.; Phillips, D. L.; Leung, K. H. Cuprophilicity:
Spectroscopic and Structural Evidence for Cu-Cu Bonding Inter-
actions in Luminescent Dinuclear Copper(I) Complexes with
Bridging Diphosphane Ligands. Angew. Chem., Int. Ed. 2000, 39,
4084−4088.
(34) Wang, X.-L.; Zheng, J.; Li, M.; Weng Ng, S.; Chan, S. L.-F.; Li,
D. Curved Cyclic Trimers: Orthogonal Cu-Cu Interaction versus
Tetrameric Halogen Bonding. Cryst. Growth Des. 2016, 16, 4991−
4998.
(35) Pyykko, P. Strong Closed-Shell Interactions in Inorganic
Chemistry. Chem. Rev. 1997, 97, 597−636.
(36) Dance, I. G.; Fisher, K. J.; Banda, R. M. H.; Scudder, M. L.
Layered Structure of Crystalline Compounds Silver Thiolates (AgSR).
Inorg. Chem. 1991, 30, 183−187.
(37) Sandhyarani, N.; Pradeep, T. An Investigation of the Structure
and Properties of Layered Copper Thiolates. J. Mater. Chem. 2001, 11,
1294−1299.
(38) Hu, L.; de la Rama, L. P.; Efremov, M. Y.; Anahory, Y.;
Schiettekatte, F.; Allen, L. H. Synthesis and Characterization of
Single-Layer Silver-Decanethiolate Lamellar Crystals. J. Am. Chem.
Soc. 2011, 133, 4367−4376.
(39) Zhang, Y. X.; Zeng, H. C. Gold(I)-Alkanethiolate Nanotubes.
Adv. Mater. 2009, 21, 4962−4965.
(40) Bryks, W.; Wette, M.; Velez, N.; Hsu, S. W.; Tao, A. R.
Supramolecular Precursors for the Synthesis of Anisotropic Cu2S
Nanocrystals. J. Am. Chem. Soc. 2014, 136, 6175−6178.
(41) Van der Stam, W.; Rabouw, F. T.; Geuchies, J. J.; Berends, A.
C.; Hinterding, S. O. M.; Geitenbeek, R. G.; Van der Lit, J.; Prev́ost,
S.; Petukhov, A. V.; De Mello Donega, C. In Situ Probing of Stack-
Templated Growth of Ultrathin Cu2−xS Nanosheets. Chem. Mater.
2016, 28, 6381−6389.
(42) Van der Stam, W.; Akkerman, Q. A.; Ke, X.; Van Huis, M. A.;
Bals, S.; De Mello Donega, C. Solution-Processable Ultrathin Size-
and Shape-Controlled Colloidal Cu2−xS Nanosheets. Chem. Mater.
2015, 27, 283−291.
(43) She, C. X.; Bryant, G. W.; Demortiere, A.; Shevchenko, E. V.;
Pelton, M. Controlling the Spatial Location of Photoexcited Electrons
in Semiconductor CdSe/CdS Core/Shell Nanorods. Phys. Rev. B:
Condens. Matter Mater. Phys. 2013, 87, 155427.
(44) Lebeg̀ue, S.; Eriksson, O. Electronic Structure of Two-
Dimensional Crystals from ab Initio Theory. Phys. Rev. B: Condens.
Matter Mater. Phys. 2009, 79, 115409.
(45) Zhang, Y.; Yin, J.; Parida, M. R.; Ahmed, G. H.; Pan, J.; Bakr,
O. M.; Bredas, J. L.; Mohammed, O. F. Direct-Indirect Nature of the
Bandgap in Lead-Free Perovskite Nanocrystals. J. Phys. Chem. Lett.
2017, 8, 3173−3177.
(46) Bass, K. K.; Estergreen, L.; Savory, C. N.; Buckeridge, J.;
Scanlon, D. O.; Djurovich, P. I.; Bradforth, S. E.; Thompson, M. E.;
Melot, B. C. Vibronic Structure in Room Temperature Photo-
luminescence of the Halide Perovskite Cs3Bi2Br9. Inorg. Chem. 2017,
56, 42−45.
(47) Luo, Z.; Yuan, X.; Yu, Y.; Zhang, Q.; Leong, D. T.; Lee, J. Y.;
Xie, J. From Aggregation-Induced Emission of Au(I)-Thiolate
Complexes to Ultrabright Au(0)@Au(I)-Thiolate Core-Shell Nano-
clusters. J. Am. Chem. Soc. 2012, 134, 16662−16670.
(48) Zhang, Q.; Chen, J.; Wu, X. Y.; Chen, X. L.; Yu, R.; Lu, C. Z.
Outstanding Blue Delayed Fluorescence and Significant Processing
Stability of Cuprous Complexes with Functional Pyridine-Pyrazolate
Diimine Ligands. Dalton Trans. 2015, 44, 6706−6710.
(49) Zhang, X.; Dong, H.; Hu, W. Organic Semiconductor Single
Crystals for Electronics and Photonics. Adv. Mater. 2018, 30,
1801048.
(50) Li, J.; Pu, K. Development of Organic Semiconducting
Materials for Deep-Tissue Optical Imaging, Phototherapy and
Photoactivation. Chem. Soc. Rev. 2019, 48, 38−71.
(51) Knowles, K. E.; Nelson, H. D.; Kilburn, T. B.; Gamelin, D. R.
Singlet-Triplet Splittings in the Luminescent Excited States of
Colloidal Cu+:CdSe, Cu+:InP, and CuInS2 Nanocrystals: Charge-

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07388
ACS Nano XXXX, XXX, XXX−XXX

J

https://dx.doi.org/10.1021/jacs.7b07788
https://dx.doi.org/10.1021/jacs.7b07788
https://dx.doi.org/10.1063/1.3682503
https://dx.doi.org/10.1126/science.1194975
https://dx.doi.org/10.1126/science.1194975
https://dx.doi.org/10.1021/acs.chemrev.7b00633
https://dx.doi.org/10.1021/acs.chemrev.7b00633
https://dx.doi.org/10.1021/acs.chemrev.7b00633
https://dx.doi.org/10.1038/ncomms8873
https://dx.doi.org/10.1038/ncomms8873
https://dx.doi.org/10.1039/C8NR06738D
https://dx.doi.org/10.1039/C8NR06738D
https://dx.doi.org/10.1039/C8NR06738D
https://dx.doi.org/10.1088/1361-6528/aa972b
https://dx.doi.org/10.1088/1361-6528/aa972b
https://dx.doi.org/10.1088/1361-6528/aa972b
https://dx.doi.org/10.1038/ncomms2181
https://dx.doi.org/10.1038/ncomms2181
https://dx.doi.org/10.1002/adma.201602701
https://dx.doi.org/10.1002/adma.201602701
https://dx.doi.org/10.1002/adma.201602701
https://dx.doi.org/10.1039/C5CC05156H
https://dx.doi.org/10.1039/C5CC05156H
https://dx.doi.org/10.1039/C5CC05156H
https://dx.doi.org/10.1021/am4055645
https://dx.doi.org/10.1021/am4055645
https://dx.doi.org/10.1039/C5TC00246J
https://dx.doi.org/10.1039/C5TC00246J
https://dx.doi.org/10.1039/C5TC00246J
https://dx.doi.org/10.1021/acs.langmuir.8b01043
https://dx.doi.org/10.1021/acs.langmuir.8b01043
https://dx.doi.org/10.1002/chem.200801447
https://dx.doi.org/10.1002/chem.200801447
https://dx.doi.org/10.1002/chem.200801447
https://dx.doi.org/10.1021/ic0615067
https://dx.doi.org/10.1021/ic0615067
https://dx.doi.org/10.1021/ic0615067
https://dx.doi.org/10.1021/la980718g
https://dx.doi.org/10.1021/cm7024944
https://dx.doi.org/10.1021/cm7024944
https://dx.doi.org/10.1021/cm7024944
https://dx.doi.org/10.1021/ja9726163
https://dx.doi.org/10.1021/ja9726163
https://dx.doi.org/10.1021/ja9726163
https://dx.doi.org/10.1002/1521-3773(20001117)39:22<4084::AID-ANIE4084>3.0.CO;2-N
https://dx.doi.org/10.1002/1521-3773(20001117)39:22<4084::AID-ANIE4084>3.0.CO;2-N
https://dx.doi.org/10.1002/1521-3773(20001117)39:22<4084::AID-ANIE4084>3.0.CO;2-N
https://dx.doi.org/10.1002/1521-3773(20001117)39:22<4084::AID-ANIE4084>3.0.CO;2-N
https://dx.doi.org/10.1021/acs.cgd.6b00571
https://dx.doi.org/10.1021/acs.cgd.6b00571
https://dx.doi.org/10.1021/cr940396v
https://dx.doi.org/10.1021/cr940396v
https://dx.doi.org/10.1021/ic00002a008
https://dx.doi.org/10.1039/b009837j
https://dx.doi.org/10.1039/b009837j
https://dx.doi.org/10.1021/ja107817x
https://dx.doi.org/10.1021/ja107817x
https://dx.doi.org/10.1002/adma.200901677
https://dx.doi.org/10.1021/ja500786p
https://dx.doi.org/10.1021/ja500786p
https://dx.doi.org/10.1021/acs.chemmater.6b02787
https://dx.doi.org/10.1021/acs.chemmater.6b02787
https://dx.doi.org/10.1021/cm503929q
https://dx.doi.org/10.1021/cm503929q
https://dx.doi.org/10.1103/PhysRevB.87.155427
https://dx.doi.org/10.1103/PhysRevB.87.155427
https://dx.doi.org/10.1103/PhysRevB.79.115409
https://dx.doi.org/10.1103/PhysRevB.79.115409
https://dx.doi.org/10.1021/acs.jpclett.7b01381
https://dx.doi.org/10.1021/acs.jpclett.7b01381
https://dx.doi.org/10.1021/acs.inorgchem.6b01571
https://dx.doi.org/10.1021/acs.inorgchem.6b01571
https://dx.doi.org/10.1021/ja306199p
https://dx.doi.org/10.1021/ja306199p
https://dx.doi.org/10.1021/ja306199p
https://dx.doi.org/10.1039/C5DT00865D
https://dx.doi.org/10.1039/C5DT00865D
https://dx.doi.org/10.1039/C5DT00865D
https://dx.doi.org/10.1002/adma.201801048
https://dx.doi.org/10.1002/adma.201801048
https://dx.doi.org/10.1039/C8CS00001H
https://dx.doi.org/10.1039/C8CS00001H
https://dx.doi.org/10.1039/C8CS00001H
https://dx.doi.org/10.1021/jacs.5b08547
https://dx.doi.org/10.1021/jacs.5b08547
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07388?ref=pdf


Transfer Configurations and Self-Trapped Excitons. J. Am. Chem. Soc.
2015, 137, 13138−13147.
(52) Ford, P. C.; Cariati, E.; Bourassa, J. Photoluminescence
Properties of Multinuclear Copper(I) Compounds. Chem. Rev. 1999,
99, 3625−3648.
(53) Yam, V. W.-W.; Lo, K. K.-W. Luminescent Polynuclear d10

Metal Complexes. Chem. Soc. Rev. 1999, 28, 323−334.
(54) Tongay, S.; Zhou, J.; Ataca, C.; Lo, K.; Matthews, T. S.; Li, J.;
Grossman, J. C.; Wu, J. Thermally Driven Crossover from Indirect
toward Direct Bandgap in 2D Semiconductors: MoSe2 versus MoS2.
Nano Lett. 2012, 12, 5576−5580.
(55) Zhao, Y.; Riemersma, C.; Pietra, F.; Koole, R.; de Mello
Donega, C.; Meijerink, A. High-Temperature Luminescence Quench-
ing of Colloidal Quantum Dots. ACS Nano 2012, 6, 9058−9067.
(56) Varshni, Y. P. Temperature Dependence of the Energy Gap in
Semiconductors. Physica 1967, 34, 149−154.
(57) Hutter, E. M.; Gelvez-Rueda, M. C.; Osherov, A.; Bulovic, V.;
Grozema, F. C.; Stranks, S. D.; Savenije, T. J. Direct-Indirect
Character of the Bandgap in Methylammonium Lead Iodide
Perovskite. Nat. Mater. 2017, 16, 115−120.
(58) Leung, K.; Phillips, D.; Tse, M.; Che, C.; Miskowski, V.
Resonance Raman Investigation of the Au(I)−Au(I) Interaction of
the 1[dσ*pσ] Excited State of Au2(dcpm)2(ClO4)2(dcpm = Bis-
(dicyclohexylphosphine)methane). J. Am. Chem. Soc. 1999, 121,
4799−4803.
(59) Che, C. M.; Tse, M. C.; Chan, M. C. W.; Cheung, K. K.;
Phillips, D. L.; Leung, K. H. Spectroscopic Evidence for
Argentophilicity in Structurally Characterized Luminescent Binuclear
Silver(I) Complexes. J. Am. Chem. Soc. 2000, 122, 2464−2468.
(60) Omary, M. A.; Webb, T. R.; Assefa, Z.; Shankle, G. E.;
Patterson, H. H. Crystal Structure, Electronic Structure, and
Temperature-Dependent Raman Spectra of Tl[Ag(CN)2]: Evidence
for Ligand-Unsupported Argentophilic Interactions. Inorg. Chem.
1998, 37, 1380−1386.
(61) Weszka, J.; Burian, A.; Zwick, A.; Renucci, M. On Raman-
Scattering in Cd-As Disordered Thin-Films. Solid State Commun.
1987, 63, 181−182.
(62) Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS:
Data Analysis for X-Ray Absorption Spectroscopy Using IFEFFIT. J.
Synchrotron Radiat. 2005, 12, 537−541.
(63) Newville, M. IFEFFIT: Interactive XAFS Analysis and FEFF
Fitting. J. Synchrotron Radiat. 2001, 8, 322−324.
(64) Hafner, J. Ab Initio Simulations of Materials Using VASP:
Density-Functional Theory and Beyond. J. Comput. Chem. 2008, 29,
2044−2078.
(65) Rusnak, A. J.; Pinnick, E. R.; Calderon, C. E.; Wang, F. Static
Dielectric Constants and Molecular Dipole Distributions of Liquid
Water and Ice-Ih Investigated by the PAW-PBE Exchange-Correlation
Functional. J. Chem. Phys. 2012, 137, No. 034510.
(66) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.
(67) Morales-Garcia, A.; Soares, A. L.; Dos Santos, E. C.; de Abreu,
H. A.; Duarte, H. A. First-Principles Calculations and Electron
Density Topological Analysis of Covellite (CuS). J. Phys. Chem. A
2014, 118, 5823−5831.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07388
ACS Nano XXXX, XXX, XXX−XXX

K

https://dx.doi.org/10.1021/jacs.5b08547
https://dx.doi.org/10.1021/cr960109i
https://dx.doi.org/10.1021/cr960109i
https://dx.doi.org/10.1039/a804249g
https://dx.doi.org/10.1039/a804249g
https://dx.doi.org/10.1021/nl302584w
https://dx.doi.org/10.1021/nl302584w
https://dx.doi.org/10.1021/nn303217q
https://dx.doi.org/10.1021/nn303217q
https://dx.doi.org/10.1016/0031-8914(67)90062-6
https://dx.doi.org/10.1016/0031-8914(67)90062-6
https://dx.doi.org/10.1038/nmat4765
https://dx.doi.org/10.1038/nmat4765
https://dx.doi.org/10.1038/nmat4765
https://dx.doi.org/10.1021/ja990195e
https://dx.doi.org/10.1021/ja990195e
https://dx.doi.org/10.1021/ja990195e
https://dx.doi.org/10.1021/ja9904890
https://dx.doi.org/10.1021/ja9904890
https://dx.doi.org/10.1021/ja9904890
https://dx.doi.org/10.1021/ic970694l
https://dx.doi.org/10.1021/ic970694l
https://dx.doi.org/10.1021/ic970694l
https://dx.doi.org/10.1016/0038-1098(87)91192-6
https://dx.doi.org/10.1016/0038-1098(87)91192-6
https://dx.doi.org/10.1107/S0909049505012719
https://dx.doi.org/10.1107/S0909049505012719
https://dx.doi.org/10.1107/S0909049500016964
https://dx.doi.org/10.1107/S0909049500016964
https://dx.doi.org/10.1002/jcc.21057
https://dx.doi.org/10.1002/jcc.21057
https://dx.doi.org/10.1063/1.4734594
https://dx.doi.org/10.1063/1.4734594
https://dx.doi.org/10.1063/1.4734594
https://dx.doi.org/10.1063/1.4734594
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1021/jp4114706
https://dx.doi.org/10.1021/jp4114706
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07388?ref=pdf

