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The electron spin echo envelope modulation (ESEEM) technique is used to determine the I4N hyperfine and quadrupole interaction 
tensors in bis(tetrabuty1ammonium) bis(maleonitriledithiolato)copper(II), 3% doped in the diamagnetic nickel(I1) host. The line 
positions and peak intensities of the Fourier-transformed ESEEM spectra are interpreted by using simulated spectra. The latter 
are obtained by diagonalizing the full spin-Hamiltonian matrix, which includes interactions of the 63Cu spin Z = '/* and two 
nonequivalent 14N spins Z = 1. Good agreement between the experimental and the simulated spectra is obtained. The I4N hyperfine 
and quadrupole interactions are calculated with molecular orbital coefficients obtained with an extended Hiickel method. In the 
calculation of the hyperfine interactions, two- and three-center contributions are included. The correspondence with the exper- 
imental tensors is astonishing! In the interpretation of the electronic structure a comparison is made with earlier work on 
copper(II)/nickel(II) bis(N,N'-di-n-butyldithiocarbamate). 

Introduction 

Complexes of transition metals with dithiolene ligands have been 
studied extensively with EPR and various other t echn iq~es l -~  
because of their interesting properties: formation of I-dimensional 
conductors3J0 and r-donor-acceptor complexes"-I3 and the sta- 
bilization of rare, formal oxidation states.I4J5 In particular the 
rare oxidation states, but probably also the other properties, are 
caused by the highly covalent character of the metalsulfur bond, 
which causes the actual charge of the metal ion to be much smaller 
than the formal charge. This highly covalent character is con- 
firmed by molecular orbital (MO) calculations6 and, as far as the 
unpaired spin density is concerned, by EPR experiments.' With 
EPR, and especially with related methods such as ENDOR, it 
has recently been possible to measure hyperfine interactions 
(HFI's) with the sulfur atomsI6 and also with the atoms in the 
second and higher coordination This has resulted in 
a very good insight into the electronic structure of these systems, 
especially the density distribution of the unpaired electron. 
Therefore, these molecules are very good test systems for MO 
calculations and also for new experimental techniques. 

Electron spin-echo envelope modulation (ESEEM) is a tech- 
nique that although it was described many years has been 
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reaching perfection only in the past few years. The advantage 
of this technique, as compared to ENDOR, is that the line in- 
tensities are not influenced by relaxation effects so that they can 
be calculated more easily, in principle. A disadvantage of this 
technique is that the spectra may be very complicated, especially 
for quadrupolar nuclei and certainly for powder samples. In order 
to analyze these spectra, it is necessary to be able to generate 
reliable simulations. This is the reason that a number of papers 
have recently been published, with theoretically calculated spectra 
with which the limits of the interpretations have been t e ~ t e d . ' ~ - ~ l  

In order to judge the quality of the calculated spectra one needs 
to compare them with good quality experimental spectra. For 
that purpose powder samples are difficult, especially if the g value 
is isotropic, because in that case all orientations are simultaneously 
excited. Single crystals are, therefore, much better suited to this 
purpose. This is why we recently measured the I4N interactions 
in the system copper bis(N,N'-di-n-butyldithiocarbamate) (Cu- 
(dtc)*) doped in the diamagnetic nickel host.22 Although Cu(dtc), 
is a simple system with only two equivalent (inversion symmetry) 
nitrogen atoms, the analysis of the spectra was quite difficult since 
the HFI,  the nuclear quadrupole interaction (NQI), and the 
nuclear Zeeman interaction (NZI) were all of the same order of 
magnitude. In a second paper we published the powder spectra 
of this system and also the simulated spectra, which were in 
excellent agreement with the experimental spectra.23 

The system copper bis(maleonitriledithiolate)(2-) (Cu(mnt)2z-) 
diluted in the diamagnetic nickel(I1) host is a challenge because 
this molecule contains two sets of two equivalent nitrogen atoms 
(see I) so that the spectra are expected to be much more complex. 

I 

An additional complication in the C ~ ( m n t ) ~ ~ -  system is that the 
distance from the Cu to the N (in the fourth coordination sphere) 
is 5.6 A. This is larger than the 4.0 A separation between Cu 
and N (in the third coordination sphere) in Cu(dtc),. Thus a 
different ratio of the HFI, NQI, and NZI  is expected, which makes 
this system another, demanding, test for our ESEEM simulation 
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Table I. Experimental and Calculated Tensors in the Axis System of ACua and in the Molecular .Axis System, Respectively, at a Temperature of 
30 K (HFI and NQI in MHz) 

exptl calcd 

values A,  A, AI values X V Z 

axis" axis 

g' 2.018 35 55 91 2.021 1 90 91 
g2 2.022 55 145 86 2.024 90 0 90 

63CU A' 120.6 0 90 90 118.1 14 76 89 
A2 134.1 90 0 90 117.3 102 14 90 

g3 2.086 92 86 5 2.079 89 90 1 

A3 -254.7 90 90 0 -235.3 90 90 1 
A,, -256.5 -35.7 

A2 -0.486 112 80 25 -0.483 89 80 1 1  
'43 0.804 66 24 90 0.798 66 26 100 

I4N I A' -0.318 34 1 1 1  65 -0.315 24 114 86 

A,, 0.306 0.177 
I4N2 AI -0.249 41 63 62 -0.273 21 70 87 

A3 0.720 61 151 86 0.708 69 157 108 
A,, 0.231 0.174 

I4NI Pl 0.779 87 91 3 0.540 96 91 6 
p2 1.046 62 28 91 0.806 58 32 86 
p3 -1.826 28 118 93 -1.346 32 122 86 

14N2 Pl 0.821 82 96 10 0.546 95 87 6 
p2 1.103 57 145 110 0.800 60 149 85 
p3 -1.925 34 56 93 -1.346 31 60 87 

A2 -0.471 116 100 27 -0.435 90 89 9 

"The directions of the principal axes A,, A*, and A, of the HFI tensor relative to the molecular axes x ,  y ,  and z were not determined because 
the crystal was not oriented with X-ray diffraction. However, Maki et al.' found that Alllx, A2(jy, and A311z. 

program, which recently has been considerably improved. 
Another reason to study this system with ESEEM is that al- 

though CW-ENDOR was successfully used to measure the 13C 
HF18 (also in the nonplanar Zn hostg) of the ring- and CN-carbon 
atoms, 14N interactions could only be observed in a few directions. 
This was rather surprising because C ~ ( d t c ) ~  caused no problem 
at all for the CW technique, either for the 13C24J5 or for the 14N25,26 
interactions. A possible explanation is that the N M R  transition 
probabilities are larger in C ~ ( d t c ) ~  because of a larger HFI  
(smaller Cu-N distance). In this paper we compare and discuss 
the calculated dtc and mnt spectra. The techniques are reported 
in the Experimental Section, and the experimental results are 
presented in the subsequent section. In the last part of this paper 
the experimental results are discussed on the basis of M O  cal- 
culations and elaborate computations of the spin-Hamiltonian 
parameters. 

Experimental Section 
The measurements were performed at 30 K in an Oxford Instruments 

CF200 helium flow cryostat. With two orthogonal rotation axes (one 
obtained by rotating the magnet, the second one being a goniometer in 
the cryostat) every crystal orientation relative to the magnetic field can 
be reached. With the help of field-swept spectra, the crystal was oriented 
in the principal axis system of the g tensor. These spectra were measured 
by monitoring the intensity of a two-pulse echo (pulse sequence a /2  - 
T - a - T - echo, T = 210 ns) while the dc magnetic field was swept. 

Spectra were measured at  orientation intervals of 5-10', From the 
field-swept spectra, the g tensor and the copper HFI tensor were ob- 
tained, which could then be compared with literature data's2' in order to 
judge the accuracy of the measurements. 

The ESEEM spectra were measured with the stimulated echo se- 
quence ( ~ / 2  - T - 5r/2 - T -  a/2 - T - echo, T = 210 ns, repetition time 
= 3 ms) by sweeping the time T from 0.80 to 26.35 ps in steps of 50 ns. 
The length of the 7r/2 pulses was 20 ns. In order to improve the sig- 
nal-to-noise ratio, 50 echoes were averaged in a boxcar integrator (PAR 
162/164) for every value of T. The echo signal-to-noise ratio was high 
enough to limit the experiment to 20 scans of T. The data were collected 
and processed in a MINC 11/23 minicomputer with home-written 
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software. The modulation envelopes were transformed into the frequency 
domain by using standard procedures: high-pass filtering (cutoff fre- 
quency 50 kHz) and Fourier transformation. Dead time is not a serious 
problem in these single-crystal spectra (dead time after the third mi- 
crowave pulse was 210 ns whereas the T sweep ranged from 0.8 to 26.35 
ps). The phase errors that are the result of the dead time were not 
corrected; instead, the frequency domain spectra were transformed to the 
amplitude mode. The spectrometer has been described previously.22 The 
magnetic field and the microwave frequency were measured with a 
Bruker B-NM12 gaussmeter and a Hewlett-Packard 5246L counter, 
respectively. 

The copper and nickel complexes, (NB~,)~M(innt)~;  M = Cu, Ni), 
were synthesized according to the literature method.28 Single crystals 
with - 1% Cu in the diamagnetic Ni(I1) crystal were grown by slow 
solvent evaporation of an acetone/ethanol solution of the two complexes 
in a 1% concentration ratio. 

Experimental Results 
Both guest and host crystallize in the triclinic space group Pi 

with Z = 1. In the host crystal, the mnt anions are separated by 
the bulky N(n-but)4+ c o ~ n t e r i o n s , ~ ~  whereas in the pure copper 
crystal the anions form linear stacks? If the guest molecules accept 
the host structure, as was concluded from I3C ENDOR mea- 
surements: the anion is nearly planar and close to DZh symmetry. 

In accord with the crystal structure the echo-induced (field- 
swept) spectra show the resonance of only one molecule, which 
is split by the interaction with the copper nuclear spin. The 
measured principal values of the g tensor and the 63Cu HFI  tensor 
are listed in Table 1. They are close to the room-temperature 
values, which were measured with C W  EPR.' The crystal was 
oriented in the axis system of the copper HFI  tensor by using the 
field-swept spectra. We have assumed that the copper HFI  axis 
system coincides with the molecular axis system ( A l / / x ,  A 2 / / y ,  
and A , / / z ;  see I), following the findings of Maki et al.' Because 
of the near axiality of the g tensor, the experimental error in the 
position of its in-plane axes is rather large and the angle of 35' 
between A ,  and g, has a large error. 

Figure 1A shows the experimental ESEEM spectra in the three 
measured planes after Fourier transformation and transformation 
to amplitude mode. Every spectrum has peaks in the region below 
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A EXP. B CALC. 

Figure 1. (A) Experimental FT-ESEEM spectra (amplitude mode) of 
Cu/Ni(mnt)? measured in three planes. Experimental data: three-pulse 
echo; pulse length = 20 ns; T = 210 ns; Tis stepped from 0.80 to 26.35 
ps in steps of 50 ns. (B) Simulated FT-ESEEM spectra according to 
Hamiltonian (1) with T = 210 ns. 

1 MHz. These peaks do not fit the transitions of the cyanide 
nitrogen atoms, especially in the xy plane. Therefore, they are 
thought to arise from the dipolar interaction between the unpaired 
electron and the nitrogen atoms of the N(n-but),' counterions. 
This Cu-N distance is 4.686 8, (in the host structure), almost 1 
8, smaller than the distance between copper and the cyanide 
nitrogens. 

Another rather puzzling feature of the experimental spectra 
is the splitting that is observed on several peaks in the xy and y z  
plane. The splittings vary between 40 and 80 kHz with a max- 
imum value at  orientations of maximum angular dependence of 
the peak positions. The nature of these splittings is not understood 
as will be discussed in the next section. In the fitting procedure 
of the tensors, the average frequency positions were used. 

The frequencies of the peaks that are assigned to the cyanide 
nitrogens are plotted in Figure 2. Assigning these frequencies 
to the correct M, manifold of the correct nitrogen atom is not 
straightforward. However, since all peaks (six for each nitrogen 
atom because I = 1) were observed, it was possible to select the 
three frequencies belonging to one M, manifold by demanding 
that the sum of two of the frequencies equals the third (see Figure 
3) .  These three transitions were used to determine the nitrogen 
HFI and NQI tensors in the following way: the transition fre- 
quencies were calculated with the spin Hamiltonian 

H = ~ l e B * g S  + S.ACU*ICU - gcup,B*ICu + 
IN*pN-IN + S*AN-IN - gN/.L,B.IN ( 1 )  

and subsequently the error function 

was minimized by varying the elements of PN and AN. In (2) the 
summation runs over the three assigned transitions at  all orien- 
tations of the magnetic field in the three measured planes. After 
minimization, the frequencies of the transitions in the other M, 
manifold could be calculated and compared with the experimental 
data. In this way, the frequencies of the two nitrogen atoms could 
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Figure 2. Frequencies of I4N-ESEEM modulations assigned to CN 
groups. The numbering refers to the six-level energy diagram of one 
electron spin coupled to a I4N nuclear spin in Figure 3. The fitted curves 
are indicated by the solid lines. 
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Figure 3. Energy level diagram for S = and I4N nuclear spin I = 1 
with Bo at an arbitrary orientation. The forbidden transitions are indi- 
cated with dotted lines. 

be separated. In a second run the transition frequencies of both 
M, manifolds were included in the fitting procedure. The resulting 
principal values and the axes of the nitrogen tensors are listed in 
Table I .  The largest quadrupole interaction (in absolute value) 
is in the direction of the C-N bond (deviation of -3') for both 
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nitrogen atoms, and the smallest principal value is perpendicular 
to the molecular plane. Both atoms have the same value for the 
asymmetry parameter 17 ( = l ( P ,  - P2) /P31) ,  which is -0.15, but 
the magnitude of the tensor elements differs by -7%. The 
magnitude of the HFI  is about 50% of the NQI. The isotropic 
contribution is one-third of the largest anisotropic principal value. 
The latter differs by about 10% for the two atoms and is located 
in the molecular plane, almost perpendicular to the C-N bond 
(-95O). The other two principal axes have no special orientations. 
Simulation of Experimental Spectra 

The FT-ESEEM spectra were simulated with the program 
MAGRES (MAGnetic RESonance) with the equations derived by 
M i m ~ ’ ~ * ’ ~  for the stimulated echo sequence, in a generalized way: 
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of crystal symmetry below 50 K that gave rise to splittings in the 
EPR spectrum. In our studies no splitting in the EPR spectra 
could be observed. However, such a drastic effect would hardly 
explain the very small splittings in our ESEEM spectra. Moreover, 
the ESEEM splittings are temperature independent up to 70 K. 
Nevertheless, these findings suggest the possibility of a breakdown 
of molecular inversion symmetry, which would give rise to four 
inequivalent nitrogens. It is not clear, however, why similar effects 
were not observed in earlier ‘H and 13C CW-ENDOR studies of 
the same compounds. 

As was mentioned in the introduction, no good 14N CW-EN- 
DOR spectra of this system could be obtainedS in contrast to the 
system C ~ ( d t c ) ~  where strong lines were o b ~ e r v e d . ~ ~ . ~ ~  In order 
to check whether this difference is due to the different magnitudes 
of the NQI  and HFI, the nuclear spin transition probabilities of 
both complexes were calculated with the experimentally deter- 
mined spin-Hamiltonian parameters. Indeed, the NMR transition 
moments of mnt were significantly lower than those of dtc (about 
a factor of 3). Moreover, the number of “strong” N M R  tran- 
sitions, i.e. with transition moments larger than 0.1 X was 
systematically lower in mnt (average of three) than in dtc (average 
of five). I t  is not clear, however, that this is the only reason for 
the weak I4N CW-ENDOR spectra of mnt, since dtc ENDOR 
transitions that were calculated to be “weak” could still be detected 
in many cases. 
Discussion 

The g tensor and the copper HFI  tensor agree with previous 
literature data.’** The nitrogen HFI  and NQI  tensors were not 
determined previously because the CW-ENDOR signals were too 
weak for a full rotational study.8 The nitrogen interactions were 
measured with ESEEM or CW-ENDOR in a series of C ~ ( R ~ d t c ) ~  
(11) molecules in two different host crystals.26 

R, A ,s\ R 

(3)  

Pkn is the modulation intensity of N M R  transition k-n and Mik 
is the transition moment between states i and k of the spin system. 
The indices i, j ,  k ,  and n run over all energy levels of the spin 
system. Inclusion of all four nitrogens in the spin-Hamiltonian 
(1) would give rise to a dimensionality of 648, which is too large 
to be handled by the simulation program (it would take 6.7 Mbyte 
to store the H matrix). Therefore, only two inequivalent I4N nuclei 
were included. For 7 the experimental value of 210 ns was used. 
The program MAGRES allows the calculation of EPR, ENDOR 
(without relaxation), ESEEM, and high-resolution N M R  spectra 
for single crystals and powders with (in principle) any spin- 
Hamiltonian. Frequencies of peaks can be used to derive the tensor 
elements via a minimization procedure. ESEEM spectra are 
calculated in the frequency domain. Via a Fourier transformation 
the time domain can be computed. Dead-time effects can be 
simulated by a deletion of the dead-time part of the time domain, 
followed by a back-transformation to the frequency domain. Since 
in the present system dead time was not a serious problem, only 
the uncorrected frequency domain spectra were calculated. Hence, 
the influence of the dead time and the transformation to the 
amplitude mode were not simulated. 

The simulated spectra are presented in Figure 1B. A com- 
parison with the corresponding (Fourier-transformed) experimental 
spectra shows an excellent agreement in peak intensities and 
positions except for the small splittings in transition 5-6 in the 
yz plane and the larger splittings in transitions 1-2, 4-5, and 5-6 
in the xy plane. ESE-ENDOR studies on C ~ / N i ( m n t ) ~  oriented 
near the x axis (an orientation where the ESEEM splittings were 
not resolved) also showed splittings of 5 ~HZ!~O Similar splittings 
were observed in ESEEM spectra of copper bis(N,N’-di-n-bu- 
tyldithiocarbamate), C u ( B ~ ~ d t c ) ~ , ~ ~  and an angular dependent 
line broadening was observed in CW-ENDOR spectra of copper 
bis(dialkyldithiocarbamate), C ~ ( R ~ d t c ) ~ ,  and bis(dia1kyldi- 
selenocarbamate) doped in the Zn and Ni  hosts.26 Also in these 
two systems, the splitting/broadening was observed in those 
orientations where the lines have their maximum angular de- 
pendence. In order to investigate the possibility that these splittings 
are caused by second-order interactions between the four nitrogen 
spins, simulated spectra were calculated without the copper spin 
but including all four nitrogen spins and their interactions ac- 
cording to Hamiltonian (1). (As stated above, including the copper 
spin causes the dimensionality of the problem to become too large.) 
However, no evidence was found for splittings. Another possible 
cause would be a direct dipolar interaction between the cyanide 
N and a counterion proton. Evaluation of this interaction at  a 
distance of 2.5 8, yields a maximum value of 1 kHz, which is much 
too small to account for the observed splittings. Optical and EPR 
studies of Cu/Ni(mnt), by Manoharan et al.31 suggested a change 

(30) Reijerse, E. J.; Klaassen, A. A. K. Rev. Sci. Instrum. 1986, 57, 2768.  

/N-C, / \ / \  ,CU, ,,C-N, / \ 

R S S R 

I1 
A comparison between the nitrogen tensors in dtc and mnt 

shows large differences: 
1. In the present system the largest hyperfine and quadrupole 

components are located in the molecular plane (parallel and 
perpendicular to the C-N bond respectively), whereas in the 
dithiocarbamate molecules they are perpendicular to the molecular 
plane. 

2.  In the Cu(mnt)?- molecule, the tensors are less axial, with 
an asymmetry parameter of 0.15 for the NQI  and asymmetry 
parameters of 0.21 and 0.31 for the HFI.  

3. The NQI  is -30% larger than that in the dtc system. 
4. The isotropic HFI  is a factor of 3 smaller whereas the 

anisotropic part of the HFI  tensor is almost a factor of 2 larger 
than those in C ~ ( R ~ d t c ) ~ .  This is very remarkable because the 
copper-nitrogen distance is much larger in the C ~ ( m n t ) ~ ~ -  
molecule, where the nitrogen is located in the fourth coordination 
sphere whereas the nitrogen is in the third coordination sphere 
in C ~ ( R ~ d t c ) ~ .  

These differences suggest that the spin-density and electron- 
density distributions in the C-N and the C-N(-C)2 fragments 
in Cu(mnt)z2- and C ~ ( d t c ) ~  respectively, are very different. 
Several papers7-9,22,32,33 have been published with molecular orbital 
(MO) calculations on these molecules, the results of which were, 
in turn, used for the computation of the spin-Hamiltonian pa- 
rameters. The calculations resulted in good fits of the g tensor 
and the copper and sulfur HFI  tensors for both molecules. For 
Cu(dtc),, ‘H, 13C, and 14N HFI  tensors were also calculated and 
compared with those from ENDOR and ESEEM experi- 
m e n t ~ . ~ ~ ~ ~ ~ ~ ~ ~  For Cu(mnt),” the I3C HFI  tensors were calculated 

( 3 1 )  Manoharan, P. T.; Chandramouli, G. V. R.,  personal communication. 
(32) Keijzers, C. P.; Snaathorst, D. Chem. Phys. Lett. 1980, 69, 348. 
(33) Snaathorst, D.; Keijzers, C. P.; Klaassen, A. A. K.; de Boer, E.; Chacko, 

V. P.; Gomperts, R.  Mol. Phys. 1980, 40, 5 8 5 .  



2768 Inorganic Chemistry, Vol. 26, No. 17, 1987 Reijerse et al. 

Table 11. LCAO Coefficients of Nitrogen Orbitals in the Molecular 
Orbital of the Unpaired Electron 

Cu(Et,dtc), Cu(mnt),*- 
N(1) 3s -0.0001 

3 Px -0.0012 
-0,008 9 
0.0016 

3PY 
3Pz 

N(2) 3s 
3 Px 
3 PY 
3Pz 

0.0091 
-0.0436 
-0.0898 
0.0173 

-0.0090 
0.0370 

-0.0871 
-0.0 144 

in order to compare them with ENDOR data. The I4N HFI or 
NQI  were not calculated for this system. Therefore, in this paper 
we concentrate on the calculation of these interactions in order 
to compare them with the experimental tensors and to compare 
the electronic structure around the nitrogen nuclei in Cu(R2dtc), 
and Cu(mnt)22-. In the MO calculations, an extended Huckel 
method was used with the same empirical parameters as were used 
p r e v i o ~ s l y . ~ ~ ~ ~  The structure of the C ~ ( m n t ) ~ ~ -  molecule was 
assumed to be the same as that of the nickel molecule in the host 
crystal with two alterations: 

1. The ligands were shifted by 0.06 A along the x axis, which 
results in a copper-sulfur distance that is in between the met- 
al-sulfur distances of the guest and the host molecules. 

2. The computation of the nitrogen interactions turned out to 
be very sensitive to the C-N bond length and bond direction. In 
the host crystal the C-N bond lengths are different (1.130 and 
1.147 A) and both bonds point to one side of the molecular plane.29 
In the pure copper crystal, the C-N bond lengths are equal (1.144 
and 1.143 A), and one bond points above the plane, the other below 
the plane.3 Therefore, the C-N distances in the copper crystal 
and the C-N directions of the host crystal were used. 

The picture that emerges from the calculations is that about 
50% of the unpaired electron is centered on the d, orbital of the 
copper atom. The remaining 50% is delocalized on the four sulfur 
atoms. The spin density on the remaining ligand atoms is very 
small. In Table I1 we have listed the coefficients of the nitrogen 
orbitals together with coefficients of the Cu(et2dtc), molecule.32 
At first sight it seems surprising that the spin density on the 
nitrogen in the present system is larger, even though the nitrogen 
atom is a t  a larger distance from the copper atom. However, in 
Cu(R,dtc), the nitrogen atom is located in a nodal plane of the 
B,, MO (in the approximation of DZh symmetry) and only the 
2p, orbital can have a spin density. However, the overlap of the 
nitrogen orbitals with the sulfur orbitals is small, and hence, the 
mixing is small. In Cu(mnt),,-, the 2p, and 2py orbitals of the 
nitrogens can mix into the unpaired electron MO (also B,, in D2h 
symmetry) and the overlap with the sulfur orbitals is, therefore, 
much more favorable. 

The g tensor, HFI, and NQI  tensors were calculated according 
to formulas that were published earlier.34 They are listed in Table 
I. The g tensor and the copper HFI  tensor agree very well with 
the experimental results, demonstrating that the calculated MO 
energies and coefficients are reliable. In the calculation of the 
copper HFI, only one-center integrals32 were included in both first- 
and second-order contributions. This approximation is not valid 
for the nitrogen HFI because the multicenter integrals are expected 
to yield a sizable contribution due to the fact that almost all of 
the spin density is located on copper and sulfur. The calculated 
second-order contribution is small, and hence, multicenter integrals 
are calculated only in the first-order contribution. This first-order 
contribution is brought about by the electron-spin-nuclear-spin 
dipole-dipole interaction (e.g. with nucleus N) and can be ex- 
pressed as32 

(34) Keijzers, C. P.; de Boer, E. Mol. Phys. 1975, 29, 1007. 
(35) Geurts, P. J. M.; Bouten, P. C. P.; van der Avoird, A. J .  Chem. Phys. 

1980, 73, 1306. 
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Figure 4. Orientation of the experimental (A, P) and the calculated (AC, 
P') I4N tensors. 

where p,, is the permeability of free space, pB is the Bohr magneton, 
pn is the nuclear magneton, g, is the free-electron g value, and 
g N  is the gyromagnetic ratio of nucleus N; i, j are x, y ,  z,  FNiJ is 
a component of a symmetric traceless tensor operator related to 
the dipolar interaction and rN is the electron-nucleus radius vector. 
If $o, the MO of the unpaired electron, is expanded as a linear 
combination of atomic orbitals, 4Ai, centered on nuclei A, then 
eq 4 can be rewritten: 

where (AN,), and (ANJRare the one- and three-center contri- 
butions, respectively. ( A  lJ)2,1 and (AN,)2,2 are two-center con- 
tributions, (AN,)2,2 has one atomic orbital centered on nucleus 
N and (ANlJ)2,1 has both orbitals centered on the same nucleus, 
which is not N. 

The multicenter integrals were calculated from the MO 
coefficients by expanding each orbital of the Slater type basis set 
into five Gaussian type orbitals. Subsequently the integrals were 
calculated with the program PROPERTY.3Z In Figure 4 the ori- 
entations of the calculated and experimental tensors are depicted. 
The numerical results of the calculations are listed in Table I11 
together with the experimental values and the corresponding data 
for C ~ ( E t ~ d t c ) , . ~ ~  As might be expected on the basis of the LCAO 
coefficients in Table 11, the calculated anisotropic and isotropic 
HFI  for this system is larger than the calculated result for Cu- 
(Et2dtc),. This is especially true when this HFI is compared with 
the extended Hhckel result for the latter molecule. The unres- 
tricted Hartree-Fock-Slater method yielded a much larger HFI  
due to the inclusion of spin-polarization effects. These effects are 
not expected to be significant for the nitrogen atoms in the present 
system because there is no nodal plane near these atoms. The 
multicenter integrals are not dominant but they are significant: 
-20% of the largest one-center principal value. The effect of 
the two- and three-center contribution is a reduction of (the 
absolute value of) A ,  and A3,  causing the calculated tensors to 
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Table 111. Calculated One-, Two-, and Three-Center Contributions 
to HFI Tensors of I4N in Cu(mnt)?- and C ~ ( E t ~ d t c ) ~  and the 
Exoerimentab Determined Tensors (in MHzl 

~~~ 

one two and three one, two, and three 
center center center exptl 

dtc-EHa 
A, -0.03 0.15 0.12 0.18 
A, 0.06 -0.03 0.03 0.18 
A, -0.03 -0.12 -0.15 -0.36 
A,, 0.0 0.0 0.0 -1.124 

dtc-UHFSb 
A, 0.24 0.15 0.39 0.18 
A, 0.48 -0.03 0.45 0.18 
A, -0.72 -0.12 -0.84 -0.36 
A,,, -1.68 0.0 -1.68 -1.124 

mnt N(l)  
A ,  -0.471 0.156 -0.315 (24, X) -0.318 (34, X) 

A2 -0.477 -0.009 -0.483 (11, Z) -0.486 (25, Z) 
A, 0.948 -0.147 0.798 (26, y) 0.804 (24, y )  
A,, 0.126 0.051 0.177 0.306 

N(2) 
AI -0.420 0.147 -0.273 (21, X) -0.249 (41, X) 
A2 -0.426 -0.012 -0.435 (9, Z) -0.471 (27, Z) 
A ,  0.846 -0.135 0.708 (157,y) 0.720 (151, y )  
A,,, 0.123 0.051 0.174 0.231 

One-center interaction calculated from extended Huckel coeffi- 
cients. One-center interaction calculated from spin densities obtained 
with an unrestricted Hartree-Fock-Slater calculati~n.~~ 

be nonaxial. This is in agreement with the experiment. The total 
results for the anisotropic parts are equal to the experimental 
tensors, both in magnitude and direction, a result that might be 
fortuitous on the basis of the very crude M O  method used. The 

26. 2169-2714 2769 

calculated isotropic HFI  is -50% of the experimental value. 
The calculated quadrupole tensors are listed in Table I. Taking 

into account the approximations in this c a l c ~ l a t i o n ~ ~  (only one- 
center electric field gradient contributions; no lattice contribution) 
the result is satisfactory: the directions fit the experiment; the 
principal values are -50% too large. 

Conclusions 

In conclusion we can state that the following: 
1. The hyperfine and the quadrupole interaction can be 

measured very accurately, notwithstanding the fact that the spectra 
are very complicated due to the presence of two nonequivalent 
nitrogen atoms and the fact that all the interactions are small (i.e. 
not larger than 2 MHz). 

2. The simulation of the ESEEM spectra is remarkably suc- 
cessful, considering the presence of two nitrogen spins. The 
suppression effect is taken into account by substituting the ex- 
perimental value of 7 in formula 3. 

3. The observed splittings of the lines in certain directions of 
the magnetic field are not understood. 

4. The MO calculation gives insight into the electronic structure 
of the molecule. The agreement between the calculated and the 
experimental tensors is very satisfactory, especially considering 
the approximate nature of the MO method. 
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A vibrational spectroscopy study of the interstitial carbon atom in a series of Re and Ni carbide clusters enabled the M-C vibrational 
modes to be assigned and the effect of the metal atoms capping the Re&&) and Ni8(p8-C) cores to be investigated. The 
assignment of the M-C vibrational modes has been confirmed by ',C isotopic labeling of the interstitial carbide atom. A single 
force constant value accounts for the observed frequencies in the nickel carbide clusters, whether capped or uncapped, and in the 
uncapped rhenium carbide clusters. In contrast, the vibrational analysis for the capped rhenium clusters indicates that the force 
field around the carbon atom should be described by slightly different axial and equatorial force constants. A rationalization of 
the capping effect in terms of structural and electronic effects is proposed. 

Introduction 
Transition-metal carbide clusters have received wide attention 

in the last decade, probably because of their possible implications 
with carbon atoms either adsorbed or nested on a metal surface 
or encapsulated in a metal lattice. As a result, there are now 
examples of carbide clusters of several transition metals, e.g. Re, 
Fe, Ru, Os, Co, Rh, and Ni, in which the carbon atom shows a 
wide spectrum of coordination ranging from k4 to j ~ ~ . l - ~  

Since the first complete assignment of the M-C vibrational 
 mode^,^,^ several reports on the vibrational spectra of exposed, 
semiinterstitial, and interstitial carbide clusters have appeared.6-12 
In the case of interstitial carbide clusters only the octahedral, e.g. 
[ FesC(C0) 161 '-, [RU6C(CO) 161 '-,I2 and [oSl&( CO),,] '-,' and 
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trigonal-prismatic, e.g. c o 6 c ( c o ) ~ ~ ( ~ ~ ~ ~ ) ~ , 4 ' 5  [co6c(co)~5]2- ,  
and [Rh6C(C0),5]2-,10 coordinations of carbon have received 
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