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The temperature dependence of the g tensors of the three centers r ran~-Cu(H~O)~Cl~~-  (I), tr~ns-Cu(NH~)~Cl>- (11), and 
trans-Cu(H20)(NH3)C1~- (111), formed when Cu2+ is doped into NH,CI under different conditions, has been measured and 
interpreted by using a model in which the warped “Mexican hat” potential surface of a six-coordinate copper(I1) complex is 
perturbed by a strain due to the inequivalence of the axial and in-plane ligands. The axially symmetric g tensors of centers I1 
and 111 imply compressed tetragonal ligand coordination geometries, these being stabilized by the greater u donor strength of the 
axial compared with the in-plane ligands. For center I the g values are significantly temperature dependent, and this is ascribed 
to higher order vibronic coupling forces, which dominate the tetragonal strain effect of the different ligands. For this center an 
orthorhombic g tensor is observed below - 12 K, but as the temperature is raised, the two higher g values are progressively replaced 
by an intermediate signal, so that above -30 K the g tensor has effective tetragonal symmetry. The potential surface of this center 
has two minima, each corresponding to an orthorhombic coordination geometry involving short bonds to the water molecules and 
intermediate and long bonds to chloride ions. The two minima are distinguished by interchange of the intermediate and long bonds. 
Random lattice strain localizes the lowest vibronic wave function in one of the two wells, so that below - 12 K the signals of the 
individual orthorhombic complexes are resolved. When the temperature is raised, the thermal population of higher, more delocalized 
wave functions increases the rate of exchange between the wells, and when this becomes faster than the EPR time scale, the g 
values along the Cu-C1 bond directions are averaged. The potential surface of each center is strongly influenced by the balance 
between the tendency of the copper(I1) to adopt an elongated tetragonal geometry due to the Jahn-Teller effect and the difference 
between the axial and in-plane metal-ligand a-interactions, which favors a compressed tetragonal arrangement. The behavior 
of the centers is compared with that of other systems with similar and often also temperature-dependent geometries. 

Introduction 
The EPR spectrum of Cuz+-doped NH4Cl has been the subject 

of numerous studies,’-12 and it has been found that up to three 
distinct centers may be formed, depending upon the experimental 
conditions. The ENDOR measurements of Boettcher and 
Spaeth6v7 have established unequivocally that in two of these 
centers the Cu2+ ion occupies a facial interstitial site in the CsCl 
type unit cell of NH4Cl (Figure 1). The charge compensation 
is accomplished by the substitution of two NH4+ ions by water 
molecules (center I) to give the complex t m n s - C ~ ( H ~ O ) ~ C l ~ ~ -  or 
two ammonia molecules (center 11) forming ~runs-Cu(NH~)~Cl;-, 
as shown in Figure 1A,B. This is in agreement with the earlier 
conclusions drawn by Hagen and Trappeniers3 from the analysis 
of the hyperfine structure and supersedes the earlier interpretations 
of Pilbrow and Spaeth,2 involving neighboring NH4+ vacancies, 
and the propsals of Bechtle et aL4 that the Cuz+ ions occupy 
off-center positions. Samples in which just one type of center 
predominates may be prepared by growing the crystals under 
acidic or basic conditions for I and 11, respectively3. Center 111, 
which seems always to occur in conjunction with at  least one of 
the other  center^,^.^ has not been fully characterized in previous 
EPR investigations, though it was suggested on the basis of the 
optical spectrumI3 that this involves the mixed complex trans- 

A phase transition occurs for NH4Cl at  243 K,I4 and this is 
accompanied by spectroscopic changes that have been discussed 
by several groups of workers.2s’0 However, any consideration of 
the spectra in this temperature region must include the effects 
of the change in the bulk lattice constants, as well as any changes 
in the properties of the “guest” complexes. This fact, which has 
not always been appreciated, complicates the interpretation of the 
spectra considerably, and the present discussion will be restricted 
to temperatures below 230 K. 

Between -30 and 230 K the molecular g values of the three 
centers are rather similar, with g,, close to 2, g, in the range 
2.2-2.3, and the anisotropy in the g tensor decreasing slightly as 
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the temperature rises. Early studies’J interpreted this as suggesting 
axially compressed ligand coordination geometries for all the 
centers, with ground states in which the unpaired electron is 
predominantly in the d,2 orbital and the slight changes in the g 
values with temperature being due to vibronic effects. However, 
later showed that although the g tensor of center I1 
remains essentially unaltered below -30 K, that of center I 
changes from axial to orthorhombic symmetry, with one g value 
lying midway between the other two. On the basis of the ENDOR 
data, Boettcher and Spaeth’ proposed that the tetragonal-or- 
thorhombic transition is related to the concerted “locking” of the 
hydrogen atoms of the two water molecules into the (1 10) crystal 
plane below -30 K. At higher temperatures, the thermally 
activated reorientation of these ligands would occur by the 
“hopping” of the hydrogen atoms about the [OOl] axis. A major 
problem with this model, recognized by the authors, is that the 
reorientation of the ligands must occur in phase (i.e. they must 
remain coplanar) in order for the spectrum to become tetragonal. 
Moreover, the orientation of the hydrogen atoms affects only the 
x-bonding of the water molecules with the copper(II), and as the 
ground-state wavefunction is of a-symmetry, this should have little 
influence on the EPR parameters or geometry of the complex. 
The model of Freeman and Pilbrow12 postulating off-center 
positions of the Cu2+ ions in the ”CuCl,” plane in the temperature 
range with an orthorhombic g tensor is in contradiction with the 
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the conclusion, first proposed by Reinen and Krause,17 that under 
certain conditions the superposition of an axially symmetric 
compression onto the cubic ligand field of a copper(I1) complex 
can cause the most stable coordination geometry to have ortho- 
rhombic rather than the expected tetragonal symmetry. 

The success of these treatments suggested that it would be of 
interest to apply the model to the Cuz+-doped NH4Cl centers, and 
the present paper reports the results of this investigation. The 
starting point of the model is the “warped Mexican hat” potential 
surface appropriate to a six-coordinate copper(I1) complex in a 
cubic environment, this being perturbed by the equivalent of a 
lattice strain of tetragonal symmetry. In the doped ammonium 
chloride systems, the latter effect represents the inequivalence of 
the axial and in-plane ligands. An alternative treatment, similar 
to that described by Sorokin and Chirkin’* for the centers in 
Cuz+-doped NH4Br, is also discussed. Here, the starting point 
is the appropriate mixed-ligand complex of tetragonal symmetry, 
with vibronic coupling between the split states of the octahedral 
2E, ground state (a pseudo-Jahn-Teller effect) being considered 
in a second step. 

Because of the cubic symmetry of the NH&l host lattice, the 
study of the above three guest complexes provides a unique op- 
portunity to investigate the factors influencing geometry and 
electronic structure of mixed-ligand copper(I1) complexes in the 
absence of complicating factors such as cooperative interactions 
and low-symmetry lattice and ligand steric effects. It is inferred 
that the ratio of the axial to the in-plane ligand field, balanced 
against the natural tendency of Cuz+ to adopt an elongated tet- 
ragonal geometry, plays a dominant role in deciding the stereo- 
chemistry, and these ideas are discussed in relation to the structures 
observed for a number of pure copper(I1) complexes. The ex- 
perimental data available from previous studies have been sup- 
plemented by new measurements on center I11 and on center I 
in the temperature range over which the g tensor changes from 
orthorhombic to tetragonal symmetry. The latter spectra are 
shown to provide information on the rate of exchange between 
the two equivalent orthorhombic complexes that comprise this 
center and hence to the energy barrier to their interconversion. 

Experimental Section 
Sample Preparation. Pale blue cubic crystals (- 1 mm3) containing 

predominantly centers of type I were prepared by the method of Hagen 
and Trappeniers3 (sample 1) .  Blue crystals containing both centers I and 
I11 were grown in a similar manner, but by adding one drop of concen- 
trated HC1 instead of three to the growth solution (sample 2). 

Measurement of the Spectra. A Varian E-15 spectrometer operating 
at X-band (-9.4 GHz) and Q-band ( -35  GHz) was used for the EPR 
measurements. An Oxford Instruments liquid-helium flow cryostat was 
used for the measurements between 4 and 298 K, with the temperature 
being~measured and controlled by using the standard accessory. Q-band 
experiments were performed at 4.2, 130, and 298 K. DPPH (g = 2.0036) 
was used as an internal standard. 

The electronic absorption spectrum of a crystal containing center I was 
recorded over the range 2000-300 nm by using a Cary 17 spectropho- 
tometer, the sample being cooled to -60 K with a Cryodyne Model 22 
closed-cycle refrigerator. 

EPR Spectra of Centers I and 111 
The three different positions of the Cu2+ centers in the unit cell 

are P1, P2, and P3 in Figure 1C. The molecular z axis is defined 
parallel to the Cu-H20(NH,) bond vectors, while x and y are 
oriented parallel to the Cu-Cl bond directions (Figure lA,B). 
When there is an orthorhombic distortion these three positions 
split into six, because the long Cu-C1 bonds may occur in either 
the x or the y direction. Figure 2B shows Q-band EPR spectra 
measured with the magnetic field along [ 1101, which is the x or 
y axis of polyhedron P1. When the temperature is lowered from 
130 to 5 K, it may be seen that for center I the g, signal of P1 
splits into g, and g,, components. The g,, component of P1 cannot 
be resolved directly, as it is obscured by the signals due to P2 and 
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Figure 1. Copper(I1) centers in the ammonium chloride lattice: (A) 
center I, CU(H~O)~CI~”;  (B) center 11, Cu(NH3)2C142-; (C) orientation 
of the centers in the unit cell. 

ENDOR measurements of Boettcher and Spaeth7 and will not 
be considered further. Watanabe and Abe9 explained the tet- 
ragonal-orthorhombic transition as due to a CuC14 coordination 
that is rhombically distorted at  low temperatures, with two short 
and two long Cu-Cl bonds, becoming thermally averaged to a 
square plane at high temperatures. However, they postulated axial 
coordination by one NH4+ ion. The model to be presented in this 
paper is basically similar to that of Watanabe and Abe, but with 
axially coordinated water molecules; it must also be stressed that 
the “thermal averaging” describes a rapid exchange between two 
vibronic levels with orthorhombic geometries (plus the occupation 
of truly delocalized vibronic levels by a small fraction of the 
complexes) to give EPR parameters of tetragonal symmetry. This 
model is in accord with all experimental evidence on center I, in 
particular with the ENDOR data of Boettcher and S ~ a e t h , ~  and 
is also supported by EPR and structural results from various other 
compounds. 

We recently reported a study of the temperature-dependent g 
values of Cu2+-doped KZZnF4,l5 which was observed to have 
behavior quite similar to that reported for center 11 of Cu2+-doped 
NH4Cl. A theoretical model was developed in which the vibronic 
energy levels and wave functions were calculated within the 
framework of a Jahn-Teller potential with the addition of a lattice 
strain of tetragonal symmetry. The behavior of K2Zn[Cu]F4 could 
be explained satisfactorily in terms of a potential surface with a 
single minimum corresponding to a compressed octahedral ligand 
geometry. The electronic part of the ground ,state consisted 
predominantly of the dZ2 orbital, with a small component of dx2+ 
mixed in by vibronic coupling, the temperature effects being caused 
by the thermal population of higher vibronic states. This model 
was subsequently extended to include the effects of an ortho- 
rhombic lattice strain and used to interpret the temperature-de- 
pendent g values of Cuz+ doped into a range of zinc hexahydrate 
complexes.16 Of particular relevance to the present problem is 
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Table I. g and A Values of the Three Centers in NH4C1 at Different Temperatures 
center I' center IIb center 111" 

104~2,  104~;, 104,4;, 1 0 4 ~ ~ 1 1 ,  1044f, 1 0 4 ~ ~ 1 1 1 ,  104~~~111, 
T, K g,' g,,' g,' cm-I cm-l cm-l g,I1 gIl" cm-I cm- g,"' glllI1 cm-' cm-I 

4 2.410 2.185 2.019 98 53 SO 2.220 1.996 73 240 2.237 2.010 5 5  108 
130 2.292 2.292 2.019 61 61 43 2.239 2.010 54 116 

71 298 2.256 2.256 2.045 19 19 15 2.209 2.0095 25 177.9 2.223 2.021 51 

'This work, Estimated error limits: g values, f0.003; A values, f 3  X lo4 cm-l. *Literature data: Row 1, X-band.' Error limits: All ,  f0.3 X 
IO4 cm-l; A, ,  *1 X lo4 cm-l; gll, *0.0006; g,, 10.002. Row 3, K-band? Error limits: A values, f 3  X lo4 cm-I; g values, *0.002. 

Cenlre I 130 K 

l , ,  , , , , , , , , , , , I  

-90' -60' -30' 0' 30' 60° 9 0 O  

- e  - - e  

Centre I i K  

I , ,  , , , , , , ~, , , , I  

-90' -60' -30' 0' 30" 60' 90' 
- e  - - 6  

Figure 3. Angular dependence of the g tensor of center I with the 
magnetic field in the (100) plane. A small misorientation of the crystal 
is responsible for the deviation from ideal behavior. 

P3, which occur at  (g, + gv + 2gz)/4. However, it can be obtained 
from the position of the latter signal, since both g, and g, can be 
measured directly. The orthorhombic-tetragonal transition of 
center I does not occur sharply and may also be somewhat sample 
dependent. For crystals containing almost entirely center I studied 
at X-band the orthorhombic signal was progressively replaced by 
a tetragonal one with this change occurring predominantly between 
-12 and -25 K (Figure 2C). Other crystals that contained 
center I11 in addition to center I (sample 2) were also studied at  
Q-band frequency. The spectra of these were better resolved with 
respect to the orthorhombic g, and g, components (Figure 2B). 
They showed a weak tetragonal signal even at 4.2 K (Figure 2B), 
while a weak orthorhombic signal could still be seen at 77 K. The 
fact that the orthorhombic and tetragonal spectra coexist is in- 
compatible with the tetragonal spectrum simply being due to the 
motional narrowing of the orthorhombic spectrum of a set of 
identical complexes. However, as discussed below, the present 
model assumes that random lattice strains play an important role 
in the orthorhombic-tetragonal transition, and as these may vary 
within a sample, in this respect the complexes even within one 
crystal are not identical, so that a sharp orthorhombietetragonal 
transition is not expected. Strangely, the signals due to P1 could 
not be resolved at all at 298 K (Figure 2B). Possibly this is because 
of the phase transition that occurs a t  243 K. 

When the magnetic field is along the [ 1001 direction, i.e. parallel 
to the z axis of P3, the spectra shown in Figure 2A are obtained. 
The angular dependence of the g tensor of center I is illustrated 
in Figure 3, and the temperature dependence of the principal g 
values of all three centers are shown in Figures 4 and 5. Data 
from the literature, particularly for center 11, are included on the 
plots. The EPR data at  three representative temperatures are 
summarized in Table I and, although these are not discussed in 

2.0 p-1 
1.9 I J 

50 100 150 200 
Temperature (K) 

Figure 4. Calculated and experimental principal g values of center I. In 
each case A I  = 900 cm-' and hv = 210 cm-I. The different symbols 
indicate the source of the experimental data: (0) ref 2; (+) ref 5; (A) 
ref 6; (0) present study. Variables: (A) (-) A2 = 5.44 cm-l (0 = 100 
cm-I), So = -200 cm-l and S,  = 1.5 cm-I, (- - -) A2 = 10.88 cm-I (j3 = 
200 cm-'), So = 600 cm-', and S ,  = 1.5 cm-I; (B) (-) A2 = 5.44 cm-I 
(@= 100cm-l),So=-200cm-l,andS,= 1.5cm-l,(---)A2= 5.44cm-l 
(p  = 100 cm-I), So = -200 cm-I, and S,  = 3.0 cm-l. 

this paper, the Cuz+ hyperfine parameters are included in Table 
I for completeness. 
Nature of Center 111 

While Pilbrow and SpaethZ and Hagen and Trappeniers3 re- 
ported limited experimental data on this center, the nature of the 
complex was not deduced. Crystals containing all centers are 
grown from nearby neutral aqueous ammoniacal solutions. Those 
that contain predominantly trans-Cu(HzO)zC1,2- are obtained 
from slightly acid solution, while slightly basic solutions yield 
predominantly tranr-C!~(NH,),C1,2-.~ Since center I11 forms from 
a neutral or nearly neutral solution and always occurs in con- 
junction with one or both of the other centers, it seems very 
reasonable that it is the mixed complex trans-Cu(NH3)(Hz0)C1?- 
as first proposed by Stolov et In agreement with this, center 
I11 has g values intermediate to those of the other two complexes 
(Table I). The temperature dependence of the g values of center 
I11 provides a useful test of the model used to explain the behavior 
of the other two centers as described below. 
Properties To Be Explained by the Theoretical Model 

The EPR spectra provide information on both the g values and 
hyperfine parameters of the centers. However, in the present study 
attention will be focused on just the g values. As has been pointed 
out elsewhere,16 the isotropic contribution to the metal hyperfine 
splittings may differ from one vibronic energy level to another 
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Figure 5. Calculated and experimental principal g values of centers I1 
and 111. The following parameters were used in the numerical calcula- 
tions: hu = 210 cm-I, A ,  = 900 cm-I, A*.= 5.44 cm-l(j3 = 100 cm-I), 
S, = 1.5 cm-I. The different symbols indicate the source of the exper- 
imental data: (0) ref 2; (*) ref 10; (+) ref 5; (A) ref 6; (0) ref 49; (0) 
present study. Variables: (A) center I1 (-) S, = -1200 cm-I, (- - -) S, 
= -2000 cm-I; (B) center 111 (-) So = -600 cm-’, (- - -) S ,  = -300 cm-I. 

in a way that is hard to predict, and this would greatly complicate 
the interpretation of these parameters. 

The general features of the g tensors requiring explanation may 
be summarized as follows: 

(i) At low temperature t r a n s - C ~ ( H ~ O ) ~ C l , ~ -  has highly or- 
thorhombic g values, while the g tensors of both trans-Cu- 
(HzO)(NH3)C142- and t rans-C~(NH,)~Cl ,~-  have tetragonal 
symmetry. 

(ii) The EPR signals corresponding to the two higher g values 
of t r a n s - C ~ ( H ~ O ) ~ C l ~ ~ -  are gradually replaced by a single signal 
at an intermediate g value, which occurs continuously in the 
low-temperature region. 

(iii) The slight convergence of gll and g,, which occurs pro- 
gressively as the temperature increases for all the complexes, 
becomes more pronounced along the series ~ ran r -Cu(NH, )~Cl~~- ,  
trans-Cu(H20)(NH3)C1,, and t r a n s - C ~ ( H ~ O ) ~ C l ~ ~ - .  

(iv) The deviation of g,, from the value close to that of the free 
electron, which is predicted by a static model of a compressed 
octahedral Cu2+ complex, increases progressively along the series 
given above in section iii. 

The model must also be consistent with the electronic spectra 
reported for centers I and I1 and with the bonding parameters 
and metal-ligand vibrational force constants appropriate for the 
various ligands. 

Nature of the Model 
The energy levels of the complexes will be considered by using 

the well-established model of a six-coordinate copper(I1) complex 
perturbed by linear and nonlinear Jahn-Teller coupling and subject 
to a tetragonal strain caused by the inequivalence of the ligands. 
Details of this model, including the way in which the g values are 
calculated as a function of temperature, have been given else- 
 here,'^,'^ so that only a brief account of the model will be 
presented here. 

In a crystal lattice of cubic symmetry, the first order E @ t 

vibronic coupling causes the potential surface of a copper(I1) 
complex formed by six identical ligands to take the form of a 
“Mexican hat” as illustrated in Figure 6A. Here, the potential 

L 

0, x =  1, +y 
0 b 

Q, mode Q, mode 
Figure 6. (A) Adiabatic “Mexican hat” potential surface of the linear 
E % c problem. (B) Tetragonal and orthorhombic components of the te 

vibration of an octahedral complex. 

energy is plotted as a function of the radial and angular parameters 
p and 4, which determine the components Q8, Q,  of the doubly 
degenerate tg Jahn-Teller active vibrational mode (Figure 6B): 

(1) 

When higher order electronic terms and vibrational anhar- 
monicity are taken into account, the minimum potential energy 
at  p o  becomes dependent on the angular coordinate, causing the 
perimeter of the Mexican hat to become “warped”. If the sym- 
metry of the complex is lowered from cubic to tetragonal, either 
by crystal forces or, as in the present case, by the fact that two 
of the ligands are different from the other four, this can be taken 
into account by including a “strain” term in the calculations. 

The Hamiltonian for the problem is that of the usual E @ c 
Jahn-Teller coupling, HjT, with the addition of the terms rep- 
resenting the strain, HsT. The approximation is made that the 
strain does not destroy the symmetry of the cubic part of the 
Hamiltonian, so that there will be only one first-order and one 
second-order electronic coupling constant, and one harmonic 
vibrational force constant, instead of the six, nine, and two in- 
dependent constants, respectively, which the low symmetry of the 
problem actually requires.16 Strictly speaking this approximation 
is valid only for strains that are a small perturbation to the cubic 
Hamiltonian. However, it has been found in previous s t ~ d i e s ’ ~ J ~  
that a meaningful model is obtained by using this approximation 
even when relatively large values of the strain are used. The form 
of the Hamiltonian is 

Q8 = p cos 4 Q, = p sin 4 

H = HjT + HsT 

where 



C u  Centers in Cu2+-Doped NHICl Inorganic Chemistry, Vol. 27, No, 11, 1988 1929 

Here A,, A2, and K3 are the first- and second-order coupling 
constants and the cubic anharmonicity of the Jahn-Teller active 
tg vibration, respectively. The energy of this vibration would he 
hv in the complete absence of the Jahn-Teller effect. Both the 
coordinates and conjugate momenta in (2) and throughout this 
paper are in dimensionless form. These are related to the usual 
dimensioned quantities p ,  q by20,21 

(3) 

Here m is the inverse of the G matrix element appropriate to 
the symmetry coordinates shown in Figure 6B, which would be 
the mass of one ligand in the case of an octahedral complex.20 
The parameters hu, A , ,  A2, K3,  So and S, of (2) are all in units 
of reciprocal centimeters but can be expressed in equivalent units 
if the dimensioned quantities in (3) are resubstituted into (2). 
Further discussion is given in the appendix of ref 15. 

In the present problem, the inequivalence of the axial and 
in-plane ligands will remove the degeneracy of the tg vibration; 
this effect was investigated and found to be relatively unimportant, 
as discussed below. If the asymmetry in the d o n d i n g  of the water 
ligands to the metal is neglected (and available experimental 
evidence suggests that this r-bonding is indeed effectively isotropic 
about the bond axis)19 the irregularity of the ligand field to be 
represented by the strain parameters So and S, has tetragonal 
symmetry. However, the orthorhombic component of the strain 
S, is retained in the Hamiltonian in order to take into account 
the effects of small random lattice strains. 

The desired energy levels and wavefunctions of the complexes 
are obtained by diagonalizing the matrix obtained by applying 
the above Hamiltonian (eq 2) to a truncated set of vibronic basis 
functions. This basis consisted of the two Eg(dx2-y2, dz2) metal 
orbital wave functions and the N [ = 1 / 2 ( n v  + l)(n, + 2)] two- 
dimensional harmonic oscillator wave functions of the cg vibration 
up to the level n,. Because of the strong coupling in these systems, 
the displacement in p is large, and a sizable basis set of vibrational 
wavefunctions is needed. In the present calculations a value of 
n, = 30, corresponding to a vibronic basis size of 992 was found 
to provide a satisfactory convergence (this was tested by monitoring 
the effect of varying the basis size). 

It is the second-order electronic and the anharmonic terms that 
discriminate between QB and Q, and hence produce the "warped" 
Mexican hat potential surface.46 Energy minima occur at  4 = 
0, 120, and 240' for A,, A2 > 0, corresponding to tetragonal 
elongations of the ligands along z, x, and y ,  and saddle points 
appear at  4 = 60, 180, and 300°, corresponding to tetragonal 
compressions. Because of its cubic dependence on p, the inclusion 
of the anharmonicity parameter K3 in the calculations causes 
computational problems; the warping of the potential surface was 
therefore represented just by the second-order electronic term A2.16 

Specification of the Parameters Used in the Calculations. 
Energy of the Jahn-Teller-Active Vibration. In estimating this 
parameter, it is important to assess the effect that the inequivalence 
of the axial and in-plane ligands will have on the vibrational 
properties of the parent complexes in the absence of vibronic 
interactions. Taking the effective point group of each center to 
be D4,,, the degeneracy of the Jahn-Teller-active tg vibration of 
an octahedral copper(I1) complex is removed, the two components 
transforming as modes of olg and pl, symmetry. The energy and 
form of these were investigated by following procedures outlined 
by CyvinZ0 using valence force constants obtained from the vi- 
brational frequencies reported for a number of related complexes 
of high symmetry. For G matrix elements20 appropriate to the 
ligand masses, it was found2' that the energies of the alg  and PI, 

(19) Hitchman, M. A.; Waite, T. D. fnorg. Chem. 1976, 15, 2150. 
(20) Cyvin, S. J. Molecular Vibrations and Mean Square Amplitudes; El- 

sevier: Amsterdam, 1968. 

components derived from the parent tg mode were -225 and - 197 cm-I, respectively, justifying the approximation of a single 
Jahn-Teller coupling vibration of energy hu = 210 cm-' used in 
the present calculations. Preliminary calculations confirmed that 
the splitting of the cg mode into two components has little effect 
on the EPR parameters of the complexes.21a 

While the approximation of a single vibrational energy is 
reasonable, it is noteworthy that the resulting tetragonal com- 
ponent of the tg mode will be mixed with the totally symmetric 
stretch of the complex. Calculations indicate2' that this coordinate 
is then one in which the axial ligands move six times the distance 
that the in-plane ligands move, though in an opposite direction, 
instead of twice the distance, as occurs in the Qo coordinate of 
an octahedral complex (Figure 6B). 

Excited-State Energies. The electronic spectrum of center I 
was measured at  300 K by Billing et al.," who reported peaks 
at  12 300, 11 000 (sh), and 9300 (sh) cm-I. Very similar peak 
energies were observed in the spectrum measured at  -60 K in 
the present work: 12 500, 11 400 (sh), and 9300 (sh) cm-I. The 
lowest energy peak is assigned to the transition between the split 
components of the 2E, ground state of the parent octahedral 
complex, AE, while the higher energy pair of bands are transitions 
to the components of the excited 2Tzg state. The spectrum of center 
I1 has been measured by Billing et al." and Kuroda and Ka- 
wamori,I0 the reported band maxima being very similar: - 14000 
and 9500 (sh) cm-I. Again, the lower energy peak is assigned 
as AE, and the higher band is assigned to the unresolved com- 
ponents of the split 2T2g state. The original assignment of Kuroda 
and Kawamori'O differs from that presented here in that they 
placed one of the transitions to the split 2T2g state at -40000 
cm-I; this seems untenable, as it implies quite unreasonable 
bonding parameters in the complex. For center 111, transition 
energies intermediate between those of I and I1 have been ob- 
served.I3 

Linear Coupling Constant A I .  This is related to the Jahn-Teller 
stabilization energy E j T  by the expression46 

A, = (2hUEj~)l/~ 

where hv is the energy of the Jahn-Teller active vibration. The 
Jahn-Teller stabilization energy may be obtained from AE: 

AE i= 4EjT + 21SoJ 

Substituting the values of AE = 9500 cm-l and hu = 210 cm-I 
and anticipating a value of the strain parameter So = -1000 cm-I 
suggest a linear coupling constant A ,  = 900 cm-I for each of the 
centers. 

Second-Order Coupling Constant A 2. In the present approach 
this parameter defines the barrier height, 2p, between the 
equivalent wells of the warped Mexican hat potential surface along 
the Jahn-Teller radius po and is given approximately by 

P = A2P02 

It is generally recognized that the value of /3 is hard to define, 
and previous estimates for related complexes have been in the 
range /3 = 50-350 cm-' (A2 = 2.72-19.04 cm-1).15,16 Within these 
limits, this parameter was therefore taken as a free variable in 
the present calculations. 

Lattice Strain Parameters. In the present calculations the strain 
parameter So is defined by the energy difference 6E between the 
dz2 and d,2~~2 orbitals in the parent mixed-ligand complex with 
metal-ligand bonds appropriate for a regular octahedral geometry: 

6E = 2S,9 

Thus, in center I, SB is a measure of the difference in u-bonding 

(21) (a) Riley, M. J. Ph.D. Thesis, University of Tasmania, 1987. (b) 
Cohen-Tannoudji, C.; Dui, B.; Lahoe, F. Quantum Mechanics; Wiley: 
New York, 1977; pp 487-8; (c) Wagner, M. In The Dynamic Jahn- 
Teller Effect in Localised Systems; Perlin, Yu. E., Wagner, M., Eds.; 
North Holland: Amsterdam, 1984; pp 159-60. 

(22) Lupei, A,; McMillan, J. A. Rev. Roum. Phys. 1973, 18, 437. 
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power between the H 2 0  and C1- ligands, while in center 11, it 
represents the difference between NH3 and Cl-. Again, the strain 
parameters were taken as free variables, though they should be 
consistent with the known bonding parameters of the ligands. It 
is therefore expected that the a-bonding power follows the sequence 
C1- < H 2 0  < NH3, implying that SO is negative. It should also 
be noted that if the assumption that center I11 is the mixed 
complex C U ( H ~ O ) ( N H ~ ) C ~ ~ ~ -  is correct, Se should have a value 
approximately midway between those of the other two centers. 

In the calculations pertinent to center I, in which the strain 
generates two equivalent minima in the potential surface, the 
effects of the random lattice strains that discriminate between 
the minima for each individual complex must be included. This 
was done by including an orthorhombic strain parameter S, = 
1.5 cm-’. The value is similar to those proposed for the random 
strain in other doped Cu(I1) complexes.23 In fact, a range of strain 
energies will be present in any one crystal, so that the chosen value 
represents an average. Since relatively sharp EPR signals are 
observed at low temperature, the calculated g values must be 
relatively insensitive to the value of the random strain, and this 
was tested by repeating the calculations using the value S, = 3.0 
cm-’ (Figure 4B). 

Calculation of the g Values. Except for center I in the low- 
temperature range where an orthorhombic g tensor was observed 
the g values were calculated by the method described in detail 
elsewhere.16 This procedure involves calculating the g values of 
each vibronic level from the electronic part of its wave function, 
after having included the effects of spin-orbit coupling with the 
excited electronic states. The g values of each complex were then 
obtained by averaging the values of the individual vibronic levels, 
using weighting factors given by a Boltzmann distribution. This 
process was carried out at a sufficient number of temperatures 
to generate curves for comparison with the experimental data. 
This method is only appropriate for those situations where the 
rate of exchange between the vibronic levels is more rapid than 
the EPR time scale. As discussed below, when the orthorhombic 
g tensor is observed for center I, it is thought that this is associated 
with individual levels that are localized in either of the two wells 
in the potential surface of this complex, i.e. that the rate of 
exchange between the wells is slower than the EPR time scale. 
In this case, therefore, the g values are not a Boltzmann average 
of the individual vibronic levels. 

Potential Surfaces, Ground-State Wave Functions, and Geom- 
etries of the Centers. The potential surfaces and vibronic wave 
functions of the complexes were estimated by comparing the 
calculated g values with those observed experimentally. Covalency 
was taken into account by using orbital reduction factors, and the 
isotropic values k = 0.81 and 0.84 were found to satisfactorily 
reproduce the g values of centers I1 and 111, respectively. In the 
case of center I, it was found that the experimental values could 
not be reproduced satisfactorily by using an isotropic orbital 
reduction parameter. However, the values k, = k,, = 0.9 and k, 
= 0.7 fit the data well. 
As discussed above, a value of Al = 900 cm-’ was assumed for 

the linear coupling constant and the energy of the harmonic 
vibration (the eg vibration of the hypothetical “cubic” C U X ~ C ~ ~ ~ -  
species) was taken as 210 cm-’ for all of the centers. In deter- 
mining the optimum values of the warping and strain parameters 
of each complex, it was convenient to first consider the low-tem- 
perature g values, as these only required the calculation of the 
lowest vibronic level. The temperature dependence of the g values 
was then used to “fine-tune” the possible range of each pair of 
parameters. It may be noted that the g, values of the tetragonal 
centers I1 and I11 require the dynamic mixture of - 1% and -5% 
d+,z  character in the predominantly dzz ground vibronic state, 
respectively, while the orthorhombic g values of center I provide 
a strong constraint to the positions of the minima in the potential 
surface of this complex. In addition, the nature of the ortho- 
rhombic-tetragonal transition implies a barrier height of < 100 

(23) Reynolds, R. W.; Boatner, L. A.; Abraham, M. M.; Chen, Y. Phys. Rev. 
B Solid State 1974, 10, 3802. 
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Figure 7. Contour plots of the lower adiabatic surfaces for the “best-fit” 
parameters: hv = 210 cm-’, Al  = 900 cm-’, A2 = 5.44 cm-’ ( p  = 100 
cm-’), and S, = 1.5 cm-’; So = -200 cm-’ (center I), So = -1200 cm-’ 
(center 11), or So = -600 cm-” (center 111). The potentials of centers 
1-111 are shown in parts A-C, respectively; the contour interval is 100 
cm-’. 

cm-l between the orthorhombic minima in the potential surface 
of center I (see below). 

The behavior of center I provided far more stringent constraints 
than did that of I1 or 111, so this was used to estimate optimum 
values of and So initially. Following this it was found that the 
g values of the other two centers could be reproduced satisfactorily 
by assuming a value of p identical with that of center I and unique 
values of So. The optimum estimates of the strain parameters 
of the centers were found to be -200, -1200, and -600 cm-l for 
centers I, 11, and 111, respectively. The sensitivity of the calculated 
g values to the values of the strain and the warping parameter 
p is illustrated in the plots shown in Figures 4 and 5.  It may be 
seen from the curves in Figure 4A that the g values calculated 
for center I by using the parameters p = 100 cm-’ and So = -200 
cm-l agree with experiment somewhat better than those calculated 
by using p = 200 cm-’ and So = -600 cm-’, particularly at higher 
temperature: However, as is shown in Figure 4B, with very low 
values of 0, the g values become rather sensitive to the value of 
the random strain in the low-temperature region. Since a range 
of values of the random strain are likely to be present in any 
sample, this might imply broader EPR signals than are observed 
experimentally. It thus seems unlikely that p is less than - 100 
cm-’. It was found that it was not possible to simultaneously 
reproduce the higher temperature (>30 K) behavior of center I 
and also have the two lowest vibronic functions completely 
localized in separate wells. This inadequacy of the model is 
possibly due to the fact that a cubic form is assumed for the 
warping term in the Hamiltonian (eq 2) although the actual 
symmetry of the mixed-ligand complex is only tetragonal. As may 
be seen from the plots in Figure 5A,B, the value of So may be 
determined quite accurately for center I11 but much less precisely 
for center 11. 

The lower adiabatic potential surfaces of the centers were 
calculated by diagonalizing the vibronic Hamiltonian with respect 
to the potential energy operator using the above optimum pa- 
rameters. Contour plots of the lower potential surfaces of the 
centers are shown in Figure 7. The variation of the energy as 
a function of the relative displacement in the two components of 
the eg mode, as specified by the angle 4 measured at  the Jahn- 
Teller radius po of the energy minimum, is shown for each center 
in Figure 8. Because the “warped Mexican hat” potential surfaces 
of the centers do not have circular symmetry, the plots in Figure 
8 do not accurately represent the “path of least energy” around 
the minima. However, they do allow a ready comparison of the 
important features of the centers. The five lowest energy levels 
of each center are also shown in Figure 8, and the vibrational and 
electronic wave functions associated with each level of center I 
are illustrated in Figure 9. 

The potential of center I has two well-developed minima (Figure 
8A), and the vibrational probability plots associated with these 
(Figure 9) correspond to displacements in the orthorhombic 
component of the eg mode (Figure 6B), which are opposite in sign 
and almost equal in magnitude. The “inversion splitting” and 
random strain make the two lowest vibronic levels slightly different 
in energy (by 3 cm-’) and localizes the wave functions in each 
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Figure 8. Circular cross section along the angular coordinate at the 
radius po (=A,/hv)  of the potential surfaces shown in Figure 7. The five 
lowest energy levels are also shown after having subtracted the zero-point 
energy of the radial vibration. 

well. The electronic part of the lowest wave function at  this static 
geometry is 

0.97dzz + 0.24d,~,,z (4) 

from which it might be thought that the center in this state has 
an essentially compressed tetragonal ligand geometry with a mainly 
dZz ground state. In fact, in agreement with the orthorhombic 
nature of the g values, the geometry is orthorhombic, almost 
midway between elongated (along x) and compressed (along z )  
tetragonal ligand arrangements, as may be seen by inspecting the 
respective ground states in the limiting conformations: dzz+ = 
3’I2dzz/2 + 1/2d+$ and dzz. The wave function (eq 4) has the 
largest lobe along z, the intermediate lobe along y, and the smallest 
lobe along x ,  with the corresponding short,. medium, and long 
bonds being to water molecules and two pairs of chloride ions. 
The wave function with the slightly higher energy has an essentially 
identical form (and g tensor) except for an interchange of the x 
and y axes (Figure 9; this wave function corresponds to that in 
(4) with a negative sign connecting the functions). Because of 
the small energy difference between the levels, both will be sub- 
stantially thermally populated even at 4.2 K. The fact that in- 
dividual EPR signals are observed for the levels at this temperature 
therefore shows that the rate of exchange between them is slower 
than the frequency difference between their resonances. It must 
also be remembered that because the strain is random, an equal 
number of centers will occur with So = -1.5 cm-’, rather than 
+1.5 cm-*, and these will have the relative energies of the two 

Figure 9. Probability plots of the electronic (left) and vibrational (right) 
parts of the five lowest vibronic levels of center I. 

lowest levels reversed. The next highest level, at 74 cm-’, is almost 
cbmpletely delocalized over the two wells, as are the other wave 
functions at. still higher energy. It is presumably the thermal 
population of these levels that provides the pathway by which the 
exchange between the two lowest levels increases as the tem- 
perature rises. It is gratifying to note that the energy of the lowest 
delocalized level agrees well with the analysis of the orthorhom- 
bic-tetragonal change in the spectrum (see below). It is also the 
thermal population of the higher vibronic levels that causes the 
slight convergence of the gll and gl values at higher temperatures 
(Figure 5) .  The third minimum at 4 = O”, corresponding to a 
dXz-yz wave function, is too high in energy to significantly affect 
the gvalues at the temperatures under consideration (Figure 8A). 
The high energy of this minimum is related to the fact that it 
corresponds to long bonds along z, which are directed toward the 
strongest ligands, the water molecules. 

The potential surface of center I1 has a single minimum at 4 
= 1 80°, corresponding to a compressed tetragonal ligand geometry 
with an almost pure dZz ground state (Figure 8B). The slight 
convergence of the g values of this complex as the temperature 
rises (Figure 5A) is due to the thermal population of higher 
vibronic levels, which have a progressively greater contribution 
of the d,z+ wave function. Within the framework of the present 
model, the temperature dependence of this center is caused by 
the vibronic coupling mechanism discussed originally by O’B15en~~ 
and amplified more recently to describe the behavior of Cu2+- 
doped K2ZnF4.15 For t r ~ n s - C u ( N H ~ ) ~ C l ~ ~ -  the energy of the 
so-called “angular vibration”, which is actually the octahedral Q, 
mode at  po, is -65 cm-l (Figure 8B). It is this mode that is 
responsible for the change from tetragonal to orthorhombic ge- 
ometry in center I, so it is not surprising that it is soft in nature. 
Its energy is quite similar to that deduced for the CuFbe centers 
in K2Zn[Cu]F4.1S 

In agreement with its formulation as a mixed complex, the 
potential surface of center I11 is intermediate between those of 

(24) O’Brien, M. C. M. Proc. R. SOC. London, A 1964, 281, 323. 
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the other two centers (Figure 7C). Although a double minimum 
is present, this is so shallow that it lies below the lowest vibronic 
energy level. The ground-state wave function is completely de- 
localized, and the electronic part is predominantly d t ,  though with 
a substantial contribution (- 5%) of dXzTy2. It is this latter con- 
tribution that produces the significant deviation of g, (2.01, Figure 
5B) from the value expected for a pure dz2 orbital at  4.2 K (- 
1.98). The convergence of the g values that occurs as the tem- 
perature rises is again due to the thermal population of higher 
vibronic levels, which have increasing contributions from the d9-9 
orbital. However, it should be noted that the unusual shape of 
the potential surface means that the change is significantly less 
than would be expected for an approximately harmonic ”angular” 
vibration in the vibronic coupling model of 0’Brien.15,24 

Orthorhombic - Tetragonal Transition in Center I. For this 
center, as the temperature rises from 4 K, the signals associated 
with g, and g,, broaden and are gradually replaced by a signal 
corresponding to an intermediate g value (Figure 2B,C). This 
behavior is reminiscent of the tetragonal - isotropic transition 
observed in the EPR spectrum of the C U ( H ~ O ) ~ ~ ’  complex in 
Cu2+-doped Zn(H@)&F6, which also occurs over a comparable 
temperature range. The mechanism for the latter transition has 
been investigated by several groups of workers.25 The x ,  y ,  and 
z molecular axes are crystallographically equivalent in the zinc 
host complex. However, it has been suggested that random lattice 
strains make the ligands of each guest copper(I1) complex slightly 
inequivalent, and this has the effect of localizing the lowest vibronic 
wave functions in the three wells in the potential surface of each 
complex. At low temperature, the rate of exchange is slow, so 
that the observed spectrum is the superposition of the spectra of 
a random distribution of complexes, each localized in one of the 
three wells characterized by a tetragonal g tensor. At higher 
temperatures, the rate of exchange between the wells increases, 
and an averaged g tensor is observed. 

A basically similar mechanism is proposed for the transition 
in the EPR spectrum of t r ~ n s - C u ( H ~ O ) ~ C l ~ ~ - ,  except that here 
two, rather than three, wells in the potential surface are involved 
(see Figure 9A). Because the dynamics is essentially two-di- 
mensional, we have proposed that processes of this kind be called 
“planar-dynamic”.26 For each complex, random lattice strains 
were represented in the present calculations by an orthorhombic 
component, S, = 1.5 cm-I, and this has the effect of localizing 
the lowest vibronic wave functions largely in one of the two wells, 
the energy separation between these being 3 cm-l. It is suggested 
that at  low temperature the rate of exchange between the wells 
is slow on the EPR time scale, so that the signals associated with 
the individual vibronic wave functions of orthorhombic symmetry 
may be resolved. As the temperature is raised, thermal population 
of higher levels, which are delocalized (Figures 8a and 9), allows 
rapid exchange between the wells. As the two lowest wave 
functions only differ by the interchange of the x and y molecular 
axes, just the EPR signals associated with these directions become 
averaged, yielding a tetragonal g tensor. 

It is impossible to treat the exchange mechanism rigorously, 
since the spectra in the temperature region of interest are poorly 
resolved (Figure 2C); moreover, as has already been mentioned, 
the temperature range over which the coalescence occurs is ap- 
parently somewhat sample dependent. However, a semiquanti- 
tative investigation was carried out, and although the results will 
not be presented here, it was found2’ that the essential features 
of the change in the spectra could be reproduced satisfactorily 
by assuming an activation energy for the exchange process of -75 
cm-’. As the activation energy presumably represents the energy 
of the lowest vibronic level, which is delocalized over the two wells, 
this value agrees well with the estimate of 74 cm-’ obtained in 
the above calculations (Figure 9). 

Discussion of the Strain Parameters. In the present model the 
strain parameters represent the difference in a-bonding power 
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between the axial and in-plane ligands in the parent trans- 
C U X ~ C ~ ~ ~ -  complexes. Both NH, and H 2 0  are expected to be 
stronger u-donors than C1-, so that the ligand field asymmetry 
tends to favor a compressed tetragonal geometry for each complex. 
When X = NH,, the strain is large enough to stabilize a com- 
pressed tetragonal geometry. However, when X = H 2 0  the 
balance between the ligand field effects and the natural tendency 
of copper(I1) to prefer an elongated tetragonal geometry (quan- 
tified in the model by p) means that a compromise between the 
opposing forces occurs, resulting in an orthorhombic geometry. 
For center 111, the opposing effects are so delicately balanced that 
although a compressed tetragonal geometry occurs, this is only 
marginally stable with respect to distortion toward an ortho- 
rhombic ligand arrangement. 

Clearly, an important test that the model is realistic is provided 
by a comparison of the “best-fit” strain parameters with bonding 
parameters derived from the spectra of simple model copper(I1) 
complexes. The planar Cu(I1) complexes formed by the relevant 
ligands form a suitable set for comparison. 

For planar C U ( N H ~ ) ~ ~ +  the transition d, - d,2-,,2 occurs at 
20700 cm-l?’ and the simple angular overlap model of the bonding 
in metal complexes2* equates this to 3e,(NH3), where e,(NH3) 
= 6900 cm-I represents the u-antibonding power of one ammonia 
ligand. For planar CuCld2- a similar analysis of the transition 
energies,29 taking into account the small a-interaction of the 
chloride ions, yields the estimate e,(Cl-) i= 5330 cm-’. This implies 
that the difference in u-antibonding power is e,(NH,) - e,(Cl-) 
= 1570 cm-’ at the bond distances appropriate to the planar 
complexes. A simple c a l c ~ l a t i o n ~ ~  suggests that this would be 
reduced by -33% to -1000 cm-’ in the corresponding hypo- 
thetical regular octahedral complex, in good agreement with the 
estimate of So = -1200 cm-’ obtained from the above analysis 
of the EPR data. 

The planar, four-coordinate CU(H~O),~+ ion has not as yet been 
prepared, but the electronic spectrum of four-coordinate rrans- 
C U ( H ~ O ) ~ C ~ ~  shows peaks due to the transitions d, and dxyyr - 
ds-9 at 13 200 and 15 200 cm-’, re~pectively.~’ Allowing for the 
a-bonding effect of the ligands results in an average value e,- 
(C1-,H20) = 5730 cm-’, which implies e,(H20) = 500 cm-l at 
octahedral bond distances, in fair agreement with the “best-fit” 
estimate of -200 cm-’ from the EPR analysis. 

The formulation of center I11 as t r ~ n s - C u ( H ~ 0 ) ( N H ~ ) C l ~ ~ -  
implies a bonding difference between the axial and in-plane ligands 
halfway between those of the other two centers. The “best-fit” 
estimate of -600 cm-’ from the EPR analysis agrees well both 
with the average of the other estimates, -600 cm-’, and with the 
difference in the bonding parameters derived from optical spectra, 
-750 cm-l. 

Comparison of the Geometries of the “GuestD Complexes with 
Those of Other Copper(II) Compounds. It is interesting to compare 
the geometries deduced for the three centers of Cu2+-doped NH,C1 
with those observed for pure complexes with analogous stoi- 
chiometries. Isolated C U ( H ~ O ) ~ C ~ , ~ -  units having very similar 
geometries are present in K2CuC14-2H2032 and (NH4)2CuC14. 
2H20?3 involving short bonds to the two water molecules and two 
of the chloride ions and longer bonds to the remaining two chloride 
ions (Cu-0 = 197.1 and 195.4 pm; Cu-C1 = 228.5 and 227.1 pm 
and 289.5 and 297.1 pm for the two compounds, respectively). 
A very similar orthorhombic coordination geometry is observed 
for CUC~,.~H,O?~ though here the chloride ligands bridge between 
the copper(I1) ions, forming an infinite two-dimensional lattice. 
These pure complexes thus have coordination geometries quite 

(27) Schneider, W.; Baccini, P. Helu. Chim. Acta 1969, 52, 1955. 
(28) Schaffet, C. E. Pure Appl. Chem. 1970, 24, 361. 
(29) Hitchman, M. A,; Cassidy, P. Inorg. Chem. 1978, 17 ,  1682. 
(30) Hitchman, M. A. Inorg. Chem. 1982, 21, 821. 
(31) McDonald, R. G.; Hitchman, M. A,, to be submitted for publication. 
(32) Chidambaram, R.; Navarro, Q. 0.; Garcia, A.; Linggoatmodjo, K.; 

Shi-Chien, L.; Suh, I.; Sequeira, A.; Srikanta, S. Acta Crystallogr., Sect. 
E: Struct. Crystallogr. Cryst. Chem. 1970, B26, 821. 

(33)  Bhakay-Tamhane, S. N.; Sequeira, A,; Chidambaram, R. Acta Crys- 
tallogr., Sect. E: Struct. Crystallogr. Cryst. Chem. 1980, 836,  2925. 

(34) Engberg, A. Acta Cryst. Scand. 1970, 24, 3510. 

(25) Dang, L. S.; Buisson, R.; Williams, F. I .  B. J .  Phys. (Paris) 1974, 35, 
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(26) Reinen, D.: Friebel, F. Strucr. Bonding (Berlin) 1979, 37, 1. 
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consistent with that deduced for center I in the present study. 
However, even at  room temperature cooperative interactions 
between the complexes, which are not present in the doped NH4Cl 
systems, act to stabilize just one of the two possible orthorhombic 
geometries in the pure copper(I1) compounds. 

Isolated C U ( N H ~ ) ~ C ~ ~ ~ -  units occur in several  compound^,^^^^^ 
and in marked contrast to the analogous aqua complexes these 
have axially symmetric compressed geometries with short bonds 
to the two ammonia molecules (Cu-N 195 pm) and long bonds 
to the four chloride ions (Cu-Clx 276 pm). This matches well 
with the geometry of the host site for Cuz+ (center 11) in NH4CI, 
where Cu-CI spacings of 274 pm and Cu-N bond lengths of 194 
pm are implied if the NH3 ligands substitute directly for NH4+ 
ions in the unit cell and the dimensions of this are unaltered by 
the s~bs t i tu t ion .~~ Our theoretical model rationalizes the unusual 
stereochemistry of this complex as being caused by the strong axial 
compression of the ligand field, which in this case is sufficient 
to overcome the natural tendency of the metal ion to adopt an 
elongated tetragonal geometry (nonlinear Jahn-Teller interaction). 

The present study concludes that center I11 is the mixed complex 
C U ( N H ~ ) ( H ~ O ) C ~ ~ ~ -  and that this also has an axially compressed 
geometry. As far as we are aware, no copper(I1) compound 
containing this species is known, so comparison with the geometry 
of a pure complex is not feasible. 

Description of the Centers in Terms of Tetragonal Complexes 
Perturbed by Pseudo- Jahn-Teller Coupling 

An alternative treatment that could be used to interpret the 
behavior of each center is that of a complex of compressed D4* 
symmetry or, in the case of center 111, C, symmetry, perturbed 
by a pseudo-Jahn-Teller vibronic interaction between the 2Al,(zZ) 
ground state and 2B,,(~2 - y 2 )  excited state. An approach of this 
kind was used by Sorokin and Chirkin18 to explain the nature of 
the two centers formed when Cu2+ is doped into NH4Br, which 
exhibit a behavior analogous to that of centers I and I1 in NH4Cl. 
The active mode is the in-plane stretch of PI, (or P1) symmetry 
directly analogous to the orthorhombic component Q, (Figure 6b) 
of the Jahn-Teller active mode of a copper(I1) complex with six 
identical ligands. Strong vibronic coupling can produce a 
ground-state potential surface having double minima displaced 
symmetrically on either side of the origin of the Plg  normal co- 
ordinate; this corresponds to the situation observed experimentally 
for center I. Weaker coupling, caused by the larger separation 
of the 2Al,(zZ) and 2Bl,(~Z -9) states at the equilibrium tetragonal 
geometry of centers I1 and 111, leaves the basic form of the po- 
tential surface unaltered but induces an admixture of 2Blg(x2 - 
y z )  into the ground state. This model has the merit of simplicity, 
involving three unknown parameters: the vibronic coupling 
coefficient, the energy of the coupling mode and the energy 
separation of the two electronic states at  the relaxed geometry 
along the a,, tetragonal coordinate. 

A preliminary investigation of the three NH4C1 centers was 
in fact carried out by using this model in the present study.21 
Although it was found that qualitative agreement could be ob- 
tained with the observed data, it was not possible to satisfactorily 
reproduce both the temperature dependence and the magnitudes 
of the g values of centers I and I11 simultaneously. While it 
appeared likely that agreement with experiment could be improved 
by including an anharmonicity term in the parameterisation of 
the P1, vibration, this approach was not pursued further. Although 
the model of Sorokin and Chirkin provides a way of interpreting 
the properties of the centers in terms of vibronic coupling, which 
is just as valid as that described in the preceding sections, in our 
view it suffers from the disadvantage that the physical significance 
of the coupling and anharmonicity coefficients is much less clear 
than is the case with the model used in the present paper. 
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General Conclusions and Comparison with Other Systems 

It seems likely that the Jahn-Teller distortions play an im- 
portant role in helping the guest Cu2+ complexes accommodate 
to the geometry of the NH,Cl host lattice. Our calculations 
suggest that the main contribution to the ground-state splitting 
stems from the linear Jahn-Teller coupling, while ligand strain 
[tetragonal Cl4Lz coordination (L = NH3, HzO)] and higher-order 
vibronic coupling contribute only to a minor extent. The Cu-Cl 
spacings of 274 pm that will occur for centers I1 and I11 if sub- 
stitution occurs without distortion of the host lattice)' are much 
larger than the value (259 pm) expected for a regular cuc1,',4- 
octahedron.)* Though many metal ions such as Co2+, Ni2+,13,39 
and V02+40  form centers in CsC1-type lattices, high doping 
concentrations occur only for Mn2+41942 and Cu2+. In the case 
of Mn2+ the large ionic radius (Mn-C1 = 268 pm)38 means that 
this metal is of about the right size to occupy an interstitial facial 
site as far as the metal-halide distances are concerned, while with 
Cuz+ it is mainly the Jahn-Teller distortion-supported by the 
geometric effect of the different ligands-that makes the guest 
complex fit the requirements of the host lattice. 

The nature of the distortion is decided by the interplay between 
the nonlinear vibronic interaction, represented by Az and P, which 
tends to cause an elongated tetragonal geometry, and inequivalence 
of the ligands, which favors a compressed tetragonal geometry. 
While for large -So/@ ratios (center 11, 12; center 111, 6) the 
tendency to adopt a compressed coordination predominates, a 
compromise between compression and elongation, namely an 
orthorhombic geometry, is observed for center I where -So/@ = 
2. 

The temperature dependence of the g tensor of CU(H,O)~C~,~-  
has certain features in common with those reported for the Cu- 
(H20)62+ ion doped into various host lattices. When the latter 
complex is doped into Z r ~ ( H ~ o ) ~ s i F ~ ,  a lattice with effectively 
regular octahedral host sites, a tetragonal g tensor is observed at  
low temperature, with a relatively sharp transition to an isotropic 
EPR signal occurring as the temperature is raised above -20 K.25 
When C U ( H ~ ~ ) ~ * +  is doped into KzZn(Hz0)6(S04)z, a site 
producing an orthorhombic lattice perturbation, an orthorhombic 
g tensor occurs at  low temperature, which undergoes a gradual 
change toward tetragonal symmetry as the temperature is raised 
toward 300 K.I6v4) The former behavior is due to exchange 
between three essentially equivalent wells in the potential surface, 
which is slow below -20 K but fast above this temperature. The 
latter behavior is characteristic of three inequivalent wells in the 
potential surface, with the two lower wells being quite close in 
energy. At low temperature just the lowest well is populated, and 
this is characterized by an orthorhombic g tensor. As the tem- 
perature rises, thermal population of the slightly higher well occurs, 
and rapid exchange between these makes the g tensor tend toward 
axial symmetry (this would be achieved at  a temperature suffi- 
ciently high to produce essentially equal population of the two 
wells). The complex Cu(H20)2Cl,2- shows an orthorhombic g 
tensor at low temperature, which undergoes a comparatively sharp 
transition to a tetragonal signal with increasing temperature. The 
present interpretation suggests that in this system two wells in 
the Mexican hat potential surface with orthorhombic symmetries 
dominate the EPR parameters. Unlike the Cu2+ centers in 
K ~ Z I I ( H ~ ~ ) ~ ( S O ~ ) ~ ,  these lower wells are equal in energy (except 
for the effects due to random lattice strains), so that the ortho- 
rhombic-tetragonal transition in the EPR parameters occurs at 
low temperature and over a narrower temperature range than in 

(35) Clayton, W. R.; Meyers, E. A. Cryst. Struct. Commun. 1976, 5,  61. 
(36) Clayton, W. R.; Meyers, E. A. Cryst. Struct. Commun. 1976, 5,  63. 
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pm at 296 K reported by Boiko: Boiko, A. A. Sou. Phys. Crystallogr. 
(Engl. Transl.) 1970, 14, 539. 

(38) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. B: Struct. 
Crystallogr. Cryst. Chem. 1969, BZ5, 925 (estimated for a coordination 
number of 8 using an ionic radius of 1.86 8, for CI-). 

(39) Zaripov, M. M.; Chirkin, G. K. Sou. Phys.-Solid State (Engl. Transl.) 
1965, 7, 14. 

(40) Sastry, M. D.; Venkateswarlu, P. Mol. Phys. 1967, 13, 161. 
(41) Heming, M.; Remme, S.; Lehmann, G. J .  Magn. Reson. 1986,69,134. 
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Cu2+-doped KzZn(HzO)6(S04)2. 
The behavior of the g tensors of the complexes C U ( N H ~ ) ~ C ~ ~ ~ -  

and C U ( N H ~ ) ( H ~ O ) C ~ ~ ~ -  is quite similar to that reported for the 
CuF6’ ion doped into Ba2znF644 and K2ZnF4.l5 All four species 
have axially symmetric g tensors, suggesting compressed tetragonal 
ligand coordination geometries, but while C U ( N H ~ ) ~ C ~ ~ ~ -  and 
Cuz+-doped BazZnF, have gll values very close to that expected 
for an electron in a pure dz2 orbital and EPR parameters that vary 
very little with temperature, Cu(NH3)(H20)C12- and Cuz+-doped 
K2ZnF4 both have g,, shifted substantially from the expected value, 
with this deviation increasing as the temperature is raised. Ap- 
parently, the two former species have potential surfaces with steep 
minima, while the two latter have potential surfaces that rise only 
slightly in energy as the ligands move from a tetragonal to an 
orthorhombic arrangement. An important distinction between 
the species in Cu2+-doped NH4Cl and those in the above Zn2+ 
host lattices is that the anisotropy of the bond strengths causing 
the perturbation of the basic warped Mexican hat potential surface 
of each system is due to different ligands in the former case but 
to host lattice packing effects in the latter. Perhaps the most 
pleasing feature of the present model is that in every case the 
perturbation deduced from the behavior of the EPR parameters 
has been found to agree with the expectations of simple bonding 
theory and with the structural properties of the host lattices. 

It would clearly be of interest to try to interpret the behavior 
of the centers formed when Cuz+ is doped into NH4Br by using 
the present model, for comparison both with the results of Sorokin 

(44) Friebel, C.; Propach, V.; Reinen, D. 2. Naturforsch., E Anorg. Chem., 
Org. Chem. 1976, 318, 1574. 

and Chirkin’* and with those of the NH4Cl systems, and a study 
of this kind is under way in our laboratories. However, the 
increased covalency and large spin-orbit coupling constant of the 
halide are expected to complicate the interpretation of the g values 
of the bromide complexes. The present results confirm other 
work26,45,46 which suggests that fluxional behavior due to vibronic 
coupling is a fairly common feature of copper(I1) chemistry. It 
has even recently been shown that certain copper(I1) complexes 
of biological importance have temperature-dependent EPR pa- 
rameters indicative of dynamic structural  change^,^' and it was 
suggested that this might play a role in their biological activity. 
It may be noted that the simplest means by which dynamic be- 
havior may be detected is via the temperature dependence of the 
EPR spectrum,48 while the electronic spectrum will generally be 
rather insensitive to fluxional behavior of the kind discussed here. 
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Symmetrically bridged (p-carbonato)dicoppr(II) complexes are diamagnetic and constitute one of the few examples of diamagnetic 
copper(I1) dimers bridged by polyatomic groups. The self-consistent-field multiple-scattering Xa model has been applied to 
calculate the magnetic coupling constant, J,  of these complexes with the aim of explaining the origin of the observed diamagnetism. 
A singlet-triplet splitting of -4000 cm-’ has been computed and has been related to a strong covalent interaction between the 
metal d orbitals and p orbitals of the carbonato oxygens with negligible contribution from the carbon atom. The magnetic behavior 
of other carbonato-bridged copper(I1) complexes has been related to their geometrical structure by using an empirical orbital model. 

Introduction 
The understanding of the orbital mechanisms that determine 

the isotropic magnetic interaction between the ions forming 
transition-metal clusters is an actual topic that is attracting the 
interest of both chemists and physicists.’-’ At the present stage 
of knowledge a number of experimental techniques, ranging from 
the measurement of the temperature dependence of magnetic 
susceptibility to optical spectroscopy and magnetic resonance 
techniques, allow one to measure also feeble interactions,’” and 
several quantum mechanical models can be used to relate the 
observed interactions to bonding and geometrical parameters.’-I2 

The effect of the isotropic exchange interaction on the energy 
levels of the cluster is generally represented through the spin 
Hamiltonian 
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where the sum runs over all the neighboring paramagnetic metal 
atoms with total spin Si, and Job is the exchange coupling constant 
between atoms a and b, which is evaluated experimentally.” 

(1) Part 1: Bencini, A.; Gatteschi, D. J. Am. Chem. SOC. 1986, 108, 5763. 
(2) Magneto-Structural Correlations in Exchange Coupled Systems; 

Willett, R. D., Gatteschi, D., Kahn, O., Eds.; D. Reidel: Dordrecht, The 
Netherlands, 1985. 

(3) Carlin, R. L.; Duyneveldt, A. J. Magnetic Properties of Transition 
Metal Compounds; Springer Verlag: New York, 1977. 

(4) O’Connor, C. J. Prog. Inorg. Chem. 1982, 29, 203. 
(5) Day, P. Acc. Chem. Res. 1979, 12, 203. 
(6) Gatteschi, D. In The Coordination Chemistry of Metalloenzimes; 

Bertini, I., Drago, R. S., Luchinat, C., Eds.; D. Reidel: Dordrecht, The 
Netherlands, 1983; p 215. 

(7) Anderson, P. W. Phys. Rev. 1959, 1 1  5, 2. 
(8) Anderson, P. W. In Magnetism; Rado, G. T., Suhl, E. H., Eds.; Aca- 

demic: New York, 1963. 
(9) Bencini, A,; Gatteschi, D. Inorg. Chim. Acta 1978, 31, 11. 

(10) Hay, P. J.; Thibeault, J. C.; Hoffmann, R. J .  Am. Chem. SOC. 1975, 
97,-4884. 

(11)  Kahn, 0.; Briat, B. J .  Chem. SOC., Faraday Trans. 2 1976, 72, 268. 
(12) Kahn, 0.; Briat, B. J .  Chem. Soc., Faraday Trans. 2 1976, 72, 1441. 
(13) Ginsberg, A. P. Inorg. Chim. Acta, Rev. 1971, 5 ,  45.  

0020-1669/88/1327-1934$01.50/0 0 1988 American Chemical Society 




