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Coordination polymers of alkali metal trithiocyanurates:
structure determinations and ionic conductivity
measurements using single crystalst

Satoshi Tominaka,*@° Sebastian Henke® and Anthony K. Cheetham*?

Six novel crystalline coordination polymers composed of alkali metal ions and trithiocyanurate anions
(C3N3S3H, = ttcH, ) were synthesized. Single crystals were used both for structure determinations by X-ray
diffraction and ionic conductivity measurements by AC impedance methods. The structures are: (/) sodium
trithiocyanurate trihydrate, Na(ttcH,)(H,0); in space group P2,; (i) potassium trithiocyanurate hydrate,
K(ttcH,)(H,0) in P1; (iii) rubidium trithiocyanurate hydrate, Rb(ttcH,)(H,0) in P1; (iv) rubidium trithiocyanurate
hydrate, Rbs(ttcH,),(ttcHs),(H,0)s(OH) in P1; and (v, vi) two anhydrous polymorphs of caesium trithiocyanurates,
Cs(ttcH,) in PT and Cc. With the exception of the sodium phase, which is layered, all of these compounds
consist of three dimensional coordination networks. In all systems, the inorganic regions are interleaved by
arrays of ttcH, anions. The most interesting feature of this system is the thiol-rich environment formed between
the trithiocyanurate layers, where alkali metal ions are located. Water molecules, where present, are always
coordinated to a cation. Among these crystals, K(ttcH,)(H,O) exhibited proton conductivity under atmospheric

conditions (25 + 0.2 °C): 1.1 x 107> S cm™

www.rsc.org/crystengcomm along the c axis.

1 Introduction

There is an increasing demand for advanced solid-state ion
conductors for batteries, fuel cells, and sensors. A variety of
materials, including oxides, nitrides, sulfides and polymers,
have been synthesized and investigated as ion conductors."”
Inorganic-organic hybrid systems have been attracting inter-
est during the past decade, especially in areas such as cataly-
sis, ion exchange, and gas storage. Hybrid materials are
generally composed of cations, such as transition metal ions,
and anionic organic ligands, such as carboxylates; compared
with classical inorganic materials, they have much greater
structural and chemical diversity.®> A major research effort
has been focused on porous frameworks of these hybrid sys-
tems. However, dense structures, which do not have solvent-
accessible pores and are more similar to classical inorganic
materials, are attracting attention on account of their exciting
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' in the direction perpendicular to the bc plane and 3.1 x 107° S cm™

magnetic, optical, and electronic properties.*® Regarding
ionic conductor applications, porous coordination polymers
have been used as host frameworks to achieve fast ionic
transport through guest molecules,”™ but little has been
reported on ionic conduction of either protons or lithium
ions in dense hybrid system.'>?

Compared with classical solid-state materials, dense
hybrid materials generally have less-packed structures associ-
ated with the geometric constraints of organic molecules,
suggesting a good prospect for ionic transport. In order to
enable cation diffusion in dense systems, coordination sites
formed by heteroatoms (e.g., O, N and S) and =« electrons are
necessary, but aliphatic groups seem to hinder ionic trans-
port. Among hetero atoms, the greater polarizability of
the sulfur groups is of great importance to achieve excellent
conductivity, though this feature in turn leads to decreased
thermal stability.
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Scheme 1 Trithiocyanuric acid.
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In this scenario, we have focused on trithiocyanuric acid
(TTCA = ttcH;, Scheme 1) as a versatile ligand (i.e., anions)
for the construction of dense hybrid frameworks.

This molecule has been used in industry, e.g., for the
removal of heavy metal ions from waste, production of com-
posite materials with metals and polymers, and electroplating
of silver and nickel."* Most of the reported crystal structures
of TTCA-based coordination polymers were composed of diva-
lent cations.'*'® TTCA is a weak acid (pKa1 = 5.71, pKa, = 8.36
and pK,; = 11.38)"> comparable to acetic acid, and is known
to form molecular crystals through hydrogen bonding."®"”
Notice, that in the solid state the thioketone form is signifi-
cantly more stable than the thiol form (Scheme 1).

Since the influence of grain boundaries and particle sur-
faces is significant in solid-state ion conductors,'®'® we used
single crystal samples for both the structure analysis and the
impedance measurements in order to develop a better under-
standing of the relationship between crystal structure and
conductivity. For this purpose, we developed a new setup for
single-crystal AC impedance measurements (Fig. 1).

Here we report the synthesis and structures of several alkali
metal trithiocyanurates as well as their ionic conductivities.

2 Experimental
2.1 Synthesis

Dense hybrid crystals of TTCA-based coordination polymers
were synthesized from TTCA (Sigma-Aldrich) and alkali metal
salts, sodium acetate (NaOOCHj3, Fisher), potassium carbon-
ate (K,COs3, Fisher), rubidium nitrate (RbNO;, Alfa Aesar), and
caesium nitrate (CsNO;, Alfa Aesar). Lithium hydroxide
(LiOH, Fisher) was used as a deprotonation agent. The crystals

S"icone "Ubber

~— Single I

Tystal pg
W\A/

Au
Si02

Fig. 1 Schematic illustration of the setup for single crystal AC impedance
measurements. (a) Picture of the Au microelectrodes on a SiO, substrate (1 cm x 1 cm,
0.5 mm thick). (b) Schematic for illustrating the overall design. A single crystal sample
is placed on the central part where four lines are located. Electrodes ‘1’ are 100 um
wide and are used for AC impedance measurements. Electrodes ‘2” are 10 um wide
and are used for four-probe measurements (not used in this work). The gaps between
electrodes are 20 um. () Cross-sectional image along the arrow shown in panel ‘b’.
The single crystal sample is fixed by pressure sensitive adhesive, PSA, and gently
pressed with a silicone rubber.
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were formed by dissolving TTCA and the respective metal salt
in distilled water at 90 °C followed by crystal growth from the
mother solution at room temperature. The crystals were
recovered by filtration under reduced pressure, rinsed with
ethanol and chloroform, and then driea in air. More details
are described in the ESI7 file.

2.2 Structure determinations

The crystal structure was determined by single crystal diffrac-
tometry using an Oxford Diffraction Gemini A Ultra X-ray dif-
fractometer with Cu Ko. radiation (1 = 1.54184 A) operated at
40 kV and 40 mA. Data were collected under atmospheric con-
ditions (~300 K), except for the Cs compounds, which have
been measured at 300 K under nitrogen flow, and the Na com-
pound, which has been measured at both 120 K under nitro-
gen flow and at ambient conditions. Data collection, unit cell
determination and refinement, absorption correction and
data reduction were performed using the CrysAlisPro software
from Agilent Technologies. An analytical absorption correc-
tion was performed by applying a face-based absorption cor-
rection as well as a spherical absorption correction.

The structures were solved by direct methods and were
then refined by the least squares methods using the SHELX
program®® within the Olex2 interface.”® All non-hydrogen
atoms were refined anisotropically and hydrogen atoms were
refined isotropically. Hydrogen atoms on trithiocyanurate
molecules were then added to calculated positions. Those on
water molecules were added to chemically reasonable posi-
tions found in the Fourier difference map, and then refined
with constrained O-H distances (0.958 A) and H-O-H angles
(104.5°) taken from the water molecule.”> Some of the hydro-
gen atoms were refined only with the O-H distance con-
straint (see Fig. 2c).

Visualization of structures was carried out using the
VESTA program.>® Details of crystal information, including
bond lengths, is available in the ESILj CIF files are available
for the structures described herein.}

2.3 Conductivity measurements

Conductivities of single crystals were measured by the AC
impedance method using an electrochemical instrument
(Gamry Interface 1000) in the frequency range of 1 MHz to
1 Hz at an AC amplitude of 100 mV in air or nitrogen. The
crystals were physically contacted with Au microelectrodes
(200 nm thick) deposited on a SiO, chip. Two Au microelec-
trodes designed to have a 80 um gap (Fig. 1) were prepared on
SiO, by photolithography through the previously reported pro-
cedure.”® This size is nearly the same as the size of the single
crystals used for structure determination via X-ray diffraction.

Using pressure sensitive silicone adhesive polyimide film
(CMF-100-020W from MicroNova, -70 °C to +260 °C), crystals
were gently picked up and mounted on the electrodes as

1 CCDC 944676-944682 contain the supplementary crystallographic data for
this paper.
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Fig. 2 Comparison of connectivity of trithiocyanurate with alkali metal ions.
(@) Na-TTC. O3 and 04 are independent. (b) K-TTC and Rb-TTC-1. (c) Rb-TTC-2.
Occupancy of H3 is 0.5. These hydrogen atoms and those on the same O atoms
were refined without the angle constraint. (d) Cs-TTC-1. (e) Cs-TTC-2.

illustrated in Fig. 1c. In order to check anisotropy in the con-
ductivities, crystallographic orientations were checked using
X-ray diffraction, and then crystals were aligned on the chip
under an optical microscope.

The temperature was controlled using a Supercool PR-59
temperature control module, a thermoelectric module placed
on the back side of the SiO, substrate and a negative tem-
perature coefficient thermistor (10 kQ at 25 °C, Epcos
B57861S0103F45) contacted with the front side of the substrate.

In order to verify this measurement, especially contact
between electrodes and crystal faces, a crystal of the known
charge-transfer complex, tetrathiafulvalene nitrate, was syn-
thesized and its single crystal AC impedance measurement
was tested. As a result, a semicircle behaviour, which is
assignable to electron conduction, was obtained. Thus, we
judged that this measurement setup is highly reliable.
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2.4 Other analyses

Thermogravimetric analysis and differential scanning calo-
rimetry were performed simultaneously using a TA Instru-
ments Q600 SDT instrument with a nitrogen gas flow of
100 mL min~" at a heating rate of 5 °C min™', from room
temperature to 600 °C. It was found that trithiocyanuric acid
itself decomposed endothermically around 300 °C (Fig. S1,
ESI}). The alkali metal trithiocyanurates show similar decompo-
sition temperatures suggesting that the ligand decomposition
determines the overall thermal stability of these frameworks.

Powder X-ray diffraction (PXRD) was carried out using a
Bruker-AXS D8 diffractometer with Cu Ko radiation (4 = 1.5418 A)
and a LynxEye position sensitive detector in the Bragg-
Brentano geometry. The samples were prepared by grinding
the crystals gently using mortar and pestle for 1 min. Data were
collected in the 26 range of 5-60° at room temperature. Most
of the compounds are confirmed to be phase pure, except for
the polymorphs of the Cs compounds (Fig. S2e, ESIT).

Fourier-transform infrared spectroscopy (FTIR) was carried
out using a Bruker Tensor 27 infrared spectrometer with a
diamond attenuated total reflectance (ATR) attachment. The
samples were prepared by grinding the crystals gently using a
mortar and pestle for 1 min. The data were collected in the
wavenumber range from 520 to 4000 cm ' at room tempera-
ture. The absorption was normalized relative to the peaks
assignable to C=S stretching vibration (1100 to 1160 cm™")*®
and plotted with shifts.

The chemical compositions were determined by CHN ele-
mental analysis (Department of Chemistry, University of Cam-
bridge). Elemental analysis data. Na-TTC: found C, 14.26; H,
2.95; N, 16.52%; caled for NaC;HgO;N3S; (see Table 1) C, 14.23;
H, 3.16; N, 16.59%. K-TTC: found C, 15.41; H, 1.58; N, 17.86%;
caled for KC;H,ON;S;C, 15.44; H, 1.71; N, 18.01%. Rb-TTC-1:
found C, 12.81; H, 1.34; N, 14.88%; calcd for RbC;H,ON;,S;C,
12.88; H, 1.43; N, 15.02%. Rb-TTC-2: found C, 13.51; H, 1.65;
N, 15.56%; caled for Rb;C,,H,;06N;,S:,C, 13.47; H, 1.96; N,
15.70%. Cs-TTC-1: found C, 11.64; H, 0.54; N, 13.35%; Cs-TTC-2:
found C, 11.63; H, 0.57; N, 13.38%; calcd for CsC;H,N;S;C,
11.66; H, 0.65; N, 13.59%. These compositions are consistent
with those determined by X-ray diffraction. The slight discrep-
ancies in the hydrogen content are attributable to its low con-
centration, and the errors are within a reasonable range for
the CHN analysis.

3 Results and discussion
3.1 Structure of alkali metal trithiocyanurates

Six novel hybrid crystals were obtained. Sodium trithiocyanu-
rate hydrate, referred to as “Na-TTC”, crystallises as clear light
yellow rectangular prisms. Potassium trithiocyanurate hydrate,
“K-TTC”, and rubidium trithiocyanurate hydrate, “Rb-TTC-1”,
form clear colourless rhombohedral crystals. Rubidium
trithiocyanurate hydrate, “Rb-TTC-2”, forms clear light yellow
rectangular prisms. Caesium trithiocyanurates can be prepared
as two different anhydrous polymorphs: “Cs-TTC-1" crystallises

This journal is © The Royal Society of Chemistry 2013
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Table 1 Summary of crystal data for alkali metal trithiocyanurates
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Compound Na-TTC K-TTC Rb-TTC-1 Rb-TTC-2 Cs-TTC-1 Cs-TTC-2
Formula“® Na(ttcH,)(H,0); K(ttcH,)(H,O) Rb(ttcH,)(H,0) Rbj;(ttcH,),(ttcH;),(H,0)5(OH)  Cs(ttcH,) Cs(ttcH,)
Formula weight/g 253.24 233.35 279.72 1070.41 309.16 309.16
Asymmetric unit Na,CeH;606NeSe K,CgHgO,NSe Rb,CcHgO,N¢Se Rb; 5C¢H10.505N¢Se CsC3H,N;S; Cs,CeH,4NgSe
Crystal system Monoclinic Triclinic Triclinic Triclinic Triclinic Monoclinic
Space group P2, P1 P1 P1 P1 Cc
alA 10.3697(4) 7.3438(4) 7.3545(3) 7.5673(3) 5.1031(3) 5.41409(8)
b/A 12.6801(3) 10.3247(4) 10.5336(4) 11.2806(6) 7.9838(6) 21.2829(3)
c/A 7.7756(2) 11.6813(5) 11.7338(5) 11.4428(4) 10.9408(6) 14.9761(2)
a () 90 76.285(3) 76.921(4) 107.984(4) 96.431(5) 90
B () 109.059(4) 80.914(4) 80.641(4) 94.103(3) 103.270(5) 92.3402(13)
7(°) 90 87.551(4) 88.730(4) 102.469(4) 104.265(5) 90
VIA 966.37(5) 849.64(7) 873.54(7) 897.06(7) 413.70(4) 1724.22(4)
zZ 2 2 2 2 2 4
Ry, WR, 2.90%, 7.97% 3.72%, 10.28% 3.25%, 8.85% 2.95%, 7.45% 3.01%, 8.52% 4.60%, 12.07%
GOF 1.160 1.054 1.068 1.222 1.149 1.223
Temperature/K 120 299 299 299 300 300
Coordination number Nail: 6 K1: 8 Rb1: 8 Rb1: 8 9 Cs1: 8

Na2: 6 K2:7 Rb1: 7 Rb2: 9 Cs2: 8
Coordination Nal: 2S + 40 K1: 3S + 2N + 30  Rb1: 3S + 2N + 30 Rb1: 4S + 40 7S + 2N Cs1: 6S + 2N
environment of M"? Na2: 2S + 40 K2: 4S+ 1N +20 Rb2:4S + 1IN + 20 Rb2: 5S +40 Cs2: 6S + 2N
H,o/M" 3 2 0 0
Dimensionality” 1°0° ro' o' ro' ro' o'
Polyhedra C’E'F° K1: C’E'F Rb1: C’E'F Rb1: C'E’F C’E’F’ Cs1: C’E'F°
connectivity? K2: C'E’F Rb2: C'E°F" Rb2: C'E'F' Cs2: C°E’F

“ ttc is trithiocyanurate anion (C3N3S3 0.b

Coordination bond lengths are defined as <3.3 A for Na-S, <2.5 A for Na-N and Na-O, <3.7 A for

K-S, <3.2 A for K-N and K-0O, <3.9 A for Rb-S, <3.4 A for Rb-N and Rb-0, <4.1 A for Cs-S, and <3.6 A for Cs-N. ¢ Inorganlc connectivity, 17,

where M-X-M bonds extend the structure, and organic connectivity, O™, where M-ligand-M extend the structure.

sharing (C"), edge sharing (E”) and face sharing (F°) polyhedra.

as clear light orange rhombohedral crystals and “Cs-TTC-2” as
clear light orange plates.

Crystallographic data of all the alkali metal trithiocyanu-
rates are summarized in Table 1 and their connectivities and
coordination environments are compared in Fig. 2. The com-
positions were also confirmed by CHN analysis as described
above. All the alkali metal trithiocyanurates contain a two-
dimensional arrangement of trithiocyanurate monoanion
(C3N3S3H, = ttcH, ) building units, which is interleaved by
alkali metal ion (M") layers as illustrated in Fig. 3d. The most
interesting feature of this system is the thiol-rich coordina-
tion environment formed around the alkali metal ions. Water
molecules, where present, are always coordinated to a cation.

3.1.1 Coordination environment. Alkali metal ions are
bound to S and N atoms of ttcH, as well as oxygen atoms of
H,O. Apparently, with increasing size of alkali metal ions, the
number of coordinated thio groups tends to increase from
two to seven, while the number of coordinated water
molecules tends to decrease from four to zero (Table 1). This
observation is analogous to the situation found in alkaline
earth carboxylates.>®>” These trends are explainable in terms
of “hard and soft acids and bases™ the soft base of
thioketone has a preference for bonding to the soft acid of
the larger alkali metals, while the hard base of H,O has a
preference for the hard acid of the smaller alkali metals.

The thermogravimetric analyses (TGA) show that Na-TTC,
and Rb-TTC-2, are dehydrated from room temperature,
and that K-TTC, and Rb-TTC-1, are dehydrated above 100 °C
(Fig. S1, ESIt). These results suggest that H,O molecules are
weakly bound to alkali metal ions in Na-TTC and Rb-TTC-2,

This journal is © The Royal Society of Chemistry 2013

Numbers of corner

and more strongly in K-TTC and Rb-TTC-1. In addition, the
amounts of water determined by TGA are consistent with
those determined by X-ray diffraction: (i) 20.4 wt% loss for
Na-TTC (52.2 g/Na') corresponds to 2.9H,0/Na’. This means
that Na-TTC was fully dehydrated at 155 °C. The same holds
true for the other two hydrated compounds. (i) 7.3 wt% loss
of K-TTC (17.0 g/K") corresponds to 0.9H,0/K". (iii) 6.6 wt%
loss of Rb-TTC-1 (18.5/Rb") corresponds to 1.0H,O/Rb". (iv)

Fig. 3 Crystal structure of Na-TTC. (a) Na octahedra form dimers. Blue and red
polyhedra represent the Nal and Na2 coordination spheres, respectively.
(b) Trithiocyanurates are stacked along the c¢ axis and connect with each other
through hydrogen bonding, as represented in panel ‘c’. (d) The organic layers are
interleaved by the inorganic layers.

CrystEngComm, 2013, 15, 9400-9407 | 9403
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8.7 wt% loss of Rb-TTC-2 (31.0 g/Rb") corresponds to
1.7H,0/Rb" (supporting the presence of OH ).

3.1.2 Dimensionality. The dimensionality of the hybrid
systems is described in terms of both the inorganic
connectivity, where metal-X-metal (X = O, N or S) bonds
extend the structure, and organic connectivity, where
bonding through the ligands (metal-ligand-metal) extends
the structure, as described in Cheetham et al.® This is written
in the shorthand I"0™ where n is the inorganic dimensionality
and m is the organic dimensionality, and their sum is the
overall dimensionality of the framework. The dimensionalities
of the alkaline metal trithiocyanurates are compared in
Table 1.

Na-TTC has a two-dimensional structure (1°0%) formed by
inorganic dimers (I°) connected by the ligand molecules (0%),
as shown in Fig. 3a and 3b. The other structures are three-
dimensional structures (I°0") formed by inorganic sheets (I*)
connected by the ligand (O") (see Fig. 4-7).

3.1.3 Polyhedral connectivity. Coordination numbers of
the alkali metal ions and connection between the polyhedra
increase with size of alkali metal ions (Table 1). These trends
reflect an increase of polyhedral condensation, or packing of
metal ion polyhedra, with the size of metal ions.>® The
following paragraphs describe details of the structures.

In Na-TTC, Na ions are octahedrally coordinated by four
H,O molecules and two S-groups of different ttcH, ' ions
(Fig. 2a, 3a and 3b and Table 1). The octahedra form isolated
edge-sharing dimers in which the edges are H,O molecules.
The independent H,O molecules having the O3 and O4 atoms
(Fig. 2a) appear identical at room temperature (Fig. S5, ESI}),
and the structure was determined in the space group P24/c
(Fig. S5 and Table S1, ESIf), but their hydrogen atom posi-
tions could not be refined without ambiguity. Thus, the

Fig. 4 Crystal structure of K-TTC, along the a axis (a) and the b axis (b). Blue
and red polyhedra represent the K1 and K2 coordination spheres, respectively.
(c) Hydrogen bonding network of trithiocyanurate anions. Rubidium trithiocyanurate
hydrate, Rb(ttcH,)(H,0), “Rb-TTC-17, is isostructural.
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Fig. 5 Crystal structure of Rb-TTC-2, along the a axis (a) and the direction
perpendicular to the inorganic layers (b). Blue and red polyhedra represent the Rb1
and Rb2 coordination spheres, respectively. (c) Hydrogen bonding network of
trithiocyanurate anions.

structure of Na-TTC was also determined at 120 K (space
group: P2,), and O3 and O4 atoms were found to be inde-
pendent in terms of hydrogen positions as well as two elec-
tron density peaks assignable to oxygen atoms.

In the isostructural compounds K-TTC and Rb-TTC-1, the
inorganic sheets are formed by M2-M1-M1-M2 face-sharing
tetramers, which are connected by edge sharing
(Fig. 2b, 4a and 4b): M1-M1 shares a face formed by two

d S
@0
@ N
@cC
o H
Fig. 6 Crystal structure of Cs-TTC-1. (a) The inorganic layers are interleaved by
the organic layers along the c axis. Light blue polyhedra represent the Cs

coordination spheres. (b, ¢) The face sharing polyhedral chains extend along the a
axis. (d) Hydrogen bonding network of trithiocyanurate anions.

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Crystal structure of Cs-TTC-2. (a) The inorganic layers are interleaved by the
organic layers along the b axis. Blue and red polyhedra represent the Cs1 and Cs2
coordination spheres, respectively. (b) The face sharing polyhedral chains (Cs2)
extend along the a axis. These chains are connected to each other through the edge
sharing polyhedral chains (Cs1) along the same direction. (c) Hydrogen bonding
network of trithiocyanurate anions.

S-groups and two N-groups of two ttcH, ions and an edge
formed by two H,O molecules, M1-M2 shares a face formed
by one S-group and two H,O molecules, and M2-M2 shares
an edge formed by two S-groups. ttcH, ions bridge two M"
ions in the same inorganic layer as well as adjacent inor-
ganic layers.

In Rb-TTC-2, the inorganic sheets are formed by
Rb2-Rb1-Rb2 face-sharing trimers, which are connected by
edge and corner sharing (Fig. 2c, 5a and 5b): Rb1-Rb2 shares
a face formed by two S-groups and a H,O molecule and a cor-
ner H,O molecule, and Rb2-Rb2 shares an edge formed by
two H,O molecules. Interestingly, the Rb ions are coordinated
by OH ions and neutral ttcH; molecules as well as ttcH, ions
and H,0 molecules (Fig. 2c), where the OH  ions exist as two
H,0 molecules sharing one proton (H3). The neutral ttcHj
molecules and ttcH, ions bridge two Rb ions in the same
inorganic layer as well as adjacent inorganic layers.

In Cs-TTC-1 (Fig. 2d and 6a-6¢), the inorganic sheets con-
sist of Cs polyhedral chains formed by face sharing. Cs ions
share a face formed by three S-groups as well as an edge
formed by two N-groups. In Cs-TTC-2 (Fig. 2e, 7a and 7b), the
inorganic sheets consist of polyhedral chains formed by face
sharing of Cs2 ions, and these are connected by edge sharing
with Cs1 ions. Cs2-Cs2 shares a face formed by three S-groups,
Cs1-Cs2 shares an edge formed by two N-groups or an edge
formed by two S-groups, and Cs1-Cs1 shares an edge formed
by two S-groups. In these Cs compounds, ttcH, ions bridge
several Cs ions in the same inorganic layer as well as adjacent
inorganic layers (Fig. 6d and 7c).

3.1.4 Hydrogen bonding between ttcH, ions. The ttcH,
layers are formed by hydrogen bonding of ttcH, ions in

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 FTIR spectra of alkali metal trithiocyanurates of Na-TTC, K-TTC, Rb-TTC-1,

Rb-TTC-2, Cs-TTC-1 and Cs-TTC-2 in comparison to the spectrum of pure
trithiocyanuric acid.

three different types: type 1, Na-TTC, K-TTC and Rb-TTC-1
have one-dimensional linear hydrogen-bonding networks,
where one S-group and one N-group at opposite sides of
ttcH, are not involved (Fig. 3c and 4c). Type 2, Rb-TTC-2 and
Cs-TTC-1 have one-dimensional zig-zag hydrogen-bonding
networks, where one S-group and one N-group at adjacent
positions are not involved (Fig. 5¢ and 6d). Type 3, Cs-TTC-2
has one-dimensional wavy hydrogen-bonding networks,
where ttcH, molecules are connected alternately by type 1
and type 2 systems (Fig. 7c).

In the FTIR spectrum of the trithiocyanuric acid (Fig. 8
and S3, ESIt), N-H stretching bands (2800-2250 cm™) are
dominant for X-H stretching (X = N, S and O), while weak
S-H stretching bands (2500-2700 cm™") are also observed.*
Thus, some of ttcH; molecules are in the thiol form
(Scheme 1). In hybrid crystals, the S-H bands are weak but
still observable, suggesting that a small portion of protons
move from N-H sites through hydrogen bonding to S-H sites.
They also exhibit O-H stretching bands (3200-3700 cm™),
except for the anhydrous Cs-TTC polymorphs. This result is
consistent with the hydrogen positions determined by X-ray
diffraction. Details are described in the ESIf file.

3.2 Ionic conductivity

Using single crystals, ionic conductivities were measured
by the AC impedance method. The impedance spectrum of
K-TTC was typical for solid-state ion conductors: a semicircle
in the higher frequency region and a tilted vertical line in
the lower frequency region, as shown in Fig. 9.°® Because
the data were obtained for a single crystal sample, the semi-
circle can be simply attributed to a bulk phenomenon, not
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Fig. 9 Complex-plane impedance plots of single crystal K-TTC at 25 °C in air. The
ac facet was placed in contact with microelectrodes patterned on a SiO, substrate.
AC impedance spectra in two different directions (perpendicular to the ab plane
and parallel to the ¢ axis) were measured. AC amplitude: 100 mV. Frequency range:
1 MHz to 1 Hz. The dashed lines are for better visualization of the spectra.

to grain boundaries. Thus, we calculated conductivity values
from the diameters of these semicircles.

The ionic conductivity values of K-TTC under atmospheric
conditions (25 + 0.2 °C) were 1.1 x 10> S em™" in the direc-
tion perpendicular to the bc plane and 3.1 x 10° S ecm™
along the c¢ axis. These values are comparable to those of clas-
sic solid-state ion conductors (10 to 10 S ecm™).%° These
materials reversibly became insulators on heating or under
nitrogen flow; that is, the ionic conduction appeared to be
related to humidity.

The compounds Na-TTC, Cs-TTC-1 and Cs-TTC-2 were
insulators even in air, while Rb-TTC-2 exhibited a modest
conductivity of 3.3 x 1077 S em ™" along the [3 -1 0] direction
under ambient conditions at 25 °C (Fig. S6, ESIT). Regarding
Rb-TTC-1, a flat facet large enough for the measurements
could not be found. The conductivity values of K-TTC showed
some variation among different single crystals; for example,
one crystal exhibited ionic conductivities of 3.6 x 10° § cm™
(25 + 0.2 °C) at the direction perpendicular to the bc plane
and 2.3 x 107 S cm™" along the ¢ axis, even in humid air
(these conductivities were 10* times lower in ambient air).

It is clear that these systems are proton conductors. Regard-
ing the mechanism of the ionic conductivity, we propose two
possibilities: in one mechanism, K-TTC is conductive without
H,0O deficient sites in the structures. Crystallographically, the
occupancy of the water molecules in K-TTC is 100% at ambient
conditions. In view of the coordination environments (Table 1),
only these isostructural compounds have polyhedra formed
by coordination with S-groups, N-groups and O-groups. In
particular, the coordination with the anionic N-group of
ttcH, ' is unique among the hydrated structures. Within a
K2 coordination sphere (see Fig. 2b), protons may diffuse
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from H,O molecules (0O1) through S5 atoms and N1 atoms
to S4 atoms (01-S5 = 3.21 A, S5-N1 = S4-N1 = 2.64 A).
Since these distances are close to S-N hydrogen bonding
distance, 3.27-3.32 A, such proton diffusion is considered
to be reasonable.

As discussed above, S4 atoms and S5 atoms form hydro-
gen bonding with N-groups of different ttcH, ions, which
transports protons between different coordination spheres
as indicated by the IR spectra. Within the K1 coordina-
tion spheres, similar proton diffusion can be considered
(01-S6 = 3.25 A). In view of the decrease of ionic conductiv-
ity at higher temperature or in nitrogen atmosphere, the
possible intrinsic H,O deficiency is considered to inhibit
proton diffusion through this mechanism.

In an alternative mechanism, the ionic conductivity might
originate from oxonium ions which may be formed by mois-
ture. Similar humidity dependence was reported for proton
conduction of classic proton conductive crystals. According
to the literature, the stoichiometry and conductivity of intrin-
sic conductors (e.g., CSHSO, 10> S cm ™" at 150 °C)*° are almost
humidity independent, while those of surface conductors,
where gel-like domains are formed between rigid frameworks
by hydration, depend strongly on humidity.** Thus, the ion
conduction mechanism of K-TTC could be surface conduc-
tion. Since the mechanical properties of hybrid systems are,
in general, weaker than those of classic solid-state materials
(e.g., oxides), the variation of conductivity values might reflect
the importance of extrinsic crystal defects in hybrid systems'
ionic conductivity.

4 Conclusions

Six novel hybrid crystals of alkali metal trithiocyanurates,
Na(ttcH,)(H,0)3, K(ttcH,)(H,O), Rb(ttcH,)(H,0), Rbs(ttcH,),
(ttcH3),(H,0)5(OH), and two anhydrous polymorphs of Cs(ttcH,)
were synthesized and their structures were determined by
single crystal X-ray diffraction. Their ionic conductivities
were measured by single crystal AC impedance methods, and
K(ttcH,)(H,O) exhibited proton conductivity comparable to
those of classic solid-state ion conductors. The conductivity
may be attributed to ion diffusion through coordination
spheres, or to hydration of defects. In order to confirm the
mechanism, further detailed investigations are needed.
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