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Detailed single-crystal vibrational data and X-ray space group determinations reveal that the tetraethylammonium salts 
of InC1s2- and T I C W  are isomorphous and isostructural. High-quality single-crystal Raman data were collected on 
well-formed crystals with polished faces. This new data in conjunction with low-temperature infrared and Raman spectroscopy 
had led to a major reinterpretation of the previous vibrational assignments for [ ( C ~ H S ) ~ N ] ~ [ I ~ C I ~ ]  and in the process clarified 
an ambiguity in the previous vibrational work. The new assignments, which indicate that the InClsz- ion does not have 
full C4 symmetry, and second harmonic generation experiments, which indicate that the crystal may not be centrosymmetric, 
prompted reassessment of the published X-ray data. An alternate refinement is presented which is based on C2 symmetry 
for the InC152- ion. 

Introduction 
Although many five-coordinate complexes are known among 

the main-group elements, only two systems having monodentate 
ligands and lacking lone electron pairs on the central atom have 
been shown to have square-pyramidal structures by X-ray 
diffraction studies. These are (C6Hs)sSb1 and InCls2- in the 
salt [(CzHs)4N]2[InCls],2 the last of which has been studied 
in greater detail because of its simplicity and reported rigorous 
fourfold symmetry. The general motivation for structural and 
vibrational work on these systems is the lack of a ready ex- 
planation of their geometry and the implication of the 
square-pyramidal configuration in the Berry pseudorotation 
mechanism for the stereochemical nonrigidity of trigonal- 
bipyramidal compounds.3 

In addition to the crystal structure determination, InCls2- 
has been investigated in solution,4,5 various salts have been 
prepared,s-7 and two single-crystal vibrational studies have 
appeared,8*9 which form the basis of normal-coordinate vi- 
brational analyses.3,"J In both papers on the single-crystal 
spectra, one more E symmetry vibration was observed than 
would be expected for a square-pyramidal C4 symmetry Inch2- 
ion, and, for want of a better assignment, this extra vibration 
was attributed to a lattice rnode.8,9 

We undertook the present work on [ ( C ~ H S ) ~ N ] ~ [ T I C ~ S ]  in 
the hope that the results might help to clarify the ambiguities 
in the InCls2- vibrational data. In addition, we sought a 
positive test of the contention that the indium and thallium 
salts are isostructural.5 The results led us to question the 
rigorous C4 symmetry previously assigned to these complexes 
and therefore prompted a reinvestigation of the [(C2Hs)4- 
N]z[InCls] X-ray structure. 
Experimental Section 

[ ( C ~ H S ) ~ N ] ~ [ T I C ~ ~ ]  and [ ( C ~ H S ) ~ N ] ~ [ I ~ C I S ]  were prepared by 
the published methods5 and crystallized from acetonitrilecontaining 

* To whom correspondence should be addressed at Northwestern Uni- 
versity. 

a 50% excess of (C2Hs)4NCI-by slow evaporation of the solvent a t  
room temperature. The crystals used for vibrational data collection 
had polished perpendicular faces, ca. 3 X 3 X 1.5 mm on a side, and 
were oriented by the aid of a polarizing microscope and their 
morphology. 

Raman spectra were obtained on a 0.85-m Spex 1401 double 
monochromator with sampling optics of our own design and extensively 
modified Spex photon-counting electronics. A 1-cm-l band pass was 
employed in all experiments. Data on the single crystals were collected 
on magnetic tape at 0.17-cm-1 intervals and were processed on the 
CDC 6400 computer by the program RAM AN.^^ Among its various 
functions, RAMAN allows least-squares fitting of component bands via 
a modified version of the Pitha and Jones routine.12 The 647.1-nm 
line of a light-feedback-stabilized Kr-ion laser (Spectra Physics 164) 
was used for sample illumination. Laser power, ca. 100 mW, was 
measured at the sample and was readjusted to a fixed value for both 
orientations of the incident electric vector. Plasma lines were removed 
by a premonochromator in the laser beam, and peak positions were 
accurately located relative to Ne atomic lines, introduced by a Ne 
bulb close to the sample. 

= 
90 mm) was used to minimize local heating and an oblique (ca. 160°) 
back-scattering geometry was employed. The polycrystalline sample 
in the form of a pressed disk was attached to a copper block by 
Eccotherm TC-4 (Emerson and Cummings, Northbrook, Ill.) and 
cooled by a transfer gas in a double-chamber helium dewar. 
Temperature of the sample was monitored by a Au-Fe vs. Cu 
thermocouple attached to the side of the sample by Eccotherm. The 
absolute temperatures are estimated to be known to f 4 O  and relative 
temperatures are f2'. Peak positions were measured relative to the 
exciting line, 647.089 nm, and two Kr-plasma lines, 65 1.095 and 
657.007 nm. 

Infrared spectra of Nujol mulls between polyethylene plates were 
obtained using a Perkin-Elmer 180 far-infrared spectrometer which 
was calibrated using water vapor lines and is accurate to f l  cm 1 ;  

however, the breadth of the infrared bands leads to a greater u n -  
certainty than this. 

Precession, Laue, and Weissenberg photographs taken wi th  both 
Mo and Cu radiation were employed to assign the Laue class. latticc 
type, and apparent space group. Lattice constants at 22' wcrc 

For low-temperature runs, a cylindrical laser focusing lens 
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Figure 1. Variable-temperature Raman spectra of polycrystalhne [(C,H,),N], [ T Q  1 ~ Th. me  and plasma 
hnes are indicated by asterisks. 

obtained from zero-level precession photographs. A single crystal 
c i  :he In complex, ca. 0.40 X 0.40 X 0.50 mm, was mounted on the 
diffractometer with the [ 1 101 direction approximately coincident with 
the spindle axis. This crystal was in the form of a well-developed 
truncated octahedron with faces belonging to the forms (loo), IlOl), 
and { O O l ) .  The mosaic spread, 0.5', at half-height, which was de- 
termined by narrow-source w scans on several strong reflections, is 
acceptably low. Lattice constants were determined from least-squares 
refinement17 of setting angles for 12 reflections using Mo Koi radiation 
( A  0.70930 A) at a takeoff angle of 1.5' and agreed to within 0.25% 
with those of Brown, Einstein, and Tuck.2 Intensity data for reflections 
in the hkO zone were collected by the 8-28 scan technique on a 
computer-controlled Picker PAC§- 1 automatic diffractometer, with 
the pulse height analyzer set to accept approximately 90% of the Mo 
Ma line. In a test for possible phase changes, X-ray powder diffraction 
data were collected in both energy and wavelength dispersive modes 
at  room temperature and 77'K. Copper K a  radiation was employed 
and the diffractometer scan ranged between 10 and 50' in 28. 

A second harmonic generation (SHG) test13 was used to provide 
a center of symmetry determination.14 The experiment was performed 
with a second harmonic analyzerI5 which produces and analyzes SHG 
in test crystals while determining if the radiation produced is true 
SHG through a detector assembly designed to function as a 
single-wavelength ( A  5300 A) spectrometer. SHG signals at  a level 
1/im of that produced in a crystalline quartz (a-SiO2) standard can 
be reliably detected over a dynamic range of 50 db. At this level of 
sensitivity, it is possible to establish center of symmetry determination 
with >99% reliability.16 

esults andl Discussion 
Low-Temperature Spectra for [ ( C Z H ~ ) ~ N ] ~ [ ' F ~ C ~ S ] .  

Variable-temperature Raman spectra were obtained on a 
polycrystalline sample at 6, 14, 33,78, and 300'K. The results 
a t  three of these temperatures are summarized in Figure 1, 
which shows the expected sharpening of the bands and their 
shift to higher frequency. Of particular importance is the 
resolution of several distinct features a t  6'K which are either 
barely evident or absent at higher temperatures and which form 
the basis for deconvolution of the room-temperature 
single-crystal data. Another useful aspect of the low- 
temperature data was the observation that normalized tem- 
perature coefficients for peak positions are significantly larger 
for E modes than for either A or B modes. These temperature 
coefficients, x, were calculated between 300 and 6'K vial8 

x =  
where un represents the peak position in cm-1 a t  temperature 
n. 

v300 - V G  

(300 - 6 ) ~ , ,  

occur over t h e  te 

internal or the la 

in the internal 

infrared and R c  

of the observed 

eetures in the 
bands are attrib 
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Table I 
Correlation of the MX, Vibrational Symmetry Species for 
Alternative Site Symmetries with Those of an S, Unit Cell 
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and 3 B crystal modes, and the 6 B modes of the C2 MX52- 
complex transform as 6 E crystal modes. An ordered structure 
in the C4h unit cell would require fewer than the observed 
number of bands.19 

The data of Table I1 fall into three logical regions: stretching 
modes between 275 and 200 cm-1, deformations between 170 
and 95 cm-1; and lattice modes below 80 cm-I. It is convenient 
to consider first the specific assignment of A and B modes and 
then the more complex E assignments. 

With the exception of the B mode, the assignments are 
obvious from casual inspection of the single-crystal spectra in 
the TI-C1 stretching region, Figure 2. Careful inspection of 
the intensities indicates the missing B mode lies under the 
273-cm-1 A feature. While some leakage into the z b ,  x)y 
spectrum (where B should be active) by the very intense A 
mode is expected, there is much higher relative intensity, 54, 
in this orientation, than found for z(x, z ) y ,  15, where the B 
mode should be absent. The lack of correlation field splitting 
is evident in the stretching region where 2 A, 1 B, and 2 E 
Raman frequencies are observed. 

Assignment of the A and B deformations is completely 
straightforward from the single-crystal spectra. As expected 
the A mode at  118 cm-1 has no counterpart in the infrared 
spectrum. Two B modes are found in the Raman spectrum 
at  168 and 150 cm-1 and are absent in the infrared spectrum 
as required by the selection rules. 

The low-temperature Raman spectra are an important 
supplement to the single-crystal data in assigning the E modes. 
At 6'K two additional features are clearly evident in the 
stretching region, one as a maximum at 264 cm-1 and the other 
as a distinct shoulder at 251 cm-1. These two features have 
normalized temperature coefficients of -12 (2) X 10-5 and -10 
(4) X 10-5 deg-1, respectively, between 300 and 6'K, which 
contrast with the temperature coefficients of -7 (1) x 10-5 
and -3 (1) X 10-5 deg-1 for the two strong bands at 273 and 
255 cm-1 associated with nondegenerate representations. In 
agreement with the low-temperature data the room- 
temperature z (x ,  z)y spectrum, Figure 2, contains a highly 
asymmetric E feature with a maximum at 256 cm-1. 
Least-squares resolution of this feature into two components 
(Figure 2) reveals the presence of one band at 256.2 cm-' and 

S, unit cell 
C4, ionu C4 ionb C, siteC (z = 2) 

3 AI- 3 A-6 A- 

2 B ' \ 3 B /  \:: 
1 B, / 
3 E- 3E-6B- 6 E  

Correlation of the Selection Rules foI 
Various Possible Unit Cells (2 = 2) 

s4 c, h c4 

6 A  3 A, . 6  A 

3 B (silent)' \ 
------- Y X Z ,  YZ)(X, v) 

6 E / 3 E :  (x ,  Y 1 

a For the free C,u ion: stretches = 2 A, + B,  + E, deformations 
= A, + B, + B, + 2 E. For the C, symmetry ion: stretches = 
2 A + B + E, deformations = A + 2 B + 2 E. For the C, 
symmetry ion: stretches = 3 A + 2 B, deformations = 3 A + 4 B. 

[(C2H5)4N]2[InC15] spectrum. The remaining 12 active 
fundamentals with coincident infrared frequencies are the same 
as predicted for C2 (or lower) site symmetry, and it follows 
that correlation field splitting is negligible. 

Even though the spectra are interpreted in terms of C2 site 
symmetry, selection rules for the vibrations follow unit cell 
transformation properties. The ensuing discussion is based 
on transformation properties and symmetry species of the S 4  
unit cell, but as may be determined from Table I a similar 
interpretation results for the C4 unit cell. In an S 4  unit cell 
assignment with negligible factor group coupling, the 6 A 
modes of the C2 symmetry MX5 complex transform as 3 A 

(xz ,  YZ)(X, Y )  

Table 11. Single-Crystal Raman Data for [(C,H,),N], [TlCl, ] Orientations and Corresponding Observed Intensitiesu 

Intensity 

A 
E 
A 
E 
A?e 
Be 
B 
B 
E 
E 
A 
E 
E 
Bf 
Ef 
Ef 
Bf 
Ef 

273.3 (2) 
256.2 (3) 
255.2 (1) 
244.8 (10) 
205.5 (20) 
203.0 (20) 
167.7 (2) 
150.3 (4) 
136.2d (-) 
125.2 (2) 
118.2 (3) 
109.8 (3) 
96.1 (3) 
78.3 (10) 
66.4 (10) 
52.9 (20) 
41.1 (2) 
26.1 (2) 

958 

46 

3 
4 

135 

18 

34 
4 
2 
7 
4 

4 

2 
66 
28 

2 

12 

31 
2 

15d 

1 qd 

6d 

3d 
3d 

12d 

94d 
1 OOd 

1 Id 

34d 

25d 

1 4d 

31 

12 

5 

2 
2 

12  
24 

81 
86 

16 
10 

33 

403 

70 

7 

94 

10 

3 
8 

15 
7 

8 

1 
80 
41 

6 
6 

10 

32 
4 

30 

15 

6 

2 
2 

13 
30 

94 
100 

17 
13 

39 

30 

18 

7 

1 
1 

17 
35 

107 
115 

22 
17 

45 
Within each set z ( .  . ., . . .)y, z ( .  . ., . . . )x ,  and y(. . ., . . .)x intensities of the resolved component bands are normalized with respect to the 

intensity of the 96.1-cm-I band in the . . .(x, z). . . orientation. For the sake of brevity, results for the four possible z ( .  . ., . . .)x orientations 
are omitted. These results agree with those pFesented. Frequencies in cm-I are an average of all 
spectra scanned and have an estimated absolute accuracy of 0.5 crn-l. Standard deviations in the last digits are given in parentheses. 

N], [InCI,] and are therefore associated with the [(C,H,),N]' cation. 

Vibrational species for the S,  unit cell. 

Frequencies and intensities resulting from digital least-squares fitting. e These weak features are found in the same positions in [ ( C 2 H s ) 4 -  
Lattice modes. 
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are found at 135, 116, and 104 cm-1 in addition to those 
features previously mentioned for the B modes. The 
frequency-normalized temperature coefficients are -38 (2) x 
10-5, -34 (2) X 10-5, -22 (2) X 18-5, and -29 (2) X 10-5 cm-1 
deg-1, respectively, which contrast with the smaller magnitude 
of temperature coefficients for nondegenerate modes which 
range between -15 (1) X 10-5 and -17 (1) X 10-5 cm-1 deg-1. 
The least-squares resolution of the room-temperature 
single-crystal z(x, z )y  spectrum was accomplished in two steps. 
Initially, the deconvolution was performed by assuming three 
distinct E internal modes at 125, 110, and 96 cm-1 as well as 
three E lattice modes at 66, 52, and 26 cm-1. In addition, two 
components were introduced for the 168- and 150-cm-* B 
modes which show a small amount of leakage into this 
spectrum. With the exception of the 136-cm-1 region a good 
fit was obtained. In a second deconvolution an additional 
feature was introduced at 137 cm-1 which refined to 136 cm-1 
to give an excellent fit. The 11-cm-1 separation of the 136- 
and 125-cm-1 features in the resolved z(x, z)y spectrum agrees 
well with the 13-cm-1 separation observed at 6OK. The 
low-temperature infrared spectrum is composed of weak bands 
at 145, 130, and 102 cm-1 which correspond with the 148-, 
135-, and 104-cm-1 Raman bands, and strong features at 126 
and 116 cm-1 which correspond to the unresolved 116-cm-1 
Raman band of a polycrystalline sample at low temperature. 

Assignments for I n C W .  Between 18 and 210 cm-1 the 
Raman spectrum of polycrystalline [(C2H5)4N]2[InC15], at 
6OK, reveals two peaks at 148 and 133 cm-1 not found at room 
temperature, and these features also are discernible as high 
as 78OK. New single-crystal data of higher quality than 
heretofore available are presented in Table 111. Deconvolution 
of the single-crystal data was again performed with the aid 
of the low temperature data, revealing 11 InC15*- bands 
between 300 and 100 cm-1. Two overlapping A stretches are 
clearly evident at 292 and 286 cm-1, but no B stretch is 
apparent. The two E symmetry stretches expected for the 
anion of a G2 site, but not €or a C4 site, are evident at 281 and 
271 cm-1. Only the latter has been reported in the literature.s%9 
The B deformation assignments at 191 and 163 cm-1 as well 
as the A assignment at 140 cm-l are straightforward. With 
the aid of low-temperature data, the four E modes predicted 
for InC152- at C2 sites are found at 144, 136, 122, and 103 cm-1 
in the single-crystal data. With this reinterpretation of the 
spectrum it is no longer necessary to assume arbitrarily the 
presence of a lattice mode in this region.s,9 

In summary, the vibrational data for the tetraethyl- 
ammonium salts of I n C W  and T1C152- indicate that these 
complexes reside on sites lacking full C4 symmetry. The most 
straightforward conclusion from the vibrational data is that 
the InC152- ions have local C2 symmetry, which would be 
inconsistent with the previous structure determination.2 It is 
conceivable that the space group chosen by Brown, Einstein, 
and Tuck is correct and the Inc152- ions of C2 local symmetry 
are disordered around the crystallographic fourfold axis from 
one InCls- site to the next. Alternatively the h1C15~- ions may 
have full C4 site symmetry but experience a G2 perturbation 
of their vibrational modes owing to the local C2 environment 
provided by static disordered tetraethylammonium arrays. This 
latter possibility seemed unlikely to us because the six E 
symmetry crystai modes, which demonstrate the C2 distortion 
are well separated, These considerations led us to inspect 
alternate interpretations of the crystallographic data. 

Reevaluation of the X-Ray esults. The structure of 
[(C2H5)4N] 2[hc15], as previously reported,2 consisted of 
centrosymmetrically related InC152- ions situated about the 
Wyckoff c positions of C4 symmetry in space group C4h3-P4/n. 
Coaxial with the InC152- ions are disordered (C2H5)4N+ ions 
also situated about the Wyckoff c positions. The N atoms of 

1 /I 
I 

30 0 2 0  0 100 0 

Z(XZ)Y Eg 

0 0 

WAVENUMBER SHIFT (cm-1) 
Figure 2. Single-crystal Raman spectra. The lowest spectrum 
includes the computer-resolved components and the difference 
between the observed spectrum and the composite of the 
calculated components. 

a weaker one at 244.8 cm-1. The 12-cm-1 separation of these 
components conforms to the 13-cm-1 separation observed in 
the 6'K spectrum. The low-temperature infrared spectrum 
is characterized by shifts of maxima to higher frequencies by 
4-8 cm-1. The stretch region has a medium peak at 276 cm-1 
and a broad, strong peak at 252 cm-1, which correspond with 
bands in the low-temperature Raman spectrum at 278 and 25 1 
cm-I. 

The E deformation assignments follow a similar pattern. 
At 6OK a distinct shoulder occurs a t  148 cm-1 and maxima 
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Table 111. Single-Crystal Raman Data for [(C,H,),N], [InC1,Ia 
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Intensity 
Species for 
S, unit cell Freqb Y ( Z >  z)x Yo;, Y )x  Y(Z,  Y ) x  Ax,  z )x  zv, y)x  ZOC, v)x ZCV, Z)X 

A 292.0 (2) 395.8 21.8 34.3 23.8 418.1 54.8 23.8 
A 285.5 (15) 92.4 20.1 11.3 21.0 306.4 49.1 22.7 
E 280.6 (30) 10.0 7.6 5.5 
E 270.9 (11) 4.4 5.4 5.0 
B C  209.3 (15) 4.4 7.1 
AC 203.9 (25) 6.1 
B 191.2 (1) 69.8 2.5 7.8 15.8 65.4 4.1 
B 171.0 (25) 3 .O 
B 163.4 (2) . 109.8 4.4 11.0 89.4 92.9 10.5 
E 144.3 (26) 18.6 14.5 13.5 
A 139.7 (15) 70.6 15.1 
E 136.3 (IO) 12.5 10.3 14.0 
E 121.6 (1)  21.8 23.0 96.8 104.4 24.5 18.8 103.4 

B 74.4 (201 47.2 10.6 
E 103.3 (1)  27.0 17.4 100.0 102.9 22.2 12.2 100.0 

A 69.0 ( i s j  31.0 
E 68.8 15) 18.6 31.4 24.5 
E 55.1 (13) 36.8.  35.0 32.8 
A 41.0 (10) 33.1 
B 39.1 (5) 29.9 17.4 32.3 
E 28.8 (5) 15.0 5 .O 42.4 50.0 5.3 43.8 

a Within each set z(. . ., . , .)x and y( .  . ., . . .)x intensities of the resolved component bands are normalized with respect to the intensity of 
the 103.3 cm-' band in the ... (z, y )  ... orientation. 
absolute accuracy of 0.5 cm-' . Standard deviations in the last digit(s) are given in parentheses. 
positions in [(C,H,),N], [TlCl,] and are therefore associated with the (C,H,),N+ cation. 

Frequencies, in em-', are an average of all spectra scanned and have an estimated 
These weak features are found in the same 

the two remaining (C2Hs)4N+ ions in the unit cell occupy the 
centrosymmetrically related Wyckoff b sites of 5'4 symmetry, 
the cation as a whole again being disordered. There are two 
disturbing features of this solution and its subsequent re- 
finement: the disorder of the (C2Hs)4N+ ions and the sig- 
nificant residual electron density in the region of the basal C1 
atoms of the tetragonal-pyramidal anion. The disorder of each 
of the two distinct types of (C2Hs)4N+ ions in the unit cell 
is enforced by their placement relative to the symmetry el- 
ements of P4/n. The cations which are coaxial with the InC1s2- 
ions are disordered by virtue of the C4 symmetry axis to which 
they are constrained. Since the vibrational data suggest a 
twofold axis for the Inch2-  ion and, hence, for the coaxial 
(CzHs)4N+ ion as well, an ordered model with crystallo- 
graphically imposed C2 rather than C4 symmetry would be 
more satisfying. The two remaining (C2H5)4N+ ions in the 
unit cell of the original model are disordered although this 
disorder is necessitated by the center of symmetry in the 
previously assigned unit cell and not by their site symmetry 
(274). Thus, an additional feature of the alternative model is 
the absence of a center of symmetry. This results in crys- 
tallographically independent S 4  sites for these two (CzHs)4N+ 
ions. 

The significant residual electron density in the region of the 
basal C1 atoms of the tetragonal-pyramidal anion2 might be 
attributed to one of several effects.20 However, in the present 
case the residuals are found precisely where the difference 
between C2 and C4 symmetry for the InC1s2- ion would be 
expected to manifest itself and therefore suggest an ordered 
C2 model for the InC152- ion. 

Table IV shows the correlation of allowed point symmetries 
for the Inch*- and (CzH5)4N+ ions with the available site 
symmetries in the Laue class. Within Laue class 4/m there 
are 14 space groups. The diffraction evidence for a primitive 
lattice eliminates five of these. Since Z = 2, an acceptable 
space group must possess C2 axes of order 2 to accommodate 
the coaxial InCls2- and (C2H5)4N+ ions. This condition 
eliminates all of the remaining space groups based on the point 
group C4h and also eliminates P41 and P43. Of the three 
remaining space groups, P42 and P4 do not possess the requisite 
S 4  sites for the two remaining (CzH5)4N+ ions. This leaves 
S4I-Pa as the only space group having the desired combination 

Table IV. Correlation of Allowed Point Symmetries for the 
InC1,'- and (C,H,),N* Ions with the Available Site 
Symmetries in h u e  Class 4/m 

InC1,'- (C, H,  LN+ 

mm2 (c, ,,)' 

1 (C,). . . . 1 G I ,  
-1 (C,) 

a Highest possible point symmetry assuming a tetragonal- 
pyramidal arrangement. 

Subgroups. Solid lines indicate correlations involving proposed 
site symmetry for the ordered model; dashed lines, other 
correlations. 

Highest possible point symmetry. 

of site symmetries _appropriate to an ordered model. 
The model in P4 consists of the coaxial arrangement of 

InC152- and (CzH5)4N+ ions situated about the Wyckoff g 
positions of C2 symmetry. The In, apical C1, and N atoms 
are constrained to the twofold axes with z coordinates identical 
with those in P4/n. As input to a refinement in Pa, positions 
for the basal C1 atoms were obtained directly from the solution 
in P4/n.21 Coordinates for the C atoms of the coaxial cations 
were generated from the disordered solution by selecting those 
atomic positions which correspond to an ordered (C2N5)4N+ 
ion with a twofold axis. The two remaining (C2H5)4N+ ions 
in the unit cell are arranged about the Wyckoff b and d 
positions with the N atoms assigned to the S 4  sites. Ordered 
C atom positions were obtained by deconvoluting the disordered 
arrangement so as to yield mirror image (C2H5)4N+ ions. 

One feature of the diffraction effect which would normally 
distinguish P4/n from Pa is the glide absent reflections 
characteristic of P4/n: hkO, h + k # 2". Atoms which 
populate the Wyckoff g sites of Pa cannot contribute to the 
intensity of these characteristic reflections; therefore, a pseudo 
n-glide condition would be expected in P4 since the In atoms 
and, to some extent, the apical CI atoms will dominate the 
scattering. The situation is, however, considerably more 
complex because of the similarity of the atomic arrangements 
in the original and present models. The characteristic re- 
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flections gain intensity only insofar as (1) the InC152- ion 
deviates from C4 symmetry, (2) the C atoms of the (C2H5)4N+ 
ions at the g sites deviate from S4 symmetry, and (3) the C 
atoms of the (C2Hj)4Nf ions at the b and d sites deviate from 
a mirror-image relationship. 

Three approaches were taken to distinguish the published 
centrosymmetric model from the present one which lacks a 
center of symmetry: (1) the performance of tests for a center 
of symmetry in the crystals; (2) a careful search on the 
diffractometer for the characteristic reflections (hkO, h + k 
# 2n); (3) a refinement in P4 to confirm the viability of the 
model and to ascertain what structural differences appear 
during the course of the refinement. 

Evidence for a Noncentrosymmetnc Space Group. Crystals 
of [(C2Hj)4N] 2 [ InCIs] and [ (C2Hj)4N] 2 [TIC151 were tested 
for both piezoelectricity and second harmonic generation 
(SHG). The piezeoelectric tests, performed on a Giebe- 
Schiebe apparatus, were negative for both materials and thus 
provide no definitive information concerning the absence of 
a center of symmetry in the crystals. 

The SHG tests on index-matched powdered samples of the 
In and T1 salts showed a weak acentricity. The signal level 
was 1/3oooth of the a-Si02 standard. However SHG signal 
from the materials used in preparing the crystals showed that 
1 part in 1000 of the noncentrosymmetric compound [(C2- 
H5)4N] [Inch] could produce the same signal as that observed 
for the pentachloride. Simultaneous measurement of the linear 
scattering and SHG on mixtures of the pentachlorides in 
several index oils demonstrated that the SHG signal intensities 
were strongest when the powdered crystallites were appro- 
priately index matched. 

The Search of the hkO Zone. A careful search for the 
characteristic reflections in the hkO zone was carried out on 
the diffractometer. The 97 data were processed as described 
previouslyl7J3 yielding 49 reflections with h + k = 2n and 48 
reflections with h + k # 2n. The value of p used in the 
estimation of .(F02) was 0.04. The diffraction profiles were 
carefully examined for spurious effects and one reflection (100) 
was eliminated because it occurred in a region of high 
background intensity. Of the 47 characteristic reflections ( h  + k f 2n), all except one had -2.0 5 F o ~ / G ( F o ~ )  5 +2.0. The 
830 reflection had Fo2/u(F,2) = 3.0. Assuming that the space 
group is Pn/n, the probability of such an occurrence is only 
0.27%.24 This result is consistent with the noncentrosymmetric 
structure which was indicated by the second harmonic gen- 
eration results. 

The Refinement in P4. Full-matrix least-squares 
refinement25 of the model proceeded satisfactorily, based on 
the reported 813 observed reflections.* The function minimized 
was Cw(lFol - lFc1)2. A scheme similar to that used in the 
previous reported structure2 was employed to assign individual 
weights, w, to each reflection. The neutral atom scattering 
factors for In, C1, N, and C were obtained from the usual 
tabulation? The anomalous terms for In and C1 were obtained 
from the tabulation of Cromer and Liberman27 and included 
in Fc.28 Several cycles of least-squares refinement of an 
isotropic thermal model led to values of 0.095 for Ri and 0.151 
for R2. The discrepancy indices, R1 and R2, are defined as 
C /IF'OI - IFCII/CIFOI and (Cw(lF0l - IF~l )~ /CwF~2)1/2 ,  re- 
spectively. The value of Ri for the isotropic refinement in P4, 
0.095, may be compared with the corresponding value from 
the refinement in P4/n, 0.095.2 A difference Fourier map 
based on the isotropic refinement in P4 showed no significant 
residual electron density in the region of the basal C1 atoms. 
The refinement was then expanded to include an anisotropic 
thermal model for all atoms. However, it was not possible to 
refine the N atoms in this manner because of high correlations 
between various components of the anisotropic tensors.29 The 
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Figure 3. Drawing_of the InC1,'- ion, as determined from a 
refinement in theP4 space group. The 50% probability contours 
are shown. Errors in the last digit(s) of the bond distances are 
*6,9,  and 11 A for InC1, through InCl,, respectively. Standard 
errors in the bond angles are *5' for C12-In-CI2' and i6" for 
C13-In-Cl3'. 

thermal coefficients of these three atoms were returned to the 
isotropic form and the refinement was continued leading to 
final values for Ri and R2 of 0.067 and 0.1 1 1. A difference 
Fourier map based on this refinement revealed chemically 
reasonable positions for 12 of the 20 independent H atoms. 
The highest nonhydrogen peak on the map was 0.7 e/A3. This 
value is approximately one-fifth the height of a typical C atom 
in the structure. 

A structure factor calculation for the hkO zone based on 
the refined positions in PJ revealed 13 characteristic reflections 
with Fomln I FC 5 2Fom'n. However, it was thought that their 
calculated intensity might arise indirectly from the fact that 
the characteristic reflections were not included in the re- 
finement. The data for the hkO zone were therefore merged 
with the hkl (I # 0) data of Brown, Einstein, and Tuck via 
a scale factor obtained from the standard reflections used to 
monitor crystal stability during data collection. The char- 
acteristic reflections in the hkO zone which had Fo2 < 1.0 
( N 50%) were arbitrarily assigned values of P = 1 .O. In- 
dividual weights for the hkO reflections were taken as 
4Fo2/u2(F02) while the weights for the remaining reflections 
were taken as described above. An additional cycle of 
least-squares refinement of the model based oa the merged 
data set resulted in values of 0.079 and 0.092 for Ri and R2, 
respectively, and did not significantly affect the positional 
parameters for the InCls2- ion, but the number of characteristic 
reflections with Fc > F0m1n had decreased to 3. 

The parameters obtained from the final cycle of anisotropic 
refinement employing the unmerged data are presented as 
supplementary data in the microfilm edition along with their 
estimated standard deviations as obtained from the inverse 
matrix. A selection of bond distances and angles will be found 
in Figure 3, and a more detailed tabulation may be found in 
the microfilm edition. The structure of [(CzHs)4N]2[InC15] 
as refined in P4 is, as expected, very similar to the model in 
P4/n. Because of this similarity, the general description of 
the structural features, as provided by Brown, Einstein, and 
Tuck,2 and most of the con_clusions drawn therefrom are 
adequate for the model in P4. 

During the refinement in P4, small but significant changes 
occur in the basal plane of the InC152- ion. The basal C1 atoms 
have moved by -0.5 A from their fourfold symmetric positions 
in P4/n, leading to variations in the bond distances and angles 
about the In atom (Figure 3) that are qualitatively sufficient 
to explain the vibrational results. 
Conclusions 

The new single-crystal and low-temperature Raman spectra 
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demonstrate that the effective symmetry of MX52- species in 
[(C2H5)4N]z[InCls] is lower than the C4 site symmetry which 
was assigned in the original structure determination. This 
reinterpretation of the vibrational data provides a ready ex- 
planation of the anomalous E symmetry mode which plagued 
earlier vibrational studies of the pentachloroindate salt. 

The distorted InC152- unit could be accommodated by 
postulation disorder of the complex about a C4 axis in the 
original space group P4ln  or by a new space group assignment. 
We favor the latter interpretation because X-ray and second 
harmonic generation experiments indicate that [(C2HS)4- 
N]z[InCls] and [(CzH5)4N]2[TlC15] may crystallize in a 
noncentrosymmetric space group. Refinement of the published 
X,ray data in the logical noncentrosymmetric space group, 
P4,  leads to a small C2 distortion of the InC152- complex, with 
two of the basal chlorines slightly displaced toward the axial 
positions of a trigonal bipyramid and the remaining two slightly 
displaced toward the equatorial positions (Figure 3). Unlike 
the original structural determination, the present refinement 
does not require disorder of the cations. Two other pleasing 
improvements are the lack of large residuals around the I n c h  
equatorial plane in the electron density map and the location 
of most of the hydrogen atoms associated with the cation. 
Thus, details of the structural reinterpretation are quite 
reasonable and are consistent with the vibrational data. 

An X-ray space group determination along with detailed 
single-crystal Raman spectra and second harmonic generation 
experiments demonstrate that [(CzH5)4N]z[TlCl5] is iso- 
morphous and isostructural with the indium salt. In particular 
the vibrational data again indicate a C2 distortion of a 
square-pyramidal T1Ck2- ion. This result affords detailed 
confirmation of the postulated similarity in structure of the 
indium and thallium complexes.5 

Aside from their significance in elucidating the structures, 
the vibrational data are of interest for possible clues as to why 
these complexes, which contain no lone electron pairs on the 
central metals, should adopt a square-pyramidal structure 
rather than the expected trigonal bipyramid. It was previously 
pointed out that the normal mode which could lead to a square 
pyramid -4 trigonal bipyramid interconversion has an un- 
usually high frequency when compared with other deformation 
modes.8 By contrast, this is one of the lowest frequency modes 
for square-pyramidal species containing a lone pair on the 
central This comparison still remains valid with the 
new a~signments.3~ Another indication of the rigidity of 
InCk2 and T1Ch2- is the similarity in ordering between the 
deformation modes for these complexes and those of octahedral 
stereochemically rigid MXsL complexes.3~ The most obvious 
origin of the rigidity of pentachloroindate and -thallate is 
cation-anion contacts in the solid. In harmony with this idea, 
the C2 distortion of the InC152- complex conforms to the spatial 
requirements of the a-carbon atoms of the coaxial (C2H5)4N+ 
ions. 
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