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Magnetic Field (T) 

Fig. 4. The MR measurements of the x = 0.07 
specimen in the temperature range of 2 to 5 K. 
A positive MR = 60% is observed at 2 K in a 
field of 8 T applied normal to the surface. The 
temperature dependence of the resistivity is 
also shown (inset). 

Assuming that thermal equilibrium is 
reached in our growth conditions, the valence 
state of Co ions should be either Co2+ or 
Co3+, in view of the facts that the films were 
deposited at 950 to 1000 K and cooled down 
to 500 K in 1 X to 1 X torr of 
oxygen (16). If Co ions are in high spin state, 
we expect S to vary from 312 to 412, depend- 
ing on the mixing ratio of Co2+ and Co3+ in 
the film, giving a spontaneous magnetic mo- 
ment m,, between 3 and 4 pBICo. Mean- 
while, the low spin states of Co2+ and Co3+ 
yield at most S = 112 (ms, = 1 pBICo). The 
low spin configuration of Co ions is thus 
consistent with the observed magnetic mo-
ment in the M-H curve in Fig. 3A. In other 
words, the ferromagnetism of Co-TiO, is at- 
tributable to the local spins of Co ions. 

X.-D. Xiang and co-workers reported 
magnetoresistance but not ferromagnetism in 
a class of LnMCoO, (Ln = Y or La; M = Sr, 
Ca, or Ba) (1 7). The anatase structure can be 
viewed as a stacking of TiO, B-site layers 
along the c axis in perovskite. From the view- 
point of this structural similarity between Ln- 
MCoO, and Co-doped TiO,, the origins of 
these two magnetic effectsmay be related. 
The results revorted here are rather serendip- 
itous, and the underlying microscopic mech- 
anism of long-range order is still an open 
question at present. 
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First Solvation Shell of the 

Cu(ll) Aqua Ion: Evidence for 


Fivefold Coordination 
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Henry E. F i~cher ,~Lothar Helm,' Andre E. Merbach5 

We determined the structure of the hydrated Cu(ll) complex by both neutron 
diffraction and first-principles molecular dynamics. In contrast wi th  the gen- 
erally accepted picture, which assumes an octahedrally solvated Cu(ll) ion, our 
experimental and theoretical results favor fivefold coordination. The simulation 
reveals that the solvated complex undergoes frequent transformations between 
square pyramidal and trigonal bipyramidal configurations. We argue that this 
picture is also consistent wi th  experimental data obtained previously by visible 
near-infrared absorption, x-ray absorption near-edge structure, and nuclear 
magnetic resonance methods. The preference of the Cu(ll) ion for fivefold 
instead of sixfold coordination, which occurs for other cations of comparable 
charge and size, results from a Jahn-Teller destabilization of the octahedral 
complex. 

Copper is one of the most abundant transition validation of this model suffers from the ex- 
elements in biological systems, with an oc- perimental difficulties associated with mea- 
curence of 80 to 120 mg in a normal human suring the axial Cu-0 bond lengths (2-12) 
body (I), but the behavior of its simplest The nearest-neighbor Cu-0 bond lengths 
aqueous form, the Cu(I1) ion, remains poorly in aqueous solution are well characterized by 
understood. Because of its electronic d9con- a variety of experimental techniques such as 
figuration, a Jahn-Teller distortion is gener- x-ray diffraction (2-4), extended x-ray ab- 
ally assumed to axially elongate two bonds of sorption fine structure (EXAFS) (5-9), x-ray 
the octahedral [CU(H,O)~]~+complex (2- absorption near-edge structure (XANES) (7, 
15), yielding an unusually fast water ex- 8), and isotopic substitution in neutron dif- 
change rate (13, 15). In addition, an even fraction (10-12), all of which provide consis- 
shorter time scale has been observed and has tent values in the 1.94 to 2.00 A range. By 
been attributed to rapid transformations be- contrast, the more distant axial bond lengths 
tween configurations differing by the orien- have so far eluded accurate determination, as 
tation of the elongation (14, 15). However, manifested by the large interval over which 

the measured values are spread (2.12 to 2.60 
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(16, 17) to find the location of the more 
distant 0 atoms. In this method. the diffrac- 
tion patterns measured for solutions differing 
only by their isotopic composition are com- 
bined to give separately the pair distribution 
functions gcUo(r) and gcU,(r), which de-
scribe the average location of, respectively, 
oxygen and hydrogen atoms relative to the 
Cu(I1) ion. First-principles molecular dynam- 
ics simulations (18-20), which account for 
the critical interplay between electronic struc- 
ture and atomic motions, support the experi- 
mental results and reveal the atomic dynam- 
ics within the hydrated complex. 

Two solutions containing 2.0 molal 
Cu(ClO,), and 0.1 molal DClO, in D20 were 
prepared with 6 5 C ~  isotopes (99% and 6 3 C ~  
enrichment) (21). Two similar solutions with 
H replacing D were prepared with concentra- 
tions ensuring the same atomic fractions as in 
the deuterated solutions: 1Cu2+ :2C10,: 
25(HlD)20:0.05(H/D)C104.Raman and nu- 
clear magnetic resonance (NMR) measure- 
ments indicate that the perchlorate ions in 
aqueous solutions are not prone to inner-
sphere complexing (7). Taking crystallo-
graphic data for CU(CIO,)~.~H~O into con- 
sideration (22), we deduce that, in solution, 
distances between the Cu(I1) ion and the 0 
and C1 atoms of the perchlorate ions are 
larger than 3.85 and 4.50 A, respectively. 
Similarly, Cu-Cu distances are expected to be 
larger than 5.14 A. 

Two first-difference functions, one for 
the deuterated and the other for the hydro- 
genated solutions, were obtained by sub- 
tracting the measured diffraction patterns 
for the solutions with different Cu isotopes 
(23). The first-difference function extracted for 
the deuterated solutions closely agrees with pre- 
vious results (10). Neglecting differences in 
quantum motions, we assume structural iso- 
morphism for hydrogen and deuterium. The 
two first-difference functions can then be com- 
bined to extract (Fig. 1) the partial pair distri- 
bution function gc,(r) (16,17), as well as the 
function 

which represents a linear combination of partial 
pair distribution functions with coefficients re- 
sulting from the concentrations and neutron 
scattering lengths of the species in our solu- 
tions. The function AG(r) reduces to g,,(r) at 
distances below 4.50 A, where Cu-C1 and Cu- 
Cu correlations are not expected to occur (7, 
22). To assess the effect of statistical noise. 
the reciprocal space data were smoothed us- 
ing a spline fitting method and a minimum 
noise method. The difference between the 
coordination nymbers obtained with the two 
procedures provides an error estimate of 
?0.15 and ?0.20 for the Cu-0 and Cu-H 
correlations, respectively. 

In the region of the first solvation shell 
( r  < 3.0 A), gcUo(r) shows a single peak at 
1.96 A (Fig. I), with no definite signature 
for elongated bonds. A fivefold coordina- 
tion is achieved by integration up to 3.02 A, 
with the sixth 0 atom situated in the 3.02 to 
3.44 A range. Because 0 atoms beyond 3.0 A 
are generally not considered to be bonded (24), 
this strongly suggests fivefold coordination. 
The distribution function gc,(r) corroborates 
this picture. The first peak occurs at 2.54 A and 
gives a coordination number of 8 at 2.89 A, 
with the four more distant H atoms distributed 
over a wide range extending up to 3.80 A. At 
the first minimum of gc,(r) at 3.41 A, a 
coordination number of 10.0 is measured. 

The molecular dynamics simulations (18- 
20) were camed out using a periodically 
repeated system consisting of a single Cu2+ 
ion and 50 water molecules (25). Extensive 
test runs at 300 K showed negligible diffu- 
sion at this temperature, yielding glassy 
structural configurations. We selected one of 
these configurations, in which the Cu(I1) ion 
was fourfold coordinated, for starting the mo- 
lecular dynamics. During a time period of 
about 6 ps, we varied the temperature be- 
tween 300 and 380 K while monitoring the 
diffusion. We then fixed the temperature at 
350 K, where the diffusion rate showed liq- 
uidlike behaviour. Within 1 ps of this regime, 
the Cu(I1) ion became fivefold coordinated 
and maintained this coordination state for the 
remainder of the simulation (17 ps). A time 
period of 16 ps, during which the Cu(I1) ion 
was fivefold coordinated, was taken for sta- 
tistical averages. To test our theoretical ap- 
proach, we also simulated a Ni(I1) ion under 
identical conditions as the Cu(I1) ion. In 

" 
2 4 

r (A> 

agreement with the experiment (16, 26), we 
obtained sixfold coordination validating our 
method. We then selected one sixfold-coor- 
dinated configuration and replaced Ni(I1) 
with Cu(I1). When the simulation was restart- 
ed, fivefold coordination of the Cu(I1) ion 
was recovered within 1 ps. 

The theoretical pair distribution functions 
show excellent agreement with the experi- 
ment for all the principal features (Fig. 1). 
Despite the higher temperature in the simu- 
lation, the theoretical features are found to be 
sharper than in the experiment. The largest 
difference is observed for the first peak in the 
gcuo(r) function. A substantial part of this 
difference results from the finite momentum 
transfer range measured in the experiment 
(23) (Fig. 1). Residual differences in peak 
heights and the adjustment by 50 K on the 
thermal scale should be attributed to the finite 
size of the simulation cell (27), to the neglect 
of quantum motions of the H nuclei, and to 
intrinsic limitations of the generalized gradi- 
ent approximation (28, 29). Such a small 
thermal adjustment is not expected to affect 
the primary solvation number of the Cu(I1) 
ion (30), because relevant activation energies 
of divalent transition-metal ions in aqueous 
solution typically range between 10 and 60 
kJ/mol (31) and are thus substantially larger 
than 0.4 kJ/mol, the energy that corresponds 
to a temperature of 50 K. 

The simulations permit an analysis of the 
structural configurations. In spite of the thermal 
fluctuations, we could identify the out-of-plane 
Cu-0 bond by adopting a geometrical criterion, 
namely the absence of a trans in-plane ligand at 
approximately 180°. This enabled us to define 
the stereochemistry of the fivefold-coordinated 

Fig. 1.Partial pair correlation 
functions gcuo(r) (A) and 
gcu,(r) (B) obtained by the 
second-difference isotopic 
substitution method in neu- 
tron diffraction (thick 
curves) and by first-princi- 
ples molecular dynamics 
(thin curves). The experi-
mental g,,,(r) corresponds 
to AC(r) given in Eq. 1. The 
dotted curve in (A) corre-
sponds to the theoretical 
gcuo(r) obtained by consid- 
ering the same momentum 
transfer range as in the ex- 
periment (23). The coordi-
nation numbers as a func- 
tion of cutoff radius are 
given in the insets. The 
horizontal dashed line (in- 
set, upper panel) corre-
sponds to sixfold oxygen 
coordination. 
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Cu(I1) ion in terms of the parameter T (Fig. 2), 
which describes the in-plane angular distortions 
by representing the percentage of trigonal dis- 
tortion of a square pyramidal configuration 
(24). During the simulation, the hydrated Cu(I1) 
complex was found to undergo structural trans- 
formations known as Beny twists (24), as il- 
lustrated by the evolution of T. Starting from a 
square-pyramidal-like configuration, the com- 
plex transformed around time t = 16 ps to a 
trigonal-bipyramidal-like configuration. Sev- 
eral unsuccessful transition attempts could 
also be discerned. During the simulation, the 
structural parameters of the hydrated Cu(I1) 
complex (such as the bond lengths. the pa- 
rameter T. and the out-of-plane displacement 
of the Cu2' ion) were found to vary in a 
correlated way following the same empirical 
rules that were derived for crystalline struc- 
tures (24). This provides support for the ste- 
reochemical behavior of the fivefold-coordi- 
nated Cu(I1) ion in our simulation. 

Experimental data obtained by nondiffrac- 
tive methods have previously been invoked to 
support a sixfold-coordinated Cu(I1) ion. 

Fig. 2. Evolution of the pa- A square pyramid 
rameter T = (0 - (p)/60 X 

Here we specifically address visible near-
infrared absorption (26), XANES ( 7 ) ,  and 
NMR (IS) measurements and argue that the 
results can be reinterpreted in terms of a 
fivefold-coordinated Cu(I1) ion. 

The visible near-infrared spectrum of 
Cu(I1) aqueous solutions (26) shows a broad 
peak centered at about 1.5 eV (Fig. 3, inset). 
To test whether this is consistent with five- 
fold coordination, we calculated the joint 
density between the relevant filled and empty 
d states. We took an average over seven 
instantaneous atomic configurations in the 
simulation, representing a broad range of T 
(Fig. 3). For comparison, we also calculated 
such a density of states for a [Cu(H20),I2' 
cluster with a chosen tetragonal elongation of 
0.2 i\.The two calculated spectra are essen- 
tially indistinguishable once allowance is 
made for thermal broadening in the cluster 
calculation. This suggests that transition en- 
ergies are not substantially affected by the 
different bonding hybridizations in the five- 
and sixfold-coordinated Cu(I1) complex. De- 
spite the neglect of transition matrix elements 

and excitonic effects, the calculated densities 
of states also show a fair agreement with the 
experimental absorption spectrum (26). 

To examine the compatibility of the mea- 
sured XANES spectrum (7) with fivefold co- 
ordination of the Cu(I1) ion, we calculated the 
XANES spectrum associated with our simula- 
tion. For an individual atomic configuration, a 
spectrum was obtained by considering the den- 
sity of empty states of p symmetry in the core 
region of the Cu(I1) ion. The theoretical 
XANES spectrum results from an average over 
eight atomic configurations, equally spaced in 
time. The correspondence between the theoret- 
ical and the experimental spectra fully supports 
fivefold coordination of the Cu(I1) ion (Fig. 4). 

The limited length of our simulation 
does not allow us to predict the water ex- 
change rate with the bulk of the liquid or 
the relative frequencies of occurrence of 
square-pyramidal-like and trigonal-bipyra- 
midal-like configurations. Nevertheless. 
the above results suggest the following pic- 
ture for the dynamics in the first solvation 
shell of the Cu(I1) aqua ion. The fivefold 
coordination and its fluctuation between 
different configurations of the hydrated

trigonal bipyramid square pyramid Cu(I1) complex facilitate the water ex-

0-Cu-0 angles. (A) Berry for its fast rate (15). Furthermore, the high 
twist mechanism showing, attempt rate in the evolution of T (Fig. 2 )  
from left to right, the reori- 

loo%, where 0 and cp are 

+Fq -b 
4 -+4 

change process and provide an explanation 

suggests that the typical time scale of Berry 
entation of the main axis twists lies in the picosecond range. This 
of a square pyramidal con- provides a mechanism affecting the mag- figuration by pseudorota- 
tions via a trigonal bipyra- T = O %  r = 100 92 r = 0 %  netic relaxation of the "0 nuclei in the 
midal configuration (24). 
The gray atoms in the 100 
plane of the trigonal bi- 
pyramid are all candidates 
for becoming apical atoms 
in a square pyramid. (8) 
Evolution of T as derived - 60 
from the first-principles ' 
molecular dynamics simu- 40 
lation (window-averaged 
over an interval of 0.5 ps). 
The parameter T describes 
in a continuous way inter- 

Cu(I1) hydration shell and is consistent 
with the short time scale (-5 ps) observed 
in NMR experiments (IS).  Indeed, the "O 
NMR data (15) can successfully be reinter- 
preted in terms of a fivefold-coordinated 

mediate configurations of 8 12 16 20 24 
the fivefold-coordinated time (ps) 
Cu(ll) aqua ion ranging be- 
tween the regular square 
pyramidal (T = 0%) and the regular trigonal bipyramidal (T = 100%) configurations (24). 

Fig. 3. The joint electronic 
density of states (DOS) be- 
tween filled and empty mi- 
nority spin d states (solid 
curve), averaged over seven 
instantaneous atomic con- 
figurations of the first-prin- 
ciples molecular dynamics 
simulation, is compared to 
that for a CU(H,O),~+ clus- 
ter (dashed curve). The in- 
set shows the experimental 
visible near-infrared ab-
sorption spectrum (26). 

_-
I 2 -

$ 
8 
'). 1 -:z 


0 1 2 
energy (eV)  

energy ( eV)  

Fig. 4. The theoretical XANES spectrum (solid 
curve), calculated by considering the density of 
empty states of p symmetry and averaged over 
eight instantaneous atomic configurations of 
the first-principles molecular dynamics simula- 
tion, is compared to the experimental spectrum 
(dotted curve) (7). The principal peak in the 
theoretical spectrum has been aligned to the 

4 5 	 principal experimental peak. Arb. un., arbitrary 
units. 
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copper ion with interconversion between 
square pyramidal and trigonal bipyramidal 
forms, yielding a water exchange rate of 
(5.7 5 0.2) X lo9 s-', slightly enhanced 
with respect to the value obtained previous- 
ly assuming sixfold coordination [(4.4 i 
0.1) X lo9 s p l ]  (15). 

The frequency of occurrence of both five- 
and sixfold-coordinated Cu(I1) ions in crystal- 
line compounds (24) suggests that these coor- 
dinations are competitive. Thls work shows 
that, at variance with the sixfold coordination of 
cations of similar charge and size such as Ni(I1) 
and Mg(I1) (26), the Cu(I1) aqua ion adopts a 
fivefold coordination. This is a direct conse- 
quence of the 3dy electronic structure of its 
atomic shell, which causes a departure from 
octahedral coordination because of the Jahn- 
Teller effect. 
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Observation of All-Metal 

Aromatic Molecules 
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Aromaticity is a concept invented to account for the unusual stability of an 
important class of organic molecules: the aromatic compounds. Here we report 
experimental and theoretical evidence of aromaticity in all-metal systems. A 
series of bimetallic clusters with chemical comp6sition MA[,- (M = Li, Na, or 
Cu), was created and studied with photoelectron spectroscopy and ab initio 
calculations. All the MA[,- species possess a pyramidal structure containing an 
M +  cation interacting with a square ~ 1 , ~ -unit. Ab initio studies indicate that 

exhibits characteristics of aromaticity with two delocalized a electrons 
(thus following the 4n + 2 electron counting rule) and a square planar structure 
and maintains its structural and electronic features in all the MA(,- complexes. 
These findings expand the aromaticity concept into the arena of all-metal 
species. 

The name "aromatic compound" was initially 
bestowed on benzene, its derivatives, and 
related compounds because of their aroma. 
Today, the terms "aromatic" and "aromatic- 
ity" are used to describe cyclic, planar, and 
conjugated molecules possessing (4n + 2) a 
electrons and having specific chemical and 
structural stability. Despite the undeniable 
usefulness of the aromaticity concept, it re- 
mains controversial and its physical origin is 
still being debated (1-3). Thus, recent years 
have seen a resurgence in the development of 
various criteria of aromaticity and in theoret- 
ical investigations aimed at gaining a deeper 
insight into the origin of this phenomenon 
(4-8). In this report, we present experimental 
and theoretical evidence of aromaticity in an 
all-metal system: the A14* dianion in a series 
of bimetallic ionic systems with chemical 
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composition MA1,- (M = Li, Na, or Cu). The 
A1,l- unit was found to be square planar and 
to possess two delocalized a electrons, thus 
conforming to the (4n + 2) electron counting 
rule for aromaticity. 

Using a laser vaporization source and neg- 
ative ion photoelectron spectroscopy (9, lo), 
we produced and investigated a series of 
MA1, clusters (11). The negative ion tech- 
nique affords convenient size selectivity, and 
photoelectron spectroscopy is quite suitable 
for providing unique electronic structure in- 
formation pertaining to the neutral species. 
We have found that combining photoelectron 
spectroscopy and ab initio calculations offers 
a particularly powerful approach to investi- 
gating the structure and bonding of novel 
molecular and cluster species (12). Photo- 
electron spectra of the three MAI,  species 
were measured at two different photon ener- 
gies. The spectra of the three species are 
similar (Fig. l), each with an intense thresh- 
old peak (Xand A )  followed by two weaker 
features (B and C). The X and A features 
overlapped heavily and were only resolved in 
the 355-nm spectrum of NaAl,-. The vertical 
electron detachment energies of these fea- 
tures were measured from the peak maxima 
(Table 1) and compared to the results of the 
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