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The synthesis of the monoclinic polymorph of {Cu[Hg(SCN)4]},, is reported. The compound, as determined
by X-ray diffraction of a twinned crystal, consists of mercury and copper atoms linked by y¢; 3-SCN bridges.
The crystal packing shows a highly porous infinite 3D structure. Diagnostic resonances for the SCN™~ ligand
and metal-ligand bonds in the IR, far-IR and Raman spectra are assigned and discussed. The electronic
band structure along with density of states (DOS) calculated by the DFT method indicates that the
compound is an indirect band gap semiconductor. The DFT calculations show that the observed
luminescence of the compound arises mainly from an excited LLCT state with small MLCT contributions
(from the copper to unoccupied 7* orbital of the thiocyanate groups). The X-band EPR spectrum of the
powdered sample at room temperature reveals an axial signal with anisotropic g factors consistent with
the unpaired electron of Cu(Il) ion in the d,._,. orbital.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Research on the design and synthesis of crystalline coordination
polymers is an active topic in current chemistry [1,2]. With regard
to the possible correlation between structure and function [3-8],
coordination polymers have gained attraction as promising mate-
rials of the future [9] with specifically tailored, useful properties,
such as magnetism [10,11], electrical conductivity [12], non-linear
optical behavior [13,14], luminescence [15,16], porosity and gas
storage [17,18], or drug delivery [19].

Recently, the synthesis and structural characterization of multi-
dimensional homo- and heterometallic coordination polymers
based on the pseudo-halides OCN™ [20,21], SCN~ [22-25], SeCN~
[26] and N3 [27-30] has been in the focus of many research groups
worldwide. This interest is based not only on the high versatility of
their binding modes which are end-on-#'(N), end-on-1(X), brid-
ging-n'(N)-1'(X), bridging-u-n'(N), bridging-u-1'(X) and combi-
nations of these and allow a rich architectonical diversity in
corresponding structures, but also on their exceptional potential
applications. The thiocyanate ligand with its marked ambidentate
character and all the versatile coordination modes described above is
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expected to afford a number of homo- and heterometallic discrete
one-, two- and three-dimensional structural assemblies with spe-
cific structural features and optical and magnetic properties [31-34].
Simultaneous presence of two different metal centers can poten-
tially give rise to interesting physico-chemical properties and lead to
attractive novel topologies and intriguing frameworks. However,
despite the various coordination modes of the SCN™ group to the
metal ions, it is not widely used in the design and synthesis of
inorganic compounds and the heterometallic thiocyanato bridged
species are comparatively less numerous [34].

The series of coordination polymers, M[Hg(SCN),] containing
M=Zn, Cd, Cu, Ni, Co, Fe, or Mn have been investigated for more than
a century, already in 1901 their characteristic shapes and colors have
been described [35]. In 1970, Bell Telephone Laboratory reported that
the Cd[Hg(SCN),4] and Zn[Hg(SCN),4] crystals are very effective second
harmonic generating (SHG) materials for doubling the frequency of a
Nd:YAG 1064 nm laser to generate 532 nm green laser light [36]. Since
then, crystal growth methods and mechanism, physical and nonlinear
optical properties of the M[Hg(SCN)4] (M=Zn, Cd, Co, Fe, Mn) series
have been described in detail (see for example [37-43]). Moreover,
the semiconducting properties of an orthorhombic {Cu[Hg(SCN)4]}.
[44-47] and the tetragonal (Cu,Zn; _,)[Hg(SCN)4] (0 <x < 0.22) [48]
have been previously described [45].

On the other hand, anions and counter anions have been shown
to have key effects on the structure of the final product [49,50]. They
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can control the topology of the coordination architectures in two
ways: (a) influencing the coordination sphere of the metal ions and
so the connectivity of the framework by the coordinating ability of
the anions and (b) stabilizing the coordination framework by
supramolecular interactions such as hydrogen bonding to host
framework or lattice solvents. The coordination flexibility of cop-
per(Il) ions coupled with the possible presence of carboxylates can
lead to the formation of different assemblies, spanning from mono-
nuclear complexes to supramolecular coordination polymers or
metal-organic frameworks [51]. Malonates in association with late
3d transition metals, have been demonstrated to provide a wealth of
coordination modes to the M(II) ions and several coordination
polymers with a distinct binding to Cu(Il) ions [52,53]. In the current
research work, we demonstrate that malonates (as mono- and di-
anions of propane dicarboxylic acid) are potential candidates for
crystal growth without entering the final product.

In this context, we sought to reexamine the chemistry of
[M(SCN),]*~ building blocks in particular as the potential ligands
for new coordination polymers. Herein, we will report the synthesis
and X-ray structure determination of the monoclinic {Cu[Hg(SCN)4] },..
Moreover, the IR, far-IR, Raman, photoluminescence as well as EPR
spectra of the compound will be discussed. Also, the emission and
semiconducting behavior of the compound will be illustrated through
the density functional theory calculation of electronic band structure
along with density of states.

2. Experimental section

2.1. Materials and methods

All chemicals were commercially purchased and used without
further purification. Elemental analysis (C, H, N and S) was carried
out on a Hekatech CHNS EuroEA 3000 Analyzer. Infrared (IR) spectra
(4000-50 cm~ ') were recorded using a Bruker IFS66vS spectro-
meter. Raman spectra were obtained from a powder sample using a
Bruker FRA106S spectrometer. Luminescence spectra of a solid
powder sample were recorded on a Spex FluoroMax-3 UV/Vis
emission spectrophotometer (equipped with a Xe lamp). The
excitation wavelengths were 425, 462 and 511 nm according to
the bands observed in excitation spectra. EPR spectra were recorded
on powder samples at room temperature in the X band on a Bruker
ELEXSYS 500E instrument. Single-crystal X-ray diffraction data
were collected using graphite-monochromatized MoK radiation
(A=71.073 pm) on a IPDS I (STOE and Cie.) at 293(2) K.

2.2. Synthesis of monoclinic {Cu[Hg(SCN)4]}»

Malonic acid (0.1041 g, 1 mmol) dissolved in 1mL of 1M
aqueous solution of NaOH was added to a solution of copper(Il)
chloride dihydrate (0.1705 g, 1 mmol) in 24 mL of methanol. This
solution was added to a solution of mercury(ll) thiocyanate
(0.3168 g, 1 mmol) in 25 mL of methanol. The resulting greenish
blue solution was stirred for 15 min, filtered and left at room
temperature for crystallizing. After 1 week, black-green crystals of
{Cu[Hg(SCN)4]}s, suitable for X-ray diffraction were obtained
(yield: ca. 0.214 g, 43% based on CuCl, -2 H,0). Anal. Calcd. for
C4N4S4CuHg (%): C, 9.68; N, 11.29; S, 25.83%; Found: C, 9.68; N,
10.98; S, 26.01%.

The same compound (as determined by XRD) was also obtained
in a different manner: A solution of copper(Il) acetate monohydrate
(0.1997 g, 1 mmol)and malonicacid (0.1041 g, 1 mmol)in 40 mL of
distilled water was heated while stirring and thus reduced to ca.
half of the volume. The resultant copper(ll) malonate solution,
cooled down to room temperature, was added to a solution of
mercuric thiocyanate (0.3168 g, 1 mmol) in 20 mL of methanol

while stirring at room temperature. The obtained greenish blue
solution was filtered and left undisturbed for crystallizing (yield:
ca. 0.223 g, 45% based on copper(Il) acetate monohydrate). Anal.
Calcd. for C4N4S4CuHg (%): C, 9.68; N, 11.29; S, 25.83%; Found: C,
9.66; N, 11.23; S, 25.80%.

2.3. X-ray data collection, structure solution and refinement

The suitable crystal of the compound was isolated as described
above and mounted in sealed glass capillaries on a Stoe IPDS I single
crystal diffractometer (T=293(2)K, MoKo radiation). For data
collection and reduction the Stoe program package [54] was
applied. The structural analysis was complicated because of
twinning. The obtained cell was checked by analyzing of the
diffractions on the base of Yvon LePage’s algorithm [55] provided
in PLATON [56]. The structure was solved using direct methods and
refined on F? by full-matrix least squares technique [57] within
WINGX [58]. The twin law was extracted by analyzing of poorly
fitting intensity data provided by ROTAX program [59]. The final
refined structure was checked with the ADDSYM algorithm in the
program PLATON [56] and no higher symmetry was found. The
BASF parameter was refined to 0.50856. All atoms were refined
anisotropically. A summary of crystal data and refinement results is
provided in Table 1. The available data for the orthorhombic
{Cu[Hg(SCN)4]}, [46] are also given for comparison.

3. Computational details

The crystallographic data of the compound determined by X-ray
were used to calculate its electronic band structure along with
density of states (DOS), by density functional theory (DFT) using

Table 1
Crystal data and structure refinement information of monoclinic {Cu[Hg(SCN)4]}.
Corresponding data for the orthorhombic polymorph is given for comparison.

Orthorhombic
{Cu[Hg(SCN)4]}n

Monoclinic
{Cu[Hg(SCN)4]}n

complexes

Empirical formula C4CuHgN4S,4 C4CuHgN4S,4
M (g mol~1) 496.50 496.50
T (K) 293(2)
Crystal system Monoclinic Orthorhombic
Space group C2/c Pbcn
a(A) 9.0084(18) 9.03
b (A) 7.6993(19) 7.68
c(A) 15.1560(20) 15.15
B (deg) 90.000(10) 90
V (A%) 1051.2(4)
z 4 4
Crystal size (mm) 0.16 x 0.14 x 0.10
F (000) 900
Dcalc (Mg/m3) 3.137
1 (MoKo) (mm~—1) 17.364
hkl range -11<h<7

-10<k<6

-19<1<19
Refl. collected 2513 430
Independent refl. 1266
No. of parameters 70
A(p) (e A=3) 1.418 and -1.137
GOF 0.815
R? 0.0352

0.0610°
wR? 0.0640

0.0696°

i R=ZHF0‘_‘FCH/E‘Fo‘v WR2=[E(W(Fg_FE)Z/Z(W(Fg)Z]I/2; [Fo > 40(F,)].
b Based on all data.
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one of the three non-local gradient-corrected exchange-correlation
functionals (GGA-PBE). Calculations were performed with the
CASTEP code [60,61], which uses a plane wave basis set for the
valence electrons and norm-conserving pseudopotential [62] for
the core electrons. The number of plane waves included in the basis
was determined by a cutoff energy E. of 550 eV. Pseudoatomic
calculations were performed for C-2s22p?, N-2s22p3, S-3s%3p?,
Cu-3d'%4s' and Hg-5d'°6s%. The parameters used in the calcula-
tions and convergence criteria were set by the default values of the
CASTEP code, e.g., reciprocal space pseudopotentials representa-
tions, eigen-energy convergence tolerance of 1 x 10~ eV, Gaus-
sian smearing scheme with the smearing width of 0.1 eV, and Fermi
energy convergence tolerance of 1 x 10~ 7 eV.

4. Results and discussion
4.1. Synthesis

The reaction of Hg(SCN), and copper(Il) chloride in the presence
of malonic acid mono-deprotonated by NaOH or the reaction of
Hg(SCN), and copper(ll) malonate, results in the monoclinic
polymorph of {Cu[Hg(SCN)4]}, in contrast to the previously
described reaction of K;[Hg(SCN)4] and copper(Il) salts of simple
anions such as sulfate, which results in the formation of the
orthorhombic variant {Cu[Hg(SCN)4]},, [45]. So, it may be suggested
that the malonates could control the formation of the crystal
structure without entering the final product. Based on the HSAB
concept a rational explication would be that while in solution both
the malonate ligands and the SCN~ ligands were coordinated to
copper, during the crystallization process the hard donor oxygen
atoms of the malonate ligand were completely substituted by the
softer thiocyanate nitrogen atoms.

The X-ray structure analysis of different crystals obtained from
recrystallizing the synthesized compound from different solvent
systems (MeOH, MeOH/H,0 (1:1, v/v), MeOH/toluene (2:1, v/v) or
acetone/H,0 (2:1, v/v)) reveal that the compound crystallizes
inherently as twin crystals and no change of the polymorph was
observed upon recrystallization. This could mean that the poly-
meric structure does not decompose completely by dissociation
and the main structure is retained.

4.2. Description of crystal structure

X-ray analysis reveals that the compound has a three-dimen-
sional framework, crystallizing in monoclinic space group C2/c with
£=90.000(10)° (metrically orthorhombic unit cell [63]). Monoclinic
structures with f=90° are rare cases, but have been reported for a
number of compounds (see for example [64-66]). Also, monoclinic
structures with unique £ angles very close to 90° are reported (see
for example [67-69]). The asymmetric unit contains one Hg?*, one
Cu?* and two SCN~ ions. The coordination mode of Hg?>* and Cu?*
ions is shown in Fig. 1. Selected bond lengths and angles are given in
Table 2. For comparison, bond lengths and angles of the orthor-
hombic polymorph of {Cu[Hg(SCN)4]}, [46] are given in brackets.
The Hg atoms lie on two fold axes (Fig. 2), tetracoordinated to two
S(1) and two S(2) atoms in a highly distorted tetrahedral geometry.
The Hg(1)-S(1) and Hg(1)-S(2) bond lengths (2.497(3) and
2.655(3) A, respectively), and the S(1)-Hg(1)-S(1) and S(2)-
Hg(1)-S(2) bond angles (140.52(14)° and 94.05(14)°, respectively)
are very similar to the values obtained for the orthorhombic
{Cu[Hg(SCN)4]}, [46]. The S(1)-Hg(1)-S(2) bond angles are
100.1(4)° and 106.5(4)°.

Fig. 3 illustrates the short contacts around Hg, S(2) and
S(1) atoms. The highly distorted tetrahedral geometry around Hg
atoms can be explained by additional short contacts of two

Fig. 1. The coordination environment of Hg and Cu atoms in the crystal structure
with the numbering scheme. Atom displacement ellipsoids are shown at the 50%
probability level.

Table 2

Selected bond lengths (A) and angles (deg) and some geometrical parameters of the
weak interactions® of monoclinic {Cu[Hg(SCN),]},,. The available bond lengths and
angles of the orthorhombic polymorph {Cu[Hg(SCN),]}, are also given in brackets
for comparison.

Bond lengths

Hg1-S1 2.497(3) [2.49] Hg1-S2 2.655(3) [2.68]
Cul-N1 1.959(10) [1.97] Cul-N2 1.938(11) [1.94]
S1-C1 1.768(17) [1.67] S2-C2 1.88(2) [1.71]
C1-N1 1.198(14) [1.14] C2-N2 1.165(16) [1.11]
Bond angles
S1-Hg1-S1 140.52(14) [141] S2-Hg1-S2 94.05(14) [94]
N1-Cul-N1 180.0(6) N2-Cul-N2 180.000(1)
S1-Hg1-S2 100.1(4) N2-Cul-N1 89.7(5)

106.5(4) 90.3(5)
Hg1-S1-C1 97.5(5) [100.5] Hg1-S2-C2 89.2(5) [96]
Cul-N1-C1 177.0(11) Cul-N2-C2 179.2(11)
N1-C1-S1 177.5(12) N2-C2-S2 173.5(12)
Weak interactions
Cul---S1 (a,b) 3.014(3) [3.02] Hg1---S2 (c,d) 3.279(3) [3.280]
S1-..C1 (e) 3.50(1) S1---C2 (c) 3.36(2)
S2..-C1 (f) 3.28(2) N1-.-C1(b) 3.12(2)
Weak interaction angles
Cul-.-S1-C1 95.1(5) Cul...S1---C1 99.6(3)
Cul---S1--.C2 92.3(3) Hg1-S1---Cul 138.2(3)
Hg1-S1---C1 118.4(3) C1-S1---C2 172.2(5)
N1-Cul-.-S1 91.6(3) N2-Cul---S1 95.9(4)

88.4(3) 84.1(4)
S1..-Cul---S1 180.000(1) Hg1-S2---Hgl 173.6(3)
S2-Hgl---S2 173.6(2) S1-Hg1---S2 79.0(2)

81.6(2) 76.8(2)
S2..-Hgl---S2 103.1(2) C2-S2---Hgl 89.6(5)
Hg1-S2---C1 126.1(3) C2-S2---C1 124.7(5)
C1...S2..-Hgl 59.3(2) Cul-N1-.-C1 87.9(4)
C1-N1---C1 89.4(8) N1-C1---N1 90.6(8)
S1-C1---N1 88.5(5)

 Symmetry transformation: (a)3+x,3+y,z; (b)1—x, —3—y, —z; (c) —3+x, —1+y,

z (d) 3-x —3+y. 5-7z (&) —x, —y, —z; () j—x, 3+, 3-2

S(2) atoms (Hg(1)---S(2): 3.279(3) A) from the neighboring
Hg(1)S(1),S(2), units (Fig. 3a). These two S(2)---Hg(1) short con-
tacts with an angle of 103.1(2)° are trans to the two long Hg(1)-S(2)
(2.655(3) A) bonds, with an S(2)-Hg(1)---S(2) angle of 173.6(2)".
Each S(2) atom is also in short contact with the C(1) atom (Figs. 3b
and 4) with a distance of 3.28(2) A.

The Cu atoms lie on the centers of symmetry of the unit cell,
located on (0, 1/2, 0) and symmetry related centers (Fig. 2). Each Cu
atom is coordinated by two N(1) and two N(2) atoms in a regular
planar square coordination geometry (Fig. 4), typical for a Cu(Il)ion
with a strong Jahn-Teller distortion, imposed by Cu(Il) electronic
configuration and crystal packing. Alternatively, the coordination
geometry of the copper atoms could be described as a 4+2
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octahedral geometry since two additional axial Cu(1)---S(1)
(3.014(3) A) weak interactions are observed. These two short trans
contacts, with the contact angle of 180.000(1)°, are approximately
perpendicular to the CuN(1),N(2), plane with the bond angles of
(91.6(3)°, 88.4(3)°) and (95.9(4)°, 84.1(4)°) for N(1)-Cu(1)---
S(1) and N(2)-Cu(1)---S(1), respectively.

The trans and cis bond angles around the Cu atoms, in the
CuN(1),N(2), planes are (180.0(0)°, 180.000(1)°) and (89.7(5)°,
90.3(5)°), respectively. The structure exhibits Cu-N bond lengths of
1.959(10) and 1.938(11) A.

The SCN~ groups are N-bonded to the Cu atoms in an approxi-
mately linear fashion (the C~-N-Cu bond angles are 177.0(11)° and

Cutl™
0

Fig. 2. The crystal packing of monoclinic {Cu[Hg(SCN)4]},. The SCN~ groups are
omitted for clarity.

$1

Hg1

179.2(11)°) and S-bonded to Hg atoms in a bent mode (the C-S-Hg
bond angles are 97.5(5)° and 89.2(5)°). The geometrical parameters
of the SCN~ groups linked to different metal atoms are 1.198(14) and
1.165(16) A for C(1)-N(1) and C(2)-N(2) and 1.76(17) and 1.88(2) A
for S(1)-C(1) and S(2)-C(2) bond distances and 177.5 (12)° and
173.5(12)° for the S(1)-C(1)-N(1) and S(2)-C(2)-N(2) bond angles,
respectively.

Each S(1)-C(1)-N(1) group is in weak interaction with the adjacent
parallel S(1)-C(1)-N(1) group as shown in Fig. 4. This could be the
reason why the S(1)-C(1) bonds are shorter than the S(2)-C(2) bonds
and why the C(1)-N(1) bonds are longer than the C(2)-N(2) bonds. The
distance of two Cu atoms in the Cu-N(1)-C(1)-S(1)---Cu units is
5.9252(9) A.

Considering the direct bonds and the weak interactions, the
S(1) surrounding could be described as a distorted trigonal
bipyramid, as seen in Fig. 3c. In the equatorial positions, each
S(1) atom is in weak interaction with one Cu(1) atom and one
C(1) atom from the neighboring thiocyanate group. In the axial
position, the S(1) atom is in short contact with one C(2) atom in the
opposite direction to the S(1)-C(1) bond. Selected weak interac-
tions and the related angles are also given in Table 2.

Viewing the crystal packing reveals that the Hg and Cu atoms are
positioned in the planes perpendicular to the b-axis (Fig. 2), bridged to

C1

jeY

Fig. 4. Weak interactions of thiocyanate groups and short contacts to Cu atoms.

Cc

. ‘m
c1 i

LS S —— -
V osanagg,

1 S
é)‘“

Cu1

Fig. 3. Short contacts around (a) Hg, (b) S(2) and (c) S(1) atoms, illustrated by dashed lines.
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Fig.5. (a) Curled square macrocycles formed by bridging of Cu and Hg atoms by two symmetrically nonequivalent thiocyanate groups and (b) the crystal packing viewed along

the a-axis.

each other by the thiocyanate groups in the three dimensional space.
Bridging of the Cu and Hg centers by two symmetrically nonequivalent
thiocyanate groups, forms curled square macrocycles (Fig. 5a), con-
nected to each other in the three dimensional space with the
[Hg(SCN)4J>~ nodes as the secondary building units (SBUs) [70] and
macrocycles as tertiary building units (TBUs) [51]. The Cu(1)...
Cu(1) and Hg(1)...Hg(1) distances in the respective macrocycles are
5.9252(9) and 9.928(1) A, respectively. Packing of these macrocycles
along the [110] and [—110] directions results in rhombic channels,
which turns to zigzag channels in the bc plane by viewing the crystal
packing along the a-axis (Fig. 5b). Analyzing of the Hg, S and Cu
positions in the final structure, reveals Cmcm symmetry for the heavy
atom positions.

4.3. Vibration spectra studies

It is a well-established criterion of infrared spectroscopy that
Ven = 2100 cm~ ! indicates a thiocyanate bridge with a u?-1,3- or
13-1,1,3 bridging mode [71,72]. The v¢s vibration lies between
860-780 cm~! (N-bonding) and 720-690 cm~"' (S-bonding) and
SCN bending vibration lies near 480 cm~! (N-bonding) or 420 cm !
(S-bonding) [73]. The strongest resonance in the IR spectrum of
monoclinic {Cu[Hg(SCN)4]}, appears at 2172 and 2155cm™!,
characteristic of a vy of a u2-1,3 bridging thiocyanate, comparable
to the values 2170 and 2154 cm ™! observed for the orthorhombic
polymporph [74-76]. This differs slightly to the resonances at 2134
and 2124 cm ! for K5[Hg(SCN)4] [74] and the single strong peak at
2053 cm~! observed for KSCN [74,77]. The molecular symmetry
requires the doubling of the vcy vibration for all the tetrahedral and
polymeric octahedral compounds, since there are nonlinear SCN-
M-NCS groups in the structure [78]. The weak absorption band at
798 cm~! and very weak band at 763 cm~!' are assigned to CS
stretching, indicating a shift to the higher energies compared to the
corresponding v¢s for KSCN observed at 746 cm™~! [74,77]. Com-
pared to this, the respective CS stretching in the case of orthor-
hombic {Cu[Hg(SCN),]},, is reported to occur at 795 cm~! [74-76].
The bending vibration modes of the SCN groups were observed at
463 and 436 cm~! with the corresponding 25scy occurred at 930
and 876 cm ™!, respectively. This is comparable with the values of
orthorhombic Cu[Hg(SCN),], for which the dscy occurs at 459 and
437 cm~! [74-76]. In contrast, the dscy in the case of KSCN is
observed at higher wavenumbers (486 and 471 cm ') [74,77].

The far-IR spectrum is given in Fig. 6. In the far-IR spectrum, the
bands appeared at 320.13 and 285 cm~! are assigned to the two
Cu-N stretching modes as expected for a Cu-N4 group in Dyp
symmetry [76]. Also, a peak at 266 cm ! appeared as a shoulder.
The corresponding peaks for orthorhombic {Cu[Hg(SCN)4]},, were
observed at 318, 282 and 266 cm ~ ! [74-76]. The broad weak band,
appearing as a shoulder at 215 cm ™', is attributable to the Hg-S
stretching mode. The highly distorted Hg-S, tetrahedron could be
responsible to the corresponding weak band [76]. Interestingly, no

TRANSMITTANCE

50 100 150 200 250 300 350 400

Wavenumber (cm™")

Fig. 6. The far-IR spectrum of monoclinic {Cu[Hg(SCN)4]}».

Intensity (a.u.)

250 350 2100 2200

Wavenumber (cm-)

50 150

Fig. 7. The CN stretching region and 400-50 cm ' region of the Raman spectrum of
monoclinic {Cu[Hg(SCN)4]},.

absorption band corresponding to the Hg-S stretching mode was
reported in the case of orthorhombic {Cu[Hg(SCN)4]},, while
similar stretching modes were reported as medium absorption
bands at 213, 216, 219 and 217cm~! for Mn[Hg(SCN),4],
Fe[Hg(SCN)4], Co[Hg(SCN),4] and Zn[Hg(SCN)4], respectively [76].
The vibration spectrum of orthorhombic {Cu[Hg(SCN),]}, below
200 cm~! has not been studied; however, a very strong broad
absorption band in the far-IR spectrum of the present (monoclinic)
polymorph was observed at 177 cm ™. In contrast, strong absorp-
tion bands below 200cm~', have been reported at 166 and
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124 cm ! for K»[Hg(SCN),] [74]. Lattice vibrations are expected to
occur at frequencies around 100 cm ™! [79].

The CN stretching region and 400-50 cm ~ ! region of the Raman
spectrum are shown in Fig. 7. In the Raman spectrum, the CN
stretching is observed as a very asymmetric strong doublet peak at
2168 and 2149 cm ™~ . The v vibrations occur as very weak bands
at 795 and 756 cm~'. The higher energy bending vibration mode of
SCN in the Raman spectrum is observed at 467 cm~ !, comparable
with the one found in the IR spectrum. However, the band at
436 cm~ ! in the IR spectrum splits to a very weak doublet at 442
and 435 cm~! in the Raman spectrum. The corresponding 2dscy
vibrations appear as very weak bands at 930 and 888 cm~'.
Moreover, the corresponding Cu-N stretching bands in the far-IR
spectrum are not detected in the Raman spectrum and a new weak
absorption is observed at 273 cm~'. Another new band appears at
244 cm~!. The Hg-S stretching bands were observed as a weak
band at 211 cm~ ..

4.4. Optical properties, band structure and density of states

A ligand-to-metal charge transfer (LMCT) band at 430 nm has
been reported to dominate the UV-vis spectrum of previously
reported orthorhombic {Cu[Hg(SCN)4]}, together with a d-d
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Fig. 8. Emission spectra of monoclinic {Cu[Hg(SCN)4]},.

transition at approximately 660 nm [48]. In contrast to this, the
tetragonal (CuyZn _)[Hg(SCN)4] (0 < x < 0.22) is reported to exhi-
bit two intense charge transfer bands at about 330 and 550 nm [48].

Emission spectra of the herein described monoclinic {Cu[Hg
(SCN)4]}, is shown in Fig. 8. In the excitation spectrum, three bands
were observed with maxima at 425, 462 and 511 nm. In the emission
spectrum, upon excitation at 425 nm, an intense narrow peak appears
at 469 nm with two shoulders at 451 and 464 nm. Excitation at
462 nm, results in three narrow peaks with maxima at 494, 499 and
505 nm while excitation at 511 nm leads to one very intense emission
band at 547 nm, with two shoulders at 543 and 553 nm.

The calculated band structure of the compound along high
symmetry points of the first Brillouin zone is plotted in Fig. 9, where
the labeled k points are presentas L(—0.5,0.0, —0.5),M(—0.5, — 0.5,
—-0.5),A(-0.5,0.0,0.0),G(0.0,0.0,0.0),Z (0.0, —0.5, —0.5), V (0.0,
0.0, —0.5). It is found that the top of the valence bands (VBs) has a
small dispersion, whereas the bottom of the conduction bands (CBs)
exhibit a big dispersion. The lowest energy (2.25 eV) of conduction
bands (CBs) is localized at the G point, and the highest energy
(0.00 eV) of VBs is localized at the M point. According to our
calculations, the compound thus shows a semiconducting character
with an indirect band gap of 2.25 eV, which is in good agreement
with the experimental values of 2.24 eV obtained from emission
spectroscopy.

The bands can be assigned according to total and partial
densities of states (DOS), as plotted in Fig. 10. The N-2s and C-2s
states, mixing with small contributions of C-2p and N-2p states,
create the VBs localized at about —17.0 eV. Also, the VBs between
—14.0and —12.0 eV are mainly formed by the S-3s and C-2p states
mixing with small amount of C-2s, N-2s and S-3p states. The VBs
between —8.0eV and the Fermi level (0.0 eV) are essentially
formed by S-3p, Hg-5d and Cu-3d states mixing with a partial
amount of N-2p and C-2p states, in which the top of VBs (—0.35 eV)
mainly originates from S-3p state mixing with a small amount of
Cu-3d and N-2p states. The CBs between 2.0 and 5.2 eV are mainly
consisting of hybridizations of S-3p, C-2p and N-2p states mixing
with a small amount of Hg-6s and C-2s states.

Accordingly, the origin of the emission bands of the compound may
be mainly ascribed to arise from an excited LLCT state. The correspond-
ing excitation promotes electron density from the occupied S-3p state
(VB) to the unoccupied 7* orbital of the thiocyanate groups (S-3p, C-2p
and N-2p states, CB). Small contributions to the excited state come also
from a metal-to-ligand charge transfer (MLCT) (Cu-3d [VB] to
7*(SCN) [CB].

4.5. EPR studies

The existence of Cu(ll) centers in the compound is also
supported by the EPR data. The room temperature X-band EPR
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Fig. 9. The band structure of monoclinic {Cu[Hg(SCN),]}, (the bands are shown only between —4.5 and 4.5 eV for clarity, and the position of the Fermi level is set at 0 eV).
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Fig. 10. The total and partial DOS calculated for monoclinic {Cu[Hg(SCN)4]},. The position of the Fermi level is set at 0 eV.
spectrum of the powdered sample of monoclinic {Cu[Hg(SCN)4]},
. . . . . . g =2.2543
(Fig. 11) reveals an axial signal with anisotropic g factors of Il
g2,=2.0998 and g;=2.2543. The observed trend of g,>g, is
characteristic of a tetragonal Cu(Il) complex with the unpaired d
electron in the dy._y. orbital. The measured EPR data is in good
agreement with the observed geometry around copper atoms. The
dy_, orbital on the Cu(II) ions, are expected to be directed toward
the four in-plane N donors. = 20998
In contrast to this, three amalgamated g values of g,=2.230, 9.7«
2,=2.065 and g.=2.140 (determined at 9 GHz, liquid nitrogen
temperature) and principle g values of g,=2.047, g,=2.065 and
2,=2.314 (35 GHz, at room temperature) are reported for a single
crystal of orthorhombic {Cu[Hg(SCN)4]}, [47].
5. Conclusions
. ) ) ) 2600 2800 3000 3200 3400 3600 3800
This study describes a malonate assisted synthesis of the mono- Field [G]

clinic polymorph of {Cu[Hg(SCN)4]},, its crystal structure and
luminescence properties. The compound, as determined by X-ray
diffraction of a twinned crystal, is a highly porous three dimensional
coordination polymer. The electronic band structure along with
density of states (DOS) calculated by the DFT method indicates that
the compound is an indirect band gap semiconductor. Also, according
to the DFT calculations, the luminescence bands of the compound
are ascribed to arise from an excited LLCT (p(S) [VB] to 7*(SCN)
[CB]) state. Small contributions to the excited state come also from

Fig. 11. X band EPR spectrum of monoclinic {Cu[Hg(SCN)4]}».

a metal-to-ligand charge transfer (d(Cu) [VB] to #*(SCN) [CB])
transition.

The comparison of the structural data of the herein reported
monoclinic polymorph and the reported orthorhombic derivative
reveals no significant structural difference between them. How-
ever, we tried to solve and refine the obtained dataset applying the
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previously reported Pbcn-Dift [46] and all other orthorhombic
space groups; however, neither a rational structure solution was
observed nor did the structure converge. The structure was solved
in P1 and the real space group (C2/c) was obtained by the ADDSYM
algorithm in the program PLATON [56].

Furthermore, IR and Raman measurements reveal decent differ-
ences between the newly reported monoclinic {Cu[Hg(SCN)4]}, and
the orthorhombic polymorph reported before. Also, EPR data of a
powder sample of the monoclinic polymorph reveals a signal mark-
edly deviating from those observed for the orthorhombic derivative.

Appendix Supplementary material

CCDC 787386 contains the supplementary crystallographic data
for the compound. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via http://www.ccdc.
cam.ac.uk/data_request/cif.
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