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Results of density functional theory computations of infrared (IR) spectra of linear sandwich VnBzn+1, n )
1-6, complexes are presented. It is shown that the systematic changes in the spectra as a function of the
complex size can be categorized and understood in terms of responses of the “parent” modes of the Bz
molecule and the VBz complex. The analysis presented should be applicable to a broad class of linear sandwich
systems.

Introduction

Vanadium-benzene complexes, as representatives of linear
sandwich organometallic systems, remain in the focus of an
active research effort (see, e.g., refs 1-7 and citations therein).
Recent experiments5 measured the magnetic moments of
VnBzn+1 (Bz ) C6H6) in the size rangen e 4, and a
computational study6 reexamined the structural, electronic, and
magnetic properties of these systems and extended them ton
e 6. The theoretical treatment6 has also shown that the measured
size-specific values of the magnetic moments5 can be understood
as averages over different low-energy spin states associated with
VnBzn+1 of a given size. An additional, intriguing finding of
the theoretical study is that the energetically most stable isomers
of VnBzn+1 change atn ) 4 their achiralD6h structure to the
chiral D2 structure.

What are the implications of this size-induced structural
change? Can the theoretical prediction be verified experimen-
tally? Answers to these questions can be given by infrared (IR)
spectroscopy.8 Clearly, the IR spectrum of the complex evolves
with its size. Can we predict through computations the size-
induced spectral changes and, even more importantly, understand
the reasons and mechanisms underlying them?

IR spectra have been measured and computed for neutral7-10

and cationic3,4,11,12VBz and VBz2. The goal of this letter is to
present density functional theory results on the IR spectra of
VnBzn+1, n ) 1-6, and to analyze the evolution of these spectra
as a function of the complex size. The details and justification
of the computational methodology used can be found in ref 6.

Results and Discussion

Here, we present results on IR spectra computed for the most
stable isomers of the complex.6 The IR active fundamental
components of the spectra are shown in the form of stick graphs
in Figure 1 (the complete lists of the fundamental modes and
their characteristics are given in Supporting Information, Table
S1). The figure also displays the available experimental spectral
data (“Exp”) for the Bz molecule and the VBz and VBz2

complexes. These allow one to gauge the accuracy of our

computed results. As is transparent from the figure, these results
are in good accord with the measured data (cf. Supporting
Information, Table S2). The figure clearly displays size-specific
features in the computed spectra and indicates a qualitative
change in the pattern atn ) 4. The high-frequencyν20 (in-
plane C-H stretching) mode of Bz gets surrounded by very
close neighboring modes asn changes from 0 to 6, but its (their)
position remains largely unaffected. The low-frequencyν23

stretching mode of V-Bz also acquires and shows an overall
red shift. Additional IR active modes emerge atn ) 4 (e.g.,ν6,
ν8, andν9).

Can these and other size-induced changes in the spectra be
understood in terms of the “parent” (or “primitive”) fundamental
modes of the constituent Bz and VBz units? The answer to this
question is “yes”, and we illustrate this in Table 1 through five
representative primitives. Four of them- ν11 (out-of-plane CH
bending),ν1 (in-plane ring breathing),ν18 (in-plane CH bending),
andν8 (in-plane ring stretching)- are those of Bz. The fifth is
the above-mentionedν23 mode of VBz. A careful analysis of
the eigenmodes, which includes visualization, shows that the
size-induced changes in the spectra can be categorized into the
five types discussed below.

Mode Branching. Some of the new modes of the complex
represent a given primitive of a subunit (Bz or VBz) executed
in different parts of the complex in an in-phase or anti-phase
fashion. This “branching” of the primitives into in-phase and
anti-phase daughters is clearly displayed by each of the five
parent modes in Table 1.

Mode Combination. New modes also arise as a consequence
of different subunits (Bz and VBz), or the same subunit (Bz or
VBz) but in different positions, executing different primitive
vibrations. The latter, originally of different symmetry, may
combine if and when at a certain size of the complex they
become of the same symmetry. For this to happen, the complex
has to undergo a size-driven structural change. As seen in the
table, the primitiveν23(A1) mode of VBz becomes a B1 mode
in D2-symmetric VnBzn+1, n ) 4-6, and it combines with the
originally IR inactive primitiveν16(E2u) (out-of-plane C-C-C
bending) mode of Bz when inD2-symmetric VnBzn+1 complexes
ν16 splits into B1 (IR active) and A (IR inactive) components.* Corresponding author. Phone: 630-252-3463. E-mail: jellinek@anl.gov.
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A similar explanation applies to the combination ofν11(A2u)
and ν17(E2u) (out-of-plane C-H bending) primitives of Bz in
VnBzn+1, n ) 4-6.

Mode Splitting. At n ) 4, the symmetry of the complex is
reduced and the degenerate modes split. This is illustrated in
the table by the doubly degenerateν18(E1u) andν8(E2g) primitives
of Bz. In D2-symmetric VnBzn+1, n ) 4-6, ν18 splits into B2

and B3 modes andν8 gives rise to B1 and (an IR inactive) A
modes.

IR Inactive-to-Active Switching. ν18 and ν8 also serve as
examples of modes that switch from IR inactive to IR active
(or vice versa). Forn ) 1-3, the originally IR activeν18(E1u)
primitive of Bz branches into IR active E1u and IR inactive E1g

modes, which forn ) 4-6 split into IR active B2 and B3 modes.
The primitive ν8(E2g) and its daughter E2g and E2u branches
remain IR inactive up to and includingn ) 3. At n ) 4, both
manifolds split into IR active B1 and IR inactive A modes.
Another example is theν1 primitive, which is IR inactive in Bz
but becomes IR active in VBz and VnBzn+1 (see Table 1). As
indicated by the above examples, the reason underlying IR
inactive-to-active (or vice versa) switching is the change in the
symmetry of a mode as a consequence of either the mode
branching discussed above or a change in the point group
symmetry of the complex.

Mode Shifting. The size-dependent mode shifting is, in
principle, characteristic of every mode. It is monotonic as long
as the structural symmetry of the complex remains unchanged,
and it may or may not be monotonic across the size (or sizes)
at which the complex changes its symmetry. As one would
expect, the low-frequency ends of the multiplets formed by
branches (combinations) that can be traced to the same primitive
mode (modes) shift to the red as VnBzn+1 grows in size. One
can notice, though, that the size-induced shift in higher
frequency modes shows a tendency to saturate. This can be
explained by the finite range of interaction between the
constituent VBz units6 and only small structural perturbations
introduced by high-frequency, small-amplitude modes. The
finiteness of the interaction range lends support to the conjecture
that the size-induced shift in the low-frequency, large-amplitude
modes will also saturate as the length of the VnBzn+1 sandwich
continues to increase.

The above discussion identifies the different types of size-
specific changes in the spectra based on the responses of the
parent modes of the constituent Bz and VBz units. Three of
these types- mode combination, mode splitting, and IR
inactive-to-active switching- directly relate to the symmetry
change in the structure of the complex atn ) 4.

Figure 1. Fundamentals of the computed infrared spectra of the most stable structures of VnBzn+1 (the low-intensity modes may not be seen).
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Finally, we remark on the energetically close isomeric forms
of VnBzn+1.6 Since for each sizen they are of the same structural
symmetry as the most stable structure, and are actually very
close to it, their IR spectra are very similar to those shown in
Figure 1. Experimental verification of these spectra will serve
as a corroboration of the theoretically predicted properties of
the complex, including the achiral to chiral change in its
structure atn ) 4.

In summary, we presented computational results on the IR
spectra of VnBzn+1, n ) 1-6, and an analysis of their size
evolution. We have shown that this evolution can be understood
in terms of five types of responses based on the primitive modes
of Bz and VBz: (1) mode branching, (2) mode combination,
(3) mode splitting, (4) IR inactive-to-active switching, and (5)
mode shifting. We expect the description of the size evolution
of IR spectra in terms of these responses to be applicable to a
broad class of linear sandwich systems.
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TABLE 1: Selected Fundamental Modes (in cm-1) of the Most Stable Structures of Bz, VBz, and VnBzn+1, n ) 1-6 (The
Symbols Denote the Point Group Symmetry, the Mode Symmetry, and When Needed for Clarity the Reference to Parent
Mode(s), and “ia” Stands for “Infrared Inactive”)

mode Bz(D6h) VBz(C6V) VBz2(D6h) V2Bz3(D6h) V3Bz4(D6h) V4Bz5(D2) V5Bz6(D2) V6Bz7(D2)

V-Bz
stretchingν23

409(A1) 398(A2u) 275,
365(A2u)

208, 338,
386(A2u)

164, 285(ν23),
303, 326,

356(ν23xν16)(B1)

136, 255(ν23),
280, 316, 363,

370(ν23xν16)(B1)

116, 221, 290(ν23),
270, 305, 354,

369(ν23xν16)(B1)

out-of-plane C-H
bendingν11

655(A2u) 728(A1) 716(A2u) 708,
734(A2u)

703,
732(A2u)

715, 725, 742, 752,
763(ν11xν17)(B1)

713, 722, 740,
752, 760,

773(ν11xν17)(B1)

703, 721, 738,
752, 758, 768,

776(ν11xν17)(B1)

in-plane ring
breathingν1

978(A1g,ia) 920(A1) 937(A2u) 933(A2u) 906,
931(A2u)

900, 931(B1) 896, 900, 931(B1) 897, 901, 931(B1)

in-plane C-H
bendingν18

1025(E1u) 937(E1) 972(E1g,ia),
974(E1u)

938(E1u),
967(E1u),

967(E1g,ia)

931(E1g,ia),
936(E1u),
964(E1u),

964(E1g,ia)

921(B2), 929(B3),
931(B2), 932(B3),
935(B2), 937(B3),
950(B2), 950(B3),
979(B3), 979(B2)

919(B2), 925(B3),
928(B3), 929(B2),
931(B3), 932(B2),
934(B3), 936(B2),
950(B3), 950(B2),
978(B2), 978(B3)

917(B3), 922(B2),
926(B3), 928(B2),
929(B3), 931(B2),
932(B3), 933(B2),
934(B3), 936(B2),
951(B3), 951(B2),
978(B2), 978(B3)

in-plane ring
stretchingν8

1581(E2g,ia) 1401(E2g,ia) 1422,
1480(E2g,ia)

1383(E2g,ia),
1418(E2u,ia),
1453(E2g,ia)

1372(E2g,ia),
1375(E2u,ia),
1418(E2u,ia),
1439(E2g,ia)

1359, 1363, 1382,
1400, 1464(B1)

1357, 1360, 1365,
1382, 1403,
1463(B1)

1356, 1360, 1363,
1366, 1383, 1406,

1462(B1)
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