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Ab initio and density functional theory calculations were performed on small Pd clusters to assess their precise
energy level characteristics. The ground states of Pd apareédound to be singlets while Pdnd Pd are

triplets. Pd is found to be a weak dimer with bond energy of 18 kcal/mol. The trimer is triangular and the
tetramer is of tetrahedral geometry. A nonadditive effect can be observed as the size of cluster increases.
Larger clusters are bonded better than smaller ones. The second lowest states@f ldglet of tetrahedral
geometry. Modern DFT methods yield results of better quality than sophisticated standard ab initio methods,
thereby providing an affordable avenue for the analysis of larger clusters and potential nanoelectronics probes.

1. Introduction become a suitable tool for precise ab initio computational
Recent developments in modern density functional theory chemistry. Starting from the nonrelativistic time independent

(DFT)'"6 have permitted the extension of calculations to electronic Schidinger equation

transition metal moieties with precisions that were previously N

only possible for molecules containing first- and second-row HW = EW @)

atoms. Modern functionals like the generalized gradient ap-

proximation (GGA) and their combination into hybrid func-

tionals permit one t.o obtain accuraqie§ in energetics bgtter than H=T+ zi}ext + (/ee )

several of the existing standard ab initio meth®d<. Previous

results with these functionals have been very promising, despitepe energy of the electronic system is given exactly by
the fact that the hybrid functionals have been designed using

information from experimental values of molecules containing _ N 1 9

only first- and second-row atoms. Even with these recent E—T$+fdrvext(r)p(r) +j;dlmj*|vedlp’lm (3)
developments, clusters of transition metals remain a challenge
for state-of-the-art computational techniques. In particular, the : - L .
study of small Pd clusters is of fundamental importance in the real system (i.e., wheh= 1**and it is the exact solution
several areas of basic and applied chemtrizesearch on of

catalysis motivates ongoing efforts to improve existing tech- AW =EW, 4)
nologies or to invent new technologies, making this field of

widespread strategic importanteAdditionally, and central to where

our interests, the design and fabrication of nanostructured

electronic devices is founded upon experiments of conductivity Hz =T+ ZW + ,1\768 (5)

on single molecules attached to nanoscale metal electrodes

which are going to influence the measurements within the The parametet,2® known as the adiabatic connection parameter
metal-molecule-metal junctiont"1” Thus, a precise under-  sets the external potentia} to constraint an invariang for
standing of the nanoclusters is required previous to the evalu-any 1 €[0,1].24

ation of the electronic behavior in molecular systems. Given  The integral inl has not been expressed in terms of an exact
the nanoscale nature of the tips used to connect single m0|eCU|eS(;omputab|e expression, but very good approximations have been
small clusters provide a perfect representation of a real tip, muchreported when it is partitioned following the Kok$ham
better than using surfaces or bulk representations. Nanotips anthroceduré?

their connection to other chemical moieties like “alligator clips”
are of major importance for the precise determination and

of a system with Hamiltonian

In this expression¥, always yieldsp, the electron density of

=P(F)p(F")

1 A 1 —
analysis of single-molecule electronic devices, which may fodﬂ.DlI’llvee]‘PAD=§fdrdr =7 +Edpl (6)
become an integral part of future nanoprocessor¥.
2. Theory and Methods where
Modern DFT is based on the Hohenbeigohn theorem3! 1 p(F)p(F")
the Kohn-Sham procedur&, and the Levy amenéf It has Ef drdr'w = Vgjass (7
T University of South Carolina. . .
xuﬂﬂgﬁiidyag N:cuionaﬂﬂtlggoma de Mexico. from where theExJp], the exchange-correlation energy, is
8 Rice University. unambiguously defined. This partitioning allowed a straight-
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TABLE 1: Huzinaga and Huzinaga-E (Extended) Basis Sets
for the Pd Atom?

TABLE 2: LANL2DZ and LANL-E (Extended) Basis Sets
for the Pd Atom?a

Gi LANL2DZ LANL-E
type Huzinaga(17s11p8d) Huzinaga-E(17s11p8d3f) (8s6p4d//3s3p2d) (13s7p5d11//8s4p3d1f)
s 722049.07 722049.07 type g G & G
109352.6 109352.6 S 2.787 —1.610239 2.787 —1.610239
25013.151 25013.151 1.965 1.848984 1.965 1.848984
7155.5559 7155.5559 0.6243 0.6037492 0.6243 0.6037492
2398.15 2398.15
905.94369 905.94369 2.787 1.354078 2.787 1.354078
374.64803 374.64803 1.965 —1.678085 1.965 —1.678085
165.14908 165.14908 0.6243 —0.8559381 0.6243 —0.8559381
64.119284 64.119284 0.1496 1.02003 0.1496 1.02003
28.719757 28.719757
10.579348 10.579348 0.0436 1.0 0.0436 1.0
5.4118888 5.4118888
2.2499606 2.2499606 0.019 1.0
1.1164752 1.1164752
0.48448268 0.48448268 0.01 1.0
0.11247078 0.11247078
0.040067417 0.040067417 0.005 1.0
P 5841.5992 5841.5992
1369.8311 1369.8311 0.003 1.0
439.60614 439.60614
167.49952 167.49952 0.0017 1.0
71.086943 71.086943
32.278302 32.278302 P 5.999 —0.103491 5.999 —0.103491
14.685368 14.685368 1.443 0.7456952 1.443 0.7456952
6.8062951 6.8062951 0.5264 0.3656494 0.5264 0.3656494
3.0304099 3.0304099
1.3134192 1.3134192 0.7368 0.0763285 0.7368 0.0763285
0.50827979 0.50827979 0.0899 0.9740065 0.0899 0.9740065
D 242.47077 242.47077
71.709317 71.709317 0.0262 1.0 0.0262 1.0
27.050913 27.050913
11.168119 11.168119 0.0141 1.0
4.7897946 4.7897946
1.9901245 1.9901245 D 6.091 0.0376146 6.091 0.0376146
0.77945515 0.77945515 1.719 0.5200479 1.719 0.5200479
0.26602317 0.26602317 0.6056 0.5706071 0.6056 0.5706071
F 1.00
0.20 0.1883 1.0 0.1883 1.0
0.04 0.09 1.0
2 A Gaussian basis set is defined as a contraction of Gaussian func-
tions whereN is the number of contractiong.= YN\ cix*y'zme &, If F 0.8 1.0

N = 1 we have an uncontracted Gaussian.= 1.0 implies an
uncontracted basis set. Grouped functions witi 1.0 imply a basis
made of contracted Gaussians (s-type function, whenl + m= 0;
p-type function wherk + | + m = 1; and d-type function whek +

| + m= 2, etc.).

a See footnote in Table 1 for explanation.

for the full-electron Pd clusters calculations: the double-
valence plus polarizatio?f,which is a (18s, 12p, 9d) contracted

to (6s, 5p, 3d), and the uncontracted Huzinaga’s (17s, 115°8d).
forward simplification for the uniform electron gas (jellium) We have also increased the size of the largest basis set. The
model that further permit us to obtain exact local functionals. €xtended basis sets were made based on our earlier experience

These local functionals are used as a starting point in presentwith the Au atoms:* The Huzinaga basis set was increased by
and more complex functionals like the generalized gradient adding three f-functions with exponents 1.00, 0.20, and 0.04 as
approximation (GGA), and the hybrid or fully nonlocal func- shown in Table 1. We have also used effective core potentials
tionals. Once the exchange-correlation functional is approxi- t0 represent the core electrons in the Pd atom. This seems to be
mated, the f0||owing equa[ion can be solved in a self-consistent & pOWQrfU' tool to inCOfporate relativistic effects in the calcula-
field (SCF) mannér tions and it is a good compromise with the alternative use of
full-electron procedures since it reduces the required compu-
tational effort without loss of accurady.The basis set used
for the Pd atom is the Los Alamos National Laboratory (LANL)
set for effective core potentials (ECP) of douldletype
until convergence is achieved, yielding the Ket®ham orbitals (LANL2DZ).32-3% We have also increased the standard ECP
and one-electron energies of a system of noninteracting elec-LANL2DZ with five s, one p, one d, and one f functions thereby
trons. The total energy of the system is obtained as well as theobtaining the LANL-E basis set which is shown in Table 2
wave function of a noninteracting system whose density is together with the original LANL2DZ. We have used the hybrid
identical to the real one. functionals B3LYP and B3PW91 as well as the GGA’s PW86,
Within this framework of theory, the analysis of the Pd BP86, and BPW91. They combine the Becke exchange (B)
compounds was performed using the DFT methods as providedfunctional?®> the Lee-Yang—Parr (LYP) correlation func-
by the program Gaussian-98We have used two basis sets tional® the PerdewWang-86 exchange functiondl, the

1 ~ A N
B EVZ + Vext + Vclass+ Vel ®i = €i®i (8)
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TABLE 3: Pd Atomic Energies (E;) of the Ground and the First Excited Triplet States, Singlet-Triplet Separation Energy
(kcal/mol), and Errors with Respect to the Experimental Separation Energy (kcal/mol) Using Several Levels of Theory

method/basis set singlet triplet separation error
HF/Huzinaga-E —4937.791 20 —4937.789 12 1.3 —20.3
HF/LANL-E —125.867 25 —125.865 25 1.3 —20.3
HF/LANL2DZ —125.864 84 —125.862 11 1.7 —19.9
HF/LANL-E® —125.867 25 —125.862 39 3.0 —18.6
HF/Huzinaga —4937.791 20 —4937.785 84 3.4 -18.2
MP2/LANL2DZ —125.979 52 —125.969 23 6.5 —15.1
HF/DZVP —4937.250 35 —4937.229 49 13.1 —-8.5
MP3/LANL2DZ —125.954 49 —125.931 17 14.6 -7.0
CISD/LANL2DZ —125.957 88 —125.934 11 14.9 -6.7
CCSD/LANL2DZ —125.961 07 —125.935 66 15.9 -5.7
MP3/Huzinaga —4937.900 90 —4937.875 39 16.0 -5.6
CISD/Huzinaga —4937.901 69 —4937.875 93 16.2 5.4
CISD/LANL-E —126.121 88 —126.095 89 16.3 -5.3
MP3/LANL-E® —125.963 30 —125.937 18 16.4 5.2
MP3/LANL-E —126.129 51 —126.103 08 16.6 —-5.0
QCISD/LANL2DZ —125.963 78 —125.937 32 16.6 —=5.0
CCSD/Huzinaga —4937.905 70 —4937.878 38 17.1 —-45
BD(T)/LANL2DZ —125.967 04 —125.939 53 17.3 —-43
CCSD(T)/LANL2DZ —125.967 48 —125.939 89 17.3 —-43
QCISD/Huzinaga —4937.906 14 —4937.878 63 17.3 -43
QCISD(T)/LANL2DZ —125.968 52 —125.940 59 17.5 —4.1
CCSD(T)/Huzinaga —4937.908 04 —4937.879 87 17.7 -3.9
QCISD(T)/Huzinaga —4937.908 24 —4937.879 98 17.7 —-3.9
CCSD/LANL-E —126.135 59 —126.107 34 17.7 -3.9
CCSD/LANL-E® —125.971 47 —125.942 24 18.3 -3.3
MP4SDTQ/Huzinaga —4937.909 62 —4937.880 17 18.5 -3.1
QCISD/LANL-E —126.139 62 —126.109 45 18.9 -2.7
CCSD(T)/LANL-E —126.144 40 —126.113 67 19.3 -23
QCISD(T)/LANL-E —126.14550 —126.114 40 195 -2.1
B3LYP/LANL2DZ —126.706 76 —126.675 27 19.8 -1.8
B3LYP/Huzinaga —4940.173 99 —4940.141 97 20.1 -15
PW86/Huzinaga —4940.673 75 —4940.641 30 20.4 -1.2
MP2/Huzinaga —4937.911 74 —4937.879 05 20.5 -1.1
B3PW91/LANL2DZ —126.748 71 —126.715 56 20.8 —-0.8
MP4SDTQ/LANL2DZ —125.97531 —125.941 82 21.0 -0.6
B3LYP/LANL-E® —126.712 50 —126.678 98 21.0 -0.6
PW91/Huzinaga —4940.660 42 —4940.626 11 215 -0.1
B3PW91/LANL-E —126.753 01 —126.718 58 21.6 0.0
experimentdl 21.6
B3LYP/LANL-E —126.712 50 —126.677 89 21.7 0.1
B3P86/LANL2DZ —127.119 83 —127.084 49 22.2 0.6
B3PW91/Huzinaga-E —4940.227 15 —4940.191 01 22.7 1.1
B3PW91/Huzinaga —4940.227 15 —4940.190 71 22.9 1.3
BP86/LANL2DZ —126.758 90 —126.720 99 23.8 2.2
MP3/DZVP —4937.297 37 —4937.259 22 23.9 2.3
BP86/Huzinaga —4940.605 33 —4940.566 70 24.2 2.6
MP4SDTQ/LANL-E —126.156 00 —126.116 94 24.5 2.9
CCSD/DzVP —4937.302 38 —4937.262 74 24.9 3.3
BPW91/Huzinaga —4940.463 06 —4940.423 23 25.0 3.4
B3P86/Huzinaga —4941.328 03 —4941.288 26 25.0 34
CISD/DzZVP —4937.302 58 —4937.262 55 25.1 3.5
MP4SDTQ/LANL-E —125.988 16 —125.948 18 25.1 35
MP2/LANL-E® —125.979 52 —125.939 34 25.2 3.6
MP3/Huzinaga-E —4938.059 69 —4938.018 11 26.1 45
MP2/LANL-E —126.155 97 —126.114 27 26.2 4.6
CCSD/Huzinaga-E —4038.061 10 —4938.019 36 26.2 4.6
QCISD/DzVP —4937.305 73 —4937.263 39 26.6 5.0
CCSD(T)/Huzinaga-E —4038.067 10 —4038.023 38 27.4 5.8
CCSD(T)/DzVP —4937.310 05 —4937.265 07 28.2 6.6
MP4SDTQ/Huzinaga-E —4938.068 76 —4038.023 53 28.4 6.8
MP2/DZVP —4937.301 98 —4937.256 00 28.9 7.3
QCISD(T)/DZVP —4937.311 63 —4937.265 44 29.0 7.4
MP2/Huzinaga-E —4938.079 83 —4938.026 64 334 11.8
MP4SDTQ/DZVP —4937.317 48 —4937.264 14 335 11.9
PW86/DZVP —4939.880 22 —4939.824 79 34.8 13.2
B3LYP/DZVP —4939.688 36 —4939.632 75 34.9 13.3
B3PW91/DZVP —4939.735 10 —4939.678 78 35.4 13.8
B3P86/DZVP —4940.834 45 —4940.777 05 36.0 14.4
BLYP/DZVP —4939.705 00 —4939.645 01 37.6 16.0
BP86/DZVP —4940.122 39 —4940.061 22 38.4 16.8
BPW91/DZVP —4939.983 80 —4939.922 01 38.8 17.2

aBasis sets LANL-E and Huzinaga-E are extensions of the LANL2DZ and Huzinaga basis sets, resp@¢ioriiergence at 106. ¢ Reference
9. 9Reference 52 No f-functions were used but other s, p, and d were added.
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Perdew-86 correlation functional® and the PerdewWang- TABLE 4: Pd Neutral and Positive lon Energies (E,),
91 correlation functional® which are nonlocal generalized lonization P?]temléﬂ IP (kcal/lmol), and Error (kcal/mol) with
gradient approximated functiond®%:#! In addition, the B3 ~ Respect to the Experimental IP

indicates a three fitted parameter functional where a portion of ~ method/basis set Pd Pd P error
the exchange contribution has been calculated in the sameqF/Huzinaga-E —4937.791 20—-4937.576 51 134.7-57.6
fashion as in the Hartreg=ock (HF) proceduré? but using the MP3/Huzinaga-E —4938.059 69—4937.790 93 168.6-23.7
KS noninteractive wave function instead of the HF wave CCSD/Huzinaga-E  —4938.061 10—-4937.790 67 169.7-22.6
function. In addition to comparisons to the scarce experimental Cgig&?@ﬂﬂgﬁ%’(—fg:iggg'ggg %g:igg;-;gj ﬁ g%géi
valu_e_s_avallable f_or Pd cIl_Jsters, we have also performed standar P3/Huzinaga-E _4938.079 83-4937.796 62 177.7-14.6
ab initio calculations using the HF, MP2, MP3, MP4SDTQ, HF/LANL2DZ —125.864 84 —125.629 10 147.9-44.3
CISD, QCISD, BD(T), and CCSD methods. In both cases, DFT B3LYP/Huzinaga —4940.173 99-4939.935 28 149.8-42.4
and standard ab initio methods, we use full-electron and effective HF/Huzinaga-E —4937.823 06—4937.579 35 152.9-39.3
core potential calculations. MP3/LANL2DZ —125.954 49 —125.685 41 168.9-23.3
CISD/LANL2DZ —125.957 88 —125.687 55 169.6-22.5

. . CCSD/LANL2DZ —125.961 07 —125.688 40 171.1-21.1

3. Results and Discussion QCISD/LANL2DZ —125.963 78 —125.68955 172.1-20.1
. . . CCSD(T)/LANL2DZ —125.967 48 —125.69154 173.2-19.0

Table 3 shows the total energies for the singlet and triplet QCISD(T)/LANL2DZ  —125.968 52 —125.692 00 173.5-18.7
lowest states of atomic Pd using several levels of theory. Since MP3/Huzinaga-E —4937.942 40—-4937.664 93 174.1-18.1
the singlet-triplet separation is well-known experimentally, 21.6 I\C/IIF?E//L LAANNLLZ-EZ _gg-ééé gg _gg-gg% ?g 1;23_ ig-g
kcal/mol, this should be a good starting point to determine the MP4SDTQ/LANL2DZ 195975 31 —125693 09 177 1-15.1
level of theory to be used for other Systems. Table 3 shows MP3/LANL-E —126.12950 —125.847 33 177.1-15.1
that the B3PW91/LANL-E has a perfect match with the ccsD/LANL-E —126.13559 —125.849 89 179.3-12.9
experimental value. Also excellent results are obtained with the QCISD/LANL-E —126.139 62 —125.851 38 180.9-11.3
PW91/HUZINAGA and the B3LYP/LANL-E levels of theory, = CCSD(T)/LANL-E —126.144 40 —125.854 60 181.9-10.3
QCISD(T)/LANL-E —126.14550 —125.85506 182.3 —9.9

which _ha_ve errors of only 0.1 kcal/mol. Other levels of theory B3PWO1/HuzinagaE —4940 227 15-4939.936 27 182.5-9.7
are within chemical accuracy. The DFT methods PW91/ MP4SDTQ/Huzinaga E —4937.961 77—4937.669 99 183.1 —9.1

HUZINAGA, B3LYP/LANL-E, B3PWOL/LANL-E, B3P86/  \p2/Huzinaga-E —4937.959 70-4937.667 82 183.2 -9.0
LANL2DZ, and B3PW91/LANL2DZ yield errors smaller than ~ MP4SDTQ/LANL-E —126.156 00 —125.857 05 187.6 —4.6
1 kcal/mol; the ab initio MPASDTQ/LANL2DZ is within this MPZ/LANl-tg —126.15597 —125.854 451352393-2 —3.0
ry. Tabl Iso show: matic improvement of the&Xperimen :
ciandard ab n methods when mproving the ovel of theory. ESPWOULANLZDZ | 12674871 126.43436 1973 51
. . . . . B3LYP/LANL2DZ —126.706 76 —126.390 99 198.2 6.0
However, it was practically impossible to obtain convergence B3PWO91/LANL-E —126.75301 —126.43623 198.8 6.6
with the larger basis sets for full electron calculations. Most of B3LYP/LANL-E —126.71250 —126.39229 2009 8.7

the ab initio methods underestimate the sifgiplet separa}tjon aReferences 53 and 54No f-functions used but additional s, p,
energy, for example, as expected they tend to stabilize the 5,4 d functions added.

triplets. Errors of around 510 kcal/mol are common when

working with transition metals. We can also observe in Table

3 that except for the isolated case of PW91/HUZINAGA, only respect to the ground state. THeaverage from these three
procedures with relativistic corrections yield chemical accuracy. Vvalues yields the experimental singtétiplet separation energy
However, nonrelativistic procedures vyield errors smaller than 0f 21.6 kcal/mol.

2—3 kcal/mol. Apparently, this is the range of energy of the  HF yields better results using full-electron calculations. This
relativistic effects in the singlet-triplet separation energy of the might result because the relativistic errors tend to cancel those
Pd atom. We also notice that extending the Huzinaga basis seffrom correlation. HF always overestimates the singlet-triplet
does not result in an improvement of the singleiplet energy, indicating that it always favors the triplet. The largest
separation of the Pd atom; however, extending the basis set oferror is obtained with the largest basis set, indicating a total
the procedures with relativistic corrections provides results that misbalance between correlation and relativistic cancellations.
are encouragingly good. Results for the singtéplet separation Our calculations permit us to observe that the inclusion of
energy are not good when the small basis DZVP is used with f-functions in the basis sets is of about 2 kcal/mol when using
DFT or ab initio methods. With the other basis sets, DFT results ECP and about 15 kcal/mol when using full-electron calcula-
are always of good quality and standard ab initio methods like tions. At the MP2 level, the errors are systematically reduced
HF, MP, CC, or QCI cannot yet compete. Ignoring the DZVP favoring the singlet state. The largest error is still obtained with
basis sets, the DFT errors are at most 3.4 kcal/mol while the the largest basis set but favoring the singlet and not the triplet
standard correlated ab initio methods can result in errd8 as yielded with the HF method. The errors using ECP with the
kcal/mol. The best ab initio results are obtained with MP4SDTQ/ extended basis sets are acceptable and an excellent result is
LANL2DZ, followed by MP2/HUZINAGA, QCISD(T)/LANL- obtained with the Huzinaga basis set (1.1 kcal/mol of error).
E, CCSD(T)/LANL-E, MP3/DZVP, and MP4SDTQ/LANL-E.  However, the full-electron calculation yield poor values when
The convergence criteria for the SCF were set toé%or all using the largest basis sets. In this case, the effect of the
calculations. Very few cases of poor SCF convergence are f-functions in the basis sets is limited to 1 kcal/mol for the ECP
indicated in Table 3, attained only by the nonrelativistic methods and to 5 kcal/mol for the full-electron methods. A
methods. The convergence with the relativistic corrected systematic reduction of errors can be observed at the MP3
methods was usually smooth. The electronic structure of the level: none of chemical precision, but all of them smaller than
ground state of Pd atom is 2Ps?2833p°3d1%4L4pP4d0 1S, 8 kcal/mol which is an acceptable tolerance for transition metal
and the triplet corresponds to a2282p°33pP3d%44 pP4cP- systems. The effect of the f-functions is reduced to only 0.2
58 3Dy (J = 3, 2, 1) corresponding to experimental levels of kcal/mol for the ECP methods and to 2 kcal/mol for the full
6564.11, 7754.99, and 10 093.94 Tinrespectively, with core methods. At the MP4, more precisely MP4SDTQ, the errors
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TABLE 5: Pd Neutral and Negative lon Energies (F,), Electron Affinity EA (kcal/mol), and Error (kcal/mol) with Respect to
the Experimental EA Energy

method/basis set Pd Pd EA error

B3LYP/LANL-E —126.712 50 —126.392 29 —200.9 —213.8
B3PW91/LANL-E —126.753 01 —126.436 23 —198.8 —211.6
CCSD/LANL-E —126.135 59 —125.849 89 —179.3 —192.1
CISD/LANL-E —126.121 88 —125.841 80 —175.7 —188.6
HF/LANL2DZ —125.864 84 —125.813 58 —-32.2 —45.0
HF/Huzinaga-E —4937.791 20 —4937.745 37 —28.8 —41.6
MP3/Huzinaga-E —4938.059 69 —4938.019 84 —25.0 —37.8
CCSD/Huzinaga-E —4938.061 10 —4938.022 49 —24.2 —37.0
CCSD(T)/Huzinaga-E —4938.067 10 —4938.028 67 —-24.1 —36.9
MP4SDTQ/Huzinaga-E —4938.068 76 —4938.030 46 —24.0 —36.8
MP2/Huzinaga-E —4938.079 83 —4938.041 96 —23.8 —36.6
MP3/LANL2DZ —125.954 49 —125.918 75 —22.4 —35.3
MP2/LANL2DZ —125.969 23 —125.934 76 —21.6 —345
CISD/LANL2DZ —125.957 88 —125.923 69 —215 —34.3
CCSD/LANL2DZ —125.961 07 —125.928 97 —-20.1 —33.0
QCISD/LANL2DZ —125.963 78 —125.932 82 —-19.4 —32.3
MP4SDTQ/LANL2DZ —125.97531 —125.945 91 —18.5 —31.3
CCSD(T)/LANL2DZ —125.967 48 —125.938 12 —18.4 —-31.3
QCISD(T)/LANL2DZ —125.968 52 —125.940 06 —-17.9 —30.7
B3PW91/Huzinaga-E —4940.227 15 —4940.208 73 —11.6 —24.4
HF/Huzinaga-E —4937.823 06 —4937.821 67 -0.9 —13.7
HF/LANL-E —125.867 25 —125.866 02 -0.8 —13.6
MP2/Huzinaga-E —4937.959 70 —4937.958 78 -0.6 —13.4
MP3/Huzinaga-E —4937.942 40 —4937.941 46 —0.6 —134
B3PW91/LANL2DZ —126.748 71 —126.748 10 -0.4 —13.2
MP4SDTQ/Huzinaga-E —4937.961 77 —4937.961 14 —-0.4 —13.2
MP3/LANL-E —126.129 50 —126.129 24 -0.2 —13.0
MP2/LANL-E —126.155 97 —126.155 93 0.0 —12.9
MP4SDTQ/LANL-E —126.156 00 —126.156 48 0.3 —-12.5
B3LYP/LANL2DZ —126.706 76 —126.707 48 0.4 —12.4
QCISD/LANL-E —126.139 62 —126.14512 34 —9.4
CCSD(T)/LANL-E —126.144 40 —126.155 82 7.2 —-5.7
QCISD(T)/LANL-E —126.145 50 —126.159 39 8.7 —-4.1
B3PW91/Huzinaga-E —4940.265 82 —4940.283 48 11.1 -1.8
experimentdl 12.8

B3LYP/Huzinaga-E —4940.217 80 —4940.238 77 13.2 0.3

aReference 54 and 58.No f-functions but additional s, p, and d functions added.

disperse more than in the MP3, from3.1 kcal/mol to 14.3 yield excellent results without the use of f-functions. This applies
kcal/mol. The largest errors are found using the extended basisto the BPW86, BPW91, and PW91PW91 functionals, thereby
set without f-functions for the full core method and the smallest indicating that the need of f-functions may come from the hybrid
basis set for the ECP method. Excellent results are obtainednature of the B3 exchange functionals.
with the ECP methods, even with the smallest basis set. The Table 4 shows the ionization potential (IP) for the Pd atom.
effect of the f-functions in the basis sets is of 0.6 kcal/mol for We have used only a subset of the methods used to calculate
the ECP methods and of 7.5 kcal/mol for the full-electron the singlet-triplet separation. Calculations of ionization poten-
methods. CCSD(T) and CCSD yield excellent results, namely tials are usually more difficult than those of the singl&tplet
all with absolute errors of 27 kcal/mol. The errors are about energies since the former require the calculation of radicals.
1 kcal/mol better with the CCSD(T) than with the CCSD. The The smallest error corresponds to the ab initio method MP2/
same can be said about the CISD methods; however, errors are ANL-E, which underestimates the IP by 3 kcal/mol; this is
~1—2 kcal/mol larger than with the two CC methods used. The followed by the underestimation given by the more sophisticated
same trend applies to the two QCI methods used in this work, MP4ASDTQ/LANL-E of 4.6 kcal/mol. Next is the B3PW91/
specifically the QCISD and the QCISD(T). LANL2DZ level of theory with an overestimation of the IP of
The DFT methods yield the best results for the singleplet 5.1 kcal/mol; this latter result represents an error of only 2.7%.
separation of the Pd atom. B3LYP yield chemical accuracy This is followed by the B3LYP/LANL2DZ with an error of
(around 1 kcal/mol errors) if not used with the small DZVP 6.0 kcal/mol. The QCISD(T)/LANL-E yields an error of 9.9
basis set, and using f-functions for full-electron calculations. kcal/mol and the CCSD(T)/LANL-E yields an error of 10.3 kcal/
The B3P86 yields similar results. The B3APW91 yields the best mol. As it was found for the singlettriplet separation energy,
results of all the methods used in this work. A perfect match only the ECP, relativistic corrected, yields the best results. We
with the experiment is obtained with this functional and with can notice here that the best DFT results overestimate the IP
the largest basis set using ECP. Chemical precision is obtainedand this overestimation is about-6 kcal/mol using the
with any other combination of basis sets except that f-functions nonrelativistic methods. On the other hand, the standard ab initio
are needed for full core calculations and basis sets larger thanmethods underestimate the IP, and we can observe a more
the DZVP for ECP calculations. These two later restrictions systematic improvement of the results as the level of theory
hold for all DFT methods used in this work. The effect of the increases. In this case the convergence of the radicals was too
f-function is 0.5 kcal/mol for the ECP methods and 14.8 kcal/ difficult with the larger basis sets. Specifically, truncation errors
mol for the full electron methods. It is also clear from Table 3 may have to be considered for energies in the range of 5900 E
that those DFT methods which do not use hybrid functionals since more than nine decimal figures are needed in order to
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TABLE 6: Total Energies, Bond Lengths, and Dissociation Energies of the Ground State Singlet and the First Excited Triplet

State of Pd Dimer Using Several Levels of Theory

singlet triplet

method/basis set total energpfE  Re (A) De (kcal/mol) total energy (B Re (A) De (kcal/mol)
experimentdl 16.9, 26.0
B3LYP/DZVP —9879.388 80 2.897 7.6 b
B3LYP/Huzinaga —9880.365 19 2.824 10.8 —9880.366 65 2.559 11.7
B3LYP/LANL2DZ —253.436 17 2.762 14.2 —253.448 79 2.526 22.1
B3LYP/LANL-E® —253.442 77 2.791 11.2 —253.452 48 2.536 17.3
B3LYP/LANL-E —253.443 17 2.791 114 —253.454 28 2.536 18.4
B3LYP/Huzinaga-E —9880.445 59 2.872 6.3 —9880.429 98 2.555 -35
B3P86/Huzinaga —9882.672 16 2.789 101 —9882.667 10 2.530 6.9
B3PW91/Huzinaga —9880.469 02 2.810 9.2 —9880.465 17 2.542 6.8
B3PW91/LANL2DZ —253.519 13 2.745 13.6 —253.531 08 2.504 21.1
B3PW91/LANL-E® —253.524 19 2.770 11.4 —253.534 19 2.513 17.7
B3PW91/LANL-E —253.524 66 2.770 11.7 —253.536 22 2.513 19.0
B3PW91/Huzinaga-E —9880.541 27 2.850 6.0 —9880.525 10 2.533 —-4.1
HF/LANL2DZ —251.732 50 3.260 1.8 —251.734 62 2.743 3.1
HF/LANL-E® —251.736 23 3.312 1.1 —251.73579 2.733 0.8
HF/LANL-E —251.736 27 3.312 1.1 —251.741 58 2.733 4.4
HF/Huzinaga —9875.585 17 3.169 1.7 —9875.573 02 2.780 -5.9
HF/Huzinaga-E —9875.646 33 3.693 0.1 —9875.609 08 2.688 —23.2
MP2/Huzinaga —9875.828 92 3.006 3.4 —9875.812 66 2.460 —6.8
MP2/LANL2DZ —251.950 71 2.941 —5.2 —251.932 17 2.458 —16.9
MP2/LANL-E® —251.971 53 2.901 7.8 —251.950 65 2.475 -5.3
MP2/LANL-E —252.330 84 2.901 11.9 —251.734 05 2475 —362.6
MP3/Huzinaga —9875.806 25 3.044 2.8 —9875.793 78 2.501 -5.0
MP3/LANL2DZ —251.918 57 2.993 6.0 —251.917 84 2.560 5.6
MP3/LANL-E® —251.936 74 2.948 6.4 —251.935 68 2.568 5.7
MP3/LANL-E —252.272 59 2.948 8.5 —252.272 26 2.568 8.3
MP4SDTQ/DZVP/IMP2/DZVP —9874.641 19 3.106 3.9 —9874.607 86 2.491 —-17.0
MP4SDTQ/HUZI//IMP2/HUZI —9875.825 09 3.006 3.7 —9875.815 84 2.480 -2.1
MP4SDTQ/LANL2DZ//IMP2/LANL2DZ —251.966 53 3.006 10.0 —251.955 55 2.480 3.1
MP4SDTQ/LANL-E//MP2/LANL-E® —251.992 74 2.901 10.3 —251.976 28 2.475 0.0
MP4SDTQ/LANL-E//MP2/LANL-E —252.333 88 2.901 13.7 —252.322 41 2.475 6.5
CCSD/LANL-EY//MP2/LANL-E® —251.956 85 2.901 8.7 —251.961 25 2.475 115

aReference 432 No convergence: No f-functions were added to the LANL-E and Huzinaga-E, but additional s, p, and d were added.

TABLE 7: Total Energies, Structural Parameters, and Binding Energy for the Lowest Singlet and Triplet Electronic States of

Pd Trimers
method/basis set energynjE Re (A) De (kcal/mol)
singlet
B3LYP/DZVP (Day) —14819.076 08 2.549 6.9
B3LYP/DZVP [Dwn) —14819.087 63 2.909 14.1
B3LYP/Huzinaga Dan) —14820.589 80 2.545 425
B3LYP/Huzinaga Dan) —14820.555 03 2.833 20.7
B3PW91/LANL2DZ Dsn) —380.330 08 2.496 52.7
B3PW91/LANL-E (D3 —380.306 49 2.810 29.8
B3PW91/LANL-E D3 —380.307 72 2.810 30.6
B3PW91/LANL2DZ Dwn) —380.286 20 2.774 25.2
HF/LANL-E? (Day) —377.606 26 3.344 2.8
HF/LANL-E (D3p) —377.606 37 3.344 2.9
MP2/LANL-E? (Dap) —377.974 10 2.902 22.3
MP2/LANL-E (Da) —378.522 25 2.902 34.1
MP4/LANL-E#//MP2/LANL-E? (Day,) —377.936 63 2.902 -175
MP4/LANL-E//MP2/LANL-E (D3n) 2.902
triplet

B3LYP/DZVP (Day) —14819.103 90 2.697 24.3
B3LYP/DZVP Do) —14819.083 89 2.644 11.8
B3LYP/Huzinaga Dan) —14820.594 91 2.607 45.7
B3LYP/Huzinaga D) —14820.567 77 2.590 28.7
B3PW91/LANL2DZ Dwh) —380.283 70 2.616 23.6

aNo f-functions were used but other s, p, and d were added.

obtain relatively acceptable energy differences. The HF method convergence of the perturbation series is not trivial for this kind
provides very poor estimations of the IP, about 40 kcal/mol or of systems. Errors for the MP3 are about 15 kcal/mol or more

more. MP2 corrects these errors notably well. With the LANL-E using

either ECP or full-electron calculations. Energies are

basis set the error is of only of 3 kcal/mol. For an experimental improved again at the MP4 level but yielding the same quality
energy of 192.3 kcal/mol this error correspond to only 1.6% of of the MP2, which is indicative of the oscillatory behavior of
the IP. MP2 with the nonextended basis sets yields much largerthe series. The need of larger basis sets is more notorious here.
errors. IP energies are not improved with the MP3 method. The The inclusion of f-function improves the IP by10 kcal/mol.
errors increase with any of the basis sets, indicating that the The difference between relativistic and nonrelativistic results
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TABLE 8: (a) Total Energy E (En) and Atomization Energiesy De, (kcal/mol) for the Lowest Singlet and Triplet Electronic
States of Several Pd Tetramers and (b) Optimized Geometries of the Lowest States and Conformations of,RBistances in A,
and Angles in deg)

(a) Total and Atomization Energies

singlet triplet
method/basis set E >De E >De
B3LYP/DZVP linear —19758.78730 21.2 —19758.78529 20.0
B3LYP/DZVP square —19758.80112 29.9 —19758.81121 36.3
B3LYP/DZVP rhombic no convergence —19758.82114 42.5
B3LYP/DZVP tetrahedral —19758.81792 40.5 —19758.84671 58.5
B3LYP/Huzinaga linear —19760.74515 30.9 no convergence
B3LYP/Huzinaga tetrahedral —19760.81981 7.7 —19760.8492* 96.2
B3PW86/DZVP linear —19763.37764 —19763.37716
B3PW86/DZVP tetrahedral —19763.41444 —19763.44975
B3PW86/Huzinaga tetrahedral —19765.43692 78.3 —19765.46153 93.8
B3PW91/LANL2DZ linear —507.05347 36.8 —507.04428 31.0
B3PW91/LANL2DZ D4, square —507.14160 92.1 —507.14071 91.5
B3PW91/LANL2DZ rhombicCs, —507.13892 90.4 —507.13275 86.5
B3PW91/LANL2DZ trans —507.14177 92.2 —507.11629 76.2
B3PW91/LANL2DZ tetrahedral —507.15666 101.6 —507.18315 118.2
(b) Optimized Geometries
structure method and point group singlet triplet
Ay by dy B3LYP/DZVP D, dy = 2.907 oy =2.761
P P Pde™ P dy = 2.920 d, = 2.613
B3LYP/HuzinagaD«n d; =2.834
d, =2.889
B3PW86/DZVPD., d; = 2.849 d; =2.703
B3PW91/LANL2DZD.., dh=2.774 dy=2.718
d, = 2.800 d, = 2.646
Pd;—3L pd, B3LYP/DZVP D4, andDy, d,=2.871 dy =2.579
d| |d2 d,=2.871 d, =2.582
Pdag, Pds B3PW91/LANL2DZ Dy, di = 2.493 di = 2.509
d,=2.493 d, =2.509
P, <L pa, B3LYP/DZVP Cz, dy=2.771
\a d> = 2.658
dy a=614
Py Pdy
B3PW91/LANL2DZCy, d, =2.596 d, = 2.663
a=61.7 a==60.5
Pd;- P, B3PW91/LANL2DZ Cy, d = 2.492 d, = 2.693
//‘7 d, =3.525 d, = 2.597
Pds :lde., a=45.0 a=60.9
F’j&i B3LYP/DZVP Ty d=1.653 d=2.449
ANY
‘% s B3LYP/Huzinagaly d=1.647 d=2705
Pas < pg, 2 B3PW86/DZVPCs, & =2.780 = 2.646
d, = 2.658 d, = 2.804
a==65.0 a=579
Wi342 = 60.0 Wi342 = 71.2
B3PW86/Huzinag&,, d; = 2.917 d; = 2.641
d, = 2.558 d,=2.821
a=55.3 a=57.4
Wi1234= 61.4 Wi1234= 71.7
Pd, B3PW91/LANL2DZC, d; = 2.805 d; = 2.615
N\ dp = 2.557 d, = 2.613
dgf @\ g
/4 2//sz d; = 2.555 d; = 2.584
P~ p, " ds = 2.557 dy=2.758
a=66.5 a=63.8
Wog13= 64.5 Wi234 = 74.7

is about 5 kcal/mol with the relativistic values being closerto ~ Among the DFT functionals, again the B3PW91 yields
the experiment. CCSD and CCSD(T) methods yield errors acceptable results with errors of-%0 kcal/mol. Similar errors

similar to those of the MP3 method and the QCISD and QCISD- are obtained with the B3LYP. Again, the need of large basis
(T) errors approach those of the MP4 methods. sets with these two functionals is important. However, the
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LANL2DZ basis set yields good results with these two among the standard ab initio methods. It also predicts the triplet
functionals. as ground state with bond energy of 11.5 kcal/mol. Smaller basis
A re|a’[ive|y similar situation happens with the electron sets seem to work better for the dimer than for the monomer as

affinities shown in Table 5. While the B3PW91 and B3LYP Iitis expected by the mutual superposition of basis sets. All bond
functionals with the HUZINAGA-E basis set yield excellent and atomization energies have been calculated by subtracting
results with errors of only 1.8 and 0.3 kcal/mol, respectively, the energy of the molecule from the sum of energies of the
most of the other expected precise methods yield relative largedground-state atoms. MRCIS-INDO calculations also predicted
errors. Even worse, several standard ab initio and DFT methodsthe triplet as the ground state with a bond length of 2.46 and
yield negative electron affinities. We can conclude, with the the singlet 10 kcal/mol above the grouffdzahmi and Santéh
calculations shown so far, that for the Pd atom the B3PwW91 also find the triplet of Pglto be the ground state, however, with
and B3LYP functionals yield acceptable results when the @ bond energy of 29 kcal/mol. They also found the singlet to
extended basis sets are used. The prediction of the electrorP€ Only 4 kcal/mol above the ground state.

affinity (EA) of Pd is difficult due to its small value, 12.8 kcal/ For the trimer or larger clusters, only DFT methods are
mol, which is within the range of tolerance of most of the present Practical and of acceptable precision. The lowest singlet
methods. All HF calculations predict the anion to be higher in configuration (ground state) correspond®t symmetry using
energy than the neutral. Similar results are obtained with MP2 th_e relativistic corrections and nonrelativistic met_hods._For the
calculations where the best values are shown using the ECPIriPlet, the lowest state also corresponds Wsaconfiguration.
MP3 and MP4 yield also higher anion energy compared to the Notice that theDg, point group is very important for the

neutral Pd, except for MP4/LANL-E, which indicates that the treatment of (111_) surfaces and th_e simulations of Pd nanotips.
anion is lower in energy than the neutral. These trends in the R€SUlts for the trimer are shown in Table 7. We can see that
perturbation series seem to indicate that Pd has a negative EAI® trimer ground state affords greater binding energy per atom
(i.e., the external electron will leave the atom). Other standard han the dimer ground-state per atom. Linear clusters are
ab initio methods lead us to the same conclusion except wheniMPortant in the study of the cluster-bulk evolutitiThe linear

the extended LANL-E basis set is used. Thus, for this exigent trimer is about 25 kcal/mol above the triangular ground state,
situation, the use of relativistic ECP and an extended basis set"’mdI thelllnear ?ﬂglelt has 3$fout the SSTe eneiﬁy a|1§ the Imzar
including f-functions is important to have a good prediction of tr!p et custgr. € large diierence between ine linear an
the EA. A similar situation holds with the DFT methods. The tr_|angul_ar triplets may b_e a problem for the _study .Of one-
use of relativistic ECP and the use of extended basis sets ared|men5|onaloclusters, which does not happen with, for instance,
important for the prediction of the EA of the Pd atom. The Cu clusters!

B3PWO1 performs much better than the B3LYP for the EA Table 8a,b shows the optimized geometries of the lowest
energy. states of Pgl In all cases, the tetrahedral structure corresponds

bl h h Its for the sinal d trivlet di ¢ to the most stable conformer. This is also true for the three
Table 6 shows the results for the singlet an t”pl et |fmerho multiplicities studied in this work. The ground state forsPd
Pd. U.nfortunat_ely, t_he.re are two very different values for the corresponds to the triplet state which is 16.7 kcal/mol below
experimental dissociation energy of the assumed ground“tate.

e L X ) the singlet. For all conformers, the triplet ends up having the
Likewise, there are several sophisticated calculations with a |, ast energy. The search was oriented to find the ground state
broad range of result$;*>although this has been an established

- X X . of Pd; and, therefore, no further emphasis was devoted to study
Pd singlet ground state. For instance, a combined experimental

> ] i | excited states except for the lowest singlet, triplet, and quintet
and HFCI calculation yielded a singlet as ground state with a multiplicities.

dissociation energy of 24 kcal/m#l.A smaller value for the

bond energy was proposed but still with the singlet as ground 4. Conclusion

state by Blomberg et df. Cui et al. reported identical values to Based on this study, the ground states of the Pd monomer is
ours for B3LYP/LANL2DZ which are also similar to their 3 singlet, the dimer is a triplet, the trimer is a singlet, and
reported CASPT2 valugsThey conclude that the triplet is the  tetramer is a triplet. This is justified by the fact that an even
ground stated for Pd On the basis of the results in Table 6 number of atoms does not allow the occupation of the 5s levels,
and the performance of several levels of theory for Pd which, of course, is impossible for the monomer and trimer.
calculations, we can confirm that the ground state of the Pd This effect of stabilization between triangular atomic s-orbitals
dimer corresponds to a triplet with a bond length of ap- in the atoms is very similar to the one on the triangulat H
proximately 2.5 A and a bond energy of about 18 kcal/mol. molecule. The geometries of the tetramers show distances that
This is very close to one of the reported experimental energiesare analogous to expected distances for Pd clusters. For all
of 16.9 kcal/mat® (also reported in that reference is the other conformers, the PdPd distance varies between 2.5 and 2.8 A,
less reliable result of 26.0 kcal/mol). The B3PW91 and B3LYP which is near the experimental value of 2.75 A for the-iPdi

DFT methods, using relativistic corrections, predict the triplet nearest-neighbor length in a Pd metal.

as the ground state while most standard ab initio methods predict We can conclude that the bond energy for the dimer can be
the singlet as the ground state; this is probably why the singlet predicted as 18.1 kcal/mol, which is in good agreement with
was assigned as the ground state. On the basis of our atomimne of the experimental values, 16.9 kcal/rffoThe binding
calculations and the fact that the experimental binding energy energy can be estimated at 30.6 kcal/mol for the trimer and
is practically reproduced by the triplet dimers, we are persuaded118.2 kcal/mol for the tetramer. The above values correspond
to conclude that the ground state of,RRdrresponds to a triplet  to binding energies per atom of 9.0, 10.2, and 29.6 kcal/mol
configuration. In support of this, we notice that the bond lengths for the dimer, trimer and tetramer, respectively, indicating a
for the triplets are always smaller than the bond length for the strong nonadditive effect. As expected from small clusters, the
singlets. The best predictions with the standard ab initio methodsenergy per atom is far from the experimental cohesive energy,
are for the singlet with dissociation energies~af0 kcal/mol. which for Pd crystal is 90.4 kcal/mét.

This same energy is predicted by the DFT methods, however, In summary, we have been able to predict, with reasonably
above the triplet state. The CC method yields the best predictionaccuracy, the available experimental information on Pd clusters
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and predict with confidence the energetics and structures of those (20) Tour, J. M.; Kosaki, M.; Seminario, J. M. Am. Chem. So¢998

clusters that have not yet been characterized. We have foun
that the B3PW91 and B3LYP functionals used with extended
basis sets and relativistic ECP provide excellent results for Pd
clusters. The relative energies of all systems are reported with

similar accuracy to that obtained with molecules containing first-

and second-row atoms. For these small clusters, we confirm

gl20 8486-8493.

(21) Hohenberg, P.; Kohn, WPhys. Re. B 1964 136, 864—-871.

(22) Kohn, W.; Sham, L. JPhys. Re. A 1965 140, 1133-1138.

(23) Levy, M.Proc. Natl. Acad. Sci. U.S.A979 76, 6062-6065.

(24) Langreth, D. C.; Perdew, J. Bolid State Commuril975 17,
1425-1429.

(25) Harris, J.; Jones, R. Q. Phys. F.1974 4, 1170-1186.

(26) Seminario, J. M. IrModern Density Functional Theory: A Tool

that the binding energy per atom increases with the number of for Chemistry Seminario, J. M., Politzer, P., Eds.; Elsevier: Amsterdam,

atoms in the clusters.
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