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The crystal structure of bis-trimethylbenzylammonium tetrachlorocuprate (II) was
determined. The structure for the [CuCl >~ ion proposed in the spectroscopic work, i.e. a
flattened tetrahedron of Des symmetry, was confirmed. It was shown, further, that the four
8, axes of the four [CuCl,]*~ ions in the unit cell are practically parallel, because they lie
almost parallel to the glide planes of symmetry. This fact proved to be of great importance for
further collection and elaboration of spectral data. The unit cell has dimensions o = 9.584,
b= 9.104, ¢ = 28.434 A, § = 92°50", space group P2,/n, and contains 4 molecules. R = 0.077
(computed on the 2861 observed independent reflections only).

La structure cristalline du tetrachlorocuprate (II) de bis-trimethylbenzylammonium a
été déterminée. La structure de I'ion [CuCl }*~ proposée dans ’étude spectroscopique, c.a. d’un
tétraedre plat de symétrie Daq, a été confirmée. On a montré, de plus, que les quatre axes S,
des quatre ions [CuCl,]*~ dans la maille élémentaire sont pratiquement paralldles, car ils sont
presque paralléles aux plans de symétrie de glissement, fait qui s’avére de grande importance
pour Paccumulation et la mise au point des données spectrales. La maille élémentaire a pour
dimensions @ = 9.584, b = 9.104, ¢ = 28.434 A, § = 92°50’, groupe d’espace P2,/n, et contient
quatre molécules. B = 0.077 (calculé & 'aide seulement de 2861 réflexions indépendantes
observées).

Die Kristallstruktur von [CgH;CH,N(CH,),],CuCl, wird bestimmt, wobei die aus spek-
troskopischen Studien vorgeschlagene Struktur des Ions [CuCl,)2— bestétigh wird (gestauchtes
Tetraeder der Symmetrie Daq). Ferner wird gezeigt, daB die 8, Achsen der vier [CuCl,J2-
Tonen in der Einheitszelle praktisch parallel sind; diese Tatsache erwies sich als sehr wichtig
bei der Messung und Auswertung des Spektrums. Die Einheitszelle hat die Dimensionen
a = 9.584,b = 9.104, ¢ = 28.434 A, § = 92°50’, Raumgruppe P2, /n, und enthalt vier Molekiile.
R =0.077 (nur mit Hilfe der 2861 unabbéngigen Reflexionen berechnet).

The properties and electronic structure of some tetrahalogenocuprate (II)
complexes with “onium” cations, including bis-trimethylbenzylammonium
tetrachlorocuprate (II), have been described by Furrant and Morpuraco [6], who
measured and interpreted the absorption spectra of several of these complexes in
solution. They also measured the spectra in the solid state (as reflection spectra of
the powdered crystals, and in some cases also in nujol or hexachlorobutadiene
mulls). FurLANI and MoRPURGO proposed for the [CuX,]?~ ion (X = Cl, Br) a
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distorted tetrahedral structure, namely, a flattened tetrahedron of symmetry Dygq.
Such a distorted tetrahedron would retain one of the three S, symmetry axes of
the regular tetrahedron. FurLaNI and MoRrpURGO also showed that their spec-
troscopic results could be interpreted, in the case of the [CuCl,]?~ ion, on the basis
of a point charge model, assuming a Cl-Cu-Cl angle (smaller value) of about
101°30".

This interpretation of the spectra was consistent with the geometry of the
[CuX,]? ion which had resulted from the X-ray analysis of the structure of
Cs,CuCl, [8, 11] and Cs,CuBr, [10], and which, in the case of Cs,CuCl,, had also
been explained theoretically [3]. Further support for this has come more recently
from the spectroscopic evidence that the structure of the [CuCl,]?- ion in solution
is close to that found in the crystal of Cs,CuCl, [4].

However, the crystal structure of bis-trimethylbenzylammonium tetra-
chlorocuprate (II), {CH,CH,N(CH;),1,CuCl,, was investigated and is described in
this paper because: (1) direct proof was lacking that the structure of the {CuCl,}*~
ion in the salts R,CuX, (R = an “onium” cation) is the same as that found in
Cs,CuCl, (except for the preliminary evidence given for [(CH,)N1,CuCl, [11]);
(2) planar, almost square [CuCl,]?~ ions had been found by WirLETT {15] in the
very similar “light yellow” compounds (NH,),CuCl,, (CH;NHg),CuCl, and
(C,H,NH,),CuCl,; (3) it seemed expedient to provide the structural information
that would make it possible to measure and interpret the crystal spectrum of one
of the compounds of Furrant and MorpURGO under polarized light; and (4) an
accurate, three-dimensional analysis of the structure of at least one tetrahalogeno-
cuprate (II) complex was still lacking.

Results

There is a monoclinic and an orthorombic modification of bis-trimethylbenzyl-
ammonium tetrachlorocuprate (IT) [(TMBA),CuCl, henceforth]. In both cases
the small crystals suitable for X-ray analysis are yellow. They grow from aceto-
nitrile, in the first case, and from absolute ethanol, in the second. The « (mono-
clinic) form was examined in this work*. Detailed morphological and optical data
can be found in the work of FURLANT et al. on the crystal spectrum of (TMBA),CuCl,
[6]. The goniometric values of the axial ratios, (@:b:¢)gon = 1.05319:1:3.12459,
and of the § angle, 92°40’, are in very good agreement with the values found from
the X-ray analysis and reported below. Crystals as large as those used for the
optical studies are obviously of a deeper colour, even to the extent of being
orange-red. '

Crystal data. CegHoN,CuCl,. M = 505.86. Monoclinic prismatic. o = 9.584 +
+0.010, b= 9.104 + 0.005, c—28.434 + 0.010 A; (a:b:c) = 1.053:1:3.124;
B =92°50"; U = 2477.9 A3; D, = 1.4 (by flotation); Z = 4; D, = 1.356 gem~3;
F(000) = 1052; u = 53 cm~. Space group P2,/n (C%,, No.14) from systematic
absences. Cu-K, radiation (1 taken as 1.5418 A), unit cell dimensions determined
by a modified, improved version of Christ’s method [9] from zero-layer Weissen-
berg photographs about the a and b axes.

* The main crystal data for the orthorombic modification are:a = 9.564,5 = 9.18, ¢ = 28.524 ;
space group P2,2,2, (D}, No. 19) from systematic absences.
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Crystal Structure of [C;H;CH,N(CHj,)4],CuCl,
Structure analysis. The crystal data require the asymmetric unit to comprise
one molecule. From a three-dimensional Patterson function, computed by using

the full set of 2861 independent terms observed with intensity above film back-
Patterson gave the positions of all other atoms, except for the hydrogens. At this

A TFourier synthesis phased on the contribution of the five atoms located from the
stage the reliability index R was 0.32, where

ground, approximate co-ordinates for the copper and chlorine atoms were found.
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Table 2. Anisotropic thermal parameters of the heavy atoms (with e.s.d.s)*

bll 612 b13 b22 b23 633
Cu 113 (1) 42 (2) —5.7 (0.6) 106 (1) 0.3 (0.6) 11.9 (0.1)
o) 204 (3) —2 (6) 28 (2) 187 (3) —47 (1) 206 (0.3)
cy2) 135 (2) 32 (4) -3 (1) 154 (2) 21 (1) 148 (0.2)
o3) 132 (2) 118 (4) —11 (1) 150 (2) 1 (1) 234 (0.3)
Cl(4) 136 (2) —17 (4) -8 (1) 140 (2) 1 (1) 163 (0.2)
N(1) 121 (6) 3(13) — @ 117 (1) 2 (4 137 (0.6)
N(2) 133 (7) 7 (14) 1 (4 130 (7) —4 (4 12.0 (0.6)
c(1) 129 (8) —86 (19) —26 (6) 150 (10) —9 (6) 243 (1.3)
c2) 107 (8) —56 (22) 1 (6) 279 (16)  —25 (8)  22.0 (1.3)
C@3) 121 (8) —91 (19)  —1 (5) 228 (13) —5 (6)  14.4 (0.9)
C(4) 108 (7) 45 (15) 2 (4 1928 (8) —2 (4) 120 (0.7)
C(5) 133 (8) 16 (200 —15 (5) 197 (12) 1 (6)  14.9 (0.9)
C(6) 164 (10) 25 (24) —22 (5) 232 (15) 11 (1) 16.7 (1.0)
c(7) 139 (8) 4 (16) —13 (5 122 (8) 2 (5) 154 (0.9)
o(8) 120 (7) —23 (18) 10 (5) 171 (10)  —31 (5) 151 (0.9)
C(9) 90 (7) 2 (17) —8 (5 163 (11) ~5 (6) 229 (1.2)
C(10) 177 (9) —31 (20) —4 (5) 128 (9) 15 (5) 156 (0.9)
c(11) 193 (11) 110 (21) —7 (6) 164 (10) 6 (5 145 (0.9)
c(12) 143 (8) 132 (20) 18 (5) 240 (15) 22 (8) 164 (0.9)
c(13) 133 (8) 24 (200 —22 (5) 183 (11) 2 (6) 157 (0.9)
o4 133 (D) 73 (16) 8 (4 143 (8) 10 (4) 9.6 (0.6)
c(15) 113 (7) —1 (16) 6 (4 140 (9) 7 (5) 163 (0.9)
O(16) 149 (9) 69 (18) 5 (3) 139 (9) 21 (5 169 (1.0)
o(1Ty 153 (9) 37 (17) 13 (5) 127 (8) 8 (4 135 (0.8)
C(18) 194 (12) 61 (25) 50 (6) 242 (16) 10 (8)  19.0 (1.2)
o(19) 227 (12) 60 (22) 7 () 112 (8) 8 (5 186 (1.1)
C(20) 289 (16) —71(25) —36 (7) 136 (10) 4 (6)  16.0 (1.0)

* The by; coefficients as given here are defined by: 7' = exp {—1074b;;4% + byhk +
+ Bghl + bygk?® + bygkl + byal®)}, T being the function by which the atomic scattering factors
must be multiplied in order to take the anisotropic thermal motion of the heavy atoms into
account in the calculation of the structure factors. For the hydrogen atoms the isotropic
temperature factor B = 6 A? was used. Hence the general SF formula used is: F(hkl) =

sin?0\
= zl‘m foTn exp {2ni(hen + kyn + l24)} + fu exp ( —B 72 ) 2 exp {271 (hem + kym + lzm)},
where the first summation is over all the heavy atoms in the unlt cell and the second summa-
tion over all the hydrogen atoms. :

The space and thermal parameters of all the 27 heavy atoms were then refined
by Fourier and least-squares methods, assuming first isotropic and then aniso-
tropic thermal motion, to a set of values corresponding to B = 0.095. The intro-
duction of approximate positions and of an average isotropic temperature factor
B =6 A2, for the 32 hydrogen atoms in the asymmetric unit, deduced without
ambiguity from a three-dimensional difference synthesis computed at this stage,
when the value of o(g,) was 0.2 eA—2, and from the geometry of the molecule,
brought the R index to 0.084. The space co-ordinates of all the 59 atoms of the
molecule and the anisotropic temperature parameters of the 27 heavy atoms were
further refined by least-squares to the final values given in Tabs. 1 and 2*. They

* For a key to the numbering of atoms see Fig. 1. Hydrogen atoms are numbered by
reference to their respective carbon atoms.
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Fig. 1. Projection of one unit of (TMBA),CuCl,, as seen down the b axis

correspond to B = 0.077 (calculated on the 2861 observed independent reflections
only) and represent the final stage of refinement consistent with the quality of
experimental data, the residual shifts being, on average, smaller than the corre-
sponding e.s.d.s. A final difference Fourier synthesis (¢(g,) = 0.2 eA~3) gave a very
smooth residual electron density, oscillating around a null value with maxima and
minima of absolute value 0.2—0.3 eA—3 in the general field (rising to 0.4—0.5 eA~3
in the region of the [CuCl,]*~ ion only)*.

Discussion

A projection of one unit of (TMBA),CuCl,, as seen down the b axis, is repre-
sented in Fig. 1. The crystallographic numbering of atoms is included in Fig. 1,
except for the hydrogen atoms, which are not represented in Fig. { and are
numbered by reference to their respective carbon atoms. Bond lengths and angles
(not including hydrogen atoms**) with their e.s.d.s [2], are listed in Tab. 3. There
are no relevant interaction and contact distances either between the three ions
represented in Fig. 1 or between any one of them and the other units of (TMBA),

* A table containing the calculated structure factors based on the parameters in Tabs. 1
and 2, and the observed structure amplitudes for the 2861 observed independent reflections
has been deposited as Document No. 9415 with the ADI Auxiliary Publications Project,
Photoduplication Service, Library of Congress, Washington, D.C. 20540, U.S.A. A copy may be
secured by citing the Document number and by remitting § 1.25 for photoprints, or $ 1.25
for 35 mm microfilm. Advance payment is required. Make checks or money orders payable to:
Chief, Photoduplication Service, Library of Congress.

** The partial refinement of the hydrogen atoms (space co-ordinates only) led to carbon-
hydrogen bond lengths between 0.80 and 1.30 & (average value 1.07 A), o = 0.10 A,
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Table 3. Bond lengths (A) and bond angles (degrees) within the formula unit, with standard

deviations

Cu-Cl(1) 2.229 (0.003) C1(3)-Cu-Cl(4) 99.7 0.1)
Cu—Cl(2) 2.263 (0.003) C(1)-C(2)-C(3) 119.9 (0.8)
Cu-CI(3) 2.263 (0.002) C(2)-C(3)-C(4) 121.3 (0.8)
Cu—Cl(4) 2.268 (0.002) C(3)-C(4)-C(5) 119.0 0.7
C(1)-C(2) 1.38 (0.01) C(4)-C(5)-C(8) 119.0 0.7
C{2)-C(3) 1.38 (0.01) C(5)-C(6)-C(1) 121.2 (0.8)
C(3)-C(4) 1.38 (0.01) C(6)-C(1)-C(2) 119.4 (0.7)
C(4)-C(5) 1.40 (0.01) C(3)-C(4)-C(7) 120.7 (0.6)
C(5)-C(6) 1.40 (0.01) C(5)-C(4)-C(7) 120.2 (0.6)
C(6)-C(1) 1.37 (0.01) C{4)-C(7)-N(1) 112.8 (0.5)
C(4)-C(7) 1.48 (0.01) C(T)-N(1)-C(8) 110.2 (0.6)
N(1-C(T) 1.55 (0.01) C(N-N(1)-C{9) 10741 (0.5)
N(@1)-C(8) 1.51 (0.01) C(7)-N(1)-C(10) 111.2 (0.5)
N(1)-C(9) 1.49 (0.01) C(8)-N(1)-C(9) 109.6 (0.6)
N(D-C(10) 1.51 (0.01) C(8)-N(1)-C(10) 110.5 (0.6)
C(11)-C(12) 1.40 (0.01) C(9)-N(1)-C(10) 108.2 (0.6)
C(12)—C(13) 1.38 (0.01) C(11)-C(12)-C(13) 119.3 (0.7)
13)-C(14) 1.40 (0.01) C(12)-C(13)-C(14) 120.7 (0.7)
0(14)—0 (15) 1.37 (0.01) C(13)-C(14)-C(15) 119.1 (0.6)
C(15)-C(16) 1.39 (0.01) C(14)-C(15)-C(16) 120.7 (0.6)
C(16)-C(11) 1.37 (0.01) C(18)-C(16)-C(11) 1201 (0.7)
C(14)-C(17) 1.52 (0.01) C(18)-C(11)-C(12) 120.0 (0.8)
N(2)-C(17) 1.52 (0.01) C(13)-C(14)-C(17) 118.6 (0.6)
N(2)-C(18) 1.50 (0.01) C(15)-C(14)-C(17) 122.3 (0.6)
N(2)-C(19) 1.49 (0.01) C(14)-C(17)-N(2) 1141 (0.5)
N(2)-C(20) 1.51 (0.01) C(17)-N(2)-C(18) 110.7 (0.6)
C(AT)-N(2)-C(19) 106.6 (0.6)
C1(1)-Cu-Ci(2) 100.3 (0.1) C(17)-N(2)-C(20) 111.0 (0.6)
C1(1)~Cu-C1(3) 1321 (0.1) C(18)-N(2)-C(19) 109.2 (0.7)
Ci(1)-Cu—Cl(4) 99.1 (0.1) C(18)-N(2)-C(20) 109.4 (0.6)
CH2)-Cu-Cl(3) 98.3 (0.1 C{19)-N(2)-C(20) 110.0 (0.8)

Cl(2)-Cu-Cl(4) 132.8 (0.1)

CuCl, in the crystal structure. An outline of the environment of the ion [CuCl, ]2~
is given in Tab. 4. The two crystallographically independent trimethylbenzyl-
ammonium ions both have a very regular geometry. The atoms of the C(1) to C(6)
aromatic ring and atom C(7) lie in a plane (calculated according to SCHOMAKER,
WaSER, MarsH, and BEreman [74], with all weights equal to 1, and determined
by the equation: 0.188z + 0.966y -+ 0.167z = 4.849) with a maximum deviation
of 0.03 A for C(1) and a mean deviation of 0.01; A. The hydrogen atoms H(1) to
H(6), not used in defining the plane given above, lie practically on it, with a maxi-
mum deviation of 0.15 A for H(2) and a mean deviation of 0.05 A. Similarly, the
atoms of the C(11) to C(16) aromatic ring and atom C(17) lie in the plane —0.303z +
-+ 0.089y + 0.9652 = 9.907 with maximum and mean deviations of 0.01. [for C(14)]
and 0.005 A, respectively. The maximum and mean deviations of the hydrogen
atoms H(11) to H(16), not used in defining the plane, are 0.20 [for H(13)] and
0.10 A, respectively. The structure of the [CuCl, >~ ion is indeed that of a squashed
tetrahedron with S, symmetry retention in one direction. In fact, the plane
through CI(1), Cu, CI(3) is at an angle of 89°31’ with the plane through CI(2), Cu,
Cl(4). Bearing in mind that this angle is computed from the crystallographically
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Table 4. Environment of the [CaCl % ion (distances are in A units)*

Ca  HE3) 3.43 cl3)  H5) 3.49
Cu  H(18)a 3.49 cl3) H(13) 3.39
Cu  H(19V)e 341 cu3)  HATD 313
clly  H{sm 2.82 cY3) H(om)e 2.96
clt)  H(1Tme 3.24 C13) H(10)c 3.25
cl(1)  H(19M)e 315 c(3) H(18)a 2.86
cll)  H(20mq 3.01 Cl3)  H(18W)e 2.74
S 2.96 cu3)  H{19)a 3.31
cl2)  HAW 2.98 C(3) H@)e 3.44
cl2) HE) 3418 Cl4)  H(6W) 2.01
c2)  H(12) 3.95 Cll4) H(Tmae 2.54
cl2) H(13) 3.01 4 H(1TM)a 3.12
c2)  H(Mb 2.70 Cl4) H(8um)b 2.89
Cl2)  H(8Ya 2.96 cl4)  H(©Om) 2.86
a2) H9a 2.69 cl4)  H(199)b 2.88
cu2)  H(9) 2.96 CH4)  H(19W)e 3.05
cl2) H(10Ma 2.62 cll4) HE20M)a 3.08
Cl2)  H(10) 2.81
* The superscripts refer to the positions: ur: §—=z —4+y,31—2
I. 1—21l+y1—2 Iv: 1—zx, —y,1—2
II: 1 +=2,9,2 V: 1—2,1—y,1—2

independent general positions found for the five atoms involved, the intersection
of the two planes defined above, hamely, the line*:

' = 0.7098" — 6.1877; ' = 0.03362" + 1.1751

can be said to be, within experimental error and computational approximation,
an §, symmetry axis of the [CuCl,]?~ ion. This axis is at an angle of 88°26’ with
the y axis and therefore lies practically parallel to the xz plane. It is shown by a
broken line in Fig. 1, at an angle of 54°39" with the x axis. The values of the four
polar angles of the [CuCl,]?~ ion are also indicated in Fig. 1. There are four sym-
metry correlated [CuCl, ]2~ ions in the unit cell, forming two centro-symmetrical
pairs. Not only are the two S, axes of each pair parallel for symmetry reasons, but,
as the §, axis of the asymmetric unit is practically parallel to the xz plane and
therefore parallel to the glide plane of symmetry, all the four S, axes in the unit
cell are practically parallel.

Thus, on the basis of these crystallographic results, it is possible to perform
spectrophotometric measurements on single crystals of (TMBA),CuCl, using
polarized light with the electric vector in selected orientations with respect to
the direction of the S, axes of the [CuCl,J*~ ions. This has been done by FurraNt
et al., and their results are reported in the following paper [5].

Experimental Part

The X-ray intensities were estimated visually from sets of multiple-film equi-inclination
Weissenberg photographs taken about the a (4 layers) and the b axis (6 layers) for approxi-
mately square crystals, 0.02 om thick. 2861 reflections were collected (about 509, of the possible

* Equations given in absolute (A), rectangular co-ordinates, with the 2’ and 3 axes
parallel to the 2 and y crystallographic axes, the origin being the same for both systems.
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ones with Cu radiation). Intensities were corrected for spot-size (according to Parrrres [12]),
Lorentz and polarization factors and placed on a common scale by the method of RorLeTrT
and SpArKs [13]. No absorption or extinction corrections were applied.

The calculations were carried out on the IBM 1620 and 7040 computers of the University
of Rome. On the 1620 computer intensity corrections and structure factors were calculated
using programmes of SCATTURIN and his co-workers. Vax DEr HELM’s general Fourier syn-
thesis and Gierio’s differential Fourier synthesis programmes were also used. The two least-
squares planes were calculated by a programme written by CHU (equation of the plane referred
to the erystallographic axes). On the 7040 computer the programmes written by DoMENICANO,
and Vacraco for the Fourier synthesis and the interatomic distances and angles with standard
deviations, and by ArLBaNO, DoMENIOANO, and Vacraco for SFLS caleulations, were used. The
standard deviations for the space and temperature parameters are computed by the SFLS
programme as described by CRUICKSHANK and his co-workers [1]. Weights were assigned to
the reflections according to the function w = {& + bk| F, | + c(kF,)?}7, with o = 10.0,
b = 1.0 and ¢ = 0.01. The atomic scattering factors used in the last stages of refinement were
those given by HaxsoN, HErmaN, LEA, and SEILLMAN [7], those of the copper and chlorine
atoms were corrected for anomalous dispersion.
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