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To facilitate an objective comparison of the efficacy of the simulation of structural parameters and vibrational
spectra of transition-metal complexes of commonly used ab initio methods, the geometries of the ethene
complexes of Ni(0) and Ni(ll) have been optimized using both ab initio and density functional theory (DFT)
calculations and a wide variety of basis sets. The harmonic vibrational spectra oftiyi(@&nd [Ni(C:HJ)]?>*

have been evaluated from the optimized geometries at Haiffreek, post-HartreeFock Mgller—Plesset
perturbation theory, MP2, and a range of DFT functionals. Upon comparison with experimental data, it has
been found that hybrid DFT functionals, specifically B3-LYP, afford the most accurate fit to the experimental
data. This is especially the case when using the all-electron DZVP basis set, which provides highly accurate
results. The use of the effective core potential LanL2DZ basis set has been found to achieve a comparable
level of accuracy to the DZVP basis set, at a fraction of the computational efficiency. Extension of these
calculations to ethene complexes of other transition metals has revealed trends in their structures and vibrational
spectra.

Introduction importance to evaluate the relative merits of different levels of
Transition-metal complexes of unsaturated hydrocarbons, suchthegr); andt baS|s_|§r?_ts commonly fto und Ik? curretn t us? forts(ljm|_latr
as ethene and ethyne, are of significant interest due to theirmo e Systems. TIS paper reports such a systematc study Into
importance in both homogeneous and heterogeneous catalysi
For example, the cyclo-oligomerization, hydrogenation, polym-
erization, and metathesis reactions of alkenes and alkynes ar
known to be catalyzed by Ni(0) complexEs. The importance

of nickel complexes and surfaces has led to many reports on
the preparation of model complexes considered to be relevant
to catalysis and many theoretical studies of the nature of the
bonding’~1® The precise nature of the bonding between

transition metals and unsaturated hydrocarbons continues to b
a subject of a great deal of interest owing to the increasing All calculations were performed using the Gaussian 98
accessibility of more sophisticated model complexes, coupled program3? initially at the Hartree-Fock and B3-LYP levels

the efficiency and accuracy of a variety of model chemistries,
Swhich are commonly used for modeling geometric structure and
vibrational spectra. This study has been applied to small
%ransition-meta%hydrocarbon systems with the aim of high-
lighting the most effective computational approach for modeling
much larger inorganic complexes, and their relevance to species
adsorbed on metal surfaces is also discussed.

eComputational Details

with increasing computational capabilities. using a variety of Pople-type split-valence basis sets, along with
Most studies concur that the bonding between nickel and anthe DZVP, DZVP2, and LanL2DZ basis séts?* Unlike the
unsaturated hydrocarbon generally follows the Dew@hatt— Pople basis sets, the DZVP and DZVP2 basis sets have been
Duncanson (DCD) modéP:2° The basis of the DCD model is  optimized specifically for use with DFT methods. The DZVP
that ao bond is formed between a metal€ 1)d ns np? hybrid basis set is a doublgquality split-valence basis set with p-type
orbital and ther orbital of ethene. At bond is also formed polarization functions added to first row transition metals, d-
between the metain(— 1)d orbital and the hydrocarbom* and p-type functions added to first-row atofAg®and s-type
orbital. Chatt and Duncanson proposed thatsthgond would functions added to the hydrogen atoms and is similar to Pople’s

be stabilized by the hybridization of the filled ¢ 1)d orbital 6-31G(d) basis séf. The DZVP2 basis set is similar to the
with a vacantnp orbital. The dp hybrid orbital would increase  DZVP basis set but has d-type polarization functions added to
the overlap between metal and hydrocarbon orbitals comparedfirst-row transition metals and p-type polarization functions

with the overlap between the metal and the hydrocarbam* added to the hydrogen atoms. The LanL2DZ basis set is an
orbital. effective core potential (ECP) basis set which utilizes the
Given the level of interest in the transition-metalefin Dunning—Huzinaga doublé: (DZ) basis function® for carbon

complexes along with the somewhat broad nature of the and hydrogen atoms along with the Los Alamos effective core

theoretical model chemistries employed, it is therefore of Potential for the Ni core electrons with DZ functions for Ni
valence orbital§?-24
* Authors to whom correspondence should be addressed. E-mail: Geometry optimizations and harmonic wavenumber calcula-
tj.dines@dundee.ac.uk (T.J.D.); bruce.alexander@chiam.unige.ch (B.D.A.).tions for the singlet ground state of [Nif8,)] were performed
Fax: 44-1382-345517 (T.J.D.). ~ o . using the LanL2DZ or DZVP basis sets along with a wide range
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II, 30 quai E.-Ansermet, 1211 Geneva, CH. E-mail: bruce.alexander@ ©f density functionals. These include “pure” DFT methods such

chiam.unige.ch. as SVWN, PW91-LYP, G96-LYP, BLYP, and MPW-PW91,
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. k4 TABLE 1: Geometric Parameters? of [Ni(C;H,)] Calculated
Ni . at the B3-LYP Level
f § | i basis set r(CH) r(CC) r(NiC) 6(NiCC) 6(CNiC) 6(oop) 6(HCH)
H™ < O 1| y 3-21G 1.089 1.501 1.757 64.7 50.6 209 1121
> ~ 6-31G 1.092 1.470 1.827 66.3 47.4 19.1 1118
H H 6-31G(d) 1.094 1.461 1.817 66.3 47.4 189 111.7
Figure 1. Definition of axes for [Ni(GHJ)]. 6-31G(d,p) 1.094 1.461 1816 66.3 474 19.0 1117

6-311G 1.089 1.452 1.864 67.1 45.9 175 1129

. . 6-311G(d) 1.092 1.442 1.860 67.2 456 171 1129
where G96 denotes Gill's exchange 1996 functidgd&8MPW 6-311G(d.p) 1.090 1442 1.858 67.2 457 168 1131

denotes the 1991 exchange functional of Perdew and Wang as_anL2Dz  1.093 1.450 1.918 67.8 444 143 114.4

modified by Baroné! LYP signifies the LeeYang—Parr DZVP 1.093 1.434 1.892 67.7 445 142 1142
correlation functionat? and PW91 denotes the PerdeWang DzvP2 1.092 1.439 1.885 67.6 449 146 1142
1991 gradient corrected exchange and correlation functighals,  xP 1431 1991 698 421
The MPW1-PW91, B3-PW91, B3-P86, BH and H, BH and Zig Ta 1L9r8 093 Al

HLYP, B1-LYP, and B3-LYP “hybrid” DFT methods were also
used. Here B1 gnd B33§ignify B_ecke’s one- and three-parameter “Bond lengths in A, bond angles in degreBENi(CaH)(PP)
e it e o1 13- (N CHICLCO. e vty yanc
, . . ! amine, ref 429 C;H, adsorbed on Ni(111), ref 44C,H, adsorbed on

P86 denotes Perdew’s 1986 correlation functighalhe BH Ni(111), ref 45.
and H method treats the exchange energy as a “half-and-half”
mix of Hartree-Fock and LSDA functionals with the LyP  the hydrogens lie out of the plane of an unperturbed ethene
correlation functional: BH and H contains an additional Molecule. Thus, itis a measure of the restructuring, or distortion,
contribution from Becke’s 1988 exchange functional. These Of the ethene moiety induced by the metal center and is therefore
methods are implemented in Gaussian 98 in a manner similar@ valuable indication of the bonding between the nickel atom
to, although not the same as, that suggested by B¥cke. and the ethene moiety. B3-LYP calculations consistently predict

In all cases, the [Ni(gH2)] geometry was initially optimized small 0(_oop) val_ues, thus mfgrnng only slight restructuring.
in the C,, point group, which was then modified accordingly, Increasing the size of the basis set shows a decreaeap).
by eigenvector following, when large imaginary wavenumbers 1N€ most accurate bond angles are provided by the DZ-type
were obtained. The definition of the coordinate system used in Pasis Sets.

exp? 1.390 117.0

conjunction with theC,, point group is shown in Figure 1, where It should be noted that no experimental structure for [Ni-.
theyzplane contains the heavier atoms. Thus the 15 vibrational (C2Ha)] has been reported thus far. Consequently, the compari-
modes transform aEa_g = 5a; + 3a, + 3b; + 4by. All of the son of the experimental geometries given in Table 1 with the

normal modes are Raman active, whereas only modes, of results of the ab initio calculations is not strictly a comparison
by, andb, symmetry are IR active. For computation of IR and of “like vy|th I|ke".. Neverthgless, comparison of the opt!mlzed
Raman spectra and the potential-energy distributions associate@€ometries of [Ni(H,)] with the crystal structures of nickel-
with the vibrational modes, the Cartesian force constants dipole (0) complexes offers good indication as to the accuracy of the
derivatives and, when possible, polarizability derivatives ob- COMPutational method. Table 1 shows that the ethene bond
tained from the Gaussian 98 output were expressed in terms ofl€ngths and angles are satisfactorily reproduced at the B3-LYP
internal coordinates. Scaling factors, where necessary, werel®V€l- This is especially the case for the DZVP and DZVP2
applied to the force constants before input to a normal coordinateP2Sis sets and, to a lesser extent, the LanL2DZ basis set.
analysis program derived from those of Schachtschndder. However,r(NiC) is poorly reproduced throughout the variety
Polarizability derivatives, and therefore Raman intensities, were ©f Pasis sets employed, and the LanL2DZ basis set affords the
calculated numerically at the DFT level, where applicable. Pest fit to experimental data although this remains 0.07 A too
Normal coordinate analysis was initially performed without Short- The disparity between experimental carboickel bond
scaling. When reported, scaled normal coordinate analysislengths and those calculated at the B3-LYP Ie\{el is likely to pe
follows the scaling method of Puléyto obtain the best fit of ~ du€ to the presence of electron-donating triphenylposphine

the calculated wavenumbers to the experimental data. !igandé‘3 or tetramethylethylenediamine ligantidt i_s interest- _
ing to note that B3-LYP/LanL2DZ level calculations on [Ni-

(PHg)2(C2H4)] and [Ni(PHs)2(CzHg)2] have yielded (NiC) values
of 1.986 and 2.087 A, respectivel§This has also been found
The Effect of Basis Set on the Equilibrium Geometries of to be the case at the B3-LYP/DZVP lev&élthus the presence
[Ni(C2H4)] and [Ni(C,H4)]2". The optimized geometries of [Ni-  and nature of additional ligands, such as phosphine groups,
(CoHy)] calculated at the B3-LYP level using different basis elongates the carbemickel bond. This is reflected in both
sets are given in Table 1; also included for comparison are experimental data and in the ab initio calculations.
experimental data from crystal structures of ethene complexes It is of further interest to compare the B3-LYP/DZVP and
with nickel243 and structural data taken from single-crystal B3-LYP/DZVP2 calculations for [Ni(gHs)] with those of
surface studie$45The variation in geometric parameters with  Bernardi et al., who reported optimized geometries for isomers
basis set is also represented diagrammatically, in Figure 2. Asof [Ni(C2H)] for a variety of DFT methods using the DZVP
the size of the basis set increases, a steady decreafe) basis set For each isomer, Bernardi et al. predicted carbon
can be observed. When compared with the cartmambon bond nickel bond lengths that were consistently 0.1 A larger than
lengths determined for ethene adsorbed on a Ni(111) sutface, those reported in Table 1. Unsurprisingly, the environment of
the ECP LanL2DZ basis set affords the closest fit whereas thethe central nickel atom is crucial when trying to attain accurate
DZVP basis set better reproducg€€C) found in nicket-ethene carbon-nickel bond distances. This is further evidenced by
complexes243Bond angles are at best withifi @f experimental models of ethene adsorption on a Ni(100) surface using a nine-
values. Thed(oop) parameter is defined as the angle by which atom nickel clustef® The ethene surface distance was found

Results and Discussion
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Figure 2. The effect of basis set on the geometric parameters of pNi{T (® = labeled) and [Ni(GH4)]>" (B = unlabeled), calculated at the
B3-LYP level.

to be 1.869 A for dis bonded and 1.908 A for—bonded ethene The calculated geometry of [NigEl4)]?* is reported in Table

at the B3-LYP/LanL2DZ level using a “frozen” nickel cluster 2, and the variation with size of basis set is also shown in Figure
where the nicketnickel bonds were fixed. This compares with 2. It is clear that(CC) is much shorter than that for the neutral
the present value of 1.892 A from Table 1. When modeling complex. A more positive charge on the nickel has the effect
metal surfaces, the inclusion of many surface atoms is of of increasingr(NiC) by ca. 0.5 A. Addition of polarization
undoubted importance. Given that the comparison of the presentfunctions to the basis set has a more marked effect for the
geometric parameters with literature values indicates the cationic species than the neutral one. Addition of the first-
importance of the local environment of the metal surface atom, polarization d functions reduce@NiC) by 0.04 A in most cases,

it seems likely that, to model adsorption properly, optimization except on going from B3-LYP/6-31G to B3-LYP/6-31G(d)
of the metal clustemustalso be performed. This would be the where an increase is observed. The bond angles involving the
case especially when considering adsorption energies, as inclunickel atom reflect the differing behavior of the carbezarbon

sion of surface reconstruction or relaxation would be crucial to bond with charge. For the cationic species, an increase in level
the success of any model and it is clearly not sufficient to treat of theory causes a decrease A(NiCC) and an increase in

an adsorbed species by using only one metal atom. 6(CNIC), opposite to that calculated for the neutral species. The



Structures and Spectra of Ethene Complexes

TABLE 2: Geometric Parameters? of [Ni(C.H4)]%"
Calculated at the B3-LYP Level

basis set r(CH) r(CC) r(NiC) 6(NiCC) 6(CNiC) 6(oop) O(HCH)

3-21G 1.096 1.403 2.296 722 35.6 4.0 117.8
6-31G 1.096 1.398 2.254 727 34.5 6.3 117.2
6-31G(d) 1.097 1.391 2306 724 35.1 5.6 117.6
6-31G(d,p) 1.097 1.390 2.304 724 35.1 5.5 117.7
6-311G 1.090 1.394 2.304 724 35.2 6.1 117.2
6-311G(d) 1.093 1.388 2.256 72.1 35.8 5.3 117.4
6-311G(d,p) 1.094 1.388 2.256  72.1 35.8 5.3 117.5
LanL2DZ  1.097 1.417 2192 72.7 34.6 4.9 117.6
DzZvP 1.096 1.403 2.296 72.2 35.6 4.0 117.8
DZVP2 1.097 1.405 2.268 72.0 36.1 4.0 117.9

aBond lengths in A, bond angles in degrees.

predicted values ob(oop) show a dramatic decrease in the
cationic species compared with the neutral species, reflecting
changes irr(CC), (NiCC), andf(CNiC).

Unfortunately, the marked change in geometric parameters
observed upon increasing positive charge on the nickel atom
cannot be verified experimentally as no structures have been
reported for ethene interacting with a nickel cation. However,
it is clear that the ethene moiety is less distorted from its gas-
phase structure in [Ni(§14)]2* than in [Ni(GH,)], directly
evidenced by smallef(oop) angles, which are a sensitive
indication of rehybridization of the carbon?smrbitals. In a study
of [XM(C2H4)], where M is Ag™ or Cu’ and X is a halide anion,
Huang et al. observed an increased ethylene distortion in the
order F> Cl > Br > |, i.e., increased electronegativity of anion
increased the ethylene distortithThis was attributed to an

increased positive charge on the metal leading to a more favored

o back donation and thus distortion. That ethene in [MHg)]%+
is less distorted than in [Ni{fEl,)] due to the electron deficiency

of the cationic species. This results in a decreased donation of

electrons from nickel to the* antibonding orbital of ethene in
the cationic species with respect to the neutral species. Thus
the carbor-carbon bond order lies much closer to 2 in the
cationic species and the ethene moiety is less distorted.

Without structural data available for [Nig84)]>" species, it
is difficult to comment on the accuracy of the methods used in
Table 2. Intuitively, it seems that B3-LYP affords the most
realistic geometry, especially when the DZVP basis set is used,
and this is best highlighted by comparison of tfiiC) values.
It should be noted that Bl et al. could not obtain structures
of [Ni(C2H4)]?" at the B3-LYP leveP? although structures of
[Ni(n*-butadienefj* were obtained. These structures, which

TABLE 3: Calculated Vibrational Spectra (cm—1) of [Ni(C,H4)] Us
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consisted of cis and trans forms of butadiene bound to the nickel
ion through all four carbon atoms, were found to be true energy
minima.

The Effect of Basis Set on the Vibrational Spectrum of
[Ni(C2HJ4)]. The effect of basis set on the calculated vibrational
spectrum is more complex than the effect on the optimized
geometries. Table 3 shows the variation of the unscaled
vibrational wavenumbers with basis set at the B3-LYP level
for [Ni(C2Ha)], and this information is shown diagrammatically
in Figure 3. No imaginary vibrations are predicted indicating
that stable equilibrium geometries are obtained throughout. It
should be noted that as the vibrational wavenumbers are
unscaled, they are consistently high compared with experimental
values. On going from 3-21G to 6-31G to 6-311G basis sets,
the v(CH) vibrations decrease in wavenumber. Adding first d-
and then p-polarization functions to the 6-31G series has the
effect of lowering they(CH) vibrations. By contrast, addition
of polarization functions to the 6-311G series has little effect
onv(CH) vibrations. The 6-311G(d,p) basis set best reproduces
CH stretching vibrations with the LanL2DZ basis set giving
results that are comparable with 3-21G.

The behavior of the hydrogen-bending motions is more
complex and this is especially the case for thevibrations.
Theay, by, andb, vibrations are usually predicted to occur within
a narrow range; i.e., there is little variation in these vibrations
with basis set, especially for the; vibrations. However,
examination of the potential-energy distribution of the vs,
and v, modes (vide infra) reveals the, vibration to be
associated witld (CHy)sym with varying degrees of mixing with
the w(CHy)sym coordinate. In the case of 3-21G, each symmetry
coordinate contributes in almost equal amount. Fhmode is
predominantly due ta(CHy) with some mixing with the)(CH,)
coordinate; although with the 6-311G(d) and 6-311G(d,p) basis
sets there is also a small degree of coupling to@&C) stretch.
The v, mode is attributed ta(CC) with a small degree of
coupling tov(NiC) and, in some case&(CH,). Thevz andv,

rassignments from LanL2DZ basis set are reversed. The rickel

carbon stretches;s andv1s, show little variation between the
split-valence basis sets. Th€NiC) modes predicted by the
LanL2DZ basis set are the lowest and closest to the experimental
data, the asymmetric stretch lying 23 chhigher than
experimental. The DZ-type basis sets tend to predict the lowest
vs andv1s modes.

Comparison with experimental data shows that the LanL2DZ,
DZVP, and DZVP2 basis sets yield the closest fit to experi-
mental data, even for unscaled vibrations; this is especially
evident for thev, andvi4 modes. It is particularly satisfying to

ing the B3-LYP Method

mode 3-21G  6-31G  6-31G(d) 6-31G(d,p) 6-311G 6-311G(d) 6-311G(d,p) LanL2DZ DZVP DZVP2 2b exp
a 3101 3091 3073 3065 3056 3057 3057 3102 3087 3095  2965.2
V2 1552 1545 1537 1524 1538 1532 1518 1515 1523 1509  1468.2
Ns 1119 1121 1123 1119 1142 1151 1149 1169 1175 1167  1165.9
Vs 1030 1052 1028 1025 1061 1022 1023 955 931 937 9020
Vs 649 608 617 617 568 570 572 520 528 533  517.4
& e 3145 3141 3119 3116 3111 3109 3112 3176 3159 3163
v 1226 1238 1224 1217 1245 1233 1228 1217 1206 1202
Ve 800 822 808 809 871 861 858 819 844 832
by ve 3167 3163 3139 3135 3136 3133 3134 3202 3179 3184 30317
V10 826 826 802 799 842 820 821 814 797 797 n.o.
vi 741 714 700 701 735 719 714 602 632 628 6018
b, v, 3093 3082 3067 3059 3044 3050 3050 3088 3079 3086 n.o.
vis 1509 1504 1481 1467 1496 1474 1460 1462 1447 1441  1386.4
v 1162 1104 1061 1058 1110 1059 1065 988 964 972  907.0
Vs 685 593 592 591 556 551 552 465 493 495  502.2

aFrom ref 51.P n.o0. = not obtained¢ From thev, + v14 combination band.
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Figure 3. The effect of basis set on the B3-LYP vibrational spectrum of [MH4}].

note that the calculated vibrational spectrum agrees with the calculations using LanL2DZ overestimate the carboarbon
IR spectra of matrix isolated [Ni(El4)] of Lee et al®li.e., the bond length while the DZVP basis set affords remarkably
comparison of like-for-like, as opposed to the case for the accurate bond lengths when used with hybrid functionals. With
geometric parameters, which compared the optimized geometryboth basis sets, the BH and H method provides bond lengths
of [Ni(C2H4)] with that of [Ni(PPh)2(CoH,)], for example. that are shorter than all other methods. The pure DFT methods,
Comparison of Different DFT and Hybrid DFT-SCF B-LYP, PW91-LYP, and G96-LYP, all give longer CC bonds
Methods. Having shown that the DZVP and LanL2DZ basis than any of the hybrid formalisms. In contrastr{€C), r(NiC)
sets can provide accurate and reliable results in B3-LYP is consistently underestimated when compared with experimental
calculations, these two basis sets have been used to compardata; DZVP bond lengths are significantly shorter than the
several DFT and hybrid DFT-SCF methods. The results of DFT experimental values. At best, DZVP is within 0.08 A of
calculations using different hybrid and pure DFT formalisms experimental values whereas LanL2DZ is within 0.06 A. In
for [Ni(C2Hg)] are listed in Table 4 for the LanL2DZ basis set contrast to the predicted bond lengths, the bond angles are
and Table 5 for the DZVP basis set. A significant variation in largely insensitive toward the choice of formalism employed.
r(CC) (0.03 A) was found for both basis sets. In all cases, Little variation is found for the9(HCH) angle whilef(oop)
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TABLE 4: Geometrical Parameters and Vibrational Spectra? of [Ni(C,H,4)] Using the LanL2DZ Basis Set

PW91- G96- MPW-  MPW1- BH and
SVWN  LYP LYP B-LYP PW91 PW91 B3-PW91 B3-P86 BHandHH-LYP BI1-LYP B3-LYP exp

r(CH) 1.102 1100 1.100 1.100 1.100 1.091 1.093 1.092 1.088 1.084 1.091 1.093
r(CC) 1.443 1460 1.462 1.462  1.456 1.445 1.447 1.445 1.434 1.444 1.450 1450 1431
r(NiC) 1.873 1.931 1.927 1934 1918 1.905 1.908 1.904 1.875 1.906 1.919 1.918 1.991

O(NiCC) 67.4 67.8 67.7 67.8 67.7 67.7 67.7 67.7 67.5 67.7 67.8 67.8 69.8
O(CNIiC) 453 44.4 44.6 44.4 44.6 44.6 44.6 44.6 45.0 44.5 44.4 44.4 42.1
6(oop) 13.7 13.6 14.2 13.9 14.0 14.5 14.6 14.3 14.8 15.3 14.4 14.3
O(HCH) 114.7 1149 1146 1147 1146 114.3 114.3 114.4 114.1 114.0 14.4 114.4
a v 3035 3022 3018 3017 3039 3135 3114 3119 3187 3202 3115 3102 2965.2
V2 1458 1463 1472 1468 1474 1529 1519 1520 1553 1572 1523 1515 1468.2
V3 1188 1139 1135 1135 1158 1192 1185 1189 1221 1194 1170 1169 1165.9
V4 958 940 945 941 953 969 966 967 976 967 954 955 902.0
Vs 565 505 508 501 521 537 533 537 574 538 519 520 517.4
a Ve 3117 3101 3093 3092 3117 3212 3190 3195 3264 3273 3189 3176
V7 1166 1179 1182 1180 1183 1227 1219 1219 1249 1266 1225 1217
Vg 799 792 789 790 800 830 824 825 843 838 821 819
b1 vg 3141 3127 3119 3119 3142 3237 3215 3220 3287 3299 3215 3202 3031.7
V10 787 791 795 793 796 821 816 816 832 842 818 814 n.o.
V11 579 576 587 580 587 613 608 607 631 635 606 602 601.8
by v 3024 3011 3007 3005 3027 3120 3099 3104 3169 3183 3100 3088 n.o.
V13 1395 1416 1424 1421 1421 1471 1462 1462 1489 1516 1470 1462 1386.4
V14 964 945 948 945 954 1003 993 993 1047 1043 995 988 907.0
V15 490 448 451 446 465 484 478 480 504 480 465 465 502.2

aBond lengths in A, bond angles in degrees, and vibrational spectraih Ei@eometric parameters from ref 43, vibrational wavenumbers from
ref 51.

TABLE 5: Geometrical Parameters and Vibrational Spectra® of [Ni(C,H4)] Using the DZVP Basis Set

PW9l1- G96- MPW-  MPW1- BH and
SVWN LYP LYP B-LYP PW91 PW91 B3-PW91 B3-P86 BHandHH-LYP B1-LYP B3-LYP exp

r(CH) 1.103 1.100 1.099 1.100 1.100 1.091 1.093 1.092 1.089 1.084 1.091 1.093
r(CC) 1.428 1444 1.443 1.445 1.439 1.431 1.432 1.430 1.423 1.432 1.434 1434 1431
r(NiC) 1.848 1.908 1.906 1912 1.890 1.871 1.876 1.873 1.840 1.872 1.892 1.892 1.991

O(NICC) 67.3 67.8 67.8 67.8 67.6 67.5 67.6 67.5 67.2 67.5 67.7 67.7 69.8
O(CNIiC) 45.5 445 445 44.4 44.8 45.0 44.9 44.9 455 45.0 445 445 42.1
6(oop) 13.6 13.5 13.7 13.6 13.8 14.7 145 14.4 155 15.7 14.3 14.2
O(HCH) 114.4 1146 1144 1145 1144 113.9 114.0 114.1 113.6 113.5 114.1 114.2
a ”n 3007 3008 3005 3004 3018 3111 3091 3095 3159 3181 3100 3087 2965.2
V2 1462 1474 1481 1477 1478 1532 1523 1524 1555 1580 1533 1523 1468.2
V3 1187 1146 1148 1144 1166 1192 1188 1190 1207 1187 1175 1175 1165.9
Va 921 915 919 916 922 941 938 939 941 940 931 931 902.0
Vs 578 511 512 506 535 556 549 553 593 553 527 528 517.4
a Ve 3085 3082 3075 3075 3092 3185 3165 3169 3234 3250 3171 3159
V7 1148 1166 1171 1169 1168 1212 1204 1205 1234 1256 1215 1206
Vg 825 819 824 820 825 846 844 846 846 849 846 844
b1 v 3102 3102 3096 3096 3112 3205 3185 3189 3253 3270 3192 3179 3031.7
V10 764 775 780 77 774 797 794 794 808 824 801 797 n.o.
V11 607 609 614 611 617 642 637 636 655 662 636 632 601.8
b, vz 3001 3003 2999 2998 3012 3101 3082 3086 3148 3169 3091 3079 n.o.
V13 1370 1405 1411 1408 1402 1450 1441 1441 1467 1502 1457 1447 1386.4
V14 937 922 925 922 930 979 969 970 1017 1017 972 964 907.0
V15 524 474 474 470 496 518 512 513 537 511 493 493 502.2

aBond lengths in A, bond angles in degrees, and vibrational spectraih Bi@eometric parameters from ref 43, vibrational wavenumbers from
ref 51.

assumes one of three values depending ogldgsof formalism vibrational wavenumbers displayed by the hybrid methods and
used. Pure DFT methods tend to gi#éoop) around 13.7 the invariance of the mixing of(CC) andd(CH,) symmetry
hybrid functionals around 14°4and half-and-half functionals  coordinates (vide infra). It has been noted previotfsthat
around 15.3 regardless of basis set. hybrid DFT methods perform better than the pure DFT methods,
A detailed study of the effect of different DFT methods on and this is supported in the present work. Geometric parameters
systems such as [Ni¢B)] has not yet been reported. Bernardi  of the ethene moiety are better predicted using hybrid DFT
et al. have compared the B3-LYP, B-LYP, and B-P86 methods methods and both DZVP and LanL2DZ basis sets. It is
using the DZVP basis set for [NigE4)z and found little interesting to note that the pure DFT methods, with the exception
variation between methods in the optimized geometfies. of the SVWN method, better reproduce the nickehrbon
Furthermore, energy differences between isomers were founddistances although the reason for this is unclear. From the data
to be similar, indicating that the potential-energy surface is not in Tables 4 and 5, it can be seen that DFT methods that employ
sufficiently altered between methods. The differences in bond Becke's three-parameter exchange functional, specifically B3-
lengths between DFT methods reported by Bernardi et al. areLYP and B3-PW91, give the best fit to experimental data.
similar to those in the present work, although for both basis  The difference between the pure and hybrid DFT methods is
sets, the SVWN and BH and H methods afford erngiC) best highlighted by the(CH) wavenumbers, which are con-
values. This is further evidenced by the small variations in sistently predicted to be significantly lower using the pure DFT
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TABLE 6: Comparison of Calculated and Experimental Vibrational Spectra of [Ni(C2H4)]

wavenumbers/crt
HF/LanL2DZ  MP2/LanL2DZ B3-LYP/LanL2DZ B3-LYP/LanL2DZ relint potential-energy
mode unscaled unscaled unscaled scaled obs obs cal® distributior?
a n 3244 3142 3102 2952 2965.2 88 34 99 S
V2 1626 1645 1515 1452 1468.2 4 1 78S
V3 1132 1435 1169 1164 1165.9 89 41 WAS
V4 953 1063 955 880 902.0 100 3 97 S
Vs 579 424 520 525 517.4 7 7 9% S
a Vs 3296 3232 3176 3022 0 10Q@S
V7 1321 1251 1217 1156 0 106 S
Vg 761 843 819 749 0 100sS
by v 3323 3256 3202 3046 3031.7 61 79 100 S
V10 885 819 814 773 n.o. 2 1008
V11 711 314 602 549 601.8 25 53 100.S
b, v 3220 3149 3088 2937 n.o. 66 100,S
V13 1584 1513 1462 1391 1386.4 10 21 93 S
V14 1122 845 988 919 907.0 €0 100 8394, 10Ss
V15 525 513 465 472 502.2 15 17 96510 S4
aFrom ref 51.° From the scaled B3-LYP/LanL2DZ calculatiorfdzrom thev, + v14 combination band

Figure 5. Definition of the p(ethene) coordinate.

ﬁu [513 . . .
TABLE 7: Symmetry Coordinates for Vibrations of
( —C/—NI—C [Ni(C2HJ)]
Bw species description coordinate
Figure 4. Definition of internal coordinates for [Ni(f4)]. ap CH symm. stretch Sttt
. . a  CHpsymm. S;=o0g+ 09— fro— P11~ P12~ P13
methods when compared to the hybrid functionals. The half- deformation
and-half methods both give slightly highgiCH) wavenumbers a  C=Cstretch $=Rs
a CH, symm. wag = Y14+ Y15+ Y1+ Y17

than the other hybrid methods. This behavior is mirrored to a NiC h — Dot D

[ tent by the other vibrations. The pure DFT methods o o symm. stete & Dot Dr

esser ex Yy ! . p el a CHasymm.stretch  S=ri—ra—r3+r,
display a tendency to underestimate many of the vibrational 5,  cH, asymm. rock S= 10— fu1— P2+ Pus
modes when compared to the experimental spectra, i.evgthe a  CHpasymm. twist $=P1a— Y15 — Y16+ Y17
v11, andv(NiC) modes. This is an effect that would normally by  CHasymm.stretch — S=rn—rt+r—r

be exaggerated upon scaling. Analysis ofitheibration showed by CHasymm. rock B= Y14~ Y15+ P16~ Y17
; . - by  ethene rock 8§ =10~ Pu+ P2~ P13
that all DFT methods predicted this mode to consist of an b,  CH antisymm. stretch S=r1+ r»— rs — Iy
average of 77%(CC) coupled withd(CHp). The amount of b,  CHantisymm. S13= s — 0o — 10— P+ frz+ Pis
mixing between these symmetry coordinates remained constant deformation
throughout the different hybrid methods. However, the pure b2 CHoantisymm.wag &= v14+ y15— 916 — Y17
B-LYP method predicted 88%(CC) coupled with a smaller bz NiCantisymm. stretch §=Ds — D7

_contribution O(CHy). Of the hybrid functionals, thosg that  1ABLE s: Scaling Factors Used for [Ni(C;HJ)]
incorporate Becke’s three-parameter exchange functional, es - -
pecially the B3-LYP method, tend to give the closest fit to the internal scale internal scale
experimental data, without a significant degree of underestima- coordinate factor coordinate factor
tion. rtor 0.905 ag andag 0.910

The vibrational wavenumbers obtained at the HF-SCF, post- gz and D g'ggg ﬁll‘:tt%ﬁlj; 8'328
SCF MP2, and hybrid DFT B3-LYP levels using the LanL2DZ ' '
basis set are compared in Table 6, which also includes the scalegherformance of B3-LYP to be significantly better than both the
guantum mechanical force field (SQM-FF) calculation wave- HF-SCF and MP2 methods. The inclusion of electron correlation
numbers and potential-energy distributions from the B3-LYP/ by MP2 theory does not yield substantially more accurate
LanL2DZ calculation. The internal coordinates used in the vibrational spectra than HF-SCF. Indeed, for the LanL2DZ basis
normal coordinate analysis follow those used by Lee &t al. set, while the/(CH) values are lower, a number of other modes
and are shown in Figure 4, the symmetry coordinates and scaleare significantly less accurate at the MP2 level. Allnaodes
factors are given in Tables 7 and 8, respectively. The etheneinvolving 6(CH,) are overestimated by MP2, while thhg, and
rock vibration described in Table 7 corresponds to a tilting of v14 modes are substantially underestimated. The improvement
the plane of the hydrogen atoms of the ethene molecule upon HF-SCF by B3-LYP is not surprising. However, the extent
perpendicular to the carbemickel—carbon plane, depicted in  to which B3-LYP is superior to MP2 is unexpected. The totally
Figure 5. Comparison of the unscaled spectra reveals thesymmetric vibrations, specifically the mode, are significantly
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TABLE 9: Geometric Parameters and Vibrational Spectra® of Transition Metal Ethene Complexes Calculated Using

B3-LYP/LanL2DZ

Fe(0) Co(0) Ni(0) Cu(0) Ru(0) Rh() Pd(0) Ag0) Os(©0) Ir0) Pt0) Au(0)
r(CH) 1.093 1089 1.082 1.090 1.094 1.091  1.089 1.088  1.091 1.091 1.090  1.087
r(CC) 1.455 1402  1.484 1497  1.467 1440 1416 1.351 1468 1465 1459  1.367
r(MC) 1.972 2105 1.902 2041 2072 2120 2157 3312 2088 2077 2075 2.694
O(MCC) 684 706 670 685 69.3 70.2 708 782 69.4 694 694 753
o(CMC) 433 389 459 430 414 397 383 235 412 413 412 294
0(oop) 157 8.3 19.7 162 16.2 14.0 10.6 0.4 16.8 157 141 1.2
9(HCH)  112.8 1159 1120 1148 1146 1140 1157 1166 1129 1135 1148 116.9

a 3097 3149 3244 3128 3073 3121 3143 3170 3109 3119 3130 3179
V2 1520 1558 1626 1477 1482 1534 1548 1666 1518 1522 1520 1623
Vs 1135 1279 1132 1076 1140 1195 1251 1384 1145 1152 1169 1361
Va 846 963 953 880 984 970 964 1011 1027 1033 1036 1018
Vs 489 293 579 409 476 413 365 46 474 495 480 94

& v 3167 3232 3296 3212 3144 3183 3223 3242 3182 3195 3213 3261
Ve 1214 1227 1321 1201 1207 1212 1227 1247 1205 1205 1209 1242
ve 795 928 761 577 777 812 930 1055 817 824 850 1026

by v 3186 3258 3323 3241 3172 3217 3251 3278 3199 3213 3235 3293
V1o 796 827 885 821 824 821 830 844 821 812 819 843
i1 635 497 711 548 659 636 563 127 763 762 739 330

by i 3081 3132 3220 3115 3056 3104 3126 3146 3089 3106 3117 3159
Vi3 1472 1475 1584 1462 1459 1480 1473 1488 1487 1482 1473 1486
V14 976 953 1122 864 1014 996 973 1008 1057 1054 1051 992
Vis 461 266 525 643 481 416 348 -32 547 519 488  —127

aBond lengths in A, bond angles in degrees, and vibrational spectraih cm

lower, and consequently more accurate, at the B3-LYP level and 6(CH,) coordinates is observed for the andv3 modes,
than at MP2. Motions involving the nickel atom are best dealt with the predominantlyy(CC) mode occurring at a lower
with by B3-LYP; MP2 seems particularly poor at handling these wavenumber. A small degree of mixing is evident between the
modes; thevy; ethene rock is some 300 citoo low. This V(NiC)asymandw(CHy)asymSymmetry coordinates. The potential-
would indicate that MP2 theory has difficulty in modeling energy distribution obtained at the scaled B3-LYP/LanL2DZ
metal-olefin interactions. In this regard, it should be noted that level is not significantly different from other methods. Little
it has, thus far, proved impossible to obtain an optimized mixing between symmetry coordinates is observed apart from
geometry for [Ni(GH4)] at the MP2/DZVP level. that between the(CC) andd(CH,)sym coordinates, which has
The calculated relative IR intensities at the B3-LYP/LanL2DZ been suggested before based on both experimental data and
level are also listed in Table 6 along with the experimental data empirical normal coordinate analysis but not quantifieef5°
reported by Lee et & Despite the use of a relatively small Furthermore, in many instances, the assignments of(G€)
basis set such as LanL2DZ, the agreement between calculate@ndd(CH,)sy,m modes have been wrongly reportéef-5’due to
and experimental intensities is qualitatively reasonable. How- the mixing of these two modes leading to anomalous behavior
ever, a large discrepancy is observed for th@.) w(CH2)sym upon isotopic substitution. Given that the behavior of these
and thevis w(CHy)asymmodes. Herey, is predicted to be very modes has proven to be a sensitive probe of the bonding of
weak, whereas the;4 mode is predicted to be the strongest ethene-metal surfaces, i.e., di; 7z, or metallocyclopropane, it
band in the infrared spectrum. This is clearly contrary to the would therefore seem fruitful to investigate the behavior and
assignments of Lee et al. Thes mode is consistently predicted  mixing of the »(CC) andd(CHz)sym modes on a wide variety
to be the most intense band in the infrared spectrum at the B3-of surfaces through SQM-NCA. It should be noted that the
LYP level, while thev, mode is always much weaker, although predicted degree of mixing increases considerably at the MP2
in the case of the B3-LYP/6-31G* calculation, the band assigned level. Thev(CC), 6(CHy)sym, and w(CHz)sym Symmetry coor-

to v4 has 44% of the intensity of the;s band. However,

according to Mitin et al®2 the 6-31G(d) basis set is flawed for
late transition metals. By use of their modified 6-31G(d) basis v15 modes.
set, the intensity of the, band is reduced to ca. 25%. It is

dinates are heavily mixed in the, vs, andv4 modes as are the
®(CH2)asymandv(NiC)asymSymmetry coordinates in thas and

Trends within the Transition Metals. Having determined

therefore tentatively suggested that the assignments of thethat B3-LYP/LanL2DZ and B3-LYP/DZVP are the most
»(CH,) modes of the naturally abundant species of Lee et al. efficient and accurate methods for the determination of the
are reversed. Thus, the strongest band in the experimental IRstructure and spectral features of [NitG)], the applicability
spectrum at 902.0 cm is assigned te14. Reassignment of the  of these methods were then tested on other ethene complexes
strongest bands in the IR spectra of the [fGgH,)], [Ni(C2D4)], with transition metals. The effect of variation of metal on the
and [Ni(GH2D>)] species is not inconsistent with the results of geometries and vibrational spectra of zerovalent ethene com-
the B3-LYP/LanL2DZ or B3-LYP/DZVP calculations of the plexes is shown in Table 9 for B3-LYP/LanL2DZ and in Table
relevant isotopically substituted species, all of which predict 10 for B3-LYP/DZVP. The omission of the third-row elements
thevi4 mode to be the strongest band in the IR spectrum while in Table 10 is a consequence of the limited range of metals for
predicting v4 to be weak. Apart from the predicted strong which the DZVP basis set has been defined. The general trend
intensity of thevia(b) v(CHy)asym mode, which has not been is that on going from left to right across a row, the carbon
observed experimentally, it is satisfying to note the agreement carbon bond distance decreases, although this trend is not
in the relative intensities at such a relatively modest level of evident for the first row transition metals. The shortening of
theory. r(CC) may be expected to be accompanied by a lengthening of
In most cases, there is not much mixing of symmetry the metat-carbon bond and a decreaseéifoop) values. The
coordinates, although a notable degree of mixing betwéeg) decrease if(oop) is observed for both second and third row
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TABLE 10: Geometric Parameters and Vibrational Spectra® of Transition Metal Ethene Complexes Calculated at the B3-LYP/

DZVP Level
Fe(0) Co(0) Ni(0) Cu(0) Ru(0) Rh(0) Pd(0) Ag(0)
r(CH) 1.093 1.090 1.093 1.090 1.094 1.091 1.089 1.088
r(CC) 1.435 1.403 1.434 1.490 1.440 1.417 1.388 1.339
r(MC) 1.955 2.000 1.892 1.997 2.080 2.133 2.213 3.598
6(MCC) 68.5 69.5 67.7 68.1 69.7 70.6 717 79.3
6(CMC) 43.0 41.0 44.5 43.8 40.5 38.8 36.6 21.4
6(oop) 15.8 10.7 14.2 17.5 15.6 13.4 9.1 0.2
O(HCH) 112.5 115.1 114.2 114.0 114.6 114.5 116.0 116.7
ar V1 3083 3119 3087 3110 3064 3109 3141 3164
Vo 1533 1554 1523 1481 1502 1541 1580 1688
V3 1149 1233 1175 1075 1167 1208 1276 1373
Va 872 908 931 866 955 935 928 968
Vs 505 324 528 414 459 388 317 33
Ve 3150 3195 3159 3189 3131 3176 3217 3233
a V7 1211 1217 1206 1197 1208 1213 1222 1235
Vg 823 921 844 562 767 853 974 1056
vy 3164 3214 3179 3212 3155 3201 3240 3260
by V10 789 809 797 813 820 816 822 831
Vi1 649 592 632 556 631 605 522 94
V12 3073 3109 3079 3104 3051 3097 3129 3148
b V13 1462 1459 1447 1456 1452 1464 1463 1472
2 V14 961 941 964 854 965 947 924 948
V1is 491 397 493 629 470 401 314 25

aBond lengths in A, bond angles in degrees, and vibrational spectraih cm

metals but again, not for the first row. The increase(MC)

single binary metatethene complexes, comparison with a real

is only seen for the second row metals. Upon descending astructure may be impossible. For example, [AgiQ)] intu-
group,r(CC) increases markedly between the first and second itively seems unlikely to exist and difficulties have been
rows for groups 8 and 9 followed by a smaller increase between encountered in attempting to detect such binary complexes by

the second and third rows. With the exception of [C#{%)],
using the LanL2DZ basis satiMC) and6#(oop) both increase

vibrational spectroscopies, especially Rarffihhis is reflected
in the optimized geometry using both LanL2DZ and DZVP basis

upon descending the iron and cobalt groups. No discernible sets, which yield large(AgC) and smallé(oop). It is known
trends are observed in the nickel or copper groups, althoughthat ethene does not adsorb onto clean silver surfaces. Ethene
the calculations indicate that both gold(0) and silver(0) ethene adsorption onto silver has been modeled by Avdeev and

complexes have substantially longer metedrbon bonds and
shorter carborcarbon bonds.

With the exception of [Co(&H,)], using the DZVP basis set,
thev(CH) vibrations increase when crossing a row from left to
right. The calculatedv(CH) vibrations of [Fe(GH4)] are
significantly higher than those observed for [FgfiG)] in an
argon matrixg® for which the IR spectra have been interpreted
in terms of Fe interacting with one or two hydrogen atoms. This
interpretation was supported by the observation it{@=C)
was very close to that of free,8,4. Experimentally, the/(CC)
modes have been found to have the following trend: [Gdl}
> [Ni(C2Hg)] > [Cu(CHy)],525180 and this effect is well
reproduced in Tables 9 and 10. The predominant@C) mode
occurs at 1224 crit for [Co(C;Hy)], 1166 cnr? for [Ni(C2Ha)],
and 1156 cm? for “[Cuy(CaHa)2]", cf. 1233, 1175, and 1075
cm™1, respectively, in Table 10. Similar trends are observed
for the CH deformations which have been obseR/eat 1504
cm! for [Co(C;Hy)], 1468 cn1t (or 1490 cnt according to
Ozir?9) for [Ni(C,Hy)], and ca. 1474 crit for [Cu(CH4)]. These
trends are well reproduced with the DZVP basis set but
somewhat less satisfactorily with the LanL2DZ basis set. For
bothv(MC)sym andv(MC)asym a general decrease in wavenum-
ber can be seen on going from the left of a row, although in
this case, comparison with experimental data is difficult.
Imaginary wavenumbers are predicted fgMC)asym for [Au-
(CoHa)] and [Ag(GH4)] of 127 cm™ and 32 cm2, respec-
tively. Notwithstanding the copper group metals, which show
the opposite effect, the(CH) wavenumbers decrease upon
descending a group.

It is difficult to compare trends in the calculated values with

Zhidomirov by an Ag;0;s cluster®! Adsorption was proposed
to occur at surface defect sites, represented by a cationic vacancy
and also due to partial oxidation of the surface.

It is relatively facile to compare the trends on descending
group 10 although no examples of palladium{@)hene com-
plexes are known. It is interesting that the extent of distortion
of the ethene moiety follows the order Ni Pt > Pd rather
that Ni > Pd> Pt. This effect has also been observed by Nunzi
et all® who investigated the bonding of [M(BH(C2X2)]
complexes using DFT methods, where=MNi, Pd, Pt and X
=H, F, CN. Nunzi et al. demonstrated that for these complexes,
7 back bonding is more significant tharbonding. Furthermore,
the extent ofr back bonding for [Pd(gH.)] was found to be
half that of [Pt(GH4)]. The anomalous distortion of ethene was
also noted by Ziegler and co-workéfsvho incorporated quasi-
relativistic effects into their DFT models. It is suggested that
the increased distortion and shorté¥C) for [Pt(C;H,)] than
[Pd(GH4)] was due to the increased importance of relativistic
effects for platinum compared to palladium. It may not be strictly
necessary to include quasi-relativistic effects when modeling
structures and vibrational spectra of transition metal complexes
as B3-LYP/LanL2DZ calculations can produce satisfactory
results at considerably less computational cost.

In terms of vibrational spectra, comparison of the IR and
Raman spectra of Zeise's salt, [PiCLH,4)]*, with its palladium
analogue reveal that the trends are comparable with those
predicted by the data in Table 9. A band in the Raman spectrum
of [PdCk(C2H)]*, assigned by Bencze et%lto v(CC), at 1526
cm! corresponds to our calculated value fgrat 1548 cml.
Hiraishi®® reported a band in the Raman spectrum of Zeise’s

experimental data due to the lack of self-consistent, systematicsalt at 1522 cmt, which we calculate at 1520 cth Similarly,
experimental studies. As the calculations are for zerovalent the band assigned 8{CH,)sym by Bencze et al. in the spectrum
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of the palladium salt at 1267 crh predicted to occur at 1251
cm™1, corresponds to a band at 1241 ¢nin the spectrum of
Zeise’s salt, predicted at 1169 ch Despite the fact that the
experimental data is for R complexes and the calculated
spectra are for Mlcomplexes, tharendsupon changing the
coordinated metal remain faithfully reproduced. Indeed, the
calculatedv(CC) mode compares poorly to the?PtZeise's
salt. However, comparison with Ptomplexes, such as [Pt-
(PPR)2(CoHa)], shows a much more satisfactory fit. Crayston
and Davidsoff* observed/(CC) at 1120 cm?! (cf. 1169 cnr?

J. Phys. Chem. A, Vol. 108, No. 1, 200455

calculation than the expensive MP2 method, but it also yields
vibrational wavenumbers, which asgstematicallyhigher than
experimental values as opposed to MP2 calculations. The MP2
level of theory displays a more varied effect when comparing
calculated results with experimental values. Thus, B3-LYP is
more amenable to the application of a physically meaningful
set of scaling factors that MP2.

From the results of B3-LYP calculations, especially in
conjunction with the LanL2DZ basis set, the potential-energy
distributions of the vibrations of [Ni(&14)] were investigated.

in Table 9). Furthermore, the assignment of the 1120 and 1570The traditional assignments of thgandvz modes to the/(CC)

cm ! bands toy(CC) andd(CHy)sym, respectively, were sup-
ported by normal coordinate analy§s.

and 6(CHy)sym modes, respectively, which have been used as
indications into the nature of bonding between metal and olefinic

The most important indicators of surface adsorption are the hydrocarbons, were found to be incorrect. B3-LYP consistently

v(CC) andd(CHy)sym modes. As these modes are both totally

gave thevz mode around 1100 cm to be predominantly CC

symmetric, they are stronger in the Raman spectrum than in stretching coupled with some Gldeformation, whereas the

the IR spectrum. However, in Raman studies of ethene adsorbednode around 1500 cm was found to be mainly(CHz)sym

on platinum group metals, these bands can be comparativelycoupled to some extent with(CC). This is opposite to the
weak. This problem has been overcome by deposition of anassignments that have often been given in the past. In a recent

overlayer of platinum group metal over a roughened SERS-

case?® the CC stretch was given at 1242 thand the CH

active gold substrate, a technique pioneered by Weaver and co-deformation at 1512 cnt but these were considered to be an

workers%-8 This leads to an enhanced Raman scattering

almost 50:50 mix of both vibrations. The results of the potential-

mechanism from the underlying gold substrate, but the spectrumenergy distributions show that the ratio is roughly 75:25. A
is characteristic of the platinum group overlayer. Thus, SERS reassignment of the(CHy)sym and w(CHy)asym modes is also
spectra for ethene adsorbed on Rh, Pd, Ir, and Pt have beersuggested by the calculated potential-energy distributions and

reportect® Experimentally, the/(CC) andd(CHy)sym vibrations
follow the order Rh< Pd < Ag and Ir < Pt < Au. These trends

IR intensities.
The suitability of different basis sets and levels of theory have

are well reproduced in the data in Tables 9 and 10. The also been tested for [Ni¢El4)]2". Although it was possible to

0(CHy)sym mode is calculated 2 cm higher in [Ir(GHa)] than
[Pt(CoH,)], but this is not inconsistent with experiment as the
0(CHz)sym mode was found to occur at the same energy for

obtain optimized geometries iiC;, Ssymmetry, imaginary
wavenumbers, correspondingit@NiC)asym indicate that these
geometries corresponded to transition states or saddle points

ethene adsorbed on both Ir and Pt. Taking into account the facton the potential-energy surface. Eigenvector following revealed
that the SERS spectra were recorded in an electrochemicaltrue energy minima corresponding @, or in some case€;,
environment, the calculated spectra give a satisfactory agree-symmetry, where the nickel atom was bound only to one carbon

ment, although the band wavenumbers are a little high; i.e.,

atom.

ethene adsorbed on Pd displays SERS bands at 1514 and 1244 The results of the ab initio calculations on different metal-
cm1, whereas our calculations yield values of 1548 and 1251 (0)—ethene complexes reveal that the simple model used can

cm L.

Conclusions

To elucidate the most efficient method for performing ab
initio calculations on the geometric structure and vibrational
spectra of transition-metablkene complexes, and possibly
adsorbed species on metal surfaces, [Mi{£)] has been used

reproduce the trends shown in most cases on going from metal
to metal; i.e., the behavior of thgCC) andd(CHy)sym bands
upon descending the Group 10 metals follows that observed
experimentally. The simple model used here provides a mod-
erately inexpensive yet highly useful, qualitatively accurate
simulation of the structure and vibrational spectra of ethene
complexes with transition metals, although it should be noted
that the lack of self-consistent experimental data precludes a

as a model. The geometric structure has been optimized usingyefinitive evaluation of the performance of the model. Further,
a number of different basis sets and levels of theory. The ji is noted that the model is limited, partly by computational
vibrational spectrum has also been simulated from these resources, to use with simple transition-metal complexes:

optimized geometries. Comparison of these optimized geom- yadeling of metal surfacesustincorporate many more metal
etries and vibrational spectra with experimental data reveals thatyioms. in the form of clusters or slabs. to truly define the site

the all-electron DZVP and DZVP2 basis sets afford the closest gng mode of adsorption. In the case of adsorption energies, it

fit to experimental data. The ECP LanL2DZ basis set has beenig jmperative that surface reconstruction is included whenever

shown to give results that are of almost comparable quality to hsssiple. In the case of electrochemical studies, modeling of
the DZVP and DZVP2 basis sets but at a fraction of the he variation of electric field should also provide interesting

computational cost. By use of both the DZVP and LanL2DZ g jts.

basis sets, different levels of theory and different density

functional formalisms were tested to find the optimum level of Acknowledgment. We thank the University of Dundee for
theory to be used for modeling transition metal complexes. It 5 ynjversity Scholarship (to B.D.A.).

has been demonstrated that DFT methods are best suited to

dealing with transition-metal complexes. Furthermore, hybrid References and Notes
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