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In this paper we report the results of a comparative theoretical study at the CASSCF/CASPT2 and DFT
levels of the potential energy surface associated with bis(ethyteneRel complexes. The computations
predict the existence on the potential surface of only one minimubygodymmetry: the other critical points

located on the surface (corresponding to structureS,pfand D2, symmetries) are saddle points of higher
order. The results have pointed out that (i) the inclusion of dynamic correlation does not change the topology

of the surface; (ii) the DFT approach provides for these systems results very similar to those obtained at the

CASSCF/CASPT2 level; (iii) an effective core potential (ECP) basis (LANL2DZ) can provide a reliable
description for these metablefin clusters. The second and third points are of particular interest since they
indicate that it is possible to use a cheap approach (DFT with an ECP basis) to investigate larger nickel
olefin clusters with bulky ligands on the metal atom, as those involved in catalyzed cycloaddition reactions.

Introduction While 1:1 ethylene-nickel complexes have been the subject
of several theoretical investigatioPis&9~' only a few computa-
tions have been performed on bis(ethylenackel clusters. The
bonding in Ni(GH4), has been described by Siegbahn and
Brandemark at the CASSCF level with the addition of contracted
Cl calculation$ These authors have analyzed three different
geometries ofDyg, Do, and Cp, symmetry, respectively.
However, the topology of the potential energy surface remains
n question since full geometry optimization has not been used

Methods based on density functional theory (DFEpresent
a versatile computational approach capable of describing
successfully many problems previously covered exclusively by
ab-initio HF and post-HF methods. The studies carried out
during the last decade have shown that DFT-based methods
especially in the forms containing nonlocal corrections, provide
geometries and energetics that are in better agreement with th

experiment than the HF results (in partlcularf(_)rtransmon-_metal and the nature of the various critical points has not been
complexesf. Furthermore, because of their computational determined

expedience, these methods seem to be particularly suitable for To performe our comparative analysis, we use different forms

describing large-size molecu!ar systems containing metals. S.'n.ceof nonlocal DFT methods to investigate the potential surface
these methods are becoming more and more popular, it is

nowadays particularly important to carry out a calibration of associated with the Ni¢l,), complex, and we compare these

DET me)t/ho%ls for i de)r/nifyie\ strenaths a); d weaknesses of the results to those obtained with the CASSCF method with large
. - 9 gihs basis sets followed by a perturbation treatment up to second-

various functionals. To this purpose in the present paper we . . )

. - . . . order (CASPT2) to evaluate the dynamical correlation contribu-

investigate the potential energy surface associated with the

bis(ethylene)-nickel complex Ni(GH4).. These clusters are a tion.
very interesting example of transition metallefin complexes.
They provide very simple models for understanding the nature
of the metat-olefin bond and also for studying catalyzed The CASSCF and CASPT2 computations reported in the
processes since complexes of this type, with additional ligands paper have been carried out using the MOLCAS®gram.
on the nickel atom, seem to be involved in homogeneously The atomic natural orbital (ANO) badfssuggested by Baus-
catalyzed [2-2] cycloaddition reaction. chlicher et al’? was used for the nickel atom, while the carbon
The existence of these chemical species has been proved byand hydrogen atoms were described by the Dunning cc-pvVDZ
many studies carried out in the last two decatiéssing matrix basis sef. This basi8 is formed by a (Ni: 20s, 15p, 10d, 6f),
isolation techniques, nickel atom has been demonstrated to reactC: 7s, 6p, 4d, 2f), (H: 4s, 1p) primitive set contracted to [Ni:
with ethylene when trapped in cryogenic conditions. Ozin et 7s, 6p, 4d, 2f], [C: 3s, 2p, 1d], [H2s, 1p].
al.*bysing IR and U\*visible absorption spectroscopies, have  The geometries of the various structures have been optimized

Computational Methods

shown the existence of three binary complexes b, (n = at the CASSCEF level with the gradient procedure. Single-point
1, 2, 3). More recently, the stoichiometry of these complexes computations at the CASSCF-optimized geometries have been
has been definitely determined by examining the metghnd performed using the multireference perturbation approach

stretching vibrations in IR and Raman spedfran two very suggested by Andersson et al. (CASPP2p include the
recent studie&?e Mitchell et al., have demonstrated that 1:1 dynamical correlation energy effects.

Ni—ethylene complexes can be synthesized at room temperature The active space used in the CASSCF geometry optimizations
by producing nickel atoms from pulsed laser-induced multi- includes all the orbitals required to allow the proper description

photon dissociation (MPD) of nickelocene. of the Ni—C forming bonds and to describe the low-lying states
of the metal atom. Thus we have considered #hand z*
® Abstract published irAdvance ACS Abstract#ugust 1, 1997. orbitals of the two ethylene moieties and the 4s and 3d orbitals
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of the nickel atom. These active orbitals form a space of 14
electrons in 10 orbitals. The size of the active space has been
increased in the single-point CASPT2 computations. In this
case, as suggested by Pierloot, Persson, and Rémsegach
doubly occupied 3d orbital not taking part in the bond, we have
added a correlating 4d orbital. The inclusion of these additional
orbitals leads to an active space of 14 electrons in 12 orbitals
for the D2q, Co (planar), andCy,(bent) structures and 14 electrons
in 13 orbitals for theDy, structure. With this active space the
perturbation contributions are all smaller than 1.0 kcal/mol.

All the DFT computations have been performed with the
Gaussian 92/DF series of programs using a local spin density
(LSD)-optimized basis set of doublequality in the valence
shell plus polarization functions (DZVPJ}. Additional com-
putations have been carried out with the effective core potential
(ECP) LANL2DZ*® basis set. In all cases, the geometries of
the various critical points have been fully optimized with the
gradient method and the nature of each critical point has been
characterized by computing the harmonic vibrational frequen-
cies. We have used a hybrid functional and two pure func-
tionals, which are all implemented in Gaussian 92/DFT. The
two pure functionals, denoted as BLYP and BP86, differ only
in the correlation term and can be written as follows

E(S), + E(B88), + E,

whereE(S), is the Slater exchandé2PE(B88), is the Becke’s
1988 nonlocal exchange functional correctidffandE, is the
correlation contribution including nonlocal corrections. In the
BLYP functionalE; is the correlation functional of Lee, Yang,
and Parr (LYP}*¢¢including both local and nonlocal terms
while in the BP86 functionalE. includes both the local
functional of PerdeW' and his gradient correctiod4? The
hybrid functional corresponds to Becke’s three-parameter
exchange function#f as implemented in Gaussian 92/DFT and
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Figure 1. Schematic geometries of thB (a), Cx(planar) (b),
Ca(bent) (c), andDz, (d) structures of Ni(@Hs), computed at the
CASSCF and DFT levels of theory.

TABLE 1: Optimum Geometries? and Relative EnergiesEP:¢
for the Dyg, Cy(Planar), C,,(Bent) and Dy, Structures of the

Ni(C,H4), Complex Obtained at the CASSCF Level of

Theory Using the ANO Basis for Nickel and the cc-pVDZ

Basis for Carbon and Hydrogen

is denoted here as B3LYP.

Results and Discussion

A. CASSCF/CASPT2 Results. In this section we discuss
the singlet potential energy surface obtained at the CASSCF
and CASPT2 levels for the bis(ethyleréYi complex. This
surface originates from the interaction of the Nif{z) complex
in the singlet ground state with a second ethylene molecule.
Four critical points, two with symmetrg,,(bent and planar)
and two with symmetnD,, and Doy have been located. The
corresponding structures are shown in Figure 1, while the
corresponding energies and the optimum values of the geo-

metrical parameters are reported in Table 1. While the existence €,

of the Cy,(planar) structure has never been pointed out, those
of the Cy,(bent), D2, and Doy structures have been already
documented by Siegbahn and Brandentarkdowever these
structures were not completely optimized, and the nature of the
critical points was not determined.

The structure wittD,y symmetry, where the two planes that
contain the G-C bonds of the two olefins and the metal atom
form a dihedral angle» of 90° (see Figure 1a), has the lowest
CASSCF energy. The formation of the complex, which is
characterized by a NiC bond length of 2.021 A, causes
significant changes in the ethylene structure. TheGQCbond
becomes significantly longer (1.399 A) than that in ethylene
(1.332 A) and a nonnegligible rehybridization of the carbon
atoms takes place: the two methylene hydrogen atoms are ben
18.8 out of the ethylene molecular plane (see the out of plane
anglee formed by the bisector of the HCH angle and the©
direction). TheCy,(planar) structure is only a few kcal/mol

D2g Cy,(planar) Cy,(bent) Don

a 1.399 [1.408] 1.397 1.397[1.376] 1.373[1.376]
b 2.021[2.070] 2.022 2.055[2.312] 2.121[2.312]
c 2.021[2.070] 2.015 2.055[2.312] 2.121[2.312]
d 1.085 1.084 1.083 1.083
e 1.085 1.084 1.087 1.083
f 1.085 1.084 1.083 1.083
g 1.085 1.084 1.087 1.083
Oab 69.8 69.5 70.2 71.1

69.8 70.1 70.2 71.1
Ode 115.0 115.0 115.2 116.4
Ofg 115.0 115.5 115.2 116.4
¢ 180.0 148.5[103.0] 180.
1)) 90.0 0.0 0.0 0.0

18.8 18.5 18.7 11.6

18.8 20.2 18.7 11.6
E 0.00 6.89 18.05 36.56
E®@  0.00 5.07 17.31 18.96

aBond lengths are in angstroms and angles in degfdésal/mol.
¢ The absolute CASSCF and CASPT2 energies ofxhestructure are
—1663.014 54 ane-1664.273 75 hartree, respectivehE®? represents
the CASPT2 energy obtained at the CASSCF-optimized geometries
(values in brackets are taken from ref 5f; see Figure 1 for the notations
of the calculated geometric parameters).
above theDyy form (6.89 kcal/mol). In this structure, the Ni
atom and the four carbon atoms lie in the same plane but the
two ethylene C-C bonds are not parallel. In ti@&,(bent) form,
the two C-C bonds become parallel but the Ni atom is not in
the plane of the four carbon atoms. This point of the potential
surface has a CASSCF energy that is 18.05 kcal/mol higher
than that ofD,y. The lengths of the €C and Ni~C bonds of
the two C,, complexes are very close to the values found for
the Dyq structure. Also the pyramidalization angleloes not
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change significantly, being 18.5¢) and 20.2 (¢') in Cy, TABLE 2: Optimum Geometries? and Relative EnergiesEP<°

(planar) and 187in C,, (bent). for the Dyq, Cyy(Planar), C,(Bent) and Dy, Structures of the
. . Ni(C,H4), Complex Obtained with the DFT Method (B3LYP,
The highest in energy structure (36.59 kcal/mol abbyg BLYP, and BP86 Functionals) and the DZVP Basis Sét

has aD2, symmetry (nickel and carbon atoms are in the same B3LYP BLYP BP86 B3LYP BLYP BPSG
plane, and the two €C bonds are parallel). In this case the

Ni—C bond is longer (2.121 A) than in the previous structures Dag Ca(planar)

with a consequent stronger double-bond character of the ethylene & i'ggg %'ggg i'ggg %'ggg %'ggg i'ggg
gf_tﬁebé;‘;zrsléfgri é\()_az‘f go)'ess pronounced rehybridization 1000 2013 1986 1976 1998 1972

For theDyq and theD2, forms, the geometrical parameters

compare quite well with those computed by Brandemark and
Siegbahn (see values in brackets reported in Table 1). However, 9
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. Oab 69.5 69.5 6§.3 68.2 68.3 68.3
for the Cy,(bent) structure our results are characterized by a ;¢ 695 695 693 70.7 707 701
longer G-C bond (more single-bond character) and a shorter Ode  115.4 1155 1155 115.3 1154  115.3
Ni—C bond. Furthermore in this structure, the anfyie much Ofg 115.4 1155 1155 115.8 1159 1159

larger (148.8) than the value obtained by Siegbahn (0@

is the dihedral angle between the two planes that contain the
nickel atom and the two double bonds). These differences 155 152 152 178 179 183
probably arise from the fact that the geometries of Brandemark 0.00 0.00 0.00 5.04 5.64 5.03
and Siegbahn were not fully optimized with the gradient method. Ca(bent) Don

90.0 90.0 90.0 0.00 0.0 0.0
15.2 15.2 15.5 15.4 16.2

mmon g ©
Iy
[&)]
[&)]

The inclusion of the dynamical correlation contributions 2 1381 1398 1397 1379 1392  1.390
(CASPT2 computatior_ls) does not change the energetic order 2 %:82; g:ggg %:85% 2:828 %:822 5:822
of the four critical points (theDzq form remains the lowest d 1.089  1.096 1.098 1.090 1.097 1.099
energy structure) but affects the various energy gaps. While e 1.090 1.098 1.101 1.090 1.097  1.099
the energy difference3,q—Ca,(planar) andzg—Cz,(bent) only f 1.089  1.096 1.098  1.090  1.097  1.099
slightly decrease (they become 5.07 and 17.31 kcal/mol 9 1.090 1098 1101  1.090  1.097 1.099

; ; _ Oab 70.3 70.1 69.8 70.4 70.3 70.1
respectively), the differend®,q—D,, strongly decreases (from Oac 703 701 698 704 703 701

36.56 to 18.96 kcal/mol). These results suggest that the [ge 1163 1160 116.0 116.4 1164 1165
topology of the surface does not change after inclusion of [nfg 116.3 116.0 116.0 116.4 116.4 1165
correlation energy. [ 170.1 159.2 158.0 180.0 180.0 180.0

B. DFT Results. The results obtained at this level of theory =~ ¢ 0.00 0.0 0.0 0.00 0.0 0.0
are collected in Table 2. From this table it is evident that the € 117 13.1 134 116 113 115
: € 11.7 13.1 13.4 11.6 11.3 11.5

three functionals provide almost identical geometries, which are g 12.80 13.24 14.09 12.84 1453 15.94
very similar to those found at the _CASSCF level. T_his suggests Bond lengths are in angstroms and angles in degfeésalimol
t_hat for these systems_the inclusion of the correlation contr!bu- ¢ The absolute B3LYP, BLYP, and BP86 energies of Thg structure
tion does not affect critically the geometry. The only exception 4re—1665.310 91-1665.299 31, and-1665.540 82, hartree, respec-
is represented by thé;,(bent) structure: in this case tieangle tively. ¢ See Figure 1 for the notations of the calculated geometric
becomes 1592and 158.0 at the BLYP/DZVP and BP86/  parameters.
DZVP levels, respectively, and increases further when the
B3LYP functional is used (170°L of index 1 Cy/(planar), one imaginary frequency), index 2
The most interesting result is that, at the DFT level, the (Cz(bent), two imaginary frequencies), and index38y, three
energetic order of the four critical points is identical to that found imaginary frequencies). Figure 2 illustrates for each saddle point
atthe CASPT?2 level and the energy differences are very similar. the directions in which the atoms move in the normal coordi-
The Doqg critical point corresponds again to the most stable nates corresponding to the imaginary frequencies. For the
structure with theC,,(planar) structure only a few kcal/mol  Cz(planar) structure (Figure 2a), this motion corresponds to a
higher in energy. This difference is 5.04, 5.64, and 5.03 kcal/ rotation leading the two NiCC planes from a coplanar arrange-
mol with the B3LYP, BLYP, and BP86 functionals, respectively. ment to an orthogonal arrangement; thus @hgplanar) critical
Also the Dg—Ca,(bent) and thdD,y— Doy, differences compare  point is a transition state connecting two equivaldyy
very well with the CASPT2 results. These quantities are 12.80 structures. For th&€;,(bent), the larger imaginary frequency
and 12.84 kcal/mol, respectively, at the B3LYP/DZVP level, (231.9i) is still a rotation of the two NiCC planes, while the
are 13.24 and 14.53 kcal/mol at the BLYP/DZVP level, and smaller frequency (199.1i) corresponds to a motion leading to
become 14.09 and 15.94 kcal/mol with the BP86 functional. the Cy,(planar) structure. In the case of tbey structure, two
From these values it is also evident that the difference betweenimaginary frequencies correspond to the two motions previously
the Cy,(bent) and théD,y, structures becomes almost negligible described, while the third imaginary frequency (306.6i) is an
with the B3LYP functional in agreement with the large increase out-of-plane bending of the four carbon atoms and connects
of the ¢ angle. All these results suggest that the topology of this point to theCy,(bent) point.
the surface does not change at the DFT level and that we can Since olefin-nickel complexes involved in homogeneous
characterize the nature of the various critical points by perform- catalysis are much larger than the system investigated here (they
ing full Hessian computations at this level of theory. A ysually involve additional cumbersome ligands on the metal),
comparison between the results obtained with the three func-it becomes quite important to demonstrate not only that all-
tionals also indicates that the BP86 functional provides the bestelectron DFT-based methods are suitable to describe this type
agreement with the CASPT2 data. of molecular systems but also that it is possible to provide a
The computation of the Hessians has pointed out thaDthe  reliable description using less expensive basis sets. Effective
structure is the only real minimum of the surface (all real core potential (ECP) approaches are particularly interesting and
frequencies), while the remaining critical points are saddle points promising from this point of view since they can deal cheaply
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(a) TABLE 4: Bond Energies BE? for the Ni(C,H4), Complex
Coy (planar) Obtained at Various Computational Levels

- /
\ —\\ CASSCF CASPTZ B3LYP BLYPY  BPgg
(90.81) \)f ‘[)(‘*“V\’
| "

BE 59.7 48.1 38.9 40.2 45.8 (42.6)

akcal/mol.® The optimum geometrical parameters (angstroms and
degrees) for the system at the asymptotic limit (NHG) + C.H.,) are
(b - as follows: CASSCFa = 1.426, b, =1.990, d, e, f, = 1.086,c =
) C2v(bent) ) \ 157.0,r(C=C) = 1.341; B3LYP,a=1.434, b, = 1.892,d, e, f, &=
OB Vi w 1.093,e = 157.2,r(C=C) = 1.337; BLYP,a = 1.445, b, c= 1.912,
N e N, S d, e, f, g= 1.100,e = 157.9,r(C=C) = 1.347; BP86,a = 1.442
B \ . (1.458), b, c= 1.890 (1.917), d, e, f, g 1.102 (1.102)¢ = 157.7
\?\ __E‘ k )/ ! (157.0),r(C=C) = 1.345 (1.321)¢ Values obtained with the ANO basis
~ I/ ; ™ ) set.d Values obtained with the DZVP basis set and the LANL2DZ basis
~ L set (in parentheses).
(199.1i) | ,l, (231.9i)

/ .

>,

A~

{‘ change from 14.09 to 13.38 kcal/mol and from 15.94 to 15.90
(C) Doh : \ kcal/mol respectively.
[3036') rd / A further interesting point that is worth to discuss is given
. \ by the bond energy values of the Ni&;), complex computed
at the various computational levels. These values, which are
reported in Table 4, correspond to the energy difference between
~ \ A1~ N the asymptotic limit (represented by the NitG) complex and
/ p / \ a non interacting ethylene molecule) and g complex, which

~.,

7
/l:| - \ ) forms without any barrier and is lower in energy than the
!/ (349.3i) s -\If/ reactants. Also in this case the BP86 functional provides the
\ : \ \ best result: the binding energy value computed at this level is
ol 45.8 kcal/mol, which is in good agreement with the value of

Figure 2. Representation of the imaginary normal coordinates (arrows 48.1 keal/mol obtained at th? CASP,TZ level. This va]ue slightly
illustrate the directions of atom displacements) computed at the DFT decreases when the effective basis set LANL2DZ is used and
level with the DZVP basis set and the BP86 functional. Imaginary becomes 42.6 kcal/mol.
frequencies are given in crh

A
7

TABLE 3: Optimum Geometries? and Relative EnergiesEP Conclusions
for the Dag, Co(Planar), Cy,(Bent), and Doy, Structures of the
Ni(C2H4)2 Complex Obtained with the DFT Method (BP86 In this paper we have investigated the potential energy surface
Functional) and the LANL2DZ Basis Set for the Ni(GHas). complexes using a CASSCF/CASPT2 ap-
Doy Cz(planar) Ca.(bent) Don proach and a DFT approach. At both levels of theory we have
a 1.419 1.421 1.411 1.404 found that four critical points exist on the potential surface. On
b 2.021 2.034 2.056 2.070 the basis of the symmetry of the corresponding molecular
c 2.021 2.001 2.056 2.070 structures, these points have been denoteld,asCy,(planar),
d 1.099 1.098 1.097 1.099 Ca,(bent), andDz,. The Dyg critical point corresponds to the
e 1.099 1.098 1.101 1.099 lowest energy structure and represents the only minimum of
f 1.099 1.100 1.097 1.099 th " d trated by the f tati
g 1,099 1100 1101 1099 e surface as demonstrated by the frequency computations
Dab 69.4 68.1 69.9 70.2 performed at the DFT level. This structure should correspond
Oac 69.4 70.6 69.9 70.2 to the real intermediate experimentally observed by Ozin4tbal.
Ode 115.6 1155 116.1 116.5 The three additional critical poins;,(planar),C,,(bent), and
Ofg 115.6 116.0 116.1 116.5 D2y, correspond to saddle-points of index 1, 2, and 3, respec-
¢ 180.0 156.2 180. tivel
o 90.0 0.0 0.0 0.0 Y. , ,
P 15.8 15.7 13.9 13.0 These computations have pointed out that the agreement
€ 15.8 18.5 13.9 13.0 between the CASSCF/CASPT2 and DFT results is very good
E 0.00 4.82 13.38 15.90 since the geometries obtained at the two levels are very similar,
aBond lengths are in angstroms and angles in degfeBise energy the e;nergetic order of the fogr structures is the same, and the
of the Dy structure is—326.609 88 hartree. binding energy is satisfactorily reproduced. In particular the

BP86 functional seems to provide the best results. The good
performance of this functional is even more confirmed by the
comparison between the calculated vibrational frequencies and
. . ) ) . . the experimental ones: for example, the experimental values

To elucidate thl_s point we have_ re|n\_/est|gated the po_tent|al of the relevantycc and . vibrational modes are 1223 and
energy surface using the ECP variant with LANL2DZ basis and 1465 cnTl, respectivel§which compare very well with the
the BP86 functional. The results are reported in Table 3 and ipegretical values (BP86/DZVP level) of 1234 and 1508 &m
are almost identical to those obtained with the all-electron basis Therefore it follows that we can use with confidence a cheaper
DZVP. The energy order of the four critical pOintS obtained at DFT approach for Studying this type of metallefin systems_
this level of accuracy remains the same, and only negligible This approach has two advantages: firstly, it allows one to
variations of the energy differences with respect to the BP86/ perform reliable computations on metailefin complexes with
DZVP results have been found: the energy difference betweenlarge ligands; secondly, it allows one to include directly the
the Cy,(planar) and th@®,q structure changes from 5.03 to 4.82  effects of dynamical correlation on geometry and frequency
kcal/mol, while theD,4—C,,(bent) and thd,4—D2, differences computations.

with molecular systems involving transition metals and larger
ligands. Thus their calibration becomes particularly important.
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Another important comment concerns the results obtained Ill. J. Am. Chem. Sod97§ 100, 321. (d) Basch, H.; Newton, M. D.;

; ; i« Moskowitz, J. W.J. Chem. Physl978,69, 584. (e) Widmark, P.; Roos, B.
with the ECP basis set LANL2DZ. We have shown that this =g 0, 2t 5e Vo< Chemiogs 89, 2180. () Siegbahn. P. E.
basis is capable of reproducing quite accurately the data providedy, : grandemark, U. BTheor. Chim. Actd.986 69, 119. (g) Widmark, P.;

by more accurate all-electron basis sets. These results areRoos, B. Olbid. 1987 71, 411. (h) Blomberg, R. A. M.; Siegbahn, P. E.
particularly important and promising since the validation of a ?{I)';Plé%?;{i Tl'-JEoESnr}greII?{A'SZﬂ;aELCt? Ig- %gﬂgﬂ-cmﬁggé 3?‘ gggg-
computational treatm(_er}t_ based on DF_T theory and_ ECP baS|s(|) Pierloot, K.: Persson, B. J.: Roos, B. oj.Phyé. Chentl995 99, 3465,
sets extends the possibility of a theoretical investigation to more * (6) Andersson, K.; Blomberg, M. R. A.; Facher, M.; Kellg V.; Lindh,
realistic olefin-metal complexes as those involved in catalyzed R.; Malmgvist, P.-A.; Noga, J.; Olsen, J.; Roos, B. O.; Sadlej, A. J;

cycloaddition.
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