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The structure of the complex salt (C2HsNH&CuCL 
has been determined by conventional X-ray diffraction 
techniques. The space group is Pbca with lattice 
constants a = 21.18 A b = 7.47 A, and c = 7.35 A. 
A square planar CuCL*- ion was found with Cu-Cl 
distances of 2.28 A. The coordination sphere about 
each copper atom is completed by sharing additional 
chlorine atoms from adjacent CuCl~‘- ions yielding 
two Cu-Cl distance of 2.98 A. This ties the CuCl? 
groups into a two-dimensional framework lying in 
the yz plane. The nitrogen atom is located in a 
u hole >> formed by the chlorine atoms in this fra- 
mework. Several short N-Cl distances are found 
which are presumably associated with hydrogen bonds. 
The ethyl groups are disordered in this structure. 

Introduction 

Recently there has been much interest in struc- 
tural and electronic properties of copper(I1) chloride 
complexes.1~2~3~4~5 Because of the thermochromic pro- 
perties of several complexes between substituted am- 
monium chlorides and copper(I1) chloride’ as well 
as an indication that several of the yellow chloro- 
cuprates contained essentially a square planar coor- 
dination around the copper atom, we have under- 
taken the structural study of the high temperature 
form of (GH5NH&CuC14. 

Experimental Section 

The general method of preparation has been de- 
scribed by Remy and Laves.6 Single crystals were 
obtained most readily by slowly evaporating a stoi- 
chiometric mixture of C2HsNH$l and CuCl2 (or 
CuCl2 .2H20) in methanol. The crystals grow as 
flat yellow sheets which are not hygroscopic and thus 
are one of the few stable anhydrous copper(H) chlo- 
ride complexes. An infrared spectrum of a thin 
single crystal showed no evidence of an O-H bond, 
indicating that no solvent of crystallization was pre- 

(*) Taken in part from the M. S. thesis of I. Paul Steadman, 
Washington State University. 

(I) Roger D. Willet, 1. Chem. Phys., 42, 2243 (1964). 
(2) Roger D. Willett, D. Dwiggens, Jr., R. Kruh, and R. E. 

Rundle, /. Chem. Phys., 38, 2429 (1963). 
(3) Mark Sharnoff, 1. Chem. Phys., 42, 3383 (1965). 
(4) W. E. Hatfield and T. S. Piper, fnorg. Chem., 3, 841 (1964). 
(5) C. Furlani and G. M. Morpurgo, Theor. Chim. Act& 1, 102 

(1963). 
(6) H. Remy and G. Laves, Ber., 66, 401 (1933). 

sent. The crystals grew with the (loo), (011)) and 
(Oli) faces normally developed. The crystals crush 
easily with cleavage taking place perpendicular to 
the a-axis. The compound is thermochromic, beco- 
ming a light green below -39XJ.7 This color change 
must be associated with a change in the coordination 
around the copper atom. 

The lattice constants and space group have been 
reported previously’ and were found to be a = 
21.18k.02 A, b = 7.47+ .Ol A, and c = 7.35~ 
01 A with space group Pbca. The two crystals used 
to collect intensity data were mounted in Lindemann 
glass capillaries. The density was found to be 1.701 
g/ml by a flotation technique. The calculated den- 
sity, assuming four molecules per unit cell, is 1.703 
g/ml. 

Weissenberg intensity photographs were taken using 
MO Ka radiation. Time exposures of 1 2/3, 10, and 
60 hours were taken using the multiple film techni- 
que. The zero through sixth layers were collected 
from a crystal mounted with the [ 0011 direction 
parallel to the rotation axis. Similarly, the zero 
through tenth layers; with the exception of the ninth, 
were collected from a crystal mounted with the 
[Oli] direction parallel to the rotation axis. In this 
manner 1116 reflections were recorded. A total of 
546 unique reflections were measured, 423 of which 
had an observable intensity. The intensities of all 
reflections were estimated visually. The weights for 
the reflections, for use in the least squares refine- 
ment procedure, were assigned using a modified 
version of the Hughes weighting scheme.* 

Solutions of Structure 

With four molecules per unit cell, the copper atoms 
are required to be located in a four fold set of spe- 

(7) The transition temperature was obtained from a differential 
thermal analysis study of the compound. The authors would like to 
thank Dr. Ruth Denison of the Perkin-Elmer Corporation for obtaining 
the necessary thermograms. 

(8) The procedure outlined in reference 2 was used. The scheme 
may be summarized as follows: 

(W)-n = C(FJF_<,) when 10>1,,,,, 

(W)--h = c when 2I,in<%<Imed 
(W)-‘0 = C( $%,,,JF,,) when I,,<21mcd 

where I+ J,,.d, Imln are the observed intensity, median intensity for a 
given layer, and minimum intensity for a given layer respectively and 
C is a constant. F,, Fmed, and Fmin are defined similarly. Unobserved 
reflections were assigned an intensity equal to Vzl,,,,~ and omitted from 
detinement if F,.,, < F,,. 
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Table I. Final parameters, temperature factors, and R factors for (C,H,NH&CuCl,. 

X Y 

0 
0.1067 

-0.0110 
0.0961 
0.164 
0.166 
0.208 
0.220 
0.209 
0.214 

0 
0.0368 
0.2846 
0.4810 
0.527 
0.568 
0.418 
0.467 
0.423 
0.551 

Final Parameters 
z QX Q7. 

0 0 0 0 
-0.0062 0.0002 0.0005 0.0005 

0.2814 0.0002 0.0005 0.0005 
0.0152 0.0009 0.0019 0.0064 
0.046 0.003 0.006 0.007 
0.032 0.003 0.008 0.009 

-0.015 0.005 0.014 0.019 
0.044 0.006 0.013 0.016 
0.127 0.005 0.015 0.015 
0.104 0.005 0.014 0.017 

0.00124 
(0.00007) b 
0.00177 

(0.00014) 
0.00198 

(0.00013) 
0.0018 

(0.0004) 
0.0028 
(0.0006) 
0.0030 

(0.0005) 

0.0121 
(0.0004) 
0.0175 

(0.0010) 
0.0138 

(0.0006) 
0.025 
(0.003) 

0.022 
(0.005) 
0.024 

(0.004) 

Temperature Factors a 

P 11 

0.0092 

E2 
(0.0014) 
0.0098 
(0.0005) 
0.018 
(0.005) 
0.023 
(0.005) 
0.025 
(0.004) 

PI2 
-0.0001 

(0.0002) 
0.0000 
(0.0002) 
0.0003 
(0.0003) 

-0.0008 
(0.0011) 
0.0 

0.0 

B II P *1 

0.002 1 0.0022 
(0.0004) (0.0004) 

-0.0004 -0.0004 
(0.0007) (0.0022) 
0.0008 -0.0030 
(0.0003) (0.0008) 

-0.0009 0.0022 
(0.0016) (0.0039) 
0.0 0.0 

0.0 0.0 

R Factors 

R,=0.089 for all reflections 
R,=0.081 for observed refections only 
R,=O.097 

(1 The anisotropic temperature factors are defined by T=exp-(~,,h2+~ukz+ P,1*+P12hk+2P13hl+2P~3kl). b Standard deviations 
are given in parentheses. c Anisotropic temperature factors were not varied. The temperature factors from C(1’) were assigned 
to the remainder of the carbon atoms. 

cial positions in the space group Pbca and they were 
subsequently placed at the origin and the correspon- 
ding symmetry related positions. A two-dimensional 
Patterson synthesis9 parallel to (001) allowed approx- 
imate positions for the two unique chlorine atoms 
and the unique nitrogen atoms to be deduced. A 
Fourier synthesis computed from structure factors 
obtained from the first crystal, based on signs ob- 
tained from structure factor calculations using the 
positions obtained above, failed to yield positions of 
the carbon atoms. Least squares refinement” of the 
positional parameters and isotropic temeprature fac- 
tors of the copper, chlorine, and nitrogen atoms was 
begun immediately at this point in order to elimi- 
nate as many uncertainties as possible from the Fou- 
rier synthesis. Fourier and difference Fourier syn- 
theses, again with data from the first crystal, indi- 
cated two possible positions for the carbon atom 
attached to the nitrogen atom. The maximum of 
the electron density for both positions was about one- 
half of the maximum of the electron density of the 
nitrogen atom. At this time the data from the se- 

(9) W. G. Sly, D. P. Shoemaker, and I. H. Vanden Hende, * Two 
and Three Dimensional Crystallographic Fourier Summation Program 
for the IBM 7090 Computer Y. ESSO Research and Engineering Co. 
Report CBRL-22M-62 (1962). This program was used for all subsequent 
electron density summations also. 

(10) A modified version of the ORFLS program was used throughout. 
See W. R. Busing, K. 0. Martin. and H. A. Levy, ( A Fortran Crystal- 
lographic Least Squares Program a, U. S. Atomic Energy Commission 
Report ORNL-TM-305 (1962). 

cond crystal was available, and a difference synthe- 
sis with these data again indicated two possible 
positions which gave equally satisfactory agreement 
but yielded isotropic temperature factors which un- 
realistically high. Refinement of a disordered model, 
with one-half contribution from each carbon atom, 
yielded substantially better agreement and isotropic 
temperature factors which were reasonable. 

Further refinement was initiated with anisotropic 
thermal parameters on the copper, chlorine, and 
nitrogen atoms. A value of RI = 0.105 was obtained 
with no contribution from the carbon atoms while 
RI = 0.095 was obtained with one carbon atom pre- 
sent with two-fold disorder. No unusual shifts of 
the positional parameters of the two carbon atoms 
occurred during the refinement and reasonable va- 
lues were obtained for the N-C bond distances con- 
sidering the large standard deviations. No attempt 
was made to refine occupation factors. Difference 
Fourier syntheses at various stages of this process 
revealed four small peaks, of approximately equal 
intensity, in the general region where the second 
carbon atom was expected. These positions were 
reasonable in terms of the expected geometry of the 
ethylammonium ion and the crystal packing. Car- 

(II) W. R. Busing, K. 0. Martin. and H. A. Levy. ‘s A Fortran 
Crystallographic Function and Error Program n, U. S. Atomic Energy 
Commission Report ORNL-TM-306 (1964). 
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Table II. Calculated and Observed Structure Fact0rs.a 

1 ,150 ,192 
5 ,072 1064 
5 ,036 loll 
7 9.51 IO,9 

9 PO6 9’0 
11 ‘49 802 
15 eoe 62’ 
15 ‘64 5’6 
:; ::: 563 

4’1 

0 ‘16 ‘4’ 
1 -2’5 -%? 
2 b3’ CA1 
5 401 -425 
4 484 486 
5 44, 360 
6 462 451 
7 555 550 

8 ,‘Ll 48, 
9 -260 290 

10 401 41’ 
1, -2’2 -lb, 

1 663 695 
3 405 409 
5 -255 313 
, 551 5.6 
9 814 7.7 

11 461 509 

1 649 556 
3 -399 k.51 
5 -40. 462 

Q The columns are h, lO/F.I, and 10 F,. An unobserved reflection is denoted by a negative 101F.J. 

bon atoms were placed in these four sites with 
occupational factors of l/4. Refinement of the posi- 
tional parameters only for these atoms yielded a 
final value of RI =0.081. No attempt was made 
to refine their thermal parameters since the high 
standard deviations made the values so obtained 
meaningless. Again, no unusual shifts occurred du- 
ring the refinement and the bond distances and an- 
gles were reasonable although not as accurate as 
desired. The occupational parametes of these atoms 
were not refined either. The difference Fourier syn- 
thsis showed no further features above background. 

in Pt(NH&CuC14.12 The independent Cu-Cl bond 
lengths are 2.277kO.066 A and 2.285+0.004 A and 
thus are equal within experimental error. The Cl(l)- 
Cu-Cl(2) bond angle is 90.0_+0.3” The (4+2) 
distorted octahedral arrangement is completed by 
sharing two chlorine atoms, from neighboring CuCh2- 
ions. This ties the CuCh2- ions into an infinite, two- 
dimensional framework lying in the yz plane, as 
shown in Figure 1. These two additional chlorine 
atoms are perpendicular to the CUC~‘~ plane (90.3-C- 
0.3”) and at a distance of 2.975+-0.005 A. The 
plane of these ions is approximately perpendicular 
to the layer or sheetlike structure of the compound. 
Each Cu-Cl(l) is tipped 7.3” away from the a-axis 
while each Cu-Cl(2) is tipped 5.1” out of the yz 
plane. 

In comparison with the bond distances found in 
(NH&CuCh, the significant feature seems to be a 
slight shortening of the four equatorial copper-clo- 
rine bonds and a considerable lengthening of the 

(12) M. Bukowska and M. A. Porai-hoshits, Crystallography, 5, 
127 (1960) translated from Kristallogrofiya, 5. 137 (1960). 

Steadman, Willett 1 Crystal Structure of (GH~NHJ)EuCL 

Discussion of Structure 

The three-dimensional structure determination has 
shown that the square planar CuC14’- ion does exist 
in this compound. This is only the second instance 
that this ion has been found, the other being in 
(NH&.ZuCh, although it has been postulated to exist 



370 

Table III. Interatomic bond distances and angles in (C,Hs- 
NH&CuCl, = 

Bond Distances 
Bond Distance Bond 

cu-Cl( 1) 2.277+0.006 N-Cl( 1) b 
cu-Cl(2) 2.975r+o.o05 N-C&2) 
Cu-Cl(2) b 2.285kO.004 N-Cl(2) b 
cl(l)-c1(2) 3.75 +0.01 N-Cl(21 e 

Distance 

3.85kO.05 
3.33kO.03 
3.47kO.03 
3.26kO.03 

Cl&-Cl(2j b 3.23 -+O.Ol N-ai2 j g 3.05kO.03 
N-C(l) 1.49 +0.07 C(l)-C(1,2) 1.33kO.13 
N-C(1’) 1.66 to.07 C(l)-C(1,2’) 1.3820.13 
N-Cl( 1) 3.33 20.02 C(l’)-C(l’, 2) 1.47kO.14 
N-Cl( 1) c 3.52 +0.05 C(l’)_C(l’,2) 1.43+0.13 
N-Cl( 1) * 4.16 +-0.02 C(l)_C(l’) 0.68*0.06 

Angle 

cu-c1(2)-cu f 
Cl( 1 )-cu-c1(2) 
Cl( I)-Cu-Cl(2) b 
Cu-C1(2)-Cu c 
C1(2)-Cu-Cl(2) b 

Bond Angles 
Value Angle Value 

169.6+0.2” N-C(l)-C(l,2) 119-e6” 
90.3&0.3” N-C(l)-C(1,2’) 127+6” 
90.0*0.30 N-C(l’)-X(l’, 2) 144rt6” 

169.7+0.2” N-C(l’)-C(l’,2’) 117r+7” 
88.7kO.l” C1(2) g-N-C( 1) 121*2” 

Cl(2) gN-C( 1’) b lo1 e2” 

a Superscripts indicate symmetry transformations: 

b = +x, 0.5-y, 
c = +x, 0.5-y 
* = +x, -1.0-I-y, 
e = -x, 0.5+y, 
f = +x, 0.5+y, 
8 = -x, OS-y, 

-0.5+2 
0.5fZ 
o.o+z 
0.5 -z 
0.5+2 
0.0 -z 

chlorine atoms. This would indicate that the CuCL’- 
ion, as it exists in this compound, may be considered 
as a discrete species with the coordination to the fifth 
and sixth octahedral sites being largely determined 
by ionic and van der Waals interactions. This view 
is supported by the recent determination of the struc- 
ture of (CH3)2NH2CuC13 where each copper has an 
approximate square-pyramidal configuration (four 
chlorine atoms at 2.25-2.33 A and a fifth at 2.73 .%)I4 
with the closest approach in the direction of the sixth 
octahedral site being made by a methyl group. 

Figure 2. The Environment of the Nitrogen Atom. 

F;;;, 1. The CuCl.,- Ion and Its Packing in (CzH5NH& 
I. 

two axial copper-chlorine bonds. While the equato- 
rial bonds changed by .02 to .05 A, the axial bonds 
are lengthened from 2.79 to 2.97 A. This is consistent 
with a series of complex copper chlorides whose 
structures have been determined where the short 
Cu-Cl bonds range from 2.25-2.34 i% while the long 
Cu-Cl bonds cover a range from 2.64 A in CuGL- 
(C3H70H)213 to 3.18 %, in CU$X,(CHJCN)~.‘~ If a van 
der Waals radius of 1.8 A is assumed for the chloride 
ion, and a value of 2.3 A for the length of the four 
Cu-Cl bonds in the equatorial plane, then the axial 
copper-chlorine distance is 2.77 J% if this distance 
is determined by van der Waals contact between 

The nitrogen atom lies particularly close to one 
chlorine atom in the yz plane (3.05 A +0.03 A) and 
is in contact with seven more chlorine atoms at a 
distance of 3.26 to 4.16 A. These eight chlorine 
atoms form a G hole D in which the nitrogen sits, as 
shown in Figure 2. The short N-Cl distance is in- 
dicative of a strong N-H- --Cl type hydrogen bond. 
This is substantiated by the C1(2)-N-C( 1) and 
Cl(2)-N-C(l’) bond angles which are close to the 
value of 109” expected if the N-H---Cl bond were 
linear. It appears that the stability of this type of 
structure for complex copper(I1) halides is dependent 
upon the formation of these N-H-Cl hydrogen bonds. 
All of the compounds which assume this structure 
have cations of the type RNH3+ (R = H, CHJ, C!Hs. 
CH(CH&) in which the RNH+j moieties are able to 
sit down in the holes formed by the chlorine atoms 
Cl(l).’ Although K+ and Rb+ have essentially the 
same ionic radii as the -NH3+ group, they do not 
form tetrachlorocuprates, while Cs+, with a larger 
ionic radius, forms a distinctly different structure. 
Also, RzNHz+ and R,NH+ ions do not assume this 
structure presumably because the -NH>+ or -NH+ 
moiety does not fit into the holes between the chlo- 
rine atoms. 

The ethylammonium ions lie approximately parallel 
to th,: a-axis, so that each Cu-Cl-N layer illustrated 
in Figure 2 is sandwiched between two layers of ethyl 
groups, forming neutral layers. These neutral layers 
are then stacked along the a-axis so that the only 

interactions between adjacent layers are non-bonded 

(13) Roger D. Willett and R. E. Rundle, J. Chem. Phys., 40, 838 
(1964). 
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(14) Roger D. Willett. I. Chem. Phys.. 44, 39 (1966). 
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interactions between ethyl groups. This arrangement 
is shown schematically in Figure 3. This explains 

Figure 3. Schematic Packing Picture. Ethylammonium 
groups lie in front and behind the Cu.-Cl chains illustrated. 

the excellent cleavage properties perpendicular to the 
a-axis which are observed for this compound. It is 
found that a disordering of the ethyl groups occurs 
in this compounds, with C(1) twofold disordered 
and C(2) four-fold disordered, as illustrated in Fi- 
gure 4. The two N-C and the four C-C distances 
show considerable deviation from the accepted values 
of 1.47 A and 1.54 A respectively, although, because 
of the large standard deviations associated with these 

Figure 4. Disorder of Carbon Atoms in (CZH~NH,)~CUC~,. 

x 

distances, the discrepancies cannot be considered si- 
gnificant. The large standard deviations are the pro- 
duct of two circumstances: The dominant of the scat- 
tering power of the crystal by the heavier copper and 
chlorine atoms and the disorders of the ethyl groups. 
Since the role of the ethyl groups in this structure is 
of secondary importance, the inaccuracies in the de- 
termination of their positions is not particularly si- 
gnificant . 
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