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Abstract

All-electron spin polarized DFT calculations have been performed to optimize the pentagonal bipyramidal (Ds},) geometry of the
Cu; cluster by using the B3LYP and the B3PW1 functionals with different basis sets. Dirac scattered-wave and its non-relativistic
limit calculations are used to calculate the **Cu hyperfine coupling constants using a first order perturbational procedure. Our cal-
culations for the Cuy cluster predict the A’ as its ground state. The calculated hyperfine coupling constants are in reasonable agree-
ment with those experimentally determined for Cu; in a matrix isolated ESR study by Van Zee and Weltner

1. Introduction

The Cuy cluster has been the subject of experimental
and recent theoretical studies [1-4]. Howard et al. [1] ob-
served the ESR spectrum of a copper cluster in a deuter-
ated cyclohexane matrix that was attributed to the Cus
cluster, but later reinterpreted it as due to the Cu; clus-
ter [2]. The same spectrum in neon matrices was ob-
served and analyzed by Van Zee and Weltner [3], who
postulated a pentagonal bipyramidal (Ds,) structure
for Cu;. Recent nonrelativistic (NR) DFT calculations
[4] using the B3PWO9l [5,6] functional and the
LANL2DZ basis set for effective core potentials for cop-
per atoms [7,8], calculated the pentagonal bipyramidal
(Dsp) structure to be of the lowest energy.

It is recognized that electron spin resonance (ESR)
spectroscopy applied to the study of metal clusters has
been useful in elucidating cluster geometries, electronic
states and spin distributions [9-16]. In particular, the
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overall ESR spectrum of Cu; shows 16 groups of lines
in which only 14 are distinguishable, which are produced
by the hyperfine interaction (hfi) of the unpaired elec-
tron spin with two equivalent “*Cu nuclei, and each of
these lines are then split by the hfi with five equivalent
ring atoms [3]. Because of some uncertainties in the
assignment of these 16 lines in each group, the ‘most
probable centers’ were selected on the basis of the 14 ob-
served lines that were needed for calculating the iso-
tropic and dipolar magnetic parameters (Aj,, and
Agip), along with estimating the approximate s and p
densities which were derived, as usual, by comparisons
with atomic data [10,11]. We reexamine these approxi-
mations because the estimated s and p densities may
vary, mainly due to cluster bonding and/or orbital
hybridization effects.

In this study, we report the results of all-electron
DFT calculations for geometry optimization using the
B3PWOl1 [5,6] and the B3LYP [6,17,18] functionals with
different basis sets, and, the results of the calculations of
the hyperfine coupling constants of the Cuy cluster using
self-consistent Dirac scattered wave (DSW) functions as
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the starting point. Since the DSW wave functions in-
clude spin-orbit effects (and transform according to
the Ds;, double point group), only the external magnetic
field and the nuclear hfi need be included in the relativ-
istic first-order perturbation scheme [9,10,21,22].

2. Methods and detail of the calculations

All electron spin-polarized DFT calculations have
been performed using two different hybrid functionals
(B3LYP and B3PWO91) to optimize the Ds, geometry
of Cuy using the two different basis sets 6-31G* and
the 6-311 + G*. An extra very tight contracted s-func-
tion was added to calculate the ESR properties [19].
The different types of calculations reported here are
named as B3LYP/6-31G* (DFT-I), B3LYP/6-311 + G*
(DFT-II), B3PW91/6-311 + G* (DFT-III) and B3LYP/
6-311 + G* plus tight s-function (DFT-1V), respectively.
All these calculations were performed using the GAUSs-
s1AN 98 package [20].

The spin-restricted self-consistent-field Dirac scat-
tered-wave (SCF-DSW) method was developed by
Yang, Case, and Arratia-Pérez [21-28]. This method
employs the molecular Dirac equation to generate the
one-electron cluster orbitals, and thus implicitly includes
the principal non-quantum electrodynamical relativistic
effects (mass-velocity, Darwin and spin—orbit) at the
SCF stage. In this formalism, an effective Coulomb
and exchange-correlation potential approximate the
cluster wave function as a Slater determinant of one-
electron 4-component molecular spinor (MS) [29]. For
the exchange-correlation potential we used a local den-
sity potential [30] relativistically modified according to
MacDonald and Vosko [31-33]. The various DSW cal-
culations are also designated accordingly to the different
optimized geometries obtained by the DFT calculations
named above, see Table 1.

Once the Dirac self-consistent cluster wave function @
is obtained, we proceed throughout a first-order pertur-
bation procedure by considering the effects of external
magnetic fields being described by a relativistic perturba-
tion Hamiltonian Hp = ea - A, where a is the 4 x 4 Dirac

Table 1
Geometry optimization by all-electron spin polarized DFT
calculations®

DFT calculations® I II 111
Functional B3LYP B3LYP B3PWO1
Basis set 6-31G* 6-311 + G* 6-311 + G*
d(Cu(5)-Cu(5)) (A) 2.265 2.502 2.478
d(Cu(2)-Cu(5)) (A) 2.265 2.484 2.456
Ground state 2AS ZA; 2AS

% Cu(5) denotes the ring atoms, while Cu(2) denotes the axial
atoms.

® B3PW91/LANL2DZ calculation predicts both distances equal to
2.500 A. See [4].

matrix composed of zeros on the diagonal, and the Pauli
spin matrices in the off-diagonal positions, and, A is the
electromagnetic vector potential. In the presence of nu-
clear magnetic dipole moments p = gnfinl, the electro-
magnetic vector potential A is represented by
A = (uxr)/r’. Thus, the magnetic hfi are described by
the Dirac perturbation Hamiltonian Hp = ea - [(n X 1)/
r*] Therefore, the (®|Hp|®) matrix elements of these
magnetic operators are evaluated in the basis spanning
the rows 1 and 2 (designated hereafter as the bras |1)
and |2)) of the double valued irreducible representations
of the cluster orbital occupying the single electron spin.
Since the o matrices are off-diagonal, the evaluation of
the matrix elements involve products of the ‘large’ and
‘small’ components of the Dirac cluster wave function.
Therefore, both the large and small components of the
relativistic wave function carry information related to
molecular magnetic behavior [9,22,26-28].

The resulting perturbation energies are fitted to the
usual spin Hamiltonian Hpi, = I, - Apg'S, where a con-
venient parametrized value of S = 1/2 is used to describe
the ground state Kramers doublet. I, is a nuclear spin
operator, n denotes the **Cu(2) and **Cu(5) nuclei,
and Apg is its associated magnetic hyperfine tensors
[9,26-28]. Thus, Hy,y, is evaluated over the electron spin
functions in a basis for which Sz is diagonal. In order to
compare matrix elements, the molecular Dirac spinors
are rotated so that the z-component of Hp is also diag-
onal, i.e., the Hp operator is diagonal when the external
field is parallel to this axis. After such a rotation, the
matrix elements of Hp may be directly identified with
those of Hypip, i.€.,

Aic = 2B.gnPrRe (1](r x a),/r[2),
Ay = 2BgnfyIm (1](r x a),/r[2),
Az = 2BegnBn(1 | (rx a)i/’”3|1>7

the calculated hyperfine tensors (Apg) include all the
Fermi contact or isotropic, spin-dipolar, and orbital
contributions due to spin—orbit effects. For the cluster
considered here, the magnetic tensors are diagonal in
the molecular frame, with Ayy=Ayy=A4, and
Azz = Aj. Its must be noted that there is no need to
use different operators to represent these contributions,
as required in conventional nonrelativistic theories
[10,14].

=X,z (1)

3. Results and discussion

In Table 1, the optimized Cu(5)-Cu(5) and Cu(2)-
Cu(5) distances are displayed. One can see that the
Cu(5)-Cu(5) distances obtained by wusing the 6-
311 + G* basis set are marginally larger by about 0.02
A than the Cu(2)-Cu(5) distances when one uses the
B3LYP or the B3PW91 functional. Whereas the dis-



tances obtained by using the smaller 6-31G™* basis set are
shorter and equal, the DFT-B3PW91/LANL2DZ calcu-
lation gives the same bond length for both distances [4].

The calculated spin densities for the >A ground state
of Cu; are listed in Table 2. It can be seen from this table
that all the calculations show that most of the electron
spin distribution reside on axial nuclei, and this com-
pares well with the empirical estimate of about 29%
[3]. It should be noted, however, that the p; empirical
estimate was calculated as the ratio of A, (cluster) to
that of the free atom, by taking into account only the
so character and neglecting the p and d contributions
[3]. Also, it can be noted from Table 2, that the calcu-
lated electron spin distribution from the ring nuclei are
all positive, while the empirical estimate is ambiguous.
Furthermore, we can verify that for a unit spin popula-
tion all the calculations reported here obey 2p
(2) + 5(5) = 1.000, as it should be, while the empirical
estimate does not.

In relativistic electron theory the spin distributions
arising from j = 1/2 states are spherically symmetric,
and its contributions to the magnetic interactions are
isotropic. The spin distributions arising from j= 3/2
and 5/2 states, however give rise to anisotropic magnetic
interactions since these are nonspherical contributions
[22,26-28]. Applying these concepts, we estimated the
relativistic isotropic pjs, and anisotropic paniso Spin pop-
ulations for each magnetic nuclei of the Cu; cluster.
Thus, for each **Cu(2) and **Cu(5) nuclei of Cu; we ob-
tained that most of the electron spin distribution is iso-
tropic and resides (~24%) on each axial nuclei and
about 3% on each ring nuclei. The rest of the electron
spin distribution is anisotropic and distributed on the
axial (~4%) and ring (~8%) nuclei. In Fig. 1 we depict

Table 2

Spin densities for the 2A% ground state of Cu;*

Calculation p(2) p(5)
DFT-1 0.218 0.113
DSW-NR-I 0.270 0.092
DSW-I° 0.265 0.094
DFT-II 0.345 0.062
DSW-NR-IT 0.282 0.087
DSW-II 0.275 0.090
DFT-1I1 0.406 0.037
DSW-NR-IIT 0.280 0.088
DSW-III 0.275 0.090
DFT-1V¢ 0.345 0.062
Empirical® 0.291 +0.009

“ For a wunit spin population these calculations obey
2p(2) + 5p(5) = 1.000, while the empirical analysis does not.

® DSW-NR: non-relativistic calculation by setting the speed of light
to a very large value (¢ = 00) into the relativistic (DSW) code.

¢ DSW: fully relativistic (Dirac) calculations.

9 Is a DFT-B3LYP/6-311 + G* + s-tight function calculation.

¢ spin densities for s-electrons estimated as the ratio of Aj, (i) to
that of 4;, (free atom), see [3].

Fig. 1. Relativistic spin density three-dimensional (3D) orbital plot

(electron/bohr®)’ of the 2A] ground state of Cu;. The isosurface range

is between 0.05 and 0.15.

the relativistic spin density, where it can be seen that
most of the electron spin distribution resides on the axial
nuclei.

The calculated magnetic resonance parameters for
both clusters are given in Table 3. It can be seen that
the DFT calculated A;,, parameters for the axial nuclei
are in close agreement with the empirical estimate, ex-
cept the small basis set calculation (DFT-I), indicating
that for calculating this magnetic parameter larger basis
sets are required. Interestingly, the calculated A,
parameters for the ring nuclei are negative, indicating
that this arises due to spin polarization effects, since
the gn value for copper nuclei is positive [10,11]. The
calculated A;, results are in contrast with the empirical
estimate of a positive A;,, parameter, but the empirical
estimated value has approximately the same magnitude
as the calculated values.

The calculated and experimental hyperfine coupling
constants are also given in Table 3. The calculated val-
ues are obtained using the relativistic SCF-DSW and
DSW-NR calculations. It can be seen from this table,
that the calculated and experimental values for the axial
%3Cu nuclei agree in the sense that 4, > Aj,. and, the
calculated and experimental values for the ®*Cu ring nu-
clei agree in the sense that both components of the
hyperfine coupling constants are isotropic since
A, = Aj indicating that the experimental assumption
is correct [3].



Table 3
Paramagnetic parameters for the ®*Cuy cluster in its 2A’ Kramers
ground state™®

Parameters Calculations SCu(2) SCu(5)
Aiso’ DFT-1 1195 -21
DFT-1I 1806 —43
DFT-III 1747 -73
DFT-1V 1787 -53
Empirical 1747 54¢
Ay DSW-NR-I 1839 40
DSW-1 1949 42
DSW-NR-II 1928 33
DSW-II 2068 37
DSW-NR-III 1920 34
DSW-III 2060 38
Experimental®¢ 1794 54¢
A DSW-NR-I 1783 40
DSW-1 1892 42
DSW-NR-II 1887 33
DSW-II 2015 37
DSW-NR-III 1868 34
DSW-III 2006 38
Experimental>¢ 1654 54¢

@ All values in MHz.

® ESR spectrum in a Ne matrix, see [3].

¢ Calculated DFT values of (8n/3)geﬂegNBN\¢x_l;(0)|2.
4 Assumed value for 4,(5) = A|(5) = Ajso(5), see [3].

Relativistic effects on the electronic structure and
magnetic properties of this copper cluster are not very
significant. Moreover, the hyperfine coupling constants
calculated with the non-relativistic (DSW-NR) calcula-
tions are closer to the experimental values. This conclu-
sion can also be inferred from the experimental
Ag, =0.069 and Ag =0.000 parameters, since they
show small deviations from the spin-only value.

4. Conclusions

Thus, we can conclude that the unpaired electron spin
in Cu, spend most of its time on each axial **Cu(2) nu-
cleus, and that our spin distribution, geometry optimiza-
tion, and magnetic hyperfine coupling constants
calculations, are in reasonable accord with the ESR
spectral identification of Cu- as pentagonal bipyramidal.
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