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Density Functional Theory Study of the Jahn-Teller Effect and Spin—Orbit Coupling for
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The Born-Oppenheimer potential energy hypersurfaces of copper and gold trimers were calculated using
density functional theory with an analytic potential. The calculated Jalefer distortion energies,

pseudorotation barriers, dissociation, and isomerization energies for the two trimers are discussed. Global
minima from the surfaces were optimized using the density functional theory method as well as the coupled
cluster-singles-doubles-with-triples energies technique. The agreement of the optimized structures with the

analytic potential was very good. The Mulliken population analysis compared favorably with the experimental
electron spin resonance results. Spambit coupling was subsequently included and the effect was significant
for gold, but negligible for copper. The spiorbit effect suppressed the Jatifeller distortion of the gold
trimer, and the potential surface with the sporbit effect included was also obtained. The spambit splitting

for the D3, geometry of the gold trimer was in excellent agreement with the most recent infrared spectroscopic
results.

I. Introduction the full potential energy surfaces of A# the primary goal of

) ) ) this work is to report the results of a series of calculations
Increasing experimental and theoretical research has beennyolying the full potential energy surfaces of £and Au,

devoted, in recent years, to the determination of the propertiesinciyding the spir-orbit effect in the two systems. Because

of small metal clusters in the gas phase. Much effort has beenpigh-jevel ab initio calculations, including very accurate methods
paid to small clusters of the coinage metals, Cu, Ag, and Au. sych as CCSD(T), are CPU intensive for transition-metal-
In part, this interest results from their connection to broad containing molecules, we chose to use density functional theory

graphic process_ésmd clusters of all three metals in chemical ccsp(T) results will be provided as comparison points for the
catalysis? The trimers are of special interest because they pose prT results.

classic examples of the Jahiieller effect. The methods used to study the trimers and calibration
The Jahn-Teller effect for some groupsiclusters has been  calculations involving the ¥5,* state of the transition metal

explored experimentally by gas-phase optical spectro$cbpy  dimers will be discussed in the next section. In the Results, we

(Cus and Ag;) or matrix-isolated ESR studies (&UAgs, Aus, begin with a discussion of the general features of the Born

and CuAgCyY). In addition, some computational studies have Qppenheimer (BO) hypersurfaces for the trimers, as well as DFT

been reported. Among the earliest computational reports are theand ab initio optimizations for the lowest energy configurations.

all-electron studies of Bachmann et®dor Cus. More recent  This is followed by the detailed electronic properties of the

work includes the Singles-plus-doubles ConﬁgUl'ation'interaction ground-sta‘[e geometries and a Comparison with available

(SDCI) and coupled pair functional (CPF) calculations fog Cu  experimental results. Finally, some general conclusions are

by Langhoff et al? the local spin density (LSD) work of Flad provided.

et all® on Cy and Ag clusters, the MCSCF/Multireference

singlestdoubles CI (MRSDCI) calculations of Balasubramanian Il. Methods

and Liad! for Auz and Ag, the CPF calculations for GuAgs, '

and AgCu by Walch et al'? and the CCSD calculations for The main focus of the calculations involves the application
Ags by Yoon et al*® Shen and BelBrurid have reported the  of DFT methods to the trimers Guand Aw. However, it is
full ground-state potential surface for the silver trimer. crucial that there be results available for comparison to judge

Although experiments and calculations have been reportedthe accuracy of the DFT methods. There are two components
for specific trimers from this group of elements, most of them to this comparison: relative accuracy as compared to high-level
focus on the classical JahiTeller effect and ignore spinorbit ab initio techniques and accuracy as measured by comparison
coupling (an important exception, the work of Balasubramanian to experimental results. The computational methods and the
and co-workerd5 is discussed in the Results). In addition, these relevant comparisons are discussed below.
studies typically involved only a small part of the configuration a. CCSD(T) Dimer Reference CalculationsThe CCSD(T)
space. For example, Balasubramanian and€iaave reported theoretical method is one of the most accurate single reference,
the bending potential for ALIWe believe that calculations of  electron correlated ab initio techniques available. To assess the
the full potential energy surfaces are important for later performance of the DFT methods, we have completed CCSD-
molecular dynamics simulations and the explanation of some (T) calculations for both dimers and selected electronic states
of the spectroscopic results. Because we have already exploredf the trimers. For these calculations, completed using the
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TABLE 1: Physical Parameters for Cu, as a Function of The CCSD(T)/StECP(2f) theoretical method was also em-
Theoretical Method® ployed to generate comparison data for selected trimer electronic
bond length, frequencies, De, states. However, tiE' state is not included in this set of results.
basis sets methods A cm? ev Both the singly occupied HOMO and the LUMO belong to the
TZ2P LDA 2.182 283.2 2.60 € representation iz, symmetry. A single reference method
LDA(rel) 2.153 297.8 2.76 such as CCSD(T) cannot adequately treat this system. This exact
BLYP(rel) 2.236 2621 217 (ifficulty was evident in several earlier studies involving the
E\E/‘V%({‘(er')el) %%ig g%g ggg trimers of silvet® and group V trimer& Because of the
RPBE(rel) 2543 2589 501 Multiconfigurational nature of the ground state as well as the
RevPBE(rel) 2236 261.4 2.03 Splitting of that state into JahfTeller components, reduced
Qz4pP LDA 2.179 285.3 2.61 (C,) symmetry was employed in the previous calculations. This
LDA(rel) 2.151 3002 277 s the approach in the current work as well.
EEE';(‘;SI) 2222313 Zzglg'g 221276 b. Comparison of DFT Theoretical Methods.Calculations
PWOL(rel) 2213 2723 2026 forthe BO hypersurfaces and geometry optimizations of global
PW91(ret-spin—orbit) 2.212 2.26 minima were completed using the Amsterdam Density Func-
RPBE(rel) 2.250 2558  2.02  tional (ADF) 2002.02 software packagéTest calculations
S Fg*(‘:’gg'a()re') 22-22‘5 2255%58 21-%‘; involving homo-dimers of the two metals were used to determine
StECPH2f CCSD(T) 2996 269.1 196 appropriate cor_nputatlonal parameters for the trimer studies. '_I'he
expt 2220 2646 203  available experimental data for the dimers provide an appropriate

. o i . L comparison point to judge the effectiveness of the candidate
a2 The designation “rel” refers to the inclusion of relativistic effects DFT computational techniques. The relativistic effect is the first
via the ZORA formalism. The molecular dissociation enerdiesre :

calculated with respect to the lowest LS state of the atom in the scalar !ssue _to be a_lc_idressed. It is W_e"'known that _C_alcmat'ons
relativistic ZORA case, and the lowesiV,Clis calculated in the fully involving transition metals, especially heavy transition metals

relativistic ZORA (spir-orbit ZORA) case. such as gold, require explicit inclusion of relativistic effetts.
) ) Among the relativistic correction methods, the Zero Order
K\E;Et%;lpﬁgts%%egaParameters for Auz as a Function of Regular Approximation (ZORAJ~2 generally provides better
results than does the Pauli formalism, especially for the heaviest
_ bond length, frequenfiesv De, elements. The ZORA formalism includes maselocity cor-
basis sets methods A cm ev rections found in the quasi-relativistic Pauli approximation but
TZ2P LDA 2.619 145.0 2.49 is variationally bound in regions of space where the Pauli
lélaéggrzl) 2;;%% 11%23-2 22-22 approximation fails. For this reason, the ZORA formalism and
PBE(rel) 2523 173.2 209 the ZORA basis set in ADF, which is optimized for use with
PWO1(rel) 2519 174.5 232 the ZORA method, were used for all relativistic calculations.
RPBE(rel) 2.548 164.7 2.04  Because preliminary calculations indicated that the frozen core
revPBE(rel) 2.541 167.1  2.06  approximation affects the sp#orbit splitting in Aus, we chose
Qzap LDA 2.682 1372 2.01 {9 yse all-electron basis sets. In the ZORA basis set directory,
'E‘;'Bf(‘gel) 2459 1954 2.92 there are two all-electron basis sets. One is the TZ2P basis set,
(rel) 2.554 165.0 2.14 = - .
PBE(rel) 2519 1743 231 Which is core doubl&; valence triples and includes double
PW91(rel) 2.514 177.0 2.33  polarization functions. The other is the QZ4P basis set. It may
PWO(rel+spin—orbit) ~ 2.508 241 be described as core tripieand valence quadruplewith four
RPBE(rel) 2.543 166.0  2.05  gets of polarization functions. With the TZ2P basis set, the basis
S revPBE(rel) 2536 168.2 208 fnctions may be represented as (9s, 6p, 3d, 1f) for Cu and
tECP CCSD(T) 2.574 170.1 1.9 . .
StECPH2f CCSD(T) 2520 1816 219 (14s, 10p, 7d, 4f) for Au. In the QZ4P basis set, the basis
expt 2472 191 231 functions for Cu are (14s, 8p, 5d, 3f) and, for Au, (22s, 18p,
2 See Table 1 for details. 11d, 6f). These aII.-eIectron bgsis sets included ffunctio.ns, which
we found to be important in the CCSD(T) calculations for

GAUSSIAN 98 suite of program, the small-core, energy- dimers.

consistent relativistic pseudopotentials and corresponding basis The importance of accounting for relativistic effects may be
sets developed by the Stuttgart group (StE€&F)were em- observe.d by C(.)mparlng.the Local pgnslty Approximation (LDA)
ployed. In this pseudopotential, the inner shell (core) electrons palculaﬂons with and W|th_out relativistic _effe(_:ts for both dimers
are replaced by an effective potential and the 19 remaining i Tables 1 and 2. Inclusion of.thg rgl§t|V|st|c effect decreased
electrons (MapPndo(n+1)s!) are explicitly treated as valence the Cu—Cu bond length by an |n5|gn|f|cant 0.029 A for TZ2P
electrons. It has been reported in the literature that inclusion of @nd 0.028 A for QZ4P. The effect is remarkably large fopAu

f functions is critical to the final accuracy of calculations With a decrease of 0.157 A in bond length for TZ2P and 0.223
involving transition metal clustef€:20.21 Therefore, we have A for QZ4P. The calculated Aubond length with relativistic
supplemented the basis set with two f functions not normally €ffects was significantly improved when compared with the
included. These additional f functions were optimized using the €xperimental value of 2.472 A.

ground-state energy of the Cu and Au atoms. The effect of this ~ Although inclusion of the relativistic effect significantly
extended basis set may be measured by examining the physicaimproved the calculated bond length for the gold dimer, the
properties of the transition metal dimers shown in Tables1 and LDA binding energies remained greater than the accepted
2. The results in the last three rows of each table indicate thatvalues. Binding energy errors were approximately 0.7 eV for
the inclusion of the f functions significantly improves the Cu, and 0.6 eV for Ag. This is the well-known overbinding
agreement between the calculated and experimental results (boneéffect of the LDA. Therefore, we also tested several general
length, binding energy, and harmonic frequency). gradient corrections, so that nonlocal exchange and correlation
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effects were included. The general gradient methods included TABLE 3: Parameters for the BO Analytical Potential (in
the exchange and correlation corrections of Perdew and ®ang 107° au)

(PW91), the exchange and correlation corrections proposed by parameter Cy Aus Aus (spin—orbit)
Perdew, Burke, and Ernzerliéf(PBE), the revised PBE do —83.062106 —85.704353 —88.463165
exchange correction reported by Hammer, Hansen, and Nor- R, 4182.0659 4750.9563 4739.4328
skov?? with the Perdew Burke—Ernzerho#! correlation cor- a 1508.7382 1551.7705 1495.1774
rection (RPBE), the revised PBE exchange correction of Zhang & 622.17988 543.15480 44997811
and Wang?® with the Perdew Burke—Ernzerho#* correlation a 191.61196 162.69206 122.29176
. . . C —26.049673 737.19042 520.75374

correction (revPBE), and the gradient correction develéped e —333.25624 1275.6882 940.20518
by Becke with the LeeYang—Parr 198837 correlation Cs 596.34265 ~195.27131 —55.432907
correction (BLYP). The computational results for the two dimers Cs 185.99625 —150.50150 —102.38484
are compared with the experimental data in Tables 1 and 2. by 109.69951 120.26567 116.39461

For all of the GGA methods, the results from the TZ2P and Bz Z?:gg;‘igg :gi:giggig _Sfdzl??ggi&
QZA4P basis sets were similar, but the QZ4P result was slightly — p, 12.761350 191.37891 38.578784
improved for Ay. The Aw bond length decreased and that for bs 0.59223642 0.60950052 —0.21006720
Cuw, increased for all the GGA methods. The slightly overall Pe —3.6982922 —0.32173852 6.2755544
better performance of QZ4P over TZ2P was expected, as QZ4P by 5.7862211 39.848070 10.695885
is the largest basis set in the ZORA directory, has a large number Ez _ 6%2%%%‘;7 _115?(.55’2’?272 _4116%7.8527133
of polarization functions for the atoms, and was intended for bio —0.10064858 —2.3740101 0.93480156
near basis set limit calculations on small systems. Tests by 23.906416 75.061704 —7.6436669

performed on many small molecules have shown that for
properties such as binding energies, the QZ4P basis set provided6st6s) bonding orbit and the mixing of 6s character into the
results close to those obtained in the literature with very large 5d shells. At shorter distances, there was greater 6p mixing,
GTO basis set¥:38Based on the observations in Tables 1 and Which increased the spirorbit stabilization. Therefore, spin
2, the QZ4P basis set was chosen for the trimer PES calculations0rbit coupling will slightly shorten the bond length of Aand

From the data in Table 1, one observes that the PBE angdncrease its binding energy. The same reasoning may be applied
PW91 methods provide similar results for copper, in excellent to Cu, but of course in this case, copper has a smaller effective

agreement with experiment for both the TZ2P and QZ4P basis nuclear chargg and, thus, a smaller SFF"'"b“ effect anpl bond .
sets. A choice between the two methods is arbitrary, but we length shortening. We postpone the discussion of trimers until

have selected the PW91 DFT method for the trimer studies, (€ Next section. .
The PWO1 results were in excellent agreement with the c. Analytic Potential. For the BO surfaces, the analytic form
calculated bond lengths and harmonic frequencies from the of the adiabatic potential energy surface was chosen to be similar
CCSD(T)/StECP(2f) theoretical method; the relative error was to thgt used by. Gerper et@l.fpr the .alkah metals and in our
less than 0.5% for bond length, and less than 2.5% for harmonicP'€VIous work mvo!vmg t_he silver ””T‘é‘“- Because completg
frequencies. In the case of Authe PW91 bond length and detall§ were provided in our_earlier Papet, (_)nly a brief
binding energy are in better agreement with experimental valuesdescr'ptlon is presented here. The potential is given by
than the CCSD(T) results. These results provided confidence

() P E(QuQuQ) = VIR, — Ryl) + VIR, = Ryl) +

in the application of the method to the trimers. In particular,
V(|R3 - R1|) + [1 - tanhG(QalerQy)] F(QaiQx!Qy)

the dimer bond length would be an important parameter in the
fitting process for the trimer BO surface, and frequency
calculations were critical to differentiate the static Jafieller whereE is the energy with respect to three isolated atoms and
distortion from a dynamic effect. Although the binding energy (QaQxQy) are normal coordinates, defined on the basis of the
for the Cy was approximately 0.3 eV larger than the CCSD- Dan geometry given by an equilateral triangle. The origin of
(T) result and about 0.2 eV larger than the experimental value, the Cartesian coordinate system, in au, was chosen to be at the
this overbinding was not important because we employed center of the equilateral trianglB; was the position of atom
relative energies among the trimer conformations in calculating V(R) was a fit of the calculated potential energy curve of the
the potential surfaces. These calculations were designated aglimer and had the following form:

PW91/ZORA-QZ4P.

To test the spirrorbit coupling effect, we included spin
orbit coupling calculations for both dimers and trimers. Because o .
the current version of ADF does not support spin-unrestricted AR= R_ Ro, whereR, was the optimized dimer bond length.
calculations, all of the spinorbit coupling calculations in the By trial anql error, the forms dB(Qa QuQy)andF(QaQxQy)
paper were spin-restricted open shell, spimbit coupled DFT ~ Were determined to be
calculations. In addition, the optimized dimer bond lengths and
trimer geometries that included spiorbit coupling were
obtained by single point calculations at a series of different _ 2 2
geometries. These calculations are designated as PW91/ZORA-F (Qa’QX'QY) = by +0,Q; + bQ;" + byp” + bgpc +
QZ4P(spin-orbit). From Tables 1 and 2, it may be observed bgo’C + b,Q,0¢ + bgQ,0°C + by + bygoc” + by, Q0
that the spir-orbit effects were small for both dimers. The small
effects were as expected, because both dimers have closed shells o= N sz + Qy2
orbital was not affected by spiorbit coupling. As van Lenthe c= 4(Q,(//o)3 — 3(QJp)
et al28 pointed out in the case of Authe remaining small spin

and the bonding was mainly due to the atomscorbital. This
orbit effect arose from the mixing of 6p character into the The fitting parameters are presented in Table 3. This formalism

V(R) = dy(1 + a,AR+ a,AR? + a;AR’) exp(—a,AR)

G(Q.Q.Q) = C1Q, + C2p + C3p” + C4Q,”
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Figure 1. (a) Equipotential lines (energies in chlines not equally
spaced to highlight the features near the center) of theBQusurface
for Qa = 0. The normal modeQy and Q, form the basis for the'e
representation iz, symmetry The 2E' equilateral andB, isosceles
triangles are presented in the center. Local minima for the linear

geometries are also shown. (b) Potential surface for the isosceles

triangles,Q, = 0. The dimer plus atom dissociation channel, #Bg-
2A; pseudorotation, and the triangle-linear isomerization channel are
shown.

provided the corredCs, symmetry of the potential surface and
allowed an accurate description, including the Jaheller effect

to second order, of both the dissociation limit and the neighbor-
hood of the equilateral triangf@:1

I1l. Results and Discussion

a. Born—Oppenheimer Surfaces for the Trimers. Total
energy calculations for-100 configurations were obtained to
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Figure 2. (a) Equipotential lines (energies in cflines not equally
spaced to highlight the features near the center) of theBusurface
for Qs = 0. The normal mode®, and Q, form the basis for the'e
representation iz, symmetry The 2E' equilateral andB; isosceles
triangles are presented in the center. Local minima for the linear
geometries are also shown. (b) Potential surface for the isosceles
triangles,Qy = 0. The dimer plus atom dissociation channel, g
2A; pseudorotation, and the triangle-linear isomerization channel are
shown.

geometry are higher in energy than the glot minima. The
equilateral triangle geometry, shown in the center of Figures
la and 2a, is also higher in energy than3Bgstructures. There

is a reaction path connecting tAB, minimum with the linear
geometry local minimum. In Figures 1b and 2b, both the
pseudorotation barrier and a dissociation pathway are evident.

construct the BO surface for each trimer. Because very stringentThe dissociation pathway represents the reaction of trimer to

convergence criteria (18 au) were used in these calculations,
the fitting error for any point on the surface was 10 ¢nor
less, with a root-mean-square error of 7.1°énThe reason for
the residual fitting error was the limitation of the ADF program,
or that of any computational chemistry software. Generally, the
use of six or more significant figures in geometry parameters
is meaningless. The equipotential lines, inépfor important

dimer plus atom. The fact that the trimers are bound differs
from the analogous hydrogen trimer, which is unstable with
respect to dissociation. The dissociation energies of the copper
and gold trimers are at least a factor of 2 greater than those for
the alkali trimers. The added stability of these two trimers is
due to thed-electron contribution to the bonding.

b. Cus. (1) Potential Surface without SpirOrbit Coupling.

BO surfaces in normal coordinate space are plotted in Figures1The individual potential surfaces reflect differences in the

and 2 for Cy and Aw, respectively. For the energy of tRaj,
2B,, and °E' states, extrapolated values from the analytical

potentials were obtained. To indicate that these values cor-

respond to a specific geometry rather than the equipotential lines
the lines point to the center of the contour circles. All of the
remaining values in the figures correspond to equipotential lines.
The BO surfaces for the two trimers have many features in
common. Both4g trimers are bound. In three-dimensional space,
the surface is a warped Mexican BaEor each trimer, the three
equivalent?B; isosceles triangle global minima are separated
by 2A; isosceles triangle saddle points. The structures with linear

physical properties of the clusters. In Figure 1ag Suseen to
have a JahaTeller stabilization energy of 403 crthand the
linear form of the trimer lies 2256 cm above theB, isosceles

Jtriangle isomer. Figure 1b indicates a pseudorotation barrier,

the energy difference between th&,; state and théB; state,
of 98 cnT?, and a dissociation energy of 1.4 eV.

(2) Optimized Geometries for the Surface MinirAs.a test
of the quality of the surface, several important geometries were
fully optimized with the same theoretical method (PW91/ZORA-
QZ4P) used to generate the potential surface. The results are
given in the first four rows of Tables 4. A comparison of these
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TABLE 4: Calculated Geometries for Cug?

r, I'base apex angle, symmetric bend, Eo, EP De,
state symmetry A A deg stretch, cm? cmt cmt cmt eV
= Dan 2.328 2.328 60.00 264 161 293 411
2A; Cy, 2.384 2.241 56.08 274 191 232 102
2B, Ca 2.275 2.489 66.34 270 125 273 0 1.444
DY Doh 2.277 2.277 180.00 267 169 218 2265
Esio D3 2.328 60.00 0
Esp D3 2.328 246
Jiou Dooh 2.277 180.00 2020
2A1 Cy, 2.444 2.283 55.68 153
B, Cy, 2.283 2.501 66.43 0 1.135
DY Doh 2.294 180.00 2642
2A© Cy, 2.515 2.319 54.91 224 151 171
2B,¢ Cy, 2.368 2.664 68.48 213 109 0

2 The results in the first four rows were obtained using PW91/ZORA-QZ4P. Results in rows five through seven were calculated using PW91/
ZORA-QZ4P(spin-orbit), and the CCSD(T)/StECP(2f) theoretical method was used for the results in rows eight throlighlltére energies are
with respect to théB, energy.c From ref 42, SDCI results.

tables with Figure 1 indicates that the Jatireller stabilization Es/, spin—orbit state and the spirorbit splitting are displayed
energies for théB, isosceles triangle global minima, tR&; in Table 4, rows five through seven.

isosceles triangle saddle point energies and the dissociation Comparing the PW91/ZORA-QZ4P(sptorbit) optimized
energies are in good agreement with the values from the analyticgeometry with that from PW91/ZORA-QZ4P, there is no
potential; the analytic potential fitting errors are insignificant. difference in bond length and the spiarbit splitting, 246 cm?,

For Cuw, the optimized PW91/ZORA-QZ4P results, shown in is only about half of the JahtiTeller distortion energy for the
Table 4, indicate a JahiTeller stabilization energy of 411 crh 2B, state. This indicates that the spiarbit coupling does not

a zero point energy of 273 cth and a pseudorotation barrier quench the JahnTeller effect for the copper trimers. Thus, we
of 102 cnT. Because the pseudorotation barrier is smaller than conclude that the potential surface for Guithout spin-orbit

its zero-point energy, the Geluster is a JahaTeller fluxional coupling shown in Figure 1 is a good approximation to the true
molecule that has hindered pseudorotations among the threepotential surface.

equivalent2B, states. The CCSD(T)/StECP(2f) results are  C. Aus. (1) Potential Surface without SpirOrbit Coupling
provided in rows eight through ten of the table. For some Figure 2a indicates a JahiTeller stabilization energy of 280
parameters, the agreement with the DFT results is very good.Cm™*, much less than that for GuThe linear isomer is nearly
For example, bond length differences are less than 2%. Theredegenerate with théB; isosceles triangle minima; only 76 cin

is reasonable agreement between the ab initio and DFT barriersseparates the two configurations. Figure 2b shows that the
for pseudorotation and isomerization to the linear structure. Our Pseudorotation barrier of 139 crhis larger than that of Gy
calculated DFT JahnTeller distortion energy and pseudoro- but that the dissociation energy, 1.25 eV, is comparable to that
tation barrier are also in reasonable agreement with the $SQCI of Ce.

results found in the literatuféand shown in the last two rows (2) Optimized Geometries for the Surface Minirkar Aus,
of Table 4. the optimized PW91/ZORA-QZ4P calculations shown in Table

5 predict a?B; state JahnTeller stabilization energy that is
271 or 106 cm! greater than the zero-point energy. The
pseudorotation barrier is 143 ci which is smaller than the
zero-point energy for théB, state. Therefore, one might expect
the Auws cluster to also be a fluxional molecule around its global
minimum much as Gy This is also evident in the BO surface
(Figure 2), where the potential surface is quite flat near the
center. The linear structure is only 67 chrhigher in energy
han the?B, state. This linear structure is also nearly degenerate
ith the 2A; state. The CCSD(T)/StECP(2f) results are also

The CCSD(T) pseudorotation barrier is approximately 50
cm~1 greater than the DFT derived barrier and the CCSD(T)
barrier to isomerization is approximately 300 chgreater than
that from DFT. A discrepancy of much greater magnitude was
reported for theC,, to linear isomerization of £2 For that
trimer the CCSD(T) isomerization barrier was more than 6000
cmt higher than that from DFT. No rationale for this
observation was proposed, and the source of the difference
remains unclear. The biggest discrepancy between the DFT an

CCsSD(T) 'res'ults lies in the dlssomathn energy of the trimer, provided in Table 5. The agreement with the DFT results for
the DFT binding energy for thi; state is about 0.3 eV (30%) 0 pond lengths and dissociation energy is very good (0.2%
greater than the ab initio result and the source of the difference ;4 3%, respectively). The agreement of the isomerization and
remains unclear. pseudorotation barriers from the two theoretical techniques is
Because JahnTeller coupling and spirorbit coupling both  quite poor. There are previous calculations with which we may
involve electron angular momentum, a consideration of the compare our results. The bond lengths from CASSCF calcula-
geometry of any nonsinglet degenerate state must consider bothjons!! agree well with our DFT and CCSD(T)/StECP(2f)
effects. Typically, the two effects have opposite actions on the results; however the CASSCF pseudorotation barrier lies
geometry. In other words, the sptorbit coupling might quench  between the values from our two theoretical methods.

the Jahr-Teller distortion, if the spir-orbit splitting is much Among the threed trimers, A is the most intriguing. As
larger than the JaknTeller stabilization energy. When consid-  was true for all of the trimers, the orbitally degener?&g Dax,

ering spin-orbit coupling, theDz, symmetry turns into th®s,? ground state can undergo Jatifeller distortion that results in
double group symmetry, and tH&' electronic state irDsp two states ofC,, symmetry, the’A; and?B; states. However,

symmetry is split into B, and E, spin—orbit components, because gold is a heavy atom, sporbit coupling could
where the E, component has the lower energy. The optimized conceivably quench this distortion, as these two effects are in
PW91/ZORA-QZ4P(spirrorbit) geometry corresponding to the  competition. Previous self-consistent field modified coupled pair
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TABLE 5: Calculated Geometries for Aug?®

r, I'base apex angle, symmetric bend, Eo, EP De,
state symmetry A A deg stretch, cm? cmt cmt cmt eV
= D3 2.664 271
2A; Cy, 2.718 2.575 56.55 168 110 139 143
2B, Ca 2.608 2.838 65.91 175 96 165 0 1.253
DY Doh 2.573 180.00 168 105 140 67
Es/o Dan 2.643 60.00 0
Esp D3 2.643 60.00 2097
Jar g Deoh 2.497 180.00 44
2A1 Cy, 2.719 2.565 56.29 50
B, Cy, 2.607 2.798 64.93 0 1.302
DY Doh 2.578 180.00 1370
2A4° Cy, 2.72 2.57 56.4 81
2B,¢ Cy, 2.60 2.82 65.7 0
27,4 Ca, 2.79 2.60 55.6 45
B Cy, 2.65 2.90 66.4 0

aThe results in the first four rows were obtained using PW91/ZORA-QZ4P. Results in rows five through seven were calculated using PW91/
ZORA-QZ4P(spir-orbit), and the CCSD(T)/StECP(2f) theoretical method was used for the results in rows eight throlghlltéme energies are
with respect to théB, energy.c From ref 11, CASSCF/POLCH spin—orbit coupling results! From ref 43, relativistic configurations (RECI)
results.

TABLE 6: Mulliken Spin Populations for Both Trimers (QZ4P) 2

unpaired s unpaired s dipole

state charge net spin s p d f spin spin (exp}  moment, D
Cw ’B,  center 0.1298 0.0756 6.7591  12.2023 9.9006 0.0082—0.007 —0.026

end —0.0649 0.4622 7.0510 12.1434 9.8641 0.0064 0.43 0.29

total 20.8611  36.4891  29.6288 0.021 0.67

°A;  center —0.1513 0.6044 7.1807  12.1206 9.8432 0.0067

end 0.0756 0.1978 6.8478  12.182 9.8872 0.0073 —0.82
Au; 2B,  center 0.0369 0.0440 10.8635 24.2068 29.8662  14.0266—0.014 —0.056

end —0.0185 0.4780 11.0138  24.1789  29.8084  14.0174 0.39 0.39

total 32.8911 725646  89.4830 42.0614 0.95

2A;  center —0.060.77 0.6559 11.0886  24.1908  29.7729  14.0155
end 0.0338 0.1721 10.8747  24.2191  29.8488  14.0235 —-1.17

aUnpaired s spin populations calculated from ESR experimental data, ref 7.

tation barrier as well as a small Jatifeller stabilization energy.
Recently, Guo et &P obtained the vibronic absorption spectrum
and calculated the spirorbit splitting of the ground state. They

0.75

0.50

—— concluded that the spiorbit splitting is larger than the Jakn

0.9 Teller stabilization energy, and thus, the sporbit coupling

qguenches the distortion, resulting inDay minimum for the
Q. 0.00 ground electronic state of AuThis calculation, as well as one

involving the excited electronic statéd4of Aus, appear to be

0.95 the only predictions of the spirorbit coupling dominance over
the Jahn-Teller Effect. However, these calculations are in

-0.50 agreement with the most recent (and highest quality) experi-
mental results. It is clear that our current calculations must also

075 test the importance of spirorbit coupling.

- " Following the procedure employed for ¢uve obtained the
2075 -0.50 -0.25 0.00 025 050 0.75 . . S
’ ’ Qs PW91/ZORA-QZ4P(spirrorbit) optimized geometry corre-
Figure 3. Equipotential lines (contour spacing 0.08 eV; contour at sponding to the & spin—orbit state and calculated the spin

largestQ, corresponding te-2.72 eV) of the Ay BO surface forQa, orbit splitting for Aus under theDsy? double group symmetry.
= 0. The normal modexQ, and Q, form the basis for the 'e The results are shown in Table 5. Comparing the PW91/ZORA-

ot

representation iDs, symmetry. QZA4P(spin-orbit) optimized geometry with that of the PW91/
ZORA-QZ4P, one observes an approximately 0.02 A shortening
functional (SCF-MCPPF¥ calculations reported &B,—2A; in bond length for the former. This trend is identical to that

energy separation of 45 cry with the?B; state as the ground  observed for the dimers; the spiorbit effect tended to shorten
state. The first observation of the gold trimer by electron spin the bond length and the effect was greater for Au than for Cu.
resonance in a ¢Ds matrix’ also reported the ground state of The spin-orbit splitting is 2097 cm?, which lies close to the
Aujz as the?B, electronic state witlT,, symmetry. The unpaired  band observed at 2025.5 chin laser-ablated gold experiments.
electron was said to be localized on the terminal atoms. The This feature was assigned to the sporbit splitting of Aus by
results of our work without spinorbit coupling are consistent  Guo et alt® Spin—orbit coupling is approximately 8 times
with these observations in that they predict a small pseudoro- greater than the JahkiTeller distortion energy for théB, state.



518 J. Phys. Chem. A, Vol. 109, No. 3, 2005 Shen and BelBruno

The spin-orbit effect stabilizes th®3, structure and quenches
the Jahn-Teller distortion in Ayg. Thus, we believe the potential
surface for Ay shown in Figure 2 without spinorbit coupling

is a poor approximation to the actual potential surface. To obtain
a true representation of the PES, one must include-sibit
effects.

(3) Potential Surface with SpirOrbit Coupling.To under-

IV. Summary

We have employed the PW91 theoretical method to obtain
Born—Oppenheimer surfaces for copper and gold trimers. With
a few exceptions, the physical parameters from the analytic
surfaces agree well with those from optimized geometries using
the same technique as well as those from a CCSD(T)/StECP(2f)
calculation. Comparison is also made with the available experi-

stand the effect of spinorbit coupling on the shape of the
surface, one must plot the Aaurface with spir-orbit coupling

mental and theoretical results from the literatures iSa Jahn-
Teller fluxional molecule and the spirorbit coupling is smaller

included. The analytical potential has the same form as thatthan the JahnTeller effect. Spir-orbit coupling is significant

used above andQ,QyQ,) are defined on the basis of the

for Auz and quenches the Jahieller distortion in agreement

optimized Da, geometry from the single point calculations at  with the computations of Guo et &.The calculated Mulliken
different (equilateral) bond lengths. The state for the single atom populations are in agreement with the results of ESR experi-

is chosen to be the loweglM;(in the fully relativistic ZORA
plus spin-orbit case. Because of the use of approximate spin-
restricted open shell, spirorbit coupled DFT calculations, one
may only optimize thé3, bond length up to the nearest 0.001
A and the binding energy is not sufficiently accurate for
quantitative use; the surfads valid for qualitative use. The
root-mean-square fitting error is approximately 2.5 meV. The
surface near the optimizeg, geometry is shown in Figure 3,
with 0.08 eV contour spacing, and the contour at the lar@gst
corresponds te-2.72 eV (with respect to three isolated atoms).
One observes that near the optimiZ2gl geometry, the surface

is quite flat and the spinorbit effect indeed stabilizes tHesy,
structure and quenches the Jafireller distortion.

d. Mulliken Population Analysis and ESR Properties.For
both trimers, the spin populations from the PW91/ZORA-QZ4P
calculations are shown in Table 6. The PW91/ZORA-QZ4P
calculation is sufficient, even for Auwithout the spir-orbit
effect) because in most of the ESR experiments the-Jabler
distortion was observed, probably as a result of matrix effects.
In the 2B, electronic ground state, the unpaired electron is

localized mainly on the terminal atoms, whereas the opposite

is true for the?A; state. The calculated unpaired s spins for the

2B, states may be compared with the values derived from ESR
experiments. In the calculations, the central atom has a small

negatives spin population that is due to spin polarization, as
observed in the experiment for tBB, state.

Although bonding in the ground state of the coinage metals

ments.
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