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ABSTRACT: Interfacing organic molecular groups with well-defined inorganic lattices,
especially in low dimensions, enables synthetic routes for the rational manipulation of both
their local or extended lattice structures and physical properties. While appreciably studied in
two-dimensional systems, the influence of surface organic substituents on many known and
emergent one-dimensional (1D) and quasi-1D (g-1D) crystals has remained underexplored.
Herein, we demonstrate the surface functionalization of bulk and nanoscale Chevrel-like q-1D {iEonalization-induced latice evoluion
ionic crystals using In,Mo4Teg, a predicted q-1D Dirac semimetal, as the model phase. Using '
a series of alkyl ammonium (—NR,*; R = H, methyl, ethyl, butyl, and octyl) substituents with
varying chain lengths, we demonstrate the systematic expansion of the intrachain c-axis
direction and the contraction of the interchain a/b-axis direction with longer chain substituents. Additionally, we demonstrate the
systematic expansion of the intrachain c-axis direction and the contraction of the interchain a/b-axis direction as the alkyl chain
substituents become longer using a combination of powder X-ray diffraction and Raman experiments. Beyond the structural
modulation that the substituted groups can impose on the lattice, we also found that the substitution of ammonium-based groups on
the surface of the nanocrystals resulted in selective suspension in aqueous (NH,'-functionalized) or organic solvents (NOc,'-
functionalized), imparted fluorescent character (Rhodamine B-functionalized), and modulated the electrical conductivity of the
nanocrystal ensemble. Altogether, our results underscore the potential of organic—inorganic interfacing strategies to tune the
structural and physical properties of rediscovered Chevrel-type q-1D ionic solids and open opportunities for the development of
surface-addressable building blocks for hybrid electronic and optoelectronic devices at the nanoscale.

1. INTRODUCTION facile means toward their functionalization with cationic
groups, providing opportunities to tailor their properties and
reactivity with the library of organic molecules bearing cationic
moieties. The surface modularity in these 2D crystals, coupled
with the diverse optical and electronic characters of both the
inorganic and organic components, has therefore enabled these
hybrid 2D phases to be deployed as building blocks in next-
generation electronic and optoelectronic devices.”' >
Beyond materials in two dimensions, the search for well-
defined solid-state materials with even lower dimensionalities
has led to the rediscovery of one-dimensional (1D) crystals
with chain-like building blocks, whose cross sections approach
the subnanometer regime.””~** Of these, 1D crystals that
display metallic and semimetallic characteristics have gained
recent attention owing to their potential to harness unusual
charge density waves, superconductivity, and topologically
insulating states. From a materials discovery standpoint, the

The creation of hybrid organic—inorganic materials has reliably
demonstrated that the interface of organic and inorganic
building blocks leads to the discovery of nascent physical
properties in the solid state. The rich library of organic
functional molecules tethered to a suitable inorganic extended
lattice framework has facilitated the creation of materials that
impart the unique properties of organic molecules with well-
defined optical and electronic states in dense inorganic solids.
In recent years, solid-state materials with properties ranging
from enhanced photoluminescence (PL) quantum yields,"
efficient electrocatalysts,”* and highly responsive chemiresis-
tive sensors> have been derived from hybrid organic—inorganic
structures with varying degrees of porosity, surface-to-volume
ratios, and atomic-scale dimensionalities. Owing to the
discovery of surface-addressable two-dimensional (2D) ionic
and van der Waals (vdW) solids,*”"* significant advancements
have been achieved in the development of hybrid functional
materials that approach the atomic scale. In particular, Received:  February 20, 2024
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skites have garnered immense attention for their modular
and surface-addressable states that arise from intrinsic ionic

interactions across the layers. The anionic nature of the 2D -

layers endows these low-dimensional crystalline phases with a
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inherent susceptibility of 1D metals and semimetals toward
Peierls distortion-induced phase transition hinders the
realization and isolation of these phases, especially approaching
the atomic scale.”>*® This renewed interest in solid-state 1D
and quasi-1D (q-1D) materials with subnanometer building
blocks has motivated recent efforts to understand the structure
and physical properties of a family of molybdenum-based
Chevrel-like g-1D ionic lattices.”’~* These g-1D lattices are
characterized by anionic metal-chalcogenide (M-Ch) infinite
chains that are separated or intercalated by monovalent cations
(A) with an A;Mo,Chy (where A = Li, Na, K, Rb, Cs, In, TI;
Ch = S, Se, Te) stoichiometry. Recent first-principles
computational reports,” along with early electrical transport
measurements’™* " on this molybdenum-chalcogenide family
of q-1D crystals, have shown that the pairing of larger
chalcogen atoms (for example, Se, Te) with a sizable
monovalent cation (e.g, Rb, T, In) results in the suppression
of a Peierls distortion-like metal-to-insulator (M-I) structural
phase transition. When this M-I transition is suppressed, a rare
cubic Dirac Fermionic state along the long-chain, 1D, axis also
emerges near the Fermi level.

Experimentally, the Mo family of phases has been shown to
exhibit metallic or semiconducting characteristics across a wide
temperature or pressure range, which, in some cases, down to
freestanding nanowires. For instance, Tl- and In-based analogs
of A,MogSeg phases have been shown to be superconducting at
low temperatures,”**® while alkali metal analogs show M-I
transitions.””*® Additionally, several studies*” ™" have shown
that the highly air-sensitive and semiconducting Li,MogSeq
phase is soluble in aqueous solutions that facilitate the facile
substitution of the Li* ions by positively charged amine-based
organic groups such as octadecylamine, oleylamine, and amine-
terminated polystyrene.’® Leveraging this versatility of cationic
functionalization, if applied to ionic 1D metals based on
Chevrel-like g-1D chalcogenides, holds promise for diverse
applications ranging from fluorescent biosensors™® to bio-
molecule nanosensors.”> Among these Chevrel-like g-1D
phases, one of the compositions that do not bear highly
reactive or toxic cations is air-stable and is also predicted to
possess this cubic Dirac state is In,MogTes. However, because
of their less pronounced dispersibility in aqueous solutions, no
such studies have been conducted on metallic and non-
dispersible A,Mo4Chy counterparts, such as In,MogTes.

In this study, we used In,Mo¢Tes as a model phase and
showed that both the bulk and nanoscale crystals of the q-1D
Chevrel-like telluride-based crystals can be functionalized by
cationic organic functional groups ranging from hydrophilic/
hydrophobic alkyl groups to fluorescent molecules (Figure 1).
First, we describe the synthesis of well-defined bulk crystals of
In,MogTe4 precursors from traditional solid-state melt growth.
Using high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), we show a direct
evidence that points toward long-range, nondimerized periodic
ordering of the [MogTeg],” chains in this phase. Using a series
of quaternary ammonium cations in the form of —NR," (R =
H, methyl, ethyl, butyl, and octyl) (Figure 1B), we
demonstrate that a core—shell-like structure is formed, wherein
the organic (—NR,"), groups are tethered around the
inorganic In, ,MogTes nanocrystalline core, forming a hybrid
In, . (NR,),MosTe, structure. Powder X-ray diffraction and
Raman spectroscopic measurements of these hybrid nano-
crystalline structures revealed consistent anisotropic modu-
lation in the lattice, which we found to be systematically

4715

A

In,MogTeg (P65/m)

@n %'%( re
@ Mo S i -’
- o -
> -
°Te [oe ot
”
-
I 01
\ I
@'
| I

- - - - 250 F——
r I = % 8 £ Obs
R (=} $= e Calc
I N-R ! [ < l
R7*°R e
I sencncm, cHy | 2
o
U 1 2
N o N 2
I l o 1 8
z
I 1 COOH I
! $ ]  ————
I o o o mm wm 10 20 30 40 50 60
26 / degrees

Figure 1. Structural characterization of surface-functionalizable
In,MogTeg crystals. (A) Crystal structure of In,MogTes The unit
cell is characterized by a quarter of a chain occupancy with two
cationic positions. (B) Structure of cationic organic functional groups
used in this study to substitute In cations on the surface (represented
by dashed rectangles in A). (C) Le Bail fitting of the PXRD pattern of
the precursor In,MogTe4 crystals. Asterisks indicate peaks from the
minor impurity phase, MoOs.

related to the size and length of the -R group. Moreover, by
leveraging the cationic character of a highly fluorescent dye,
such as Rhodamine B (RhB), we also show that RhB can be
readily tethered onto the nanocrystal surface with the
formation of molecular surface aggregates that display
luminescence in the solid state. Finally, we evaluated the
electrical transport properties of the resulting hybrid surface-
functionalized nanocrystals, which showed a trend in ensemble
conductivity as a function of both the alkyl chain length of
—NR," and the average grain size within each sample.

2. EXPERIMENTAL SECTION

2.1. Solid-State Synthesis of Bulk In,MogTes Crystals.
Elemental precursors of In (99.9%, Strem Chemicals Inc.), Mo
(99.5%, Strem Chemicals Inc.), and Te (99.9%, Strem Chemicals
Inc.) were used as purchased and were mixed in appropriate
stoichiometric ratios and placed in a quartz ampule evacuated to 45
mTorr. The precursors were heated to 1000 and 1050 °C for 2 days
and 14 h, respectively,*”*® and then cooled to room temperature over
3 days in a single-zone vertical tube furnace.

2.2. Liquid-Phase Exfoliation of Bulk In,MosTes Crystals.
Powder samples of bulk In,Mo4Te, crystals were placed in a glass vial
and dispersed in an optimized volume fraction of isopropanol (i-
PrOH) to water (50% v/v), with a starting concentration of powder
as 1 mg/mL. The suspension was sonicated at room temperature for 1
h and centrifuged at 4500 r.p.m. for 10 min to remove residual
precursor powders. The resulting exfoliated nanocrystals were filtered
and vacuum-dried.

2.3. Liquid-Phase Functionalization of In,Mo4sTe; Nano-
crystals into In,_,(NR,),MosTes (R = H, CH;, C,H;, C4;Hy, and
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CgHy;) and In,_,(RhB),MogTes. The exfoliated bulk crystals of
In,MogTe4 were suspended in a 50% i-PrOH solution and mixed with
1 mg/mL solution of quaternary ammonium halide or RhB in 50% i-
PrOH. The solution was refluxed for 2 days at approximately 80 °C
under constant stirring. The functionalized nanocrystals were filtered,
washed several times with i-PrOH, and dried for several hours under
vacuum. The ammonium halides used as precursors were NR,I (R =
H, CH,, C,H;, and C,H,), NR,Br (R = C¢H,,), and RhB. All reagents
were obtained from Sigma-Aldrich and had a purity of 99.9%.

2.4. Powder X-Ray Diffraction (PXRD) and Data Fitting.
Powder diffractograms were collected using a Rigaku Miniflex 600
diffractometer equipped with a Cu Ka source. All diffractograms were
calibrated using LaB, (Sigma-Aldrich, 99.9%) as the internal standard.
The resulting diffraction patterns were processed by Le Bail fitting
and the approximate grain sizes were extracted using the FullProf
suite.

2.5. SEM and Energy-Dispersive Spectroscopy. SEM images
were collected using a FEI Magellan XHR SEM operated at 30 keV
and 0.8 nA. Energy-dispersive spectroscopy (EDS) data were
collected with an Oxford 80 mm? Silicon Drift Detector (SDD)
and analyzed using the Aztec software. Samples for SEM-EDS were
prepared by embedding the powder samples onto a carbon tape
secured onto aluminum stubs. The samples were then flattened to
ensure physical contact.

2.6. Raman and PL Spectroscopy. Raman and PL spectra were
collected using a Renishaw InVia system equipped with a charge-
coupled device (CCD) detector. The spectra were acquired using 532
and 785 nm lasers with suitable gratings depending on the
experimental conditions. A 2400 mm™" grating was used for Raman
spectroscopy and a 1200 mm™" grating was used for PL spectroscopy.
Raman spectra were recorded at a nominal laser power of 1.028 to
1.09 mW with Ss of exposure time. The PL spectra (532 nm
excitation) were taken at a nominal laser power of 0.22 mW with 10
to 20 s exposure time. PL spectral maps (532 nm excitation) were
obtained using the Wire 4.4 streamline high-resolution mapping
feature at a nominal laser power of 0.0206 mW with an exposure time
of 2 s and a 200 nm step size per pixel. PL maps were constructed
with integrated peak areas along a 0.05 eV window.

2.7. HAADF-STEM and Elemental Mapping. HAADF-STEM
images and subsequent EDS elemental mapping were obtained using
an aberration-corrected JEOL Grand ARM 300CF equipped with a
dual 100 mm?® SDD operated at 300 kV. The fast Fourier transform
(FFT) of the HAADF-STEM images was created using Image]
software and indexed with a simulated diffraction pattern of
In,MogTe4 using the SingleCrystal software.

2.8. Transmission Electron Microscopy. In, .(NR,) . MosTe4
was aliquoted midway through the reaction of In,MogTes with
N(C¢H,,),Br and drop-cast onto a lacey carbon TEM Grid (Ted
Pella). Transmission electron microscopy (TEM) images were
acquired on JEOL JEM-2800 S/TEM operated at 200 kV.

2.9. Liquid-Phase Fluorescence Spectroscopy. The fluores-
cence spectra of the RhB solutions were recorded using a Cary Eclipse
fluorescence spectrometer equipped with a Xenon flash lamp. The
fluorescence emission was measured in the $10—1000 nm range at an
excitation wavelength of 500 nm.

2.10. Fluorescence Optical Microscopy. Optical fluorescence
images were captured using a Keyence BZ-X800E fluorescence
microscope. Images were captured in bright field, phase contrast, and
through a red channel fluorescence filter (BZ-X TRITC, excitation at
545 nm and emission at 605 nm). All optical images were processed
using Keyence BZ-X800 and Image]J software.

2.11. Liquid-Phase Ultraviolet—Visible Spectroscopy. The
absorbance spectra of the water/hexane-dispersed In,Mo4Te,
In,_.(NH,),MosTes and In,_.(NOc,),MocTe; nanocrystals were
taken using an Agilent Cary 100 ultraviolet—visible (UV—vis)
spectrophotometer that was scanned in the 280—600 nm range.

2.12. Zeta Potential Measurements of Dispersed Nano-
crystals. The Zeta potential of the dispersed nanocrystals was
measured using a Malvern Zetasizer ZS Nano DLS. Dried powders of
nonfunctionalized and functionalized nanocrystals were dispersed in a
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50% v/v i-PrOH:H,O solvent to yield a suspension with a
concentration of 0.25 mg/mL. This suspension was injected into a
DTS1070 disposable folded capillary cell that was subsequently
measured in the Malvern Zetasizer ZS Nano DLS system.

2.13. Electrical Transport Measurements of Pelletized
Nanocrystals. Powder samples were pelletized using an MSE Pro
pneumatic press with a 7 mm die-cast at 7 MPa. The pressed pellets
were carefully pasted onto quartz substrates using a thin vacuum
grease coat. For the van der Pauw device configuration,®”** gold wires
(99.9%, 0.025 mm thick, Ted Pella) were placed in contact with the
four corners of the pellet, using a silver epoxy mixture (Ted Pella).
The other ends of the gold wires were placed in contact with the gold-
coated substrates as probe points. The device was mounted onto the
sample stage of the Micromanipulator 6000 probe station (Bausch &
Lomb). The four probes were placed in contact with each gold
substrate, the current was applied through a Keithley 2450 source
meter, and conductivity values were measured using the KickStart

software.

3. RESULTS AND DISCUSSION

The crystal structure of In,MogTeg is characterized by a lattice
composed of infinite one-dimensional chains of [MogTe],”
that run parallel to the crystallographic c-axis and are separated
by In cations that act as intercalant species.”””® Powders of
In,Mo4Te4 bulk crystals were prepared via a solid-state melt
synthesis route that was modified from the existing
literature.”””” Le Bail fitting of the PXRD pattern of the
resulting bulk crystals was consistent with the previously
reported hexagonal P6,/m space group (No. 176) (Figure 1C,
Table S1). The fitting process revealed that the products were
composed of the target In,Mo4Tes phase with trace amounts
of MoOj; impurities that likely formed from the oxidation of
Mo from the TeO, species intrinsic to the surface of the Te
precursor (Figure S1), similar to what has been observed in
literature reports of related phases.””*® Elemental mapping of
these bulk crystals by EDS confirmed the near-stoichiometric
distribution of In:Mo:Te throughout the crystals (Figures 2A
and S2; Table S2). Based on these EDS measurements, we
note that there was a consistent deficiency of In atoms across
several samples. Preliminary EDS analyses on sizable and
isolated single crystals of In,MosTes have also shown

A In-La Te-La B
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Figure 2. Structural morphology and lattice dynamics of
In,MogTegbulk and nanocrystals. (A) Representative SEM and EDS
elemental maps of the In,MogTe4 bulk crystals. Scale bars, 10 ym for
SEM and 2.5 um for EDS. (B) Orientation-dependent Raman spectra
of large In,Mo4Te4 bulk crystals with polarization of the incident 785
nm laser oriented parallel (green), angled (yellow), and perpendicular
(red) with respect to the long axis of the crystal. The ensemble
Raman spectra of the powder (black) and exfoliated (gray)
polycrystals are also included.
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Figure 3. Additional representative SEM images of bulk and exfoliated In,MosTe, nanocrystals and statistics. Images of (A) bulk and (B) exfoliated
nanocrystals. Scale bars for 1 are 30 ym and 2 are S ym. (C) Histograms representing the cross-sectional distributions of as-synthesized bulk
polycrystals (left) and liquid-exfoliated (right) nanocrystals of In,Mo,Te,. The representative ensemble SEM images are shown in Figure S2. For
each plot, each thickness count takes into account a = SO nm thickness range with a normalized distribution curve (dashed curve).

consistent deficiencies of In atoms across several single crystals
in the order of 12% or an average 6 of 0.24 in In, sMo4Teg
(Table S3). The nature and origin of these In vacancies, which
have not been explored in prior reports on this phase, will be
the subject of a follow-up study. However, for simplicity and
the scope of our study, we refer to this phase as “In,MogTes”
throughout this report.

SEM images of the needle-like In,MogTe4 bulk crystals show
highly anisotropic crystals bearing hexagonal facets, whose
morphologies are consistent with the q-1D crystal habit of the
In,Mo4Te, lattice. Higher-magnification SEM images show the
fibrous morphology of these crystals, also consistent with the
one-dimensional nature of the [MosTes],” chains that are
bundled in the crystal structure (Figure S3). Although often
denoted as ionic lattices, we found that In,MogTes bulk
crystals readily unbundle even with mild mechanical agitation,
which suggests that there is a weak ionic interaction between
the In cation and [MogTe4],” chains. This observation
motivated us to derive nanocrystalline analogs from the bulk
using a top—down approach by subjecting the In,MogTey bulk
crystals to liquid-phase exfoliation by ultrasonication. In this
process, we used a 50% v/v i-PrOH:H,0 solvent mixture that
we found to most effectively suspend the exfoliated In,MogTe4
nanocrystals.”” The zeta potential of this suspended solution
was measured to be —29.70 mV, verifying the weak negative
charge character of the [MogTes],” chains (Figure $4).°
Upon exfoliation, we compared the representative ensemble
SEM images of bulk and exfoliated In,Mo4Tes and found that
the 1D fiber-like morphology was preserved upon exfoliation
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(Figure 3). We also found an average cross-section of 1206 +
393 nm for the bulk crystallites and 388 + 158 nm for
exfoliated nanocrystals from 60 individual randomly oriented
crystals in the representative micrographs. This 3-fold decrease
in the thickness of the In,MogTey crystals establishes weak
interchain interactions in the structure and suggests the
possibility of In cation substitution on the larger surface
exposed in the nanocrystals.

We performed Raman spectroscopy on both the ensemble
bulk and larger polycrystals of In,MogTe4 to further confirm
the structural identity of the crystals and to probe the lattice
dynamics of the anisotropic g-1D crystal structure. Further-
more, we sought to establish the specific phonon modes
corresponding to the intrachain (modes parallel to the long-
chain axis of the [Mo4Tes],” chains) and interchain (modes
perpendicular to the long-chain axis of the [MogTeg],” chains)
directions that will be used as an identifier in subsequent
analyses of the functionalized nanocrystals. We first performed
ensemble Raman spectroscopy measurements of powder and
solution-exfoliated samples of In,MogTey crystals using a 785
nm excitation wavelength (Figure 2B). The Raman spectra of
these samples exhibited four characteristic Raman peaks at 98,
125, 154, and 263 cm™. To empirically determine the
symmetry of the Raman peaks, orientation-dependent Raman
spectroscopy was performed on well-defined large crystals of
In,MogTe4 that we were able to isolate, also using a 785 nm
laser excitation. In these measurements, the crystals were
oriented at 0° (parallel) and 90° (perpendicular) with respect
to the polarization of the incident laser. We compared the

https://doi.org/10.1021/acs.chemmater.4c00468
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orientation-dependent Raman intensities of In,MogTe4 to the
isostructural reference phase In,MosSes, in which the
symmetry assignments have been reported in the literature.’!
Raman peaks in the In,MosTes spectrum that had similar
orientation-dependent intensity behavior as the Raman peaks
in the In,MogSes spectrum were assigned the corresponding
In,Mo4Ses phonon mode symmetries. We found that the peak
at 125 cm™" (labeled with a solid line) and the peak at 263
cm™! (labeled with a dashed line) are consistent with phonon
modes with E- and A-symmetries of the [MogTe4],” chains,
respectively (Figure 2B). In conjunction with the In,MosTe
crystal structure, these orthogonal phonon modes can be used
to assess the softening or stiffening of the lattice along the
intra- and interchain directions.

To further demonstrate the persistence of the In,MogTe4
crystal structure at the nanoscale, we performed atomic-
resolution HAADF-STEM imaging and analysis of solution-
exfoliated nanocrystals (Figure 4A, B). The high-magnification
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Figure 4. High-magnification STEM images of exfoliated In,Mo,Te,
nanocrystals. (A) HAADF-STEM image of an In,Mo4Te nanocrystal
with a raw micrograph (left) and FFT-filtered image (right). The inset
shows the FFT image of the [102]-oriented micrograph. Scale bars, 2
nm for image and 0.5 A™* for FFT. (B) Average intensity plot from
the FFT-filtered HAADF-STEM image.

HAADEF-STEM image of the bundles of [MogTe],” chains in
the nanocrystal shows well-ordered bright spots corresponding
to Te atoms within the chains (Figure 44, left). Similarly, the
persistent and uniform crystalline order of the atoms along the
chain direction can be observed from the FFT-filtered image
(Figure 4A, right). As shown in the inset, the extracted local
FFT of the micrograph displays distinct intensity spots directly
indexed to the [102] zone axis of the In,MosTe4 crystal
structure. We also extracted an intensity profile from the FFT-
fillered STEM image to further illustrate the long-range
structural order along the chain (Figure 4B). From this profile,
the consistently periodic pattern indicates that the atoms that
constitute the chains are not disordered, nor Peierls-distorted
(dimerized), and are consistent with the unit cell parameter
along the c-axis direction of 4.59 A at room temperature.
The 1D and weakly ionic crystal structure of In,MogTe,,
when exfoliated in solution exposes the In intercalants, opening
opportunities for organic functionalization via substitution of
surface-exposed In cations as a means to modulate the physical
properties of the nanocrystals (Figure 1A, B). Considering that
the crystallinity and structural integrity of In,MogTe4 crystals
are well preserved down to the nanoscale, as well as prior
reports demonstrating the facile substitution of In ions with
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other cationic species,””®” In,MogTes is a suitable platform for
interfacing g-1D inorganic lattices with cationic organic
molecules such as ammonium groups terminated by alkyl
chains. To understand the influence of surface cationic organic
group substituents on the structure and physical properties of
In,Mo4Tes, we show that a series of tetra-substituted
ammonium salts terminated by either —H or alkane groups
of various chain lengths can be appended to the surface of
exfoliated In,MogTe4 nanocrystals (Figure 1B). For this study,
bulk powder samples of In,MosTes were exfoliated using a
method similar to that described earlier (using a S0% v/v i-
PrOH:H,0 solvent mixture) and were combined with
solutions of the ammonium salts under study (Figure 1B).
The resulting suspension was kept under reflux conditions for
2 days at 80 °C to promote the dissolution of the precursor,
especially of ammonium salts that contain long alkane chains,
such as NBu,I or NO¢,Br (see Experimental Section).

We used a combination of PXRD and Raman spectroscopy
to characterize the structure of ammonium-functionalized
nanocrystals. The powder diffraction patterns of all the samples
(Figure SA) confirmed the preserved general crystallinity and
structure of the original precursor material, indicating that the
organic groups were primarily on the surface of the

nanocrystals.'"* ™" The ensemble Raman measurements of
g c8, 28 § §¢5
al ¥ NOc,” cor 87,8 2 5
) \—-‘-—M—UUL-*—JWUL ©
~ NBu,* ~
2 —A—U»M-—Ju 2
gl ] E
c c
] 2
£ £
: NH,* :
Er— E
<] l In,Mo,Te, \ I I L ” 2
o 5 In,Mo,Te,
|
bd b ‘
e r———r rrirrrererrerreleey
10 15 20 25 30 35 40 45 100 150 200 250 30!
20 / degrees Raman Shift / cm™
i
< 9367 } 1 {
S S8
S 7 e E 5 9355 3
~ NOc,* Std - E
3‘ s 2 9.35
@ N B S i
s e
E M T 1264 i
£ §5 g !
= ,WMV,\.\, g - 1244 i
[*] g & i
Z LI-R7%
I
TTTT T T T T T 120 T T T T T
2600 2800 3000 2600 2800 3000 0o 2 4 6 8

Raman Shift / cm™ Alkyl Chain Length

Figure S. Structural characterization of In, ,(NR,),MosTes nano-
crystals. (A) PXRD and (B) ensemble Raman spectra of the
functionalized nanocrystals. (C) High-energy region Raman spectra
of the functionalized samples (dark lines) plotted with the
corresponding reagent standards of all tertiary ammonium com-
pounds used in the study (light lines). (D) Extracted a-/b-lattice
parameters and Raman shifts of In,_,(NR,),MosTes; nanocrystals.
The negative alkyl chain length (black) corresponds to the absence of
functional groups, and the zero value (red) corresponds to
ammonium ions.
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the nanocrystals were consistent with the phonon modes
observed in the bulk (Figure SB), suggesting that the lattice of
In,MogTes is structurally stable and consistent with our
general assessment of the PXRD pattern upon surface
functionalization. To confirm the chemical identity of the
organic surface functional groups, we performed Raman
spectroscopy in the higher energy spectral region of 2500 to
3100 cm™ for each sample to demonstrate that the vibrational
stretches of the alkyl ammonium groups on the surface are
present in the functionalized In,_,(NR,),Mo,Te, nanocrystals.
All samples showed peaks consistent with the characteristic
vibrational stretches of N—H, C—C, N—C, and C—H in the
mid-infrared (IR) region (Figure SC). The broad peaks
between 2600 and 3000 cm™ for the In,_,(NH,),MosTe,
crystals (red curve) correspond to the overtone modes of N—
H.%*7% The prominent peaks observed for the other functional
groups, —NMe," (orange), —NEt," (green), —NBu," (blue),
and —NOc,* (indi§o), can be assigned to the stretching modes
of —CHj, groups.”*~

We further directly ascertain the successful tethering and
uniform coverage of the ammonium groups on the surface of
the nanocrystals using HAADF-STEM and EDS analyses of
single nanocrystals. From the low-magnification HAADF-
STEM image of the representative NOc, -functionalized
In, . (NR,),MosTes nanocrystals, it is apparent that a
carbonaceous amorphous layer is present on the surface of
the nanocrystals (Figure 6A). At higher magnifications, we
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Figure 6. Nanostructure and solution dispersibility of functionalized
In,MogTegnanocrystals. (A) Low- (main panel) and high-magnifica-
tion (red box) HAADF-STEM images of In,_ ,(NOc,)MosTeg
nanocrystals with local FFT (green box) indexed to the [—120]
zone axis. Scale bar is 250 nm for low magnification, S nm for high
magnification, and 100 A™' for FFT. (B) Corresponding elemental
EDS maps of the same nanocrystal shown in (A). Scale bar, 250 nm.
(C) Optical images of the nanocrystals of In, ,(NH,),Mo,Te, (i and
iii) and In,_,(NOc,),MosTe (ii and iv) dispersed in water (left) and
hexane (right).

observe that the ordered crystalline core is preserved, which is
evidenced by the local FFT showing distinct intensity spots
indexed to the [—120] zone axis of In,MosTe, (Figure 6A,
green box). The elemental composition of the NOc,*-
functionalized In,MogTe4 nanocrystal was also mapped using
low-magnification EDS, wherein high intensities of the
nitrogen-K signal were detected among the stoichiometric
precursor elements (Figure 6B). In the control measurements,
the nitrogen-K signal was not observed for any of the
nonfunctionalized nanocrystals, supporting the presence of
ammonium groups on the nanocrystals. It is worth noting that
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since the process of exfoliation is stochastic in nature, resulting
in nanocrystals that are nonuniform in width (Figure SS).
However, the surface functionalization is uniform across the
entire surface of the nanocrystal. The intensities of the
elemental maps are evenly distributed throughout the
nonuniform nanocrystal, indicating a structural feature
inherent to the nanocrystal rather than the functionalization
process. The nitrogen-K signal is also corroborated by the fact
that there are no localized signal intensities on the nanocrystal.

We also observed further unbundling of the nanocrystals
during the functionalization step, as evidenced by the splayed-
out fiber bundle TEM image of a representative nanocrystal of
In,_,(NOc,),MosTe, that we took out midway during the
reaction (Figure S6). As a qualitative test and to further
demonstrate the influence of the surface functional groups on
the properties of the nanocrystals, we independently mixed the
NH,"- and NOc,"-functionalized nanocrystals with deionized
(DI) water and hexane. The nanocrystals bearing more polar
NH," groups on the surface were well dispersed in DI water,
but not in hexane (Figure 6C; i, ii, respectively). In contrast,
the nanocrystals bearing more nonpolar NOc," groups did not
disperse in DI water but were more readily suspended in
hexane (Figure 6C; iii, iv, respectively). Additionally, within
this dispersion process, the solvent-dependent suspension
behavior was verified by UV—vis spectroscopy (Figure S7) and
the Zeta potential measurements of the functionalized
nanocrystals (Figure S4). We found that the absorbance signal
of bare and NH,"-functionalized In,Mo4Tes nanocrystals in
water was slightly higher than the NOc, -functionalized
nanocrystals, indicating the more favorable dispersion in the
solvent arising from the more polar character of the surface.
On the other hand, the NOc,*-functionalized nanocrystals
showed a higher absorbance signal in hexane compared to the
bare and NH,"-functionalized In,Mo¢Te, nanocrystals which is
to be expected due to its highly nonpolar nature. Furthermore,
the zeta potentials of the functionalized nanocrystals were
measured to be —9.36 and —7.34 mV for NH,"- and NOc,*-
functionalized nanocrystals, respectively. This qualitatively
illustrates that by choosing an appropriate organic functional
group, hydrophobicity or hydrophilicity can be imparted to
organic-functionalized nanocrystals of In,MogTeq.

Beyond the imparted surface characteristics of the tethered
ammonium groups, we systematically investigated the
influence of the surface organic groups on the extended lattice
structure of the In,MogsTe4s nanocrystals. We fitted both the
diffraction patterns and Raman spectra to extract the a-/b-
(interchain direction) and c-lattice (intrachain direction)
constants, as well as the corresponding phonon modes with
respect to these crystallographic directions. The Le Bail-fitted
lattice parameters and Raman shifts are plotted relative to the
alkyl chain lengths of the functional groups (Figures SD and
S8—S9; Table S4). Based on the orientation-dependent Raman
spectra (Figure 2B), the Raman mode at 125 cm™" is strongly
associated with the E-symmetry phonon mode, which primarily
is associated with the basal plane direction (interchain
direction) of the lattice structure. The extracted Raman shifts
for this mode show a pseudolinear increase in energy with
increasing alkyl chain length. Generally, we also observed that
larger organic groups on the surfaces of the nanocrystals
tended to decrease the a-/b-lattice constant, signifying
systematic lattice contraction in the crystalline direction
perpendicular to the long axis of the nanocrystals.
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Figure 7. Surface functionalization of In,Mo4Te, nanocrystals with RhB and the resulting optical activity. (A) PXRD and (B) ensemble Raman
spectra of In,_,(RhB),Mo4Te nanocrystals. (C) Emission spectra of RhB-functionalized nanocrystals (magenta) plotted with RhB standards in the
form of crystals (red), drop-cast on a Si/SiO, substrate (black), and solution (dashed). (D) Concentration-dependent emission spectra of drop-cast
RhB on a Si/SiO, substrate (black) plotted with RhB-functionalized nanocrystals (magenta). The blue arrow was added as a guide to the eye to
indicate the direction of increasing concentration. (E) PL intensity map (top), optical image (middle), and SEM image (bottom) of the RhB-
functionalized single crystal. Scale bar, 6.25 ym for PL map and optical, S ym for SEM. A 532 nm laser excitation was used for PL spectroscopy and
mapping (C—E). (F) Fluorescence microscopy images of the RhB-functionalized single crystal in the BF (top), fluorescence (middle), and overlaid
image (bottom). For the fluorescence microscopy experiments, excitation at 545 nm and emission at 605 nm were used. Scale bar, 25 ym.

Considering that both the phonon mode and a-/b-lattice
parameters monotonically evolved with the alkyl ammonium
chain length, the longer and larger functional groups (such as
—C,H;, —C,H,, and —CgH,,) are susceptible to intrachain
interactions on the surface owing to strong vdW forces across
these units; whereas the shorter and smaller groups, such as
—H and —CHj, lack these strong attractive forces. From these
interactions, along with the HAADF-STEM and EDS mapping
(Figure 6A, B), we can consider the hybrid nanocrystal as a
structure comprising an organic shell-like aggregate formed
around the nanocrystal core, which can range in rigidity
depending on the strength of the vdW interactions across the
tethered groups on the surface. From this, we infer that, in the
case of NH,", the shell around the nanocrystal is less rigid and
less sterically crowded, allowing the core lattice of the
nanocrystal to remain relatively unperturbed. In contrast, in
the case of NOc,", the shell around the nanocrystal is more
rigid from the large range of intermolecular vdW interactions
and more sterically crowded, resulting in an overall lattice
contraction in the a-/b-direction.”” The tethering of sizable
organic groups on the surface of the nanocrystals can be
thought of as an applied chemical pressure on the lattice,
resulting in an induced lattice “strain” that is manifested in the
stiffening of the Raman modes corresponding to the phonon
modes with E-symmetry and the contraction of the lattice in
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the a/b-direction, both of which correspond to the interchain
direction. An identical but opposite trend was observed for the
A-symmetry phonon mode at 263 cm™' and the c-lattice
parameter, both of which correspond to the intrachain
direction of the crystal (Figure S9). This expected orthogonal
trend is consistent with our expectation that the g-1D nature of
the lattice can compensate for anisotropic expansion/
contraction across the various axes in the crystal. We anticipate
that this anisotropic lattice modulation induced by surface alkyl
ammonium substitution could also impose an atomic-level
anisotropy in the local coordination environment of Mo that
comprise the [MogTes],” chains, as was comprehensively
reported in Mo-based Chevrel clusters,”’ albeit less pro-
nounced. Probing this, however, would require either high-
resolution diffraction techniques or a detailed X-ray absorption
spectroscopy analysis which are beyond the scope of this
current study.

Beyond the systematic modulation of the nanocrystalline
lattice, the ability to readily substitute the surface cations in
In,MogTes also enabled the incorporation of functional
organic groups that impart optical activity to metallic
nanocrystals. To achieve this, exfoliated nanocrystals of
In,MosTegs were refluxed with a solution of fluorescent RhB
dye bearing an ammonium moiety. Similar to tertiary
ammonium functionalization, the resulting RhB-functionalized
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nanocrystals were characterized by PXRD and Raman
spectroscopy (Figure 7A, B). We also found that the diffraction
pattern showed the preservation of the crystalline order
identical to the original precursor structure. After Le Bail
fitting, the lattice parameters extracted from the diffractogram
(Table SS) were consistent with the general trends observed in
tertiary ammonium-functionalized nanocrystals. Furthermore,
the directionally correlated Raman modes at 125 and 263 cm™
shift in directions identical to those of the ammonium groups,
in which the E mode shifts to a higher energy and the A mode
shifts to a lower energy compared to the pristine In,MogTe
crystal.

We probed the visible range emission region of the spectra
derived from micro-Raman spectroscopy measurements of the
RhB-functionalized nanocrystals to investigate the successful
tethering of dye molecules onto the surfaces of In,Mo4Tes.
Using a 532 nm excitation laser, an intense PL emission
signature from the RhB-functionalized nanocrystals was
detected around 1.9 to 2.1 eV, which is consistent with the
expected fluorescence of the RhB dye (Figure 7C). As a
control, we also measured the PL emission of solid-state
crystals (plotted in red) and solution drop-casted (plotted in
black) standards of RhB, both of which showed a broad
emission peak. Additionally, we measured the fluorescence
emission spectra of the RhB solution (plotted as a dashed
curve), which was found to be similar to that of the drop-
casted RhB species. The primary and more intense peak in the
high-energy region is commonly assigned to the monomeric
form of RhB, while the secondary shoulder peak is assigned to
the dimeric form of RhB.””~7* Consistent with the literature,
we found in the spectra of the standard drop-casted RhB
samples on Si/SiO, (continuous black curve, Figure 7C) that
the intensity of the dimer peaks grew and all peaks red-shifted
relative to the solution-phase fluorescence spectra of RhB
(dashed black curve, Figure 7C). As we expected, this is mainly
due to the aggregation of the molecules to form dimers with
increasing concentrations.”>’® Comparing these drop-casted
RhB samples on Si/SiO, with the freestanding crystals of RhB
(red curve, Figure 7C), our results are consistent with the
expected significant red shifting of the freestanding crystals,
which are highly ordered and predominantly dimerized in
contrast to the less-ordered and more polydispersed aggregates
of the drop-casted RhB samples.””

We measured the concentration-dependent PL spectra of
the drop-cast samples from the standard RhB solutions to
further assess the relative amounts of RhB species on the
surface of the nanocrystals (Figure 7D). We prepared standard
RhB solutions of 0.1, 0.4, 1.6, and 6.3 uM, which were drop-
casted onto Si/SiO, substrates. From the PL measurements of
these drop-cast standards, we extracted the peak positions and
intensities, which showed a consistent red shift as the
concentration of RhB increased for both the monomer and
dimer peaks (Figures S10 and S11). Based on these PL spectra,
we quantified the propensity for aggregation of the RhB dyes
by calculating the intensity ratio of the monomer to dimer (I;/
Ip) PL peaks and plotting them with respect to the RhB
solution concentration (Table S6, Figure S12). From this plot,
a power regression function of y = 2.0791x %" with R*
0.9648 was fitted, where x is the estimated concentration of
RhB on the surface of the substrate, and y is the PL intensity
ratio. Using this regression function, the concentration of the
RhB molecules tethered on the surface of the In,MogTeq4
nanocrystals can be approximated to be commensurate to a
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drop-casted 0.022 yuM (1.1 X 107° g L") solution of RhB
(Table S7), which, as expected, was significantly less dense
than compared to the 1.0 X 10° uM (50 g L™") hypothetical
“concentration” extrapolated for the pure RhB crystals. We
refer to the “hypothetical concentration” to denote the packing
concentration of RhB molecules in an RhB crystal. This
significantly lower concentration is to be expected since the
surface area of the In,MogTes nanocrystals is much smaller
relative to the dense single crystal of RhB, resulting in a
significantly more dilute apparent concentration of RhB on the
surface of the nanocrystals.

Owing to the imparted optical activity on the In,MogTeg
nanocrystals, we used optical and electron microscopy
techniques to qualitatively characterize and visualize the
RhB-functionalized nanocrystals. PL mapping of an RhB-
functionalized microcrystallite was performed using laser
excitation that closely matched the maximum absorption of
RhB (532 nm laser), which was rastered along the surface of
the crystal. The PL map showed a pronounced emission
intensity on the surface of the nanocrystal (Figure 7E, top).
The corresponding optical (Figure 7E, middle) and SEM
(Figure 7E, bottom) images of the selected nanocrystal
confirm the uniform morphology and preserved crystalline
domain of the RhB-functionalized nanocrystals. Complemen-
tarily, we probed a freestanding nanocrystal using a
fluorescence microscope, wherein the different image channels
showed a uniform distribution of RhB chromophores on the
surface of the nanocrystal (Figure 7F). These nanocrystals
were copiously washed several times with i-PrOH to ensure
that the emission that we observed arose from the RhB
molecules that were strongly tethered onto the surface of the
nanocrystal. We performed an identical washing treatment on
the drop-cast RhB standard substrates, which resulted in the
absence of any PL emission signal observed during the
measurement. This further verifies the strong electrostatic
attraction of the RhB molecules on the surfaces of the
nanocrystals.

Finally, we used the nanocrystalline platform that we
developed to study the influence of varying the lengths of
the appended surface functional groups on the ensemble
electrical conductivity of surface-functionalized In,MogTe
(Figure 8). The ensemble electrical transport properties of
the functionalized nanocrystals were measured using pressed
pellets of each sample. The pelletized samples were imaged
using SEM to measure the general surface morphology, which
showed well-dispersed and uniform nanocrystals with
pronounced grain boundaries (Figure S13). Owing to the
high intrinsic conductivity of the metallic In,MoTes phase,
the room-temperature electrical conductivities of the pellets
were measured using the van der Pauw configuration (Figure
84, inset) in the dark with conductivities of 171 S cm™" for
bulk In,MosTes and 33.3 S cm™' for exfoliated, non-
functionalized, In,Mo,Tes nanocrystals (Figure 8B). Relative
to the bulk, the overall conductivities of the functionalized
pellets were lower and similar to those of exfoliated pellets,
which is to be expected given the smaller crystalline domain
sizes induced by the exfoliation process (Table S8). These sets
of conductivities are comparable to prototypical hybrid
polycrystals that are electrically conducting.”®

The electrical conductivities of the pressed pellets of the
functionalized nanocrystalline samples showed a slight increase
for small functional groups (for example, NH,*- and NMe,*-
functionalized), whereas nanocrystals bearing larger functional
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Figure 8. Electrical transport measurements of the pelletized
In,_,(NR,),Mo¢Te, nanocrystals. (A) Thickness-normalized current
vs voltage curve. The inset shows a representative image of the device
fabricated in the van der Pauw configuration. Scale bar, 4 mm. (B)
Extracted grain sizes of each sample from the PXRD pattern (left axis)
and the measured conductivity values of the functionalized nano-
crystals (right axis).

groups displayed decreased conductivity values. In polycrystal-
line ensembles of hybrid nanocrystals, there are two possible
contributors to overall electrical conductivity. First, it can be
influenced by the interfacial nature of the domains, that is, the
insulating or conducting nature of the surface. Second, it can
be influenced by the crystalline domain size of the constituent
nanocrystals. By functionalizing the surfaces of these nano-
crystals with longer and bulkier alkyl groups, transport along
the interchain direction is suppressed due to the insulating
nature of the substituent chains, which is consistent with the
trend that we observed (Figure 8B). As established in
conductive polymer thin films’*™®" and polycrystalline
samples,”” the grain size can also be directly correlated to
the electrical conductivity of the sample, wherein larger
conductivity values are expected for ensemble samples
comprising polycrystals with larger grain sizes. Therefore, we
extracted the approximate grain sizes within each sample by
fitting the PXRD pattern (Figure 8B). Our results showed
larger (smaller) grain sizes for nanocrystals terminated by
smaller (bulkier) functional groups, suggesting that the
character of the surface functional groups also influences the
stabilization of the suspended nanocrystals during synthesis.
These trends in the nanocrystalline domain sizes were also
consistent with the observed electrical conductivity values,
wherein samples with larger grain sizes resulted in larger
conductivities and vice versa. From these results, we infer that
the electrical transport behavior of organic-functionalized
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In,MogTes nanocrystals is largely influenced by both the
nature of the surface and the crystalline domain size.

4. CONCLUSIONS

In summary, our study demonstrated the successful function-
alization of both bulk and nanoscale crystals of In,MosTe with
a series of cationic organic functional groups. By employing
various hydrophilic/hydrophobic alkyl ammonium groups and
a cationic dye molecule, we achieved a hybrid core—shell-like
nanocrystalline structure that retained the general crystalline
order and symmetry of the precursor crystal. We showed that
the surface functionalization of exfoliated In,Mo4sTes nano-
crystals can systematically modulate the extended lattice crystal
structure, impart nonintrinsic surface characteristics (hydro-
philicity, hydrophobicity, and fluorescence), influence the
nanocrystalline domain sizes, and tune the ensemble electrical
conductivities. Altogether, our results provide opportunities for
facile surface functionalization of a sizable class of g-1D
Chevrel-like crystals that are not generally soluble in aqueous
solutions. We envision that controlled organic functionaliza-
tion of surfaces that bear an underlying 1D order could lead to
next-generation device building blocks that leverage the
enhanced physical properties arising from well-ordered and
low-dimensional organic substituents.
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