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Structural and E.p.r. Search for Exchange Strietion in Pyrazine Copper Acetate* 
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The crystal structure of pyrazine copper acetate (Cu2Ac4. pyrazine), a binuclear copper acetate system 
in which the Cu-Cu separation in the triplet state has been estimated to be 0.12 A, longer than that 
in the singlet state, has been determined and refined by least-squares methods using three-dimensional 
Mo Ke data (to 57 ° 20) at 298 and 100 K. In a complementary study of possible exchange striction 
in this singlet-triplet system, 35 GHz (Q-band) e.p.r, spectra were measured at 298 and 120 K. Pyrazine 
copper acetate crystallizes in space group C2/m in a cell of dimensions a=7.967 1(9), b= 14.211 (1), 
c=7.3210 (8) ,~ and fl= 101.23 (2) ° at 298 K and a=7-9156 (9), b= 14.025 (3), c= 7-3022 (9) A and fl= 
100.99 (2) ° at 100 K. The 298 K Cu-Cu separation of 2.583 (I) A is significantly shorter than those 
found in similar dimer compounds and is only 0.007 A longer than at 100 K. The small changes in the 
e.p.r, fine structure observed at 298 and 120 K show that the exchange in the excited state changes by 
less than 1% and suggest a constant Cu-Cu separation in the triplet state, as occurs in an exchange- 
striction model. The single-crystal e.p.r, also provides an experimental separation of the fine structure 
into spin-orbit and dipolar contributions. 

Introduction 

Recently the crystal structures and phase transitions 
of several linear-chain magnetic systems (Bartkowski 
& Morosin, 1972; Peercy, Morosin & Samara, 1973; 
Richards, Quinn & Morosin, 1973) have been exam- 
ined. These systems consist of chemically bonded 
transition-metal ions arranged equidistant from each 
other with separations within the chain much smaller 
than those between the chains. Pyrazine copper acetate 
(PzCuAc), represents a different, novel linear-chain 
complex in which binuclear copper acetate units, 
Cu2(CH3CO2)4, are linked by the pyrazine ligand, 
C4H4N 2. This system was first prepared and studied 
by Valentine, Silverstein & Soos (1974), hereinafter 
referred to as VSS. 

* Supported in part by the USAEC and by NSF GP-9546. 

Binuclear copper clusters are known in quite a few 
other copper alkanoates and carboxylates (Martin, 
1968; Kokoszka & Gordon, 1969). The magnetic 
properties of such binuclear clusters have been inten- 
sively studied by static susceptibility and e.p.r, meas- 
urements. Typically one finds a rather strong antiferro- 
magnetic exchange interaction, J, within the cluster, 
with IJI of the order of 400K. However, the exchange 
interaction between clusters, J ' ,  is much smaller and 
more difficult to measure and interpret since very low 
temperatures are required and in such temperature 
regions, other approximations are suspect. A further 
complication results if J '  is of the same order as the 
electron dipolar interactions between clusters; then 
even n.m.r, measurements may prove unable to distin- 
guish between intercluster exchange and dipolar contri- 
butions. Such is the case for the familiar hydrate of 
copper acetate, HyCuAc (Obata, 1967). 



B. MOROSIN,  R. C. HUGHES AND Z. G. SOOS 763 

The bidentate pyrazine ligand was used in VSS as a 
chemical bridge between the copper acetate units, thus 
providing a clustered system with some linear-chain 
properties. The chain structure is . . .  Cu-Cu-  
N(C4H4)N-Cu-Cu.. .  and all the chains are parallel. 
The intercluster exchange J '  was found to be about 
1100G from the temperature-dependent broadening of 
the e.p.r, lines and is one to two orders of magnitude 
larger than interdimer dipolar fields. The resolved 
hyperfine structure at 77K, on the other hand, placed 
a smaller limit of less than 30G (80MHz) on the exciton 
motion. This observation is consistent with an ex- 
change-striction mechanism for the case where the 
lower rate of exciton motion arises from a reduction 
of J '  due to the Franck-Condon overlap of the copper 
nuclei in the singlet and triplet states. Although bi- 
nuclear copper complexes may well have different 
Cu-Cu stretching frequencies in the singlet and triplet 
state (Martin, 1966), the estimate ofhco= 100 cm -1 for 
both yielded a predicted difference of 0.12 A for the 
Cu-Cu separation in the singlet and in the triplet state. 

A fractional part of this difference, based on the 
change in the thermal-equilibrium triplet density, 
should be observable in carefully determined structures 
using low- and room-temperature data. Using the ob- 
served exchange J =  460K, we plot in Fig. 1 the number 
of triplets as a function of reciprocal temperature. The 

0.01 

0.001 

.HI , I ' I ' I ' I r I ' I i 

R.T-. 

,? 
Pt = 1 + ~ exp l~E/kT)  -1 

auk ~ 460~K" 

I i I i I i [ t I I i i 
4 6 8 10 .12 14 

TEMPERATU RE "i(103/OK) 

Fig. 1. Plot of expected number of triplets versus reciprocal 
temperature. At room temperature, about 40 % of the sites 
should occupy the triplet state; temperatures near liquid 
nitrogen are needed to reduce the population of triplets 
below 1%. 

difference between the room-temperature triplet den- 
sity of about 40% and the 100K density of 3 % was 
anticipated to produce at least a 0 .04/ l  change in the 
Cu-Cu separation. The close similarity of the CuAc 
dimer in PzCuAc to other binuclear CuAc compounds 
(Kokoszka & Gordon, 1969) suggested that such ex- 
change striction, if observed in one compound, would 
be a general property of the class. The linear-chain 
structure of PzCuAc, with all Cu-Cu vectors parallel, 
provides experimental advantages and was chosen for 
both X-ray and further e.p.r, investigations. 

We report here structural and e.p.r, studies on 
PzCuAc at 298 and at 100K. The unexpected structural 
results include a Cu-Cu separation at room temper- 
ature that is significantly shorter than in similar dimer 
clusters. The observed contraction of the Cu-Cu dis- 
tance is, furthermore, only 0.007 (1) A and thus far 
smaller than the estimated 0.04/ l  change indicated in 
VSS. Recent improved theoretical work on polaron 
motion (Emin, 1974) suggests that a smaller striction 
would be consistent with the observed absence of 
triplet motion at low temperature. The question of 
whether there is exchange striction in PzCuAc remains 
unresolved, however, since the observed structural 
changes are small enough to be attributed to thermal 
expansion. 

Thermal expansion requires that all Cu-Cu separa- 
tions be equal at any temperature. Exchange striction 
leads to two Cu-Cu separations, one for triplets and a 
shorter one for singlet dimers, with the change of 
0.007/l between 300 and 100K, requiring a striction of 
0.02 /l. While structural data provide the a v e r a g e  

Cu-Cu separation as a function of temperature, e.p.r. 
studies monitor only the Cu-Cu separation in the 
triplet dimers. The temperature dependence of the 
high-field (Q-band) spectra thus complements struc- 
tural studies and, as shown below, permits an exper- 
imental separation of spin-orbit and dipolar contribu- 
tions to the fine-structure splitting. The absence of sig- 
nificant fine-structure changes between 300 and 120K 
indicates that the excited-state exchange interactions 
change by less than 1% and supports an exchange- 
striction model, with a nearly constant Cu-Cu separa- 
tion in the triplet state, since exchange interaction can 
be sensitive to even small changes in the internuclear 
separation (Morosin, 1970). The present structural and 
magnetic study of the temperature dependence of the 
Cu-Cu separation in PzCuAc shows that, while thermal 
expansion cannot be ruled out, a consistent interpreta- 
tion of the data may be made employing a model with 
a small exchange striction. 

Experimental details 

Precession and Weissenberg photographs were used to 
determine preliminary unit-cell dimensions and space- 
group extinctions. In addition photographic methods 
were used to examine the quality of the data crystal at 
low temperatures as well as those undergoing several 
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cooling temperature excursions. At both 298 and 100K 
temperatures, identical systematic absences and sym- 
metries of  the reciprocal lattice were found, indicating 
the space group to be C2, Cm or C2/m. Low temper- 
atures on both film and diffractometer units were 
achieved using a Varian variable-temperature con- 
troller, which regulates the temperature of a nitrogen 
gas stream over the crystal specimen. Lattice constants 
(Table 1) were determined by least-squares fit of  20 
values measured on a Picker diffractometer using 
Cu K~ radiation (2,~ = 1.54050 A). Cleaved and solvent- 
eroded samples with no dimension greater than 0.03 
cm were used for lattice parameters and intensity meas- 
urements. The 0-20 scan technique and scintillation 
detector employing pulse height discrimination were 
used to measure Mo Ks intensity data sets to 57°20. 
(Data for the 100K set were collected in four concentric 
shells and computer  round-off  errors resulted in a few 
hkl intensities never being collected; such absences 
were discovered only recently.) Intensity data measured 
to be less than 3o" were considered as unobserved re- 
flections. The usual definition of o" was used, i.e. o"= 
(Nsc+KZNb) m and Ns¢, N/,, and K(_~4-5) are the total 
scan count, background counts (20 s on each side of 
the scan), and time ratio of  the scan to background, 
respectively. 

Table 1. Cell dimensions for PzCuAc 
Probable space group: C2/m 

300 K 100 K 
a 7.9671 (9) A 7-9156 (9) .~ 
b 14"211 (1) 14-025 (3) 
c 7"3210 (8) 7"3022 (9) 
fl 101"23 (2) ° 100"99 (2)* 
V 813.03 ~a 795-80 A s 
d(calc) 1.868 gcm -3 1-909 gcm -3 

Although parameters could be inferred from symme- 
try and packing arguments, the structure was deter- 
mined from a Patterson synthesis and successive 
Fourier  syntheses phased on least-squares refined posi- 
tional and isotropic thermal  parameters. The function 

w(Fo-Fc) 2 was minimized with w =  1/o. z and with struc- 
ture factors calculated using scattering factors taken 
from Tables 3.3.1A and 3.3.1B of International Tables 
for X-ray Crystallography (1962) and from Stewart, 
Davidson & Simpson (1965) for hydrogen. With two 
dimer units per cell in space group C2/m (initially as- 
sumed and verified by agreement in the final refine- 
ment), the linear chain (Fig. 2) and the pyrazine 
molecule are situated on mirror  planes with inversion 
centers midway between the Cu-Cu  linkage and in the 
center of  the pyrazine molecule. Thus, Cu, N and two 
C of the pyrazine molecule [designated C(1) and C(2) 
in Tables 2 and 3] occupy (x, 0, z) sites while the acetate 
ions [O(1), O(2), C(3) and methyl C(4) in general posi- 
tions] are related to each other by the mirror  and in- 
version center. Hydrogen atoms were obtained on a 
Fourier  synthesis calculated with structure factors 
from anisotropic thermal parameters,  least-squares 
refined model;  these were also assigned a nonvarying 
isotropic parameter  and the positions together with 
anisotropic parameters for the remaining atoms were 
subjected to further least-squares refinement. The re- 
siduals R=YIIFol-IFcII/S_IFol were 0-048 and 0-055 for 
the 300 and 100K data, respectively.* Table 2 lists the 
positional and thermal  parameters and Table 3 gives 
the interatomic separations and angles. The X-RAY 
system (Stewart, 1971) was used for calculations. 

The e.p.r, spectra were obtained with a standard 
Varian Q-band bridge, operating around 35GHz, with 
100 kHz modulat ion and detection. The Fieldial (reg- 
istered t rademark of Varian Ass.) magnetic-field sweep 
and readout were calibrated with a Harvey-Wells  
gaussmeter, which had proton and 7Li resonances at 
the appropriate fields. The n.m.r, frequencies were read 
with a Hewlet t -Packard frequency meter and the 
microwave frequencies were read from the bridge 

* A list of structure factors has been deposited with the 
British Library Lending Division as Supplementary Publica- 
tion No. SUP 30749 (8 pp.). Copies may be obtained through 
The Executive Secretary, International Union of Crystallog- 
raphy, 13 White Friars, Chestei CH 1 I NZ, England. 

Table 2. Positional and thermal parameters for PzCuAe at 300K (upper values) and 100K (lower values) 

u~j are of the form exp (-2~z2~U~jh~hja*~a~) in units 10 -5 A s. 

x y z Ult U22 /-/33 U12 Uls U23 
Cu 0"1381 (1) 0 0"1262 (1) 1"72 (4) 2"63 (5) 2"11 (4) 0 -0"15 (3) 0 

0"1380 (1) 0 0"1261 (1) 1"02 (3) 1"12 (3) 0"71 (3) 0 0"00 (2) 0 
N 0.3602 (9) 0 0.3515 (9) 2.4 (3) 5.0 (4) 2-4 (3) 0 -0.4 (3) 0 

0.3613 (7) 0 0-3500 (7) 1-3 (2) 2.0 (3) 1.5 (2) 0 -0.1 (2) 0 
C(1) 0.5211 (11) 0 0.3253 (12) 2.2 (4) 7-9 (7) 2.7 (4) 0 0-1 (3) 0 

0.5233 (9) 0 0.3249 (10) 2.4 (3) 3.6 (4) 1.7 (3) 0 0.5 (3) 0 
C(2)  0.6606 (11) 0 0-4727 (12) 2.3 (4) 8.3 (8) 2.6 (4) 0 0.3 (3) 0 

0-6643 (9) 0 0.4732 (9) 1.7 (3) 3.9 (4) 1-1 (3) 0 0.2 (2) 0 
C(3) 0.1265 (8) 0.1271 (4) 0.8263 (8) 3.6 (3) 3-1 (3) 3.4 (3) -0.6 (2) 1.1 (2) 0.0 (2) 

0.1302 (6) 0.1288 (3) 0.8255 (6) 2.3 (2) 1.6 (2) 1.3 (2) -0.1 (2) 0.6 (2) 0.0 (2) 
C(4)  0.1977 (12) 0.2060 (6) 0-7272 (12) 6.7 (5) 5-2 (5) 6.2 (5) -3.1 (4) 1.8 (4) 1.3 (4) 

0-2031 (7) 0.2080 (4) 0.7264 (7) 3-3 (3) 2.9 (3) 2.3 (2) - 1-0 (2) 0-7 (2) 0.5 (2) 
O(1) -0.0198 (6) 0.0984 (3) 0.7581 (6) 3.9 (2) 4.4 (3) 3.7 (2) -0.6 (2) 0.2 (2) 1.2 (2) 

-0-0181 (4) 0.0986 (2) 0.7569 (4) 2.0 (2) 2.0 (2) 1-8 (2) -0.4 (1) 0.2 (1) 0-5 (1) 
0(2) 0-2186 (6) 0-0967 (4) -0.0272 (6) 3-8 (2) 4-8 (3) 3-8 (2) - 1.1 (2) 0.1 (2) 0.8 (2) 

0.2232 (4) 0.0974 (2) -0-0273 (4) 2.0 (2) 2-2 (2) 1-6 (2) -0.6 (1) 0.2 (1) 0.3 (1) 
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Table 2 (cont.) 

x y z U 

H(1) 0"52 (2) 0 0"19 (2) 3"8 
0"55 (2) 0 0"20 (2) 3"8 

H(2) 0.77 (2) 0 0.44 (2) 3.8 
0.78 (2) 0 0.46 (2) 3.8 

H(3) 0-13 (1) 0.256 (7) 0.73 (1) 3.8 
0-14 (1) 0.254 (7) 0.81 (1) 3.8 

H(4) 0-33 (1) 0"194 (7) 0"75 (1) 3"8 
0"32 (1) 0"202 (6) 0"76 (1) 3"8 

H(5) 0"23 (1) 0-161 (6) 0"56 (1) 3"8 
0"17 (1) 0"197 (6) 0"60 (1) 3"8 

Table 3. Interatomic separations and angles 
for PzCuAc 

300 K 100 K 
Cu- -Cu  2.583 (1) .,~ 2"576 (1) A 
Cu--O(1) 1.968 (5) 1"963 (4) 
Cu--O(2) 1-960 (5) 1"966 (4) 
C u - - N  2" 171 (6) 2" 167 (5) 
O(1)-C(3) 1.244 (7) 1.258 (5) 
O(2)-C(3) 1.253 (7) 1.260 (5) 
C(3)-C(4) 1.505 (12) 1.500 (8) 
N - - - C 0 )  1.332 (12) 1.330 (10) 
N---C(2)  1.329 (12) 1.344 (9) 
C(1)-C(2) 1.390 (11) 1.399 (9) 
O(1)-O(1) 2.797 (7) 2.766 (5) 
O(2)-O(2') 2-748 (7) 2.733 (5) 
O(1)-O(2) 2.217 (6) 2.232 (4) 
O(1)-O(2') 2.757 (7) 2.785 (5) 
C(1)-H(1) 1"00 (13) 0"99 (14) 
C(2)-H(2) 0"90 (14) 0"97 (13) 
C(4)-H(3) 0.90 (10) 1.03 (10) 
C(4)-H(4) 1.05 (9) 0.90 (9) 
C(4)-H(5) 1.45 (9) 0.93 (8) 

O(1)-Cu--O(1) 90.6 (2) ° 89.6 (1) ° 
O(2)-Cu--O(2) 89.0 (2) 88.1 (1) 
O(l)-Cu--O(2) 89.2 (2) 90.3 (1) 
N- - -Cu- -O(1)  93"5 (2) 93"7 (1) 
N ~ C u - - O ( 2 )  97"2 (2) 96'4 (1) 
C u - - C u - - N  176"4 (2) 176"8 (2) 
C u - - N - - N  178.4 (4) 177.4 (3) 
Cu--O(1)-C(3) 123.4 (4) 123.7 (3) 
Cu--O(2)-C(3) 122.0 (4) 121-4 (3) 
O(1)-C(3)-O(2) 125.3 (6) 124.8 (4) 
O(1)-C(3)-C(4) 117.6 (6) 118.2 (4) 
O(2)-C(3)-C(4) 117.2 (6) 117.0 (4) 
C u - - N - - C ( I )  123.7 (6) 124-4 (5) 
Cu- -N- - -C(2 )  119.9 (6) 118.3 (4) 
C(1)-N---C(2) 116.3 (7) 117.3 (5) 
N---C(1)-C(2) 122.3 (9) 122.7 (7) 
N---C(2)-C(1) 121.3 (8) 120.0 (6) 

/ 
c C 

o \ o  
-%2 , /  
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c 
Fig. 2. Sketch of linear chains in PzCuAc. 

---- Cu 

frequency meter and cross-checked with the DPPH 
e.p.r, transition. The centers of the rather broad e.p.r. 
transitions in PzCuAc were taken to be where the first 
derivative of the absorption spectrum crosses the base- 
line and also half-way between the symmetrical peaks 
of the first derivative spectra. The principal error in the 
values of D and g comes from the reproducibility of 
the position of the center of the line from crystal to 
crystal, rather than the precision of the magnetic field 
and frequency. As expected, the weak Am = 2 transition 
was observed with H0 perpendicular to the c axis at 
5800 + 10G (for ho90 = 35000 MHz). 

The transition fields, corrected to 35 GHz are given 
in Table 4 for the field parallel and perpendicular to 
the chain axis. The maximum and minimum splittings 
in the perpendicular direction are given and were 90 ° 
apart, which defined g~ and gy. 

Table 4. E.p.r. transitions 
Transitions at 35000 MHz in G (error is _+ 10) 

± to needle 300K 120K 
Max. 13744 13731 

10205 10266 
Min. 13739 13711 

10240 10274 

Ilto needle 13611 13630 
7621 7650 

Structural results 

(a) 300K structure 
The Cu-Cu separation is among the shortest found 

in known dimer-type compounds. The present room- 
temperature value of 2.583 A may be compared with 
values determined in HyCuAc and in two modifica- 
tions of pyridine (Py) complexes (Table 5). The in- 
fluence of the ligands (N from pyrazine or pyridine and 
O from water) does not appear to establish a trend, 
primarily because of the large differences in the pyridine 
compounds. The 2.610 ,&_ Cu-Cu separation in copper 
succinate dihydrate (O'Connor & Maslen, 1966) is in 
agreement with values for HyCuAc. Brown & Chidam- 
baram (1973) attribute the shorter Cu-Cu separation 
in HyCuAc as strengthening the argument for direct 
electronic interaction between the two copper atoms 
in the unit; however, our separation is even shorter. 
They compared their separation to that in metallic 
copper, in which the separation is 2.556 A. With differ- 
ent electronic structures, we feel such comparisons may 
not be valid. 

A comparison of the Cu-O(acetate) separations 
proves interesting; however, unfortunately, the values 
of the standard deviations are sufficiently large that 
one can only speculate on effects present. The longer 
sets of Cu-O separations in HyCuAc are influenced by 
hydrogen bonding and suggest a charge transfer away 
from the oxygen towards the hydrogen ion, the reduced 
charge on the oxygen forming a weaker bond to the 
Cu 2+ ion. This in turn appears to decrease the reso- 

A C 3 1 B - 9  
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nance within the acetate group, resulting in a trend of 
slightly longer C-O bonds in HyCuAc compared with 
PzCuAc. 

The remaining separations are as expected, with 
small differences explained by packing requirements. 
In Fig. 3, the small departure of the chains from a 
straight line is indicated. A slight zigzag is found so 
that the kink at the copper (i.e. the Cu-Cu-N angle) 
is such as to tip the nitrogen away from one side and 
towards the other side of the rectangular base (formed 
by four oxygen atoms) about the copper ion. This 
results in N(Pz)-O(Ac) and C(Pz)-O(Ac) separations 
differing by about 0.1 A. The O-O separations them- 
selves are influenced by this zigzag, being further apart 
(2.797 A) where the nitrogen atom is inserted compared 
with the other pair (2.748 ,~). The copper ion is situated 
slightly above (0.28 A) the plane through the four 
oxygen atoms; this is generally the case in such dimer 
compounds. 

The anisotropic thermal parameters of the pyrazine 
molecule suggest a rocking motion pivoted about the 
nitrogen atoms. The thermal parameters for the copper 
oxygen framework do not appear to depart from ex- 
pected results. 

(b) 100K structure 
The Cu-Cu separation of 2.576 (1) ,~ is significantly 

shorter than the room-temperature value. The re- 
mainder of the separations within the dimer are not 
significantly different from those at room temperature. 
The exceptions result from the contraction along the 
b axis of the structure; hence, the O-O separations 
across the mirror reduce from 2.797 to 2.766 A and 
from 2.748 to 2.733/~ while the remaining O-O separa- 
tion nearly parallel to the mirror increases from 2.757 
to 2.785 A. These separations (and the corresponding 
angles) do not change the basic arrangement of the 
chain, i.e. it remains zigzagged; the copper ion remains 
above (0.26 A) the plane through the oxygen atoms. 
The volume is decreased significantly. 

The remaining significant differences between the 

300 and 100K structures concern the thermal param- 
eters. Overall these are reduced by ½ to ½ of their room- 
temperature values. In particular the values perpendic- 
ular to the mirror for the carbon atoms of the pyrazine 
molecule are reduced the most, suggesting that the 
rocking motion probably is real rather than the pres- 
ence of a slight disordering in the positions of the 
carbon atoms due to close contacts resulting from the 
zigzag nature of the linear chains. 

(c) Exehange-striction 
The small difference in the Cu-Cu separation 

[2.583 (1) vs. 2.576 (1) A] is smaller by almost an order 
of magnitude than the expected difference of 0.04 A, 
for an exchange striction of 0.12 ,~; the presumed 
change in the singlet-triplet separation is 0.02/~ if the 
entire Cu-Cu change is due to the 37 % change in the 
triplet concentration. The observed difference is that 
typically found in normal thermal expansion of linear 
chain compounds [the Co-Co separations in 
COC12.2H20 at 300 and 5K are 3-569 and 3.564 A, 
respectively (Morosin, 1966)]. 

/7 '  Cu ..,%'b///7 13.016 

! n 'g l  N 2. 23z 

// c,, 
N 

Fig. 3. Sketch of details of the chain and copper environment. 
The Cu-Cu-N(C4H4)N-Cu chains are not perfectly linear, 
but form a slight zigzag. The copper ion sits above the plane 
through the oxygen atoms and the kink in the chain (greatly 
exaggerated in the figure) results in closer and mole distant 
oxygen neighbors for the nitrogen atom. 

Cu-Cu 
Cu-X (ligand) 

Cu-O (acetates) 

C-O (acetate) 

C-C (methyl) 

Table 5. Selected dimer separations (]~) 

This study HyCuAc* HyCuAcl- ~ - P y C u A c ~  fl-PyCuAc§ 
2.583 (1) 2.616 (1) 2.614 (2) 2-645 (3) 2-630 (3) 
2.171 (6) 2.156 (4) 2.161 (2) 2.186 (8) 2-122 (9) 

2.129 (11) 
1"968 (5) 1"986 (3) 1"990 (l) 1"978 (8) 1'985 (10) 
1"960 (5) 1.994 (3) 1.992 (1) 1.965 (7) 1.973 (10) 

1.945 (4) 1.942 (2) 1.948 (8) 1.985 (10) 
1-950 (3) 1.952 (2) 1.928 (8) 1.982 (10) 

1"244 (7) 1-251 (6) 1.257 (2) 1.248 (20) 1-247 (16) 
1.253 (7) 1.268 (6) 1.261 (2) 1.236 (19) 1.247 (15) 

1.274 (7) 1-259 (2) 1-250 (22) 1.231 (21) 
1-248 (6) 1.261 (2) 1.250 (23) 1.231 (21) 

1.505 (12) 1-495 (5) 1-500 (2) 1-525 (25) 1-467 (22) 
1.506 (7) 1.502 (2) 1.549 (27) 1.540 (26) 

* Recent X-ray redetermination by de Meester, Fletcher & Skapski (1973). 
i" Recent neutron diffraction study by Brown & Chidambaram (1973). 
:l: Orthorhombic form (Hanic, ~tempelov~i & Hanicov,i, 1964). 
§ Monoclinic form (Barclay & Kennard, 1961). 
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If we now consider the effect of thermal vibrations 
on the problem and follow a treatment similar to 
Leipoldt & Coppens (1973), we note that the acoustic 
vibrations of the lattice will be superimposed on any 
real difference in the time-averaged structure of the 
diffraction experiment. The random distribution of 
triplet fluctuations seen in e.p.r, indicated that the 
room-temperature structure could be considered to be 
a superposition of the two states, each with slightly 
different equilibrium Cu-Cu separations. An examina- 
tion of the average values of the Uu and their ratios 
(Table 6) suggests that there are no anomalous values 
with respect to the copper environment. In particular 
the ratios of the room-temperature to low-temperature 
thermal values are nearly identical. 

Table 6. Average U~j values at 300 and 100K 

300 K 100 K Ratio U3oo/U~oo 
Cu 0.0215 0.0107 2.01 
O 0.407 0.0197 2.07 
N 0.0324 0.0160 2.02 

Pursuing the problem further, the superposition of 
two Gaussian distributions (defining the thermal mo- 
tion) of equal occupancy at a distance of 2x0 gives a 
(non-Gaussian) distribution with root-mean-square dis- 
placements as 

(Uij) new = (Uij)old + X 2 • 

In our case, we should have attained only ~ 4 0 %  
rather than 50 % in the triplet state; however, it is easily 
seen that a difference of 0.12 A in the Cu-Cu separation 
would appear as an apparent increase in the corre- 
sponding thermal parameter of 0.0144 A z. This is suf- 
ficiently large, that the ratios shown on Table 6 should 
easily indicate such a change. However, an apparent 
increase in the copper thermal parameter of one order 
of magnitude less (0.001 A 2) which corresponds to a 
smaller value for the difference of the Cu-Cu separa- 
tion (0.03 A) would be within the error limits of this 
problem. In this analysis we have considered an average 
or isotropic thermal parameter; however, a similar 
conclusion is obtained when values along the Cu-Cu 
separation are considered. Furthermore, since no 
anomalies were found in the difference Fourier synthesis 
calculated when the refinement was completed, one can 
conclude that the presence of disorder resulting from 
the population of two states requires that such states 
probably differ by an amount significantly smaller than 
0.03 A. 

E.p.r. results 

(a) Magnetic parameters 
The CuAc dimer in PzCuAc was described in VSS 

by the triplet spin Hamiltonian (Bleaney & Bowers, 
1952) 

H r = / z , S .  g .  H o + D S 2 + E ( S x - S ~ )  (1) 

where H0 is the applied field,/zB is the Bohr magneton, 
and S = 1. Both the g tensor and fine-structure tensor 
have principal axes with ~ defined to be along the Cu-  
Cu axis (Fig. 2). The Q-band redetermination of the 
magnetic parameters is shown in Table 7 and provides 
greater accuracy than at X-band. This occurs primarily 
because g/zsH0 is now larger than D and thus a typical 
two-line triplet spectrum is seen at Q-band for H0 
either parallel or perpendicular to the Cu-Cu axis. The 
almost complete isotropy in the 23~ plane establishes 
that g2"gP and that E ~ 0 .  The present bounds on 
Ig2-gyl and on E are an order of magnitude smaller 
than the X-band values in VSS. Comparison with other 
substituted CuAc complexes (Kokoszka & Gordon) 
shows that PzCuAc provides by far the most nearly 
axially symmetric g tensor and the smallest E value. 
Thus the D4h symmetry for the dimer that is usually 
adopted for theoretical analyses (Bleaney & Bowers, 
1952; Hansen & Ballhausen, 1965) is an excellent ap- 
proximation here. It should be noted that, with E = 0  
and gluBHo > D, the values of g,, and D t, and of g± and 
Dz can both be determined from a single e.p.r, spec- 
trum with H0 parallel and perpendicular to 2, respec- 
tively. This feature of the high-field triplet spectrum is 
exploited below to separate spin-orbit and dipolar 
contributions to D. 

Table 7. Magnetic parameters of PzCuAc 
300 K 120 K 

g, 2"355+0"002 2"350+_0"002 
g± 2"066 + 0"002 2"064 + 0"002 
Ig2-gPl 0.002 0.0004 
D(HoII,~) (cm -1) 0.329+0.001 0.328+0.001 
(H0_l_~) (cm -1) 0.335+0.001 0.329+0.001 
E(cm-  1) 0-0010 + 0.0002 0.0005 + 0.0002 

With E = 0  the Q-band spectrum for Ho[[~ contains 
lines at gH/ZBH0 + D, as indicated in Table 4. Correc- 
tions due to E # 0  go as E2/(gulzaHo) 2 and are entirely 
negligible for E <  80G. The corresponding Am = 1 tran- 
sitions for H0_l-~ also follow standard analysis (Car- 
rington & McLachlan, 1967), but care has been taken 
to retain the lowest-order corrections in (D/g~_lzsHo) z. 
Furthermore, the small variation in the splitting of less 
than 60G out of 3500G as H0 is rotated in the 2~ plane 
provides the value of E in Table 7 and requires an 
average of HoH2 and H0r[)3. If we let H1, H2 be the two 
transitions for the maximum splitting (Ho[12) and 
1-13,1-14 be the transitions for the minimum splitting 
(Ho[l.f), then for Ho-l-~ we have 

Ha - H4 
D =  hO o½ 2 2 \ 9 2 nt_/.~/2 -1- H 3  2 ..1.. H 4  2 ] (2)  

where ho9o is the microwave frequency and H1 > Ha, 
H3>H4 and corrections are of order EZ/(hcoo) z and 
thus negligible. Equation (2) reduces, in the high-field 
limit of Hz>>H1-Hz, to transitions at g±lJBHo +_ ½D, 
but this limit does not hold at Q-band, since [/41-1-121 
,-, ½H0. The value of g ,  is then 

A C 31B - 9* 
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O )2 / 
g ' =  m(H~ +142) I g±p.(H~ ÷1-12) , (3) 

where the correction term is about ½ % and there is a 
negligible difference between using the fields for the 
maximum or minimum splitting in the 2p plane. 

The difference in the values of D based on spectra 
with H0 parallel and perpendicular to _~ will now be 
related to the dipolar interaction between the two un- 
paired electrons in the triplet state. The principal 
temperature dependence observed between 300 and 
120K and summarized in Table 4 is a shift in the low- 
field line of the spectra with H0l_~. The anisotropy in 
the 2)3 plane is thus lower at 120K, with E more nearly 
vanishing; but the g values also change slightly, as 
otherwise both lines of the perpendicular spectrum 
would shift on reducing E. These small changes, which 
were reproducibly observed on several carefully 
oriented single crystals, are close to the + 10G exper- 
imental uncertainty and will not be explored in detail. 
The principal conclusion from the more accurate 
Q-band parameters summarized in Table 7 is that there 
is very little change, if any, in the fine-structure split- 
tings observed at 300 and 120K. We now turn to the 
dependence of D on the Cu-Cu separation. 

(b) Cu-Cu separation 
Bleaney (1953) pointed out that the spin-orbit con- 

tribution of D dominates the magnetic dipole contribu- 
tion and that the two terms have opposite signs. The 
Q-band data confirm both assertions and provide the 
first separation of D into its spin-orbit and dipolar 
contributions. Since both contributions are directly 
related to the Cu-Cu separation in the triplet state, 
the single-crystal Q-band data at 120 and 300K com- 
plement the X-ray structural search for exchange 
striction. 

The idealized D4h symmetry generally adopted for 
binuclear copper acetate complexes is, as summarized 
in Table 7, very nearly achieved in PzCuAc, whose g 
anisotropy in the 2)3 plane and E value are an order of 
magnitude smaller than in HyCuAc (Kokoszka & 
Gordon, 1969). The spin-orbit contribution (Bleaney 
& Bowers, 1952) is 

D~o= -~{J~(g,-2)z/4-Jz(g±-2)2} . (4) 

Here Jz and ,/2 are exchange interactions in electron- 
ically exited states of the dimer. If both are antiferro- 
magnetic (negative in Bleaney's notation) and compar- 
able to the ground-state exchange J, then D~o values of 
~ 1 cm -~ are obtained, in rough agreement with ex- 
periment. Smaller exchange is expected in the excited 
states, since a charge-transfer mechanism available for 
the ground state becomes inoperative (Hansen & Ball- 
hausen, 1965). While the magnitude of J: and J_, are 
not known, they should depend sensitively on the 
Cu-Cu separation in the triplet state and thus provide 
a qualitative e.p.r, check on the Cu-Cu separation. 

The familiar dipolar contribution (Carrington & 
McLachlan, 1967) to D is, for an isotropic g value, 

r 22 - 3z12_2 \ 
D~=¼g2p~ ( ,'15, / (5) 

where r~2 is the distance between the two unpaired 
electrons and the expectation value is for the triplet 
state, with each electron in an approximately 3dx2-y2 
orbital. The point-dipole limit, with ra2 =/2, shows that 
Da is negative, and thus both opposes Dso and has a 
smaller magnitude. The anisotropy of the g tensor in 
PzCuAc provides the basis for separating Dn and D~o. 
In a strong field, with H0>>D, the magnetic moments 
are quantized along H0 and, for H0115, have an effective 
value of g~/-/B while, for H0-LL they are g±PB. At Q- 
band we have gpBHo > 3D and, except for a correction 
of about 2 %, the effective magnetic moments are g_,PB 
and g ~/zB. 

Thus slightly different values for D = D~o ÷ Dd should 
be observed when the applied field is parallel or per- 
pendicular to the .~ axis, as indeed are found. The dif- 
ference is 

D ± - D , = ¼ ( g ~ - g .  PB rS2 (6) 

if Dn has the opposite sign from Dso, as expected for 
3z~2 > r~2. The high-field single-crystal e.p.r, thus pro- 
vides, through the anisotropy of the g tensor, a direct 
experimental determination of the function 

F(r,2",/2) = 12 \/3z12"~2-- "12 ) . (7) 

F(r12;/2) reduces to /2 -3 for point dipoles at the two 
copper nuclei at 0,0,0 and 0,0,/2, respectively. The 
average value observed, using both the maximum and 
minimum splittings on the 233 plane to eliminate any E 
dependence, is F(/h2 ; /2 )~4+3x  1021 cm -3, which is 
about 10% of value o f / 2 - a  at the observed Cu-Cu 
separation of 2.58 A. The small value of F(r12;/2) can 
be related to the delocalization (finite extent) of the 
3dx2_y2 orbitals in which, to a good first approxima- 
tion, the unpaired electrons are found. The identity 

F(rx2./2)= ½ d 2 ( 1 ) 
' d -~ -  ;'12 (8) 

relates F(r12;/2) to the curvature of the Coulomb 
integral, whose analytic form is known (Kotani, 1955; 
the O3¢3~x3~3¢ integral on p. 104 corresponds to (1/r12)). 
At the experimental Cu-Cu separation of 2-58 A, or 
about ten units of 3ao/Zefr in terms of the effective 
charge Zeff~ 6, F(rx2;/2) is decreased by a factor of 3 
and, indeed, becomes negative for small /2. Since the 
3dx2_r2 orbitals are probably further delocalized by the 
ligand charges, the reduced magnitude of the dipolar 
interaction is not surprising. What is unexpected, 
however, is the very gentle distance dependence of 
F(/h2;/2) for 3dx2-,.2 orbitals. It is practically flat in the 
5-10 units of3ao/Zef  f in contrast to the/2-3 dependence 
expected for point dipoles. 



B. M O R O S I N ,  R. C. H U G H E S  A N D  Z. G. SOOS 769 

The dipolar contribution to D is found by combining 
(5) and (7) to be 

Dd = 3 2 - z g  ,, p2BF(r12; R) (9) 

for H0[[2, with a corresponding expression for H0_l_2 
using 2 g . .  Thus the dipolar contribution is small, about 
5-10% of D, and in fact has the opposite sign from 
Dso. Furthermore, it is not sensitive to small changes 
in R around the equilibrium separation, as would 
occur in either thermal contraction or Cu-Cu vibra- 
tions. 

The small e.p.r, changes observed between 300 and 
120K occur primarily in the low-field line of the per- 
pendicular spectrum and are therefore most likely to 
be associated with very small changes in E and in 
[gyc-gy, I. This is consistent with the observed contrac- 
tion along the b axis and the changed O-Cu-O angles 
listed in Table 3, although it is speculative to try to 
interpret the net effect of such small changes. The point 
is that no significant D-value changes were observed 
between 300 and 120K and that at most very small 
corrections could come from Dd. Thus we do not find 
changes in the excited state exchange interactions, J1 
or ,/2 in equation (2). Since the accuracy is _+ 10G in 
splittings of 3500G for H0 l~  and almost 6000G for 
H011-~, even a 1% change in J1 and J2 with temperature 
would be readily detected, given the insensitivity of Dd 
to small changes in ~. Furthermore exchange or super- 
exchange interactions are often quite sensitive to 
changes in ~ (Morosin, 1970). The e.p.r, data indicate 
that there is no detectable change in the Cu-Cu separa- 
tion of the triplet state between 300 and 120K. 

Discussion 

The absence of detectable triplet motion in PzCuAc in 
spite of an interdimer exchange J ' ~  1100G, which is 
far greater than the resolved low-temperature hyperfine 
structure, was taken in VSS to be evidence for exchange 
striction. This interpretation still provides the simplest 
explanation for the e.p.r, and is further supported by 
the very small temperature dependence of the fine- 
structure splittings reported here. The structural data, 
by contrast, can be interpreted by either thermal ex- 
pansion or by a small exchange striction of < 0.03 A, 
as discussed in section (c) above, but not by the striction 
of 0.12 A suggested in VSS. The estimate of 0.12 A was 
obtained by taking each CuzAc4 unit as a single har- 
monic oscillator, with the same energy hco0--~ 100 cm-  
in both singlet and triplet state and a mass of 2Cu ~ 130 
a.u. The Frank-Condon overlap F=(q~s[q~t) is then 
easily computed at OK and reduces the triplet transfer 
integral (or bandwidth) by 

j ! 

s 2  ...... 4 

Here S and T are the singlet and triplet (with St =0) 
functions and S~, $2 are the total electronic spins of the 

adjacent dimers. Equation (10) describes the motion 
of a triplet from one dimer to the next when the ac- 
companying changes in the lattice coordinates are in- 
cluded, and is the basis for triplet-exciton motion in 
organic free-radical solids (Nordio, Soos & McConnell, 
1966). 

Each copper acetate dimer has, of course, many ad- 
ditional vibrational degrees of freedom and the product 
of all the displaced normal oscillators should be used 
in (10). The generalization to different normal fre- 
quencies in the triplet and singlet state and to a thermal 
average over the nuclear vibrations presents no difficul- 
ties, but yields additional unknown parameters. The 
low-temperature structural changes, aside possibly 
from the Cu-Cu separation, are not easily correlated 
with a triplet or singlet state, however, and are probably 
just thermal contractions arising primarily from the 
decrease of the b axis. Small changes in force constants 
and low temperatures (compared to vibrations of a 
dimer) do not seriously alter the OK result. We therefore 
do not believe that the additional complexities of many 
vibrational degrees of freedom, of different force con- 
stants, and of finite temperature can be used to change 
the estimate given in VSS. 

The difficulty lies instead in the frequently used ap- 
proximation of taking a bandwidth, as in equation (10), 
and simply dividing by h to obtain a hopping rate. 
Such estimates have been used for charge carriers, for 
singlet or triplet excited states, and for spin excitations, 
with the associated lattice distortions yielding polarons 
of various types (Austin & Mott, 1969; Emin, 1974). 
It turns out that the estimates based on (bandwidth)/h 
are upper bounds on the hopping rate and are often 
far too large (Emin, 1974). For example, it is natural to 
treat the Cu-Cu vibrations in the PzCuAc chains as 
optical modes. An exchange striction of 0=0.02 A in 
the Cu-Cu separation yields a polaron binding energy 
of Eb=m~2oO2/2--~8 cm-~ for m _ 1 3 0  a.u. and 
hco0~ 100 cm -1. An even smaller value of Eb occurs if 
part of the observed contraction in the Cu-Cu separa- 
tion is attributed to thermal effects instead of, as above, 
entirely to exchange striction. The weak coupling limit 
Eb~hO~o then applies for these spin polarons (Emin, 
1974, Appendix E). Without going into the different 
temperature regimes, we see that the hopping rate is 
reduced from the bandwidth estimate given by (10), 
by factors of both (J'/hcoo) and (Eb/h~oo). The former 
is 10 -3, the latter 10 -1 in PzCuAc. The rate of motion 
is slow enough to allow, even for J ' ~  1100G, resolvable 
hyperfine even with negligible exchange striction. 

The resolved low-temperature hyperfine in PzCuAc 
proves that the triplet state is localized on a dimer. 
Thus localization is established, in contrast to other 
types of polarons in which the question of localization 
is difficult to answer. While J '  ,,~ 1100G (or ,,~ 0.1 cm-  ~) 
is large compared with magnetic quantities, it is negligi- 
ble compared with vibrational frequencies. Thus the 
triplet state in PzCuAc remains on a dimer long enough 
to allow for nuclear distortions and the formation of a 
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spin polaron. The binding energy and the change in the 
Cu-Cu separation are both quite small, since so little 
electronic energy (of order J)  can be gained by distort- 
ing the lattice. The distinction between spin polarons, 
which we believe provide the most convincing explana- 
tion of the magnetic properties, and thermal contrac- 
tion then cannot be made from structural data alone. 
The desirability of a linear chain of copper acetate 
dimers with a larger value of J ' ,  even if only by an 
order of magnitude, is evident both for establishing 
exchange striction on a structural basis and for observ- 
ing triplet spin excitons in an inorganic system. 
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An examination of the systems NaC1-TCI2 (T= Mg, Mn, Fe, Cd) has resulted in the discovery of 
compounds with the stoichiometries NaTC13, Na2TCI4, Na6TCls and Na2TaCla. The former three 
stoichiometries crystallize in structures that had been discovered before in FeTiO3 (ilmenite), Sr2PbO4 
and Mg6MnOs respectively. Na,T3Cla represents a new structure type and has been related to the 
crystal structure of Cd2Mn3Os. 

Introduction 

As part of a research programme on the structural rela- 
tions of compounds in the system AX-TX2, A repre- 
senting Li or Na, T a first-row transition or an alkaline- 
earth metal and X being C1, Br or I, we report in this 
paper the structures of Na6MnCls and Na2Mn3CIs and 
a few isostructural compounds. 

Earlier we reported the crystal structure of NaMnC13 
(van Loon & Verschoor, 1973), the stoichiometry 
ATX3 attracting our main attention. Some isostruc- 
tural compounds, together with the cell edges deter- 
mined from powder diffraction data, will be given in 
this paper. The crystal structure of Na2MnCL (Good- 
year, Ali & Steigmann, 1971) was confirmed to have 
a Sr2PbO4 (Tr6mel, 1965) structure and some other 


