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Vanadium, niobium, and tantalum metal atoms, produced by laser ablation, are reacted with benzene vapor
diluted in argon and codeposited onto a 7 K CsIwindow. The resulting reaction products are trapped, and the
M(C6H6) and M(C6H6)2 complexes are identified by benzene isotopic substitution (C6H6, 13C6H6, C6D6). Density
functional theory (DFT) frequency calculations are used to support molecular complex assignments. On the
basis of the computed energies and a comparison of calculated and observed vibrational isotopic shifts, the
ground electronic states and geometries are predicted. The bonding and electronic interactions in these molecules
are discussed on the basis of the observed aromatic C-C breathing modes activated in the complexes.

Introduction

Since the discovery of the sandwich V(C6H6)2 compound in
1957,1,2 a wide variety of approaches have been used to
characterize this complex. Theoretical calculations have been
performed,3-15 and a multitude of spectroscopic methods
including IR,7,16 Raman,17 optical,8 NMR,18 mass and photo-
ionization spectroscopy,2,19-22 electron spin resonance,8,23,24

electronic absorption,25 electron-nuclear double resonance
(ENDOR),23,26and photoelectron spectroscopy24 have been used
to characterize this molecule. However, less is known about
the reactive V(C6H6) complex. Theoretical methods have
attempted to characterize this complex;10,15,16,27-32 however,
there is disagreement about its properties. Spin multiplicities
of two,15,16,27-29 four,32 and six10,31 have all been reported for
the ground electronic state. With the exception of one study,15

these calculations have all been performed with the assumption
that the benzene ring does not deform and the complex has a
C6V symmetry. Limited work on the V(C6H6) complex has
involved an argon matrix.16,27,29Even less is known about the
heavier niobium and tantalum-benzene complexes. The few
experimental and theoretical results on these heavier metal
atom-benzene complexes have focused on the sandwich
bisbenzene molecules.9,24,33

Matrix isolation experiments have proven to be suitable for
studying reactions between benzene and various molecules,34-36

alkali metals,37,38halogens,39 and transition metals.7,16,27,29,33,40-46

IR spectroscopy was used to study the benzene molecule isolated
in solid argon and krypton,47 and the photochemistry of benzene
was later studied in solid argon.48 The IR spectrum of diben-
zenechromium isolated in an argon matrix has been investi-
gated.41 Iron, cobalt, and nickel have been reacted with benzene
in both benzene42 and argon matrices.43 Iron was reacted with
benzene again in solid argon, and the Fe2(C6H6) complex was
shown to be one of the products.44 The Nb(C6H6)2 molecule
has been previously studied in an argon matrix.33 The IR spectra
of Ti(C6H6)2 have been observed in solid argon.45,46 A series
of papers reported the vanadium and benzene reaction products
in an argon matrix primarily through electron paramagnetic
resonance (EPR) spectroscopy and XR-molecular orbital (MO)

theoretical calculations.8,16,27-29,40 More recently, a partial IR
spectrum of the V(C6H6)2 compound was reported in an argon
matrix.7 However, very few of these papers have studied isotopic
effects, and none of them have reported carbon-13 isotopic data.

In this paper, we present IR spectra of the reaction products
of laser-ablated V, Nb, and Ta metal atoms with benzene in an
argon matrix, showing that the primary products are the
M(C6H6) and sandwich M(C6H6)2 species. We then compare
our theoretical results with literature values for the V(C6H6)2

complex, showing that our DFT calculations are able to
accurately predict geometries and vibrational frequencies. Using
the calculated energies and isotopic vibrational frequencies, we
make comments on the possible ground electronic states of the
products. This is the first report on benzene complexes to include
carbon-13 isotopic substitution and a definitive assignment of
the ring breathing modes.

Experimental and Computational Methods

Our experimental method has been described in detail
elsewhere.49,50In brief, a neodymium:yttrium-aluminum garnet
(Nd:YAG) laser (1064 nm, 10 Hz repetition rate, 10 ns pulse
width) was focused on a rotating transition metal target. Laser-
ablated metal atoms were codeposited with benzene at 0.01-
0.5% concentration in argon onto a CsI window cooled to 7 K,
at 2-4 mmol/hour for 1 h. Benzene, isotopic samples (C6D6

(Cambridge Isotopic Laboratories; 99.6%),13C6H6 (Cambridge
Isotopic Laboratories; 99%)), and selected mixtures were
purified through several freeze-pump-thaw cycles with liquid
nitrogen before they were used in experiments. Fourier transform
IR spectra were recorded at 0.5 cm-1 resolution on a Nicolet
Magna 550 spectrometer with a mercury cadmium telluride type
B detector cooled to 77 K with liquid nitrogen. Matrix samples
were annealed to various temperatures (20-45 K) and subjected
to broadband irradiation from a medium-pressure mercury arc
lamp (Philips, 175 W) with the globe removed (λ > 220 nm).

Density functional theory (DFT) calculations were performed
with the Gaussian 9851 program. BPW9152 and B3LYP53

functionals were used for all calculations. The 6-311++G**
basis set54 was used for carbon and hydrogen atoms, while the
SDD pseudopotential55 was used to represent the transition metal* E-mail: lsa@virginia.edu.
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atoms. Geometries were optimized within specific symmetry
constraints, and frequencies were calculated from second
derivatives. Except where noted, energies are reported with zero-
point vibrational corrections.

Results

Reactions of group 5 metal atoms with benzene will be
reported in turn.

V + C6H6/Ar. Laser-ablated V atoms were codeposited with
benzene diluted in argon. Different concentrations of benzene
ranging from 0.01% to 0.5% were used. Two groups of
absorptions were observed as new reaction products and are
listed in Table 1, and spectra are shown in Figures 1-3. Group
A bands at 738.4, 942.3, and 967.4 cm-1 appeared on deposition,
increased on annealings up to 30 K and decreased on further
annealings, and are labeled as VA in the figures. This group is
favored in experiments with low benzene concentrations. Group
B bands at 436.8, 475.5, 743.2, 804.8, 958.6, 991.1, and 1419.1
cm-1 are favored in experiments with high benzene concentra-
tions. These bands appeared on deposition and increased on all
annealings up to 45 K, and are labeled as VA2 in the figures.
An absorption at 935.7 cm-1 is common to all vanadium
experiments. It arises from the extremely strong antisymmetric
stretching mode of VO2 produced by reactions with trace air
contamination in our argon.56 A very weak VN2 band is also
observed at 1709.1 cm-1.57

Carbon-13 and deuterium isotopic counterparts of new
product absorptions are also listed in Table 1. Spectra using
C6D6, 13C6H6, and mixed C6H6 and C6D6 were recorded to help
identify molecular stoichiometries and vibrational mode assign-
ments.

Nb + C6H6/Ar. Ranges of benzene concentrations (0.2-0.5%
in argon) were codeposited with laser-ablated niobium atoms.
The new IR product absorptions were placed into one of two
groups based on product behavior. Group A bands at 748.5,
936.8, 957.8, and 1384.9 cm-1 appeared on deposition, increased
in intensity on annealings up to 35 K, decreased slightly after
broadband photolysis, and decreased upon further annealings.
Group A bands were also favored in experiments with low
concentrations of benzene and are labeled NbA in the figures.
Group B absorptions at 731.1, 949.4, and 987.9 cm-1 appeared
on deposition and increased on all annealings up to 40 K. Group

TABLE 1: Observed and Calculated Isotopic Frequencies (cm-1) and Intensities (km/mol) at Different Levels for the V(C6H6)
and V(C6H6)2 Complexes

BPW91/6-311++G**/SDD

C6H6 C6D6
13C6H6

symmetry species modea obsd calcd int. obsd calcd int. obsd calcd int.

A1 V(C6H6)b νo-p(CH) 738.4 742.9 (160) 591.8 599.7 (87) 733.6 737.5 (158)
A1 νs(CC) 942.3 936.5 (4) 899.3 896.2 (5) 909.3 903.1 (3)
E1 νi-p(CH) 967.4 953.6 (41) 781.9 764.8 (19) 944.6 932.6 (40)
E1 ν(CC) 1365.1 (5) 1229.0 1205.5 (22) 1340.9 (3)
A2u V(C6H6)2

c νa(MC) 436.8 424.4 (133) 406.4 394.7 (137) 433.2 421.4 (130)
E1u νt(MC) 475.5 460.7 (25) 462.8 449.8 (27) 468.7 453.6 (24)
A2u νo-p(CH) 743.2 741.3 (92) 580.4 579.4 (8) 739.1 737.3 (95)
E1u νo-p′(CH) 804.8 798.0 (7) 614.4 (1) 799.4 737.5 (7)
A2u νs(CC) 958.6 949.7 (40) 915.6 907.2 (39) 925.3 916.0 (35)
E1u νi-p(CH) 991.1 983.9 (19) 793.2 782.4 (9) 969.5 963.0 (18)
E1u ν(CC) 1419.1 1406.3 (1) 1249.3 (2) 1395.1 1380.2 (2)

B3LYP/6-311++G**/SDD

C6H6 C6D6
13C6H6

symmetry species modea obsd calcd int. obsd calcd int. obsd calcd int.

A1 V(C6H6)b νo-p(CH) 738.4 766.4 (170) 591.8 607.3 (77) 733.6 761.4 (168)
A1 νs(CC) 942.3 953.7 (4) 899.3 912.1 (5) 909.3 919.7 (3)
E1 νi-p(CH) 967.4 976.7 (47) 781.9 784.9 (23) 944.6 954.9 (46)
E1 ν(CC) 1413.7 (7) 1229.0 1244.1 (26) 1389.2 (4)
A2u V(C6H6)2

c νa(MC) 436.8 411.6 (157) 406.4 388.5 (160) 433.2 408.5 (154)
E1u νt(MC) 475.5 460.0 (25) 462.8 448.8 (26) 468.7 452.9 (24)
A2u νo-p(CH) 743.2 759.4 (92) 580.4 584.9 (9) 739.1 755.7 (96)
E1u νo-p′(CH) 804.8 825.2 (5) 636.7 (1) 799.4 819.6 (6)
A2u νs(CC) 958.6 971.3 (48) 915.6 927.7 (45) 925.3 936.8 (43)
E1u νi-p(CH) 991.1 1008.6 (21) 793.2 803.8 (10) 969.5 987.2 (20)
E1u ν(CC) 1419.1 1453.1 (1) 1287.2 (2) 1395.1 1426.5 (2)

a Vibrational modes:νa(MC) ) asymmetric metal-carbon mode:νt(MC) ) asymmetric tilting;νo-p(CH) ) C-H out-of-plane bending;νo-p′(CH)
) C-H out-of-plane bending;νs(CC) ) symmetric C-C stretching;νi-p(CH) ) C-H in-plane rocking;ν(CC) ) asymmetric C-C stretching.
b Theoretical results:2A1 ground electronic state (C6V symmetry).c Theoretical results:2A1g ground electronic state (D6h symmetry).

Figure 1. IR spectra in the 1000-940 and 760-730 cm-1 regions for
(a) laser-ablated vanadium codeposited with benzene for 1 h and after
annealing to (b) 30 K, (c) 35 K, and (d) 40 K. Absorptions labeled VA
refer to the V(C6H6) product, and absorptions labeled VA2 refer to the
V(C6H6)2 species.
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B bands are favored with high benzene concentrations, and are
labeled NbA2 in the figures. Experimental and theoretical
vibrational results are summarized in Table 2, and spectra are
show in Figures 4 and 5. Isotopic C6D6 and 13C6H6 reagents
were used and spectra recorded to aid in vibrational mode
identifications. Previously identified impurity absorptions were
detected at 875.8 and 933.3 cm-1 (ONbO), 1888.7 cm-1

(Nb(N2)), and 1914.4 cm-1 (NbNN).58,59

Ta + C6H6/Ar. Benzene (0.1-0.5%) was codeposited with
laser-ablated Ta atoms in an argon matrix. From the behavior
on annealing the matrix, the IR spectra show that two new
complexes form simultaneously. Group A absorptions appeared
at 753.9, 927.8, and 949.4 cm-1 on deposition, increased upon
annealings to 35 K, decreased by1/3 after broadband photolysis,
and then increased again on subsequent annealings. These
absorptions were favored in reactions with lower concentrations
of benzene, and are labeled TaA in the figures. Group B bands
at 735.4 and 981.0 cm-1 were favored with higher benzene
concentrations. They appeared on deposition and showed little
or no change in appearance throughout the experiment, and are
labeled TaA2 in the figures. Observed vibrational absorptions
are compared with theoretical results in Table 3, and spectra
are shown in Figures 6 and 7. Isotopes of the benzene precursor

(C6D6 and13C6H6) were also employed. A weak absorption at
907.0 cm-1 is due to the TaO2 molecule.58

Discussion

V(C6H6)x (x ) 1, 2). IR spectra of the reaction products
between vanadium and benzene in an argon matrix have been
previously reported,16 and the IR spectra of the V(C6H6)2

compound has been studied extensively, as shown in Table 4.
What follows is only enough to confirm our product identifica-
tions, explain the differences between our experimental results
and those previously reported, and discuss new insights gained
from 13C6H6 substitution. Two absorptions at 436.8 and 475.5
cm-1 show group B behavior and have deuterium counterparts
at 406.4 and 462.8 cm-1, which defines isotopic hydrogen H/D
frequency ratios of 1.0748 and 1.0274, respectively. When
experiments are performed with a mixture of C6H6 and C6D6

diluted in argon, both hydrogen and deuterium product absorp-
tions are observed. In addition, a third absorption appears
between the hydrogen and deuterium product absorptions for
both of these modes at 421.4 and 469.9 cm-1, respectively. For
both of these vibrational modes, the three isotopic frequencies
appear in a 1:2:1 relative intensity ratio, as shown in Figure 3.
This indicates group B bands correspond to a bisbenzene
complex. The absorption at 436.8 cm-1 is assigned to the
antisymmetric metal-benzene ring mode (abbreviatedνa(MC)),
because it has a larger deuterium shift, and the absorption at
475.5 cm-1 is assigned to the antisymmetric tilting vibration
(abbreviatedνt(MC)). These assignments are opposite of those
previously reported,16 but are supported by this isotopic data.
Knowing that group B absorptions correspond to a bisbenzene
complex and that group A absorptions depend less on the
benzene concentration, it follows that group A bands correspond
to a monobenzene complex.

The carbon-hydrogen in-plane rocking vibration (abbreviated
νi-p(CH)) of the V(C6H6) product previously went undetected.16

We observe a group A absorption at 967.4 cm-1 that shows an
isotopic H/D frequency ratio of 1.2372 and a12C/13C isotopic
frequency ratio of 1.0241 (Figure 2), and we assign this
absorption toνi-p(CH) of the V(C6H6) product.

The symmetric breathing mode of the benzene precursor is
IR inactive. However, this vibration is expected to become IR
active as the benzene molecule binds to a metal atom. Previ-
ously, a frequency of 958 cm-1 was reported for this carbon-
carbon symmetric stretching vibration (abbreviatedνs(CC)) for
both the mono- and bisbenzene complexes.16 We observe this
frequency at 958.6 cm-1 with type B product behavior. Note
that the IR activeνs(CC) mode of the V(C6H6)2 product includes
one of the benzene ligands expanding, while the other is
compressing. However, as shown in Figure 1, a different
absorption at 942.3 cm-1 shows type A behavior. The H/D
(1.0478) and12C/13C (1.0363) isotopic frequency ratios for this
group A absorption are consistent with aνs(CC) mode, as the
V(C6H6)2 νs(CC) shows H/D and12C/13C ratios of 1.0470 and
1.0360, respectively. We assign this absorption at 942.3 cm-1

to theνs(CC) stretching mode of the V(C6H6) product.
Only one absorption appears in the region where the C-H

stretching motions are expected at 3063.2 cm-1. No isotopic
counterpart of this absorption could be observed, and it is
believed the other IR active modes in this region are hidden by
the IR active C-H stretching vibrations and various combination
bands of the benzene precursor that lie between 3045 and 3100
cm-1. Previously, this absorption was identified at 3062 cm-1

as the symmetric CH stretching vibrations (abbreviatedνs(CH))
of both the V(C6H6) and V(C6H6)2 molecules.16 Although the

Figure 2. IR spectra in the 1000-880 cm-1 region from codepositing
laser-ablated vanadium with (a) C6H6, (b) 13C6H6, and (c) C6D6 for 1
h. Spectra recorded after annealing to 35 K. Absorptions labeled VA
refer to the V(C6H6) product, and VA2 corresponds to the V(C6H6)2

product.

Figure 3. IR spectra in the 480-400 cm-1 region of the V(C6H6)2

product formed when laser-ablated vanadium reacted with (a) 0.5%
C6H6, (b) 0.5% C6D6, and (c) a mixture of 0.2% C6H6 and 0.2% C6D6

in argon. Spectra recorded after annealing to 35 K.
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antisymmetric C-H stretching vibration (abbreviatedν(CH))
was not observed in an Ar matrix, it was observed in a KBr
pellet lower in frequency by about 135 cm-1 than theνs(CH)
mode and with a lower relative intensity.16 However, because
this weak absorption is between stronger absorptions of the
benzene precursor, it is difficult to characterize, and hence, we
are unable to assign this absorption to a particular species or
mode.

Nb(C6H6)x (x ) 1, 2). As mentioned in the Introduction,
when niobium was previously reacted with C6H6 in a matrix
environment, only the Nb(C6H6)2 product was observed.33 In
what follows, we compare our results to this study and provide
evidence for the formation of the Nb(C6H6) intermediate
product.

The group A absorption at 748.5 cm-1 shows isotopic
frequency ratios of 1.2725 (H/D) and 1.0063 (12C/13C). A group
B absorption at 731.1 cm-1 shows a larger deuterium shift and
a smaller carbon-13 shift than this absorption at 748.5 cm-1.
These absorptions are in the region where we expect the C-H
out-of-plane bending vibration (abbreviatedνo-p(CH)) of the

product molecules to be observed. Previously, these absorptions
were observed at 732 and 750 cm-1 in an argon matrix.33 In
this study, both of these absorptions were assigned to the Nb-
(C6H6)2 complex. However, in our matrix, these absorptions
show different behavior, as shown in Figure 4. In addition, our
BPW91 and B3LYP calculations of the Nb(C6H6)2 complex both
predict only one vibrational mode in this region to have an IR
intensity greater than 0.5 km/mol, at 720.4 and 746.8 cm-1,
respectively. Hence, we believe that these two absorptions
belong to different reaction products. The observed isotopic
shifts are consistent with the group B absorption corresponding
to the Nb(C6H6)2 product and the group A absorption belonging
to the Nb(C6H6) product, as illustrated by the experimental
results of the vanadium and benzene experiment (see Table 1).
It is of interest to note that the absorption at 748.5 cm-1 for the
Nb(C6H6) product is blue-shifted by about 10 cm-1 from the
V(C6H6) absorption, whereas this absorption at 731.1 cm-1 is
red-shifted by about 7 cm-1 from the V(C6H6)2 νo-p(CH)
bending vibration.

TABLE 2: Observed and Calculated Isotopic Frequencies (cm-1) and Intensities (km/mol) at Different Levels of Theory for the
Nb(C6H6) and Nb(C6H6)2 Complexes

BPW91/6-311++G**/SDD

C6H6 C6D6
13C6H6

symmetry species modea obsd calcd int. obsd calcd int. obsd calcd int.

A1 Nb(C6H6)b νo-p(CH) 748.5 743.7 (109) 588.3 584.8 (58) 743.8 738.8 (108)
A1 νs(CC) 936.8 923.8 (2) 893.8 883.1 (4) 903.9 890.9 (2)
E1 νi-p(CH) 957.8 943.8 (33) 773.9 758.1 (17) 935.0 922.7 (32)
E1 ν(CC) 1384.9 1360.0 (3) 1222.4 1197.5 1(5) 1336.4 (1)
A2u Nb(C6H6)2

c νo-p(CH) 731.1 720.4 (86) 554.6 546.1 (16) 726.9 717.0 (90)
A2u νs(CC) 949.4 941.1 (50) 908.4 898.1 (51) 916.1 907.5 4(4)
E1u νi-p(CH) 987.9 975.4 (21) 787.6 776.4 (11) 965.8 954.4 (19)

B3LYP/6-311++G**/SDD

C6H6 C6D6
13C6H6

symmetry species modea obsd calcd int. obsd calcd int. obsd calcd int.

A1 Nb(C6H6)b νo-p(CH) 748.5 772.6 (111) 588.3 600.7 (60) 743.8 767.8 (110)
A1 νs(CC) 936.8 943.7 (3) 893.8 901.6 (5) 903.9 910.0 (2)
E1 νi-p(CH) 957.8 968.4 (38) 773.9 779.5 (19) 935.0 946.5 (36)
E1 ν(CC) 1384.9 1410.2 (4) 1222.4 1237.6 (18) 1386.1 (2)
A2u Nb(C6H6)2

c νo-p(CH) 731.1 746.8 (82) 554.6 561.7 (16) 726.9 743.6 (85)
A2u νs(CC) 949.4 962.4 (61) 908.4 918.4 (61) 916.1 928.0 (54)
E1u νi-p(CH) 987.9 1002.1 (22) 787.6 799.1 (11) 965.8 980.5 (21)

a Vibrational Modes:νa(MC) ) asymmetric metal-carbon mode;νt(MC) ) asymmetric tilting;νo-p(CH) ) C-H out-of-plane bending;νo-p′(CH)
) C-H out-of-plane bending;νs(CC) ) symmetric C-C stretching;νi-p(CH) ) C-H in-plane rocking;ν(CC) ) asymmetric C-C stretching.
b Theoretical results:2A1 ground electronic state (C6V symmetry).c Theoretical results:2A1g ground electronic state (D6h symmetry).

Figure 4. IR spectra in the 1000-930 and 770-710 cm-1 regions for
(a) laser-ablated niobium codeposited with C6H6 for 1 h, (b) after
annealing to 35 K, (c) after 20 min broadband photolysis, and (d) after
annealing to 40 K. Absorptions labeled NbA refer to the Nb(C6H6)
product, and NbA2 corresponds to the Nb(C6H6)2 product.

Figure 5. IR spectra in the 1000-890 cm-1 region from codepositing
laser-ablated niobium with (a) C6H6, (b) 13C6H6, and (C) C6D6 for 1 h.
Spectra recorded after annealing to 30 K. Absorptions labeled NbA
refer to the Nb(C6H6) product, and NbA2 corresponds to the Nb(C6H6)2

product.
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The group A absorption at 936.8 cm-1 shows a large carbon-
13 shift and relatively small deuterium shift (12C/13C ) 1.0364;
H/D ) 1.0481) indicating that this mode corresponds to aνs-
(CC) stretching motion. The group B absorption at 949.4 cm-1

also shows a large carbon-13 shift and relatively small deuterium
shift (12C/13C ) 1.0363; H/D) 1.0451), also indicating aνs(CC)
stretching motion. This absorption was previously observed at
950 cm-1 for the Nb(C6H6)2 compound.33 The group B
absorption is observed at a higher frequency and shows slightly
smaller H/D and12C/13C ratios compared with the group A
absorption. This trend is exactly what was observed for the
νs(CC) mode of the V(C6H6)2 and V(C6H6) products, providing
further evidence to support our assignment of the Nb(C6H6)
molecule to group A absorptions. These absorptions at 936.8
and 949.4 cm-1 are assigned to theνs(CC) stretching modes of
the Nb(C6H6) and Nb(C6H6)2 molecules, respectively.

An absorption at 957.8 cm-1 shows group A behavior with
an isotopic H/D ratio of 1.2375, and a group B absorption at
987.9 cm-1 shows an isotopic H/D ratio of 1.2543. The group

B absorption is in good agreement with a previously observed
absorption at 988 cm-1 assigned to the Nb(C6H6)2 compound.33

As in the vanadium experiment, we expect theνi-p(CH)
vibration of the Nb(C6H6)2 molecule to be at a higher frequency
than the vibration of the Nb(C6H6) product and with a larger
H/D isotopic ratio. This is observed and provides further support
for our molecular assignments.

An absorption observed at 1384.9 cm-1 shows group A
behavior. The only vibrational mode that is expected in this
region of the spectrum is the C-C antisymmetric stretch
(abbreviatedν(CC)). In the vanadium experiment, theν(CC)
vibration of the V(C6H6) product was not observed, but its
deuterium counterpart was observed at 1229.0 cm-1. This trend
was reversed for the V(C6H6)2 bisbenzene product. This
absorption at 1384.9 cm-1 shifts to 1222.4 cm-1 and becomes
more intense when the experiment is repeated with deuterated
benzene. Hence, it is assigned to theν(CC) vibration of the
Nb(C6H6) product. It should be noted that this C-C stretching
mode of the Nb(C6H6)2 molecules was also previously unseen
in experiments.33 An absorption at 3061.3 cm-1 could not be

TABLE 3: Observed and Calculated Isotopic Frequencies (cm-1) and Intensities (km/mol) at Different Levels of Theory for the
Ta(C6H6) and Ta(C6H6)2 Complexes

BPW91/6-311++G**/SDD

C6H6 C6D6
13C6H6

symmetry species modea obsd calcd int. obsd calcd int. obsd calcd int.

A1 Ta(C6H6)b νo-p(CH) 753.9 736.3 (53) 586.2 573.1 (23) 751.3 731.6 (54)
A1 νs(CC) 927.8 912.9 (9) 886.6 873.1 (11) 880.2 (8)
E1 νi-p(CH) 949.4 932.1 (29) 769.1 752.0 (13) 929.6 910.7 (28)
E1 ν(CC) 1344.3 (2) 1209.5 1178.7 (14) 1321.7 (1)
A2u Ta(C6H6)2

c νo-p(CH) 735.4 723.9 (98) 546.2 546.8 (27) 729.4 720.4 (102)
A2u νs(CC) 937.7 (55) 905.0 894.6 (58) 913.3 904.2 (48)
E1u νi-p(CH) 981.0 971.1 (22) 785.3 773.7 (12) 960.4 950.1 (21)

B3LYP/6-311++G**/SDD

C6H6 C6D6
13C6H6

symmetry species modea obsd calcd int. obsd calcd int. obsd calcd int.

A1 Ta(C6H6)b νo-p(CH) 753.9 763.6 (35) 586.2 589.5 (13) 751.3 759.1 (36)
A1 νs(CC) 927.8 931.2 (17 )886.6 890.2 (18) 897.8 (15)
E1 νi-p(CH) 949.4 954.8 (33) 769.1 772.2 (15) 929.6 932.7 (32)
E1 ν(CC) 1393.1 (3) 1209.5 1217.1 (17) 1370.1 (2)
A2u Ta(C6H6)2

c νo-p(CH) 735.4 750.3 (90) 546.2 563.5 (23) 725.9 746.9 (94)
A2u νs(CC) 959.1 (67) 905.0 915.0 (69) 913.3 924.8 (60)
E1u νi-p(CH) 981.0 995.9 (24) 785.3 795.2 (13) 960.4 974.2 (22)

a Vibrational Modes:νa(MC) ) asymmetric metal-carbon mode;νt(MC) ) asymmetric tilting;νo-p(CH) ) C-H out-of-plane bending;νo-p′(CH)
) C-H out-of-plane bending;νs(CC) ) symmetric C-C stretching;νi-p(CH) ) C-H in-plane rocking;ν(CC) ) asymmetric C-C stretching.
b Theoretical results:2A1 ground electronic state (C6V symmetry).c Theoretical results:2A1g ground electronic state (D6h symmetry).

Figure 6. IR spectra in the 1000-920 and 780-720 cm-1 regions for
(a) laser-ablated tantalum codeposited with C6H6 for 1 h, (b) after
annealing to 35 K, (c) after photolysis for 20 min, and (d) after annealing
to 40 K. Absorptions labeled TaA refer to the Ta(C6H6) product, and
TaA2 corresponds to the Ta(C6H6)2 product.

Figure 7. IR spectra in the 980-880 cm-1 region for the reaction
products between laser-ablated tantalum and (a) C6H6, (b) 13C6H6, and
(C) C6D6. Absorptions labeled TaA refer to the Ta(C6H6) product, and
TaA2 corresponds to the Ta(C6H6)2 product.
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identified for the same reasons described for the vanadium
products. However, we believe that this absorption is the same
vibrational mode as the absorption at 3063.2 cm-1 observed in
the vanadium experiment.

Ta(C6H6)x (x ) 1, 2).The group A vibration at 753.9 cm-1

showed isotopic frequency ratios of 1.2861 and 1.0033 for H/D
and12C/13C, respectively, and the group B absorption at 735.4
cm-1 has isotopic vibrational ratios of 1.3464 and 1.0082 (H/D
and 12C/13C, respectively). Both of these vibrations are in the
region where we would expect the productνo-p(CH) bending
vibrations to appear. The group B vibration shows a larger H/D
ratio, which is consistent with this absorption for the Ta(C6H6)2

product and the group A absorption for the monobenzene Ta-
(C6H6) product. In this case, theνo-p(CH) modes of both the
Ta(C6H6) and the Ta(C6H6)2 molecules are blue-shifted slightly
from the niobium product absorptions. We note that previous
attempts to obtain a matrix isolation IR spectra of this Ta(C6H6)2

molecule have failed.33

Two group A absorptions observed at 927.8 and 949.4 cm-1

show drastically different H/D isotopic ratios (1.0465 and
1.2344, respectively). An absorption showed group B behavior
at 981.0 cm-1 (H/D ) 1.2492). These absorptions are consistent
with νs(CC) and νi-p(CH) vibrational modes. Although the
νs(CC) mode of the Ta(C6H6)2 complex went undetected, the
carbon-13 (913.3 cm-1) and deuterium (905.0 cm-1) isotopic
counterparts were observed. Knowing the expected isotopic
shifts for this vibrational mode in similar products, we expect
this vibration to appear in the region where theνi-p(CH)
vibrational mode of Ta(C6H6) appears at 949.4 cm-1, and it is
probable that these two absorptions overlap. Theνi-p(CH)
vibration of the monobenzene product shows a smaller H/D ratio
than the sandwich Ta(C6H6)2 molecule. Also, for the Ta(C6H6)
product, theνi-p(CH) vibration is at a higher frequency than
the νs(CC) mode. These trends are consistent with those
observed for the niobium and vanadium products and provides
more support for the assignment of the group A absorptions to
the Ta(C6H6), and the group B absorptions to the Ta(C6H6)2

molecule.
Although theν(CC) antisymmetric stretching vibration of the

monobenzene complex was not observed, we believe the
deuterium counterpart was observed at 1209.5 cm-1, as it shows

group A behavior. This vibrational mode was also not observed
in the vanadium reaction, but its deuterium counterpart was
found. An absorption at 3059.8 cm-1 is not identified for reasons
already discussed. As mentioned previously, this absorption
probably corresponds to one of the C-H stretches of either the
Ta(C6H6) or Ta(C6H6)2 complexes.

Electronic Ground States and Geometries.DFT calcula-
tions were performed to support molecular identification.
Calculations were performed on the V(C6H6), V(C6H6)2,
Nb(C6H6), Nb(C6H6)2, Ta(C6H6), and Ta(C6H6)2 complexes, as
well as on individual transition metal atoms and the benzene
precursor. The geometries and spin multiplicities of the sandwich
M(C6H6)2 complexes have been well-characterized,5,6,8-16,24,30

and we discuss our results for these molecules before the
monobenzene complexes.

All previously reported theoretical and experimental results
have confirmed that the V(C6H6)2 molecule has a doublet ground
electronic state withD6h symmetry where the metal atom is
sandwiched between the benzene rings.5,6,8-16,24,30 Our DFT
calculations also confirm a2A1g ground state. We define∆Erxn

as the calculated zero-point energy of the product molecule
minus the calculated energy of the individual components (metal
atom and benzene molecules). BWP91 calculations predicted a
∆Erxn of -112 kcal/mol for this molecule, and B3LYP theoreti-
cal computations predicted a value of-95 kcal/mol. Our
optimized geometrical parameters are compared to those previ-
ously reported in Table 4. It appears from the table that all
theoretical predictions, with the exception of an MP2 calcula-
tion,5 overestimate the length of the V-C bonds in this
molecule. It is also observed from the vanadium-carbon bond
length (V-C) and the distance from the vanadium atom to the
center of the carbon ring (V-Bz) that our DFT results are
comparable, and in some instances superior, to theoretical results
previously reported for this molecule. A comparison of the
vibrations of this molecule is also reported in Table 4. This
table again shows that our theoretical methods are able to
accurately predict the observed vibrational frequencies of this
molecule. Earlier, we assigned theνa(MC) andνt(MC) absorp-
tions of this molecule in the opposite order of previous
reports.3,16 However, we do see that our calculations predict
the doubly degenerate antisymmetric tilting mode at a higher

TABLE 4: Comparison of the Theoretical and Experimental Bond Lengths (Å) and Vibrational Frequencies (cm-1) for the
V(C6H6)2 Molecule

method dV-C dV-Bz
a dC-C dC-H νa(MC) νt(MC) νo-p(CH) ν(C-C) νi-p(CH) ref

HF 1.708 1.411 1.072 5
MP2 1.565 1.438 1.088 5
B3LYP 1.675 1.426 1.084 5
B3P86 1.676 1.427 1.09 14
B3LYP 2.24 9
BPW91b 1.69 1.44 1.09 15
BPW91c 1.67 1.43 1.09 15
norm. coord. 463d 493d 796 3
norm. coord. 430 472 742 963 995 60
B3LYP 971 7
BPW91 2.199 1.671 1.428 1.089 424.4 460.7 741.3 949.7 983.9 this work
B3LYP 2.211 1.694 1.421 1.082 411.6 460.0 759.4 971.3 1008.6 this work
expt (solid) 2.17 1.66 61, 62
expt (solid) 429d 478d 742 3, 62, 63
expt (soln.) 430 473 745 960 992 60
expt (N2) 434 472 743/747 958 991 17
expt (KBr) 424 470 742 957 988 16, 64
expt (Ar) 748 958 990 7
expt (Ar) 434d 471d 742 958 988 16
expt (Ar) 436.8 475.5 743.2 958.6 991.1 this work

a Distance calculated between the vanadium atom and the center of the benzene ring.b LanL2DZ basis set.c 6-311G** basis set.d The νa(MC)
and theνt(MC) vibrational modes are assigned in the opposite order.
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frequency than theνa(MC) mode. In addition, our calculations
predict theνa(MC) mode to have a larger H/D ratio, which is
observed for the absorption at 436.8 cm-1 (Table 1).

As mentioned in the Introduction, considerably less is known
about the monobenzene V(C6H6) molecule. It was first char-
acterized as having a2A1 ground electronic state by theoretical
and experimental methods.16,27-29 Later theoretical studies
indicated that a sextet electronic state was lower in energy.10,31

Then, an electronic state with a spin multiplicity of four was
presented as the ground electronic state for both short- and long-
range geometries of the V(C6H6) molecule.32 Most recently, the
ground electronic state was again identified as a doublet state.15

However, with the exception of one study,15 these results have
all assumed that the V(C6H6) molecule hasC6V symmetry. Our
calculations with a2A1 ground electronic state converged in
C6V symmetry, and the geometry did not change drastically when
we reduced the symmetry constraints. Our lowest energy sextet
state was also found to have a6E2 ground state when constrained
to theC6V symmetry. However, calculations performed in aC2V
symmetry lowered the ground-state energy and showed a large
deviation in the planarity of the benzene ring. Calculations
performed in thisC2V symmetry led to our BPW91 method
predicting a6B1 state and our B3LYP method predicting a6B2

state as the lowest-energy sextet state. However, the calculations
in the 6B1 ground electronic state produced a relatively large
imaginary frequency, and it is assumed that the6B2 state is the
lowest-lying sextet state. Calculations performed with a spin
multiplicity of four also preferred theC2V symmetry, and the
4B2 state was predicted to be the lowest-lying quartet state. Our
BPW91 calculations predicted the2A1 state to be 4 kcal/mol
lower in energy than the quartet state and 9 kcal/mol lower in
energy than the sextet state. However, our B3LYP calculations
predicted the reverse order, with the sextet state predicted to
be the most stable and the doublet to be the least. All of these
electronic states were predicted by both theoretical methods to
be less than 10 kcal/mol different in energy, and it is difficult
to tell from these relative energy values the correct electronic
ground state of this molecule. Although a complete computa-
tional analysis was obtained withinC6V and C2V symmetry
restraints, certain calculations produced a small imaginary
frequency indicating the correct geometry might not have been
found. In select instances, globalC1 calculations were performed
to observe further deformations. Although these calculations
produced slight variations of the geometry, the zero-point
energies, vibrational frequencies, and isotopic shifts remained
almost unchanged. Hence, we believe that computations con-
strained in theC6V andC2V symmetries produce results with an
adequate level of accuracy for the M(C6H6) complexes in this
study.

We expect our calculated frequencies to predict the observed
values reasonably well, as these methods were shown to
accurately predict the geometry and vibrations of the V(C6H6)2

molecule. Any calculated vibrational errors should be consistent
throughout our isotopic results, and we expect the vibrational
isotopic ratios to be even more accurately predicted than the
vibrational frequencies. Theνo-p(CH) mode of the V(C6H6)
molecule was observed at 738.4 with an H/D ratio of 1.2477.
The H/D ratio for this mode of the calculated quartet and sextet
states (1.3015 and 1.3497, respectively, for our BPW91 calcula-
tions) are both larger than those observed. However, the H/D
ratio of the calculated doublet state (1.2388 and 1.2620 for
BPW91 and B3LYP, respectively) reproduces the observed
deuterium shift well. Also, our theoretical results for this
νo-p(CH) mode of this molecule in the sextet state predicted

this frequency at 700.1 and 722.0 cm-1 (BPW91 and B3LYP,
respectively), considerably lower than the observed value of
738.4 cm-1. Theνs(CC) mode of this complex was observed at
942.3 cm-1 (H/D ) 1.080). Theoretical results in the quartet
state were unable to accurately reproduce these results, predict-
ing this frequency at 919.9 and 938.2 cm-1 (BPW91 and
B3LYP, respectively) with an H/D ratio of 1.0350. Our doublet-
state results accurately predicted these vibrations and isotopic
shifts as shown in Table 1. On the basis of this isotopic
vibrational analysis, it is reasonable to conclude that the doublet
state of the V(C6H6) complex forms in our matrix. EPR results
have confirmed that this doublet state forms in an argon
matrix,16,27,29showing that isotopic vibrational data can be used
to identify the ground electronic state. Our BPW91 calculations
predicted a∆Erxn of -39 kcal/mol of the V(C6H6) complex in
the 2A1 state, and B3LYP predicted a value of-30 kcal/mol.

Our theoretical results in this doublet state predicted a V-Bz
distance of 1.503 and 1.535 Å (BPW91 and B3LYP, respec-
tively), slightly larger than the values obtained in a previous
study.15 Our C-C bond lengths were calculated with the BPW91
(1.445 Å) and B3LYP (1.436 Å) methods compare better to
the value of 1.45 Å than to 1.58 Å calculated with different
basis sets by Kandalam et al.15 We notice that our B3LYP
calculations consistently predict longer V-C bond lengths and
shorter C-C and C-H bond lengths regardless of the ground
state when compared to our BPW91 calculations.

The bisbenzene Nb(C6H6)2 and Ta(C6H6)2 complexes have
also been well-characterized.9,14,24,33Our calculations confined
to a sandwich-likeD6h symmetry confirmed the2A1g electronic
ground state. Our theoretical and experimental vibrational results
are shown in Tables 2 and 3. Again, we see good agreement
between our theoretical and the observed values.∆Erxn was
computed by the BPW91 method to be-118 kcal/mol for the
Nb(C6H6)2 molecule and-126 kcal/mol for the Ta(C6H6)2

complex. Our B3LYP predictions gave different results:∆Erxn

was calculated as-98 and-93 kcal/mol for the Nb(C6H6)2

and Ta(C6H6)2 complexes, respectively.
Our BPW91 computations predicted a distance from the metal

atom to the center of the benzene rings of 1.870 Å for Nb-
(C6H6)2 and 1.871 Å for the Ta(C6H6)2 molecules. These
correspond to M-C bond lengths of 2.355 and 2.356 Å for the
Nb(C6H6)2 and Ta(C6H6)2 complexes, respectively. Our B3LYP
calculations predicted longer M-Bz lengths of 1.899 and 1.894
Å for the Nb(C6H6)2 and Ta(C6H6)2 complexes, respectively.
The M-C bond lengths are predicted to be 2.373 and 2.370 Å
by our B3LYP calculations for the Nb(C6H6)2 and Ta(C6H6)2

complexes, respectively. Our Nb-C bond distance is in good
agreement with the earlier prediction of 2.39 Å.9 However, this
previous study predicted a Ta-C bond length of 3.16 Å,
considerably larger than our predictions. Given the only slightly
larger atomic radius of tantalum, and that we believe tantalum
binds more strongly to the benzene ring than niobium, it seems
reasonable that the two M-C bond lengths should be similar.
Indeed, our calculated geometries of both the Nb(C6H6)2 and
Ta(C6H6)2 molecules are in better agreement with a previous
study, which predicts a Nb-Bz distance of 1.873 Å and a Ta-
Bz distance of 1.872 Å for these complexes.14 Our computations
did give longer M-Bz distances than that predicted for the
V(C6H6)2 complex, attributed to the increased atomic radius of
the transition metal atoms. BPW91 calculations predicted an
increase from 1.432 to 1.433 Å for the C-C bond length of
the Nb(C6H6)2 and Ta(C6H6)2 complexes, respectively, from a
value of 1.428 Å calculated for the V(C6H6)2 complex. This
indicates a weakening of the C-C bond as the metal atoms are

Benzene-Metal Complexes J. Phys. Chem. A, Vol. 109, No. 3, 2005437



changed going down the group 5 family. These values can be
compared with our BPW91 calculated C-C bond length of
1.401 Å and the experimental value of 1.390 Å for free
benzene.65 B3LYP calculations also predicted an increase in
the C-C bond length while moving down the group 5 family
from 1.421 to 1.423 to 1.425 Å for these sandwich compounds.
Our B3LYP computations on free benzene gave a C-C bond
length of 1.395 Å.

Calculations performed in the doublet state of the Nb(C6H6)
complex converged to a2A1 ground electronic state within the
C6V symmetry constraint. Reducing this constraint did not alter
the geometry significantly. Calculations performed in the quartet
and sextet states for this molecule showed large geometrical
deviations when converged in aC2V symmetry. The4A2 state
with C2V symmetry was found to be the lowest-lying quartet
state, which is interesting as this is a different state than the
lowest-lying quartet state of the V(C6H6) complex. The6B1 and
6B2 states withC2V symmetry were both found to be the lowest-
lying sextet states, with the6B1 state predicted to be slightly
more stable by both theoretical methods. However, both the
6B1 and the6B2 states produced small imaginary frequencies.
We cannot say which of the6B1 or 6B2 states is the lowest sextet
state, but both were calculated to be significantly higher in
energy than the doublet and quartet states. Our BPW91
calculations predicted the doublet2A1 state to be the ground
electronic state, with the4A2 state being 11 kcal/mol higher in
energy and the6B1 state lying 31 kcal/mol higher in energy.
B3LYP calculations followed this trend, but gave slightly
smaller relative energy differences. As the electron configuration
of atomic niobium is different than that of vanadium (vanadium
and tantalum take a d3s2 configuration, whereas niobium has a
d4s1 electron distribution), it is quite possible that complexes
of vanadium and niobium differ in their electronic ground states.
However, this energy difference indicates that Nb(C6H6) does
not assume the sextet state and that the doublet state is probably
the ground electronic state.

Both of our theoretical methods predicted theνo-p(CH) mode
between 676.0 and 722.4 cm-1 for both sextet states, with an
H/D ratio of 1.356. These values poorly represent the observed
vibration at 748.5 cm-1 (H/D ) 1.2723). The quartet-state
calculation also overestimated this H/D ratio, predicting values
of 1.3064 and 1.3141 for the BPW91 and B3LYP methods,
respectively. Calculations performed in the doublet state pre-
dicted this frequency at 743.7 (H/D) 1.2717) and 772.6 cm-1

(H/D ) 1.2862) with the BPW91 and B3LYP methods,
respectively, accurately reproducing the observed results for this
mode. The experimental H/D ratio of theνs(CC) at 936.8 cm-1

was observed to be 1.0481. Theoretical results in the quartet
state had difficulty reproducing this result, predicting H/D
isotopic ratios of 1.0422 (BPW91) and 1.0400 (B3LYP).
Calculations performed in the doublet state reproduced the
observed results well, as shown in Table 2. Hence, we believe
that the Nb(C6H6) complex takes this2A1 ground state in our
matrix. By using the calculations for this doublet state, the∆Erxn

was predicted to be-49 kcal/mol by our BPW91 calculations
and-37 kcal/mol by the B3LYP method. Both of these values
are larger than the∆Erxn for the V(C6H6) complex, and the
niobium complex is favored more in this reaction.

The Nb-Bz distance of the Nb(C6H6) complex in the2A1

state was predicted by the BPW91 method to be 1.681 Å. Our
B3LYP calculations predicted a value of 1.711 Å. Both of these
predictions are longer than the V-Bz lengths in the V(C6H6)
complex, which is again contributed to the increased atomic
radius of niobium. Our calculations predicted a C-C bond

length in the Nb(C6H6) complex of 1.449 Å using the BPW91
method and 1.440 Å using the B3LYP method. Both of these
values are larger than that predicted for the V(C6H6) complex,
indicating a weakening of the C-C bond.

The Ta(C6H6) molecule converged into a2A1 doublet state
with C6V symmetry. The quartet state preferred aC2V geometry
with the 4A2 state having the lowest energy. The6B2 and 6B1

states withC2V symmetry were found to be the lowest-lying
sextet states. Our BPW91 calculations predicted the6B2 state
to be slightly more stable than the6B1 state, but our B3LYP
calculations predicted the6B1 state to be at a lower energy.
However, the6B1 state was predicted by the B3LYP method to
have a large imaginary frequency. Again, we find that the sextet
states are predicted to be considerably higher in energy than
the doublet and quartet states. Our BPW91 calculations predicted
the doublet state to be the most stable with the quartet state
lying less than 1 kcal/mol higher in energy. The sextet states
were predicted to be 26 kcal/mol higher in energy. However,
our B3LYP calculations found the quartet state to be the most
stable, with the doublet state slightly more than 1 kcal/mol
higher in energy. The sextet states were again predicted to be
significantly higher in energy (24 kcal/mol). The magnitude of
the energy difference of the sextet state indicates that the Ta-
(C6H6) complex does not assume this electronic state. However,
the doublet and quartet states are very close in energy, and both
need to be considered as possibilities for the ground state of
this complex.

In looking at theνo-p(CH) mode observed at 753.9 cm-1 (H/D
) 1.2861), we see that again our theoretical isotopic results in
the sextet (H/D) 1.35) and quartet (H/D) 1.31-1.32) states
had trouble reproducing the observed isotopic shifts. The quartet
state also had problems reproducing the observed H/D isotopic
ratio (1.0465) of theνs(CC) mode, predicting values of 1.0409
and 1.0387 at the BPW91 and B3LYP levels, respectively.
Calculations in the doublet state did an excellent job reproducing
the observed results for both of these modes, as shown in Table
3. We believe the Ta(C6H6) molecule takes this2A1 ground state
with C6V symmetry in our argon matrix. The∆Erxn was predicted
to be-49 kcal/mol by the BPW91 method, but only-25 kcal/
mol by the B3LYP method. It is interesting that for both the
mono- and bisbenzene products, the BPW91 method predicts
the tantalum products to have the largest exothermic∆Erxn and
be the most stabilized by the complexation, compared to the V
and Nb compounds. However, the B3LYP method predicts these
tantalum products to be the least stabilized by the complexation.
For all the reaction products,∆Erxn is negative, predicting our
products to be energetically favorable to form.

Our BPW91 calculations gave a Ta-Bz distance of 1.659
Å, and our B3LYP computations predicted a value of 1.686 Å
for this Ta(C6H6) molecule. The tantalum atom has a slightly
larger atomic radius than niobium, but our calculations predicted
the tantalum atom to be closer to the benzene ring than niobium.
This indicates that tantalum may bind more strongly to the
benzene ring than niobium and vanadium. The C-C bond
distance was computed to be 1.457 and 1.449 Å at the BPW91
and B3LYP levels, respectively. These C-C bond distances are
longer than in the niobium complex, indicating a further
weakening of the C-C bond.

Before the reaction with the metal atom occurs, the hydrogen
atoms are in the plane of the carbon skeleton of benzene.
BPW91 calculations predicted that the hydrogen atoms move
in the monobenzene molecules toward the metal atom by 5.8°,
2.9°, and 3.0° when the transition metal is V, Nb, and Ta,
respectively. For the M(C6H6)2 complex, the hydrogen atoms

438 J. Phys. Chem. A, Vol. 109, No. 3, 2005 Lyon and Andrews



shifted out of the carbon plane by 2.7°, 0.2°, and 0.3° for
vanadium, niobium, and tantalum, respectively. We see that
these deviations are greater for the monobenzene species and
that they are larger for vanadium than for the heavier group 5
metals. It should be noted that although our calculations predict
the hydrogen atoms to move toward the metal atoms, other
computational methods have predicted a movement away from
the metal atom in the V(C6H6)2 compound.5

Bonding Considerations.Previously, the observed shifts in
the νs(CC) mode have been used to comment on the strength
of the C-C bonds as well as the M-C bonds in metal-benzene
complexes.7,43 This method has also been used to observe
periodic trends in transition metal-ethylene complexes.66 The
νs(CC) stretching frequencies red-shift as the metal atom is
changed going down the group 5 transition metals for both the
mono- and bisbenzene complexes. (Note that even though we
did not observe theνs(CC) mode of the Ta(C6H6)2 complex,
we believe that it is covered by theνi-p(CH) mode of the Ta-
(C6H6) molecule around 949 cm-1.) This trend corresponds to
a weakening of the C-C bond. Recall that our BPW91
calculated geometries predicted an increase in the C-C bond
lengths from 1.445 to 1.449 to 1.457 Å (from V to Nb to Ta)
for the monobenzene complex and from 1.428 to 1.432 to 1.433
Å, respectively, for the bisbenzene complex. It is reasonable to
conclude that two simple interactions contribute to the bonding
of the metal atoms to the benzene ring. The first is the donation
of the benzene electrons from the bondingπ-orbital to the
unoccupied metal orbitals, and the second is the back-donation
of the metal d-electrons to the unoccupied antibondingπ*-orbital
of benzene. Both of these interactions support the strengthening
of the metal-carbon bonds as the carbon-carbon bonds
weaken. Hence, the M-C bond strength increases down the
group 5 transition metal column. The atomic transition metal
d-orbital energies become less negative down the group 5
transition metal family, and the strength of the M-C bonds
increase in the same direction. This suggests the primary
electronic interaction responsible for the bonding is the back-
donation of the transition metal electrons to the benzene ring.
Previous studies also indicated backπ-bonding as the primary
electronic interactions in transition metal-benzene com-
plexes.7,43 If the interaction responsible for the bonding was
the donation of the benzeneπ-electrons, the observed trend of
metal-carbon bond strengths would be reversed.

Conclusions

The molecules that form in an argon matrix during the
reactions between vanadium, niobium, and tantalum atoms and
benzene have been studied by IR spectroscopy and DFT
calculations. We conclude that the primary products are the
M(C6H6) and the sandwich M(C6H6)2 complexes. DFT calcula-
tions predict the geometries and vibrational frequencies for these
complexes. Comparing the observed and calculated isotopic
frequencies and the calculated relative zero-point energies, we
predict a 2A1g electronic ground state for the M(C6H6)2

compounds and a2A1 ground state for the M(C6H6) complexes.
Periodic trends of the metal-carbon bond strengths are dis-
cussed by a comparison of the symmetric carbon-carbon
stretching frequencies in the 900-1000 cm-1 region, which are
confirmed by13C substitution. The primary electronic interaction
responsible for the metal-benzene bonding is the back-donation
of the transition metal d-electrons to theπ* antibonding orbitals
of benzene.
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