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Tunable Interlayer Interactions in Exfoliated 2D van der
Waals Framework Fe(SCN)2(Pyrazine)2

Jacob McKenzie, Doran L. Pennington, Thomas Ericson, Elana Cope, Aaron J. Kaufman,
Anthony F. Cozzolino, David C. Johnson, Kentaro Kadota,* Christopher H. Hendon,*
and Carl K. Brozek*

2D materials can be isolated as monolayer sheets when interlayer interactions
involve weak van der Waals forces. These atomically thin structures
enable novel topological physics and open chemical questions of how to tune
the structure and properties of the sheets while maintaining them as isolated
monolayers. Here, this work investigates 2D electroactive sheets that exfoliate
in solution into colloidal nanosheets, but aggregate upon oxidation, giving
rise to tunable interlayer charge transfer absorption and 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. Compared to other 2D
materials, these framework sheets display the largest known interlayer binding
strengths, attributable to specific orbital interactions between the sheets,
and among the longest interlayer exciton lifetimes. Taken together, this study
provides a microscopic basis for manipulating long-range opto-electronic
behavior in van der Waals materials through molecular synthetic chemistry.

1. Introduction

Graphene, CrI3, and other layered compounds derive their
unique properties from weak interlayer van der Waals interac-
tions 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 technolo-
gies including batteries,[1,2 ] catalysts,[3,4 ] superconductors,[%,6 ]
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topological insulators,[7 ] and photovoltaic
devices.[( ] However, strong interlayer
interactions can also dominate the behav-
ior of 2D vdW materials. For example,
whereas monolayers of black phosphorous
possess an optical band gap of 1.%% eV,
the gap decreases to 1.)% eV for dimers
and to just ).46 eV for bulk.[* ] In addi-
tion, the already-high charge mobility of
2(6 cm2 V−1 s−1 of black phosphorous
when prepared as several stacked layers
increases to 1))) cm2 V−1 s−1 simply by
increasing the film thickness.[1) ] Similar
layer-dependent phenomena manifest in
structurally similar tellurene (2D elemental
Te) and GeP3 or SnP3, along with cer-
tain metal chalcogenides including InSe,
TiS2, SnS, and the group-1) family (e.g.,
PtS2 or PtTe2).[11–17 ] On the other hand,
the group-6 and group-7 transition metal
dichalcogenides (e.g., WSe2 and MoS2) and
ReS2, display layer-dependent optical gaps,
but the effect is much less extreme.[16 ]

This marked difference in interlayer
interactions has been correlated with interlayer binding
strengths, which range from 23 meV Å−2 for weakly inter-
acting graphene, 33 meV Å−2 for strongly interacting black
phosphorous, and *2 meV Å−2 for interactions that are better
described as “bond-like” for GeP3.[17,1( ] Microscopically, interac-
tions between electron lone pairs in the so-called van der Waals
gap between these layered compounds has been proposed as
the origin of strong interlayer interactions. In fact, X-ray scat-
tering measurements have detected electron density between
TiS2 sheets resembling S-S bonding interactions.[1* ] Beyond
single-compound materials, interlayer interactions influence
heterostructures as well. Practically, exciton annihilation rates in
MoS2 and WS2 can be reduced by one-to-two orders of magnitude
by using an Al2O3 or SrTiO3 substrate as opposed to a quartz
substrate.[2) ] Furthermore, band-edge offsets in heterojunctions
such as MoSe2/WSe2 lead to interlayer excitons[21 ] with long
recombination lifetimes and ultra-high charge carrier/thermal
transport due to e,cient polaron delocalization across layers.[22 ]

As a result, interlayer excitons find utility in advanced field-effect
transistors,[23,24 ] photodetectors,[2%,26 ] and quantum emitters.[27 ]

Despite the importance of interlayer interactions in tuning 2D
vdW behavior, little is known about their chemistry, in part
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Figure 1. a) %D crystalline structure for Fe(SCN)2(pyz)2. (For clarity, 2 layers are shown) b) methanolic solution of exfoliated Fe(SCN)2(pyz)2 displaying
the Tyndall e)ect. c) local octahedral coordination environment of iron centers. d) Powder X-ray di)raction patterns for the bulk and exfoliated 2D sheets
pre and post atmospheric oxidation.

due to the limited set of materials and synthetic methods for
investigating them.

Here, we report a combined experimental-computational in-
vestigation into the tunable interlayer interactions of the 2D
metal-organic framework (MOF) Fe(SCN)2(pyrazine)2. These 2D
materials exfoliate under sonication to yield a colorless solu-
tion of colloidally stable nanosheets with Fe in the 2+ oxida-
tion state. Upon chemical or electrochemical oxidation, how-
ever, an intense and broad absorption band emerges. DFT cal-
culations indicate that oxidation creates mixtures of Fe3+/Fe2+

sheets that interact with an anomalously large binding strength
of ≈64 meV Å−2 Simulations also suggest that this absorption
band arises from interlayer charge transfer from the S atom of
an Fe3+-SCN fragment to a pyrazine ring in the adjacent layer
across the vdW gap. Although this excitation resembles inter-
layer excitons, it occurs between layers of the same material
rather than between heterodimers. Whereas interlayer excitons
and binding strengths remain di,cult to tune in conventional
vdW materials,[2( ] the 2D vdW MOF is amenable to a range
of chemical modification strategies. Experimentally, this inter-
layer charge transfer band modulates in response to solvents
of varying dielectric strengths that screen the interlayer interac-
tion, to electrolyte that separate the sheets, and in response to
changes in the chemical composition of the donor-acceptor com-
ponents of the 2D MOF. Taken together, these results expand
the range of interlayer interactions through synthetic tunabil-
ity, while inching their orbital nature closer toward true covalent
binding.

2. Results and Discussion

In search of vdW materials with wide synthetic tunability, we
targeted a subset of MOF structures due to their diverse com-
positions. Although most MOFs behave as electronic insula-
tors, a growing family of atomically thin structures exhibit the
semiconducting or metallic behavior expected for vdW materials
with strong interlayer interactions.[2* ] Indeed, recent reports in-
dicate that charge mobility between sheets may exceed mobility
within a 2D sheet.[3) ] However, studies of interlayer interactions
between 2D MOFs remains largely limited to the “graphitic,”
honeycomb-type structures dominated primarily by !–! forces
akin to graphene.[31 ] Inspired by the ability of the lone pairs in
black phosphorous or TiS2 to interact across the vdW gap, we
targeted the 2D layered MOF Fe(SCN)2(pyrazine)2 (Fe-SCN-pyz,
Figure 1a,c), which features axial SCN− groups and their lone
pairs oriented toward adjacent sheets. We hypothesized that in a
similar manner to the lone pairs of black phosphorus, the SCN−

groups would mediate vdW interactions and increase the accessi-
ble contact area between sheets. Similar pyrazine-bridged mate-
rials have exhibited semiconductor behavior.[32 ] Fe-SCN-pyz was
prepared according to reported synthetic procedures[33 ] and the
isolated microcrystalline powder was analyzed by powder X-ray
diffraction (PXRD), showing the expected Bragg reflections for
a layered structure (Figure 1d). To generate isolated 2D sheets,
the bright orange microcrystalline powder was exfoliated via ul-
trasonication in methanol to yield an optically clear yellow solu-
tion that displayed the Tyndall effect (Figure 1b). In addition to
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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 spec-
trum of exfoliated Fe-SCN-pyz nanosheets suspended in a 0.1-M TBAPF6 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 2(0 nm. Inset shows photolumiscence decay for the interlayer emission, with a biexponential
fit.

methanol, the material readily suspended in a variety of both po-
lar and nonpolar solvents (Figure S3, Supporting Information).
To confirm sample stability to exfoliation, this nanosheet suspen-
sion was dried to yield a light orange powder and analyzed again
by PXRD, confirming retention of crystallinity, with strong pref-
erential orientation along the ())1) crystallographic plane. AFM
measurements show aggregated nanosheets as expected from
the drying process. Nevertheless, many of these agglomerates
were only 1–% nm thick (Figure S1), Supporting Information).
Because simulated crystal structure of a monolayer is ≈1 nm
thick, these AFM measurements indicate the presence of mono-
layers and aggregates as thin as % layers.

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 2
weeks. The violet-colored solution still displays the Tyndall effect,
however, suggesting the sheets remain separated. When dried,
this nanosheet suspension yields a dark purple, nearly black pow-
der. The crystallinity of this material is preserved with preferen-
tial orientation along the ())1) crystallographic plane and a slight
shift of the ())1) reflection indicating a relative contraction of in-
terlayer spacing in the crystal lattice (Figure 1d). In addition, high
resolution TEM images support the preservation of nanosheet
structure after excessive air exposure (Figure S*, Supporting In-
formation).

To investigate this stark color change, the samples were mea-
sured by solution-state spectroscopy. Figure 2a displays UV–vis
spectra of nanosheets suspended in MeCN under anerobic condi-
tions and after atmospheric exposure. Both samples show promi-
nent features in the UV region, similar to the reported absorp-
tion spectrum of the analogous material Co-SCN-pyz.[34 ] Most
notably, upon air exposure, a broad and intense absorption band
emerges between 36) and 7)) nm. The intensity of the band is
consistent with an allowed electronic transition, while its breadth
suggests vibronic coupling and its energetic position indicates
it involves states below the optical band gap – all characteristics

of intersheet charge transfer excitons.[3%–3( ] Indeed, photolumi-
nescence (PL) measurements of the oxidized nanosheets sus-
pended in dichloromethane and excited with 2%)-nm light re-
veal two emission profiles (Figure 2b). The PL bands centered
at ≈34) nm resemble the intralayer charge recombination ob-
served in the analogous Co-SCN-pyz,[34 ] while an additional PL
features appears at ≈66) nm. Secondary emission features often
are seen in 2D materials with strong interlayer coupling that en-
ables charge transfer across the vdW gap. Hence, we assign the
PL band at ≈66) nm to the charge recombination of an interlayer
exciton.[3*–44 ] We propose that excitation with 2%)-nm light pro-
motes a !-to-!* transition within the pyrazine rings, giving rise to
intralayer emission at ≈34) nm, whereas the interlayer emission
at ≈66) nm occurs following hole transfer across the vdW gap
from pyrazine to a pendant SCN−. Whereas many studies have
documented interlayer excitons in solid-state samples, few if any
have been observed for suspended solutions due to the spatial
separation of dissolved species. Here, we propose interlayer ex-
citons emerge in suspended 2D sheets due to aggregation upon
oxidation.

Interlayer excitons are often distinguished from intralayer
excitons by their longer fluorescence lifetimes induced by de-
creased electron-hole wavefunction overlap.[4% ] The inset in
Figure 2b shows the time-resolved photoluminescence of the in-
terlayer emission process fitted to a biexponential decay: I (t) =
B1 e −t∕"slow + B2e −t∕"fast . The fit produces "slow and " fast lifetimes of
4)) and 1% ns, respectively, both longer than the intralayer emis-
sion (≈1 ns) seen in the full-time-resolved photoluminescence
decay (Figure S7, Supporting Information). The lifetimes of in-
terlayer excitons in vdW materials are often 1–1)) ns and, in rare
cases, microseconds. In such instances, the exciton is described
as either a dark exciton, resulting from an indirect transition[46 ]

or as a Moiré trapped exciton induced by lattice mismatches
in 2D heterostructures.[47,4( ] Dark excitons often display broad-
ened excitonic absorption profiles and as additional low-intensity,
red-shifted absorption features.[37 ] Tentatively, we assign the
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secondary feature to a dark exciton of its broad absorption profile
and because it is redshifted from a secondary, presumably “bright
exciton” when suspended in dichloromethane.[37 ] Interestingly,
we also observe evidence of Moiré fringes in the TEM images of
air-oxidized nanosheets (Figure S*, Supporting Information), as
a result of differing lattice parameters between Fe2+-SCN-pyz and
Fe2+/3+-SCN-pyz.

To understand the effect of air on the Fe-SCN-pyz oxidation
state and the formation of the interlayer excitonic band, the sam-
ples were studied by %7Fe Mössbauer spectroscopy. In contrast
to the high-spin Fe2+ observed for freshly prepared powder of
Fe-SCN-pyz, %7Fe Mössbauer spectra of nanosheets suspended
in MeOH and exposed to air for 2 months display two distinct
doublets. The isomer shift at 1.11 mm s−1 with a large quadrupo-
lar splitting of 3.36 mm s−1 is assignable to high-spin Fe2+. The
second doublet has a decreased isomer shift of 1.)2 mm s−1 and
quadrupolar splitting of 2.)* mm s−1 consistent with high-spin
Fe3+ (Figure S14, Supporting Information). Interestingly, even
with excessive atmospheric oxidation, the material equilibrates
to a mixed-valent state with 21% Fe2+ and 7*% Fe3+. Further evi-
dence of mixed valency was confirmed by diffuse-reflectance UV–
vis spectra of air-oxidized powder, which displayed a broad band
in the near IR characteristic of an intervalence charge transfer
(IVCT) between Fe2+-Fe3+ (Figure S%, Supporting Information).
Atmospheric oxidation is further confirmed by the presence of a
coordinated OH− stretch in the Fourier-transform infrared spec-
tra of the air- exposed sample at 34)) cm−1 (Figure S17, Support-
ing Information). The hydroxide is both a byproduct of O2 re-
duction and the charge-compensating anion to the mixed valent
Fe2+/3+-SCN-pyz structure.

To further understand the interplay between Fe oxidation state
and visible light absorption, voltammetric spectroelectrochem-
istry was performed on a solution of nanosheets suspended in
MeCN under anaerobic conditions. The electrochemical cell con-
sisted of a quartz cuvette with a platinum mesh working elec-
trode, platinum wire counter electrode, silver wire pseudo refer-
ence electrode, and ).1-M TBAPF6 as the supporting electrolyte.
Cyclic voltammetry measurements of the suspended nanosheets
revealed a reversible redox feature centered at 4)) mV versus Ag
that is assignable to the Fe2+/3+ redox couple (Figure S11, Sup-
porting Information). To this solution, a constant 7)) mV poten-
tial was applied while UV–vis spectra were recorded in 2-minute
intervals. The inset in Figure 2a displays the growth of an absorp-
tion feature at ≈%)) nm during the application of the oxidizing
potential. The reversibility of this ≈%)) nm feature was explored
by applying a 1)) mV reducing potential after oxidation, caus-
ing the feature to fully bleach. Finally, 7)) mV was applied once
more and the ≈%)) nm feature returned (Figure S12, Supporting
Information).

To identify the underlying mechanism driving optical absorp-
tion in solutions of oxidized nanosheets, a series of DFT calcula-
tions were performed on monolayer and bulk systems to model
the behavior of the material with and without interlayer interac-
tions. First, we obtained the interlayer coupling strength, defined
as the energy needed to separate the layered material into individ-
ual sheets an infinite distance apart, as a function of Fe oxidation.
The fully reduced Fe2+ bulk material yields an interlayer binding
energy of 2 meV Å−2, which is far weaker than the known vdW
materials and supports the experimental finding that ultrasonica-

tion readily exfoliates the solid material to yield a suspension of
nanosheets. However, when the bulk model system is oxidized
to %)% Fe3+, the interlayer spacing contracts by ).( Å which is
accommodated by axial SCN− of one layer intercalating within
the open square pores of the next layer formed by the pyrazine
units (Figure 3a). This contraction is likely encouraged by en-
hanced electrostatic attraction between the electron-rich S atom
of isothiocyanate and Lewis-acidic Fe3+ sites, as the Fe-S distance
contracts from 4.6( to 4.44 Å upon oxidation. Aside from com-
pression in the stacking direction, no significant structural rear-
rangements occur when the material oxidizes. In this contracted,
oxidized structure, the interlayer coupling energy increases to 64
meV Å−2 This is among the largest interlayer coupling strengths
ever reported, and is nearly double the calculated coupling energy
of black phosphorous.[4* ] 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 sug-
gests that nanosheets are likely to experience a strong energetic
push to aggregate in solution to some extent when oxidation oc-
curs, as the sheets are significantly stabilized by interlayer inter-
actions in the mixed-valent state (Figure 3a).

Using both the fully reduced and the mixed-valent models,
the optical properties of the sheets as both monolayers and as
bulk systems with interlayer interactions were computed us-
ing a range-dependent model dielectric function to describe the
screened Coulomb potential of the excited state. The gold stan-
dard for these calculations, GW-BSE, is too computationally ex-
pensive for this system which contains 216 atoms and ≈7() va-
lence electrons. Instead, the exchange-correlation kernel can pro-
vide an approximation of the screened Coulomb potential, avoid-
ing a costly ab initio calculation. The solutions to the Casida
eigenvalue equation that result from this approach, similarly to
the solutions of the Bethe-Salpeter equation in GW-BSE, have
been shown to accurately recover optical properties in a num-
ber of systems, including in van der Waals materials.[%)–%% ] Un-
der this TD-DFT scheme, range-dependent hybrid functionals
such as HSE)6 can be used, but the PBEsol exchange-correlation
kernel was preserved for this model. The precedent of this ap-
proach for a range of materials, along with the recovery of the
most intense visible absorption to within % nm of the experi-
mental value for this study, assures that the chosen model is suf-
ficiently accurate to describe the observed optical properties of
this material. The fully reduced Fe2+ material, both as an iso-
lated monolayer and as an aggregated bulk model, features in-
tense absorption between 22% and 3%) nm, corresponding to
the experimentally assigned pyrazine and SCN− transitions. In
both structural arrangements, any visible absorption is negligi-
ble. Similarly, the isolated monolayer of the mixed-valent mate-
rial only displays significant absorption in the UV range. How-
ever, in an aggregated arrangement of the mixed-valent material
an intense and broad visible absorption peaking at %1) nm is ob-
served (Figure 3b). Examination of the wavefunctions associated
with the strongest-absorbing excitation reveals an intersheet tran-
sition from a donor level centered on the S atom of SCN− from
one layer into the surrounding pyrazine units bonded to the next
layer (Figure 3c). Because interlayer aggregation is necessary to
bring pyrazine into proximity to the interdigitated SCN−, this
transition appears only in the layered material after oxidation-
induced contraction. Indeed, the distance between the S atom of
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Figure (. a) Owing to intersheet exchange interactions, the mixed valent sheets exhibit increased vdW stabilization compared to the fully reduced
system. b) Simulated transitions and relative absorption strength for monolayer and bulk mixed valent 1:1 Fe2+:Fe%+-SCN-pyz. c) The transition at (10
nm involves transitions between the depicted occupied and virtual bands.
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Figure 4. a) UV–vis spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets suspended in diethyl ether, MeCN, DCM, n-propanol, and MeOH
at 184 µM. b) Oscillator strength sum across the visible light bands vs solvent dielectric. c) Concentration dependence of atmospherically oxidized
Fe-SCN-pyz nanosheets suspended in MeOH. d) Absorbance at ≈(00nm as a function of concentration.

SCN− and the closest N atom in pyrazine is shortened from 4.)*
to 3.47 Å in the mixed-valent configuration. These results further
suggest that upon 2%) nm excitation during fluorescence, the ex-
cited electron-hole pair is localized on pyrazine. While some ra-
diative decay is observed at ≈37% nm, given the close 3.47 Å prox-
imity of the pendant SCN−, the hole can transfer to the sulfur in
SCN−, forming the interlayer exciton that emits predominantly at
≈66) nm.

In summary, computations support the formation of interlayer
excitons between pendant SCN- in one layer and pyrazine rings
in the next layer during conditions, such as Fe oxidation and
mixed valency, that place layers su,ciently close. These simu-
lations agree with the experimental results in Figure 2: before
iron oxidation, the solution-state UV–vis spectrum displays neg-
ligible absorbance in the visible region because interlayer inter-
actions are disfavored and absorption bands only associated with
isolated layers appear. However, upon iron oxidation, we observe
the emergence of an intense, broad absorption band in the visi-
ble region consistent with the simulated UV–vis spectrum for in-
teracting layers, where strong SCN-Fe3+ interactions favor inter-
layer excitonic coupling. The interlayer contraction predicted for
strongly interacting layers is further supported experimentally by
the PXRD pattern of these oxidized nanosheets that show with a
distinct shift of the ())1) reflection to lower d spacings.

Based on the hypothesis that the broad visible band arises from
interlayer charge transfer, 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 attributed dis-
tinct solvatochromatic effects to the dielectric sensitivity of the
pendant SCN− group.[34 ] With the SCN− group facilitating inter-
layer interactions and charge transfer we expected equally strong
solvatochromic effects (Figure 4a).[34 ] Indeed, in low dielectric
solvents (such as Et2O, THF, and DCM) the interlayer charge
transfer band is redshifted, intense, and broad. This result sug-
gests that weaker solvent-SCN interactions strengthen interlayer
interactions, facilitating interlayer charge transfer through in-
creased aggregation and/or increased electron density on SCN−.
By contrast, high-dielectric solvents blueshift and weaken inter-
layer charge transfer, with the band nearly absent in solvents like
MeOH. Strong solvent-SCN interactions weaken interlayer cou-
pling and reduce interlayer charge transfer through weakening
interlayer interaction and/or reducing electron density on NCS−.
While it is well known that the dielectric surrounding interlayer
excitons has profound effects on its behavior, this phenomenon
has only been explored in 2D heterostructures where insulative
layers or organic layers are incorporated between strongly in-
teracting materials to modulate the dielectric response.[4%,%6 ] In
contrast, due to the solution processability and strong interlayer-
induced aggregation, we report for the first time solvent effects
on interlayer charge transfer excitons.

Given the evidence that the broadband feature arises from
aggregation-induced charge transfer, we explored the effect of
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Figure 5. a) UV–vis spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets suspended in MeCN as TBABF4 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 air-oxidized Fe-SCN-pyz before
and after saturating the pellet with a 1-M MeCN solution of TBABF4. c) Photographic depiction of the solution upon addition of TBABF4.

interlayer spatial distance. Accordingly, we expected non-linear
deviations from Beer-Lambert’s law at su,ciently high concen-
trations where sheets begin to aggregate.[%7 ] Indeed, 1(4-µM
methanolic suspensions shown in Figure 4a display only a weak
band ≈4)) nm attributable to the SCN − Fe3 + charge transfer.
For sheets suspended at a far higher concentration of 2()) µM,
the interlayer charge transfer band appears (Figure 4c). As shown
in Figure 4d, intensity of the interlayer charge transfer band
shows a non-linear concentration dependence at higher concen-
trations, suggesting aggregation-assisted charge transfer.

As an alternate route to controlling interlayer aggregation, we
explored the ability of electrolytes to disrupt interlayer interac-
tions. Molecular intercalation has been employed for interrupt-
ing interlayer interactions in black phosphorus and in 2D per-
ovskite systems.[%(,%* ] However, such intercalants have been lim-
ited to strongly interacting molecules that influence the elec-
tronic structure. Figure 5a shows the UV–vis spectrum of air-
oxidized sheets suspended in MeCN with increasing equivalents
of electronically inert TBABF4. With greater quantities of elec-
trolyte, the interlayer charge transfer blueshifts and decreases in
intensity, while features associated with the simulated monolayer
at ≈3)) 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 in-
tercalating anion, we explored anions of varying size. By adding
the larger anion PF6

− in the form of TBAPF6 to a nanosheet
suspension, a comparatively minor decrease in the interlayer
charge transfer band appears (Figure S16, Supporting Informa-
tion). We interpret this result to mean that the bulkier PF6

− (2%4
pm compared to BF4, 232 pm) proves less effective at intercalat-
ing between aggregates and screening charge. Conversely, addi-
tion of the smaller anion NO3

− (17* pm) in the form of TBANO3
causes the interlayer absorption band to vanish even with

relatively few electrolyte equivalents (Figure S16, Supporting
Information).

Finally, the synthetic tunability of Fe-SCN-pyz permits micro-
scopic investigation into the structure-function nature of the in-
terlayer charge transfer band. To tune the electronic nature of
the donor orbitals, the analogous 2D material Fe(Cl)2(pyz)2 was
synthesized. The successful synthesis was confirmed by PXRD
(Figure S2, Supporting Information). Upon exposure to atmo-
sphere and suspension in THF no visible broadband feature was
observed (Figure 6a). However, a strong band ≈36) nm appears,
which we assign to a Cl − Fe3 + charge transfer transition. In ad-
dition, DR UV–vis of the air-oxidized sample exhibits a broad
band indicative of an IVCT in the NIR, like Fe-SCN-pyz, indi-
cating a mixed-valent state (Figure S6, Supporting Information).
These results provide further evidence of the orbital participation
of SCN− in the visible broadband feature. In a complementary
fashion, we tuned the nature of the acceptor orbitals by synthe-
sizing Fe(SCN)2(4,4′-bipyridine)2 (Figure S1, Supporting Infor-
mation). Unlike Fe-Cl-py, upon atmospheric oxidation and sus-
pension in THF, a purple color is observed. Figure 6b plots the
corresponding solution-state UV–vis spectra, indicating that the
interlayer NCS-4,4′–bipyridine charge transfer transition weak-
ens and blueshifts relative to the NCS-pyz charge transfer band.
We propose that this effect reflects the strong dependence of the
interlayer charge transfer on molecular motion: the ability of 4,4′
bipyridine to rotate decreases favorable donor and acceptor or-
bital overlap.[6) ]

(. Conclusion

Here, we present a combined experimental-computational inves-
tigation into interlayer interactions of the van der Waals elec-
troactive frameworks Fe(SCN)2(pyrazine)2. Although stable as
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Figure ). a) Representation of interlayer charge transfer process. 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.

isolated nanosheets when Fe2+, partial oxidation induces strongly
bound mixed valent aggregates that generate intense and broad-
band interlayer excitons with long lifetime photoluminescence.
Due to the inherent tunability of the frameworks, we identi-
fied the origin of this charge transfer by systematically alter-
ing 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, con-
centration, oxidation state, and electrolyte identity. Taken to-
gether, these results demonstrate the ability of molecular or-

bital interactions to dictate long-range behavior of topological
materials.

4. Experimental Section
Materials: All commercial chemicals were used as received un-

less stated otherwise. Iron(II) sulfate heptahydrate (ACS grade, Fisher
Chemical), iron(II) chloride (anhydrous, Strem), potassium thiocyanate
(ACS grade, Fisher Chemical), potassium selenocyanate (99%, Thermo
Scientific Chemicals), pyrazine (99%, Sigma Aldrich), 4,4′-Bipyridine
(98%, Fisher Chemical), tetrabutylammonium hexafluorophosphate (re-
crystallized %× from EtOH) (99%, Fisher Chemical), tetrabutylammo-
nium tetrafluoroborate (recrystallized % × from MeOH/water mixtures)
(99%, Fisher Chemical), tetrabutylammonium nitrate (98%, Fisher Sci-
entific), ferrocenium tetrafluoroborate (technical grade, Sigma Aldrich),
Diethyl ether (99%, Fisher Chemical), tetrahydrofuran (99.9%, Oak-
wood Chemical), N.N-Dimethylformamide (ACS grade, Fisher Chemi-
cal), dichloromethane (99.(%, Fisher Chemical), tert-butanol (99%, J.T.
Baker), n-propanol (Macron Chemicals, 99%), acetone (99.(%, Fisher
Chemical), ethanol ((200 proof, Decon Labs), methanol (99.8%, Fisher
Chemical), Scientific) and nanopure water (Thermo Scientific, Barnstead
Nanopure).

Characterization: Sample purity and crystallinity was verified by pow-
der X-ray di)raction (PXRD) with a Bruker D2 Phaser benchtop di)rac-
tometer. Transmission electron microscope (TEM) images were col-
lected with a FEI Tecnai by drop casting methanolic nanosheet/bulk
suspensions onto carbon-coated copper TEM grids and drying natu-
rally in air. Atomic force microscope (AFM) images were collected on
a Bruker Dimension ICON with ScanAsyst by drop casting ethanolic
nanosheet suspensions onto freshly piranha-cleaned Si/SiO2 wafers, dry-
ing naturally under N2. Solution-state UV–vis was collected on an Ag-
ilent Cary (000 spectrophotometer and DR UV–vis-NIR was collected
on the same instrument with a Harrick Scientific Praying Mantis Dif-
fuse Reflection (DRP) accessory. Reflectance samples were diluted and
the instrument was baselined with BaSO4. Infrared Spectroscopy was
collected with a Bruker Alpha II compact IR with an ATR attachment.
Photoluminescence was collected with a HORIBA Fluoromax Spectroflu-
orometer and lifetime measurements were performed with a HORIBA
TEMPro Time-Correlated Single Photon Counting Fluoroscence lifetime
system.

57Fe Mössbauer Spectroscopy: All samples were characterized by a SEE
Co. (7Fe Mössbauer spectrometer equipped with a Janis SVT-400 cryo-
stat. The samples were prepared under an inert N2 atmosphere by plac-
ing up to %0 mg of fine powder in a 14.( mm Teflon cup with a Teflon
plunger pressed into the cup to hold the sample. Data were collected un-
til the signal-to-noise was deemed su,cient for meaningful analysis. This
was dependent on the amount of sample loaded and the intensity of the
source but was typically longer than 1 week. Samples were maintained un-
der a nitrogen atmosphere for the duration of the experiment. Calibration
of the instrument was performed using a standard iron sample provided
by SEE Co. The data were analyzed using the Mössbauer spectral anal-
ysis software WMOSS4[61 ] written by Tom Kent and recently developed
by Ion Prisecaru. The raw data were folded and calibrated using the iron
standard supplied to us. The folded data were then fit to an appropriate
model. We used two models to fit the data for this paper: the first is used
for a pair of quadrupole doublets, and the second model is for a single
quadrupole doublet. We used these models to refine the relevant param-
eters such as the shift of the quadrupole peak and the relative area of the
peaks.

Chemical Oxidation of Fe-SCN-pyz with FcBF4: Under an inert N2 at-
mosphere, a ferrocenium tetrafluoroborate stock solution was prepared
by dissolving 0.070 g of ferrocenium tetrafluoroborate in 1( mL of THF
and left to stir for 2 h. Separately, under an inert N2 atmosphere, 0.0%18 g
of Fe-SCN-pyz powder was exfoliated in 20 mL of MeOH via ultrasoni-
cation. To 4 separate vials, 4 mL of the Fe-SCN-pyz stock solution were
added. While stirring, 112, 280, (60, and 896 µL of the ferrocenium

Adv. Mater. 2024, 24099(9 © 2024 Wiley-VCH GmbH2409959 (8 of 11)
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tetrafluoroborate stock solution was added to each vial, respectively (0.1
– 0.8 eq.). The solutions were left to stir for 48 h. The resulting solutions
were dried down under dynamic vacuum and washed by ultrasonication
with 10 mL of hexanes.

Spectroelectrochemistry of Suspensions of Fe-SCN-pyz: Under an in-
ert N2 atmosphere, 2( mg of Fe-SCN-pyz was exfoliated in 2( mL of
MeOH via ultrasonication. 1 mL of this solution was added to a vial
and dried under dynamic vacuum and resuspended in an 8-mL MeCN
solution containing %10 mg of TBAPF6 (recrystallized × % from EtOH).
4 mL of this solution was added to a quartz cuvette along with a 7 ×
7 mm platinum mesh working electrode, a platinum wire counter elec-
trode, and a silver pseudoreference electrode. Under an N2 atmosphere,
using a ThorLabs cuvette holder with multimode step index fiber optic
patch cables connected to a Agilent Cary (000 spectrophotometer, UV–
vis spectra between %(0 and 700 nm were collected every 2 min un-
der an applied bias supplied by a GAMRY Instruments Interface (000E
potentiostat.

Photoluminescence of Suspended Air Oxidized Fe-SCN-pyz Nanosheets:
A 1(0-µ- solution of Fe2+/%-SCN-pyz in % mL of dichloromethane was
sparged for ≈1( min with N2 to remove dissolved oxygen before it was
loaded into an air-free quartz fluorometer cuvette and placed into a
HORIBA Fluoromax Spectrofluorometer. The sample was excited with
2(0 nm light using a (-nm slit width. Emission spectra were collected from
2(( to 1000 nm using a ( nm slit width. Spectra were corrected for in-
strumental features by subtracting a spectrum of neat dichloromethane.
Lifetime measurements were performed on these same samples with
a HORIBA TEMPro Time-Correlated Single Photon Counting Fluores-
cence lifetime system, NanoLED%40 excitation source, and TBX picosec-
ond detector. The excitation frequency was 2( kHz and the fluores-
cence decay was measured until 10 000 counts was reached. The re-
sulting fluorescence curve was best fit with a #2 close to 1 with %
exponentials.

Synthetic Procedures: Fe(SCN)2(pyz)2 (Bulk). Following reported syn-
thetic procedures,[%% ] 277.7 mg of FeSO4•7H2O, 160 mg of pyrazine,
and 194 mg of KSCN were dissolved in ( mL of DI water, respectively.
To a stirring solution of FeSO4, the KSCN solution was drop-wise, fol-
lowed by drop-wise addition of pyrazine. This mixture was allowed to
stir for 24 h at RT. The resulting bright orange solid precipitate was
washed with water (1( mL × 2), EtOH (1( mL × 1), and diethyl ether
(1( mL × 1). The product was dried overnight at RT under dynamic
vacuum.

Fe(SCN)2(4,4′-Bipyridine)2 (Bulk). Following reported synthetic
procedures,[62,6% ] 277.7 mg of FeSO4•7H2O, %06 mg of 4,4′-bipyridine,
and 194 mg of KSCN were dissolved in ( mL of DI water, respectively.
While stirring the FeSO4 solution the KSCN solution is added drop-wise,
followed by drop-wise addition of 4,4′-bipyridine. The solution was
allowed to stir for 24 h at RT. The resulting bright orange solid precipitate
was washed with water (1( mL × 2), EtOH (1( mL × 1), and diethyl ether
(1( mL × 1). The product was dried overnight at 120 °C under dynamic
vacuum.

Fe(Cl)2(pyz)2 (Bulk). Following reported synthetic procedures,[64 ]

100 mg of anhydrous FeCl2 and 70( mg of pyrazine were dissolved in
4 and 1 mL of EtOH, respectively. While stirring the FeCl2 solution, the
pyrazine solution was added drop-wise. The solution was allowed to stir
for 24 h at RT. The resulting bright red solid precipitate was washed with
EtOH (1( mL × 1), and diethyl ether (1( mL × 1). The product was dried
overnight at RT under dynamic vacuum. A Rietveld refinement of the pow-
der X-ray di)raction pattern was performed, using the known pattern from
Ni(Cl)2(pyz)2, giving the simulated pattern shown in Figure S2, Support-
ing Information.[6( ]

Fe(SCN)2(pyz)2 (Nanosheets). Under N2 ( mg of freshly prepared
Fe(SCN)2(pyz)2 was suspended in 10 mL of deoxygenated MeOH. The
solution was then sonicated in an ultrasonic bath (Branson 2(10R-DTH
Ultrasonic Cleaner) for %0 min. The resulting solution was centrifuged at
%000 RPM for 10 min to remove bulk material, and the remaining solution
was dried under vacuum to yield nanosheets. Similar procedures were fol-
lowed for Fe(Cl)2(pyz)2 and Fe(SCN)2(4,4′-Bipyridine)2 nanosheet gener-
ation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Sun, M. Dincă, Nat. Mater. 2021, 2(, 222.

[%1] R. W. Day, D. K. Bediako, M. Rezaee, L. R. Parent, G. Skorupskii, M.
Q. Arguilla, C. H. Hendon, I. Stassen, N. C. Gianneschi, P. Kim, M.
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