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ABSTRACT: Coating two-dimensional (2D) materials with molecules bearing tunable properties imparts their surfaces with
functionalities for applications in sensing, nanoelectronics, nanofabrication, and electrochemistry. Here, we report a method for the
site-selective surface functionalization of 2D superatomic Re6Se8Cl2 monolayers. First, we activate bulk layered Re6Se8Cl2 by
intercalating lithium and then exfoliate the intercalation compound Li2Re6Se8Cl2 in N-methylformamide (NMF). Heating the
resulting solution eliminates LiCl to produce monolayer Re6Se8(NMF)2−x (x ≈ 0.4) as high-quality nanosheets. The unpaired
electrons on each cluster in Re6Se8(NMF)2−x enable covalent surface functionalization through radical-based chemistry. We
demonstrate this to produce four previously unknown surface-functionalized 2D superatomic materials: Re6Se8I2, Re6Se8(SPh)2,
Re6Se8(SPhNH2)2, and Re6Se8(SC16H33)2. Transmission electron microscopy, chemical analysis, and vibrational spectroscopy reveal
that the in-plane structure of the 2D Re6Se8 material is preserved through surface functionalization. We find that the incoming
groups control the density of vacancy defects and the solubility of the 2D material. This approach will find utility in installing a broad
array of chemical functionalities on the surface of 2D superatomic materials as a means to systematically tune their physical
properties, chemical reactivity, and solution processability.

Technologies based on two-dimensional (2D) materials
rely on the predictable manipulation of their physical and

chemical properties. A promising approach to create diverse
and useful 2D materials is to chemically modify their exposed
surfaces.1−4 While the characteristics (e.g., solubility, optical
emission, photovoltaic effect) of conventional 2D materials
such as transition-metal dichalcogenides (TMDCs) have been
modulated through surface modification,5−7 these interfacial
reactions nearly always produce low grafting densities, high
defect densities, and poor site-selectivitiesall of which
degrade the electrical, mechanical, and optical properties of
the materials.8,9 The recent emergence of layered structures
assembled from tailorable superatomic clusters has significantly
expanded the structural complexity of 2D materials, opening
the door to new chemistry for surface functionalization.10−13

Exciting properties such as superconductivity arise as the
surface structure of 2D superatomic materials is tuned.14

In this work, we detail a method for the surface
functionalization of such 2D superatomic materials that is
chemically general and achieves a high degree of surface
coverage. Even though there are many examples of isolated
clusters that feature ligand exchange in solution,15−17 our work
unprecedentedly showcases surface functionalization of a 2D
superatomic material. Our strategy centers around our ability
to quantitatively exchange the surface-capping chlorine atoms
from Re6Se8Cl2 nanosheets. The effective homolytic cleavage
of I2 and RS−SR produces iodine (I) and sulfur-based (SR)
radicals that react with the 2D Re6Se8 surfaces (Figure 1).
Vibrational spectroscopy and energy-dispersive X-ray spectros-
copy (EDX) confirm that the radical-based functionality can
completely replace the surface-capping chlorine from

Re6Se8Cl2 nanosheets. High-resolution scanning transmission
electron microscopy (HR-STEM) reveals that the resulting 2D
Re6Se8I 2 , Re6Se8(SPh)2 , Re6Se8(SPhNH2)2 , and
Re6Se8(SC16H33)2 all retain the in-plane crystal structure of
the parent compound. However, we find that the density of
superatom cluster vacancy defects depends strongly on the
incoming functional groups. We have developed an automated
postprocessing approach to quantify defect vacancy across
many HR-STEM images, which enables us to conclude that
the Re6Se8(SC16H33)2 has the lowest defect density of 1 cluster
vacancy in 2000 (0.05%). This chemically general approach
enables the high-fidelity surface modification of 2D supera-
tomic materials.
Unlike TMDCs, which are atomic lattices, Re6Se8Cl2 is

comprised of Re6Se8 superatomic building blocks.10 In a
Re6Se8 cluster, the Se atoms reside on the faces of the Re6
octahedron. The Re6Se8 clusters are covalently bonded along
the a and b crystallographic directions to form a 2D
pseudosquare lattice. The trans-Re atoms in the 2D sheets
are capped by Cl atoms at the apical positions. The 2D
Re6Se8Cl2 layers stack on top of one another to form a bulk
van der Waals structure that can be intercalated and exfoliated
(Figure 1). We prepare bulk microcrystalline Re6Se8Cl2 by
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heating a stoichiometric mixture of Re, Se, and ReCl5 at 1100
°C in a fused silica tube sealed under vacuum for 72 h (see the
Supporting Information for the complete procedure).18,19 As
has previously been reported, Li can be intercalated into the
interlayer spacing of Re6Se8Cl2 electrochemically.20 In our
synthesis, we Li-intercalate Re6Se8Cl2 by treating Re6Se8Cl2 in
a 0.16 M solution of n-butyllithium, yielding Li2Re6Se8Cl2, as
confirmed by inductively coupled plasma−optical emission
spectroscopy (ICP-OES) (Table S1).18 Following lithium
intercalation, Li2Re6Se8Cl2 exfoliates in N-methylformamide
(NMF) to form a stable colloid. These exfoliated Li2Re6Se8Cl2
nanosheets serve as the starting material for surface
modification.
We initiate surface functionalization by heating Li2Re6Se8Cl2

at 180 °C in NMF for 16 h to completely remove the Cl from
the surface of nanosheets (presumably as LiCl), cap the
nanosheets with NMF, and isolate Re6Se8(NMF)2−x; the TGA
results indicate that x is ∼0.4 (Figure S1). Li and Cl are absent
in ICP-OES and EDX of Re6Se8(NMF)2−x (Figure S2).21 On
the basis of the EDX data, we determine that the Re and Se
compositions in the 2D Re6Se8 framework remain unchanged
after Cl removal (Figure 2A). NMF is unique for this process;
we attempted this transformation in many other solvents
(including N,N-dimethylformamide, dimethyl sulfoxide,
amines, ethers, and H2O) and none allowed for an efficient
liquid exfoliation and Cl removal. We suspect that this is due to
the very high dielectric constant of NMF (182.4 at 25 °C).22

Fourier-transform infrared spectroscopy (FT-IR) reveals
that the NMF datively coordinates to the Re atoms on the 2D
Re6Se8 surface in Re6Se8(NMF)2−x (Figure 2B). In comparison
to the unbound NMF, the CO stretching band shifts to a
lower frequency in Re6Se8(NMF)2−x (1673 to 1644 cm−1),
whereas the amide C−N antisymmetric stretching band shifts
to a higher frequency (1548 to 1562 cm−1). The decrease in
C−O bond order and increase in C−N bond order indicate a
contribution from the zwitterionic amide resonance form,
which facilitates the donor−acceptor interactions between the
carbonyl oxygen of NMF and Re.23 The results are consistent
with the previous reports of O-coordinated NMF.24 Thus, the
experimental vibrational shifts indicate that NMF is bound to
the Re atoms by dative interactions through its carbonyl

oxygen, and we see no evidence of unbound NMF. As we will
discuss below, the in-plane structure of Re6Se8(NMF)2−x
remains intact.

Figure 1. Crystal structure of Re6Se8Cl2 and its activation by Li intercalation followed by subsequent surface modification through the homolytic
cleavage of functionalizing reagents. The atomic positions of Li in the exfoliated Li2Re6Se8Cl2 sheets are not specified.

Figure 2. (A) Experimental [Se]:[Re] and [Se]:[L] ratios based on
the atomic percentages obtained from EDX, where L is Cl, I, or S.
The red and blue dashed lines indicate the expected [Se]:[Re] and
[Se]:[L] ratios of Re6Se8L2, respectively. (B) FT-IR spectra of the
surface-functionalized 2D Re6Se8 materials (darker) and surface-
modifying reagents (lighter). We focus on diagnostic regions of the
spectra for each surface functionality.
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When they are taken together, the elemental analysis and
FT-IR results suggest that each intercalated lithium in
Li2Re6Se8Cl2 transfers one electron to the 2D Re6Se8 layers,
yielding each Li2Re6Se8Cl2 subunit as [Re6Se8Cl2]

2− paired
with two Li+ counterions. As was previously described, the
equivalents of Li+ and an electron are introduced into solid-
state lamellar materials after treatment with n-butyllithium,
while the butyl radicals react to form hydrocarbon by-
products.25,26 LiCl removal leaves each Re6Se8 cluster subunit
reduced by two electrons in comparison to the all-ReIII starting
material; the resulting cluster can be thought of as functionally
consisting of four ReIII and two ReII atoms. This led us to
hypothesize that the unpaired electrons on ReII centers would
participate in one-electron chemistry with homolytically
cleavable reagents. Indeed, our experimental results indicate
that the 2D Re6Se8 surfaces react with one-electron species.
We can use many reactants to functionalize the surface of

Re6Se8 nanosheets. To replace the surface-capping Cl atoms,
we heat Li2Re6Se8Cl2 in the presence of a homolytically
cleavable molecule in NMF at 170 °C for 16 h. For instance,
by heating Li2Re6Se8Cl2 in the presence of I2 the Cl atoms are
replaced with I, thus yielding Re6Se8I2, a previously unreported
2D superatomic material. A 3D Re6Se8I2 polymorph has been
recently synthesized as the thermodynamic product in the solid
state.27 Our solution-based surface functionalization allows us
to obtain the 2D Re6Se8I2 monolayers that are inaccessible by
traditional high-temperature routes. In none of the EDX
spectra of surface-modified Re6Se8 do we observe any Cl signal,
indicating its complete removal (Figure S3). Moreover, the
EDX spectrum of Re6Se8I2 reveals that the Cl to I exchange is
quantitative while the Re6Se8 composition is left unchanged, as
indicated by the close correlation between the experimental
and expected [Se]:[I] and [Se]:[Re] ratios for Re6Se8I2
(Figure 2A and Table S2).28 As we will discuss below, the

in-plane structure of Re6Se8I2 is intact after site-selective
surface modification. These results with I2 inspired our
investigation into the reactivity of Li2Re6Se8Cl2 with disulfides
(diphenyl disulfide, 4-aminophenyl disulfide, and dihexadecyl
disulfide) that we expected would cleave homolytically.
EDX and FT-IR spectroscopy verify complete site-selective

substitution of Cl for SR (R = Ph, 4-NH2Ph, C16H33) (Figures
S4−S6). We also measured the atomic compositions of Re, Se,
and S using EDX (Table S2) and calculated the [Se]:[Re] and
[Se]:[S] atomic percentage ratios (Figure 2A). The exper-
imental [Se]:[Re] ratios of Re6Se8(SR)2 correlate well with the
expected ratio corresponding to Re6Se8 ([Se]:[Re] = 4:3), thus
indicating that the compositions of the 2D framework remain
unchanged after surface modification. We find that the Cl to
SR exchange is nearly stoichiometric as well because the
experimental [Se]:[S] ratios all fall within acceptable error of
the expected value ([Se]:[L] = 4:1; Figure 2A).29 In all cases,
FT-IR spectra of Re6Se8(SR)2 structures show that the −SR
moiety remains intact (Figure 2B and Figure S7), suggesting
that Re−SR bonding is likely responsible for surface
functionalization. This is further supported by the fact that
diphenyl sulfide, which cannot homolytically cleave, does not
bind to the surface of Re6Se8. Thus, we conclude that surface
functionalization proceeds via a radical process that leads to
covalent Re−SR bond formation. We note that the NH2
vibrational bands at 3500−3000 cm−1 for Re6Se8(SPhNH2)2
are broader and less resolved in comparison to the bands of
NH2PhS−SPhNH2; this is most likely due to the different
hydrogen-bonding environments in Re6Se8(SPhNH2)2 and
NH2PhS−SPhNH2.
The functionalized nanosheets suspended in NMF can be

recovered as a dark gray powder by precipitation (see the
Supporting Information for details). Powder X-ray diffraction
(PXRD) of the solids shows that the interlayer spacings for the

Figure 3. (A) HR-STEM images of the new surface-functionalized 2D Re6Se8 materials. The insets show the fast Fourier transform (FFT) of the
HR-STEM images. (B) Defect analysis of an HR-STEM image of a Re6Se8(SC16H33)2 monolayer. (C) Bar graph summarizing the cluster vacancy
percentages of the surface-functionalized 2D Re6Se8 materials.
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surface-functionalized materials are greater than the interlayer
spacing of bulk Re6Se8Cl2 (Figure S8 and Table S3), consistent
with the addition of steric bulk on the functionalized 2D
Re6Se8 surface. Since the (001) diffraction peaks are broad for
all of the functionalized materials (Figure S8), we conclude
that the long-range stacking order is compromised after surface
functionalization. Nonetheless, PXRD provides initial evidence
that the 2D Re6Se8 structure is intact after surface modification
because the broad feature centered at 2θ = 14.3° is present in
the patterns of all functionalized materials; this feature is
diagnostic of the in-plane periodicity, as it comes from
overlapping (010) and (100) peaks in the PXRD pattern of
pristine Re6Se8Cl2. These results prompted us to image the in-
plane structure of the surface-functionalized materials using
HR-STEM.
HR-STEM reveals that the stoichiometric substitution of

chlorine for NMF, iodine, and the sulfur-based radicals
preserves the 2D structure formed by covalently linked
Re6Se8 clusters (Figure 3A). The well-defined fast Fourier
transform (FFT) patterns of the nanosheets verify that the in-
plane crystallinity is preserved after surface functionalization
(Figure 3A, insets). Also, the lattice dimensions derived from
the FFTs (6.4 Å) align with those of the Re6Se8Cl2 crystal
structure (6.6 Å), indicating the cluster arrangements remain
largely unchanged after surface functionalization. We per-
formed an automated high-throughput postprocessing analysis
of STEM images to characterize the density of superatom
vacancies (Figure 3B). Using this method, we analyzed 25
images, corresponding to a micrometer scale and statistically
relevant mapping areas. By an autonomous examination of
image contrast differences, the screening program can identify
the locations of Re6Se8 cluster vacancies. After site-selective
surface modification, the 2D nanosheets all exhibit robust
structural integrity with cluster vacancy percentages ranging
f rom 2.0% to 0 .05% for Re6Se8(NMF)2− x and
Re6Se8(SC16H33)2, respectively (Figure 3C). While all of the
surface-functionalized materials shown here are nearly pristine,
we find it fascinating that the defect levels vary with different
surface functionalities.
Surface functionalization drastically modifies the colloidal

stability of 2D Re6Se8 nanosheets, as highlighted by Tyndall
scattering in Figure 4. In these images, scattering of the red
laser indicates the presence of suspended nanosheets in the
solvent. Li2Re6Se8Cl2 only exfoliates and dissolves in NMF,
which limits the subsequent chemical reactivity and solution
processability of the 2D superatomic material. After the
removal of Cl, Re6Se8(NMF)2−x becomes insoluble in NMF
and the resulting solid does not dissolve in other common
organic solvents (Figure 4A). When the 2D Re6Se8 nanosheets
are functionalized with SPh, the precipitated solid can be
redissolved in DMF (>5 mg/mL) to form a colloid that is
stable for at least 2 months at room temperature (Figure 4B).
We find that functionalization with SC16H33 ligands leads to a
more drastic change in colloidal stability and solubility: for
instance, we can disperse Re6Se8(SC16H33)2 in THF (>5 mg/
mL) and obtain a colloid that is stable for at least 1 month at
room temperature (Figure 4C). This enhanced colloidal
stability will broaden the scope of chemical transformations,
processing techniques, and thus the applications of these
materials that are feasible for these 2D superatomic materials.
By using homolytically cleavable reagents, we controllably

surface-functionalized 2D superatomic Re6Se8Cl2 monolayers
without disrupting their in-plane structure. By activating

Re6Se8Cl2 via Li intercalation, we completely removed LiCl
from Li2Re6Se8Cl2, yielding 2D Re6Se8(NMF)2−x. This led us
to explore functionalization with homolytically cleavable
reagents. Through this strategy, we synthesized four previously
unreported 2D superatomic Re6Se8 materials that are capped
with iodine (Re6Se8I2) and thiols (Re6Se8(SR)2, where R = Ph,
4-NH2Ph, C16H33). Through a combination of vibrational
spectroscopy, EDX, ICP, and high-resolution imaging, we
determined that these transformations occur stoichiometrically
and do not disrupt the in-plane crystallinity of 2D Re6Se8.
Surface modification tunes the solubility of Re6Se8 nanosheets,
allowing a drastic enhancement to the solubility of Re6Se8 in
organic solvents. We anticipate that controlled surface
functionalization will expand the scope of 2D superatomic
nanosheets and provide another avenue to tailor their solution
processability, chemical reactivity, and physical properties.
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