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Introduction 

The blue copper proteins contain a mononuclear Cu(II) site 
that has unusual optical and magnetic properties.2" The elec
tronic spectrum is characterized by a very intense absorption 
near 600 nm with a molar extinction coefficient of the order 
IO3-104, in contrast to the low molar extinctions of ordinary 
mononuclear copper complexes, —1 — 100. Typically, the EPR 
spectrum is also quite different from that observed for "nor
mal" copper; the g tensor is nonaxial and both Az

Cu, the copper 
hyperfine splitting (hfs) constant associated with the largest 
g value, and A\s0

Cu, the isotropic coupling, show unusually 
small values. 

On the basis of near-infrared and visible absorption and 
circular dichroism spectroscopy2b and pulsed EPR data,3 a 
distorted tetrahedral coordination geometry has been proposed 
for the blue copper site. It has further been suggested, partially 
from model compound studies,4'5 that the intense blue color 
is due to S -»• Cu charge-transfer transitions26-6 and that the 
unpaired electron is substantially delocalized onto a sulfur Ii-
gand, accounting for the low values of A:

Cu.7 

For two blue copper proteins, plastocyanin8 and azurin,9 the 
proposal regarding structure has been substantiated by sin
gle-crystal X-ray diffraction. In both, the copper is coordinated 
by nitrogens from two histidines and sulfur atoms, one from 
methionine and the other from cysteine. The CuN 2S2 chro-
mophore exhibits distorted tetrahedral stereochemistry. It is 
perhaps tempting to generalize this arrangement to include 
other blue copper centers. However, not all of the blue proteins 
contain methionine; stellacyanin is the typical example in 
which it is absent.10 

Stellacyanin10 is a blue copper protein of no known function. 
It is obtained from the bark of Rhus vernicifera, the Japanese 
Lac tree, has a molecular weight of ~20 000, and contains one 
copper atom per molecule. The detailed electronic spectra and 
EPR have been reported.10-1' Only one of the copper hyperfine 
couplings can be determined unambiguously from the EPR, 
and then only at theQ-band (35 GHz) . " The other two prin
cipal values of the hfs tensor have been determined by line-
width analyses, and conflicting values were obtained. I 0 J ' 
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Pulsed EPR studies have confirmed that histidine is bound to 
copper;'2 the presence of two nitrogen Iigands was indicated 
by ENDOR experiments,'2 although the discussion in the 
published report is somewhat sketchy. This study was also 
limited in frequency range because of the instrument used, and 
thus copper ENDOR was unobservable. 

In order to more completely define the coordination sphere 
in stellacyanin, we have reinvestigated its ENDOR. The results 
of Rist et al.'3 are confirmed, and show that copper has at least 
two nitrogen Iigands; if there is a third nitrogenous base, then 
two of these Iigands must be related by an approximate in
version center. The complete copper hyperfine splitting (hfs) 
tensor has been determined, resolving the discrepancy between 
the published values; in addition, the quadrupole splitting 
tensor has been obtained. These measurements, along with 
others under way in our laboratory, constitute the first obser
vation of ENDOR from copper, and have allowed the first such 
complete characterization of the magnetic properties of a blue 
copper center. 

Experimental Section 

A sample of stellacyanin in 0.01 M potassium phosphate buffer (pH 
7.0), with a copper concentration of ~3 mM, was prepared as dis
cussed elsewhere.10 ENDOR was observed more readily when this 
sample was diluted 50% with glycerol. ENDOR experiments were 
performed at temperatures near 5 K using a Helitran LTD3-1 10 
variable temperature system, and below the X point of liquid helium 
by immersing the microwave cavity in a bath of superfluid helium. 
Both Dewar systems and the ENDOR spectrometer employing 
100-kHz detection are described elsewhere.14 Copper ENDOR was 
observed using a Waveter Model 2001 signal generator as theradio-
frequency source. 14N and Cu ENDOR spectra were obtained by 
monitoring the dispersion component of the EPR signal at 2.0 K, and 
1H and Cu ENDOR were observed at both 2 and 5 K while monitoring 
the absorption EPR signal. The EPR saturation behavior was essen
tially Lorentzian,15 although considerable mixing of dispersion and 
passage components into the absorption signal was observed at most 
microwave powers (>~ 0.2 £iW). ENDOR spectra were obtained 
under the following conditions: 2-fiW (2 K) and 0.2-mW (5 K) mi
crowave power, a 100-kHz field modulation amplitude of 3-4 G. and 
radiofrequency (rf) field strength of — 1 G in the rotating frame. 
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Table I. Spin-Hamiltonian Parameters 

Figure 1. EPR spectrum of stellacyanin. (A) Experimental spectrum; the 
fields near which ENDOR was done are marked (a) gz, (b) gy, and (c) 
g.x Microwave frequency, 9210 MHz, T = IlK. (B) Computer simulation 
using parameters given in Table I and employing a Gaussian component 
line of 40 G width. Arrows indicate extremal field positions where ENDOR 
signals were obtained. 

Simulated EPR spectra were calculated using the program SIM 

Results 

EPR. The 77 K X-band EPR spectrum of stellacyanin is 
shown in Figure 1. Based on Q-band measurements, the g 
tensor is reported to be approximately axial with gx = 2.03, 
gy = 2.06, and gz = 2.30;" slightly different values (Table I) 
are required to best simulate our X-band spectrum (vide infra); 
however, note that the g values and hyperfine couplings appear 
to change slightly with medium, making small differences 
unimportant. The copper hyperfine couplings are only partially 
resolved and must be considerably smaller than are generally 
found in monomeric tetragonal copper complexes. Peisach et 
al.10 and Malmstrom et a l ." have separately estimated the 
magnitudes of the copper hfs; the estimates do not agree. One 
conclusion appears firm, however: the largest principal hy
perfine coupling does not occur along the same magnetic axis 
as the maximum g value, as would be expected for a square 
planar d9 complex. No ligand hyperfine couplings are ob
served. 

ENDOR Analysis.1317"19 The EPR of a frozen solution is 
a superposition of the resonances from an isotropic distribution 
of molecular orientations and thus is a summation of signals 
with the magnetic field H0 at all possible {d,<j>) orientations 
with respect to the molecular frame. ENDOR is performed by 
inducing nuclear transitions with a frequency swept rf field, 
while keeping the external field, H0, set at a predetermined, 
fixed value. Therefore, an ENDOR signal arises from that 
subset of molecules with orientation such that EPR occurs in 
the vicinity of H0.

]i-l8 With H0 set along z o r * (fields marked 
a and c in Figure 1), "single-crystal like" ENDOR is observed; 
only copper centers with essentially a single orientation, re
spectively having H0 along gz or gx, contribute to the ENDOR 
signal. If the hfs tensor of a nucleus has a principal axis roughly 
parallel to either axis (x or z), then these ENDOR spectra can 
-be directly interpreted in terms of the principal hfs tensor 
value. 

With the magnetic field set at the derivative feature of the 
EPR spectrum, labeled b in Figure 1, the observed ENDOR 
is a superposition from the set of all orientations such that the 
g factor, g = g(9,4>), obeys the relationship g2 = L// 2g, 2 = gy2. 
where the /, are the direction cosines of the external field with 
respect to the /th axis and can be expressed as needed in terms 

ste lacyanin 
//(Figure 1) 
g value 

/ l C u | , f MHz 
PCu\,dMHz 
/4N | ,MHz 

Cu:Cs2[ZnCl4p 
g value 
\AiCa\, MHz 

a 
2.30" 
2.282* 
96 
10 
^H(I) «44 
A±(.2)*>22 

2.384 
75 

b 
2.06" 
2.075* 
87 
4 
AxW = 

« 32 

2.107 
138 

AA2) 

c 
2.03" 
2.018* 
167/ 
6 
/ M l ) «32 
A\](2)-44 

2.083 
153 

" From ref 10. * Values employed in EPR simulation, Figure 1. 
c Best estimate from combined results of ENDOR and of EPR sim
ulations. Estimated, ±5 MHz. d Estimated, ±2 MHz. Py

Cu and Pz
Cu 

are of opposite sign from Px
Cu. e Reference 23. f Limiting value as 

described in the text. 

of the Euler angles (9,4>). If we consider a polar coordinate 
system embedded in a unit sphere on which g is plotted as 
contours, this set of orientations constitutes a great circle 
passing tnrough y (9 = 90°, 4> = 90°) and determined by the 
above implicit equation g{6,4>) = gy. We note that this treat
ment neglects the effects of the copper hyperfine coupling on 
the EPR resonance condition, since at most orientations it is 
less than, or comparable to, the effective EPR line width (vide 
infra). 

AU ENDOR spectra observed here can be analyzed satis
factorily on the basis of a first-order solution to the electron 
nuclear spin Hamiltonian. We consider the magnetic field to 
be along the /th principal axis of the hfs tensor of nucleus, k, 
with component Ajk. Then if A: is a hydrogen (H), the fre
quency of the ENDOR signal is given by v,H = \±A,H/2 + 
vp\, where vp is the free-proton frequency (13.62 MHz at 3200 
G). Typically, AjH/2 < vp in protein systems, and a pair of 
lines, symmetrically disposed about vv and split by A/H, is 
observed. For 14N, the ENDOR frequencies are i>N = 
| ± / l , N / 2 ± 3/>,-N/2 + ^NI . The ENDOR frequencies depend 
on both /1,-N and also on P,N , the coupling constant for the /th 
principal axis of the quadrupole tensor. (Note that this ex
pression for vN, and that for vCu below, employ a traceless 
quadrupolar Hamiltonian of the form HQ = />i N ( / i N ) 2 + 
P 2

N ( /2 N ) 2 + ^3N( /3
N)2 . ) Since A^/2 is typically large 

compared with P,s and i>N (=0.984 MHz at 3200 G), a single 
nitrogen will give a four-line pattern centered at / l / N / 2 . 

For a 65Cu or 63Cu nucleus, both with / = 3A, AiCu/2 is 
large, and the ENDOR pattern is centered at AjCu/2. The 
pattern also includes quadrupole splittings, but in principle 
contains six lines, not four as for 14N: fCu = |± /4 , C u /2 ± 3 
(2w/C u — l)/>,Cu/2 + ^cul. for nuclear transitions W/Cu 

mi Cu _ , where w/C u = %, '/2, —'/2. However, in stellacyanin 
(and other blue copper proteins) we find that the Cu ENDOR 
lines are sufficiently broad that splittings by the nuclear Zee-
man interaction (2ccu * 7.6 MHz at 3.2 kG) are unresolvable. 
In this case the ENDOR pattern should have three features, 
at frequencies vCvt = |y4,C u / | /2 , |/f,-Cu | /2 ± 3 | / >

/
C u | . 

1H ENDOR. A number of ligand protons with small cou
pling constants have been seen in the ENDOR of stellacyanin, 
as well as what appears to be a single proton with a large, 
nearly isotropic coupling of \AH\ ~ 20 MHz. '3 We have 
confirmed these results, but defer additional discussion of the 
proton ENDOR until comparisons among several blue copper 
proteins are possible. 

14N ENDOR. In the vicinity of each of the lettered values 
of H0 in Figure 1, ENDOR signals were obtained in the 15-
26-MHz range, which are assigned to 14N. They are not as
sociated with ' H because they do not shift with changes in the 
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16 18 20 22 24 26 
MHz 

Figure 2. Representative 14N ENDOR spectrum of stellacyanin. Ho = 
2850G (position a in Figure 1). Absorption intensity centered at ~16 MHz 
is assigned to N(I); that centered at ~22 MHz to N(2). Microwave fre
quency, 9210 MHz; 2vN = 1.753 MHz; T = 2.0 K. 

microwave frequency, and the copper resonances, described 
below, are broader and weaker, and primarily occur at higher 
radiofrequenices. A representative spectrum is shown in Figure 
2. Such spectra, first reported by Rist et al.,13 are quite poorly 
resolved compared to those which have been seen for ligands 
of simple "square-planar" copper complexes;18 one possible 
reason is a degree of noncollinearity between 14N hyperfine 
and g tensors. Since our 14N ENDOR spectra are very similar 
to those originally reported,13 only the salient features will be 
mentioned. 

At each orientation, 14N absorptions are observed centered 
at ~16 MHz. Along x(c) and z(a), the absorptions continue 
to higher frequencies, with a second broad peak at ~22 MHz. 
A metal-coordinated 14N exhibits a roughly axial hfs tensor, 
with the unique axis (||) corresponding to the M-N bond. 
These two ENDOR frequencies are, respectively, fairly typical 
for the perpendicular (J.) and parallel (H) hyperfine couplings 
of a coordinated nitrogen. The observation of absorptions at 
both 16 and 22 MHz at the same turning point field (Figure 
2) therefore requires that two nitrogens be present. We label 
the nitrogen with the larger hyperfine coupling approximately 
along the molecular z axis as N( 1), and the nitrogen with signal 
at ~16 MHz along z as N(2). Assuming axial symmetry for 
the hfs of both nitrogens, we see that the magnitudes of the 
hyperfine couplings of the two nitrogens are similar, with the 
axes of the largest couplings approximately at right angles. 

Summarizing the 14N data, /i||N(l) and A±N(2) are ob
served with H0 along z, /4j_N(l) and A\\N(2) along x, and 
<4j_N(l) and ^ _ L N ( 2 ) along.y (Table I). Based on the pulsed 
EPR results, at least one of the nitrogens must belong to a 
coordinated histidine.12 The similarity of the couplings for 
N(I) and N(2) suggests that this is true for both, thus sup
porting a basic parallelism between the site geometry in stel
lacyanin and that observed by X-ray diffraction of plasto-
cyanin8 and azurin.9 While we cannot say for certain that the 
observed frequencies represent the exact principal couplings 
of N(I) and N(2), they should be close. In this case, the unique 
nitrogen hfs tensor axes and thus the Cu-N bonds are aligned 
approximately along z(N(l)) and x(N(2)) (within ~20°), a 
result which is also compatible with the pseudotetrahedral 
geometry found for the blue copper proteins that have been 
studied by X-ray diffraction. 

It is possible that more than two nitrogens are coordinated 
to copper of stellacyanin. Our ENDOR signals would be the 
same if one of the resonances, say that of N( 1), was not from 
a single 14N, but from a pair of nitrogens related by an ap-
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\ 

40 80 120 

MHz 
Figure 3. Copper ENDOR of stellacyanin with H0 = 2800 G, corre
sponding to field a marked in Figure 1. The pattern does not change for 
modest changes in field and, for example, is identical at Ho = 2850 G. Peak 
positions from spectra taken with increasing (A) and decreasing (B) fre
quency sweeps are averaged to obtain true values. 

i i i i i 

120 80 40 
MHz 

Figure 4. Copper ENDOR of stellacyanin with fields near the position c 
marked in Figure 1: (A) Ho = 3350 G (highest field where reasonable 
signal strength was obtained); (B) H0 = 3325 G; (C) H0 = 3300 G. The 
shifts with field are discussed in the text. The peak positions discussed are 
again obtained from averaging sweeps of opposite direction (not shown). 
The copper ENDOR has an opposite phase to the sharp 1H1

14N peak 
whose leading edge is seen at the low-frequency edge of the spectrum. 

proximate center of symmetry. Such could be the case if three 
nitrogenous ligands and a sulfur ligand are arranged in a 
flattened tetrahedron of pseudo-Z)2d symmetry (see below). 

Cu ENDOR. Resonances from copper are clearly observed 
at frequencies above those for 14N and 1H, although these 
ENDOR signals are much broader and correspondingly 
weaker than those for the ligand atoms. Spectra were taken 
in the vicinity of the lettered fields of Figure 1, as well as at 
numerous intermediate fields; representative patterns are 
presented in Figures 3 and 4. The ENDOR signals from copper 
show a number of interesting characteristics. For example, they 
depend on the rate with which the radiofrequency field is swept, 
and they appear as enhanced EPR absorption under some 
conditions, but as decreased absorption under others. Although 
we defer any efforts to discuss the spin dynamics associated 
with these observations, we note that more intense signals are 
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obtained at sweep rates (S; 10 MHz/s) high enough to cause 
significant shifts of the spectrum. Therefore, results reported 
here are obtained from averaging peak positions from spectra 
swept in opposite directions. 

As described above, with Ho along gz or gx (near fields a or 
c), essentially single-crystal-like spectra are expected. The Cu 
ENDOR pattern obtained from the low-field edge of the EPR 
spectrum, near a, in insensitive to small change in field and 
consists of two broad features separated by far more than 2vcu 
(Figure 3). The position of the lower frequency peak corre
sponds rather well to the value of |^ 2

C u | /2 predicted from 
previous EPR spectral simulations.10'1' We conclude that these 
two features are those at |^z

C u | /2and (|^z
Cu | /2 + 3|Pz

Cu|), 
as expected for ENDOR patterns in which the copper nuclear 
Zeeman splittings are unresolved. The resulting values for 
\AZ

C*\ and |P z
C u | are given in Table I. The expected third 

peak, at (M z
C u | /2 - 3|Pz

Cu |) is calculated to fall under the 
much more intense 14N5

1H signals, and presumably is not 
observed for this reason. 

The copper ENDOR spectrum at the highest field edge of 
the EPR spectrum, near c in Figure IA, also exhibits two of 
the three features expected when the nuclear Zeeman splitting 
is unresolved (Figure 4A). However, spectra taken under a 
wide variety of conditions, in particular with increasing rf 
frequency, show that there are only two peaks. Cu ENDOR 
spectra with two features are also obtained for the largest Cu 
hfs of azurin from P. aeruginosa (unpublished). In azurin, the 
EPR spectrum shows resolved Cu hfs and we can unambigu
ously conclude that the two peaks correspond to (|<4z

Cu|/2 ± 
3|PzCu|); we make the same assignment in stellacyanin. 

In a sequence of ENDOR spectra taken at increasingly 
higher magnetic field values near c, the observed copper 
ENDOR peaks shift continuously to higher frequency and the 
observed quadrupolar splitting also increases (Figure 4). 
Limiting peak positions are clearly being approached in spectra 
taken at the highest possible field and thus we list in Table I 
the values of |/l;tCu| and IPx

011I so obtained; rigorously, 
however, by themselves, these should be viewed as constituting 
lower bounds. Although our experiments give only the |P,-Cu|, 
we can nevertheless assign opposite signs to Pz

Cu and Px
Cu 

through reference to the results of Belford and co-workers.20 

Otherwise, the condition that the quadrupole tensor be 
traceless would lead to an unreasonably large IPy011I. 

Fields near b correspond to the third principal g value, gy, 
but the EPR signal, and thus the ENDOR signal, at this field 
consists of contributions from all orientations on the great circle 
for which g(d,4>) = gy. Examination of the equation for g and 
for the hyperfine coupling A = A(6,4>), g2A2 = 2g,-2(/l,Cu)2/;2, 
using the measured | / l z

C u | , |^x
Cu |> and g values (Table I), 

indicates that A (x/2, TT/2)/2 = \Ay
Cu\/2 will correspond to 

the low-frequency extremal value of the ENDOR pattern at 
b, and that the other extremal value should occur at roughly 
Am/2 « A{ir/3, 0)/2 « 70-80 MHz. Use of the first-order 
expression for the angle-dependent quadrupole coupling19 and 
the tensor values listed in Table I indicates that quadrupole 
splittings will be small and unresolved at both extremes of the 
spectrum. Copper ENDOR spectra taken at b exhibit a broad, 
unresolved peak extending from a high-frequency end near the 
predicted value of Am/2 down to ~35 MHz. From the low-
frequency end of this pattern, we can do no better than to es
timate that 80 < \Ay

Cu\ < 100 MHz. 
The results of the copper ENDOR measurements are in 

fundamental agreement with the tensor elements (A2, Ay, Ax) 
= (105, 87, 171) MHz obtained by Malmstrom et al. from 
Q-band EPR spectra and computer simulations,1' thus qual
itatively resolving the discrepancy between previously pub
lished sets of copper hfs tensor values. For completeness, it is 
also of some interest to attempt to assemble our best estimates 
for the tensor components, recognizing that small differences 

from those in ref 11 might in some measure reflect influences 
of the medium, as noted above. An EPR simulation using the 
hyperfine couplings of Table I gives an excellent fit to the ex
perimental spectrum (Figure 1). Since |/l*Cu | is obtained from 
ENDOR under the assumption that the center peak in the 
ENDOR pattern is not seen, this fit supports the assumption, 
as well as the conclusion, that the limiting hfs splitting in the 
ENDOR has essentially been achieved. 

Discussion 
Metal Environment. The copper hyperfine couplings for blue 

copper proteins such as stellacyanin are quite different from 
those of the usual tetragonal or distorted square-planar com
plexes. These latter typically have large and highly anisotropic 
axial hfs, A nCu = 400-600 MHz and A±

Cu = 50-100 MHz, 
with the largest splitting in the same direction as the largest 
g value.'4-2' The hfs tensor of stellacyanin is also roughly axial, 
but in contrast the couplings are quite small and the largest hfs 
is along the minimum g value, as is observed in some tetrahe-
dral or nearly tetrahedral copper complexes.2223 These hfs 
tensor properties are indicative of large p orbital contributions 
to the d orbital ground state and occur because the p and d 
orbital contributions to the wave function have anisotropic hfs 
terms of opposite sign. This orbital mixing is possible in any 
point group that does not possess a center of symmetry, but for 
small {Did) distortions from a square-planar arrangement, the 
amount of 4p mixing typically is very small. In such systems, 
the copper hfs remain approximately axial, with a value of 
A !|Cu only somewhat reduced from the value found in strict D^ 
symmetry (e.g., Cu(TPP)).14 The hfs values for stellacyanin 
thus indicate substantial deviations from D^ symmetry. 

In true tetrahedral symmetry, the copper hfs is expected to 
be nearly isotropic. Two different idealized types of distortion 
from tetrahedral can be envisioned, both of which lead to hy
perfine anisotropy. For a trigonal distortion to molecular Cj1-
symmetry, the odd electron orbital is a mixture of 3dz2 and 4p_-, 
which is expected to give a large value of ^ j S O

C u . 2 6 For a DJJ 
distortion, leading to a flattened tetrahedron, the odd electron 
orbital is a mixture of 3dxr and 4pz.

23 This geometry is ex
pected to exhibit a reduced /ljSoCu, and a minimum hfs com
ponent {A:

Cu), which is small and is oriented parallel to the 
maximum g value. For either type of distortion, the magnetic 
z axis is predicted to be parallel to the distortion axis. The re
sults for stellacyanin thus are those expected for a flattened 
tetrahedron (Table 1), and the properties of such a geometry 
are a completely sufficient, and we believe necessary, expla
nation for the unusual Cu hfs tensor, independent of the nature 
of the coordinated ligands. 

Values of /),C u and g, similar to those of stellacyanin have 
been observed by Sharnoff23 for Cu2+ ion doped into the 
flattened tetrahedral Zn site of the CSj[ZnCU] lattice, as seen 
in Table I. For this inorganic crystal, the ground-state mo
lecular orbital for the unpaired electron was found to have 70% 
3d, 12% 4p, and 18% ligand character. It is important to note 
that metal ligand covalency without p orbital mixing is not 
itself sufficient to produce the observed small values of A,Cu. 
For example, in Cu(TPP) the unpaired electron wave function 
has a much lower metal character, but the copper hfs are quite 
large and anisotropic.14 In short, the relatively "soft" sulfur 
ligands(s) may contribute to the stabilization of the essentially 
tetrahedral structure and produce the typical blue color, but 
such a ligand is not required, per se, to produce the observed 
magnetic properties of the copper site. 

This analysis of the EPR data constitutes an independent 
confirmation of the conclusions drawn by Gray et al. from 
optical studies of stellacyanin and other "blue copper" pro
teins.2b The blue color of these proteins is assigned215'6 to sul
fur-to-metal a and TT charge transfer. The tetrahedral char-
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acter of the chromophore leads to additional intense, low-
energy d-d transitions. 

Our determination of the nuclear quadrupole tensor for the 
copper provides a new type of information about the type I site, 
for this coupling reflects an interaction of the copper nucleus 
with the total nearby electron density, not merely with the odd 
electron.20 The tensor is highly rhombic (Table I). This indi
cates that the pseudoaxial character of the g and hyperfine 
tensors reflects only an effective symmetry and that the total 
electron density around the copper deviates appreciably from 
any idealized symmetry. 

The largest quadrupole tensor element for stellacyanin, 
Pmax0" = | ^ C u | , is comparable to that for square-planar 
Cu(0)4 complexes.20 At first glance this is surprising. The 
copper must have at least one S ligand and two N ligands. 
However, comparing Cu(S)4, Cu(S2)(O2), and Cu(O)4 
square-planar complexes shows that the covalent character of 
the Cu-S bond acts to greatly reduce /5

maxCu-20 The quadru
pole coupling of the copper in stellacyanin probably remains 
large for reasons related to geometry. First, cancellation of the 
metal contribution by a contribution from surrounding 
charges14 is minimized in a pseudotetrahedral geometry. 
Second, cancellation through metal-ligand covalency14 is re
stricted in a pseudotetrahedral geometry: The "lobes" of the 
dxy orbital, although drawn out of the plane by mixing with 
4pz, nonetheless have reduced overlap with the ligand orbitals 
when compared with a planar complex.22 

Ligand Arrangement. A final question to be considered is 
the arrangement of the ligands with respect to the molecular 
(g-tensor) axes. In all of the published examples of EPR of 
species with flattened tetrahedral geometry,26'27'29 the axes 
of maximum g and minimum ACu coincide, as observed for the 
stellacyanin z axis (Table I). However, in the systems of known 
structure the axis of maximum g corresponds to the distortion 
axis. If the geometry is indeed Z)21/, this does not seem to be 
consistent with the above observation that /4|jN(l) is roughly 
along z, since this suggests the ligation of a nitrogen with the 
M-N bond roughly along the distortion axis. However, in all 
known systems with similar g values and Cu hfs, the coordi
nation sphere is composed of identical nuclei. It is entirely 
possible that stro'ng interactions with sulfur orbitals, which are 
indicated by the low-energy charge-transfer transitions, may 
rotate the magnetic axes away from the positions indicated by 
considerations of idealized geometries and idealized distor
tions.25 Alternatively, because of the inequivalence of the li
gands and, possibly because of additional stereochemical 
constraints on the copper coordination sphere imposed by the 

protein in stellacyanin, the distortions of the ideal tetrahedral 
site may well be neither purely Dm or C3,. in nature. 
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