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ABSTRACT: Chalcogenido metalates have long been regarded as
cluster-based semiconductors, yet their conductive nature has not Double Salt ..
been studied in detail, although such compounds do bear potential g 2 7 %
for use in electronics. Herein, we introduce four new compounds, ‘\ -i: 'i: Ji 4 j/ ¢

(HDMMP),[Sn;Se,]-(HDMMP),[Sn,Seq]o s (1), | ‘ M‘@Zﬁ
(C5CiIm);(HDMMP)[Sn;Se;], (2), and their Cs*-exchanged & . i‘ ’i ).f
derivatives, 1* and 2¢* (HDMMP protonated 2,6-dimethylmor- Vertical A R AR e R

pholine; C;C,Im = 1-propyl-3-methyl-imidazolium), all of which
are based on 2D-{[Sn;Se,]*} anionic substructures. Detailed
current—voltage measurements on single crystals of 1 and 2 as well
as their ion-exchanged derivatives were undertaken that indicated
complex nonlinear and highly structure-dependent conductive
properties. For 1, the studies demonstrate that intercalation of
molecular 0D-[Sn,Se¢]*™ units with higher negative charge density as compared to the 2D-{[Sn;Se,]>”} networks creates open
circuits that lead to nonconductive characteristics. In contrast, the I—V measurements carried out on 2 suggest a combination of
electrical and ionic conductivity along horizontal and vertical directions of this compound based exclusively on the 2D-{[Sn;Se,]*"}
substructures. Cation exchange in 1 and 2 with Cs®, which in the case of compound 1 is accompanied by an extraction of the
molecular anions OD-[Sn,Ses]*”, confirms this suggestion: a set of I—V characteristics, including I—V hysteresis and
chronoamperometry traces, demonstrate that both compounds are now conductive, with ionic conductivity dominating along
both vertical and horizontal directions of 1°* and 2. Notably, compound 1 not only turned into a conductive material 1, it
additionally became slightly more conductive this way than 2. In summary, this work unravels the nonlinear conductive nature of
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selenido stannates and represents a step forward toward functional materials based on chalcogenido metalates.

H INTRODUCTION

Cluster-based chalcogenido metalates have shown application

potential in photocatalysis' >
6-10

conductors

or electrocatalysis,”” and as ionic
owing to their electronic or ionic conducting
properties combined with their porous characteristics." "
However, their conductive nature has rarely been studied,
although this would be an important step toward promoting
their use as electron or ion conductors in electronics. For
instance, the compound (TMA),[FeGe,Ch;,] (TMA =
tetramethylammonium; Ch = S, Se) has been identified as a
purely electronic conductor, whereas analogues in which Fe is
replaced by M = Mn, Co, Ni, or Zn exhibit ion-electron-
coupled conductivity.'"'* As the anionic substructure in
(TMA),[MGe,Ch,,] represents a three-dimensional network,
the cations migrate diffusively within the channels and the
electrons transport randomly along the framework.'"”'* In
contrast, less has been known for compounds that consist of
layer-like anionic substructures, which offers the possibility of
investigating conductivity in both the vertical and horizontal
directions on single crystals and this way understand the
conductivity pathways much better. Potential future applica-

15,16

tions of such materials include memristors or electrolyte-
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based flexible alkali-ion sensors for wearable sensors based on
the change in ionic conductivity on the skin.'’ ™"’

For this, we synthesized model compounds based on the
prominent 2D-{[Sn;Se,]*"} honeycomb-type substructure.
One of them comprises counterions (HDMMP)* and
(C;CiIm)* (HDMMP = protonated 2,6-dimethylmorpholine;
C5C,Im = 1-propyl-3-methylimidazolium) between the anionic
layers. Another compound comprises (HDMMP)* counterions
only, and every second 2D-{[Sn;Se,]*>"} layer is replaced with
a layer of molecular 0D-[Sn,Se;]*” anions, which introduces an
open circuit parallel to the 2D substructures. In addition, the
compounds were treated with aqueous solution of CsCl to
obtain cation-exchanged products. In case of the compounds
with additional molecular anions, the latter were released into
solution through this process. A full set of electrical
measurements, including linear and cyclic current (I)—voltage
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(V) sweeping, chronoamperometry trace, and temperature-
dependent conductivity measurements, are performed to
approach the conductive nature of selenido stannates using
these four compounds.

B RESULTS AND DISCUSSION

Scheme 1 illustrates the syntheses presented herein.

Scheme 1. Illustration of the Ionothermal Syntheses of
Compounds 1 and 2“

(HOC,C,Im)[BFJ; DMMP

150 °C, 3 days (Cat 1),[Sn,Se;]-(Cat 1),[Sn,Seglys 1

[Lig(H,0),3[SnSe ] —| Cat1=HDMMP Cat2=C,C,im

(C4C4Im)[BF ,J; DMMP

150°C, 3 days (Cat 1)(Cat 2);[Sn,Se;], 2

“Abbreviations are detailed in the text.

Treatment of [Li,(H,0),;][SnSe,] in 1-hydroxyethyl-3-
methyl-imidazolium tetrafluoroborate (HOC,C,Im)[BF,]
and 2,6-dimethylmorpholine (DMMP) for 3 days at 150 °C
afforded (HDMMP),[Sn;Se,]-(HDMMP),[Sn,Seqlos (1) as
air-stable single crystals (see the Supporting Information for
more experimental details). Compound 1 crystallizes in the
triclinic system, space group type P1, with two formula units
per unit cell (V = 2359.69(14) A®). It can be understood as a
double-salt of half an equivalent of (HDMMP),[Sn,Se;],

comprising 0D-[Sn,Ses]*” anions, and (HDMMP),[Sn;Se,],
exhibiting the famous two-dimensional honeycomb-like (hcb
topology) substructure 2D-{[Sn,;Se,]*"}.”*"> In the double
salt, layers of OD anions and 2D substructures, both oriented
parallel to the crystallographic ab plane, alternate along the
crystallographic ¢ direction, with (HDMMP)* cations being
embedded between the layers of selenido stannate anions
(Figure lac). By replacing the hydroxyl group in the ionic
liquid cation with a methyl group, hence, using (C;C,Im)-
[BE,] instead of (HOC,C,Im)[BF,] as the reaction medium
while keeping the other reaction conditions unchanged (see
Supporting Information for details), we obtained air-stable
single crystals of compound (C;C,Im);(HDMMP)[Sn;Se;],
(2). Compound 2 crystallizes in the monoclinic crystal system,
space group type Cc with four formula units per unit cell (V =
5806.8(7) A%). This compound is based on exclusively the
honeycomb-like (hcb topology) 2D-{[Sn,;Se,]*"} anionic
substructure (Figure 1b,d), but here, we observe a mixed-
cationic situation: the anionic layers are separated by both
(HDMMP)* and (C,;C,Im)* in a 1:3 ratio, while 1 bears
(HDMMP)* counterions only. The Sn—Se bond lengths and
Se—Sn—Se angles for 1 and 2 are found within the range of
2.4524(12)—2.7988(7) A and 86.49(6)—127.22(7)°, respec-
tively, in aégreernent with reported values of similar
compounds.”®~** The two compounds thus share structural
similarities, but also differ in a way that makes them ideal
candidates for comparison of further properties, which are

Sn Se/i

B!

N
A

e @L\Q, ol\(/.»
N 5 A

B!

R
D P I

(b)

A

Figure 1. Comparison of the packing of anions and cations in the crystals of 1 (a,c) and 2 (b,d), viewed along the crystallographic b axis (a,b) or ¢
axis (c,d). The OD-[Sn,Ses]*” units and the 2D-{[Sn;Se,]*”} substructure are shown in polyhedral mode (left-hand and right-hand side) and are
further detailed in ball-and-stick mode (center). Color code: Sn—gray, Se—wine red, C—light gray, N—blue, and O—red. Counterions are

shown in wire mode, and H atoms are not shown for clarity.
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discussed below. The two structures are illustrated in Figure 1
(see Figures S2—S5 for more structural details).

Micro-X-ray fluorescence (u-XRF) investigations (Figures
S6, S7 and Table S3) and powder X-ray diffraction (PXRD)
measurements (Figures S8 and S9) served to verify the atomic
ratio and phase purity. Solid-state diffuse-reflectance spectra
(Figures S10 and S11) reveal that 1 and 2 are indirect optical
band gap materials.”’

The formation of 1 instead of 2 in the presence of 1-
hydroxyethyl-3-methyl-imidazolium cations is attributed to the
relatively protic nature of the hydroxyethyl groups on the
(HOC,C,Im)* cations. They serve to effectively protonate
DMMP molecules to form (HDMMP)* cations, which are
included in the product, thereby replacing the originally
present (HOC,C,Im)" cations and thus acting as an alternative
structural template.

Salts com3prising the 0D-[Sn,Ch¢]*" anion, like
K,[Sn,Se],* """ are generally water-soluble, while known
salts of the honeycomb-like substructure 2D-
{[Sn;Se,1*},>°7*° and also compounds 1 and 2, are not.
Additionally, organic cations in various chalcogenido metalates
were shown to be replaced with Cs* by treatment with a
concentrated aqueous solution of CsCL>” Given these two
facts, we were interested to explore the effect of a cation
exchange in these two related compounds on their solubility as
well as their physical properties. We thus performed ion
exchange experiments for 1 and 2 by suspension of single
crystals in aqueous CsCl solution. This yielded two air-stable
compounds, which we denominate as 1 and 2.

ESI mass spectra of the aqueous solutions obtained after the
exchange reaction (Figures $12—S17) indicate an exchange
and release of the counterion (for 1 and 2) and the additional
release of the 0D-[Sn,Se,]*™ anion (in the case of compound
1) into solution. The uniform distribution of Cs, Sn, and Se
atoms within the solids, detected by energy-dispersive X-ray
(EDX) elemental mapping analyses using scanning electron
microscopy (SEM) coupled with p-XRF measurements
(Figures S19—S21 and Table S4) further demonstrate that
cation exchange has occurred for both 1 and 2°.
Comparison of IR spectra of 1 and 1%, as well as of 2 and
2% (Figures S22 and S23), still show the vibrational
fingerprints of the organic cations, indicating that the exchange
was not 100% complete. Comparison between the PXRD
patterns of 1 and 1%, as well as 2 and 2 (Figures 524 and
S25) illustrate the anion-extraction and/or cation-exchange
reactions.

To investigate, compare, and understand the conductive
nature of these compounds, a set of electrical measurements
was performed over a single crystal. As shown in Scheme 2, the
hexagon-shaped crystals of 1, 1<, 2, and 2“ were placed
horizontally on a gold-coated silicon wafer.

The I-V characteristics were measured along vertical and
horizontal directions of the crystals by varying the tungsten
probes’ positions as illustrated in the scheme: the vertical
current flow, hence perpendicular to the crystallographic ab
planes, is measured with one of the tungsten tips pointing to
the top surface of the crystal and one to the gold substrate. By
placing both tungsten probes on the crystal surface, the
measured current flow crosses over the crystal in a horizontal
direction. As outlined in the following, the measurements
indicate that (a) we observe isotropic behavior of both
compounds, (b) compound 1 exhibits insulating behavior,
while compound 2 allows some current flow, and (c)

Scheme 2. Ilustration of the Conductivity Measurement
along Vertical and Horizontal Directions Over a Single
Crystal of All Compounds

(b) ’

Current flow: vertical Current flow: horizontal

VProbe: tungsten Substrate: gold ﬂif Sample

electronic and ionic conduction collectively account for the
nonlinear conductive nature of the compounds.

First, the I—V characteristics were measured within an initial
voltage sweep (—2 V — 2 V) over single crystals of the pristine
compounds 1 and 2. As shown in Figure 2a,b, the I-V curves

- 4
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Figure 2. I-V characteristics of compound 1 measured over a single
crystal, along vertical (a) and horizontal directions (b), and of 2 along
vertical (c) and horizontal directions (d).

measured along both vertical and horizontal directions of
compound 1 resemble the pattern measured under open-
circuit conditions (Figure S26), indicating its insulating
behavior (hence, nearly no power was consumed by compound
1 according to I-V) within the voltage range under the
measurement. However, for compound 2, the measured I-V
characteristics within a voltage sweep (=2 V — 2 V) are
nonlinear and asymmetric along both vertical and horizontal
directions, revealing its semiconducting nature, although the
measured currents are rather small even with a bias voltage at
+2 V (Figure 2c,d).

The difference in I-V characteristics is assumed to be a
result of the replacement of 2D-{[Sn;Se,]*>"} substructures by
the OD-[Sn,Se¢]*™ units, leading to an open-circuit effect in 1
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regarding the horizontal setup. In the vertical direction, we see
no electrical conductivity. Here, the higher negative charge
density of the 0D units causes stronger electrostatic
interactions between cations and anions, which reduces the
mobility of the cations and, hence, their contribution to the
overall conductivity that is measured.

Based on the structural features of the two compounds,
which include open channels running through the crystals of
compound 1 perpendicular to the ab plane, one would have
expected compound 1 to be more (ion-)conductive. Given the
higher mobility of alkali metal ions, I-=V characteristics were
thus recorded for a modified solid, in which the organic cations
were replaced (to some extent) with Cs* cations. The choice of
this cation was made as we assumed that the structures would
remain least affected when using a larger cation to replace the
organic molecules, hence allowing direct comparison. Indeed,
upon ion exchange, we find this compound to be the more
conductive one.

1 was investigated by applying a voltage sweep from —2 to
2 V (denoted as forward sweeping) and from 2 V to =2 V
(denoted as backward sweeping), see Figure 3.

0.3{—Forward (a) 0.2]—Forward (b)
— Backward| —_ Backward
E 0.2 ?:5 0.1 ) /
« 0.1 = 0.0
g v 5
£ 0.0 £-0.1
=] =]
©-0.1 / ©-02
-0. -0.3
02— -1 0 1 2 2 -1 0 1 2
Voltage (V) Voltage (V)
0.3 [— Hysteresis]| (c) 02 [— Hysteresis]| (d)
g 0.2 2
< < 0.1
.‘E’ 0.1 TE’ 0.0
£ 00 £
=
©-0.1 ©-01
- -0.2
R S e A -2 -1 0 1 2
Voltage (V) Voltage (V)

Figure 3. Forward (red and blue) and backward (pale-red and pale-
blue) I-V curves of 1° measured along vertical (a) and horizontal
(b) directions. I-V hysteresis of 1 measured over a consecutive
voltage sweep (0 V. > +2 V > —2 V — 0 V) along the vertical
direction (c), and over the same consecutive voltage sweep order
along the horizontal direction (d).

The I-V curves, measured along vertical and horizontal
directions (Figure 3a,b), demonstrate that the voltage-
dependent currents improve upon cation-exchange and
anion-extraction of 1 to form 1. More importantly, the I—
V curves feature nonzero-crossing current, indicating a
capacitor-like -V characteristic. To better understand the
nonzero-crossing nature, the I—V hysteresis was investigated
vertically and horizontally by applying a sweeping voltage order
of 0V > +2V - =2V — 0 V. Figure 3¢ displays the
hysteresis measured along vertical direction of 1. At the
initial stage while no bias voltage was applied, there is no
current flow observed. As the voltage was swept from 0 V to +2
V, the current flow gradually increases. In the phase with a
voltage sweeping from +2 V to —2 V, an open circuit voltage
(Voc) at +0.51 V is observed—at which the current is
determined to be zero but with a voltage of 0.51 V applied.

While decreasing the voltage from —2 to 0 V, a second V¢ at
—0.98 V is obtained, indicating a pair of asymmetric V along
the vertical direction of 1°°. During the voltage sweep direction
transition from +2 V to —2 V and —2 to 0 V, two nonzero-
crossing currents are observed at 0 V, suggesting the short
circuit current (Igc).”” This is attributed to the existence of a
displacement current (I3), which is a sum of voltage change (V

C}T‘;) and capacitance change (C‘Z—f) over time,”* yet given that

the former is a small number under quasi-static voltage
sweeping mode, the latter dominates the change and leads to
the observation of Isc at 0 V, the two Igc numbers are
determined to be —0.029 and +0.048 nA. The horizontal I-V
curve exhibits similar hysteresis phenomenon but with Vi
being +0.96 and —0.84 V, and I being —0.035 and +0.021 nA
(Figure 3d). In summary, the hysteresis suggests capacitor-like
I-V characteristics observed in both vertical and horizontal
directions for compound 1%, yet with variations in the
absolute V¢ and I values. Comparison with the few available
reports on conductivities of related chalcogenide-based
compounds indicates that the values we measured are in the
typical range (Table SS), and can now be optimized based on
the insights we provide.*>*

The same phenomena were observed for 2%, but with lower
conductivity compared to 1 (see Supporting Information).
The forward (voltage scans from —2 V to +2 V) and backward
(voltage scans from +2 V to —2 V) current flows along the two
directions display nonlinear characteristics, both exhibiting a
pair of asymmetric Ve and Iy (Figure S27). The I-V
hysteresis (Figure S28a) indicates the two V¢ are found at
+0.89 and —1.01 V, respectively, and the two I, measured as
—0.016 and +0.018 nA, slightly differ from the V¢ and Is¢
numbers observed from the I—V hysteresis along the vertical
direction of 1%, The horizontal I-V curve exhibits a similar
hysteresis phenomenon, but with V¢ being +1.43 and —1.33
V, and I being —0.007 and +0.01 nA (Figure S28b).

Chronoamperometry, as a tool for revealing conduction
mechanisms of a material,'* was performed over a single crystal
of 1 along the two directions (Figure 4a,b). The current
flows across vertical and horizontal directions of 1¢ were
recorded while stepping the applied voltage by +0.5 V every 50
s between 0 and S V, according to the pattern depicted in
Figure S29.

As illustrated in Figure 4a,b, at 0.0 to +1 V, the current flows
are too small to be accurately distinguished from the noise
floor. However, by applying higher voltage at +1.5 to +5.0 V, it
was found that the current flows decrease gradually at a steady
biased voltage, indicating an ionic conductivity along the
vertical and horizontal directions. This behavior is attributed to
the migration of Cs* cations through the six-membered
channels of the anionic substructure in the vertical direction,
and across the interlayer spacing of the two-dimensional
networks in the horizontal direction.

For 2%, the same phenomenon was observed from the
chronoamperometry trace measured along the vertical
direction (Figure S30a), indicating an ionic conductivity due
to the movement of Cs" cations through the six-membered
channels of the anionic network. However, the currents are too
small to determine the conduction mechanisms along the
horizontal direction (Figure S30b).

Finally, temperature-dependent I—V characteristics were
carried out to demonstrate temperature effects on the
conducting behaviors of 1 and 2. As depicted in Figures
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Figure 4. Chronoamperometry traces of 1 measured along vertical

(a) and horizontal (b) directions, under applied voltages ranging from
0 V to +5 V, with steps of 0.5 V. Temperature-dependent I—V curves
of 1° measured along vertical (c) and horizontal (d) directions, I-V
curves measured along both directions were carried out at room
temperature, 313.15, 333.15, and 353.15 K.

4¢,d and S31, I-V curves of 1* and 2% measured at four
different temperatures (room temperature, 313.75, 333.75, and
353.75 K), show the conductivity unexpectedly drops with
increasing temperature. We assume that an increased motion
of the residual organic cations block the ion transport path of
Cs" more effectively at higher temperatures, resulting in a
nondirectional movement of Cs*, and, consequently, reduced
conductivity under these conditions. Interestingly, all temper-
ature-dependent I—V characteristics display temperature-
dependent Ig- and temperature-independent V.. Addition-
ally, temperature-dependent I—V characteristics measured
along the horizontal direction of 1% and 2 feature the
same conduction behavior (Figures 4d and S31b), suggesting
that ionic conductivity also dominates the overall conductivity
along horizontal directions.

B CONCLUSIONS

In conclusion, we have revealed the conductive nature of a
series of selenido stannates, obtained from ionic liquids, and
their cation-exchanged derivatives with a full set of I-V
measurements. The I—-V characteristics demonstrate that
electronic and ionic conductivity govern the conductivity
along vertical and horizontal directions of the 2D-
{[Sn,Se,]*"}-based compound 2, respectively. Replacement
of every second 2D-{[Sn;Se,]*"} substructure by a layer of 0D-
[Sn,Ses]*™ anions creates an open circuit situation, leading to
insulating behavior of 1. Upon a Cs'-exchange process,
however, the conductivities increase as confirmed by forward
and backward I-V curves, finally reaching reasonable values
for this class of materials. This represents an excellent starting
point for systematic optimization to follow.

Additionally, I-V hystereses feature nonzero-crossing
currents, suggesting capacitor-like characteristics along both
directions for 1 and 2. Chronoamperometry traces show
that Cs* migration dominates the conductivity from both
horizontal and vertical directions of these compounds.

This work contributes to a fundamental understanding of
the conductive nature of selenido stannates with organic versus

inorganic cations, which will be intensified and transferred to
other chalcogenido metalates in our future studies.

B EXPERIMENTAL SECTION
General Synthesis Methods

All operations and reactions were performed in an argon atmosphere
by using standard Schlenk line or glovebox technic;ues. [Li,(H,0)5)-
[SnSe,] was prepared according to the literature.’ 2,6-Dimethylmor-
pholine (DMMP; Sigma-Aldrich, 99.8%) was dried over P,Oj,
distilled and stored over molecular sieve (3 A); 1-propyl-3-
methylimidazolium tetrafluoroborate, (C;C,Im)[BF,], from abcr
GmbH (99%); 1-hydroethyl-3-methylimidazolium tetrafluoroborate,
(HOC,C,Im)[BF,], from abcr GmbH (99%) were degassed before
use. All reactions were carried out with ionothermal approaches, and
the procedures for synthesizing compounds 1 and 2 are described in
detail below.

Synthesis of (HDMMP),[Sn;Se;]-(HDMMP),[Sn,Seglqs (1)
(HDMMP = Protonated 2,6-Dimethylmorpholine)

30 mg of [Li,(H,0),3][SnSe,] (0.065 mmol), S00 xL (2.337 mmol)
of (HOC,C,Im)[BF,], and 100 uL (0.812 mmol) of DMMP were
combined in a borosilicate glass ampule, which was flash-frozen in a
liquid nitrogen dewar, evacuated to an internal pressure of 0.05 mbar,
and subsequently flame-sealed. After being stood in a sand bowl for an
hour, the sealed ampule was heated to 150 °C from room temperature
at a heating rate of 30 °C/h, kept at 120 °C for 72 h, and then cooled
down to room temperature at a cooling rate of 5 °C/h. Orange
hexagonal crystals of 1 were obtained in a yield of approximately
69.7% (20 mg) with respect to [Li,(H,0);3][SnSe,]. Compound 1 is
stable under ambient conditions for at least 1 day, but was stored in a
glovebox for further use.

Synthesis of (C3C;Im);(HDMMP)[Sn;Se,], (2)

30 mg of [Liy,(H,0)5][SnSe,] (0.065 mmol), S00 L (2.358 mmol)
of (C4C,Im)[BF,], and 100 L (0.812 mmol) of DMMP were
combined in a borosilicate glass ampule, which was flash-frozen in a
liquid nitrogen dewar, evacuated to an internal pressure of 0.05 mbar,
and subsequently flame-sealed. After being stood in a sand bowl for an
hour, the sealed ampule was heated to 150 °C from room temperature
at a heating rate of 30 °C/h, kept at 150 °C for 72 h, and then cooled
down to room temperature at a cooling rate of 5 °C/h. Orange
hexagonal crystals of 2 were obtained in a yield of approximately
71.9% (18 mg) with respect to [Li,(H,0),3][SnSe,]. Compound 2 is
stable under ambient conditions for at least 1 day, but was stored in a
glovebox for further use.

Light Microscopy

Light microscopic images of single crystals were obtained using the
stereo light microscope SteREO Discovery.V8 by Carl Zeiss. The
microscope was equipped with a high-intensive cold-light source CL
1500 ECO, an Achromat S 0.63X objective (FWD 107 mm), a PL
10X/21 Br ocular, and the microscope camera AxioCam MRc § with
the camera adapter 60N-C 2/3” 0.63X. The raw photo material was
examined by the AxioVision40 X 64 4.9.1 SP1 software. The images
are shown in Figure SI.

Single-Crystal X-ray Diffraction

The data for the X-ray structural analyses were collected at T = 100.0
K with Mo Ka-radiation (4 = 0.71073) on Bruker D8Quest
diffractometer with a CMOS detector for compound 1, and at T =
150.0 K with Cu Ka-radiation (4 = 1.54186 A) on a Stoe STADI
VARI diffractometer for compound 2. The structures were solved by
dual-space methods and refined by full matrix least-squares methods
against F* using Olex-2,>® and crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-2523694—CCDC-2523695.
Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: (internat.)
+44 1223/336-033; e-mail: deposit@ccdc.cam.ac.uk]. The crystal
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data and refinement results are collected in Tables S1 and S2. Figures
were created with Diamond 4.5.%°

Micro-X-ray Fluorescence Spectroscopy

u-XRF data were recorded on a Bruker M4 Tornado, equipped with
an Rh-target X-ray tube and a silicon drift detector. The emitted
fluorescence photons were detected with an acquisition time of 240 s
as a point measurement. The spectra shown in Figures S6, S7 and
Table S3 summarize the results of the measured Sn/Se ratio in
comparison to that of the theoretical values.

Powder X-ray Diffraction

PXRD data were obtained with Cu Ka radiation in transmission mode
on a Stoe StadiMP diffractometer using a Mythen2 detector system.
The data were examined using WinXPOW.

Optical Absorption Spectroscopy

Optical properties of compounds 1 and 2 were measured under inert
conditions employing a Varian Cary 5000 UV/vis/NIR spectrometer
from Agilent, equipped with a Praying Mantis accessory for the solid-
state samples. The spectra are shown in Figures S10, S11, and S18.

lon-Exchange Experiments

The ion-exchange process was operated under Ar. As illustrated in
Scheme S1, 10 mg of crystalline material of 1 or 2 was immersed in 10
mL of an aqueous solution of CsCl (0.5 M) in a Schlenk flask. The
flask was heated to 75 °C and kept at this temperature for 24 h to
allow the cation-exchange and anion-extraction process. After allowing
the mixture to cool down to room temperature, the solution was
filtered into another flask and analyzed by ESI-MS. The solid residue
was washed three times with degassed water. The full process was
repeated twice. The obtained solid samples were denoted as 1 and
2 respectively.

Electrospray lonization Mass Spectrometry

ESI mass spectra were recorded with a Thermo Fisher Scientific
Finnigan LTQ-FT spectrometer in positive and negative ion modes.
The solutions obtained after filtering off 1°* and 2 were analyzed by
ESI-MS. The solutions were injected into the spectrometer with
gastight 250 4L Hamilton syringes by syringe pump infusion. ESI(+)
mass spectra are shown in Figures S12—S17.

Scanning Electron Microscopy
SEM images were collected using a Jeol JIB-4601F microscope.
EDX Spectroscopy

Elemental mapping images were measured using the EDX detector
XFlash 5010 of Bruker Nano GmbH coupled with the scanning
electron microscope Jeol JIB-4610F. Data acquisition was performed
with an acceleration voltage of 15 kV and S min accumulation time.
To determine the compositions, 4-XRF data were recorded as a point
measurement on a single crystal for 1 and 2.

Infrared Spectroscopy

IR spectra were performed on a Nicolet iS50 Fourier-transform
infrared (FTIR) spectrometer with attenuated total reflection. IR
spectra are shown in Figures S22 and S23.

Conductivity Measurements

The I-V curves were measured over single crystals of 1, 2, 1% and
2. All the measurements were performed by applying voltage to one
of the tungsten probes while grounding the other, and the induced
current was measured accordingly. All electrical measurements were
performed with a Keithley Semiconductor Parameter Analyzer 4200.
I-V hysteresis was measured over a consecutive voltage sweep (0 V
— +2V > —2 V — 0 V) along both vertical and horizontal
directions. The chronoamperometry traces were measured over single
crystals, under applied voltages ranging from 0 V to +5 V, with steps
of 0.5 V. Temperature-dependent I—V curves were collected after
heating the crystal up from room temperature to certain temperatures,
including 313.15, 333.15, and 353.15 K. For comparison, the I-V
curve under open-circuit conditions was also provided.
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HOC,C,Im 1-hydroxyethyl-3-methyl-imidazolium
C;CIm 1-propyl-3-methyl-imidazolium
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U-XRF micro-X-ray fluorescence
ESI electrospray ionization
IR infrared spectroscopy
PXRD powder X-ray diffraction
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