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The crystal structure of bis-2-picolinium hexachlorostannate (CH3CsHsNH),SnCls was determined at room temper-
ature by a single-crystal X-ray diffraction method. This crystal forms triclinic with space group C}-P1 and Z=1. The
temperature dependence of the **CINQR spectrum was investigated at between 77 K and around 340 K, at which tem-
peratures the signals faded out. Three signals with an equal intensity were observed with no anomaly in their temperature
variation over the entire temperature region investigated. DTA measurements were carried out at between 140 and 430 K,

and no heat anomaly was observed.

For the last thirty years many investigations have been
carried out on A;MClg ionic crystals, where [MClg]?>~ is
an octahedral ion, such as [SnClg]>~ or [TeClg]*~, and A
is a mono-valent cation, as follows: (1) atomic or spher-
ical-molecular ions, such as alkaline-metallic ions, NH}
or (CH3)4N*;" (2) long-chain ions, such as C,Hp,.;NH}
(n>2);9 (3) asymmetric alkyl-group-substituted ammoni-
um ions, such as CH;NH#, (CH;3),NHZ or (CH;);NH*;™—1%
and (4) planer ions, such as pyridinium ion CsHsNH* or
guanidinium ion (NH);C*.""'¥ This is because many of
these compounds exhibit structural phase transitions and/or
interesting molecular motions.

Nuclear quadrupole resonance (NQR) is very sensitive to
structural phase transitions, because its frequencies sharply
reflect any symmetry change in the charge distributions
around the resonant nuclei.’? Hence, measurements of
the NQR frequencies and relaxation times give both static
and dynamic information concerning phase transitions.'*—'®
NQR has shown its usefulness in studying phase transitions,
especially in A;MClg crystals.'—*417 Many of the phase
transitions in A;MClg crystals are accompanied by rotations
of the MClg octahedra, and are driven by soft-rotatory lat-
tice modes consisting of correlated rigid-body rotations of the
octahedra, themselves. Anomalies in the temperature depen-
dence of the NQR frequencies or relaxation times around the
transition temperatures, which are due to the soft librational
modes of the MClg, have frequently been observed, and much
information concerning the transitions has been obtained by
analyzing the anomalies (for example, see Ref. 19 and/or
Ref. 20).

Bis- pyridinium hexachlorostannate, (CsHsNH),SnClg,
and hexachlorotellurate, (CsHsNH),TeClg, undergo second-
order structural phase transitions at 331 and 272 K, re-
spectively, the transitions of which are interpreted as being
driven by an orientational ordering of the pyridinium ion,
CsH;NH*.2Y However, unlike many A;MClg crystals, no

displacive phase transition has been observed above 77 K in
the two compounds, which are stable up to relatively high
temperatures (the Sn and Te complexes decompose at 571
and 530 K, respectively).”** Since the molecular structure
of the pyridinium ion is a benzene-like planer ring, which has
a pseudo-Cg axis, it is easily understood that the pyridinium
ring takes disordered orientations in crystals. In fact, the dis-
order of nitrogen sites has been reported for many pyridinium
compounds.®**—? However, if a methyl group is introduced
in a pyridinium ion, it is expected that the group would hinder
the ion (picolinium ion) from disordering in crystals. There-
fore, a structural phase transition due to disordering of picol-
inium ions is not expected to undergo in the title compound.
As expected, no order-disorder phase transition was found
for the title compound between 77 and the melting point of
454 K in our previous work.*® No displacive phase transition
was observed either; this result was explained qualitatively in
terms of hydrogen-bonding networks and a large primitive-
cell volume.®® In the present work, the crystal structure of
bis-2-picolinium hexachlorostannate (CH3CsH4NH),SnClg
was determined using a single-crystal X-ray diffraction tech-
nique in order to confirm the above explanation. Moreover,
NQR and differential thermal analysis (DTA) measurements
were carried out to verify that the title compound does not
undergo a phase transition.

Experimental

Material. The title compound was prepared by dissolving 2-
picoline and SnCls in 6 M hydrochloric acid (1 M =1 mol dm™?)
with a stoichiometric ratio, and then by slowly evaporating water
from the solution in a desiccator over P,Os. The thus-obtained
crystal was recrystallized twice from dilute hydrochloric acid by a
slow-evaporation method. The polycrystalline sample was pulver-
ized and sealed in glass tubes for NQR and DTA measurements. A
single crystal for X-ray measurement was obtained by recrystalliz-
ing the polycrystal once more. The density of the crystal (D) was
measured by a flotation method in C¢HsCl-BrCH;CH,Br.
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Measurements. The temperature dependence of the *>CINQR
frequencies (vg) was measured with a home-made pulsed NQR
spectrometer equipped with a home-made cryostat.>® The sample
temperature was controlled to within 0.5 K with a temperature
cotroller, and was determined within +1 K with a copper—constan-
tan thermocouple. DTA measurements were carried out using a
home-made apparatus® at between 140 and 430 K with rates of
about 4 K min~" on heating and 2 Kmin~"' on cooling. The sample
temperature was determined within £1 K with a copper-constantan
thermocouple.

Crystal Structure Determination.  Crystal data and the ex-
perimental conditions are listed in Table 1. An X-ray measure-
ment was made on a Nonius CAD-4 diffractometer with graphite-
monochromated Mo K radiation (A =0.71073 A) at room tem-

Table 1. Crystal Data, Data Collection, and Structure Refinement

Chemical formula

CnHmClﬁNzSﬂ

Formula weight 519.68
Crystal system Triclinic
Space group P1
Lattice constants ~ a/A 7.121(1)

blA 8.237(1)

c/A 8.916(1)

al® 75.04(1)

pr° 69.39(1)

yl° 83.61(1)
Volume of unit cell/A* 472.8
Formula unit per cell 1
Dy/gem™3 1.825
Dp/gem™ 1.824
Number of reflections for cell measurement 25
0 range/® 11.4—18.3
Linear absorption coefficient/mm ™! 2.192
Crystal shape Plate
Crystal color Colorless
Crystal size/mm’ 0.50 x 0.43 x 0.40
Data-collection method w-26 scans
Absorption correction type Empirical via 1 scans
Transmission factor 0.7483—0.9997
Number of reflections measured 6122
Number of independent reflections 5828
Number of observed reflections 5256
Criterion for observed reflections 1>30()
Maximum value of 6/° 40.0
hkl range h=—12—+12

k=—14—0
I=—16—+15

Number of standard reflections 3
Interval (Number of reflections) 200
Intensity decay/% <14
R? 0.036
wR® 0.076
S 2.66
Number of reflections used in refinement 5256
Number of parameters 130
(A / 0)max 0.55
ApmaxleA™3 0.93
ApminfeA3 0.00
Extinction coefficient 3.1x107¢

3) R=Z|/|fol—|Fcl|/Z!Fo|- b) wR=

SwlFoP12.

(2w Fol — |Fe)?/

Bis-2-picolinium Hexachlorostannate

perature. The intensity data were corrected for both Lorentz-po-
larization and absorption effects. The result that no systematic
absence was recognized indicates that the possible space groups
are P1 and P1. With the help of the NQR data, three **CINQR
lines with an equal intensity being observed at room tempera-
ture, P1 was adopted for the structural analysis. The structure was
solved by direct methods, and refined by minimizing the function
S o||Fo| — |Fe||* (w0=4F3/[0*(D)+(0.04F2)*]) with the full-matrix
least-squares method. All non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms were located by
difference Fourier syntheses and refined isotropically. The atomic
scattering factors were taken from Ref. 36. All of the calculations
were carried out on a VAX station 4000 with the MolEN program
package.*” The fractional atomic coordinates and thermal displace-
ment parameters are listed in Table 2. F, — F.. tables were deposited
as Document No. 69024 at the Office of the Editor of Bull. Chem.
Soc. Jpn.

Results and Discussion

Crystal Structure. Bis-2-picolinium hexachloro-
stannate (CH;CsH4NH),SnClg forms a triclinic crystal with
space group C!-P1 and Z=1 at room temperature. The
bond distances and bond angles are listed in Table 3, and the
molecular structures of 2-picolinium and hexachlorostannate
ions are depicted by ORTEP*® in Fig. 1. H(2)-H(5) and H(n)
denote the hydrogen atoms bonded to ring carbons C(2)-C-
(5) and nitrogen, respectively. H(6i) (i=1—3) express the
methyl-hydrogen atoms. The crystal structure is shown as a
projection onto the bc-plane in Fig. 2. The [SnClg]?>~ octa-
hedra are located at the corners of the unit cell. Since the Sn
atoms are on the center of symmetry (C;), there are three crys-
tallographically non-equivalent CI atoms (Cl(1), CI(2), and
CI(3)). The distortion of the octahedra is only slight, as can
be seen from Table 3; the Sn—Cl distances are 2.43+0.01 A,
and the bond angles (C1-Sn—Cl) are 90.0+0.7°. Two cations
(CH;CsH4NH)* fill the free space in the interior of the cell,
and are connected by C; at %, %, % The pyridinium rings
are nearly planer, and the average C—C and C-N distances
are 1.374 and 1.339 A, respectively. These values compare
favorably with the corresponding bond distances of 1.362 or
1.373 A and 1.330 A, respectively, in solid pyridine.’” On
the other hand, the C—H bond distances, the average value
being 1.00 A, and N-H distance of 0.95 A were estimated to
be somewhat shorter. The methyl group is slightly deformed
and the C(1)-C(6)-H angles (105, 114, and 117°) deviate
from a tetrahedral angle of 109° 28’.

Some important inter-molecular distances and angles are
listed in Table 4. Since the van der Waals radii of H and
Cl are 1.2 and 1.80 A, respectively.***" the hydrogen atoms
located within 3.0 A from chlorine atoms are given in the
Table. We can see from Table 4 that two hydrogen atoms
bonded to carbons are close to all chlorine atoms; CI(2) and
CI(3) are approached by a single H(n), whereas CI(1) is not
(the N---CI(1) and H(n)- - -CI(1) distances are 3.467 (4) and
3.60 (6) A, respectively).

35CINQR Spectroscopy. Three >>CINQR lines with an
equal intensity were observed at room temperature, showing
that there are three crystallographically non-equivalent chlo-
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Table 2.
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Fractional Atomic Coordinates, Anisotropic Displacement Parameters (10~2 A?), Which Appear in Anisotropic Tem-

perature Factor T = exp{—2m2(h*a** U1y +kK*b** Uy + ™ Uss + 2hka™ b* Uy + 2hla™ ¢* Uy +2kib™ ¢* Us3)}, and Isotropic Dis-
placement Parameters Uss, (10~% A%) for H atoms

Atom X y z Uiy, Uiso Uxn Uss Un Uiz Un
Sn 0 0 0 2.685(6) 2.712(7)  2.743(6) —0.183(6) —0.643(5) —0.372(5)
CI(1) —0.0616(1) 0.29894(8) —0.09401(9) 4.24(3) 3.03(2) 4.34(3) 0.15(2) —-0.87(2) —0.15(2)
Cl1(2) 0.2884(1)  0.01198(9) —0.25219(8) 4.14(3) 4.01(2) 3.76(2) —0.61(2) 0.21(2) —-1.06(2)
Cl(3) 0.2181(1)  0.0668(1) 0.13220(9) 5.34(3) 431(3) 5.45(2) —0.68(2) —3.002) —-0.61(2)
N 0.5689(5)  0.3158(3) 0.7323(3) 6.05(11) 3.59(9) 4.86(10) —1.39(8) —2.37(8) 0.13(8)
C) 0.7098(4) 0.3686(4) 0.5853(3) 4.58(10) 4.56(11)  4.18(8) 0.08(9) —2.12(7) —1.20(8)
C(2) 0.7404(5)  0.5399(4) 0.5275(4) 4.19(11) 495(14) 3.62(10) —0.58(11) —0.73(9) —0.05(10)
C@3) 0.6288(6)  0.6468(4) 0.6241(4) 5.69(16) 3.76(12)  4.90(14) —0.17(12) —1.07(12) —0.04(11)
Cc4) 0.4868(6) 0.5874(5) 0.7751(5) 5.19(15) 4.55(13)  4.85(13) 0.59(12)  —0.78(12)  —0.84(11)
C(5) 0.4587(6) 0.4188(5) 0.8264(4) 4.71(13) 6.18(18) 4.07(12) —1.10(13) —0.78(11) 0.22(13)
C(6) 0.8240(8)  0.2411(6) 0.4934(5) 9.37(26) 7.13(18)  7.43(15) 2.27(19)  —4.05(15) —4.13(11)
H(n) 0.560(8) 0.200(6) 0.765(5) 8(1)
H(2) 0.846(7) 0.580(6) 0.422(5) 6(1)
HQ3) 0.648(6) 0.761(5) 0.589(4) 5(1)
H4) 0.391(8) 0.658(7) 0.858(6) 7(1)
H(5) 0.373(6) 0.364(5) 0.945(5) 5(1)
H(61) 0.898(10)  0.167(8) 0.569(7) 12(1)
H(62) 0.744(7) 0.174(5) 0.458(5) 7(1)
H(63) 0.905(6) 0.288(5) - 0.383(5) 5(1)

Table 3. Selected Geometric Parameters (A, degree)
Sn—CI(1) 2.4313(6)  Cl(1)-Sn—CI(2) 89.26(2)
Sn—Cl(2) 2.4420(6) CI(1)-Sn—CI1(3) 89.28(3) Sn
Sn—CI(3) 2.433009) Cl(2)-Sn—CI(3) 89.32(3)
C(1)-C2) 1.385(5) C(1)-C(2)—-C@3) 119.1(2)
C(2)-C@?3) 1.379(5) C(2)-C(3)-C4) 121.5(3) Ccl
C(3)-C4) 1.374(4) C(3)-C4)-C(5) 117.7(3) C13
C4)—C(5) 1.359(5) C4)-C(O5)-N 120.4(3) Cl2
N-C(5) 1.340(5) C(5)-N-C(1) 123.7(3)
N-C(1) 1.338(3) N-C(1)-C(2) 117.6(3) c
C(1)-C(6) 1.490(6) C(2)-C(1)—C(6) 123.8(3) Q N
N-H(n) 0.93(5) N-C(1)-C(6) 118.6(3) c4
C(2)-H(2) 0.98(3) C3 c Cé
C(3)-H(@3) 0.92(4)
CAYH@)  1.06(5) c2 &
C(5)-H(5) 1.03(3)
ggg;:ggg g ig‘l‘g; gg;_ggg_gggg i(l);g; Fig. 1. The molecular structures of [CH3CsH4sNH]* and

. — —. 2 . . P .

C61-H(63)  0.953) C(1-C(6)-H(63) 114(3) [SnCle]"™ drawing by ORTEP with 50%-probability-dis-

rine atoms in the crystal. The temperature dependence of the
NQR frequencies (V) is shown in Fig. 3, and some 14 values
determined at several temperatures along with temperature
coefficients Avo/AT are listed in Table 5. Three signals,
named as listed in Fig. 3, were observed over the entire tem-
perature region investigated. The frequencies of all of the
lines decreased monotonously with increasing temperature
from 77 K, and vgn, Vom, and vy faded out at 345, 333, and
339 K, respectively. This fade-out phenomenon was caused
by reorientational motions of the [SnClg]?>~ octahedra.*>
DTA measurements were carried out between 140 and 430
K, and no heat anomaly was observed. These results show
that there is no structural phase transition above 77 K in the
title compound.

placement ellipsoids.

The temperature variations of v, and v are nearly the
same, and more gentle than that of vom, as can be seen
from both Fig. 3 and Avg/AT in Table 5. In general, NQR
frequency decreases with increasing temperature. This was
explained by Bayer et al. as being due to an averaging effect
of the molecular vibrations, such as librations or rotational
oscillations on the electric field gradient (EFG) at the reso-
nant nuclei.**—® A factor group analysis*” of this crystal has
revealed that there are three librational modes of the anions
(A, modes), each of which is a rotational vibration about one
of the crystal axes. Since these librations are considered to
be responsible for the temperature dependence of the NQR
frequencies, their Avo/AT should be nearly the same. This is
because three crystallographically non-equivalent Cl atoms
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Fig. 2. Projection of the unit cell onto the ac-plane.

Table 4.  Selected Inter-Molecular Distances and Angles
(A, degree)
C(2)---Cl(1) 3.707(3) C(2)-H(2)---CK(1) 165(4)
C4)---Cl(1) 3.5794) C@)-H#4)---CK(1) 153(4)
N---Cl(2) 3.318(3) N-H(n)---Cl(2) 128(4)
C4)---Cl(2) 3.6044) C4)-H4)---Cl(2) 122(3)
C(6)---Cl(2) 3.676(6) C(6)-H(62)---Cl(2) 152(3)
N---CI(3) 3.457(3) N-H(n)---Cl(3) 137(5)
C(5)---Cl(3) 3.537(3)  C(5)-H()---CI(3) 141(3)
C(6)---CI(3) 3.572(4) C(6)-H(61)---Cl(3)  135(5)
H(2)---CI(1) 2.76(4) Sn—CI(1)---H(2) 112.1(9)
H@#)---CI(1) 2.60(5) Sn—Cl(1)---H(4) 100(1)
H(n)---Cl1(2) 2.67(6) Sn—Cl(2)---H(n) 106.4(9)
H4)---Cl(2) 2.934) Sn~Cl(2)---H(4) 91.5(9)
H(62)---Cl(2)  2.76(5) Sn—Cl1(2)---H(62) 115.009)
H(n)---CI(3) 2.72(5) Sn—CI(3)---H(n) 114(1)
H(5)---C1(3) 2.68(4) Sn—CI(3)---H(5) 105(1)
H(61)---CI(3) 2.76(6) Sn—CI(3)---H(2) 101(2)

Table 5.  ¥CINQR Frequencies v Determined at Several
Temperatures and Temperature Coefficients Avo/AT
Evaluated between 77 and 333 K

v (MHz)
T (K) WYon Yom Wl

77 17.492 17.068 16.522

100 17.485 17.035 16.514

200 17.446 16.877 16.462

293 17.380 16.713 16.387

333 17.342 16.632 16.348
AVQ/AT (kHz K_l) —0.586 —1.70 —0.680

belong to the same octahedron, and each of the librations has
a similar effect on three kinds of CI atoms, judging from the
crystal structure. However, when hydrogen atoms approach
a chlorine atom from the direction perpendicular to the prin-
cipal axis of EFG at the chlorine nucleus, the temperature
variation of the NQR line arising from the chlorine nucleus

Bis-2-picolinium Hexachlorostannate
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Fig. 3. Temperature dependence of *CINQR frequencies.

could be more gentle than that expected for the non-hydrogen
bonding system, or negligibly small or positive, depending
on the strength of the hydrogen bonds.**" In the [SnClg]*~
octahedron, the principal axes of EFG at the chlorine nuclei
almost coincide with the Sn—Cl bond axes in general, and in
the title compound, the Sn—Cl- - -H angles make nearly a right
angle, as can be seen from Table 4. Among the hydrogen
atoms located within 3.0 A from the chlorine atoms, H(n)
seems to be responsible for the mild temperature variations
of von and vg;. This is because H(n) is expected to be more
positively charged than the hydrogen atoms bonded to car-
bons, and because only one of three kinds of chlorine atoms
is away from H(n), whereas the hydrogen atoms bonded to
carbons are close to all of the chlorine atoms.

Table 3 shows that the Sn—CI(1) and Sn—CI(3) distances are
nearly equal, and are slightly shorter than Sn—Cl(2) length.
An increasing bond-distance can be related to an increasing
ionic-character of the bond, which leads to a decrease in the
BCINQR frequencies within the framework of the Townes
& Dailey theory.”® Thus, the lowest-frequency signal (vi)
is assigned to CI(2). Furthermore, the temperature variation
of Vom is rather steeper than those of the other two lines.
The above discussion leads to the fact that the resonance line
with the largest temperature variation (vgmy) can be assigned
to the chlorine atoms away from H(n), i.e., Cl(1). As aresult,
the rest line (vgp) is assignable to CI(3). The assignments
proposed here, vgn>CI(3), Vom+>CI(1), and vq>CI(2), are
based on qualitative arguments. Single-crystal-Zeeman-split
NQR spectroscopy, see e.g. Ref. 53, would give a unique
assignment.

Figure 4 shows that each picolinium ion is connected by a
bifurcated N—H- - -Cl hydrogen bond to the two neighboring
octahedra. It appears from the figure that a single octahedron
makes four hydrogen bonds. However, since this figure is
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Fig. 4. Projection of the crystal lattice along b-axis with
emphasizing N-H---Cl hydrogen-bonding networks. In
this figure, the hydrogen atoms bonded to carbon atoms are
omitted.

a projection, for example, the octahedron centered at 0, 0,
0 overlaps with that at 0, 1, 0. Therefore, a single anion
has two N—H- - -Cl hydrogen bonds. These differences in the
hydrogen bonds are shown by the dotted and dashed lines.

According to Cochran’s theory, the lattice instability that
leads to structural phase transitions in ionic crystals occurs
via a subtle cancellation of the short-range interaction by
the long-range Coulombic interaction.*” In a previous paper,
on the basis of this Cochran’s theory, the lattice stability of
the title compound was explained by assuming that there
are hydrogen-bonding networks, and that the primitive-cell
volume is very large.*® This assumption was confirmed by
the present investigation. As described above, there are
hydrogen-bonding networks and the volume of unit cell is
472.8 A3, This value is considerably large compared with
326 A3 for (CH3NH;),SnClg at 293 K,%® or 380 A3 for
[(CH3);NH;1,SnClg at room temperature.”® These crystals
undergo a displacive phase transition.>”"®

Conclusions

Bis- 2-picolinium hexachlorostannate (CH3CsH4NH),-
SnClg forms a triclinic crystal with space group C!-P1 and
Z=1 at room temperature. This crystal is stable from 77
K up to a melting point of 454 K. This lattice stability can
be explained qualitatively in terms of hydrogen-bonding net-
works and a large primitive-cell volume.*® Three 3CINQR
lines were assigned to three crystallographically non-equiva-
lent chlorine atoms as follows: von+>ClI(3), vom«=Cl(1), and
vor—Cl(2).

This work was partly supported by a Grant-in-Aid for
Scientific Research No. 06640450 from the Ministry of Ed-
ucation, Science and Culture.
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