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X-band single-crystal and powder EPR data were collected in the temperature ran@®@.B and under
hydrostatic pressure up to 500 MPa for §z)3(n-propyl)PECuClg (C42H44P.Cu:Cls). The crystal and molecular
structure have been determined from X-ray diffraction. The compound crystallizes in the monoclinic space group
P2,/n (Z = 2) and have unit cell dimensions af= 9.556(5) A,b = 17.113(3) A,c = 13.523(7) A, angs =
96.10(4y. The structure consists of two controsymmetric,Clg~ dimers well separated by complex anions.
EPR spectra are typical for the tripl§t= 1 state of CuClg?~ dimer with parameterg, = 2.114(8),g, = 2.095-

(8), 9, = 2.300(8), andx = 0.025(1) cn1!, Dy = 0.057(1) cn%, andD, = —0.082(1) cn1! at room temperature.

The D tensor is dominated by a contribution from anisotropic exchange but the digipiele Cu-Cu coupling

is not much less. The anisotropic exchange integrals were estimated to be as fallpwsz*" = —45 cn1l,

Jyxi" = +17 cnl, Jy 2" = +62 cnTl. The D tensor components are strongly temperature dependent and
linearly increase on cooling with an anomalous nonlinear behavior below 100 KD Wadues increase linearly

with pressure, but the effect is much smaller than the temperature effect. This suggestsihat Thdependence

is dynamical in origin. EPR data, a possible mechanism, and contributions to the observed dependences are
discussed and compared to EPR results for similar compounds.

Introduction ferromagnetic for bifold angles larger than°25 In twisted
geometry the exchange coupling is ferromagnetic for twist
angles between bridging plane £, and the terminal CuGl
plane, in the range from 40 to about°g5

A number of spectral data are available on chlorocuprates
with Cw,Clg?~ dimers, including optical and EPR date.
Theoretical calculations of the electronic structure and exchange
coupling constanl with the SCFXa—SW method for a model
CwClg? dimer® show a good agreement between observed and
calculated electronic-dd transitions and dimer charge-transfer
' bands, and reproduced qualitatively the observed variations of
J value with the degree of tetrahedral distortion. Variational
Cl calculations have been recently published, where comparisons
between the calculated singldtiplet energy gaps using dif-
ferent theoretical methods are reportéé?

In our previous papé#'*we reported EPR single crystal
measurements in chlorocuprates dffg)s(n-propyl)Al.Cu,Clg

Compounds of the type &£u,Cls containing CuClg?~ dimers
have been extensively studied in the last several years to
determine magnetostructural correlation covering a wide range
of structural parametefs? The geometry of these dimers in
all cases has been found to be either planar, bifold, or twisted.
In the first two cases, the GQlg2~ dimers are stacked in a
crystal and the dimer geometry is stabilized by interactions with
countercations A. The twisted dimers occur in the crystal with
large cations A having little or no hydrogen-bonding capabilities
and the actual G«€lg>~ geometry results from an interplay
between lattice forces and a tendency to lowering chlefine
chlorine repulsion energy within GGlg?~ pseudotetrahedra.

Besides the well-known dependence of the intradimer ex-
change coupling of the CuCl—Cu bridge angle and length,
the coupling was found to be strongly affected by a degree of
bifold or twisted distortions. In planar GQlg?~ dimers copper-

(I1) ions are antiferromagnetically coupled. For a small bifold  (5) Textor, M.; Dubler, E.; Oswald, H. Bnorg. Chem 1974 13, 1361.
angle between the central &1, plane and the terminal Cugl (6) Willett, R. D.; Liles, D. L.; Michelson, Clnorg. Chem1967, 6, 1885.

P ; ; (7) Chow, C.; Willett, R. D.J. Chem. Phys1973 59, 5903.
plane, the exchange coupling is antiferromagnetic but becomes (8) Desjardins, S. R. Wilcox, D. E.. Musselman, R. L. Solomon, E. I

Inorg. Chem.1987, 26, 288.
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EPR in [(GHs)3(n-Pr)PLCw:Clg

Table 1. Crystal and Data Collection Parameters for
[(CeHs)s(n-propyl)PECwCls

formula CioH44P-Cu:Clg
fw, g mol~* 950.57
cryst syst monoclinic
space group P2,/n
a, 9.556(5)
b, A 17.113(3)
c A 96.10(4)
B, deg 96.10(4)
A 2199
A 2
Oeae, g €T3 1.436
T,°C 20
A, A 0.7107 (Mo Ku)
collcn range +hk,l (26 < 48°)
R2 0.042
RwP 0.042

AR = Y|IFol = [Fell/XIFol. ° [XW(IFol — [Fel)7ZW(|Fol)7*?h.

(A = P, As, Sb in the following indicated ap, as sb
respectively) and the influence of temperature on the EPR
spectra. The compounds show the twisted geometry of cen-
trosymmetric CeCle?~ dimers with twist angles 50.0(2), 48.2-
(2), and 44.4(2)for p, as andsbrespectively. Copper(ll) ions
are ferromagnetically coupled withvalues equal to-80(9)
cm1, —39 cnt! (error not reported), ane-90(14), forp,15

as 516 andsh?5 respectively, using the spin hamiltonigh=
JS;-S,. TheJ value is indicative of the strength of exchange
interaction between the ground states of the Cu(ll) ions. The
anisotropic exchange coupling contributes to the zero-field
splitting D tensor measured by the EPR spectra. We found that
in the p, as andsb compounds this contribution is in excess of
the contribution to theD tensor from direct dipoledipole
magnetic interaction. It appeared, moreover, thatplitting
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Table 2. Positional Parameters for Non-Hydrogen Atéraad
Equivalent Isotropic Thermal Parameter¢éEsd’s in Parentheses)
for [(CeHs)s(n-propyl)PECwCls

atom X y z Ueq), A
Cu 2094(6) 3099(4)  11859(5) 65.2(4)
P —604(1) 4225(1) 2049(1) 52.7(7)
cl(1) 451(2)  —356(1) 2579(1) 86(1)
cl2) 1202(1)  —624(1) 237(1) 80(1)
cl(3) 341(1) 1489(1) 1841(1) 88(1)
c@) 1026(5) 3772(3) 1823(3) 59(3)
c@2) 1362(6) 3807(4) 742(4) 83(4)
c(@3) 2686(6) 3380(4) 579(5) 103(5)
C(4) —476(5) 5266(3) 2028(3) 54(3)
c(5) 781(5) 5647(3) 1900(3) 61(3)
C(6) 847(6) 6458(3) 1956(4) 72(4)
c(7) —302(6) 6880(3) 2141(4) 74(4)
c(8) —1544(6) 6512(3) 2268(4) 78(4)
C(9) ~1652(5)  5708(3) 2222(3) 64(3)
C(10)  —1935(5) 3872(3) 1131(3) 54(3)
C(11)  —2017(6) 3063(3) 986(4) 72(4)
Cc(12)  —2955(6) 2756(4) 251(4) 84(4)
C(13)  —3825() 3230(4)  —344(4) 81(4)
C(14)  —3748(6) 4022(4)  —218(4) 75(5)
C(15)  —2809(5) 4345(3) 516(4) 63(3)
C(16)  —1006(5) 3963(3) 3267(3) 54(3)
c(17)  —2323(5) 3697(3) 3441(4) 64(3)
c(18)  —2616(6) 3559(3) 4408(4) 79(4)
C(19)  —1603(7) 3684(3) 5188(4) 80(5)
C(20) —307(7) 3944(3) 5024(4) 80(5)
c(21) 16(6) 4087(3) 4060(4) 69(4)

a Coordinates multiplied by *qCu 1¢). ® U(eq) = Y5 of the trace
of the orthogonalizedl;. ¢ Thermal parameters multiplied by 30

variations in EPR parameters or if these variations are pure
vibrational in origin and go without significant modification in
CuCl, tetrahedron geometry.

In order to make an additional contribution in this field, we

was strongly temperature dependent and increased linearly orperformed detailed studies on a very similar compound contain-

cooling*

Since the CpCl, bridge geometry is not expected to be
significantly affected by temperature, the dipelipole cou-
pling contribution to D can be assumed as a negligibly
temperature dependent, so we have interpr&tednsor tem-

ing CwClg?~ dimers,i.e. [(CeHs)a(n-propyl)PECwCls (in the
following indicated as rf-pr)p) which exhibits a larger zero-
field splitting value and the largest EPR temperature variations
among ACwClg compounds studied so far.

perature dependence as due to a variations in anisotropicEXPerimental Section

exchange coupling. Surprisingly, tBetensor was not affected

by hydrostatic pressure up to 300 MPa indicating fhats T
dependence is dynamical in origin. We attributed it to changes
in population of vibronic levels, which are characterized by
different anisotropic exchange integral, appearing when tetra-
hedral deformation dynamically increases on heating. Recently,
the 113 K structure determination fas was carried odf in
order to see if significant structural differences exist between
room and low temperature as suggested by EPR 'dafthe

X-ray Data Collection and Reduction. X-ray data for (-pr)p were
collected on an Enraf-Nonius CAD-4 four-circle diffractometer with
Mo Ka radiation. The data were collected from a trigonal prism shaped
crystal having approximate dimensions 0:6 0.39 x 0.06 mm.
Accurate unit cell parameters were derived from least squares refine-
ment of the setting angles of 25 reflections with8 6 < 15°. Details
of the crystal data and data collections are listed in Table 1. No
systematic variation of intensity of three standard reflections measured
every 120 min was observed. The principal computer programs used
in the crystallographic calculations are listed in ref 18. The data were

results show rather small structural changes, the largest beingcorrected for Lorentz and polarization efféétsas well as for

for the bridge Cu-CI(2) length which increases from 2.316(2)
A at room temperature to 2.327(2) A at 113 K, with a
simultaneous increase in tetrahedral angle from 145.2(1) to
146.3(1y. These changes seem to be very small, and the
question is if they are large enough to explain the observed

(14) Gatteschi, D.; Goslar, J.; Hilczer, W.; Hoffmann, S. K.; Zanchini, C.
Inorg. Chem 1989 28, 3395.

(15) Estes, W. E.; Wasson, J. R.; Hall, J. W.; Hatfield, Wirterg. Chem.
1978 17, 3657.

(16) Chow, C.; Caputo, R.; Willett, R. D.; Gerstein, B. L.Chem. Phys.
1974 61, 271.

(17) Scott, B.; Willett, R. DActa Crystallogr., Sect. @991, 47, 435.

(18) Stewart, J. M.; Kundall, F. A.; Baldwin, J. C. XRay 72 System of
Programs. Technical Report TR 192; University of Maryland: College
Park, MD, 1972. (b) Sheldrick, G. SHELX 76 System of Computing
Programs. University of Cambridge, England, 1976. (c) Johnson, C.
K. Oak Ridge Natl. Lab[Rep.] ORNL (U.S.1965 ORNL-3794.

absorptior®® The position of all non-hydrogen atoms were obtained
conventional Patterson and Fourier methods using the SHELX-76
packagé? The structure were refined with use of a full-matrix least
squares method based on minimization of the funcliar|F, — F|)?

with weightsw = 1/o(Fo). Anisotropic thermal parameters were used
for all non-hydrogen atoms. Hydrogen atoms were introduced in
calculated positions (EH =1.08 A) as fixed contributions tB., each

with a temperature factor 20% larger than that of the isotropic equivalent
of the respective carbon atom. The firRlvalues wereR = 0.042
andR, = 0.042. The final positional parameters for non-hydrogen
atoms are listed in Table 2. The listing of the thermal parameters for
the non hydrogen atoms, of the hydrogen atom coordinates are available
as Supporting Information.

EPR Measurements. EPR measurements were performed at
X-band with two types of spectrometers. At atmospheric pressure a
Bruker ESP 380E FT/CW spectrometer was used in CW-mode, and
the variable temperature spectra were recorded on single crystals and
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Table 4. Angles (deg) for [(GHs)s(n-propyl)PLCuCls (Esd’s in
Parentheses)

Angles within CuCls?~
Cl2-Cu-CI(3) 147.8(1)  CI(1}¥Cu-CI(2)  96.05(7)
Cl(1)—Cu—CI(3) 97.71(8)

Angles within [(GHs)s(n-propyl)PI

C(10)-P-C(16)  110.3(2) P-C(10)-C(15) 124.3(4)
C(4-P-C(16)  106.5(2) P-C(10)-C(11) 117.1(4)
C(4)-P-C(10)  111.7(2) C(1BC(10)-C(15) 118.4(5)

C(1-P-C(16)  109.0(2) C(10}C(11)}-C(12) 120.2(5)
C(1-P-C(10)  107.7(2) C(1BC(12)-C(13) 120.7(6)

C(1)-P-C(4) 111.6(2) C(12yC(13)-C(14) 119.7(6)
P—C(1)-C(2) 114.8(4) C(13yC(14)-C(15)  120.5(6)
C(1)-C(2)-C(3) 112.8(5) C(10}C(15)-C(14) 120.4(5)
P—C(4)-C(9) 118.6(4) P-C(16)-C(21) 118.1(4)
P—C(4)-C(5) 121.9(4) P-C(16)-C(17) 122.0(4)

C(5)-C(4)-C(9) 119.34) C1AC16)-C(21) 119.8(4)
C(4)-C(5)-C(6) 119.7(5) C(16}C(17)-C(18) 119.7(5)
C(5)-C(6)-C(7) 120.5(5) C(17C(18)-C(19) 120.2(6)
C(6)-C(7)-C(8) 120.4(5) C(18YC(19)-C(20) 120.5(5)
C(7)-C(8)-C(9) 121.0(5) C(19yC(20)-C(21)  120.5(6)
C(4)-C(9)-C(8) 119.2(5) C(16}C(21)-C(20)  119.3(5)

Figure 1. View of the [CuClg]?~ and [(GHs)s(n-propyl)P]" ions of

(n-pr)p showing thermal ellipsoids. Table 5. CuCls Dimer Geometry in ACw,Cls Chlorocuprates
Table 3. Interatomic Distances (A) for [(§s)s(n-propyl)PLCu:Cls A
(Esd’s in Parentheses) (CeHs)sSb  (GHs)sAs (CeHs)aP  (n-propy!)(GHs)sP
Distances within CiCle*~ Cu---Cu, A 3.400 3382  3.355 3.3615
Cu—CI(1) 2.192(2) Cu-Cl(2y 2.294(2) Cu-CI(1)=A 2.336 2333 2321 2.315
Cu—Cl(2) 2.315(2) Cu-Cu 3.361(2) Cu-Cl(2)2A  2.290 2.305  2.292 2.294
Cu—CI(3) 2.202(2) 0> deg 94.6 93.7 93.3
Distances within [(GHs)s(n-propyl)PT- o,° deg 44.4 48.2 50.0 45.0
P—C(4) 1787(5) C(lO}C(lS) 1377(7) ﬁze, dg? 147.4 144.6 143.3 147.3
P—C(10) 1.787(5) c(11yC(12) 1.371(8) Jeem 90(14) 39 80(9) 93(11)
P—C(16) 1.788(5) c(12¥C(13) 1.361(9) ref 13 17 20 this work
C(1)-C(2) 1.531(8) C(13yC(14) 1.37(1) 2Bridging chlorides? Cu—Cl—Cu bridge angleS Dihedral angle
C(2-C(3) 1.497(9) C(14yC(15) 1.380(7) (twist angle).9 Trans CHCu—Cl angles in CuCl tetrahedra® For
C(4)-C(5) 1.394(7) C(16yC(17) 1.383(7) HamiltonianH = JS;-S,, data from ref 15.
C(4)-C(9) 1.402(7) C(16yC(21) 1.388(7)
C(5)—C(6) 1.391(7) C(1AC(18) 1.387(8) . _
C(6)-C(7) 1.359(8) C(18}C(19) 1.370(8) sponding _WeII to the averaged—(X—_C angles (X= P, As,
C(7)-C(8) 1.370(8) C(19¥C(20) 1.36(1) Shb) seen in the [(6H5)4X] .Cw:Cls series and with an averaged
C(8)—C(9) 1.381(7) C(20¥C(21) 1.393(8) P—C distance, 1.788 A, slightly longer than that observed in

powders in the temperature range 4300 K using a flow helium (Table 3). No systgmatic deviation of the phenyl ring§ from a
cryostat, Oxford CF935. High pressure EPR experiments were regular . hex_agon IS Qbserved: they are planar W'th'n_ the
performed on a Radiopan SE/X-2544 spectrometer in the temperatureUncertainty in the positional parameters, the largest deviation
range 106-300 K under hydrostatic pressure up to 500 MPa on powder being—0.006 A for C(13).
samples. High pressure equipment was described elseWh&eta- The CuyClg?~ anion geometry is substantially identical in all
tional EPR data were collected in the three orthogonal crystal planesthe chlorocuprates compour#$’-2° which structure we are
by rotating a crystal around, b, andc* = a x b crystal axes. The  comparing (Table 5), with a €ICu—Cl bridging angle of about
well deVeIOped (010) planes and [100] edges allowed us to aCCUrate|y94° and near'y equa' bndge arma (@ 0.03 A)' as shown in
align the crystal on a goniometer holder under an optical microscope. Taple 3. The CwCu distance forr-pnp, 3.361(2) A, compares
well with that of 3.355(1) A observed ip.2° In the present
complex the distances to the terminal chlorine atoms, 2.192(2)
Description of the Structure of ((CeHs)s(n-propyl)P].Cu:Cle. and 2.202(2) A, are different from each other, but their
The crystal structure df-pr)p consists of [(GHs)s(n-propyl)PI" difference,A ~ 0.01 A, is the smallest observed in the series
cations and CiCle?- dimeric isolated units. Drawings of the  of the homologous compounds. A characteristic feature of the
two ions showing the labeling scheme are shown in Figure 1. compounds is that the tetrahedra C4#Clforming the dimeric
A list of bond distances and angles are reported in Table 3 andstructure are strongly distorted toward the planar geometry with
Table 4. The structuref (n-pr)p isvery similar to those of the  the flattening angle of aboyt/2 ~ 74° in approximatelyDq
parent [(GHs)aX].CeCls (X = P20 As'” and SB?) compounds,  symmetry or with a dihedral angle of a ~ 45° if an
as showed in Table 5, the main differences being the smallestapproximateC,, distorted tetrahedron is considered to describe
monoclinic angle and the lowest unit cell volume, witness of a the coordination environment of the copper ion.

Results and Discussion

more dense crystal packing. EPR Spectra. Powder and single-crystal EPR spectra are
The [(GHs)s(n-propyl)P]" cation has the expected tetrahedral typical for a triplet state of CaCle2~ dimers with zero-field
configuration around P, with an average-E—C angle corre- splitting lower than the resonance frequency and relative strong

AMs = +2 forbidden transition signal at abogit= 4 position.

(19) Stankowski, J; Gatewski, A.; Krupski, M.; Waplak, S.; Gierszal, ; _ ; ; tA-
H. Rev. Sei. Instrum.1976 47 128. Single-crystal EPR lines are rather broad with a peak-to-peak

(20) Qui, D. T.; Daoud, A.; Mhiri, TActa Crystallogr., Sect. @989 45, value varying with angle in the range from 19 to about 40 mT.
33. Relatively largeABy, values and the overlap of the lines limit
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along principal D tensor axes of one of the two magnetically 15° from theb axis.
nonequivalent [CiClg]?~ ion (dimer I). The dimer Il lines are marked.
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Figure 5. Experimental (point) and calculated (solid lines) angular
100 200 300 400 B (mT) variation of the resonance fields at (upper) 292 K and 9.764 GHz,
Figure 3. Polycrystalline powder EPR spectra ofr)p recorded at (middle) 117 K and 9.829 GHz, and (lower) 82 K and 9.841 GHz for
different temperature and hydrostatic pressures. The lines along the(n-pr)p. | and Il indicate the two inequivalent dimers in the unit cell.
principal D tensor directions are marked by y, andz The lines On the right side the corresponding powder EPR spectra are reported.
indicated with Av and M are due to impurities. M is due to an impurity.

the accuracy of EPR parameters measurements. Single-crysta{tigure 5. The dependence is presented for room temperature
EPR spectra recorded at room temperature along the principalang for two lower temperatures where the largest changes of
axes of theD andg tensors are shown in Figure 2. . the spectral parameters were observed. The solid curve were
~ The spectra are temperature and pressure dependent with zerqsy|cylated using an iterative computer proced@r&he splitting

field splitting increasing with lowering temperature or increasing petween the lines in powder spectra were taken as initial
pressure. The line width decreases on cooling in all crystal parameters of the procedure and téensor was assumed to
orientations, but the line narrowing & 10% of the initial  pe traceless. The powder spectra are plotted on the right side
value. TheABy, value can be related to a phonon modulation of the angular dependences (Figure 5). The calculgtadd

of the exchange anisotropy which is known to lead to a linear p principal values and directions are collected in Table 6. The

temperature dependence proportional AgRJ*#" The tem- g andD tensors are not axial and have collinear principal axes.
perature and pressure effects in powder EPR spectra are showfrhe 7 axis lies close to thab plane along the direction of the
in Figure 3, where the spectral peaks fréntensorx, y, andz tetrahedral compression of the CuTl moiety. Thez-axis

axes are marked. A strong temperature influence on the crystalgirection is affected by the temperature. Raxis, along which
EPR spectrum is observed when magnetic field is roughly the minimal zero-field splitting is observed, lies in ttfd plane
parallel to the Cu-Cu directioni.e. in thec*b plane at abou# at 0 = 18, i.e. exactly along the CuCu direction, and is
= 15°. At room temperature the fine structure doublet is temperature independent. The temperature changes of the
the doublet lines split. The splitting increases on cooling nearly \.ariation in theD tensor components and, to a lower extent, to
linearly down to about 150 K, then non-linearity appears, and
the depende_nce saturates below 20 K (Figure 4). . (21) Kite, T. M.; Drumheller, J. E.; Emerson, J. E.Magn. Resonl982

The experimental angular dependence of the resonance field" ™ gg 29,
in the three orthogonal crystal planes is shown by points in (22) Buluggiu, E.;, Vera, AJ. Magn. Resonl98Q 41,195.
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Table 6. Principal Values and Directions gfandD Tensors for

(n-pr)p at 292, 117, and 82 K 0157 ———292K b
— : _ —125K 2
T (K) g D (in cm*l) direction cosines YTE | .—'-—-.— _ - —
——
292 g, =2.114(8) Dy=0.025(1) 0.0000 £0.3123 =+0.9500 S
gy=2.095(8) Dy=0.057(1) =+0.4421 +0.8521 =+0.2801 a
g, =2.300(8) D,=—0.082(1) +£0.8970 =+£0.4200 40.1380 i
117 g=2.140(8) Dy=0.051(2)  0.0000 +0.3123 -+0.9500 0.10
gy=2.110(8) D,=0.075(2) +0.5263 +0.8078 =£0.2656 D,
g, =3.370(8) D,=—0.126(2) +0.8503 =£0.5000 =+0.1643 -»;@__—z_—_:‘:_‘.__ﬂ-——_:rbﬁ
82 gx=2.155(8) D,=0.061(1) 0.0000 £0.3123 £0.9500 P y
gy=2.110(8) D,=0.081(1) +0.5684 +0.7816 =0.2569 D
0, =3.380(8) D,=—0.124(1) +0.5400 +£0.5400 +0.1775 o eoo—0o—0o—o
. . N 0.05¢ —w——0—— @~ —&~¢
2 The direction cosines are given with respect todbe* reference X
frame.
Dy .
gz’D'ZD( ?59};) K) 0 ] ] 1 [
gy.0,(82K) [492:"7 100 300 500
p (MPa)

Figure 8. Pressure dependence of béensor principal values at 292
and 125 K for -pr)p.

those produced by the temperature, but an increase in pressure
acts as a decrease in temperature.

The similarity in the structures at room temperature suggests
that also low temperature structures can be very similar.
However, as previously discussed, the 113 K crystallographic
Figure 6. Sketch of the C4Cle2 anion in f-pr)p with D andg tensor plata foras!’ ind!cate that temperature influencg on the structure
principal directions at 292 and 82 K. is not substantial and thermal lattice contraction is rather small
and does not affect the dimer moiety (Table 5). The magnetic
properties of the compounds are also very siril&rwith a
relatively strong ferromagnetic exchange interaction between
the two copper(ll) ranging from-46 cnt! (error not reportedf

0.1 MPa
— — — 400 MPa

0.15
< to —93(11) cn1? for (n-pr)p. Because of a strong correlations
5 of J andg values in the case of ferromagnetic coupling during
51 the fit of the magnetic susceptibility datathe uncertainties

onJ are quite large, and it should be concluded that the isotropic
coupling constants have similar ferromagnetic values in this
group of chlorocuprates.

The g factorsin (n-pr)p indicate a|xyCor |x2 — y2[iground
state for the copper(ll) ions as expectedipg or C,, distorted
tetrahedror?? respectively. The principal axes of tigeand D
tensors coincide also ias’ whereas a noncoincidence of the
x- and y-axes was found irp and slj'® however, in all the

i | compounds the-axis lies along the compression axis of CCl
200 300 tetrahedron and a perpendicular component is parallel to the

T(K) Cu—Cu direction, as expected for a centrosymmetric dimer. The
Figure 7. Temperature dependence of thetensor principal values 9 factor and the zero field splitting values are very similar in
under atmospheric pressure 0.1 MPa and high hydrostatic pressure 40@ll the compounds indicating that electronic structure of the
MPa for (1-pr)p. High pressure data were obtained from polycrystalline dimeric units are not significantly altered by the different
powder EPR measurements. counterions.
The zero-field splitting tensor in binuclear copper(ll) com-
the temperature variations of tlgetensor and principal axes plexes is expected to have contributions from dipal@ole

directions. All theD and g tensors components increase on  magnetic interaction and from anisotropic exchange
cooling butD remains nonaxial, whereas the nonaxialitygof

increases. Lowering the temperature results also in a rotation D = DI 4 pex

of the principal axes system around tk@xis in such a way

that thez-axis, forming an angle of 26with a at 292 K, inclines  The maximal splitting fronD%P is expected along the GtCu

to 35 at 82 K and then becomes practically temperature direction. In our case, however, the largest compone isf

independent. Thg, y, andz axis of theg andD tensors at 292  D,, and this means that anisotropic exchange dominates over

K and 82 K are drawn in Figure 6. the dipolar contribution. When ttgetensors of the two copper-
Temperature variations of the princigalvalues are shown  (Il) ions are collinear, the dipolar contribution (in cA) can

in Figure 7 for atmospheric and high hydrostatic pressure. The be calculated as

increasing pressure induces a linear increase obthalues, '

as is shown in Figure 8. The changes are much smaller than D% = 0.325r (1 — 3cog 0)

0.10

0.05

1 1
0 100

(23) Hoffmann, S. K.; Goslar, 3. Solid State Cheni.982 44, 343. wherer is the Cu-Cu distance (in A)g; is theg value along
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2.40 these two contributions a knowledge of théactor temperature
dependence is needed. We known it at low accuracy since our

g factors are determined with an accuracy 50.004 from

» 235 single-crystal rotational data and only with an accuracy of
2 +0.013 from powder spectra. Thus we can only roughly
8 2.30f estimate the two contributions. In the linear regiorDofs T
o T dependencej.e. above approximately 100 K, thg values
215 linearly increase on cooling as is shown in Figure 9a. From
these dependences and using eq 1, we calculated the temperature
210 variation ofJ;2" as presented in Figure 9b. It can be observed

that theg factor temperature dependence is the dominant factor
in the D us T behavior.

To explain theg vs TandJ;2"vs Tdependences the following
facts should be keptin mind. (1) The dependences are dynamic
in origin. This is proven by a very small pressure effect in the
present compound and a lack of any pressure effestthand
by the little structural change showed in the X-ray structural
investigation ofas!” (2) Despite of a lack of any substantial
structural changes the EPR data clearly showzhahdy-axes
of theD andg tensors are affected by temperature. These axes
are local crystal field axes and cannot be easily related to the

100 200 300 geometry of a distorted tetrahedron. The axes rotation can be
T (K) a dynamical effect due to anharmonicity of the ligand vibrations
Figure 9. (a) Temperature dependence of thdactors determined ?n CUCI“ZZ (3) Strong vibrationgl effects are generally obse'rved
from single crystal (full circles) and powder (open circles) EPR spectra, iN CUCL?™ structures, and optical spectra show a red shift of
(b) Temperature dependence of anisotropic exchange integrais-for ( the d—d and charge transfer bonds on heafifit).(4) It is well
pr)p. documented that exchange coupling is very sensitive to even a
small change in dimer bridge geometry, especially for modifica-
the magnetic field, and is the angle between thevector and tions in the bridge angle.

the direction of the magnetic field. Im{pr)p, wherer = 3.36 The J;2" vs T dependences show that anisotropic exchange
A, we can calculate theD¥P components, and using the tends to be less anisotropic at low temperatures. But the more
experimentalD room temperature values, we obtain e characteristic feature is that exchange coupling with the excited

tensor and its principal values. In centrosymmetric dimeric units |yz]state of the second ion decreases on cooling with a
no contribution due to antisymmetric exchange is expected, andsimultaneous increase in the coupling with tketstate, whereas
the D®* components can be related to thdactor anisotropy  the coupling with|x2 — y2(is not affected. Such behavior is

Ag and to the anisotropic exchange coupling constiAat expected when the bridge angfeincreases resulting in an
between the ground statéJon one copper(ll) ion and the increase in the overlap of the Cu(lizorbital with chlorine
excited|jOstate on the other according to orbital and in a proportional decrease in the overlagyaf]
orbital. The overlap ofx? — y2(is not affected.
D ele-Ag 23 an eleAgsz an The observed temperature effects seems to be even more
I y 8 XXz complicated. The low temperature non linearitydis Tcan
D.&X = iAg 23 an (1) be related to some extent to a depopulation of the excited singlet
z 3292 Vxyxe-y? state since tripletsinglet separationJ(= —93 (11) cn1?) is

relatively large in the present compound and results of the order
where al|xyldground state is assumed. Fro®* and the of vibrational frequencies responsible for the temperature effects

experimentalAg; = g; — 2.0023 values we can evaluakg y2" in optical spectra of CuGl~ complexe$:?> A thermal de-
= 62(5) cn1l, Jyy 2" = 17(5) cnr?, andJyy e 2" = —45(5) population of vibronic levels characterized by different aniso-
cm~! at room temperature. The calculated valueggf are tropic exchange integrals can contribute to the obsedy®ds

obviously affected by large uncertainty due to the simple T dependences. The point dipole approximation can not be
procedure followed to obtain them, nevertheless they are clearly perfectly valid because of a delocalization of the unpaired
indicative that, in §-pr)p and, arguing from analogy, in all this  electron on ligands. This delocalization can be temperature
group of chlorocuprates, the anisotropic coupling constants aredependent, and tHa4P tensor components can vary slowly with
of the same order of magnitude of the isotrofjg.y constant. temperature, affecting the vs T dependence.

The zero-field splitting increases when the temperature is  Acknowledgment. This work was partially supported by
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of the anisotropic exchange since the dipolar coupling seemssgr Scientific Research.

to be less temperature sensitive. Two effects resulB3®frvs . . . o
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