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Abstract. An argon matrix effect on the geometry and infrared spectrum of the agostic complex
H

2
C=TiHF was simulated within the framework of IEF-PCM at the B3LYP and BPW91 levels. The

matrix effect simulations indicate that the complex may take on a pyramidal rather than a planar
structure when it is isolated in an argon matrix. The agostic interaction of the complex seems
slightly weakened upon the modeling. Molecular structure of the complex becomes more pyra-
midal upon the matrix effect modeling in order to increase the dipole moment of the complex. The
variation of the agostic interaction is not a cause but a consequence of the geometric variation.
The infrared frequencies simulated by the IEF-PCM are in better agreement with the experimen-
tal values than those without the matrix effect modeling.

1. INTRODUCTION

High oxidation state transition metal alkylidene com-
plexes (M=CR

1
R

2
) have been investigated consid-

erably for the interest in the catalytic metathesis of
alkenes, and many of the complexes show the
agostic interaction [1,2]. Recently, the simplest
agostic alkylidene complexes H

2
C=TiHF and

H
2
C=TiH

2
 have been prepared by the reactions of

laser-ablated titanium atoms with methyl fluoride and
methane, respectively, in solid argon, and have been
identified by comparing the observed argon matrix
isolation infrared frequencies with the calculated
ones having considerable intensity [3,4].

Quantum chemical calculations have played cru-
cial roles in the identification and assignment of the
experimental infrared bands of the complexes and
in the prediction of the molecular structures. How-
ever, the experimental frequencies were obtained

from the complexes isolated in an argon matrix while
the calculations were based on a gas-phase model
and the matrix effect was not modeled [3,4]. Re-
cently, we have simulated the argon matrix effect
on H

2
C=TiH

2
 at the B3LYP and BPW91 levels within

the framework of polarizable continuum model with
integral equation formalism (IEF-PCM) [5]. The
simulations indicate that, (i) the H

2
C=TiH

2
 complex

isolated in an argon matrix may have a pyramidal
structure although it may be planar in the gas phase;
(ii) the H

2
C=TiH

2
 complex may have a stronger

agostic interaction in an argon matrix than in the
gas phase. In addition, for some vibrational modes,
the infrared frequencies and intensities have changed
remarkably upon the matrix effect modeling. Accord-
ing to the calculations of Andrews and Cho [6], the
H

2
C=TiHF complex is also planar in the gas phase

and the agostic interaction of this complex is ap-
proximate to that of the H

2
C=TiH

2
 complex. Natu-
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ra]]y we’]] wonder the argon matrix effect on the
H

2
C=TiHF complex.
Previous calculations indicate that molecular

structure of the H
2
C=TiHF complex is dependent

on the methods and basis sets applied. Using
B3LYP density functional and SDD pseudopotential
for Ti, the complex was optimized to an energy mini-
mum with a non-planar C

1
 structure by applying the

6-311+G(2d,p) basis set for C, H, and F atoms [3],
but was optimized to a planar C

s
 structure by ap-

plying 6-311++G(3df,3pd) for the three atoms [5].
Using 6-311++G(2d,2p) for all the four atoms, the
constrained planar C

s
 structure was optimized to

an energy minimum by the methods HF, MP2,
B3LYP, and CCSD(T), respectively, but was opti-
mized to a transition state by the methods SVWN,
BPW91, and BLYP, respectively [7]. Roos et al. [8]
studied the agostic interaction of H

2
C=MH

2
 (M=Y,

Zr, Nb, Mo, Ru, Th, or U) using the CASSCF/
CASPT2 and B3LYP methods, and concluded that,
in general, both the methods give the same descrip-
tion of the agostic effects in these complexes, even
if they differ in details. More importantly, they pointed
out that the experimental vibrational frequencies have
been accurately predicted by the harmonic B3LYP
frequency calculations within the limits expected
[8].

2. COMPUTATIONAL DETAILS

All calculations were performed with the Gaussian
03 programs [9]. The functionals applied include
B3LYP  Becke’s three parameter hybrid functiona]
[10] in conjunction with Lee# Yang# and Parr’s cor-
re]ation functiona] [11]) and BPW91  Becke’s 1988
exchange functional [12] in conjunction with Perdew
and Wang’s 1991 gradient-corrected corre]ation func-
tional [13]). An argon matrix effect on H

2
C=TiHF was

simulated by the IEF-PCM [14~15] by designating
the Solvent option as argon. The applied atomic radii
come from the UA0 model and an individual sphere
is placed on the agostic H atom. Recently, we have
simulated the argon matrix effect on H

2
C=TiH

2
 [5].

Fig. 1. B3LYP/IEF-PCM optimized C
1
 geometry of

the H
2
C=TiHF complex.

Fig. 2. BPW91/IEF-PCM optimized C
1
 geometry of

the H
2
C=TiHF complex.

The 6-311++G(3df,3pd) [16] basis set is applied to
all the atoms of the H

2
C=TiHF complex. In geom-

etry optimizations, tight convergence criteria are
applied in order to ensure adequate convergence,
significance of small bond length differences, and
reliability of frequencies computed subsequently. The
modified GDIIS (Geometry optimization using Di-
rect Inversion in the Iterative Subspace) algorithm
[17] is applied in the optimizations. The optimized
stationary points are confirmed to be true minima
rather than transition states or higher-order saddle
points by followed harmonic frequency calculations.

3. RESULTS AND DISCUSSIONS

The geometry optimizations of H
2
C=TiHF start with

a pyramidal rather than a planar structure. This al-
lows searching for an energy minimum in a wider
potential energy surface and avoids as possible find-
ing a local minimum. The B3LYP optimizations fail
to locate a stationary point when they are done with-
out a symmetry constraint. Under such situation,
the optimizations start again with a planar C

s
 struc-

ture and then converge to a stationary point. At the
BPW91 level, the starting pyramidal C

1
 structure is

smoothly optimized to an energy minimum having
a slight non-planarity.

An argon matrix effect on the geometry and in-
frared spectrum of the H

2
C=TiHF complex is simu-

lated within the framework of IEF-PCM at the B3LYP
and BPW91 levels, respectively. At the B3LYP/IEF-
PCM level of theory, two structures are designated
as the initial point for geometry optimizations. One
is a planar C

s
 structure and the other is a pyramidal

C
1
 structure. Both the C

s
 and C

1
 structures are op-

timized to an energy minimum. However, the opti-
mized C

1
 structure is more stable than the optimized

C
s
 structure by 0.24 kcal/mol. The optimized C

1

structure is shown in Fig. 1 and the geometric and
infrared parameters of these two structures are listed
in the third and fourth columns of Table 1.
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At the BPW91/IEF-PCM level of theory, the start-
ing pyramidal C

1
 structure is optimized to an en-

ergy minimum having a pyramidal structure (Fig.
2), too. As shown in the eighth and fourth columns
of Table 1, the four dihedral angles of this C

1
 struc-

ture  -20%4# -161%8# 144%6# and 3%1°) are very simi]ar
in magnitude to those of the B3LYP/IEF-PCM-opti-
mized C

1
 structure  -19%8# -164%5# -147%8# and 3%1°)%

Thus, within the framework of IEF-PCM, the pyra-
midal character of the molecular structure of the
H

2
C=TiHF complex is simulated out independent of

the theoretical methods applied.
As shown above, the H

2
C=TiHF complex may

have a planar or slightly non-planar structure in the
gas phase but may have a pyramidal structure in
an argon matrix. The formation of the pyramidal
structure is of course the consequence of minimiz-
ing the total energy of the complex. However, the
question is whether the variation of the agostic in-
teraction is the cause or the consequence of the
geometric variation of the complex (planar  pyra-
mida])% The “cause” exp]anation imp]ies that the
molecular structure changes so as to maximize the
agostic stabi]ization interaction% The “consequence”
explanation implies that the variation of the molecu-
lar structure is induced by other factors and that
the variation of the agostic interaction is induced by
the geometric variation. If the geometry of the com-
plex is controlled by the agostic interaction, a ge-
ometry having stronger agostic interaction will be
more stable. This is not true for the H

2
C=TiHF com-

plex. At the B3LYP/IEF-PCM level of theory, the
optimized C

1
 structure is more stable than the C

s

structure by 0.24 kcal/mol. On the other hand, the
agostic interaction of the C

1
 structure is weaker than

that of the C
s
 structure, as indicated by the relative

magnitude of the geometric parameters r(C-H
1
)

 1%113 vs% 1%115 Å)# r C=Ti)  1%814 vs% 1%814 Å)#
r(H

1
•••Ti)  2%166 vs% 2%154 Å)# and H

1
CTi (92.3

vs% 91%5º)% As a consequence# it is other factor rather
than the agostic interaction that controls the geom-
etry of the complex. This other factor is most prob-
ably the dipole moment of the complex. As shown
in Table 1, the dipole moment of the C

1
 structure is

significantly larger than that of the C
s
 structure (2.32

vs. 0.77 D). Many experimental and theoretical in-
vestigations have indicated that a complex will
adopt a structure having larger dipole moment when
it is isolated in an argon matrix [18~24,5].

It may also hold true that the larger pyramidal
character of the H

2
C=TiH

2
 complex isolated in an

argon matrix (compared to the complex in the gas
phase) [5] is induced by the increase of the dipole
moment rather than by the increase of the agostic

interaction, although the geometric variation is ac-
companied by both of these two factors. At the
B3LYP/IEF-PCM level, the agostic interaction of the
optimized C

1
 structure of the H

2
C=TiH

2
 complex is

stronger than that of the C
s
 structure, as indicated

by the relative magnitude of the geometric param-
eters r(C-H

1
)  1%118 vs% 1%114 Å)# r(C=Ti) (1.803 vs.

1%814 Å)# r(H
1
•••Ti)  2%079 vs% 2%150 Å)# and H

1
CTi

 87%4 vs% 91%3º) [5]% Meanwhi]e# the C
1
 structure is

more stable than the C
s
 structure by 0.49 kcal/mol

[5], which is larger than the above 0.24 kcal/mol of
the H

2
C=TiHF complex by 0.25 kcal/mol. One part

of this additional stabilization energy is attributed
to the stronger agostic interaction. The other part is
attributed to that the dipole moment difference of
the two structures of the H

2
C=TiH

2
 complex (2.70

D, 3.06 vs. 0.36 D [5]) is larger than that of the two
structures of the H

2
C=TiHF complex (1.55 D, 2.32

vs. 0.77 D).
The simulated argon matrix-induced variations

of the geometric and infrared spectroscopic param-
eters of the H

2
C=TiHF complex are listed in the

co]umns of Tab]e 1 ]abe]ed as “
Ar1
”# “

Ar2
”  ca]cu-

]ated at the B3LYP/=EF-PCM ]eve])# and “Ä
Ar
”  ca]-

culated at the BPW91/IEF-PCM level), respectively.
Apparently, almost all the variations simulated by
the B3LYP/IEF-PCM (C

1
 structure) are in good ac-

cord with the variations simulated by the BPW91/
=EF-PCM  va]ues ]isted in the “

Ar2
” co]umn vs% va]-

ues ]isted in the “
Ar
” co]umn)% For examp]e# the

simu]ated frequency shift of the C”H
2
 stretching

mode is -10.2 and -9.9 cm-1, respectively.
Comparisons of the agostic parameters of the

H
2
C=TiHF and H

2
C=TiH

2
 complexes are presented

in Tab]e 2% =t’s apparent that the simu]ated matrix
effect on the H

2
C=TiH

2
 complex is larger than on

the H
2
C=TiHF complex.

According to the investigations of Cho and
Andrews, the experimental argon matrix infrared fre-
quencies 1602.8, 757.8, 698.6, and 652.8 cm-1 were
assigned to the Ti-H str, C=Ti str, Ti-F str, and H

1
CH

2

wag modes of the H
2
C=TiHF complex, respectively

[3]. As shown in Table 1, for all of these four modes,
the calculated frequencies within the framework of
IEF-PCM are in better agreement with the experi-
mental ones than the calculated values based on
the gas phase mode]% As far as the Ti”H stretching
vibrational mode is concerned, the BPW91/IEF-PCM
calculated value is only greater than the experimen-
tal one by 0.6% (1612.7 vs. 1602.8 cm-1). Note that
the 1610.6 cm-1 peak, weaker in intensity than the
1602.8 cm-1, was also assigned to the Ti-H str [3].
For the Ti-F stretching mode, the BPW91/IEF-PCM
calculated frequency deviates from the experimen-
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   B3LYP  BPW91
H

2
C=TiHF H

2
C=TiH

2
H

2
C=TiHF H

2
C=TiH

2

r(C-H
1
)/Å a 1.115 1.114 1.129 1.126

r C=Ti)/Å a 1.813 1.811 1.815 1.816
r(H

1
•••Ti)/Å a 2.155 2.150 2.101 2.115

H
1
CTi/° a 91.6 91.5 87.9 88.7

r(C-H
1
)/Å b 1.113 1.118 1.127 1.141

r C=Ti)/Å b 1.814 1.803 1.816 1.798
r(H

1
•••Ti)/Å b 2.166 2.079 2.101 1.959

H
1
CTi/° b 92.3 87.4 87.9 80.2

r(C-H
1
)/Å c -0.002 0.004    -0.002 0.015

r C=Ti)/Å c 0.001    -0.008 0.001    -0.018
r(H

1
•••Ti)/Å c 0.011    -0.071 0.000    -0.156

H
1
CTi/° c      0.7      -4.1 0.0      -8.5

a These parameters are calculated by the B3LYP or BPW91.
b These parameters are calculated by the B3LYP/IEF-PCM (C

1
 structure) or BPW91/IEF-PCM.

c The simulated argon matrix-induced variations.

Table 2. Comparisons of the agostic parameters of the H
2
C=TiHF and H

2
C=TiH

2
 complexes.

tal value by 13.3 cm-1 (1.9%, 711.9 vs. 698.6 cm-1).
However, for the H

1
CH

2
 wag mode, the BPW91/IEF-

PCM calculation simulates a slightly smaller value
compared to the experiment (627.2 vs. 652.8 cm-1)
while the B3LYP/IEF-PCM calculation produces a
good agreement (662.3 cm-1). When the B3LYP/
IEF-PCM optimized C

1
 structure is considered, the

simulated argon matrix-induced frequency shift of
these four modes is -21.5, -14.1, -13.9, and -32.6
cm-1, respectively. The 32.6 cm-1 shift of the H

1
CH

2

wag mode indicates that the matrix effect can af-
fect the fundamental frequency as much as 4.9%.
As shown in Table 1, the infrared intensity of some
vibrational modes changes also apparently upon the
modeling. At the BPW91/IEF-PCM level of theory,
the infrared intensity of the Ti-H str and Ti-F str in-
creases by ca. 19% (395 vs. 332 km/mol) and 46%
(178 vs. 122 km/mol), respectively, while the inten-
sity of the C=Ti str and H

1
CH

2
 wag is almost invari-

able. Consequently, the matrix solvation will favor
the identification of the Ti-H str and Ti-F str modes.
Finally, both the infrared frequency and intensity of
the low frequency vibrational modes CTiF scis and
Ti-H wag changes considerably upon the matrix ef-
fect modeling (Table 1).

4. CONCLUSIONS

An argon matrix effect on the geometry and infrared
spectrum of the H

2
C=TiHF complex is simulated

within the framework of IEF-PCM at the B3LYP and
BPW91 levels, respectively. The simulated results
are compared with those of the H

2
C=TiH

2
 complex

and with the experimental values as well. The agostic
complex H

2
C=TiHF may have a pyramidal rather

than planar structure when it is isolated in an argon
matrix. The agostic interaction of the H

2
C=TiHF

complex seems slightly weakened upon the matrix
effect modeling. For the H

2
C=TiHF complex, the

simulated matrix-induced geometric variation (pla-
nar  pyramidal) takes place so as to increase the
dipole moment of the complex. The variation of the
agostic interaction is a consequence rather than a
cause of the geometric variation. Within the frame-
work of IEF-PCM, the B3LYP or BPW91 calculated
infrared frequencies of the H

2
C=TiHF complex are

in better agreement with the experimental argon
matrix isolation infrared frequencies.
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