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We have investigated the electron-nuclear double resonance (ENDOR) from frozen aqueous solutions of 
·'Cu++(imidazolel" ·'Cu++ (imidazole--1'NI" and "Cu++(imidazole--D, I" where n = I, 2, 3, and 4 for 
selectively deuterated imidazole. We have observed ENDOR associated with the imidazole protons and the 
two imidazole nitrogens. The selective deuteration has allowed us to attempt identification of the weakly 
coupled protons responsible for the ENDOR spectrum, and a comparison of the overall line shape of that 
spectrum taken at two extreme points of the EPR spectrum suggests that some of the imidazole planes are 
tilted with respect to the plane of the complex. The ENDOR arising from the nitrogen nearest the copper is 
primarily isotropic with A (g 1) = 41.6 ± 1.5 MHz and A (gIl) = 39.8 ± 1.5 MHz. The resonance shows little 
structure and seems consistent with a picture that requires some inequivalence among the various imidazoles. 
The remote nitrogen ENDOR reveals both hyperfine and quadrupole effects with approximately isotropic 
Ae'N) = 1.79 MHz, Q",,~0.360 MHz, and Qx'X'Y'x,~0.349 MHz. These values are in agreement with the 
results of the nuclear modulation effect [J. Chern. Phys. 69, 4921 (1978)]. The values for the quadrupole 
constants are thought to be accurate within 10% and are the same as are found in free imidazole. It is also 
demonstrated that, in this instance, ENDOR and the nuclear modulation effect are complementary in that 
they have each provided different parts of the same hyperfine spectrum. 

INTRODUCTION 

The imidazole moiety of histidine serves as a ligand 
to several metal ions associated with a broad class of 
conjugate proteins termed metalloproteins. These pro­
teins perform such a diversity of chemical functions as 
to imply that the intimate structural details of the metal 
binding sites play an important role in effecting biologi­
cal function. One tool for examination of detailed elec­
tronic structure of paramagnetic metal complexes is 
electron-nuclear double resonance (ENDOR). This 
spectroscopy has been successfully applied in a number 
of casesl - 3 to point out small details of structure within 
the metal binding sites of proteins. This derives from 
the ability of ENDOR to measure the interaction of the 
unpaired spin arising from the metal ion with magnetic 
nuclei in its immediate environment. 

During the course of an ENDOR investigation of the 
Cu protein, superoxide dismutase [(H. Van Camp et al. 
(unpublished)], it was evidentthat the spectra obtained 
were not readily subject to simple interpretation. 
Therefore, as a precursive step, we decided to examine 
the ENDOR properties of the copper-tetraimidazole 
complex, whose major structural features closely ap­
proximate the Cu+· binding site of superoxide dismutase.4 

This model Cu-complex has provided us with the op­
portunity to control the isotopic composition of the ligand 
groups. For example, the normally present 14N atoms 
can be replaced with 15N, and the carbon bound protons 
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can be selectively replaced with deuterons. In prin­
ciple, it is possible to measure the degree of interaction 
between the unpaired electron of the Cu and several 
nearby atoms of the ligand group. In addition, it is pos­
sible to vary the solvent environment and examine its 
effect on the ENDOR spectra. After a discussion of 
methods used, we shall present and discuss the proton 
ENDOR, followed by the nearest neighbor and the remote 
nitrogen ENDOR. The latter has been investigated by 
Mims and Peisach5 by the electron spin echo (ESE) 
technique. This study will be compared with that earlier 
one. 

EXPERIMENTAL METHOD 

The ENDOR spectrometer was constructed in this 
laboratory. It used homodyne detection with field modu­
lation at either 100 KHz (Varian unit) or at 3 KHz (home­
made unit). The microwave bridge operated at x-band 
and employed a reference arm enabling discrimination 
between absorption and dispersion. The details of the 
microwave ENOOR cavity are similar to those described 
elsewhere. G 

The nuclear perturbing radio frequency (RF) was pro­
vided by a Hewlett-Packard 8601 generator and was 
amplified by an ENI 3100L 100 watt RF amplifier (though 
only about 10 watt was needed here). After phase detec­
tion and slight filtering, the signal was recorded on a 
Tracor Northern NS-570 signal averager. Electron 
paramagnetic resonance (EPR) was done in the absorp­
tion mode at a temperature of 77 OK, but ENDOR was 
best obtained in the dispersion mode at 2 OK. A typical 
Cu" sample gave the best signal-to-noise ratio (SiN) at 
microwave powers of about 0.2 to 1 iJ. W delivered to the 
cavity. The high field-modulation frequency and long 
relaxation times gave rise to rapid passage effects. The 
manipulation of those effects greatly influences the 
quality of the ENDOR spectra. For instance, the SiN 
increased with the RF sweep rate, but so also did dis-
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FIG. 1. Schematic representation of the four selectively 
deuterated imidazoles in Cu·· (C3H4Nz). The notation, Im-.Q" 
refers to an imidazole having n deuteriums attached to either 
the carbons C2, C(, Co, or the amine nitrogen. The nitrogen 
adjacent to the copper is referred to as the near-neighbor nitro­
gen in the text, and the nitrogen between C2 and Co is referred 
to as the remote nitrogen. . 

tortion effects related to relaxation. r The latter intro­
duced a skewness to the line shape and a shift in reso­
nance position. Consequently, some compromise be­
tween SIN and distortion was usually reached, and in 
particular, line positions were deduced from the com­
bination of forward and backward sweeps across the line. 
m addition to the above observation, it was found that the 
superposition of a small frequency modulation (tJ.f «f> on 
top of the radio frequency, f, increased the SiN (at the 
field modulation lock-in amplifier output) approximately 
linearly with the frequency deviation, tJ.f. This proved 
useful when looking for weak resonances, and was oc­
casionally employed, provided the apparent ENDOR line­
width greatly exceeded tJ.f. 

PREPARATIONS 

Aqueous samples of 65Cu··(Im)4 were prepared in the 
following way. About 70 to 90 j.l.mole of imidazole were 
mixed with 500 to 600 III of glass distilled water. This 
solution was brought to one ml by the addition of glyc­
erol, and was usually buffered at pH 8.0 with 0.5 M 
phosphate. One p.mole of 65CU was then introduced with 
mixing and was immediately frozen in liquid nitrogen. 
Optical and EPR titrations showed that a large excess of 
imidazole was needed in order to insure saturation of the 
equatorial copper bonds. The need for relatively high 
concentrations of imidazole has been reported by other 
workers. 8,9 

It is known10 that one obtains better resolution in the 
E PR spectrum by minimizing the dipolar broadening that 
ensues from species aggregation. To prevent aggrega­
tion one usually tries to obtain a glassy sample during 
the freezing process. Our ENDOR resolution was like-

wise dependent on such frozen dilution and was particu­
larly sensitive to the pH, copper and glycerol concentra­
tions. Although our ENDOR SiN was excellent at copper 
concentrations as high as 7 mM, we generally avoided 
concentrations greater than 2 mM because of the ap­
parent formation of mixed species, which may also have 
signaled the onset of aggregation. 

Preparation of 15N enriched G5Cu··(Im)4 was similar to 
the above except for the initial separation of CI- from 
the acidic form of imidazole-i5N supplied by Stohler 
Isotope. The abundant magnetic CI- isotopes might have 
led to additional hyperfine splitting, further complicat­
ing the spectra. 

The preparation of selectively deuterated imidazoles 
schematically represented in Fig. 1 made use of the 
pH-temperature profiles and procedures given by 
Vaughan et aZ. 11 Im-Di was made by drying imidazole 
in D20. But to make Im-D3' one followed sequentially 
the procedures for Im-D4, Im-D2' and Im-D1 with H20 
replacing D20 in the middle step. Final products of the 
deuterations were freeze dried and recrystallized from 
warm benzene. Salt (NaCI) present in the deuteration 
process was removed by filtration over glasswool dur­
ing the crystallization step. Verification that the selec­
tive deuteration had occurred was performed using a 
Varian T -60 NMR spectrometer. Final preparation of 
the G5Cu++(Im-Dn)4 samples was the same as that given 
above except for the use of 0.3 M KD2P04 during the 
buffering step, and the use of glycerol-DB. Completely 
deuterated glycerol was found to be absolutely necessary 
since the protons from even glycerol-D3 produced an 
unwanted matrix ENDOR signal. 

RESULTS AND DISCUSSION 

Before recording ENDOR spectra one must examine 
the EPR spectrum in order to select a set of orienta­
tions for ENDOR. We display a trace taken at 77 OK in 
Fig. 2. The apparently axial spectrum clearly shows 
three of the four G5Cu·· hyperfine peaks centered about 
gil "" 2.255. The fourth is hidden under the nitrogen 
superhyperfine structure (SHF) in the vicinity of 3200 G; 
the splitting of the latter is about 15 G. The lowest field 
G5Cu hyperfine peak (near 2600 G) is resolved into nine 
smaller peaks, which for 1= 1 corresponds to four 
equivalent nitrogens. Their splitting is approximately 
12.5 G. ENDOR measurements were most often per­
formed at the extreme field limits of the EPR spectrum 
(indicated by the arrows in Fig. 2) because these posi­
tions were most likely to give double resonance results 
corresponding to predominately one orientation for the 
complex; for a square planar complex, this is especially 
true for the magnetic field in the orientation correspond­
ing to gil"'" 2. 255. i2 At this g value, the magnetic field 
lies along the normal to the plane of the complex. On 
the other hand, the field direction corresponding to gJ. 
will lie within the plane of the complex. 

We make a distinction here between the magnitudes of 
the fields corresponding to gil (2.255), gJ. ("" 2), and gll­
extreme (2.52), gJ.-extreme (1. 98). As shown in Fig. 
2, the field corresponding to the gil-extreme (lowfield 
arrow) is set apart from the poSition of gil because of 
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FIG. 2. Electron paramagnetic resonance spectrum of 65Cu++(Im)4' This sample was 1.6 mM in 65CU++ and contained about 50% 
glycerol. The arrows'mark the approximate positions where most of the ENDOR was performed. An enlargement of the low field 
copper hyperfine peak shows evidence for four nearly equivalent nitrogens (nine superhyperfine peaks). Some instrumental condi­
tions: temperature = 77 0 K, microwave power "" 2 m Wand frequency = 9. 29 G Hz, field modulation "" 4G~_~ at 100 KHz, sweep = 1 KG 
in 5 min with time constant = O. 3 sec. 

the presence of the copper hyperfine splitting ("" 196 G). 
The associated hyperfine field of the copper is assumed 
to be parallel to the normal to the complex. If ENDOR 
were performed at the precise field value for gil> we 
would encounter complicating effects related to the an­
isotropy of the copper hyperfine structure. For the 
same reason, ENDOR performed at the gJ. -extreme does 
not refer to an experiment done at the precise field value 
for gJ.' but rather to ENOOR done at the high field ex­
treme (g= 1. 98). At this extreme, we are assuming 
that anisotropic effects associated with the EPR powder 
pattern will be lessened, and that the dominant contribu­
tion to ENOOR response will come from those molecules 
oriented so that the field is nearly within the plane of the 
complex. A precise value for gJ. was not measured in 
this work, but from Fig. 2 one expects it to occur within 
the superhyperfine structure near 3200 G (i. e., g"" 2). 

Proton ENDOR 

From proton ENDOR one wants to be able to identify 
the effects of speCific protons and, if possible, to derive 
some information relevant to the particular molecular 
structure at hand. The latter is sometimes possible be­
cause of the significant dipolar contribution to the hyper­
fine coupling of weakly coupled protons. 13 We here 
present results which allow probable identification of 
the imidazole protons and suggest that the imidazole 
has been rotated in random fashion about the Cu-N axis. 

Figures 3(a), 3(b), 3(c), and 3(d) show ENOOR from 
the four selectively deuterated complexes. The large 

peak appearing near 22 MHz in all of the traces is due 
to the nearest-neighbor nitrogen and will be discussed 
later. The series 3(a)-3(d), was taken at the gJ. extreme 
because this field position was the orily one that brought 
out sharp structure in the proton region (9-17 MHz). 
Note that only the C2-proton is present in Fig. 3(c). We 
therefore have positive identification of the maximum 
extent of its hyperfine effect at gJ.' This is given by the 
frequency difference ("" 5. 2 MHz) between the two peaks 
centered about the free proton frequency, 13. 2 MHz. 
Both the Cs and C4 protons are present in Fig. 3(b), and 
it would appear that the inner portion (with splitting 
= 1. 7 MHz) is due to Cs-H and that the outer portion 
(with splitting = 5. 28 MHz) is due to C4-H. This con­
clusion seems attractive in view of Fig. 3(c), because 
of the steric symmetry between C2-H and C4-H. The 
identification must be considered as tentative, however, 
because in addition to the dipolar interaction between 
the unpaired electron and the proton there is also a con­
tact interaction which may have a different value for the 
protons attached to C2 and C4• The observed hyperfine 
effect will be the sum of the contact and dipolar terms. 
The identification is tentative also because at gJ. the 
ENDOR response must be the result of the superposition 
of many orientations of the complex with respect to the 
static field Ho. At best, such a powder pattern will in­
volve those orientations for which Ho is in the Cu-N 
molecular plane. Thus it is more probable that the inner 
region of Fig. 3(b) contains contributions from both Cs 
and C4 protons. It is with the foregOing caution that we 
identify the contribution to the outer region of Fig. 3(b) 
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FIG. 3. ENDOR from selectively deuterated samples in com­
pletely deuterated solvent: (a) C2, C" C5 protonated, (b) C., 
C5 protonated, (c) C2 protonated, (d) completely deuterated, 
(e) trace taken at gil extreme; note lack of resolution compared 
with (a), (b), and (c). Temperature is 1. 8°K, sweep rate 
"" O. 25 MHz/sec, gJ. =1.98 for (a, b, c, d), gil = 2. 52 for (e). 
Microwave power'" O. 2 w. Accumulation time for (b) was 
40 min with a time constant of 0.5 sec. 

as being due to the C4-H proton. 

Consider now the comparison between Figs. 3(a), 
3(b), 3(c), and Fig. 3(e), which shows the best resolution 
found for Im-D2 when Ho is in the gil direction. It is sur­
prising that the sharpest features appear at the gJ. ex­
treme and not at the gil extreme. There are many ex­
amples in the literature of planar complexes where the 
reverse is true. 14,15 This is because, for axial sym­
metry, one usually expects the highest number of equiv­
alent nuclei when Ho is along gil; in ENDOR, increasing 
the number of equivalent nuclei reduces the number of 
resonances. 

In order to qualitatively understand the proton results, 
we refer to a general expression for a proton ENDOR 
spectrum, 

(1) 

where vI> =gN{3NHo is the free proton frequency associated 
with the nuclear Zeeman effect, Ac is the contact hyper­
fine constant, CTI is the unpaired electron spin density 
on the ith atom in the molecule, D is a constant, r , and 
rl> are vector distances from an origin to the ith atom 

and the proton respectively, B I is the angle between Ho 
and (rl> - r,), and dT is the volume element in the elec­
tron distribution. The integral is needed when the elec­
tron orbital is sufficiently close to the proton that the 
former's extension in space cannot be neglected. This 
will be the case, for instance, for density on the ad­
jacent carbon. 16 We must consider which terms in Eq. 
(1) may be distributed so as to produce a powder spec­
trum similar to Fig. 3(e). 

Because of its effect upon the distribution of unpaired 
spin within the complex, a distribution of imidazole Cu++ 
bond lengths would presumably result in a spread of val­
ues for A c ' CT

" 

or I rl> - r , I, and these might lead to the 
observed broadening. However, we would expect a sim­
ilar effect at gJ. but this is not observed. Crystallo­
graphic work on several crystalline compounds of Cu++­
imidazoles and/or imidazolates17- 20 have shown that the 
plane of the imidazole may be rotated about the Cu-N 
axis. The exact rotation angle appears to be determined 
by steric effects and hydrogen bonding between imida­
zole-H and the electronegative atoms present in nearby 
axial ligands. In our noncrystalline case, we envision 
that random hydrogen bonds between the imidazole and 
solvent are set up that then stabilize the tilted plane of 
the imidazole ring at some angle with respect to the 
Cu-N plane. This distribution of windmill-like mole­
cules would present a spread in the angle B/ even at the 
gil extremum. This spread would not be so critical at 
gJ. since within the plane of the complex there are direc­
tions of the magnetic field for which B/ will be constant 
(Le., along a Cu-N direction). 

Preliminary calculations, based upon the dipolar part 
of Eq. (1) together with reasonable estimates of the CTl

21 

were performed for the gil case. A spread in the B/ was 
generated by allowing all rotation angles of the plane of 
the imidazole to be equally probable (the actual spread 
in B/ depends upon the particular proton and the site of 
the localized spin density). The broadening obtained 
from the calculation is about half that of the experimen­
tal trace. The calculations also yield sharp features at 
turning pOints that correspond to the imidazole plane 
being either normal to or coplanar with the plane of the 
complex. The presence of such turning points are un­
avoidable in powder spectra, and may be related to the 
hint of structure in Fig. 3(e). 

Near-neighbor nitrogen ENDOR 

The quality of the ENDOR response due to the near­
neighbor nitro gens was similar at both ends of the EPR 
range. This response is represented by the somewhat 
indistinctive peaks near 20 MHz in Fig. 3. It is well 
known that a UN (I = 1) nucleus coupled to an unpaired 
electron should present up to four peaks owing to the 
electron-nuclear hyperfine, nuclear Zeeman and nu­
clear quadrupole effects. 1,12 The first of these yields 
simply one, resonance centered at 1/2 the hyperfine 
constant (A/2). The 'nuclear Zeeman term splits this 
peak into two with a separation given by 2gN{3NHO, where 
gN and {3N are the nuclear magnetogyric ratio and nu­
clear magneton respectively. The third term will split 
each of these peaks into two more with a separation of 
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FIG. 4. ENDOR of completely deuterated sample taken at maximum of EPR dispersion signal, and corresponding to g= 2.114. At 
this g value the greatest SiN is found, but the spectrum is an unresolved powder pattern. Note the tail out to 26.5 MHz, which 
may be due to either nitrogen or 65Cu. Temperaturewas 1. 9°K, sweep rate was 1.25 MHz/sec, accumulation time was about 
5 min with time constant 0.2 sec. The shift in the spectrum due to the sweep rate is about 0.5 MHz toward a higher frequency. 

twice the quadrupole energy along the effective field di­
rection. Four peaks do not show up in Fig. 3, but Fig. 
3(e) does show two unresolved features, which may be 
a nuclear Zeeman splitting. Here again we have an un­
expectedly broad resonance. It may be relevant that 
broad line shapes have also been observed in the strong­
ly coupled nitrogens present in several copper proteins: 
cytochrome-C oxidase, 3 stellacyanin,2 and superoxide 
dismutase. 

That this resonance is indeed due to the near nitrogen 
can be shown by the fact that the approximate hyperfine 
constants A(g.L) = 41. 6 ± 1. 5 MHz and A(g" = 39.8 ± 1. 5 
MHz agree well with the measured SHF splittings in the 
EPR spectrum. The lack of much anisotropy between 
these two extremes is consistent with dominant (J bond­
ing that one expects here, 21.22 but we note that this an­
isotropy appears to be on the order of the linewidth. We 
further note that additional anisotropy is implied when 
ENDOR is performed at an intermediate g value (Fig. 4). 
The shoulder out near 26 MHz could be interpreted as 
due to the largest of three hyperfine components. One 
might also interpret it as being due to a copper hyper­
fine transition since the implied value of A = 52 MHz is 
not unrealistic for a square planar complex. 8.25 We have 
not made an exhaustive search for the copper ENDOR in 
this study, but we can mention that, because 1= 3/2 for 
65CU, one should expect up to six ENDOR transitions 
along with the characteristic nuclear Zeeman splitting 
of 7 MHz. We observed no such patterns during the 
course of this work. On the other hand, Roberts, 
Brown, Hoffman, and Peisach26 have reported that the 
copper ENOOR in the protein stellacyanin is very broad 
(> 40 MHz) and has an opposite sense to that of the ni­
trogens and protons. We have observed a strong reso­
nance which is approximately centered between the pro­
ton and near-nitrogen response and which also has an 
opposite sense. This signal is suppressed at the low 

microwave powers used for Fig. 3, but when the power 
is raised to 20-100 IJ. W this spectral region (10-20 MHz) 
inverts lOSing all detail of the nitrogens and protons 
while adding little new detail. Although this is about 
where we might expect the copper hyperfine transitions 
to appear, we are somewhat reluctant to call this in­
verted signal "copper ENDOR" because a similar inver­
sion behavior was observed at about the same frequency 
at the gil extreme. And at this extreme the copper hy­
perfine constant is measurable by EPR (-196 G). 

Some effort was put into discerning the nature of the 
poor resolution of the near-nitrogen ENDOR. Some pos­
sibilities include: (a) quadrupolar broadening, (b) con­
centration effects, (c) field modulation effects, (d) natu­
ral lifetime broadening, (e) completely noncrystalline 
ENDOR, and (f) slight inequivalence of imidazoles. We 
shall examine each of these in turn. 

(a) Quadrupole broadening was ruled out by using 
15N -imidazole. The isotope, 15N, has no quadrupole 
moment, but also brought no improvement in the resolu­
tion. It allowed us to place an upper limit of about 0.5 
MHz on the effect of the quadrupole splitting of the 14N. 
Although this is not an accurate measurement, we note 
that it implies a quadrupole coupling constant that is 
noticeaJ::ly smaller than what has been observed for UN 
in many other compounds. 27 (b) Too large a concentra­
tion of copper, as mentioned earlier, can be detrimental 
to resolution. But variation of copper concentration over 
the range of 7 mM to 100 IJ.M brought no improvement. 
(c) Broadening as a result of field modulation occurs as 
an artifact when sufficient anisotropy exists in the hy­
perfine parameters. When dealing with powder patterns, 
increments in field modulation amplitude correspond to 
increments in the angles that specify the orientation of 
the complex relative to the field direction. The field 
modulation corresponds to such a field increment, and 
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FIG. 5. Remote nitrogen ENDOR for ISN enriched GSeu++ (Im)4' g = 2. 012 Ho.= 3032 G, microwave power = O. 2 Wand frequency 
= 8. 537 GHz, temperature = 1. 8 oK, field modulation = 1 G at 100 KHz, sweep rate was 0.18 MHz/sec, accumulation time was 
53 min for increas,ing frequency, 26 min for decreasing frequency trace (inset). Average position of peak is at 2.56 MHz. 

in our case the modulation was as large as 4 G which is 
very small compared with the overall width of the spec­
trum. So the increment in orientation incurred by 4 G 
modulation is likely to be small, especially at gil' (d) 
That the natural lifetime broadening should be so large 
is inconsistent with the comparatively narrow proton 
peaks seen at g~. (e) Dalton 1 describes two extreme 
cases involving the ordering of the cross, T x , and spin­
lattice, Tj, relaxation times. When Tx» Tl one can ob­
tain single-crystalline ENDOR for some field values, but 
when T x« T to one obtains the same powder spectrum for 
all field values. Because our proton spectrum shows 
anisotropy, it is likely that our case corresponds to T x 

» Tl and so crystal-like ENDOR spectra are possible. 
(f) Crystallographic studies of crystalline Cu++(Im)4S04 
have determined two types of imidazole, one having a 
Cu-N distance of 2.000 A, and the other with 2.021 A.18 
Whether this particular inequivalence holds also for the 
glassy matrix is not known, and it may influence the con­
tact term as well as the dipole term. Froncisz and 
Hyde28 have shown that one can expect a distribution to 
arise in the value of All (Cu) when the sample solution is 
frozen. This along with a correlated spread in gil is 
used to explain the linewidths of the copper hyperfine 
peaks in the gil region. One may suppose that there is 
an associated spread in the ligand hyperfine constants as 
well. Finally we note that the spatial rotation of the 
imidazole plane to some arbitrary angle is a form of 
inequivalence already considered in the case of protons 
and should be considered here. Presumably the distri­
bution of rotation angles would show up at least in the 
dipolar part of the hyperfine constant. We have noted at 
the beginning of this discussion that the expected aniso­
tropy is at least on the order of the linewidth. 

Remote nitrogen ENDOR 

Mims and Peisach5 have already detected the hyper­
fine interaction of the remote nitrogen in the spin echo 

nuclear modulation. From the modulation pattern they 
have constructed what would be an ideal ENDOR spec­
trum. Their interpretation depends on the coincidence 
that the hyperfine and nuclear Zeeman terms nearly 
cancel one another. Although our observations appear 
at first to differ from their construction, we shall show 
that the two observations are consistent and complemen­
tary. 

As shown in Fig. 5, only one sharp line was observed 
in the 1 to 10 MHz region for 65Cu++(Im_15N). When 
ENDOR is performed at the gi extreme, this line occurs 
at 2.56 MHz. The peak in Fig. 5 appears to be at 2.7 
MHz, but this displacement is an artifact brought on by 
the sweep rate (0.18 MHz/sec). When the RF was swept 
with decreasing frequency at the same rate, the line 
shape was asymmetric in that it rose more abruptly than 
it descended (see inset of Fig. 5). When the frequency 
was swept in an increasing manner, this line appeared 
more nearly symmetric. When ENDOR was performed 
at gil, the 15N peak shifted downfield to about 2.18 MHz. 
Such a shift is expected if the peak's position is in part 
determined by the nuclear Zeeman energy, which is 
proportional to the field. The sign of the shift suggests 
that a partner to this line exists at a much lower fre­
quency. 

Since 15N has a nuclear spin of 1=1/2, there will be 
no quadrupole effects, and so we only have to deal with 
the Hamiltonian for the nuclear spin interacting with the 
external field Ho, and the electronic spin S through a 
hyperfine constant A, i. e., 

We have taken the hyperfine constant to be isotropic 
(that is, negligible dipolar interaction). The Hamilto­
nian leads to ENDOR transitions given by 

(2) 
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FIG. 6. Remote nitrogen ENDOR for G5eu (Im)4 with uN. Settings were similar to those in trace 5 except that the accumulation 
time (2 h) was longer because of the weaker peak intensity. The experimental trace (showing noise) has been shifted back 0.32 
MHz in order to compare it with the computed trace (dashed line), which has been calculated for average line positions. The 
computed trace accumulated transitions for Ho in the plane of the complex and for a rigid imidazole held normal to this plane. 

We find that at g ~ a value of A = 2. 49 MHz is consistent 
with the peak at 2.56 MHz provided that a second transi­
tion occurs at 0.065 MHz. A cursory check in this re­
gion showed no peak. This is not unexpected, however, 
because the perturbing RF magnetic field will be modi­
fied by a factor proportional t023• 24 

E=(l+~:A). (3) 

where Ms = ± 1/2 is the electronic magnetic quantum 
number. The transition intensities resulting from this 
enhancement effect will be proportional to E2. USing the 
derived value for the hyperfine constant together with 
the known value for Vo (for 15N, Vo = 1. 31 MHz when Ho 
= 3032 G), one finds that in this instance, the low fre­
quency peak should be more than three orders of magni­
tude less intense than the observed high frequency peak. 
F rom the same isotropic Hamiltonian, we find that A 
= 2. 26 MHz when the ENDOR is performed at the gil ex­
treme of the EPR line. This anisotropy amounts to 
about 1/2 the linewidth. Our value of A(g~) = 2.49 MHz 
agrees with the value of 2. 5 MHz obtained by Mims and 
Peisach5 at a similar field position. 

Remote 14N ENDOR 

The more complicated situation involving 14N is shown 
by the solid line spectrum in Fig. 6. Taken at the g~ 
extreme, this should be compared with Fig. 10 of Ref. 
5, which is a simulated ideal powder ENOOR pattern. 
Although that simulation is consistent with the results 
of the nuclear modulation effect, there are some notice­
able differences between it and Fig. 6 of this paper. In­
stead of three sharp peaks at O. 7, 1. 4, and 4 MHz plus 
a broad peak centered at 2 MHz, we observe one fairly 
sharp peak near 3.86 MHz and a broad one centered 
near 2. 21 MHz. The latter could not be seen using the 
nuclear modulation effect, which depends upon the iden-

tification of periodicities in the electron spin echo decay 
envelope for the determination of transition frequencies, 
and it is the sharper well-defined transitions that give 
rise to the most persistent periodic modulation patterns. 
As in the 1~ case, Mims and Peisach5 relied on the ap­
proximate cancellation of the hyperfine and nuclear Zee­
man interactions to help them understand their particu­
lar result. The cancellation will occur in either the Ms 
= + 1/2 or the Ms = - 1/2 manifold (which one depends on 
the sign of the hyperfine constant), but because 14N has 
a quadrupole moment, it remains possible for the can­
celled manifold to have an energy level scheme charac­
teristic of just the quadrupole interaction. Transitions 
within this manifold will approximate pure quadrupolar 
transitions, and were in fact identified with the sharp 
transitions at 0.7 and 1. 4 MHz. Transitions within the 
uncancelled manifold were associated with the 4 MHz 
transition and the weak, broad resonance at 2 MHz. Al­
though the 2 MHz band was not clearly evident in the 
transforms (5), it could nevertheless be predicted from 
a knowledge of the hyperfine constant (see below) and the 
quadrupole constants that were consistent with their ob­
served spectrum. 

For the computer simulation of their idealized ENOOR 
powder pattern, Mims and Peisach5 used a spherical 
model whereby the electronic g value was taken to be 
isotropic, and the orientation of the electron-nuclear 
direction with respect to that of the static field was as­
sumed to be' random for the complexes in the glassy ma­
trix. Thus, in accumulating contributions to the spec­
tral simulation the static field, Ho, was allowed to vary 
over the sphere. 

The only transition frequencies that were sensitive to 
this variation were the ones that gave rise to the 2 MHz 
band. Thus, broadening arose from the anisotropy in 
the quadrupole interaction. 
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FIG. 7. Geometrical relationship of the imidazole and copper 
corresponding to the simulation shown in Fig. 6. The plane of 
the complex contains the z axis. Ho. and the line passing 
through Cu-N. The direction of gil or the y axis is normal to 
this plane. The plane of the imidazole is held normal to the 
plane of the complex so that the y' axis is directed into the 
page. The atomic coordinates for Cu" (Im). were taken from 
Fransson and Lundberg. 18 

In order to compare our two experimental results, we 
have synthesized an ENDOR spectrum starting with the 
interpretation of Mims. For the Cu++ S = 1/2 interacting 
with the remote 14N, we use the nuclear Hamiltonian, 

We have again taken the hyperfine constant to be iso­
tropic, and we have included quadrupolar terms. The 
principal axes of the latter terms, (x',y',z'), are de­
fined as being different from those used to specify the 
quantization of the electron spin, e. g., (x, y, z), which 
in turn was specified within the high field approximation. 
The quadrupole principal axis system used here is shown 
in Fig. 7 and was taken from that determined by Ashby 
et al. 29 from the pure nuclear quadrupole resonance 
(NQR) of coordinated imidazole. The quadrupole inter­
action, expressed in this system, was then transformed 
to the reference frame determined by the resultant of 
the external and hyperfine fields, i. e., the effective 
field at the nucleus. Since we have taken the hyperfine 
interaction to be isotropic, the effective field will be 
colinear with the external field provided Ho is along a 
principal direction of the g tensor. In Fig. 7 we give 
the spatial relation between these two right-handed co­
ordinate systems. When the quadrupole Hamiltonian 
:K'Q is expressed in the (x.y,z) coordinate system, it 
becomes, 

:K'Q = 3Q .. gI[ sin2 {:3(I; sin2a +1; cos2a) + I~ cos2 {:3 - {I" I J sin2 {:3 cosa sina + ({Iy, I J cosa - {I x,ly} sina) sin{:3 cos{:3 - 2/3] 

+ Qrx'JI.y.[i; sin2a cos2 {:3 - cos2a) + I; sin2 {:3 + I;( cos2a cos2 {:3 - sin2a) 

- {Ix. I~}( cos2{:3 + 1) cosa sina + ({Ix. loy} sina - {loy, I z} cosa) cos{:3 sin{:3] (5) 

where a is the angle swept out by Ho in the plane of the 
complex, {:3 is the angle between the principal axis of the 
quadrupole interaction z' and the y axiS, and {Ii. I J} 
= (II IJ + IJII)' We have made the natural choice of re­
stricting the orientation of Ho to the plane of the complex 
because it is appropriate for ENDOR that has been done 
at the g~ extreme of an axial EPR spectrum. The orien­
tation of Ho was varied incrementally, and at each inter­
val, the transition energies that proceed from Eqs. (4) 
and (5) were calculated for Ms = ± 1/2 by direct diagonal­
ization of the 3 x 3 (I = 1) secular matrix. Because the 
quadrupole and hyperfine terms are of comparable value, 
mixing of the hyperfine levels occurs that allows both 
11m! = 1 and 2 transitions, but the influence of such mix­
ing on the intrinsic intenSity was not explicitly included 
here. Instead each transition was given a unit intensity, 
which was modified only by the magnitude of the de­
enhancement effect given by Eq. (3). A histogram in 
frequency space was built up with a resolution of 0.032 
MHz (i. e., 250 points per 8 MHz), and this was con­
voluted with a lineshape and normalized to the experi­
mental spectrum. The initial calculations were per­
formed using the computing facilities of the University 
of Michigan, and later calculations used a Bruker 
Aspect-2000 minicomputer. 

A simulation corresponding to the geometry of Fig. 7 
is shown by the dashed line in Fig. 6. Parameters were 

A= 1.79 MHz, gN{:3NHO=0.95 MHz (H o=3081), Q.,z' 
= O. 360, and Qx'x'y'y' = O. 349 MHz. This value of A can 
be found by dividing the value of A(15N) by the ratio of 
the magnetic moments, i.e., 1.4. The values for QI!z' 

and QX'ry,y, are derived from the NQR frequencies for 
protonated imidazole given by Hunt, et al. 30 and are 
the same values referenced by Mims. For this simula­
tion, H 0 was varied in the increments of 10

, and the plane 
of the imidazole was kept perpendicular to the plane of 
the complex so that the angle between Qz'z. and gil, i. e., 
{:3, was 500

• The line shape prior to convolution was 
taken to be Lorentzian, and we note that the use of a 
skewed line shape similar to that given by Dalton and 
Kwiram, 7 and which we have also observed would be ex­
pected to increase the intensity on the high frequency 
side of each resonance. The linewidth used was 0.6 
MHz, and is only slightly greater than that of the 15N 
peak in Fig. 4. The two sharp resonances at 0.7 MHz 
and 1. 4 MHz in Fig. 10 of Ref. 5 are also present in our 
case, but they are reduced (as already mentioned) by the 
de-enhancement effect to far below the noise level. Ac­
cording to the zero linewidth calculation, the broad res­
onance at 2. 2 MHz contains the powder pattern of the 
two allowed transitions that are the enhanced counter­
parts of the two missing peaks. In agreement with Mims 
and Peisach, 5 we find that the shape of the broad peak is 
most sensitive to the relative orientation of the imida­
zole and the field, Ho, but we find that it appears to be 
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FIG. 8. Experimental trace (solid line) is compared to simulation (dashed line). He're the plane of the imidazole has been allowed 
to assume many orientations with respect to rotation about the Cu-N3 axis. Increments of Ho in the complex plane and increments 
of the imidazole rotation angle were each 2'. All anisotropic effects in Figs. 6 and 8 are quadrupolar. 

biased onto the high side of 2 MHz both in experiment 
and in simulation. The peak near 4 MHz is a t:..m1 = 2 
transition, and shows little line shape dependence on the 
geometrical orientations of the complex relative to Ho. 

Because consideration of the proton ENOOR spectra 
led us to believe that the plane of the imidazole could 
be tilted relative to the Cu-N plane, we calculated what 
effect this would have on the remote 14N ENOOR simula­
tion. For a given orientation of the imidazole plane, the 
external field was allowed to vary in 20 increments with­
in the plane of the complex. This contribution to the 
histogram of transitions was then summed over imida­
zole orientations in 20 increments of the angle between 
the planes. The result is shown by the dashed line in 
Fig. 8. We note that it is symmetric about 2 MHz, but 
it too might be brought closer to experiment by use of 
the skewed line shape. Because details of the intrinsic 
ENDOR intensity were not attempted in this treatment, 
one cannot be too concerned with small differences in 
the local intensity between experimental and simulated 
traces. We can mention, however, that a feature such 
as the shoulder at 5 MHz was not duplicated for any of 
these imidazole orientations. In order to obtain a con­
tribution there one would have to include an imidazole 
with Significantly different parameter values. For ex­
ample, a change of A from 1. 79 to 3.0 MHz will shift the 
high frequency peak up to 5 MHz. Of the two simula­
tions presented here, the fixed orientation seems Slightly 
better insofar as peak position is concerned, but the ran­
dom orientation simulation seems better with respect to 
line shape. 

SUMMARY AND CONCLUDING REMARKS 

We have investigated the ENDOR of Cu++(imidazole)4 
as a pre cursive step leading to the understanding of the 
ENDOR in imidazole ligated copper proteins. We have 
discovered that three spectral regions of interest exist: 

proton, near-neighbor nitrogen, and remote nitrogen. 
The selective deuteration of imidazole has allowed the 
probable identification of the individual protons in the 
complex, and has raised the suggestion that some of the 
complexes may be inequivalent with respect to the rela­
tive orientations of the intramolecular imidazole planes. 
The ENDOR of the near nitrog~ns has shown little struc­
ture, but suggests an environment with little electric 
field gradient, a typically large isotropic hyperfine in­
teraction, and an approximately axial anisotropic hyper­
fine interaction with the largest component being along 
an as yet undetermined direction. The remote nitrogen 
ENDOR spectra presented here appear to be different 
from that generated by the nuclear modulation experi­
ments of Mims and Peisach, but we have shown that the 
two results are consistent with the same spin Hamilto­
nian, and are complementary in that what one method did 
not observe, the other did. In view of the fact that we 
seem to be observing delocalized spin density through­
out the complex, it is remarkable that the values for the 
quadrupole constants correspond to free imidazole. 
Ashby et al. 29 have shown that the NQR frequencies de­
pend on the coordination to Zn and Cd in a number of 
complexes. Shifts away from the free imidazole values 
for the quadrupole coupling constant of the amino nitro­
gen were reported to be as high as 24% [for Zn(Im)2Br21 
and as low as 1% [for Zn(Im}z(CsH40 2)]. From the mea­
surements reported here on Cu(Im)4, we can say that 
the quadrupole constants of tl}e remote nitrogen are 
probably not more than 10% different from the values for 
free imidazole. A change of 10% in Qz.z. and Qx'x'~'~' 
would correspond to a discernible shift of about 1% in 
the calculated position of the peak near 4 MHz. The less 
well defined band near 2 MHz would shift by about 4%. 
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