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Abstract

Controlling inorganic structure and dimensionality through structure directing agents is a
versatile approach for new materials synthesis that has been used extensively for metal-organic
frameworks and coordination polymers. However, the lack of ‘solid’ inorganic cores requires
charge transport through single-atom chains and/or organic groups, limiting their electronic
properties. Here, we report that strongly-interacting diamondoid structure directing agents guide
the growth of hybrid metal-organic chalcogenide nanowires with solid inorganic cores having
three-atom cross sections, representing the smallest possible nanowires. The strong van der
Waals attraction between diamondoids overcomes steric repulsion leading to a cis configuration
at the active growth front, enabling face-on addition of precursors for nanowire elongation.
These nanowires have band-like electronic properties, low effective carrier masses (close to one
electron rest mass), and three orders-of-magnitude conductivity modulation by hole doping. This
discovery highlights a previously unexplored regime of structure directing agents compared with
traditional surfactant, block copolymer or metal-organic framework linkers.

Introduction

Transition metal dichalcogenides (TMDCs) are low-dimensional systems that have attracted
particular interest for a variety of novel physical properties such as dimensionality-modulated
band structure!, extremely weak charge screening? and enhanced electron-phonon coupling?®.
Recent discoveries have also shown that bonding configuration of the metal and chalcogen in a
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TMDC is closely correlated with the electronic properties®. A promising synthetic route towards
precise structure and dimensionality control is bottom-up assembly using molecular structural
directing agents (SDAs). This approach is advantageous as the reacting inorganic bonding is
strongly influenced by the organic SDAs, providing a high degree of structural control through
ligand selection. Metal-organic framework (MOFs)®, coordination polymers®, zeolites’ and
supramolecular assemblies® with atomically well-defined structures and tunable dimensionality
are synthesized with this approach. Theoretically, this approach can be extended to create metal-
organic chalcogenides (MOCSs) with solid inorganic cores through appropriate selection of
SDAs, tailoring electronic properties. However, so far no mechanism has been developed to
induce and stabilize solid-core one-dimensional (1D) chalcogenides with band-like
semiconductor properties.

A major challenge to create electrically conductive MOCs is to balance the strength of the
covalently driven inorganic reactions and non-covalent interactions between ligands. In MOF-
type materials, ‘strong’ interactions between the metal ions and organic linkers guide the
assembly. In most of these materials, the metal centers are separated by the organic linkers®,
though a small group of ligand-directed metal-chalcogen atomic chains has also been
identified®. In both cases, electrical conductivity is impaired by Peierls distortion, point defects
or insulating organic molecules. On the other hand, ‘weakly’ interacting SDAS such as
surfactants'?, peptide amphiphiles? or block copolymers®® lead to solid, inorganic materials
within microphase separated regions, yet the large sizes and loss of crystallinity make this route
less attractive.

Here, we demonstrate that a new class of rigid cage SDAs with an intermediate level of non-
covalent interaction strengths achieve highly crystalline, multi-atom cross-section inorganic
cores with electrical conductivity. We choose diamondoids'*?6 as SDAs, which are atomically
precise hydrogen-terminated diamond nanoparticles with intermolecular non-bonding
interactions of energy scales comparable to chemical bonds'’°. During assembly, the
diamondoids provide steric bulk and unusually strong van der Waals attraction (London force),
both of which participate in directing the inorganic cores to adopt otherwise inaccessible
structures.

Optimized MOC crystal synthesis was performed at the interface between immiscible
solutions of metal salts (e.g., copper sulfate) and diamondoid thiols (Fig. 1a). Two types of
diamondoid thiols were tested, namely adamantane-1-thiol (LAD) and diamantane-4-thiol (4Dl).
The synthesis yielded needle-shaped crystals (Fig. 1b) with diameters ranging from 10 nm to 20
pm, and lengths exceeding 100 um depending on synthetic conditions (Methods). Single-crystal
X-ray diffraction (SC-XRD) revealed that copper adamantane-1-thiolate (LADCu) system (Fig.
1c, Fig. S1) consists of molecular scale core-shell nanowires (NWs) packed in a 3D
supramolecular lattice. The shell is composed of closely packed adamantyl moieties (blue
spheres, Fig. 1c). The inorganic core (Fig. 1d) consists of a cross-section of alternating three-
atom Cu and S trigonal rings (yellow and red planes, Fig. 1d). Each Cu atom binds to three S



atoms with a twisted trigonal planar geometry, while the S atoms are attached to three Cu atoms
and its adamantyl sidegroup in a distorted tetrahedral configuration. Finally, the LADCu core-
shell structures pack into a distorted hexagonal lattice (Fig. 1e) with the inorganic cores
elongating along the b-axis. The average center-to-center distance and H---H contact distances
between adamantyl moieties are 6.7 and 2.3 A , comparable to those in adamantane crystals®
(6.6 and 2.2 A respectively). Furthermore, the center-to-center distance is close to the computed
optimal distance between two adamantane molecules with minimum total energy in vacuum?..
These observations indicate that the adamantane groups in LADCu are in van der Waals (vdW)
contact with their closest neighbors. The closely packed diamondoid shell gives the 1ADCu
crystals remarkable stability, allowing them to be stored in air without degradatoin and dispersed
into solvents including isopropanol and anisole without disrupting the lattice structure (Fig. S2).

In contrast with atomic chains of metal, chalcogen and organic linkers within coordination
polymers, the 1ADCu has a ‘solid’ inorganic core consisting of a three-atom cross-section. The
Cu-S core can be viewed as a nanowire with a three-atom circumference, representing the
smallest conceivable solid nanowire structure. In comparison, the smallest stable carbon
nanotubes (CNTS) have ten atoms on the circumference?.

The three-atom cross section in LADCu nanowire suggests a different nucleation and growth
mechanism from coordination polymers with atomic chain backbones. Specifically, a multi-atom
inorganic growth front must be formed in the nuclei and subsequently stabilized during axial
elongation. To understand this process, we choose to examine the stability and extension of a
cyclic trimer of copper adamantyl thiolate, representing the smallest structural repeating unit of
the LADCu NW (Fig. S3a). The cyclic trimer may assume either the cis configuration where all
three adamantyl groups reside on the same side of the Cu-S plane and expose the inorganic face
free of steric hindrance, or the trans configuration where the adamantyl groups reside on both
sides of the Cu-S plane. The trans-trimer is sterically favoured as it increases the distance
between adamantyl groups.

Energy minimization of the trimer structures was performed with density functional theory
(DFT) using the Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional?® and a double
numeric basis set with d-polarization (DND)?*. DFT computation without long-range vdw
interactions shows that the trans conformer is 0.9 kJ mol™ more stable. However, DFT
computations including appropriate vdW interactions®® (Supplemental Information) find that the
cis-trimer is more stable by 5.2 kJ mol~ than the trans-trimer. In the cis-configuration the
centroid distance and H--H contact distances are 6.6 and 2.3 A between adamantyl groups,
indicating that they are in vdW contact with each other?>?! and maximizing the attractive
interaction. Taken together, these computational results show that the strong vdW attraction
between adamantyl sidegroups overcomes the inherent steric repulsion, yielding a lower-energy
cis configuration.



The cis-trimer opens one side of the Cu-S plane for approach and reaction of other trimers or
monomers in a ‘face-on’ manner (blue cone, lower left panel, Fig. 2a). After this initial
elongation step to form copper adamantyl thiolate hexamers (right panels, Fig. 2), the system
again has a choice of conformations. The adamantyl sidegroups in the hexamer could distribute
evenly in the trans configuration to minimize steric repulsion (bottom right, Fig. 2), or group
together, exposing the Cu-S triangular face (upper right, Fig. 2). In the hexamers the trans
configuration is sterically favoured by 5.9 kJ mol (Fig. S4), deduced from DFT computation
without vdW correction. However, DFT computation including vdW interactions? shows that
the configuration where the three adamantyl groups rotate to be in vdW contact (upper right, Fig.
2) has lower energy by 5.0 kJ mol2, leaving the inorganic face open once again. This consistent
energetic preference of the open-face configuration allows continuous ‘face-on’ addition of new
precursors (ions and oligomers) and solid-core nanowire elongation. This is in contrast to the
growth mechanism of previously reported coordination polymers where a single-atom growth
front is present and chain elongation propagates through, for example, ring-opening or ‘edge-on’
polymerization?6:?’,

Comparing to other 1D nanostructures such as CNTs and inorganic NWs grown by vapour-
liquid-solid (VLS) mechanism, the 1ADCu NWs have atomically precise composition and
diameter. To investigate why the three-atom cross section is energetically preferred to larger
diameters, we computed the optimized structures of infinitely extended copper adamantyl
thiolate NWs with three, four and five sulfur atoms in the circumference (referred to as 3-, 4- and
5-atom NWs, Fig. 3a-c), as well as a planar copper adamantyl thiolate sheet (Fig. 3d). NWs of
different diameters can all be mapped onto a 2D triangular tessellation of Cu and S atoms (see
Supplementary Information and Fig. S5 for more discussion). The computed 3-atom NW
structure (Fig. 3a) is very close (less than 1.5% bond length and bond angle deviations) to that
measured by SC-XRD (Table S2), validating the computational method. Total energies of 4- and
5-atom NWs as well as the 2D sheet are 32.7, 72.6 and 66.2 k] mol* higher than the 3-atom NW
(right axis, Fig. 3e). The 2D sheet and 5-atom NW were not viable, instead showing large
distortion and/or restructuring after geometry optimization due to the extremely small
intermolecular distance in the initial structure (4.5 A, Fig. S5d and e). The smaller bending
curvature of the larger-diameter NWs requires tighter packing of the bulky sidegroups, observed
from the average centroid distance between adjacent adamantyl groups of 6.6, 6.0, 6.2 and 5.8 A
in the 3-, 4- and 5-atom NWs and 2D sheet respectively (right axis, Fig. 3e). Previous
computations have shown that the optimal distance between adamantane molecules is ~6.7 A,
and the total energy increases by 28 kJ mol™ as the distance is decreased by 1 A due to steric
repulsion?. In this case, the larger diameter NW structures are less sterically favorable. In
comparison, the computed geometries of copper n-decane-1-thiolate (C10Cu) and copper
benzenethiolate (PhCu) both result in 2D sheets?®2°, consistent with their less bulky sidegroups
(Fig. S6). These results indicate that the steric repulsion of the large diamondoid side groups
demands a large curvature of the Cu-S core, and thus determines the diameter of the 1ADCu
NW.



The individual NWs are stabilized in the bulk crystal by binding together in a distorted
hexagonal array. The centroid and H:--H contact distance between adamantyl groups in adjacent
NWs are 6.8 and 2.3 A respectively, indicating that the diamondoid shells are in vdwW
contact?>?!, The total energy of the 3D NW array is 50 kJ mol* lower than that of individual
NW (blue, Fig. 3e). Roughly 80% of this energy difference originates from vdW attractions
between adjacent NWs (Supplemental Information). The inter-wire vdW interaction thus further
stabilizes the ultra-thin LADCu NWs leading to crystals with sizes up to 100 um (Fig. 1b).

Analysis of the LADCu system indicates that repulsion between sterically bulky sidegroups
favor the formation of small-diameter, 3-atom NWs, while strong vdW attraction enables the
face-on growth of the solid inorganic cores. To test this concept, we computationally evaluated a
similar growth pathway for a larger diamondoid ligand, diamantane-4-thiolate (4DI). The
diamantyl sidegroup adds an additional ~3-A tall isobutane cage to the length of the diamondoid
compared to adamantane. DFT computation of cyclic trimers and hexamers (Fig. 4a) found that
the copper diamantyl thiolate trimer also prefers cis arrangement of the three diamantyl groups
over the trans configuration, with energy difference of 4.9 kJ mol (left panel, Fig. 4a). This
would allow the face-on addition of precursors and/or oligomers, same as in 1ADCu. However,
in the hexamer structure the trans configuration, in which the six diamantyl groups point to two
opposite directions, is 5.3 kJ mol™* more stable than the open face configuration (right panel, Fig.
3a). Thus, in the trans-hexamer the face-on growth front is sterically hindered by the diamantyl
groups, terminating the growth. These computational results predict that while the copper
diamantane-4-thiolate (4DICu) system should grow into a 1D structure, it cannot form the same
three-atom inorganic cross section as in LADCu, and more likely proceeds through edge-on or
ring-opening growth?:27,

SC-XRD result shows that the 4DICu has a 3D supramolecular lattice formed by stacking of
1D copper thiolate chains (Fig. 4b, Fig. S1), similar to that of LADCu. However, rather than
solid core NW seen in 1ADCu, the diamantane SDAs give rise to two Cu-S atomic chains linked
into nanoribbons (NRs) surrounded by diamantyl groups (Fig. 4c), consistent with the prediction.
Each NR is two-atom wide, with the edges consisting of alternating Cu and S atoms. Two types
of chemical environments exist for both atoms: S takes both tetrahedral (S1) and trigonal
pyramidal (S2) configurations, while Cu takes linear (Cul) and planar trigonal (Cu2)
configurations. It should be emphasized that the change of Cu-S bonding configuration happens
without the change of inorganic composition, and is solely the result of sidegroup difference. The
NR growth likely propagated by adding precursor and/or oligomers to a two-atom-wide Cu-S
growth front. This ‘edge-on’ growth mode, determined by the larger steric repulsion between
diamantyl groups, is clearly different from the ‘face-on’ growth in 1ADCu and highlights the
importance of balancing attractive and repulsive forces between diamondoid SDAS in order to
achieve the desired growth modes.

The different sizes/shapes of the SDA in LADCu and 4DICu systems also give rise to
different inter-wire/ribbon interactions, modifying their 3D packing. Unlike the distorted



hexagonal packing seen in LADCu, in 4DICu the individual NRs packs into a 3D cross-motif
lattice (Fig. 4d), in which the diamantyl groups in adjacent chains pairs up such that the long
axes of the molecules are parallel or perpendicular to their nearest neighbours (red arrows, Fig.
4d). DFT computations (Fig. S8) showed that the cross-motif pattern lowered the total energy of
the system by 77 kJ mol™, indicating an inter-chain interaction energy 40% larger than that in
1ADCu (Fig. 3e) and further stabilizing the atomically-thin NR structure.

The diamondoid-directed MOCs with solid inorganic cores represent a new class of
chalcogenides with atomically well-defined structures, ultra-small dimensions and
unconventional bonding configurations. The continuous inorganic core with finite-sized cross-
section give rise to strong energy-momentum (E-k) dispersion and thus smaller effective masses
for charge carriers, unlike MOFs in which electron transport is dominated by site hopping
mechanism®. To this end we first performed DFT computations of the band structures of
1ADCu and 4DICu using plane wave basis set and PBE exchange-correlation functional? (left
panels, Fig. 5a and b). Both structures show large band dispersion along the chain elongation
directions (right panels, Fig. 5a and b). For example, the width of the first valence band in
1ADCu is 0.62 eV, substantially larger than those in 1D coordination polymers and 3D MOFs
(Supplementary Information, Table S3). The valence band maximum (VBM) and conduction
band minimum (CBM) appear along the G-Y direction in k-space. The effective masses (m”) of
hole (h*) and electron (e") carriers at VBM and CBM are close to one electron rest mass (mo),
except for hole carrier in 4DICu which is close to 3mo (Fig. 5¢). These MOC effective carrier
masses are comparable to those in inorganic chalcogenides®:. Notably, both the highest occupied
molecular orbital (HOMO, lower panel, Fig. 5d) and lowest unoccupied molecular orbital
(LUMO, upper panel, Fig. 5d) of LADCu are located on the inorganic atoms and surrounded by
the diamondoid shell. This is in contrast to the -d conjugated coordination polymers where both
the organic and inorganic components contribute to the bands near Fermi level. The band
structures between G and Y points in the k-space are further computed using the more accurate,
Heyd-Scuseria-Ernzerhof (HSE) hybrid functional®® (middle panels, Fig. 5a and b). The band
gaps predicted by these computations are 2.79 and 3.62 eV for 1ADCu and 4DICu respectively.
The computed band gaps are in reasonable agreement with the optical band gap for LADCu (2.5
eV) and 4DICu (2.9 eV) as measured by ultraviolet-visible (UV-Vis) absorption spectroscopy
(Fig. 5e). Pure diamondoids have no detectable absorption in the wavelength range of 200-1000
nm, with >6 eV band gaps®*2*. The 0.4-eV difference in the optical band gaps between 1ADCu
and 4DICu demonstrates band gap modulation induced by the different nonbonding interactions
between diamondoid SDAs.

The solid inorganic cores and relatively small carrier masses in the MOCs differentiate these
from conductive MOFs where electrons transport by hopping or through hybrid =-d orbitals
formed between metal and aromatic linkers®®>3, To measure electronic transport properties, we
grew vertically aligned MOC crystal arrays embedded in anodized aluminum oxide (AAO)
matrices (Fig. 5f). Metal electrodes were deposited on both ends of the crystal array to measure



their transport in the axial direction. Due to confinement of the HOMO and LUMO within the
insulating diamondoid shells, the majority of electronic transport should occur within single
wires, with a low probability of charge hopping between adjacent NWs. Nyquist impedance plots
of intrinsic LADCu NWs in the frequency range of 1 Hz to 1 MHz (blue, Fig. 5g) fit best to an
equivalent circuit consisting of a resistor (Rmoc), a constant-phase element (Qcontact) and a
capacitor (Caao) (inset, Fig. 5g). We attribute Rmoc, Qcontact and Caao to the resistance of the
nanowires, the contact barrier and the capacitance of the alumina matrix, respectively. Compared
to blank AAO templates without 1ADCu (black, Fig. 59), Rmoc = 0.3 MQ was one order of
magnitude lower impedance. Considering the geometry of the device and the filling ratio of the
crystals in the alumina matrix (Methods), the resistivity of 1ADCu nanowire was determined to
be ~100 Q-m, comparable to that of intrinsic silicon. 4DICu showed similar results (red, Fig. 59)
with slightly larger resistivity (~300 Q2-m). The difference is attributed to the higher effective
hole mass or structural defects in the 4DICu NRs.

If MOCs have band-like electronic behavior, their resistivity should be modulated by doping.
To test the effect of doping in the MOC system, the as-synthesized 1ADCu crystals were
exposed to H20: solutions with different concentrations at room temperature. The treatment
partially oxidized the copper in LADCu from +1 to +2 state, as detected by X-ray photoelectron
spectroscopy (XPS, Fig. S9a) with no change in the lattice spacing as determined by XRD (Fig.
S9b). AC impedance measurement on powder samples showed that the doping decreased the
resistivity of 1LADCu by approximately three orders of magnitude (Fig. 5h, Fig. S10) as the H20:
concentration was increased up to 10* part-per-million (ppm). Further increase of the H20;
concentration disrupted the lattice (Fig. S9b) and decreased the conductivity (Fig. S10b and c).
These results indicate that the enhanced electrical conductivity of LADCu originates from
additional holes moving in the continuous Cu-S core. This is in contrast to enhanced transport in
MOFs where molecular bridges provide alternate charge hopping paths between discrete Cu-O
centers®,

The methodology of diamondoid-directed assembly extend to a wide variety of low-
dimensional chalcogenides materials by harnessing well-established metal-chalcogen
chemistry®’. We first demonstrate the generality of this approach via the synthesis of 1D MOC
crystals with inorganic cores of Cd-S, Zn-S and Fe-Se, using adamantane as the SDA (Fig. 6a, ¢
and d). These materials cover a broad range of potential functionalities including optoelectronics
(CdS)*®, piezoelectrics (ZnS)* and superconductivity (FeSe)2. Secondly, the size and shape of
the diamondoid tunes the vdW and steric interactions, modulating the inorganic bonding beyond
1AD and 4DI systems. To this end, we have synthesized silver thiolate MOCs with adamantane,
diamantane and tetramantane as the SDAs. These materials show 1D morphologies (Fig. 6e-h)
similar to the copper-based MOCs, yet have different crystalline structures as revealed by PXRD
(Fig. S11). The morphology of these materials were tunable by solvent composition, with
addition of ethanol to toluene generating thinner diameter 1D crystals (Fig. S12). Lastly, we
extended the choice of strongly-interacting SDAs to other rigid-cage molecules such as



carboranes. As a first demonstration, we synthesized cadmium m-carborane-9-thiolate 1D
crystals (Fig. 6b), which shows similar morphology to the diamondoid-directed MOCs.

The use of sterically bulky, yet strongly interacting SDAs is an intriguing avenue for
synthesis of a wide variety of low-dimensional materials that retain band-like transport. The
strongly-confined, diamondoid-insulated inorganic cores present a promising area for interesting
physics such as strong electron-electron®® and electron-phonon coupling*#2. Moreover, the new
regime of structural directing mechanism can be extended to other systems such as MoSe; and
Bi>Ses. Controlling dimensionality and bonding configuration in these materials via the choice of
diamondoid (and other cage-like molecule) SDAs provides a general approach to tune their
electronic properties and access new materials and structures.
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Methods

Synthesis. Toluene, ethylene glycol (EG), ethanol, isopropanol (IPA), acetonitrile, n-
octane,adamatane-1-thiol, m-carborane-9-thiol, copper(ll) sulfate (CuSQOs), silver nitrate
(AgNO3), cadmium sulfate (CdSOs), zinc sulfate (ZnSO.), iron(l1) chloride (FeCly),
tributylphosphine (TBP) and hydrogen peroxide (H202, 30% aqueous solution) were used as
received from Sigma-Aldrich. Anhydrous/dry reagents were used when possible. Diamantane-4-
thiol, [121]tetramantane-6-thiol, [1(2)3]tetramantane-3-thiol and adamantane-1-selenol was
prepared as described previously*3#4. Water was purified with a Milli-Q Gradient system (EMD
Millipore). All crystals were synthesized in air except iron(ll) adamantane-1-selenolate which
was prepared in an argon-filled glove box with <0.5-ppm oxygen and water levels.

Copper-based MOCs: Anhydrous CuSO4 and diamondoidthiol were first dissolved in EG and
toluene respectively, at 20 mM concentration. The dissolution of CuSO4 took place at 80 °C over
a period of 24 h, resulting in a light blue solution. The solutions were then carefully layered in a
borosilicate scintillation vial (Thermo Fisher Scientific) with the EG phase at the bottom.
Crystals nucleated at the interface immediately, and were left to grow for >24 h at 80 °C. Copper
was reduced from (+2) to (+1) oxidation state, observed via x-ray photoelectron spectroscopy
(XPS, Fig. S9), likely during the dissolution of CuSOx in EG, or reaction with the thiols*>*, The
products were isolated by vacuum filtration over P4 filter paper (Thermo Fisher Scientific),
rinsed with ethanol to remove residual solvent and thoroughly dried under vacuum at room
temperature.

Silver-based MOCs: A similar procedure as used for copper-based MOCs was adopted,
except that AgNOz was dissolved in water instead of EG at 20 mM concentration.

Cadmium-based MOCs: A similar procedure as used for copper-based MOCs was adopted.
For the synthesis of cadmium m-carborane-9-thiolate, the carborane thiol was dissolved in
toluene at 20 mM concentration. Saturated CdSO4 solution in EG with some solid at bottom was
used due to the low solubility of CdSO4. After the synthesis, un-reacted CdSO4 solid was
carefully removed using a pipette before the crystals on toluene/EG interface was harvested.

Zinc adamantane-1-tholate: A similar procedure as used for copper-based MOCs was
adopted. ZnSO4 was dissolved in EG at 20 mM concentration. Crystals were allowed to grow for
a month before harvest.

Iron(11) adamantane-1-selenolate: All operations were performed in an argon-filled glove
box. Anhydrous FeCl, and adamantane-1-selenol were dissolved in acetonitrile and n-octane,
respectively, at 20 mM concentration. The dissolution of FeCl; took place at 40-50 °C over the
course of 1-2 days. 5 mL of the two solutions were then carefully layered with the acetonitrile
phase at bottom. Addition of 1 mL TBP to the layered 2-phase solutions resulted in immediate
color change at the interface to yellow, which then spread to both phases. TBP has been reported
to facilitate the formation of Fe-Se bonds without incorporation into the crystal structure®’.
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Formation of iron(Il) adamantane-1-selenolate crystals at the interface took place at 40-50 °C
over the course of 1-2 weeks. The resulting crystals were collected by filtration through a
polytetrafluoroethylene (PTFE) membrane (FGLP04700, EMD Millipore) or by centrifugation at
12,000 round per minute (rpm). Control reactions between TBP and adamantane-1-selenol or
FeCl, yielded no product.

For the growth of vertical MOC arrays (Fig. 5f), an AAO membrane with 200 nm pore size
and 50 um thickness (Anodisc 13, Whatman) was placed at the toluene/EG interface. Growth
was performed under the same conditions as above. After the growth the membrane was gently
rinsed with toluene and IPA, and dried in a carbon dioxide critical point dryer (Autosamdri-815,
Tousimis).

To dope the MOCs, H>0; was first diluted with IPA to 10, 100, 1000 and 10,000 part-per-
million (ppm) concentrations. MOC powders were immersed in the solution with stirring at room
temperature for 30 min before vacuum filtration, rinsing and vacuum drying. We note that H20-
has been used as oxidative doping agent for conductive polymers®.

XRD Structural Determination. For SC-XRD measurements, the as-synthesized crystals were
carefully lifted out of the solvent, coated with Paratone-N oil and attached to a Kapton loop. SC-
XRD data for LADCu was obtained at Beamline 11.3.1, Advanced Light Source, Lawrence
Berkeley National Laboratory, equipped with a Bruker D8 diffractometer and a Bruker AXS
APEX 11 CCD detector. SC-XRD of 4DICu was performed at Beamline 12.2, Stanford
Synchrotron Radiation Laboratory (SSRL), SLAC National Accelerator Laboratory, equipped
with a Dectris Pilatus 6M detector. Frames were collected using w and/or y scans and the unit-
cell parameters were refined against all data. Data were integrated and corrected for Lorentz and
polarization factors, as well as the absorption effects, by either SAINT 8.27b and SADABS
V2012 or XDS**, Space-group assignments were based upon systematic absences, E-statistics,
agreement factors for equivalent reflections, and successful refinement of the structure. The
structures were solved by direct methods and expanded through successive difference Fourier
maps using SHELXS-97. They were refined against all data using SHELXTL and OLEX2
software®*~>*, Hydrogen atoms were inserted at idealized positions and refined using an isotropic
thermal parameter 1.2 times that of the attached atom. All non-hydrogen atoms were refined
anisotropically. Details regarding the data quality and a summary of the residual values of the
refinements are listed in Table S1.

In the crystal structure of 4DICu, void regions in the asymmetric unit (203 A% and 203 A3
located at coordinates 0.000, 0.545, 0.500 and 0.500, 0.575, 1.000 respectively) contain
disordered toluene molecules. A solvent mask was used to remove the scattering contribution of
these solvent-correlated electron densities from the diffraction data using OLEX2. The mask
removed the equivalent of 98 electrons per unit cell.
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Powder XRD of 1ADCu (Fig. S9b) was measured on a D8 Venture diffractometer (Bruker
AXS) with Cu Ka source (wavelength: 1.541 A) and a Photon 100 CMOS detector. Powder
samples were loaded in borosilicate capillary tubes (Charles Supper Inc.) and measured with the
Debye-Scherrer geometry at room temperature.

In silico construction of atomic structural models. Initial structures of the 1ADCu cis-trimer
(Fig. S3a) was obtained by “cropping” the chemical repeating unit of I ADCu NW, consisting of
three copper cations and three adamantyl thiolate anions, out of the infinitely extended 1D
structure. Similarly, the initial structure of the “open-face” hexamer (Fig. S3c) was obtained by
cropping out two chemical repeating units from the 1D NW. To obtain the trans-trimer (Fig.
S3b) and trans-hexamer (Fig. S3d), one or three of the adamantyl groups were manually flipped
to the opposite side of the Cu-S triangular plane. The initial structures of 4DICu trimers and
hexamers (Fig. S7) were obtained by substituting adamantyl with diamantyl.

Atomic models of the LADCu NWs with different diameters (Fig. S5b-d) were built by
modifying boron nitride nanotubes with the same chiral indices (see Supplementary Information).
Atomic model of the LADCu 2D sheet (Fig. S5e) was constructed by modifying a hexagonal
boron nitride monolayer. The B and N atoms were replaced with Cu and S, and the diamondoid
sidegroups were attached to the S. For the 2D sheet, the adamantyl groups were arranged evenly
on both sides of the sheet. The initial Cu-S bond lengths were set to 2.2—2.3 A for the NWs and
2.6 A for the 2D sheet, in order to avoid overlapping between adjacent adamantyl groups.

To compute the optimized geometries and total energies of individual LADCu NW (Fig. 3)
and 4DICu NR (Fig. S8a), single NW/NR was placed in an arbitrary tetragonal lattice such that
the distance between diamondoids in adjacent chains was larger than 15 A. Previous
computations on adamantane and related molecules?! has shown that the vdW energy between
molecules at this distance is small, such that each MOC NW/NR behaves as it would in isolation.

DFT computations. All atomic structure and energy computations were performed using the
DMol?® program in the Materials Studio 8.0 (BIOVIA) suite. We chose this program for its
balanced speed and accuracy in handling both molecular and periodic systems. DFT
computations were performed with the PBE exchange-correlation functional®® and the DND
basis set?*. The convergence thresholds for geometry optimization were set at 2x10~° Hartree
(Ha), 2x102 Ha/A and 1072 A for energy, force and displacement, respectively. All geometry
optimizations converged within 200 iterations.

Long-range vdW interactions were accounted for by semi-empirical correction via the
Tkatchenko-Scheffler (TS) scheme?. The computed 1IADCu structure is close (<1.5% bond
length and angle deviation, Table S2) to the measured structure, which validates the
computational method. Moreover, this method computed the bond dissociation energy of
diamantane dimer to be 75.3 kJ mol, agreeing within 15% with the previously reported value’
using hybrid functionals such as B3LYP-D® and M06-2X%® that include long-range interactions.
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The TS correction was intentionally turned off to compute the sterically favored structures and
their energies without contribution from vdW interactions (Fig. S4).

Ab initio computations of the band structures were performed at the National Energy
Research Scientific Computing Center (NERSC), using both the PBE functional®® and HSE
hybrid functional®? and plane-wave basis set implemented in Quantum Espresso®’. The lattice
constants and atom positions for both materials were taken from experimental data. We used
4x8x4 k-space grid for PBE calculations and 1x4x1 k-space grid for HSE calculations.

Effective carrier mass near VBM and CBM is defined with a parabolic approximation:
i} (h/2m)%k?
m =-————
2[E(k) — E(]

where h and Eo are the Planck constant and energy at VBM/CBM respectively, and k is the wave
vector along G-Y direction. A weighted local fitting was used to determine m*, with a Gaussian-
form weight:

—(k — ko)?
o2 ]

w = exp[

where ko is the wave vector at VBM/CBM, and o is taken to be 0.4.

Characterizations. X-ray photoelectron spectroscopy (XPS) was recorded using a VVersaprobe
system (Physical Electronics) with Al Ko (1486 eV) source in 10-°-Torr vacuum. Samples were
prepared by pressing dry powders on degenerately-doped silicon wafers. For SEM imaging (Fig.
1b), crystals were lifted carefully from the interface and deposited on a silicon substrate. Excess
solvent and a few drops of ethanol were wicked using absorptive paper and allowed to dry in air.
SEM micrographs were obtained on an FEI Magellan system with 1-kV acceleration voltage. To
reduce charging artifacts, samples were sputter coated with 5-nm Au. SEM imaging of the MOC
vertical array (Fig. 5f) was performed at the same conditions without Au sputtering. The sample
surface was tilted 60° relative to the electron beam. For AFM imaging (inset, Fig. 1b), cleaned
and dried crystals were dispersed in IPA and spin-casted on a silicon wafer. AFM images were
obtained on an Asylum Cypher ES system using non-contact mode and a Si probe.

Diffuse reflectance UV-Vis absorption spectra were obtained on an Agilent Cary 6000i
spectrometer equipped with a diffusive reflectance accessory. An ethanolic suspension of the
crystals was drop cast on a sapphire substrate, which was then laid on a white diffusive
reflectance background with >99% reflectance. The optical band gaps were determined by the
intersection of the tangents of the baseline and the first absorption edge.

To measure the AC impedance of vertical MOC arrays, the MOC-embedded AAO
membrane was first sonicated in IPA. Two electrodes consisting of 5-nm Ti and 200-nm Au was
then evaporated on both sides of the AAO membrane. To measure the AC impedance of doped
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1ADCu powder samples (Fig. S10), ~20 mg dry powders were filled in a quartz tube with 15-
mm inner diameter, and two gold-plated stainless steel disks were used as electrodes. AC
impedance spectra were recorded using an impedance analyzer (SP-200, Bio-Logic), with 50-
mV peak-to-peak bias voltage in the frequency range of 1 Hz to 1 MHz.

The Nyquist plots were fitted with a nonlinear least square fitting algorithm, implemented in
Z-fit in the BioLogic EC-lab suite. All data points were equally weighted. The equivalent circuit
for the vertically-aligned MOC crystal arrays is shown in the inset of Fig. 5g. Axial resistivity of
the MOCs were calculated by

_ Ryoc - (ad)
Pmoc = 4

where p, A and d are the resistivity, cross section of the electrode (0.7 cm?) and thickness of the
AAO membrane (60 um), respectively. a is the filling ratio of the MOC crystals in the AAO
membrane, and was determined by SEM to be ~0.03%. The calculation yielded pmoc of ~100
Q'm and ~300 Q'm for 1ADCu and 4DICu respectively.

The equivalent circuit for the randomly oriented MOC powder samples, shown in the inset of
Fig. S10, consists of two resistors (R1, R2), a capacitor (C1) and a constant-phase element (Q2).
We attribute C; and R to the capacitance/resistance of the inorganic core, while Q2 and R
represent the transport through defects, grain boundaries and electrode barriers®. We found that
this circuit model yielded the best fitting of the experimental data (Fig. S10). The relative change
of Ry is plotted in Fig. 5h.

Data availability. The data supporting the findings of this study are available within the Article
and its Supplementary Information or from the authors. The crystallographic data have been
deposited with the Cambridge Crystallographic Data Centre under CCDC-1512970 and
1512971. These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. The crystallographic data in CIF format are
also available as Supplementary Data 1 and 2.
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Figure 1 | Schematic of synthesis and structure of MOC crystals. a, Schematic of the two-
phase synthetic strategy for MOC crystals. R = adamantane or diamantane, M = Cu. EG =
ethylene glycol. b, Representative scanning electron microscopy (SEM) micrograph of 1ADCu
crystals. Inset: Atomic force microscopy (AFM) of the 1ADCu crystals. Scale bars: 10 um
(SEM), 1 um (AFM). c, Refined single crystal XRD structure (SC-XRD) of 1ADCu viewed
along the chain elongation direction. Cu, S and C are represented by brown, yellow and black
colors, respectively. The blue spheres denote the vdW radii of the adamantane side group. d,
Side-view of individual LADCu NW structure solved by SC-XRD. The atoms are represented by
their 50%-probability ellipsoids. Only the a-carbons in the adamantyl sidegroups are shown for
clarity. The yellow and red triangles represent the three-atom S and Cu rings respectively. e, Unit
cell of the 1ADCu crystal solved by SC-XRD. Cu and S atoms are represented by red and yellow
spheres, and the adamantyl groups are represented by the grey capped stick model. Hydrogen
atoms are omitted for clarity. The blue dots denote the centroid of the adamantyl groups.
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Figure 2 | ‘Face-on’ growth mechanism of 1ADCu. Cyclic trimers of LADCu prefer the cis
arrangement of adamantyl sidegroups (upper left) to the trans configuration (bottom left) by 5.2
kJ mol?, leaving the inorganic face accessible to further addition. Subsequent formation of the
hexamer reveals that despite the increased steric repulsion, the “open-face” conformation (top-
right), where the three adamantyl groups rotate to be in vdW contact, is more favorable than the
trans configuration (bottom right) by 5.0 kJ mol, once again revealing the inorganic face and
allowing NW elongation. All structures and relative energies are computed by DFT. The black
double-headed arrows denote energy differences, with structures on the bottom having higher
energy. The blue block arrows indicate propagation of NW growth.
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Figure 3 | Relative stabilities of LADCu NWs with different diameters. a-d, DFT-computed
structures of LADCu NWs with 3 (a), 4 (b) and 5 (c) S atoms on the circumference, as well as
1ADCu single-layer sheet (d). e, Distance between the centroids of adjacent adamantyl
sidegroups (left axis, red) and the relative change of total energy (right axis, blue) for the
structures shown in (a-d).
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Figure 4 | Prediction of growth mode and crystal structure of 4DICu. a, Similar to 1ADCu,
cis 4DICu cyclic trimers (top left) are lower in energy than the trans conformer (bottom left) by
4.9 kJ mol, allowing precursor addition to the inorganic face. However, the trans conformation
(top right) dominates over the “open-face” conformation (bottom right) in the hexamers due to
steric repulsion, preventing face-on growth. Black double-headed arrows denote energy
comparison with the structures on the bottom having higher energy. Blue block arrows indicate
propagation of NR growth. b, SC-XRD determined atomic structure of 4DICu viewed along the
chain elongation direction. The diamantyl groups are represented by their vdW spheres (red). c,
Side view of the individual 4DICu NR structure resolved by SC-XRD. Atoms are represented by
their 50%-probability ellipsoids. Only the a-carbons in the diamantyl sidegroups are shown for
clarity. d, Unit cell of 4DICu determined by SC-XRD. Cu and S atoms are represented by red
and yellow spheres, and the diamantyl groups are represented by grey capped stick model. The
red dashed arrows indicate the parallel or perpendicularly paired diamantyl groups in adjacent
NRs.

22



[ HYAVAY

Energy (eV)
x

INNIE

/e
|
\
\

e
D
[}
{ =
©
2
o
[72]
o)
<
x 0
2.0 25 3.0 3.5
1ADCu 4DICu Photon Energy (eV)

1.5

-
L

f g e TE

3

Relative resistivity ~— ==
°

-
o
&

0 10 100 10° 10°
[H.O,] (ppm)

Figure 5 | Theoretical and experimental investigation of electronic properties. a-b,
Computed band structures of 1ADCu (a) and 4DICu (b) at the PBE and HSE levels of DFT with
plane-wave basis set. The left panels show the band structures along the high-symmetry
directions computed at the PBE level. The middle panels show the band structures near VBM
and CBM, computed at the HSE level. The right panels show the first Brillouin zones with the
corresponding atomic structures overlaid. ¢, Effective carrier masses (in the unit of electron rest
mass) near VBM (h*) and CBM (e") for 1ADCu (blue) and 4DICu (red). d, Spatial distributions
of HOMO (green, lower panel) and LUMO (red, upper panel) in LADCu NW. e, Optical
absorbance spectra of LADCu (blue) and 4DICu (red). The arrows denote the onset positions of
the optical absorption. f, Schematic (upper panel) and SEM image (low panel) of vertically
aligned 1ADCu crystal arrays. The LADCu crystal and the AAO matrix are represented by blue
and grey colors respectively. Scale bar, 10 um. g, Nyquist plots from vertical arrays of 1ADCu
(blue), 4DICu (red) and blank AAO template (black). The discrete markers and continuous lines
denote the experimental data and fitting, respectively. Inset, schematic device structure and
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equivalent circuit. The lower panel shows the zoom-in view of the low-impedance regime of the
upper panel. h, Relative resistivity change as a function of the concentration of H>O solution.
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Figure 6 | SEM micrographs of MOC crystals beyond copper thiolates. a-d, MOC crystals
with different metal cations: cadmium adamantane-1-thiolate (a), cadmium m-carborane-9-
thiolate (b), zinc adamantane-1-thiolate (c) and iron(Il) adamantane-1-selenolate (d). e-h, Ag-
based MOCs with different SDA ligands: adamantane-1-thiol (e), diamantane-4-thiol (f),
[121]tetramantane-6-thiol (g) and [1(2)3]tetramantane-3-thiol (h). The insets show the structures
of the SDAs. Scale bars, 10 um for a and b, and 5 um for the rest.
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