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Abstract. Two-dimensional materials can be isolated as monolayer sheets when interlayer
interactions involve weak van der Waals forces. These rigorously atomically thin structures enable
novel topological physics and open chemical questions of how to tune the structure and properties
of the sheets while maintaining the sheets as isolated monolayers. Interactions between sheets and
the properties they generate remain relatively neglected, as a consequence of this focus on their
properties as monolayers. Here, we investigate two-dimensional porous sheets that exfoliate into
isolated monolayers, but aggregate upon oxidation, giving rise to tunable interlayer charge transfer
absorption and Stokes-shifted photoluminescence. This optical behavior resembles interlayer
excitons, now intensely studied due to their long-lived emission, but which remain difficult to tune
through synthetic chemistry. Instead, the interlayer excitons of these framework sheets can be
modulated through control of solvent, electrolyte, oxidation state, and the composition of the
framework building blocks. In comparison to other two-dimensional materials, these framework
sheets display the largest known interlayer binding strengths, attributable to interactions between
specific components within the sheets. Taken together, these results provide a microscopic basis
for manipulating long-range opto-electronic behavior in van der Waals materials through
molecular synthetic chemistry.

Introduction

Graphene, Crls, and other layered compounds derive their unique properties from weak interlayer
van der Waals interactions that allow them to exist as atomically thin sheets. These 2D van der
Waals (vdW) materials display distinct quantum mechanical behavior that finds use in a range of
technologies including batteries,!? catalysts,** superconductors,>® topological insulators,” and
photovoltaic devices.® However, strong interlayer interactions can also dominate the behavior of
2D vdW materials. For example, whereas monolayers of black phosphorous possess an optical
band gap of 1.55 eV, the gap decreases to 1.05 eV for dimers and just 0.46 eV for bulk.’ In addition,
the already-high charge mobility of 286 cm? V! s! of black phosphorous when prepared as several
stacked layers increases to 1000 cm? V! s7! simply by increasing the film thickness.!® Similar
layer-dependent phenomena manifest in telurene (2D elemental Te) and certain metal
chalcogenides including InSe, TiS», SnS, and the group-10 family (e.g., PtS; or PtTe»).!!"16 On the
other hand, various classes of layered materials, including the group-6 and group-7 transition metal
dichalcogenides (e.g., WSe> and MoSz) and ReS», display little if any dependence on layer
thickness.!® This marked difference in interlayer interactions has been correlated with interlayer
binding strengths, which range from 23 meV A2 for weakly interacting graphene to 33 meV A2
for strongly interacting black phosphorous.!” Microscopically, “quasi-covalent bonding” between
electron lone pairs in the so-called van der Waals gap between these layered compounds has been
postulated as the origin of strong interlayer interactions. In fact, X-ray scattering measurements
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have detected electron density between TiS, sheets resembling S-S bonding interactions.'® Beyond
single-compound materials, interlayer interactions influence heterostructures as well. Practically,
exciton annihilation rates in MoS; and WS can be reduced by 1 to 2 orders of magnitude by using
a AlbOs or SrTiO; substrate as opposed to a quartz substrate.!® Furthermore, band-edge offsets in
heterojunctions such as MoSe»/WSe, lead to interlayer excitons?® with long recombination
lifetimes and ultra-high charge carrier/thermal transport due to efficient polaron delocalization
across layers?!?? Interlayer excitons find utility in advanced field-effect transistors,>**
photodetectors,?>?¢ and quantum emitters.?” Despite the importance of interlayer interactions in
tuning 2D vdW behavior, little is known about their chemistry, in part due to the limited set of
materials and synthetic methods for investigating them.

Here, we report a combined experimental-computational investigation into the tunable
interlayer interactions of the 2D metal-organic framework (MOF) Fe(SCN)x(pyrazine),. These 2D
materials exfoliate under sonication to yield a colorless solution of colloidally stable monolayer
sheets with Fe in the 2+ oxidation state, but upon either chemical or electrochemical oxidation, an
intense and broad absorption band is introduced. DFT calculations indicate that oxidation creates
mixtures of Fe3*/Fe?* sheets that strongly interact with an anomalously large binding strength of
ca. 64 meV/A?. Simulations also suggest that this absorption band arises from interlayer charge
transfer from the S atom of an Fe**-SCN fragment in one layer to a pyrazine ring in the next layer
through the vdW gap. Although this excitation resembles interlayer excitons, it occurs between
materials that differ only in oxidation state rather than between heterodimers. Whereas interlayer
excitons and binding strengths remain difficult to tune in conventional vdW materials,?® the 2D
vdW MOF is amenable to a range of chemical modification strategies. Experimentally, this
interlayer charge transfer can be modulated with solvents of varying dielectric strength to screen
the interlayer interaction, with electrolyte to separate the sheets, or by altering the chemical
composition of the donor-acceptor components of the 2D MOF. Taken together, these results
expand the types of interlayer interactions through synthetic tunability, while inching their orbital
nature closer towards true covalent binding.

Results and Discussion

In search of vdW materials with wide synthetic tunability, we targeted a subset of MOF structures
due to their diverse compositions. Although most MOFs are electronic insulators, a growing family
of atomically thin structures show the semiconducting or metallic behavior expected for vdW
materials with strong interlayer interactions.?” Indeed, recent reports indicate that charge mobility
between sheets may exceed mobility within a 2D sheet.’° However, studies of interlayer
interactions between 2D MOFs remains largely limited to the “graphitic”, honeycomb-type
structures dominated primarily by n— forces akin to graphene.®! Inspired by the ability of the lone
pairs in black phosphorous or TiS; to interact across the vdW gap, we targeted the 2D layered
MOF Fe(SCN)a(pyz): (Fe-SCN-pyz, Fig. 1a, 1c), which features axial SCN~ groups. We
hypothesized that in a similar manner to lone pairs, the SCN~ groups would mediate vdW
interactions and increase the accessible contact area between sheets. Similar pyrazine-bridged
materials have exhibited semiconductor behavior.’? Fe-SCN-pyz was prepared according to
reported synthetic procedures?? and the obtained microcrystalline powder was analyzed by powder
X-ray diffraction (PXRD), which showed the expected Bragg reflections for a layered structure
(Fig. 1d). To generate isolated 2D sheets, the bright orange microcrystalline powder was exfoliated
via ultrasonication in methanol to yield an optically clear yellow solution, which strongly
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displayed the Tyndall effect (Fig. 1b). In addition to methanol, the material was readily suspended
within a variety of both polar and nonpolar solvents (Fig. S4). To confirm sample stability, this
nanosheet suspension was dried to yield a light orange powder and analyzed again by PXRD,
confirming retention of crystallinity, with strong preferential orientation along the (001)
crystallographic plane.
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Figure 1: (a) 3D crystalline structure for Fe(SCN)2(pyz)2. (b) methanolic solution of exfoliated
Fe(SCN)2(pyz): displaying the Tyndall effect. (c) local octahedral coordination environment of
iron centers. (d) Powder x-ray diffraction patterns for the bulk and exfoliated 2D sheets pre and
post atmospheric oxidation

As a powder under aerobic conditions, Fe-SCN-pyz remains bright orange indefinitely,
while as a methanolic suspension it progressively darkens from yellow to violet over the course of
two weeks. The violet-colored solution still strongly displays the Tyndall effect, however,
indicating the sheets remain separated. When dried, this nanosheet suspension yields a dark purple,
nearly black powder. The crystallinity of this material is preserved with preferential orientation
along the (001) crystallographic plane and a slight shift of the (001) reflection indicating a relative
contraction of interlayer spacing in the crystal lattice (Fig. 1d). To investigate this stark color
change, the samples were measured by solution-state spectroscopy. Fig. 2a displays UV-Vis
spectra of the materials suspended in MeCN under anerobic conditions and after atmospheric
exposure. Both samples show prominent features in the UV region, similar to reported absorption
spectrum for the analog material Co-SCN-pyz.’* Most notably, upon air exposure, a broad and
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Figure 2: (a) UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets suspended in MeCN pre and
post atmospheric oxidation. Inset shows UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets
suspended in a 0.1M TBAPFs MeCN solution as 700mV vs Ag/Ag" is applied with a platinum
mesh working electrode, platinum wire counter electrode, and silver wire pseudoreference. (b)
UV-Vis spectra and photoluminescence spectra of the air oxidized Fe-SCN-pyz nanosheets
suspended in DCM after excitation at 250 nm

intense absorption band emerges between 360-700 nm. The intensity and position of the transition
suggests the electronic transition is allowed, the breadth suggests it is strongly coupled to vibronic
motion, and the energetic position suggests the transition is far below the band gap, all
characteristics of intersheet charge transfer excitons.*>>% Indeed, photoluminescence
measurements of the oxidized nanosheets in DCM shows two emission profiles, when exciting at
250 nm (Fig. 2b). The massive red-shift, and low energy emission feature is a hallmark of
interlayer excitons. Instead of purely intralayer emission upon excitation, nonradiative electron or
hole transfer occurs between layers, generating a charge transfer exciton. Such behavior is
common in 2D materials with strong interlayer coupling, but has been limited in study to
heterostructure-based films 3°*3 Careful observation of the emission and absorption profiles
indicates poor spectral overlap between the intralayer excitation and the interlayer absorption,
which indicates the nonradiative transfer is a Dexter energy transfer process commonly seen in 2D
van der Waal heterostructures.***> The resulting interlayer emission is in close proximity to the
assigned interlayer charge transfer in the absorption spectrum, supporting the assignment of this
band as a interlayer charge transfer exciton.

To understand the effect of air on the Fe-SCN-pyz oxidation state and the formation of this
band, the samples were studied by >’Fe Mossbauer spectroscopy. In contrast to the high-spin Fe?*
observed for freshly prepared powder of Fe-SCN-pyz, ’Fe Mdssbauer spectra of nanosheets
suspended in MeOH and exposed to air for two months exhibit two distinct doublets assignable to
high spin Fe?" and high spin Fe** (Fig. S12). Interestingly, even with excessive atmospheric
oxidation, the material equilibrates to a mixed valent state with 21% Fe?" and 79% Fe** Further
evidence of mixed valency was confirmed by diffuse reflectance UV-Vis spectra of air-oxidized
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powder, which displayed a broad band in the near IR characteristic of an intervalence charge
transfer (IVCT) between Fe**-Fe** (Fig. S6).

To further understand the interplay between Fe oxidation state and visible light absorption,
voltammetric spectroelectrochemistry was performed on a solution of nanosheets suspended in
MeCN under anaerobic conditions. The electrochemical cell consisted of a quartz cuvette with a
platinum mesh working electrode, platinum wire counter electrode, silver wire pseudo reference
lectrode, and 0.1 M TBAPFs as the supporting electrolyte. Cyclic voltammetry measurements of
the suspended nanosheets revealed a reversible redox feature centered at 400 mV vs. Ag that
assignable to the Fe?>"** redox couple (Fig. S9). To this solution, a constant 700 mV potential was
applied while UV-Vis spectra were recorded in 2-minute intervals. Figure 2b displays the growth
of an absorption feature at ~500 nm during application of the oxidizing potential. The reversibility
of this ~500 nm feature was explored by applying a subsequent 100 mV reducing potential after
oxidation, causing the feature to fully bleach. Finally, 700 mV was applied once more and the
~500 nm feature returned (Fig. S10).

To identify the underlying mechanism driving optical absorption in solutions of oxidized
nanosheets, a series of DFT calculations were performed on monolayer and bulk systems to model
the behavior of the material with and without interlayer interactions. First, we obtain the interlayer
coupling strength, defined as the energy needed to separate the layered material into individual
sheets an infinite distance apart, as a function of Fe oxidation. The fully reduced Fe?" bulk material
yields an interlayer binding energy of 2 meV, which is far weaker than the known vdW materials
and supports the experimental finding that sonication readily exfoliates the solid material to yield
a suspension of monolayer nanosheets. However, when the bulk model system is oxidized to 50%
Fe, the interlayer spacing contracts by 0.8 A which is accommodated by axial SCN- of one layer
intercalating within the open square pores of the next layer formed by the pyrazine units. In this
contracted, oxidized structure, which is supported by the experimentally observed shift of the (001)
PXRD reflection upon aerobic storage, the interlayer coupling energy increases to 64 meV/AZ.
This is among the largest interlayer coupling strengths ever reported, and is nearly double the
calculated coupling energy of black phosphorous.*® Furthermore, this demonstrates for the first
time the utility of redox in modulating the coupling strength for a material of fixed composition.
Additionally, this result suggests that monolayer nanosheets are likely to experience a strong
energetic push to aggregate in solution to some extent when oxidation occurs, as the sheets are
significantly stabilized by interlayer interactions in the mixed-valent state.

Using both the fully reduced and the mixed-valent models, the optical properties as both
monolayers and as bulk systems with interlayer interactions were computed using a model
dielectric function to describe the screened Coulomb potential of the excited state. The fully
reduced Fe?" material, both as an isolated monolayer and as an aggregated bulk model, features
intense absorption between 225 and 350 nm, corresponding to the experimentally assigned
pyrazine and SCN transitions. In both structural arrangements, any visible absorption is negligible.
Similarly, the isolated monolayer of the mixed-valent material only displays significant absorption
in the UV range. However, in an aggregated arrangement of the mixed-valent material an intense
and broad visible absorption peaking at 510 nm is observed (Fig. 3a). Examination of the
wavefunctions associated with the strongest-absorbing excitation reveals an intersheet transition
from a donor level centered on the S atom of SCN" from one layer into the surrounding pyrazine
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units which are bonded to the next layer. Because interlayer aggregation is necessary to bring
pyrazine into proximity to the interdigitated SCN, this transition is only observed in the layered
material after oxidation-induced contraction. Indeed, the distance between the S atom of SCN- and
the closest N atom in pyrazine is shortened from 4.09 A to 3.47 A in the mixed-valent
configuration. These results suggest that upon excitation during fluorescence the excited electron-
hole pair is localized pyrazine. While some radiative decay is observed at ~375 nm, given the close
3.47 A proximity of the pendant SCN", the hole can transfer to the SCN forming the interlayer
exciton that emits at lower energies.
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Figure 3: (a) Simulated transitions and relative absorption strength for monolayer and bulk mixed
valent 1:1 Fe?":Fe’*-SCN-pyz. (b) Owing to intersheet exchange interactions, the mixed valent
sheets exhibit increased vdW stabilization compared to the fully reduced system. (c) The emergent
transition at 510 nm involved transitions between the depicted occupied and virtual bands.

Based on the hypothesis that the broad visible band arises from interlayer charge transfer,
and is a charge transfer exciton, we explored the ability of solvent to screen the Coulombic
electron-hole interactions. In the UV-Vis response of the isostructural Co-SCN-pyz, authors
attribute distinct solvachromatic effects to the dielectric sensitivity of the pendant SCN- group.*
With the SCN- group facilitating interlayer interactions and charge transfer we expected strong
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solvatochromic effects (Fig. 4a).>* Indeed, in low dielectric solvents (such as Et,O, THF, and
DCM) the interlayer charge transfer band is redshifted, intense, and broad. We interpret this result
to mean that weaker solvent-SCN interactions strengthen interlayer interactions, facilitating
interlayer charge transfer through increased aggregation and/or increased electron density on SCN.
In addition, improved stability of charge transfer excitons by reduced dielectric screening. By
contrast, high dielectric solvents blueshift and weaken interlayer charge transfer, with the band
nearly unobservable in solvents like MeOH. Strong solvent-SCN interactions weaken interlayer
coupling and reduce interlayer charge transfer through weakening interlayer interaction and/or
reducing electron density on NCS . The high dielectric medium will also facilitate poor exciton
lifetime. While it is well known that the dielectric around the exciton has profound effects on its
behavior, it has only been explored in 2D heterostructures where insulative layers or organic layers
are incorporated between strongly interacting materials to modulate the dielectric response.*’** In
contrast, due to solution processability and strong interlayer induced aggregation, we report for the
first time solvent effects on interlayer charge transfer excitons.
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Figure 4: UV-Vis spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets suspended in
diethyl ether, MeCN, DCM, n-propanol, and MeOH at 184uM (a). Oscillator strength sum across
the visible light bands vs solvent dielectric (b) Concentration dependence of atmospherically
oxidized Fe-SCN-pyz nanosheets suspended in MeOH (c). Absorption at ~500nm as a function of
concentration (d).

Given this evidence that the broadband feature arises from aggregation-induced charge
transfer, we explored the effect of interlayer spatial distance. Accordingly, we expected non-linear
deviations from Beer-Lambert’s law at sufficiently high concentrations where sheets begin to
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aggregate.* Indeed, suspensions in MeOH at 184 uM in Figure 4a. only display a weak band
around 400 nm attributed to the SCN — Fe3* charge transfer. For sheets suspended at far higher
concentration of 2800 uM, interlayer charge transfer appears (Fig. 4¢). As shown in Fig. 4d,
intensity of the interlayer charge transfer band shows a non-linear concentration dependence at
higher concentrations, suggesting aggregation-assisted charge transfer.

As an alternate route to controlling interlayer aggregation, we explored the ability of

a) b)
0.6 l -
s
=2
S5 T 0mMm S
: 0.45+ s
© [
e 17 TBABF, P
2 1 ]
© 1 Qo
g 0.3 . 2
g v 3
< N
1 185 mM ©
i £
0.151 TBABF, S
z
300 400 500 600 200 400 600 800 1000
c) Wavelength (nm) Wavelength (nm)

TBABF, Addition

Figure 5: (a) UV-Vis spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets suspended
in MeCN as TBABF; is titrated in (tick marks at top of graph denote the most intense simulated
absorptions for mixed valent aggregates and monolayers). (b) DR UV-Vis of atmospherically
oxidized Fe-SCN-pyz before and after saturating the pellet with a IM MeCN solution of TBABF,.
(c) Photographic depiction of the solution color change as TBABF, is added.

electrolytes to disrupt these interlayer interactions. Molecular intercalation has been used as a
viable method in disrupting interlayer interactions in black phosphorus and in 2D perovskite
systems.’®>! However, they have been limited in scope to strongly interacting molecules which
influence electronic structure. Fig. Sa shows the UV-vis spectrum of air-oxidized sheets suspended
in MeCN with increasing equivalents of inert TBABF4. With greater quantities of electrolyte, the
interlayer charge transfer blueshifts and decreases in intensity while features associated with the
monolayer Fe-SCN-pyz sheet at ~300 nm increase in intensity. The electrolyte ions stabilize the
monolayers in solution and reduce interlayer interactions. As an additional synthetic handle for
modulating the size of the intercalating anion, we explored anions of varying size..Adding the
larger anion PFs in the form of TBAPFs to a nanosheet suspension, a comparatively minor
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Figure 6: (a) Depiction of the of the donor and acceptor atoms in the interlayer charge transfer.
(b) UV-Vis of atmospherically oxidized Fe-SCN-pyz, and Fe-Cl-pyz suspended in THF. (c) UV-
Vis of atmospherically oxidized Fe-SCN-pyz and Fe-SCN-4,4’-Bipyridine suspended in THF.

decrease in the interlayer charge transfer band is observed (Fig. S14). We interpret this result as
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the bulkier PF¢ proving less effective at intercalating between aggregates and screening charge.
Conversely, when the smaller anion NO3™ from TBANO3 is added to nanosheet suspensions the
interlayer band is quenched with addition of relatively few electrolyte equivalents (Fig Sx).

Finally, the synthetic tunability of Fe-SCN-pyz permits microscopic investigation into the
structure-function nature of the interlayer charge transfer band. To tune the electronic nature of the
donor orbitals, analogous 2D material Fe(Cl)2(pyz). was synthesized. The successful synthesis was
confirmed by PXRD (Fig. S2). Upon exposure to atmosphere and suspension in THF no visible
broadband feature was observed (Fig. 6¢). However, we do observe a strong band around 360 nm,
which we instead assign to a Cl — Fe3* charge transfer. In a complementary fashion, we tuned the
nature of the acceptor orbitals by synthesizing Fe(SCN)2(4,4'-bipyridine), (Fig. S3). Unlike Fe-
Cl-py and Fe-SeCN-pyz, upon atmospheric oxidation and suspension in THF a purple color was
observed. Solution state UV-Vis seen in Fig. 6b reveals that the interlayer NCS — 4,4’ —
bipyridine charge transfer is far weaker and slightly blue shifted relative to the NCS — pyz charge
transfer. We propose that this is due to the strong dependence of the interlayer charge transfer to
molecular motion. The ability of 4,4 bipyridine to spin on the bridging methyl axis decreases
favorable donor and acceptor orbital overlap, with such molecular dynamics reported in solution.>?

These results report for the first-time interlayer coupling in 2D MOFs. In summary, Fe*-
SCN-pyz nanosheets in solution exhibit minimal interlayer coupling with a band gap of 3.9 eV,
compared to 2.6 €V in bulk. However, with oxidation to Fe?"**-SCN-pyz there is a strong
interlayer stabilizing interaction, shifting the band gap from 3.9 eV to 2.4 eV in THF. This coupling
induced by strong SCN—pyz interactions leads to an intersheet exitonic charge transfer. Fe**
oxidation promotes greater interlayer coupling by stabilizing aggregates and reducing distance
between SCN- and pyrazine between layers, even in solution. Solution-state characterization
allows for a systematic study into interlayer excitonic absorption. Parameters such as the dielectric
medium, concentration, intercalating species, and composition had profound effects on interlayer
interactions. Interlayer excitons were observed in solutions of high Fe-SCN-pyz concentrations,
low dielectric strength solvents, low electrolyte concentrations, and in materials that contain axial
SCN-.

Conclusion.

In conclusion, we present a combined experimental-computational investigation into interlayer
interactions of the van der Waals porous frameworks Fe(SCN)x(pyrazine). Although stable as
isolated monolayers when Fe?', partial oxidation induces strongly bound mixed valent aggregates
that generate intense and broad-band interlayer excitons. Due to the inherent tunability of the
frameworks, we identified the origin of this charge transfer by systematically altering the
composition of the organic and inorganic components. The SCN-to-pyrazine interlayer exciton
can be modulated in intensity and peak position by tuning interlayer distance and electronic
coupling strengths through changes in solvent, concentration, oxidation state, and electrolyte
identity. Taken together, these results demonstrate the ability of molecular orbital interactions to
dictate long-range behavior of topological materials.
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