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Molecular crystals of 2-amino-1,3,4-thiadiazole
with inorganic oxyacids – crystal engineering,
phase transformations and NLO properties†

I. Matulková,*ab J. Cihelka,a M. Pojarová,b K. Fejfarová,b M. Dušek,b I. Císařová,a

P. Vaněk,b J. Kroupa,b P. Němec,c N. Tesařovác and I. Němeca

Eight inorganic salts of 2-amino-1,3,4-thiadiazole (2-athd) with hydrochloric, perchloric, nitric, sulphuric,

selenic, phosphorous and phosphoric acids were prepared, and their crystal structures were determined.

Seven of the compounds crystallise in monoclinic space groups – i.e., 2-athd(1+) chloride monohydrate

(P21/c), 2-athd(1+) selenate monohydrate (Pc), 2-athd(1+) dihydrogen phosphate (Cc), 2-athd(1+) phos-

phite (P21/a), 2-athd(1+) nitrate (P21/c), 2-athd(1+) 2-athd perchlorate (P21/n) and 2-athd(1+) perchlorate

(P21/c) – and one crystallises in an orthorhombic space group – 2-athd(1+) hydrogen sulphate (P212121).

The thermal behaviours of the materials were studied (DSC) down to liquid nitrogen temperature, and

the properties of the perchlorate, hydrogen sulphate and selenate monohydrate crystals were discussed

with respect to the results of high or low-temperature X-ray diffraction, IR and Raman spectroscopic

studies. Quantitative measurements of the second harmonic generation of the powdered non-centrosymmetric

samples at 1064 and 800 nmwere performed and a relative efficiency compared to KDP is presented.
Introduction

Crystal engineering represents one of the most promising
fields of supramolecular chemistry and addresses the design
of novel materials with desired properties.1–3 The formation
of crystals from molecules and ions is a very difficult process
that depends not only on the symmetry of the molecules
involved but also on the intermolecular (supramolecular)
interactions, which direct the mutual assembly of the building
blocks. Out of these interactions with different natures4 (i.e.,
ion–ion interactions, ion–dipole interactions, dipole–dipole
interactions, cation–π interactions, anion–π interactions, π–π
interactions and van der Waals forces), hydrogen bonding,
which is sometimes classified as a dipole–dipole interaction,
can be considered as themost important interaction (especially
in the preparation of materials for non-linear optics).

Nonlinear optics (NLO) is the branch of science that
describes the interaction of light with matter where the
principle of linear superposition is ignored. Examples of non-
linear optical interactions include harmonic generation
(especially second harmonic generation), sum- and difference-
frequency generation, intensity dependence of the complex
refractive index, light-by-light scattering, and stimulated
light scattering.1 These properties lead to many applications,
such as all-optical switching, optical power limiting, image
manipulation, image processing, and data storage.5

The materials used for second harmonic generation (SHG)
can be divided into three principle groups based on their
chemical natures.6 The first group (also of historical conse-
quences) is formed by inorganic salts and oxides. These
inorganic compounds are currently the most utilised mate-
rials in the above-mentioned technical applications. The
second group, which is formed by organic compounds, is a
very promising class due to their larger hyperpolarisability
values, higher resistance to optical damage and the possibili-
ties for molecular design.2 A limiting factor for the applications
, 2014, 16, 1763–1776 | 1763
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of these organic materials (usually exhibiting a high dipole
moment) in the crystalline state is their tendency to form
symmetric pairs, which leads to a centrosymmetric arrange-
ment of the crystal structures and, consequently, the exclu-
sion of SHG. The third group of materials is closely related to
the second one and is based on hydrogen-bonded salts or
cocrystals of suitable polarisable organic molecules, which
are mainly responsible for NLO properties. The energy of the
hydrogen bonds can counteract the tendencies of organic
molecules and ions with highly delocalised π-electron system
to form centrosymmetric pairs. In addition, the hydrogen-
bonded structures frequently exhibit advantageous chemical
and physical properties.3,7

Recently, some authors reported8 the synthesis and char-
acterisation of new chromophores, where the replacement of
the benzene ring by less aromatic heterocycles (especially
derivatives of thiazole) leads to significant bathochromic
shift and to larger molecular hyperpolarisability. The present
paper, which follows our previous investigation of triazolium
compounds,9–12 is focused on crystal engineering of novel
materials for nonlinear optics based on organic sulphur-
containing heteroaromatic molecules. The selection of the
2-amino-1,3,4-thiadiazole molecule was motivated by the fact
that the calculated first hyperpolarisability values (see Second
harmonic generation section) are a factor of ten larger than
those for the studied aminotriazoles11 and aminothiazoles.13

2-Amino-1,3,4-thiadiazole and its derivatives have also
been investigated in medicine as very promising molecules
for the treatment of cancer14 and as receptor antagonists.15

In this paper, we have prepared eight novel inorganic salts
of 2-amino-1,3,4-thiadiazole: 2-amino-1,3,4-thiadiazolium(1+)
chloride monohydrate (2-athdClH2O), 2-amino-1,3,4-
thiadiazolium(1+) selenate monohydrate (2-athd2SeO4H2O),
2-amino-1,3,4-thiadiazolium(1+) dihydrogen phosphate
(2-athdH2PO4), 2-amino-1,3,4-thiadiazolium(1+) phosphate
(2-athd2HPO3), 2-amino-1,3,4-thiadiazolium(1+) nitrate
(2-athdNO3), 2-amino-1,3,4-thiadiazolium(1+) 2-amino-1,3,4-
thiadiazole perchlorate (2-athd2ClO4), 2-amino-1,3,4-
thiadiazolium(1+) perchlorate (2-athdClO4) and 2-amino-1,3,4-
thiadiazolium(1+) hydrogen sulphate (2-athdHSO4). All salts
were studied using single crystal and powder X-ray diffraction,
vibrational spectroscopy and differential scanning calorimetry.
The thermal effects observed in 2-athd2ClO4, 2-athdClO4,
2-athdHSO4 and 2-athd2SeO4H2O crystals were also discussed.
The non-centrosymmetric salts 2-athdHSO4, 2-athd2SeO4H2O
and 2-athdH2PO4 were found to be promising materials for
second harmonic generation (SHG).

Experimental

Crystals of all eight new compounds of 2-amino-1,3,4-
thiadiazolium(1+) were prepared by the addition of an aqueous
solution of the pertinent inorganic acid to a solution of
2-amino-1,3,4-thiadiazole in a 1 : 1 molar ratio. The solutions
(colourless or slightly yellow) were stored in the dark at room
temperature. The resulting crystals were filtered off and dried in
1764 | CrystEngComm, 2014, 16, 1763–1776
air. In the 2-amino-1,3,4-thiadiazole and perchloric acid solu-
tions, two types of crystals were obtained from the 1 : 1 molar
ratio – 2-athd2ClO4 (needles) and 2-athdClO4 (plates); at a 2 : 1
molar ratio, only 2-athd2ClO4 crystallised.

Single-crystal X-ray diffraction data of 2-athdClH2O,
2-athdNO3, 2-athd2ClO4, 2-athdHSO4, 2-athd2SeO4H2O,
2-athd2HPO3 and 2-athdH2PO4 were collected at 120 K on an
Oxford Diffraction four-cycle diffractometer Gemini using
mirror-collimated CuKα radiation and an Atlas CCD detector.
Single-crystal X-ray diffraction temperature-dependent data
of 2-athdClO4 and 2-athdHSO4 (temperature interval from
290 K to 110 K with a step size of 20 K) and of 2-athd2ClO4

(three temperatures of 150, 283 and 315 K) were collected on
a Nonius Kappa CCD diffractometer (MoKα radiation, graph-
ite monochromator and a Bruker APEX-II CCD detector).
The temperature was controlled using an Oxford Cryosystems
liquid nitrogen cryostream cooler. The phase problem was
solved with direct methods by the computer program
SIR2002.16 The non-hydrogen atoms were refined anisotropi-
cally using the full-matrix least-squares procedure by the
programs SHELXL97,17 SHELXS,18 SIR9219 or CRYSTALS.20 In
most cases, the hydrogen atoms were found in the Fourier
difference maps, and the hydrogen atoms attached to the
carbon atoms were repositioned geometrically. The positions
of the hydrogen atoms attached to nitrogen were refined in
the initial stages but were usually fixed to travel with the
nitrogen atom. The positions of the hydrogen atoms of water
molecules were refined with a distance restraint. The isotro-
pic temperature parameters of the hydrogen atoms were cal-
culated as 1.2–1.5 Ueq of the parent atom. In 2-athd2SeO4H2O,
the structural analysis was complicated by the poor quality of
the single crystals. Thus, the hydrogen atoms of the water
molecule could not be determined for this compound, and
the thermal parameters of the oxygen atoms in the selenate
anion had to be restrained to be identical. Further details of
the particular refinements can be found in the CIF files and
ESI† materials.

The basic crystallographic data, measurement and refine-
ment details are summarised in Tables 1 and 2. The crystallo-
graphic data for 2-athdClH2O, 2-athdNO3, 2-athd2ClO4,
2-athdClO4, 2-athdHSO4, 2-athd2SeO4H2O, 2-athd2HPO3 and
2-athdH2PO4 have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications
CCDC 910449, CCDC 910447, CCDC 910450, CCDC 910853,
CCDC 910445, CCDC 910448, CCDC 910444 and CCDC
910446, respectively.

The phase purity of the prepared polycrystalline samples
was also controlled in the powder X-ray diffraction at room
temperature using the Bragg–Brentano geometry on a Philips
X'pert PRO MPD X-ray diffraction system equipped with
an ultrafast X'Celerator detector using a Cu-anode (Cu-Kα;
λ = 1.5418 Å). The recorded diffraction patterns (see Table 1S–8S;
ESI†) are consistent with the calculated diffraction maxima
(FullProf software21).

The temperature-dependent FTIR and FT Raman measure-
ments were carried out on a Nicolet 6700 FTIR spectrometer
This journal is © The Royal Society of Chemistry 2014
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Table 1 Basic crystallographic data and the structure refinement details for 2-athdNO3, 2-athdClH2O, 2-athd2ClO4 and 2-athd2ClO4

Identification code 2-athdNO3 2-athdClH2O 2-athd2ClO4 2-athdClO4

Empirical formula C2H4N4O3S C2H6ClN3OS C4H7ClN6O4S2 C2H4ClN3O4S
Formula weight 164.15 155.61 302.73 201.6
Temperature 120(2) K 120(2) K 120(2) K 150(2) K
a 6.6897(2) Å 4.9574(1) Å 4.9817(1) Å 5.0168(3) Å
b 8.3773(2) Å 8.7771(2) Å 20.0865(3) Å 18.6658(11) Å
c 10.9734(3) Å 14.2055(3) Å 11.0569(2) Å 7.4367(5) Å
α 90° 90° 90° 90°
β 103.301(3)° 97.481(2)° 90.643(2)° 102.148(2)°
γ 90° 90° 90° 90°
Volume 598.47(3) Å3 612.84(2) Å3 1106.34(3) Å3 680.80(7) Å3

Z 4 4 4 4
Calculated density 1.822 Mg m−3 1.687 Mg m−3 1.817 Mg m−3 1.967 Mg m−3

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c P21/n P21/c
Absorption coefficient 4.516 mm−1 7.974 mm−1 6.797 mm−1 0.842 mm−1

F(000) 336 320 616 420
Crystal size 0.47 × 0.31 × 0.10mm 0.47 × 0.09 × 0.06 mm 0.61 × 0.16 × 0.13 mm 0.56 × 0.33 × 0.19 mm
Diffractometer and radiation Four-cycle diffractometer, Cu λ = 1.54184 Å Nonius Kappa CCD,

Mo λ = 0.71073 Å
Completeness to θ 62.43 98.3% 62.58 97.8% 62.61 98.5% 30.00 99.7%
Range of h, k and l −7→ 7, −9→9, −12→12 −5→ 5, −9→10, −16→15 −5→ 4, −21→22, −12→12 −7→ 6, −20→26, −8→10
θ range for data collection 6.72 to 62.32° 5.94 to 62.58° 4.00 to 62.52° 2.18 to 30.00°
Reflection collected/unique (Rint) 4238/935 (0.0153) 2330/961 (0.0369) 4310/1734 (0.0128) 5630/1979 (0.0135)
No. of observed reflection 841 913 1686 1870
Criterion for observed reflection I > 2σ(I) I > 2σ(I) I > 2σ(I) I > 2σ(I)
Absorption correction Multi-scan Analytical Multi-scan None
Function minimized

P
w(Fo

2 − Fc
2)2

P
w(Fo

2 − Fc
2)2

P
w(Fo

2 − Fc
2)2

P
w(Fo

2 − Fc
2)2

Parameters refined 91 73 155 104
R, wR [I > 2σ(I)] 0.0435; 0.0402 0.0652; 0.1810 0.0301; 0.0793 0.0223; 0.0646
R, wR (all data) 0.1125; 0.1077 0.0642; 0.1793 0.0292; 0.0784 0.0235; 0.0662
Value of S 1.099 1.131 1.037 0.597
Max and min. heights in final
Δρ map

0.442 and −0.383 e Å−3 1.343 and −0.613 e Å−3 0.720 and −0.373 e Å−3 0.322 and −0.471 e Å−3

Weighting scheme w = 1/[σ2Fo
2 + (aP)2 + bP] P = (Fo

2 + 2Fc
2)/3

a = 0.0752 a = 0.01422 a = 0.0466 a = 0.0672
b = 0.4177 b = 0.2885 b = 1.2065 b = 1.1778

Sources of atomic scattering factors SHELXL9717

Programs used SHELXL97,17 PLATON,24 SIR9219
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(resolution 2 cm−1, Happ–Genzel apodisation) equipped with
a Nexus FT Raman module using the Oxford Instruments'
liquid nitrogen cryostat Optistat DN-V (KRS-5 windows for
mid IR, i.e., 4000–400 cm−1 region, polypropylene windows
for far IR, i.e., 600–50 cm−1 region, and quartz window for FT
Raman, i.e., 3700–150 cm−1 region) in the 298–77 K interval.
Low-temperature vibrational spectra of 2-athd2SeO4H2O,
2-athdHSO4 and 2-athdClO4 were measured from 77 K to
298 K with a step size of 20 K. A temperature step of 10 K
was selected in the regions close to the thermal effects
observed in DSC curves. The vibrational spectra of
2-athd2ClO4 were recorded from a temperature of 290 K to
340 K with a step size of 10 K. A temperature step of 5 K
was selected near the recorded DSC effect. The temperature was
controlled using an ITC 503S controller with a precision of
±0.1 K. The Nujol mull and polyethylene pellet methods were
used for the recording of the spectra in the mid and far IR
regions, respectively.

The DSC measurements of all the compounds were carried
out on Perkin Elmer Pyris Diamond DSC and DSC 7
This journal is © The Royal Society of Chemistry 2014
instruments in the 93–473 K temperature region (nitrogen
and helium atmospheres above and below 298 K, respectively
– 20 ml min−1). A heating rate of 10 K min−1 was selected to
measure approximately 20 mg of the finely ground sample
placed in hermetically sealed aluminium pans.

The UV-Vis-NIR spectra of aqueous solutions of all the pre-
pared salts were recorded in the 190–800 nm range using a
Perkin Elmer Lambda 19 UV-Vis-NIR spectrometer.

The quantum chemical calculations (GAUSSIAN09W22) of
2-amino-1,3,4-thiadiazole and 2-amino-1,3,4-thiadiazolium(1+)
cation were performed using the closed-shell restricted
density functional method (B3LYP) with the 6-311+G(d,p)
basis set, applying tight convergence criteria and an ultrafine
integration grid. The visualisation of the results was carried
out with the GaussView23 program package. The geometry
optimisations, also yielding the molecular energies, were
followed by the first hyperpolarisability component calcula-
tions. The calculated geometries of 2-amino-1,3,4-thiadiazole
(point group C1; E = −640.54 Hartree) and 2-amino-1,3,4-
thiadiazolium(1+) cation (point group C1; E = −640.98 Hartree)
CrystEngComm, 2014, 16, 1763–1776 | 1765
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Table 2 Basic crystallographic data and the structure refinement details for 2-athd2HPO3, 2-athdH2PO4, 2-athdHSO4 and 2-athd2SeO4H2O

Identification code 2-athd2HPO3 2-athdH2PO4 2-athd2SeO4H2O 2-athdHSO4

Empirical formula C2H5N3O3PS C2H6N3O4PS C4H8N6O5S2Se C2H5N3O4S2
Formula weight 182.12 199.13 363.26 199.21
Temperature 120(2) K 120(2) K 120(2) K 120(2) K
a 6.2442(5) Å 4.4119(1) Å 5.5377(1) Å 5.20000(7) Å
b 13.1523(12) Å 21.9024(5) Å 13.9715(2) Å 10.22430(15) Å
c 8.5929(5) Å 7.5190(2) Å 7.6737(1)Å 13.06242(17) Å
α 90° 90° 90° 90°
β 96.820(6)° 94.531(2)° 93.472(1)° 90°
γ 90° 90° 90° 90°
Volume 700.70(9) Å3 724.30(3) Å3 592.62(2) Å3 694.480(18) Å3

Z 4 4 2 4
Calculated density 1.726 Mg m−3 1.826 Mg m−3 2.036 Mg m−3 1.905 Mg m−3

Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic
Space group P21/a Cc Pc P212121
Absorption coefficient 5.973 mm−1 1.826 mm−1 7.885 mm−1 6.830 mm−1

F(000) 372 408 360 408
Crystal size 0.40 × 0.22 × 0.13 mm 0.44 × 0.35 × 0.08 mm 0.59 × 0.44 × 0.13 mm 0.45 × 0.32 × 0.15 mm
Diffractometer and radiation Four-cycle diffractometer, Cu λ = 1.54184 Å
Completeness to θ 61.81 99.6% 62.42 97.9% 62.47 98.6% 62.47 99.9%
Range of h, k and l −7→ 6, −15→ 14, −9→ 9 −4→4 , −24→24, −8→ 7 −6→ 6, −15→15, −8→ 8 −5→ 5, −11→11, −14→15
θ range for data collection 3.36 to 62.98° 4.03 to 62.33° 3.16 to 62.47° 5.49 to 62.47°
Reflection collected/unique (Rint) 5609/1123 (0.061) 2156/874 (0.0373) 2741/1274 (0.0293) 8266/1094 (0.0222)
No. of observed reflection 962 872 1274 1094
Criterion for observed reflection I > 2σ(I) I > 2σ(I) I > 2σ(I) I > 2σ(I)
Absorption correction Analytical Multi-scan Multi-scan Analytical
Function minimized F

P
w(Fo

2 − Fc
2)2

P
w(Fo

2 − Fc
2)2

P
w(Fo

2 − Fc
2)2

Parameters refined 962 102 141 121
R, wR [I > 3σ(I)] 0.0769; 0.0662 0.0297; 0.0840 0.0350; 0.0873 0.0202; 0.0202
R, wR (all data) 0.0834; 0.0679 0.0296; 0.0839 0.0350; 0.0873 0.0503; 0.0503
Value of S 1.1054 1.080 1.198 0.879
Max and min. heights in final
Δρ map

1.11 and −0.63 e Å−3 0.37 and −0.34 e Å−3 0.524 and −1.247 e Å−3 0.303 and −0.280 e Å−3

Weighting scheme w = 1/[A0T0(x) + A1T1(x)+…
+An−1Tn−1(x)]

w = 1/[σ2Fo
2 + (bP)2 + bP] P = (Fo

2 + 2Fc
2)/3

x = Fcalc/Fmax a = 0.0618 a = 0.0680 a = 0.0221
Ai = 24.3; 24.3; 22.8; 10.0 b = 0.7109 b = 0.0511 b = 1.1901

Sources of atomic scattering factors CRYSTALS20 SHELXL9717

Programs used CRYSTALS,20 PLATON24 SHELXL97,17 PLATON,24 SIR9219
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were compared with those determined by X-ray structure
analysis.

SHG measurements were performed using a Q-switched
Nd-YAG laser (6 ns pulses at 20 Hz, λ = 1064 nm). For the
quantitative determination of the SHG efficiency, the inten-
sity of the transmitted laser light at 532 nm generated in the
sample was measured using a photomultiplier and a boxcar
average, and the signal was compared with the one generated
in KDP. Very weak pulses (3 mJ) were used to avoid sample
damage. The experiment was performed on powdered sam-
ples (75–150 μm particle size) placed between two glass
plates, and the measurements were repeated on different
areas of the same sample (the results were averaged).

The additional measurements of SHG at 800 nm were
carried out with 160 fs laser pulses generated at an 82 MHz
repetition rate by a Ti:sapphire laser (MaiTai, Spectra Physics).
For the quantitative determination of the SHG efficiency, the
intensity of the back-scattered laser light at 400 nm generated
in the sample was measured using a grating spectrograph
with a diode array (InstaSpec II, Oriel), and the signal was
1766 | CrystEngComm, 2014, 16, 1763–1776
compared with the one generated in KDP (i.e., KH2PO4).
The experiment was performed using powdered samples
(75–150 μm particle size) loaded into 5 mm glass cells with
the aid of a vibrator, and the measurements were repeated on
different areas of the same sample (the results were averaged).
This experimental procedure minimises the signal fluctua-
tions induced by sample packing.
Results and discussion
Crystal structures

The atom numbering of 2-amino-1,3,4-thiadiazole and
2-amino-1,3,4-thiadiazolium(1+) cation in the title structures
is given in Fig. 1S–8S (ESI;† PLATON24 software). The selected
bond lengths and angles, including those of the hydrogen
bonds, are listed in Tables 9S–16S (ESI†).

In the crystal structures of the title compounds and
pure 2-amino-1,3,4-thiadiazole,25 the heteroaromatic rings
are planar. The aromaticity of this ring is reflected in the
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Packing scheme of 2-athdClH2O (view along the [100]
direction). The dashed lines indicate hydrogen bonds.
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values of C–N, N–N and N–S bond lengths as shown in
Tables 9S–16S (ESI†).

The 2-athd(1+) cations are interconnected in centrosym-
metric pairs (2-athd2ClO4 and 2-athdClH2O) or in chains
(2-athd2SeO4H2O). The interactions between the cations can
be described by the graph set descriptors26 R2

2(7) or R
2
2(6) for

pairs in 2-athd2ClO4 or 2-athdClH2O, respectively. The graph
set descriptors C(5) represent the chains in the structure of
2-athd2SeO4H2O. In all structures, the hydrogen bonds of
N–H⋯N type connecting the 2-athd(1+) cations (or the cation
and molecule of 2-athd in the case of 2-athd2ClO4) are
formed by H-donor atoms from the NH2 or NH groups, and
the ring nitrogens act as H-acceptors (N4, N24 and N23 in
the case of 2-athd2ClO4). A detailed comparison of the results
is presented in the corresponding structural descriptions in
the following paragraphs.

The layered structure of 2-athdNO3 is formed by a com-
mon network of nitrate anions and 2-amino-1,3,4-
thiadiazolium(1+) cations. The layers are perpendicular to
the ac plane, see Fig. 1. The hydrogen bond interactions in
the crystal structures can be described by graph set motifs
C(3) and C(5).

The structure of 2-athdClH2O contains centrosymmetric
cationic pairs. These cationic pairs fill cavities, which are
formed by chains of common interaction between the chlo-
ride anion and the water molecule (see Fig. 2). The pairs are
situated about the crystallographic inversion centres, and
the chains are parallel to the a axis (see Fig. 9S; ESI†). The
cationic pairs are connected by hydrogen bonds N3–H3⋯N4
(N3⋯N4 distance: 3.103(4) Å). The pairs are connected via
chains formed by chlorine and water molecules in a 3D crys-
tal structure (graph set motifs R1

2(6), R
2
2(6), C(3) and C(5) –

see Fig. 10S; ESI†). The presence of a number of weak N–H⋯Cl
interactions (see Fig. 2) is another characteristic feature of
this crystal structure.

The crystal structure of 2-athd2ClO4 contains layers
of organic base pairs (formed by an interconnected
This journal is © The Royal Society of Chemistry 2014

Fig. 1 Packing scheme of 2-athdNO3 (view along the [010] direction).
The dashed lines indicate hydrogen bonds.
2-amino-1,3,4-thiadiazole molecule and its cation) arranged
in a 3D structure via N–H⋯O interactions with anions, which
are localised between the organic layers. One such layer is
depicted in Fig. 3. The layers are parallel to the [1 1 0] direc-
tion and perpendicular to the a axis. In each layer, a pair is
connected by the hydrogen bonds N3–H3⋯N24 (the N3⋯N24
distance is 2.759(3) Å) and N6–H6A⋯N23 (the N6⋯N23 dis-
tance is 2.880(3) Å). This arrangement can be described
using the ring and chain graph set descriptors R2

2(7) and
C(3). The connection between the anion and the cationic pair
is provided by N–H⋯O interactions ranging from 2.937(2) to
3.052(3) Å.

The crystal structure of 2-athdClO4 contains a 3D common
network of 2-amino-1,3,4-thiadiazolium(1+) cations and per-
chlorate anions. The structure is connected by the hydrogen
bonds of N–H⋯O type with the donor⋯acceptor distances
ranging from 2.945(1) Å to 3.089(1) Å and by weak C–H⋯O
interactions (C⋯O distance of 3.294(2) Å). This complicated
3D arrangement is very difficult to describe using the ring
and chain graph set descriptors, see Fig. 4.

The structure of 2-athd2HPO3 (see Fig. 5) consists of
layers of alternating cations and anions parallel to the ac
plane. All phosphite anions located in one layer are oriented
with the P–H bond out of the layer plane and the
neighbouring layers form centrosymmetric pairs. The entire
3D crystal structure is stabilised by N–H⋯O hydrogen bonds
with donor⋯acceptor distances ranging from 2.654(4) to
2.820(4) Å. The arrangement in one layer can be described
by the graph set motifs R2

2(8) and C(6), see Fig. 11S (ESI†).
The structure of 2-athdH2PO4 belongs to the monoclinic

system with a non-centrosymmetric Cc space group, which
is very promising for subsequent studies of the NLO proper-
ties, especially SHG. The structure is formed with the
anionic layers (see Fig. 12S; ESI†) parallel to the ac plane,
graph set motifs R4

4(16) and C(5), which are interconnected
by the cations in a 3D network, graph set motifs R2

3(10) –

see Fig. 6.
CrystEngComm, 2014, 16, 1763–1776 | 1767
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Fig. 3 Packing scheme of 2-athd2ClO4 (view along the [100] direction). The dashed lines indicate hydrogen bonds.

Fig. 4 Packing scheme of 2-athdClO4 (view along the [100] direction). The dashed lines indicate hydrogen bonds.

Fig. 5 Packing scheme of 2-athdHPO3 (view along the [100]
direction). The dashed lines indicate hydrogen bonds.
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The non-centrosymmetric crystal of 2-athd2SeO4H2O
belongs to the monoclinic space group Pc. The asymmetric
unit consists of two 2-athd(1+) cations, a selenate anion and
a water molecule. One of the cations forms the chains through
N26–H26B⋯N24 hydrogen bonds with a donor⋯acceptor
distance of 3.006(6) Å. The second type of 2-athd(1+) cation
does not interact with the other cation, but the conformation
is stabilised by π–π stacking with a centroid distance of
3.837(2) Å to build the columns. The chains of 2-athd(1+)
cations and columns of stacked 2-athd(1+) cations are inter-
connected by N–H⋯O interactions with the selenate anions.
The crystal structure can be described by the graph set
descriptors R3

2(7), R
2
2(8) and C(5), see Fig. 7.

The last non-centrosymmetric crystal structure of
2-athdHSO4 is orthorhombic with the space group P212121.
The crystal structure is based on the anionic chains formed
by O4–H7⋯O3 hydrogen bonds with a donor⋯acceptor dis-
tance equal to 2.620(2) Å. These hydrogen sulphate chains
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Packing scheme of 2-athdH2PO4 (view along the [100] direction). The dashed lines indicate hydrogen bonds.

Fig. 7 Packing scheme of 2-athd2SeO4H2O (view along the [100] direction). The dashed lines indicate hydrogen bonds.

Fig. 8 Packing scheme of 2-athdHSO4 (view along the [010]
direction). The dashed lines indicate hydrogen bonds.
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are parallel to the a axis. Each anionic chain is inter-
connected via four 2-athd(1+) cations with four neighbouring
anionic chains. The arrangement of the crystal structure (see
Fig. 8) can be described by the graph set descriptors R2

3(10),
C(5) and C(3).

From a general point of view, the simplest crystal struc-
ture of the title salts is 2-athdNO3, which has just the layer
structure with layers perpendicular to the [010] direction. The
presence of tetrahedral perchlorate anions in 2-athdClO4

crystals leads to the formation of the 3D structure. The more
complicated crystal structure of 2-athd2ClO4 contains pairs
formed by the 2-athd molecule and the 2-athd(1+) cation,
which are involved in a 3D hydrogen bonding network
through the perchlorate anions. The cationic pairs intercon-
nect chains formed by chlorine and water molecules in the
3D crystal structure of 2-athdClH2O. The crystal structures of
2-athdHSO4 and 2-athdH2PO4 are based on anionic chains
(formed by hydrogen sulphates) or 3D networks (formed by
This journal is © The Royal Society of Chemistry 2014
dihydrogen phosphates), which encapsulate the 2-athd(1+)
cations. The remaining two structures, 2-athd2SeO4H2O and
2-athd2HPO3, are formed by networks of alternating cations
and anions.
CrystEngComm, 2014, 16, 1763–1776 | 1769
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The important geometric parameters for the discussion of
the mentioned crystal structures of the inorganic salts of
2-amino-1,3,4-thiadiazolium(1+) and 2-amino-1,3,4-thiadiazole
itself are as follows: (1) the angle between the ring plane and
the plane defined by the NH2 group, and (2) the distance
between the thiadiazole ring plane and the H3 hydrogen
atom of the ring N–H bond. The values of both parameters
are listed in Table 17S (ESI†) for all title structures.

The amino group is inclined towards the plane of the ring
at an angle ranging from 0.3 to 17.3°. The intermediate
values, i.e., 8.61(1), 5.29(1) and 4.84(1)°, give the structures
of 2-athd2HPO3, 2-athdHSO4 and 2-athd, respectively. The
highest values of 17.24(0) and 15.15(1)° were found in the
structures of 2-athdH2PO4 and 2-athd2ClO4, respectively.
The hydrogen atom attached to the nitrogen atom of the
thiadiazolium cation ring (H3) also slightly deviates from the
ring plane (the distance of the H3 atom from the ring plane
ranges from −0.1465 to 0.003 Å). The positions of the H3
atoms in the structures are significantly influenced by hydro-
gen bond interactions of the N–H⋯N and N–H⋯O types.
Geometry optimisation of 2-amino-1,3,4-thiadiazole and
2-amino-1,3,4-thiadiazolium(1+)

To calculate the first hyperpolarisability components of
2-amino-1,3,4-thiadiazole and the 2-amino-1,3,4-thiadiazolium(1+)
cation, a computational geometry optimisation of the isolated
single molecule and its cation were performed. The selection
of the density functional methods (B3LYP) and 6-311+G(d,p)
basis set in principle results from the comparison of the
results obtained from the other method (HF/6-311+G) and the
previous computation of this and similar molecules.10,11

The geometric parameters obtained for the optimised mol-
ecule and the ion are compared with the results of the X-ray
structure in Tables 18S–19S (ESI†). The optimised values of
the bond lengths and inter-atomic angles are scattered
around the average values obtained from the crystal struc-
tures. The maximum deviation, 1.2°, was observed for the
average value of the C2–N3–N4 (2-athd) and C22–S21–C25
(2-athd(1+)) angles, and the maximum deviation for the bond
lengths was 0.105 Å for the C5–S1 bond in 2-athd(1+) and
0.026 Å for the C22–S21 bond in 2-athd.
Thermal behaviour

To evaluate the thermal stability of these materials, DSC
measurements were carried out for all of the compounds over
a temperature range from 93 K to temperatures near their
melting points. The crystals of 2-athdClH2O (m.p. 380 K),
2-athd2ClO4 (m.p. 389 K), 2-athdClO4 (m.p. 399 K), 2-athdNO3

(m.p. 415 K), 2-athdHSO4 (m.p. 385 K), 2-athd2SeO4H2O (m.p.
378 K), 2-athdH2PO4 (m.p. 415 K) and 2-athdHPO3 (m.p. 394 K)
are stable in air up to their melting points, which are listed
in parentheses. Only the crystals of 2-athd2ClO4, 2-athdClO4,
2-athdHSO4 and 2-athd2SeO4H2O exhibit weak anomalies
(effects) on both the heating and cooling runs.
1770 | CrystEngComm, 2014, 16, 1763–1776
The DSC curves of 2-athd2SeO4H2O exhibit only one repro-
ducible anomaly, with the shape characteristic of a
“glass transition” (Tg = 191 K, Δcp = 3.2 × 10−2 J g−1 K−1 on the
heating run; Tg = 187 K, Δcp = 2.3 × 10−2 J g−1 K−1 on the
cooling run; see Fig. 13S; ESI†).

A similar effect was also recorded for 2-athdHSO4 (Tg = 160 K,
Δcp = 6.2 × 10−2 J g−1 K−1 on the heating run; Tg = 154 K,
Δcp = 7.0 × 10−2 J g−1 K−1 on the cooling run; see Fig. 14S;
ESI†). Furthermore, the DSC curves of 2-athdHSO4 contain
two reproducible effects observed only on the heating runs:
an exothermic peak (Tt = 212 K, ΔH = −1.57 J g−1) and an
endothermic, λ-shaped peak (Tt = 236 K, ΔH = 0.99 J g−1).

The crystals of 2-athdClO4 exhibit a λ-shaped anomaly
with considerable thermal hysteresis (see Fig. 15S; ESI†),
which is also associated with the splitting of the peak on
the cooling run (Tt = 271 K, ΔH = 0.62 J g−1 on the heating
run; two peaks on the cooling run at Tt = 241 and 231 K,
ΔH = −0.37 and −1.04 J g−1, respectively).

The DSC curves recorded for the 2-athd2ClO4 crystals
contain a reproducible, wide anomaly slightly above room
temperature (Tt = 303 K, ΔH = 2.86 J g−1 on the heating
run; Tt = 301 K, ΔH = −3.36 J g−1 on the cooling run; see
Fig. 16S; ESI†).

A temperature-dependent X-ray structural analysis and a
vibrational spectroscopic study were consequently performed
to explain the nature of the observed thermal effects. The
low-temperature diffraction data collection and structure
determination of 2-athdHSO4 and 2-athdClO4 crystals at tem-
peratures above and below the observed thermal effects were
performed in the first step. Unfortunately, we were not able
to repeat this procedure for the 2-athd2SeO4H2O single crys-
tal, which always cracked during the cooling. Because only
subtle changes in the low-temperature crystal structures were
observed for 2-athdHSO4 and 2-athdClO4, we consequently
performed detailed X-ray structural analyses after cooling the
samples from 290 K to 110 K with a step size of 20 K. The
unit cell parameters and crystal structures for both salts were
determined for every temperature step. The temperature-
dependent variation in the selected unit cell parameters a, b,
c and β, see Fig. 9, indicates very subtle changes in the struc-
tures of 2-athdClO4 and 2-athdHSO4.

The values of the unit cell (space group P212121) parame-
ters (a, b, c and V) decrease with decreasing temperature in
the 2-athdHSO4 structure (see Table 3). The observed contin-
uous changes can be depicted by the values of Δa/a = 0.94%,
Δb/b = 0.38%, Δc/c = 0.67% and ΔV/V = 1.84%. Because the
distortion (i.e., thermal expansion/contraction) of the crystal
can be described by the change in the volume expansion/
contraction coefficient defined in a previous paper,27 we have
calculated (see Table 4) the principal linear thermal expansion/
contraction coefficients along the crystallographic axes for the
temperature changes in the 2-athdHSO4 crystal. It is apparent
that the studied temperature interval can be expressed by one
set of calculated coefficients. Only three small discontinuities
in the temperature dependencies of the unit cell parameters
were observed at the temperatures of 110, 190 and 230 K
This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Temperature dependence of lattice parameters: (a) parameter b of 2-athdHSO4; (b) parameter c of 2-athdHSO4; (c) parameter b of
2-athdClO4; (d) parameter β of 2-athdClO4. The uncertainty is indicated by the intercept for each point in the graph. The dashed lines
represent the different slopes of smooth data. The arrows indicate the outlying points.
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(see Fig. 9a and b). Observed discontinuities can be very
roughly correlated with the presence of thermal effects in DSC
curves at Tg = 160 K, Tt = 212 K and Tt = 236 K.

The unit cell (space group P21/c) parameters a, b, c and V
decrease continuously with decreasing temperature (see
Table 5) in the 2-athdClO4 crystal structure with the values
of Δa/a = 1.31%, Δb/b = 0.63%, Δc/c = 0.60% and ΔV/V =
2.72%. Conversely, the cell parameter β increases with the
This journal is © The Royal Society of Chemistry 2014
decreasing temperature (see Fig. 9d) with the overall value of
Δβ/β = −0.58%. The temperature dependence of the unit cell
parameters a, c and β can be approximated by two linear sec-
tions with an intersection at ~200 K (see Fig. 9d for an exam-
ple). The observed differences in the principal linear thermal
expansion/contraction coefficients (see Table 4) allow for the
division of the studied temperature interval into two parts
(phases) – above and below 200 K. The discontinuity of the
CrystEngComm, 2014, 16, 1763–1776 | 1771
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Table 3 Temperature dependence of unit cell parameters of
2-athdHSO4

Unit cell parametrs of 2-athdHSO4

Temperature (K) a (Å) b (Å) c (Å) V (Å3)

110 5.1991(3) 10.2216(6) 13.0731(8) 694.75(7)
130 5.2028(2) 10.2263(5) 13.0701(6) 695.40(5)
150 5.2094(1) 10.2327(3) 13.0826(4) 697.38(3)
170 5.2141(2) 10.2361(3) 13.0916(4) 698.73(4)
190 5.2199(2) 10.2372(4) 13.1048(5) 700.28(5)
210 5.2252(1) 10.2447(3) 13.1173(4) 702.18(3)
230 5.2292(2) 10.2435(3) 13.1171(4) 702.62(4)
250 5.2367(1) 10.2532(3) 13.1402(4) 705.54(3)
270 5.2441(2) 10.2577(3) 13.1500(5) 707.37(4)
290 5.2483(1) 10.2607(3) 13.1614(4) 708.76(3)

Table 4 Principal linear thermal expansion/contraction coefficients
for 2-athdHSO4 and 2-athdClO4

Unit cell
parameter Coefficient

2-athdHSO4 2-athdClO4

110–290 K 110–200 K 200–290 K

a a0 (Å) 5.1669 4.9628 4.9513
μa (Å K−1) 2.80 × 10−4 3.44 × 10−4 4.00 × 10−4

αa (K
−1) 5.34 × 10−5 6.79 × 10−5 7.89 × 10−5

b b0 (Å) 10.2009 18.5785
μb (Å K−1) 2.05 × 10−4 6.67 × 10−4

αb (K
−1) 2.00 × 10−5 3.55 × 10−5

c c0 (Å) 13.0008 7.4125 7.3852
μc (Å K−1) 5.46 × 10−4 1.48 × 10−4 3.02 × 10−4

αc (K
−1) 2.77 × 10−5 1.98 × 10−5 4.04 × 10−5

β β0 (°) 102.527 102.753
μβ (K

−1) −2.68 × 10−3 −3.78 × 10−3

αβ (K
−1) −2.64 × 10−5 −3.72 × 10−5
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linear temperature dependency of the unit cell parameter
b (see Fig. 9c) was furthermore observed at 170 K.

The crystal structures of 2-athd2ClO4 were determined at
three different temperatures – i.e., 150, 283 and 315 K – due
to the temperature limitations of our single-crystal X-ray
diffractometer in the higher temperature region and the
existence of the thermal effect around 300 K. The only
change observed in these three structures is the disorder of
the perchlorate anions present at 315 K. The values of the
unit cell (space group P21/n) parameters a, β and V increase,
whereas the b and c parameters slightly decrease with
1772 | CrystEngComm, 2014, 16, 1763–1776

Table 5 Temperature dependence of unit cell parameters of 2-athdClO4

Unit cell parameters of 2-athdClO4

Temperature (K) a (Å) b (Å)

110 5.0011(1) 18.6527(5)
130 5.0073(1) 18.6640(6)
150 5.0135(2) 18.6764(6)
170 5.0219(2) 18.7121(1)
190 5.0282(2) 18.7071(6)
210 5.0355(2) 18.7187(6)
230 5.0431(1) 18.7332(5)
250 5.0512(1) 18.7464(5)
270 5.0589(1) 18.7579(5)
290 5.0676(2) 18.7702(6)
increasing temperature (Table 6). A very small difference
was also observed in the donor⋯acceptor distances of the
hydrogen bonds.

The values of the interplanar angles between the
thiadiazole rings and the plane formed by the NH2 groups
(see Table 17S; ESI†) reflect the character of the hydrogen
bonds and the complexity of the crystal structures, and there-
fore, can be used for the evaluation of the observed thermal
effects. These values increase with increasing temperature
in the case of 2-athdHSO4 (Δφ/φ = 44.52%) and 2-athdClO4

(Δφ/φ = 84.96%) where a sufficient amount of temperature-
dependent structural data is available (see Table 20S; ESI†).
The slope of the temperature dependence of the interplanar
angle for 2-athdHSO4 (see Figure 17aS; ESI†) changes at
approximately 200 K, and the dependence also exhibits a dis-
continuity at 130 K. A similar dependence plot for 2-athdClO4

(see Fig. 17bS; ESI†) can be divided into two parts – above
and below the temperature of 190 K.

The temperature-dependent FT Raman spectra of
2-athd2SeO4H2O exhibit only minimal changes during the
heating from liquid nitrogen temperature to room tempera-
ture. Most of the changes can be observed in the regions
of 1280–1200, 920–680 and 455–355 cm−1 (see Fig. 18S; ESI†)
at temperatures above the DSC effect (187 K). The splitting of
the Raman bands at approximately 1255 and 745 cm−1 is sig-
nificant. The low temperature FTIR spectra of 2-athd2SeO4H2O
are characterized by the narrowing and separation of the
vibrational bands, especially in the 1000–600 cm−1 region
(see Fig. 19S; ESI†) and the far IR region. Several bands are
sensitive to heating the sample to room temperature. The
important examples are the low-temperature bands at 1748,
1713, 1507, 1315 and 998 cm−1, which disappeared at temper-
atures above the DSC effect. The above-mentioned sensitivity
of the selected IR bands can also be demonstrated by the
temperature dependency of the band position. An example of
this behaviour (see Fig. 10a) is the band recorded at 669 cm−1

(room temperature), which can be assigned28 to mixed ν CS,
γ rg and δ NH vibrations. It is apparent that the change in the
slope of this dependence corresponds well to the temperature
of the DSC effect.

Additionally, the FT Raman spectra of 2-athdHSO4 exhibit
only a few changes caused by the heating of the sample to
This journal is © The Royal Society of Chemistry 2014

c (Å) β (°) V (Å3)

7.4285(2) 102.239(1) 677.21(3)
7.4320(3) 102.169(1) 678.96(4)
7.4344(3) 102.134(1) 680.56(4)
7.4400(3) 102.060(2) 683.71(5)
7.4430(3) 102.026(1) 684.75(4)
7.4478(3) 101.955(1) 686.79(4)
7.4546(2) 101.885(1) 689.16(3)
7.4608(2) 101.813(1) 691.51(3)
7.4661(2) 101.733(1) 693.69(3)
7.4730(3) 101.653(1) 696.18(5)
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Table 6 Temperature dependence of unit cell parameters of 2-athd2ClO4

Unit cell parameters of 2-athd2ClO4

Temperature (K) a (Å) b (Å) c (Å) β (°) V (Å3)

150 4.9986(1) 20.1080(5) 11.0782(3) 90.725(3) 1113.40(5)
283 5.1115(2) 20.0903(6) 11.1387(5) 91.663(2) 1143.37(8)
315 5.2439(4) 19.9290(13) 11.0435(9) 92.124(3) 1153.32(15)
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room temperature. The separation/splitting of the bands in
the 630–550 cm−1 region and the band(s) at approximately
400 cm−1 (asymmetric doublet) is present only in low tempera-
ture spectra up to a temperature of 230 K (see Fig. 20S; ESI†),
which can be correlated with the endothermic, λ-shaped
anomaly recorded in the heating runs in the DSC curves.
Similarly, the separation of the bands in the FTIR spectra,
especially in the 1500–1400, 1000–750 and 700–500 cm−1 regions
(see Fig. 21S – ESI†), is present only below this temperature.
Conversely, the temperature dependence of the peak position of
the selectedbands recorded at 813 cm−1 (300K) in the FTIR spectra
(assigned28 to mixed γ CH and γ OH⋯O vibrations) exhibits
a discontinuity at approximately 150 K (see Fig. 10b) – i.e.,
This journal is © The Royal Society of Chemistry 2014

Fig. 10 Temperature dependence of the position of selected bands from
(b) a band at 813 cm−1 of the 2-athdHSO4 spectrum; (c) a band at 452 cm−1

spectrum. Mentioned band positions were recorded at room temperature.
the temperature matching the reproducible, weak thermal
anomaly in the DSC records.

There are no changes in the FT Raman spectra associated
with the heating of the 2-athdClO4 sample from liquid nitro-
gen temperature up to room temperature (see Fig. 22S; ESI†).
In addition to the changes observed in the far-IR spectra,
most of the recorded changes are located in the mid-IR
region (see Fig. 23S – ESI†). Low temperature spectra are
characterised by the separation/splitting of bands, especially
in the 1200–900 cm−1 and 800–650 cm−1 regions. Such effects
are absent at temperatures above 240 K (i.e., temperatures
approximately 30 K below the thermal anomaly recorded in
the heating run of the DSC measurements). The appearance
CrystEngComm, 2014, 16, 1763–1776 | 1773

FTIR spectra: (a) a band at 669 cm−1 of the 2-athd2SeO4H2O spectrum;
of the 2-athdClO4 spectrum; (d) a band at 818 cm−1 of the 2-athd2ClO4

http://creativecommons.org/licenses/by-nc/3.0/
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Fig. 11 Temperature dependence of the donor⋯acceptor (O4⋯O3c)
distance of the O–H⋯O hydrogen bond in 2-athdHSO4. Dashed line
represents ideal linear dependence.
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of a new band at 1513 cm−1 at higher temperatures is signifi-
cant. Fig. 10c shows the temperature dependence of the posi-
tion of the band recorded at 452 cm−1 (room temperature),
which was assigned28 to the ν2 vibration of the ClO4

− anions.
This dependence changes at approximately 200 K.

The FT Raman spectra of 2-athd2ClO4 exhibit only a few
changes during the heating from room temperature to 340 K
(see Fig. 24S; ESI†). The only noticeable changes in the rela-
tive intensities of the bands are observed at approximately
1510 and 400 cm−1, which are especially apparent above
300 K – i.e., the temperature corresponding to the thermal
anomaly present in the DSC curves. In addition to the
changes in the stretching vibrations of the hydrogen-bonded
N–H groups (3450–3330 and 3110–2740 cm−1), the FTIR
spectra reflect the heating of the sample through intensity
changes in the bands in the 1630–1615 cm−1 region (see
Fig. 25S; ESI†). Additionally, the bands recorded at ~1100
and 630 cm−1, which were assigned28 to perchlorate ν3 and
ν4 vibrations, respectively, exhibit a symmetrising tendency
at temperatures above 300 K. This behaviour is in agree-
ment with the disorder of the ClO4

− anions present in the
crystal structure at higher temperatures. A detailed analysis
of the changes in the band positions during the heating of
the sample indicated several interesting bands at 1341, 818
and 692 cm−1. The temperature-induced shift of the band
at 818 cm−1 assigned28 to δ CH vibrations is present in
Fig. 10d. The inflection point of this dependence can be
correlated with the temperature of the thermal anomaly
found in the DSC records.

If we are trying to summarise the results of the above-
mentioned thermal studies, it is obvious that in the case
of 2-athd2SeO4H2O the temperature-dependent vibrational
spectra are consistent with the DSC measurements and con-
firm the existence of a weak thermal effect at approximately
190 K, which is associated with minimal changes in the crys-
tal structure.

The results of the low temperature vibrational spectro-
scopic study and the X-ray structural analysis roughly corre-
late with the presence of the three types of thermal effects
found in the DSC curves of 2-athdHSO4 at 160, 212 and
236 K. These findings can also be confirmed through a
detailed analysis of the temperature dependence of the
interplanar angles in the cation (see Fig. 17aS; ESI†) and the
temperature dependence of the donor⋯acceptor distances
in selected O–H⋯O and N–H⋯O hydrogen bonds – i.e.,
changes in the slope of dependence at ~160 K (see Fig. 11)
and the existence of a discontinuity in the 200–250 K region
(see Fig. 26S; ESI†).

In the case of 2-athdClO4, we can consider two “phases”
above and below ~200 K (according to the X-ray structural
analysis and the vibrational spectroscopic study). This con-
clusion is also consistent with the temperature distribution
of the interplanar angles in the cation (see Figure 17bS; ESI†)
and the changes in the slope of the temperature dependence
of donor⋯acceptor distances in selected N–H⋯O hydrogen
bonds (see Fig. 27S; ESI†). Surprisingly, the corresponding
1774 | CrystEngComm, 2014, 16, 1763–1776
effects were recorded at much higher temperatures in the
DSC measurements. The reasons for this discrepancy are
unclear, but it could also be influenced by the thermal hyster-
esis in the DSC results and the different approaches of the
measurements; DSC is a dynamic method, whereas X-ray dif-
fraction and vibrational spectroscopic measurements are
static (“step by step”) methods.
Second harmonic generation

The calculations (B3LYP/6-311+G(d,p)) of the first hyper-
polarisability values for the 2-athd molecule (βtot = 4.47 ×
10−30 esu) and the 2-athd(1+) cation (βtot = 2.04 × 10

−30 esu – see
Table 7) showed that they are very interesting moieties with
a total hyperpolarisability comparable with the standard
molecule of urea (βtot = 7.77 × 10−31 esu for B3LYP/6-311G).

Non-centrosymmetric crystals of 2-athdH2PO4,
2-athd2SeO4H2O and 2-athdHSO4 are quite promising
compounds for SHG with relative efficiencies d2-athdH2PO4 =
0.8dKDP, d2-athdSeO4 = 0.8dKDP and d2-athdHSO4 = 0.5dKDP for a
1064 nm excitation laser, which were determined using the
standard Krutz–Perry experimental arrangement29 where
transmitted radiation is detected. The consecutive measure-
ments in a back-scattering geometry10,12,30 (which generally
exhibit lower efficiency values but have higher reproducibility
due to improved sample packing) yield relative efficiencies of
d2-athdH2PO4 = 0.4dKDP, d2-athdSeO4 = 0.2dKDP and d2-athdHSO4 =
0.1dKDP for an 800 nm excitation laser. These observed differ-
ences, which are most likely caused by the different experi-
mental geometry rather than by the spectral dependence of
This journal is © The Royal Society of Chemistry 2014
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Table 7 Calculated values of the first hyperpolarisability components (a.u.) for 2-amino-1,3,4-thiadiazole and its cation at B3LYP level with

6-311+G(d,p) basis seta

βxxx βxxy βxyy βyyy βxxz βxyz βyyz βxzz βyzz βzzz βtot

2-athd −478.91 −73.11 −9.42 −65.75 10.08 7.20 −1.65 4.71 −43.33 −2.04 516.84
2-athd(1+) −209.03 −32.10 −1.80 −14.66 0.00 0.00 0.00 −7.63 −42.23 −0.01 238.89

a Note: (516.84 a.u. = 4.47 × 10−30 esu; 235.89 a.u. = 2.04 × 10−30 esu).
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the SHG efficiency, also reflect the fact that the obtained rela-
tive efficiencies of powdered samples should be regarded as
only approximate and starting values for further NLO charac-
terisation of bulk single crystals.
Conclusions

The preparation of eight novel compounds, 2-athdClH2O,
2-athdClO4, 2-athd2ClO4, 2-athdNO3, 2-athdHSO4,
2-athd2SeO4H2O, 2-athdH2PO4 and 2-athdHPO3, was moti-
vated by their potential use in non-linear optical applications.
The majority of the prepared crystals belong to the mono-
clinic system with non-centrosymmetric space groups Pc
(2-athd2SeO4H2O) and Cc (2-athdH2PO4) and centrosymmetric
space groups P21/c (2-athdClH2O, 2-athdClO4, 2-athdNO3),
P21/a (2-athdHPO3) and P21/n (2-athd2ClO4). Only crystals of
2-athdHSO4 belong to the orthorhombic non-centrosymmetric
group P212121.

The simplest of all these hydrogen-bonded structures is
the layered crystal structure of 2-athdNO3. The more compli-
cated structure of 2-athdClO4 is formed by a 3D network of
tetrahedral perchlorates and 2-athd(1+) cations. Structures of
2-athd2ClO4 and 2-athdClH2O contain hydrogen-bonded pairs
formed by the 2-athd molecule and the 2-athd(1+) cation or
by two 2-athd(1+) cations, which are involved with anions
and/or water molecules in 3D networks. Cationic chains were
observed in the crystal structure of 2-athd2SeO4H2O. The
structures of 2-athdHSO4 and 2-athdH2PO4 are based on
anionic chains (2-athdHSO4) or on an anionic 3D network
(2-athdH2PO4) incorporating 2-athd(1+) cations. The
remaining two crystal structures of 2-athd2SeO4H2O and
2-athd2HPO3 are formed by a network of alternating cations
and anions.

Only the combination of DSC, X-ray structural analysis,
FT Raman and FTIR spectroscopy enabled a deeper under-
standing of the thermal behaviour of 2-athd2SeO4H2O,
2-athdHSO4, 2-athdClO4 and 2-athd2ClO4 crystals. The
observed effects, which were recorded mostly at low tempera-
tures, are generally associated with minimal changes in the
crystal structures and the preservation of crystal symmetry.
Therefore, we can consider them interesting examples of
isostructural phase transformations.

The results of the theoretical calculations of the first
hyperpolarisability values for 2-amino-1,3,4-thiadiazole and
its cation, which indicate their potential in the field of
nonlinear optics, were confirmed by the measurement of the
This journal is © The Royal Society of Chemistry 2014
SHG efficiency of powdered samples of non-centrosymmetric
2-athd2SeO4H2O, 2-athdHSO4 and 2-athdH2PO4 at 1064 and
800 nm. The total SHG efficiency of the prepared crystals is
crucially affected by the arrangement of thiadiazolium cat-
ions (as carriers of NLO properties) in crystal structures. The
arrangement of 2-athd(1+) cations along the 21 screw axes,
which are mutually perpendicular in the crystal of
2-athdHSO4 (P212121), leads to lowest SHG efficiency. Higher
efficiency was observed in the case of 2-athd2SeO4H2O (Pc),
where two independent cations are present in the asymmetric
unit and both of them are perpendicularly oriented to the
glide plane c. The highest value of SHG efficiency was
observed for 2-athdH2PO4 (Cc), where the asymmetric unit
contains only one 2-athd(1+) cation, which is also perpendic-
ular to the glide plane c. The crystals of 2-athd2SeO4H2O and
2-athdH2PO4 are the most promising materials with an effi-
ciency of 80% of the KDP standard (1064 nm excitation). All
materials are transparent down to 245 nm and thermally sta-
ble up to their melting points (at least 378 K).
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