
97 

Contribution from the Department of Chemistry, Faculty of Science, 
The University of Tokyo, Hongo, Tokyo 113, fapan 

The Crystal Structure and ESR Studies of 

Diamminecopper(I1) Tetracyanoniccolate(I1) 

Dibenzene Clathrate: Cu(NH,),Ni(CkJ),.2C,H6* 

T. Miyoshi,** T. Iwamoto,*** and Y. Sasaki 

Received April 14, 1972 

The crystal structure of Cu(NH&Ni(CN)r . 2CnHs was 
determined by three-dimensional X-ray methods. The 
crystal is tetragonal with the dimensions of a = 7.345 
A and c = 16.519 A, and the space group is P4Imcc 
(Z = 2). Reflection data were collected with an auto- 
matic four circle diffractometer and monochromatized 
MO Ku radiation. The structure was solved by the 
heavy-atom method and was refined by the block-dia- 
gonal least-squares method for 690 independent re- 
flections to a final R-index of 0.068. The copper ions 
and the nickel ions are linked crosswise with the cya- 
nide anions to form a polymeric two-dimensional metal 
complex network, and the benzene molecules are trap- 
ped among the lavers of the networks. This host lat- 
tice structure is similar to those of the other Hofmann- 
type clnrhrates, Ni(NH3)?Ni(CN), . 2CoHs and Cd(NHj)r 
Ni(CN)( . 2CEH5, but the c-axis of the cell is doubled 
due to diflerent orientation of the benzene molecules 
in alternate guest layers. The copper ion takes a 
compressed tetragonal coordination with the four ni- 
trogen atoms of the cyanide anions in the (001) plane 
(the Cu-N distance, 2.20 A) and with the two nitrogen 
atoms of the ammonia molecules on the [OOll axis 
at the compressed apical positions (the Cu-N dlstan- 
ce. 2.05 A). The ESR spectra of the magnetically 
dilute single crystal of (Cd, Cu)(NHJ)2Ni(CN)4. 2CdH6 
can be interpreted in terms of Al, symmetry of the 
electronic ground state of the copper(l1) ion in the 
compressed tetragonal environment which was pre- 
viouslv concluded from the spectra of the polycrvstal- 
line shmples. 

Introduction 

One of the Hofmann-type clathrates, Cu(NHsLNi- 
(CN)r .2CsHs, has been reported for the copper( II) 
ion in its host lattice to take a compressed tetragonal 
configuration from the results -of ESR spectrosccpy.’ 
In the previous paper, the ESR spectra of the poly- 
crystalline samples of Cu(NH&Ni(CN)d . 2CbHe and 
of magnetically dilute (Cd, Cu)(NH3)2Ni(CN)4. 2C6H6 
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(1) T. Miyoshi, T. Iwsmoto, and Y. Sasaki, Iwrg. Chim. Acfa, 2, 
329 (1968). 

supported the Al, symmetry of the electronic ground 
state of the copper(H) ions. The present paper will 
report on the crystal structure analysis of Cu(NH&- 
Ni(CN)4.2GHb and the ESR spectra of the magne- 
tically dilute (Cd, Cu)(NH&Ni(CN)4 . 2C6H6 single 
crystal. 

The stereochemistry of copper complexes has 
been investigated fully as examples of the Jahn-Teller 
effect.24 Theoretical calculations by Liehr and BalI- 
hausen have shown the possibility of both elongated 
and compressed distortions from Oh symmetry in the 
ligand configuration around the copper ions.5 Most 
of the copper(I1) complexes so far studied by the X- 
ray diffraction method have demonstrated the elongat- 
ed distortion along the tetragonal axis; the only com- 
pressed structures have been reported on are those 
of K?CuF4P CU(NH~)ZC%,~ Cu(NH&Br2’ and Cu(die& 
(NO3k The electronic ground state of the copper- 
(II) ion in the compressed tetragonal environment is 
expected to have en Al, symmetry by the ligand field 
theory, although none have ever proved it experimen- 
tally. ESR spectroscopy can be a potential method 
to prove it. However, these complexes with the com- 
pressed structures are not always appropriate for such 
studies because the dipolar and the exchange interac- 
tions between the copper(I1) ions in their crystal struc- 
tures. In fact, nearly isotropic ESR spectra caused 
by the exchange interaction were observed in Cu- 
(dienL(N03)2.9 The dipole-dipole interaction made 
the ESR spectrum of Cu(NH3)zBrl so broad (AH = 
2000 Oe) that the spectrum could not be analyzed.’ 
It is highly desirable to find a complex with the com- 
pressed structure in which both the crystal structure 
anlaysis and the ESR studies are successful. The pres- 
ent compound, Cu(NH&Ni(CN)4 . 2GH6, is such a 
case. 

Experimental Section 

a) X-ray Structure Analysis. The single crystal of 

(2) H.A. lahn and E. Teller, Proc. Roy Sot., ,A 161, 220 (1937); 
H.A. Jahn. ibid., A 164, 117 (1938). 

(3) I.H. Van Vleck, \. Chem. Phys., 7, 72 (1939). 
(4) U. Opik and M.H.L. Pryce. Proc. Roy Sot., A 238, 425 (1956). 
(5) A.D. Liehr and C.J. Ballhausen, Ann. Physics, 3, 304 (1956). 
(6) K. Knox, 1. Chem. Phys., M, 991 (1959). 
(7) F. Hanic and I.A. Cakajdova. Acla Cryst., II, 610 (1958). 
(8) F.S. Stephens, I. Chem. SOC., (A). 883 (1969). 
(9) J. Hathaway, M.1. Bew and D.E. Billing, ibid., (A), 1090, (1970). 
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Table I. Observed and calculated structure factors (X IO). 
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Cu(NH,)2Ni(CN)d .2GH:, was prepared by leaving an 
ammoniacal solution of an equimolar mixture of Cu- 
SOa and I<JNi(CN)d in contact with a layer of benzene 
for six months. The pale green crystals thus obtain- 
ed had a tabular shape and cleaved easily along the 
(001) plane. As these crystals had a tendency to grow 
with partial deformations, most of them were not sin- 
gle crystals and their Bragg spots split into two or 
more parts. Precession photographs were taken about 
the [ 1 lo] and the [OOl] axes with MO Ka radiation, 
and the Laue group was determined to be P4/mcc. 
The unit cell dimensions were determined from the 
least-squares refinement of the 8 values which were 
obtained from Weissenberg photographs. The den- 
sity was determined by the flotation method in an 
aqueous potassium tetraiodomercurate solution. 

Cu(NH&Ni(CN), . 2CaHa M = 416.6 

tetragonal ‘a = 7.345kO.003, 
c = 16.519+-0.004 A 

systematic absences: h01 and Okl; 1 = 2n + 1 
Ml; 1 = 2n + 1 

space group: P4/mcc or P4cc 
Z = 2. D, = 1.53, D, = 1.55 

Inorganica Chimica Acta 1 7 : 1 1 March, 1973 

A crystal of dimensions, 0.1 x 0.2X0.3 mm, sealed in 
a thin-walled soft glass capillary to prevent the escape 
of benzene was used for intensity measurements. In- 
tensity data were collected on an automatic four- 
circle diffractometer, Rigaku Electric Co. R 71774, 
with monochromatized MO Ka radiation. The details 
of the measurements have been described elsewhere.” 
Of the 690 independent, non-systematically-absent re- 
flections with 28 less than 60”, 391 had non-zero va- 
lues and only 244 of them were more than three times 
their estimated standard devitaions. Lorentz and po- 
larization factors were applied, but no correc‘tion for 
absorption was made (linear absorption coefficient 
for MO Ka, p = 23.0 cm-‘). 

b) ESR Measurements. The single crystal of (Cd, 
Cu)(NH&Ni(CN)a . 2&H; was prepared with the 
procedure similar to the above-mentioned by the use 
of the carefully-purified inorganic reagents.’ The 
aqueous phase used was a solution of Cd(NO&, Cu- 
SO4 and KTNi(CN)a mixed in an 8: 1: 9 molar ratio. 
The appearance of the crystal was the same as that 
of Cd(NH&Ni(CN)d . 2GHs in both shape and color.” 

(IO) Miyoshi, Y. Sasaki, and Y. Iwamoto, Acta Cryst., to be 
submitted. 
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Table II. Final fractional atomic coordinates and their standard deviations (in parentheses). 

:;1, 
N(l) 
N(2) 
C(2) 

Wyckoff’s 
notation 

a 
C 

j 
j 

f 
n 

point 
group x/a y/b 

42 0.0000(0) 0.0000(0) 0.2500(O) 
42 0.5000(O) 0.5000(O) 0.2500(O) 
2 0.3191(20) 0.3191(20) 0.2500(O) 
2 0.2115(16) 0.2115(16) 0.2500(O) 
4 0.0000(0) 0.0000(0) 0.3740(14) 
2 0.5000(O) 0.0000(0) 0.4151(11) 
1 0.4304(23) 0.1447(25) 0.45630) 

Table Ill. Thermal parameters.* 

cu 

El) 
N(1) 
N(2) 
C(2) 
C(3) 

PII or B 

0.0103(8) 
0.0160(11) 
3.46(36) A’ 
4.19(37) 
2.78(39) 
4.23(35) 
4.711421 

P12 Pu Pu 813 P 23 

0.0103(8) 0.0037(2) 0.0(O) 0.0(O) 0.0(O) 
0.0160(11) 0.0025(2) 0.0(O) ’ 0.0(O) 0.0(O) 

l The temperature factur expressions used are exp~-(h’~~~fk’~n+~2~~~S~~~*~+~~~~~+~~~~~)l or exp[-B(sine~h)‘l- 

The ESR spectra were recorded with a JEOL-JES 
3BS-X spectrometer with an X-band frequency and 
a field modulation of 100 kHz. The crystal was rotat- 
ed about the [OOl] and the [ 1 lo] axes, and the tem- 
perature of the sample was varied from -30°C to the 
liquid nitrogen temperature. The magnetic parame- 
meters were obtained with the second order perturba- 
tion method of Bleany.” The ESR experiments were 
also examined for the single crystals of Cu(NH&Ni- 
(CN), .2&I& but available crystals were too small 
to give any significant results. 

Structure Deterfmination 

Between two possible space groups P4/mcc and 
P~cc, P4/mcc was assumed at first. As the unit cell 
containes only two units of Cu(NH&Ni(CN)a . 2GH6, 
most atoms must be at the special positions. The 
atomic positions were determined by the use of the 
three-dimensional Patterson and Fourier syntheses. 
The atomic parameters were refined by the block- 
diagonal least-squares method with the 244 reflec- 
tions, which were more than three times their stan- 
dard deviations. The final R-index was 6.8%. The 
calculated and the observed structure factors are listed 
in Table I. The three-dimensional AF-syntheses with 
all the observed reflections did not show any signifi- 
cant peaks and hollows. The least-squares refinement 
with the sapce group of P4cc gave almost the same R- 
index as that of P4/mcc, but the standard deviations of 
the atomic parameters became significantly larger. 
Therefore, the space group of P4/mcc is preferable 
to that of P4cc. 

The calculations were carried out with the electro- 
nic computer, Hitac 5020E, in the computation cen- 
ter of the University of Tokyo. The program used 
were RLC-3, ANSFR-2, HBLS-4 and RDA-4 in 

(11) T.Miyamoto, Inorg. Chim. Acta. 3. 511 (1969). 
(12) B. Bleany, Phyl. Mng.. 42, 441 (1951). 

Table IV. Interatomic distances and bond angles (those 
distances longer than 4 A are not presented). 

Cu-N(1) 2.20(l) A C(2)-N(1) 3.79(2) A 
Cu-N(2) 2.05(2) C(2)-C(1) 3.83(2) 
Ni-C( 1) 1.88(l) C(2)-N(2) 3.73(l) 
C(l)-N(1) 1.12(2) C(3)-C(1) 3.73(2) 
C(2)-C(3) 1.36(2) C(3)-N(1) 3.80(2) 
C(3)-C(4) 1.44(3) C(3)-N(2) 3.60(2) 

C(3)-C(3’) 3.76(3) 
C(2)-C(3)-C(4) 120.0( 1.5p 

UNICS.13 The atomic scattering factors used were 
those listed in International Tables for X-ray Crystal- 
lography.14 The Cw(I F, 1 - 1 F, 1)’ function was mini- 
mized in the least-squares calculations, and the weight 
was 1 for the reflections with 1 F, I> 13, and 0.5 for 
I F, 1-c 13, since the standard deviations of the ob- 
served structure factors were much larger in the 
weak reflections. 

Results and Discussion ‘ 

a) Description of the Structure. The structure of 
the unit cell is shown in Figures 1 and 2, while the 
atomic parameters of the asymmetric unit are given 
in Tables II and III. The bond lengths and the 
bond angles are presented in Table IV. As Figures 
1 and 2 show, the structure of this compound is simi- 
lar to those of the Hofmann-type clathrates reported 
previously.‘5,‘” However, two kinds of arrangement 
with regard to the orientation of the benzene mole- 
cules appear alternately along the [OOl] axis, as will 
be described later. 

(13) Crystallographic Society of Japan (1967) 5020 UNICS, the Uni- 
versal Crstallographic Computation Program System. 

(14) International Tables for X-ray Crystallography, Vol. 111 pxv _. ____, 
K&h’ Press, Birmingham (1962). 

(15) I.H. Rayner and H.M. Powell, /, Chem. SW., 1952, 319. 
(16) Y. Sasaki. Bull. Chem. Sot. /upan, 42, 2412 (1969). 

Miyoshi, Iwamoto, Sasaki / Structure and ESR of Cu(NHJ)INi(CN), . 2CaH.! 
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Table V. The Cu-ligand distances in the copper(H) complexes with the compressed tetragonal configuration. 

equatorial axial 

I&CUR 6 Cu-F: 2.08 A Cu-F; 1.95 
P-Cu(NH,),CIz 7 cu-Cl: 2.16 Cu-N: 2.03 
&Cu(NH,),Bn ’ Cu-Br: 2.88 Cu-N: 2.01 
Cu(dienJ2(N0,)2 ’ Cu-N: 2.22 Cu-N : 2.05 
Cu(NH,),Ni(CN), .2C6t16 Cu-N: 2.20 Cu-N: 1.95 A 

The copper(I1) ion in the host lattice is coordinat- 
ed with six nitrogen atoms tetragonally. Of the six 
nitrogen atoms, two are of the ammonia molecules 
and four are of the cyanide anions. The Cu-N dis- 
tances are 2.05 A for the ammonia and 2.20 A for 
the cyanide so that the copper(I1) ion takes a com- 
pressed tetragonal configuration of the ligand atoms. 
For the sake of comparison, the bond lengths or the 
distances between Cu” and ligand atoms are listed 
in Table V for the few other copper(I1) complexes 
with the compressed tetragonal configurations. 

0 C” 
0 Ni 

0 N 

0 c 

Figure 1. 

0 C” 
0 Ni 

ON 

0 c 

Figure 2. 

The cause of axial compression in the copper(I1) 
system has been discussed by Smith in terms of a 
molecular orbital theory.” However, in the present 
compound, the compression appears to be caused 
from the steric repulsion between the host lattice and 
the guest molecule, since the configuration around the 
copper(I1) is axially elongated in the residual host 
lattice, Cu(NH&Ni(CN)d, left after the complete es- 

(17) D.W. Smith, I. Chew Sot., (A), 1970, 1498. 

cape of the guest benzene from the clathrate.’ 
The benzene molecules are enclathrated in the 

cavities between the metal complex networks with 
their ring plane parallel to the [OOl] axis of the cry- 
stal. The interatomic distances between the guest 
molecules are 3.6 A or more, as listed in Table IV, 
supporting that there are no direct bonds between 
them. 

Two ammonia molecules, protruding from the both 
copper(I1) ions of the upper and the lower metal 
complex networks, are inserted between each two 
benzene molecules along the a or b axis of the crystal. 
Since the benzene molecule is on the twofold axis 
parallel to the [OOI] axis, its sixfold axis can take 
any direction in the [ 0011 plane. In the present 
clathrate, the benzene molecules are arranged with 
an angle 64.3” against a or b axis throughout their 
layer between a pair of the metal complex networks. 
The arrangement may minimize the steric repulsion 
between the host lattice and the guest molecules, and 
that between the guest molecules. As illustrated in 
Figure 3, the arrangement with the angle (180-64.3)“, 
the mirror image (M) of that with 64.3” (R) on the 
(100) or (010) plane, is obtained by turning over 
the layer of the guest benzene molecules. With re- 
gard to the steric repulsive force, the both R and M 
arrangements are completely equivalent if the inter- 
molecular interaction along the [OOl] axis is negli- 
gible. In the present clathrate, the alternate stacking 
of the R and M arrangements occurs along the [OOl] 
axis, although only one arrangement appears in Ni- 
( NH&Ni(CN)4 . 2CsHZ5 and Cd( NH&Ni(CN), , 2Cs- 
Hb. 

lb 

R M 

Figure 3. 

The unit cell thus contains two layers of the guest 
molecules and the c-dimension is 16.519 A, appro- 
ximately twice the value 8.24 A previously reported 
from the powder diffraction data,‘* where the reflec- 
tions with 1 = odd were too weak to be observed. 

(18) T. Iwamoto, T. Miyoshi, T. Miyamoto. Y. Sasaki. and S. 
Fujiwara. Hull. Chem. Sot. Japan. 40, 1174 (1967). 

Inorganica Chimica Acta 1 7 : 1 1 March, 1973 
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Table VI. The magnetic parameters of (Cd,Cu)(NHt)zNi(CN)I . 
2C6H6 at - 130°C. 

g,, = 2.019_+0.001 g1 = 2.232_tO.O01 
A,, = 9O.lkO.5 lo-’ cm-’ A, = -58kl lo-’ cm-’ 

(Q’) = 7+-2 lo-’ cm-’ 

b) ESR Results. The magnetic parameters obtain- 
ed from the single crystal ESR spectra are listed in 
Table VI. The g,, gll, A,, and A,, values coincide 
well with those of the powder samples reported pre- 
viously.’ This fact supports the previous conclusion 
that the electronic ground state of the copper(I1) 
ions has an Al, symmetry in this compound. Al- 
though a small discrepancy, ca. 0.02, bteween the ex- 
perimental and calculated gll values has been observ- 
ed, the angular dependency of the magnetic para- 
meters makes no doubt of the Al, ground state being 
essential as shown in Figure 4. The discrepancy 
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Figure 4. 

may be ascribed to either (i) a slight distortion of 
the lignad field from a tetragonal symmetry,” (ii) an 
exchange coupling between crystallographically non- 
equivalent Cu” ions,20 or (iii) a dynamical Jahn-Teller 
effect?’ The former two can be excluded in the pre- 

(19) D.M.S. Bagguley and I.H.E. Grifftths, Proc. Roy. SW., Abj, 
594 (1952). 

(20) R.C. Slade, A.A.G. Tomlinson, B.I. Hathaway. and D.E. 
Biling. I. Chem. SOL-., (A). 61 (1968). 

(21) W. Hayes and I. Wilkins., Proc. Roy. Sot., 281, 340 (1964). 

sent case because they are inconsistent with the crys- 
tal structure. A 0.2% increase of the gll value and 
a 0.1% decrease of gr value observed upon raising 
temperature from -150°C to -30°C could not be si- 
gnificant enough to prove the dynamical Jahn-Teller 
effect, although the temperature dependency itself is 
not inconsistent with the theoretical prediction.2’ 
Such a narrow temperature range may not be ade- 
quate for demonstrating the dynamical Jahn-Teller 
effect and an experiment at higher temperature, which 
might provide a better test, is impossible owing to 
the instability of the clathrate at the higher tempe- 
rature. 
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Figure 5. 

When the magnetic field is applied parallel to the 
fourfold axis (the c-axis) of the crystal, the ESR spec- 
trum gives a ligand hyperfine (lhf) structure along 
with a hyperfine structure as shown in Figure 5. The 
possible nuclei giving the lhf structure arc ‘“N of the 
cyanide and of the ammonia and ‘H of the ammonia. 
The ohserved spectrum can be interpreted in terms of 
cithcr an overlap of the N(NH,) and N(CN) lhf struc- 
tures or the N-(NH3) lhf structure secondarily split 
with the protons of the ammonia. The latter appears to 
be more likely in the graphically simulated spectra bas- 
ed on the sets of lhf constants AN(M~,)= 15X lo-’ cm-’ 
and ANKN) = 5X10A4 cm-‘, and AN(NH~! = 15~ 10m4 
an- and Al, = 5X1O-4 cm-‘. The studies of the 
ND3 species (Cd.Cu)(ND&Ni(CN)J . 2GHs wi!! give 
a decisive conclusion, although the synthesis of the 
single crystal has not been successful. 
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