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We have performed density-functional theory calculations for the V(CO)6 radical, the Co(Cp)2 radical, and
the Co(Cp)2|V(CO)6 radical pair. Primary interest was in the V(CO)6 radical in both the isolated species and
in the radical pair. Several stable structures were found for the Jahn-Teller-active 17-electron V(CO)6 radical
for both the isolated radical and in the radical pair. We confirmed prior studies that identified aD3d structure
as most stable, aD4h structure at higher energies, and a transition state ofD2h structure. We also found a new
stable structure ofC2h geometry that is close (∼130 cm-1) to the lowest-energyD3d structure. We calculated
the relative energies of the isolated radical structures and the radical-pair structures as a function of the
metal-metal distance. In addition, we estimated interconversion barriers between these structures and found
similar results for both the isolated radical and the radical pair. This similarity suggests that the radical pair
is rapidly interconverting at room temperature in the same manner as the isolated radical. This has implications
in the interpretations of ultrafast electron-transfer dynamics. Specifically, a rise was observed for the radical
carbonyl stretch vibration in the radical pair when the ion-pair charge-transfer absorption created excess
vibrational energy in the radical pair. The rise time is not likely to be due to rapid geometric interconversion
but is probably due to anharmonic coupling between highly excited low-frequency modes and the high-
frequency carbonyl stretches leading to a broadened carbonyl absorption band immediately after excitation.
The observed rise time in absorption is conjectured to correlate with cooling of the low-frequency vibrations
to the solvent over 200 fs.

Introduction

The [V(CO)6-|Co(Cp)2+] ion pair (Cp ) cyclopentadiene)
system shows interesting electron transfer (ET) dynamics. In
solvents of low polarity, a contact ion pair is formed. The contact
ion pair displays a broad (∼7000 cm-1 full width at half
maximum (fwhm)) and weak (ε ∼ 125 M-1 cm-1) charge-
transfer band in the visible, centered at 620 nm in CH2Cl2.1

The photoinduced ET forms a radical pair that then undergoes
rapid back ET to reform the ion pair. The vibrational relaxation
(VR) of the carbonyl stretches is slower than the rate of back
ET. This fact combined with the anharmonicity of the carbonyl
stretches allows examination of the dependence of the ET rate
on vibrational level.2-4 Experiments on the picosecond time
scale showed that the ET rate depended greatly on quantum
number for the IR-active mode.2,3 This was surprising since
standard ET theories predict no effect due to population in IR-
active modes whereas the important modes for ET rate control
are the Raman-active modes. This suggested that the variation
of the ET rate was due to a breakdown in the Condon
approximation leading to a variation in the electronic coupling
as a function of quantum number.

These facts motivated a re-examination of the ET dynamics
on a faster time scale to examine the ultrafast dynamics of the
system.4 Following the Condon principle, the initial excitation
should only populate the totally symmetric Raman-active modes.
However, excited population is seen in the IR-active CO stretch,
necessitating an intramolecular vibrational redistribution (IVR)
process from the higher-frequency totally symmetric mode.
Since no signs of IVR were seen in the picosecond experiments,

femtosecond experiments were performed in hopes of observing
the IVR process along with any ultrafast ET that may occur.

The ultrafast experiments revealed interesting behavior not
only in the IVR process but also in the overall ET kinetics. In
the femtosecond experiments, two ET components were seen,
one around 700 fs and one about 5 ps. Only the ultrafast
component showed a quantum level effect, but it was smaller
than inferred with the picosecond data. The apparent rate
variations in the picosecond experiments are attributed to a
difference in relative contribution of the two ET components
as a function of quantum level as is seen in the femtosecond
experiments. The two ET components were assigned to two
different ion-pair orientations in solution. In addition, interesting
behavior was seen in rise times as a function of pump color
due to VR and IVR processes. For pump colors on the low-
energy side of the absorption band, a 200-fs rise time was
resolved forν ) 2 but no rise time was seen forν ) 1 or ν )
0. This is consistent with a two-quantum IVR conversion time
of 200 fs and a one-quantum IVR time of<75 fs, the time
resolution of the experiment. However, for pump colors at the
peak and high-energy side of the absorption band, a 200-fs rise
time was seen for all quantum levels. The origin of this rise
time is not obvious because a rise time is not expected for the
ν ) 0.

This rise time was tentatively assigned to a Jahn-Teller
instability in the V(CO)6 radical that results in a poorly defined
infrared absorption band until the low-frequency modes are able
to relax. The 17-electron radical species is expected to undergo
a Jahn-Teller distortion from octahedral symmetry. This opens
up the possibility of several different stable structures that can
undergo interconversion. Interconversion can occur between two
different forms of the same structure (differently orientedD3d
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structures) or between two entirely different structures. Previous
theoretical calculations in this lab have supported this idea with
the lowest-energy structure havingD3d symmetry and aD2h

structure, lying∼200 cm-1 above theD3d structure, with one
imaginary frequency.5,6 It was proposed that excess energy in
low-frequency vibrations should allow fast interconversion
between these and any other stable geometries, which could
explain the lifetime broadening of the infrared band.4 As the
low-frequency vibrations relaxed, a well-defined frequency
would appear, leading to a rise time in the IR absorption that
corresponds to the VR process in the low-frequency modes. A
related phenomenon of IR coalescence has been observed in
organometallic systems that exhibit either rapid interconversion
between two or more structures, either through intramolecular
ET7-11 or rapid rotation of a portion of the molecule.12,13 The
D2h structure has been confirmed by other workers and reported
to be a transition state between different forms of the more stable
D3d structure.14

Another possible source of spectral broadening is through
anharmonic coupling between a low- and high-frequency mode.
This is often referred to as the exchange mechanism,15-18 where
the high-frequency mode is anharmonically coupled to a low-
frequency mode that exchanges energy with the bath. As
opposed to a structural interconversion mechanism, this broad-
ening mechanism can occur for a single geometry or be present
simultaneous with geometric interconversion,19-25 where the
geometries need not have different frequencies.

If one treats the IR broadening in an analogous way to
dynamic NMR, a site interchange model requires a change in
frequency between sites to induce broadening followed by
coalescence and narrowing as the exchange rate increases.
However, there is a fundamental difference between IR and
NMR due to the time scales of the processes involved. One
assumption is that the transit time across the barrier is much
less than the inverse of the difference in frequencies, a difficult
requirement to satisfy in the infrared for some processes.26 Even
so, IR coalescence has been modeled with modified Bloch
equations successfully,7-13 although validity of this approach
has been questioned.27 However, the exchange mechanism
results in a similar IR broadening and coalescence even without
any exchange between sites.

The primary purpose of this manuscript is to explore the
stability of various radical-pair structures. A secondary goal is
to then use these results to examine the prior experimental
interpretation. To accomplish this, the isolated radicals are first
studied to provide a starting point for the radical-pair calcula-
tions, and the isolated radical structures are then placed together
to form the pair. The resulting stable structures of the radical
pair are then compared to those of the isolated radical for both
relative energies and structural parameters of the V(CO)6 moiety
to test how the Co(Cp)2 radical perturbs the V(CO)6 structure.
In addition, barriers to structural interconversion are estimated
for both the isolated radical and the radical pair. The study of
barriers is done to assess the likelihood of the proposed
mechanism of the experimentally observed infrared rise times.
Specifically, is excess energy in low-frequency modes likely
to cause a rapid geometric interconversion leading to broadened
infrared bands or must some other process, such as the
anharmonic exchange model, be involved?

Theoretical Methods

All calculations were performed using Q-Chem 2.0.2.28

Density-functional theory (DFT) was used, with both the B3LYP
and BP86 functionals. Basis sets for the transition metals were

identical to those used in Gaussian 98 and follow their naming
conventions.29 Basis sets for the remaining atoms were built
into Q-Chem and are named as in the Gaussian convention.
Geometry optimizations of the isolated radicals were performed
with full symmetry constraints except for the cases withD3d

symmetry, which were performed in theC2h subgroup. Opti-
mizations were repeated with slightly distortedC1 symmetry
structures and resulted in no change except a larger than
expected difference in energy when fullD3d symmetry was used
rather than theC2h subgroup. The radical pair was calculated
as a triplet state to prevent convergence on an ion-pair electronic
structure. Optimizations of the entire radical pair were performed
with the coordinates of the Co(Cp)2 radical frozen at the
staggeredC2h structure of the isolated radical. The position of
the vanadium atom was also fixed, leading to a fixed Co-V
distance. Optimizations were repeated for several Co-V
distances. The energies of the optimized structures were used
to construct a potential as a function of the Co-V distance.

Barriers to interconverting various structures in both the
isolated radical and the radical pair were performed in two steps.
First, a reaction coordinate was chosen along the Cartesian
vector of the difference between the two structures. Single-point
calculations were done on 10 equally spaced points along this
reaction coordinate. This provided an initial upper bound
estimate of the barrier. If a barrier was initially seen, a better
estimate of the barrier was found by performing additional
geometry optimizations for the initial points on the reaction
coordinate with the addition of constraints on the coordinates
of two adjacent carbon atoms, leading to a reaction coordinate
primarily determined by the CVC angle. Attempts to freeze only
the CVC angle rather than the carbon coordinates failed. For
the radical pair, the coordinates of the two carbons facing the
Co(Cp)2 were fixed. For the isolated V(CO)6 radical, adjacent
carbons with the proper CVC angle were frozen to be analogous
to the radical pair. This procedure resulted in a smaller calculated
barrier and provided a better upper bound estimate of the true
barrier.

Results

V(CO)6 Radical. Four stable structures were found for the
V(CO)6 radical species for all basis sets with both the B3LYP
and BP86 functionals, with two exceptions. The symmetries of
the structures in increasing energetic order areD3d, C2h, D2h,
andD4h. TheC2h structure is a previously unreported structure,
but the other structures have been previously reported by us
(D3d, D2h)5,6 and others (D3d, D2h, D4h).14 The relative energies
as a function of method and basis set are given in Table 1. The
energies are relatively independent of basis set with theD3d

structure always the lowest-energy structure; however, the two
functionals have small differences. By use of the energy of the
D3d structure as the zero of energy, the B3LYP and BP86
functionals result in aC2h structure with a similar relative energy
of ∼130 cm-1, with the exact value depending on the basis set.
The relative energy of theD2h structure is calculated to be
approximately 250 cm-1 for B3LYP and 360 cm-1 for BP86.
The highest-energy structure studied, theD4h structure, has a
relative energy of 570 cm-1 for B3LYP and 780 cm-1 for BP86.
The two exceptions referred to previously are for the two largest
basis sets using the B3LYP method where our attempts at
finding a D4h structure failed.

Table 2 shows the structural parameters for the 6-311G* basis
set, the largest basis set where all structures were found for
both DFT methods. The distortion from octahedral symmetry
of theD3d structure is a tetragonal distortion of the CVC angles
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by approximately 4° with a nearly linear (within 1°) VCO angle
for both computational methods. The VC and CO bond lengths
are 2.017 and 1.141 Å for B3LYP and 1.999 and 1.155 Å for
BP86. The distortion from octahedral symmetry of theC2h

structure is similar to theD3d structure with one opposing pair
of CO groups undergoing a different distortion in bond length
and angles than the others. One pair of CO groups is distorted
from 90° by about 5°, with the other 4 carbonyls distorting by
a lesser amount of about 2° for both methods. The VCO angles
are distorted from linearity by about 1.5°. Again the bond lengths
show a dependence on DFT method with B3LYP favoring
longer VC bonds and shorter CO bonds for all structures. The
two unique carbonyl groups have longer (∼0.01 Å) VC bonds
and slightly shorter (∼0.001 Å) CO bonds than the other four.
TheD2h structure has one pair of carbonyls distorted from 90°
by about 5°, like theC2h structure, but the remaining CVC angles
are 90°. Two of the VCO angles are linear as required by
symmetry with the other four within 1° of linearity. The two
unique carbonyls groups have longer (0.03 Å for B3LYP, 0.026
Å for BP86) VC bonds and somewhat shorter (0.003 Å for
B3LYP, 0.004 Å for BP86) CO bonds than the other four. The
D4h structure has all 90° CVC and linear VCO angles as is
required by symmetry. However, there are again two unique
carbonyls with shorter (0.053 Å for B3LYP, 0.044 Å for BP86)
VC bonds and somewhat longer (0.006 Å) CO bonds than the
remaining CO groups.

Vibrational frequency calculations were performed for the
four structures, and the results for the IR active carbonyl modes
are given in Table 3. Results for both the 6-311G* basis set
and the basis set used for the radical-pair calculations, 6-311G
on vanadium and 6-31G* on carbon and oxygen, are shown.
The most important feature is the similarity between frequencies
of the IR-active modes, especially the three lowest-energy
structures. The experimental IR line width for the ion pair system
of experimental interest is about 40 cm-1 fwhm in CH2Cl2;
however, this was assigned to have contributions from two ion-
pair geometries.4 In the radical pair, a similar line width would
be expected only if the excitation wavelength would populate
both geometries. Even a line width of 20 cm-1 would lead to
experimentally unresolved IR bands for the various V(CO)6

structures since the shifts are not large. It should be noted that
the frequency calculation for theD2h structure identifies it as a
transition state with one imaginary vibrational frequency, and
this result is independent of basis set and method.

In summary, the results of the DFT calculations have minor
differences that are due to method and basis set, and the
differences are mainly in the bond lengths and vibrational
frequencies between B3LYP and BP86. However, within one
method, the relative changes for different geometries are similar.

Co(Cp)2 Radical. Calculations on the other half of the radical
pair, the Co(Cp)2 radical where Cp) cyclopentadiene, were
performed for a much more limited range of basis sets. This
radical is also expected to distort from ideal symmetry due to
Jahn-Teller effects. As expected, the Cp rings are found to
break their 5-fold symmetry to give Cp rings with approximately
C2V symmetry. Several stable structures of the Co(Cp)2 radical
were found including eclipsed, staggered, and slightly twisted
from both the staggered and eclipsed forms. All were close in
energy and were found to have one imaginary vibrational
frequency, both most likely due to the ease of relative rotation
of the Cp rings. Attempts to find a true minimum by breaking
symmetry between the Cp rings failed, resulting in structures
with identical Cp rings equidistant from the cobalt. This suggests
that the Cp rings are equivalent and free to rotate, especially in
condensed phases at room temperature. These results are
consistent with previous DFT calculations, indicating small
energy differences between structures and a reduction in
symmetry due to Jahn Teller effects.30,31The staggeredC2h form
was used in the radical-pair calculations.

TABLE 1: Relative Energies of the Various Structures of
the V(CO)6 Radical (in cm-1) as a Function of Basis Set and
DFT Methoda

D3d C2h D2h D4h

B3LYP
6-311G/6-31G* 0 104 253 568
6-311G/6-311G* 0 130 273 573
6-311G* 0 123 268 570
6-311+G/6-311G(2d) 0 86 194
6-311+G(2d) 0 101 244

BP86
6-311G/6-31G* 0 116 343 769
6-311G/6-311G* 0 121 350 765
6-311G* 0 121 360 773
6-311+G/6-311G(2d) 0 141 387 834
6-311+G(2d) 0 150 377 774

a The basis set is given as (V)/(C,O) if a different basis set was used
for the V atom.

TABLE 2: Bond Lengths and Angles for the Various
Structures of the V(CO)6 Radicala

VC (Å) CO (Å) CVC VCO

B3LYP/6-311G*
D3d 2.017 (6) 1.141 93.8°, 86.2° (6) 179.2° (6)
C2h 2.027 (2) 1.140 (2) 94.7°, 85.3° (2) 178.6° (2)

2.013 (4) 1.141 (4) 91.1°, 88.9° (4) 178.7° (4)
D2h 2.038 (2) 1.139 (2) 95.1°, 84.9° (2) 180° (2)

2.008 (4) 1.142 (4) 90° (8) 179.3° (4)
D4h 1.983 (2) 1.145 (2) 90° (12) 180° (6)

2.036 (4) 1.139 (4)

BP86/6-311G*
D3d 1.999 (6) 1.155 (6) 94.1°, 85.9° (6) 179.5° (6)
C2h 2.005 (2) 1.155 (2) 94.8°, 85.2° (2) 178.4° (2)

1.995 (4) 1.156 (4) 92.1°, 87.9° (4) 178.6 (4)
D2h 2.018 (2) 1.153 (2) 95.5°, 84.8° (2) 180° (2)

1.992 (4) 1.157 (4) 90° (8) 179.4° (4)
D4h 1.970 (2) 1.159 (2) 90° (12) 180° (6)

2.014 (4) 1.153 (4)

a Numbers in parentheses indicate the number of bond lengths or
angles with the given value. Opposite pairs of carbonyl groups are
equivalent in all structures.

TABLE 3: Calculated IR-Active CO Stretches (in cm-1) of
Isolated V(CO)6 for Both Methods and Two Different Basis
Sets

D3d C2h D2h D4h
a

B3LYP/6-311G(V), 6-31G*(C,O)
2075* 2073 2069 2055
2078 2075 2072 2088*

2082 2091

BP86/6-311G(V), 6-31G*(C,O)
1987* 1972 1981 1975
1989 1973 1983 1994*

1985 2000

B3LYP/6-311G*
2068* 2065 2061 2043
2071 2067 2064 2081*

2076 2084

BP86/6-311G*
1978* 1977 1972 1964
1980 1978 1974 1989*

1984 1992

a An asterisk indicates a 2-fold degenerate mode.
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Co(Cp)2|VCO6 Radical Pair. Because of the size of the
radical-pair system, the basis set was limited to 6-311G on V
and Co and 6-31G** on the remaining atoms. In addition, all
attempts using BP86 failed to converge so calculations were
limited to the B3LYP method. The radicals were aligned so
that the vanadium was positioned on the mirror plane of the
Co(Cp)2 that contains the cobalt atom and bisects the staggered
Cp rings. Four CO groups were aligned approximately in a plane
that is perpendicular to the Co(Cp)2 mirror plane, contains the
vanadium and cobalt atoms, and is parallel to the Cp rings. The
Co-V line bisects two pairs of CO groups. This left two
remaining carbonyl groups that were approximately parallel to
the Co(Cp)2 mirror plane. If the vanadium moiety had two
unique carbonyls groups, they were placed in this location
approximately parallel to the Co(Cp)2 mirror plane. The
vanadium position was fixed, and the initial positions of other
atoms were from optimized structures, but some ambiguity
remains in how to arrange the various structures to form the
initial structure of the radical pairs. There are two choices for
the angle between the carbons in the carbonyl groups that point
toward the Co(Cp)2 radical, either greater than or less than 90°.
Both of these possibilities were studied with the greater than
90° case referred to as wide angle and the less than 90° referred
to as narrow angle. For theD3d andC2h V(CO)6 structures before
and after optimization, the wide-angle forms had overallCs

symmetry and the narrow angle forms hadC1 symmetry. Both
forms hadCs symmetry for theD2h structure and only one
structure ofCs symmetry resulted for theD4h structure with all
90° CVC angles.

Geometry optimizations were performed with the Co(Cp)2

and vanadium coordinates frozen for a range of V-Co distances.
The wide- and narrow-angle forms using theD3d V(CO)6
structure resulted in a radical pair that had V(CO)6 units with
structures very similar to theD3d structure of the isolated radical.
However, there was some distortion from theD3d structure,
especially for the carbonyl groups closest to the Co(Cp)2. These
two radical-pair structures are referred to asD3d wide andD3d

narrow. Radical-pair optimizations that were performed starting
with the C2h V(CO)6 structure resulted in structures that were
nearly identical to those found with theD3d structure so this
starting configuration gave no new results. Radical-pair opti-
mizations that were performed starting with both the wide angle
and narrow angle form of theD2h V(CO)6 structure resulted in
the same final structure, which had approximateD2h symmetry
for the V(CO)6 and a narrow-angle-type structure. This is
referred to asD2h narrow. It is unclear as to why no wide-angle
structure was found to be stable. Radical-pair structures using
the D4h V(CO)6 structure were initially pursued, and stable
structures with approximateD4h symmetry for the V(CO)6

moiety were found for several V-Co distances; however, this
avenue was abandoned due to the higher energy expected of
this structure. We compare some of the key bond lengths and
angles for isolated V(CO)6 and radical pairs containing V(CO)6

in Table 4. We note that the angle changes for each radical-
pair geometry are the major changes, while the bond lengths
are only slightly different.

The relative energies of the three radical-pair structures are
plotted as a function of the V-Co distance in Figure 1. Shown
along with the points is a fit to a single Morse potential for the
D3d wide and a fit to two Morse potentials, each for a different
range of distances, for the two narrow structures. The narrow-
angle structures did not fit well to a single Morse potential near
the bottom of the potential, most likely due to the ability of the
CVC angle to distort without a large energetic penalty to offset
the steric interaction for the smaller V-Co distances. No
physical meaning is attributed to the double Morse potential
fit. The fit only serves as an empirical fitting function. Not
surprisingly, the minima differ for the wide vs the narrow angle
structures due to steric effects. TheD3d wide minimum is at
6.1 Å, while the minima for theD3d narrow andD2h narrow are
slightly longer at 6.4 Å. As is expected from the isolated radical
calculations, theD2h form is higher in energy than eitherD3d

form. In addition, theD3d wide form is favored at very short
distances, as would be expected due to steric effects. However,
the D3d narrow form is more stable over most of the range
studied. The calculated structures reveal that the V(CO)6 portion
of radical pairs are practically identical in structure to the isolated

TABLE 4: Comparison of Bond Lengths and Angles for V(CO)6 as Isolated V(CO)6 Radical and in the Co(Cp)2|V(CO)6
Radical Paira

B3LYP/6-311G(V, Co), 6-31G**(C,O,H)

isolatedD3d D3d wide D3d narrow isolatedD2h D2h narrow

VC (Å) 2.013 (6) 2.007 (2)* 2.008/2.010 (2)* 2.002 (4) 1.999 (2)*
2.012 (2) 2.011/2.012 (2) 2.002 (2)
2.012/2.015 (2) 2.009/2.012 (2) 2.030 (2) 2.033/2.031 (2)

CO (Å) 1.15 (6) 1.151 (2)* 1.151 (2)* 1.151 (4) 1.152 (2)*
1.150 (2) 1.150 (2) 1.151 (2)
1.150/1.149 (2) 1.150 (2) 1.148 (2) 1.147 (2)

CVC 93.7°/86.3° (6) 96.5°* ∼90°* 85.0° (2) 88.3°*
92.9° 85.5° 84.2°

a Numbers in parentheses indicate the number of bond lengths or angles with the given value. Numbers marked with an asterisk correspond to
bonds or bond angles closest to the Co(Cp)2 group. The radical-pair structures are for a metal-metal separation of 5.7 Å. The bottom row for each
set of bond lengths corresponds to bonds approximately perpendicular to the V-Co axis and the planes of the Cp rings. For the CVC angles, only
the angle adjacent to and opposite of the Co(Cp)2 group is included.

Figure 1. Calculated energies of Co(Cp)2|V(CO)6 D3d wide (3), D3d

narrow (b), andD2h narrow (9) radical-pair structures for a range of
metal separation distances. Included are fits to a Morse potential for
the D3d wide structure and two Morse potentials for the narrow angle
structures.
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radical at the longer Co-V distances studied. As the Co-V
distance is shortened, the V(CO)6 portion undergoes a distortion
that primarily shortens the VC bond length and widens the CVC
angle for the two carbonyl groups facing the Co(Cp)2 fragment
as would be expected due to steric effects. The decrease in the
VC bond lengths also creates a secondary effect of increasing
the two VC bond lengths for the carbonyls perpendicular to
the V-Co axis.

VCO6 Radical Interconversion Barriers. Barriers to inter-
conversion between different structures were estimated for the
isolated V(CO)6 radical species. For structures where no CVC
angle crosses 90°, no barrier was seen; instead, monotonic
increase or decrease in energy was seen as the geometry was
scanned from one structure to another. This included the
interconversion between theD3d andD2h structures oriented so
that the structures are most similar. This corresponds to the
V(CO)6 moiety in theD3d narrow andD2h narrow radical-pair
structures. However, to calculate interconversion barriers for
the isolated radical that correspond to converting from a wide-
to a narrow-angle radical-pair structure, the initial and final
isolated radical structures must be oriented so that the geometric
change corresponds to what is seen in the radical-pair structures.
The two barriers of interest are converting between twoD3d

structures, that are rotated by 90° relative to each other, and
between theD3d andD2h structures where there is an interchange
of acute and obtuse angles. These structures are shown in Figure
2. These correspond to the radical pair converting from the wide
D3d structure to either the narrowD3d structure or the narrow
D2h structure, respectively. Wide and narrow refer to the angle
that is formed by the metal and two carbons that are fixed in
the optimization. In Figure 2, the fixed angle between C1, V,
and C2 is described as wide or narrow where narrow is 86.3°
(D3d) or 84.0° (D2h) and wide is 93.7° (D3d). As expected, the
initial geometry scans revealed a barrier for both processes. The
next step of the barrier-estimating process, optimizing with the
vanadium and two adjacent carbons in fixed positions, revealed

a somewhat smaller barrier. The estimates of the barriers are
approximately 200 cm-1 for the D3d narrow to D3d wide
conversion and 350 cm-1 above theD3d energy for theD2h

narrow toD3d wide conversion. The energies as a function of
reaction coordinate are shown in Figure 3. It should be
mentioned that these are upper-bound values for the reaction
barrier, the true value may be lower. The dip in theD2h narrow
to D3d wide potential is due to a region that structurally
resembles theC2h structure. Additional points in this region were
calculated to confirm the general shape of the potential.

Co(Cp)2|VCO6 Radical-Pair Interconversion Barriers.
The barriers for interconversion between the various radical-
pair structures were also estimated. The barriers were estimated
at a fixed V-Co distance of 5.7 Å, the shortest V-Co distance
studied, which favors theD3d wide structure. This was done
for two reasons; first, it is most appropriate for comparison to
experiment where the radical pair is initially formed near the
shorter ion pair separation distance and, second, to maximize
the effect of the Co(Cp)2 on the barrier height. For theD3d

narrow toD2h narrow process, where no CVC angle crosses
90°, the initial scan revealed no barrier. This is similar to what
was seen in the isolated radical. For the interconversion between
theD3d narrow andD3d wide and between theD2h narrow and
D3d wide structures, the initial scan revealed a significant barrier.
The optimization fixed the coordinates of the carbons facing
the cleft between the Cp planes in Co(Cp)2 (see Figure 2, C1
and C2). A lower barrier height was found for the optimizations
where for theD3d narrow andD3d wide process, the barrier is
estimated to be 175 cm-1 above theD3d wide energy. For the
D2h narrow andD3d wide process the barrier is estimated to be
350 cm-1 above theD3d wide energy. The energy as a function
of reaction coordinate for both processes is given in Figure 4.

Discussion

V(CO)6 Radical. The results for the isolated radical structures
are consistent with previous studies.5,6,14 A recent DFT study
used the BP86 functional to study the V(CO)6 radical and also
reported experimental measurements.14 In this study, theD3d

structure was found to be the most stable with aD2h and aD4h

structure at higher energy. The relative energies of the structures

Figure 2. Initial and final structures used in estimations of intercon-
version barriers. Coordinates of C1, C2, and the vanadium are fixed
along the reaction path while the remaining atoms are allowed to
optimize. The angle between C1, V, and C2 is described as wide or
narrow where narrow is 86.3° (D3d) or 84.0° (D2h) and wide is 93.7°
(D3d).

Figure 3. B3LYP/6-311G(V), 6-31G*(C,O) estimates of barriers to
interconversion between radical geometries of isolated V(CO)6. The
reaction coordinate goes from either aD3d narrow (b, solid line) or
D2h narrow (3, dashed line) structure to aD3d wide structure (value of
1). Energies were calculated by optimizing structure with the coordinates
for vanadium and two carbon atoms fixed along the direct path
connecting the structures. The dip in theD2h narrow toD3d wide is
from a local geometry ofC2h symmetry.
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are similar to what we find here with differences attributed to
differing methods and basis sets. Also consistent with our
previous results and recent work, theD2h structure is found to
have an imaginary frequency for all basis sets and methods,14

indicating that this structure is not a stable minimum. However,
we find a new stable low-energy structure that appears to be a
true local minimum with all real vibrational frequencies for all
basis sets and methods. This new structure is of lower symmetry
(C2h) than the previously known structures and is only slightly
higher in energy than the most stableD3d structure but lower in
energy than the other previously reported structures.

Barriers to interconverting different structures were found to
be either fairly small or nonexistent, depending on whether the
CVC angle crosses 90°. This is consistent with the recent DFT
study of the V(CO)6 radical system.14 This study included
molecular dynamics (MD) simulations that suggested rapid
interconversion at room temperature, resulting in an averaged
structure that has approximately octahedral symmetry with very
similar radial distributions as the octahedral V(CO)6

- spe-
cies.32,33 At low temperature, the dynamic Jahn-Teller distor-
tions become a static distortion and the radical remains in the
favoredD3d structure. This is reflected in a change in the radial
distribution from the MD simulations. These results are
consistent with experiments, where low-temperature EPR data
is consistent only with theD3d structure.14 The vapor-phase
electron diffraction, performed at 62°C, suggests an octahedral
structure with a dynamic Jahn-Teller effect34 and gives a radial
distribution that is in general agreement with the radial
distributions from the MD simulations.14

Co(Cp)2|VCO6 Radical Pair. Not surprisingly, the relative
energies of the various radical-pair structures depend on
distance. At short V-Co distances, theD3d wide is favored as
would be expected due to steric effects, and at larger distances,
the D3d narrow is favored with the potentials crossing at a
distance just above 6.1 Å. TheD2h narrow structure is higher
in energy, with the energy difference also dependent upon the
metal-metal distance. This is not surprising due to the differing
nature of the narrow and wide structure potentials near their
minima along with the differing location of the minima. Previous
DFT calculations6 have placed the ion-pair equilibrium separa-
tion in solution to be about 5.9 Å. The Condon principle predicts

that the initially formed radical pair will be near the equilibrium
structure of the ion pair, somewhere between 5.5 and 6.2 Å,
the thermally accessible range of ion-pair distances. Over most
of this range, theD3d wide structure is favored energetically,
although not by very much.

It was previously suggested that the origin of a 200-fs IR
rise time seen in an ultrafast ET experiment was due to the
existence of several interconverting Jahn-Teller structures
broadening the IR band until the system vibrationally relaxed
into a single structure.4 Since it has been shown that the isolated
radical does not remain in a single structure at room tempera-
ture,14 the radical pair was compared to the isolated radical in
terms of barriers to geometric interconversion. This was
performed at the shortest V-Co distance studies, 5.7 Å, to
maximize any perturbations due to the Co(Cp)2 in addition to
being in the range of expected V-Co distances in the initially
formed species. Our estimates of barriers to geometric inter-
conversion in the radical pair are very similar in magnitude to
the isolated radical, even at the small separation distance of
5.7 Å. The radical pair is expected to be even more like the
isolated radical at larger separation distances. Therefore we
expect rapid geometric interconversion for the radical pair
leading to averaged structures just like in the isolated radical
even after vibrational relaxation has taken place. We have
calculated vibrational frequencies only for isolated V(CO)6, and
because of the similar structure in the radical pair we expect
little change in vibrations for V(CO)6 in radical pairs. The
radical-pair geometry is sufficiently large that vibrational
calculations would take a long time.

Origin of the Experimental Rise Time. These theoretical
results suggest that a different mechanism is responsible for
the experimentally observed rise time. Even without the dynamic
rather than static Jahn-Teller effect expected at room temper-
ature, the very broad IR bands combined with the calculated
frequencies for the different structures would not lead to highly
broadened spectra below the detection limit, which was the
conjectured source of a rise time. An exchange process
analogous to dynamic NMR would not lead to sufficiently
broadened spectra in this type of system, so another type of
mechanism must be responsible for the observed rise time seen
only for high-frequency pump colors.

Since it has been shown that the high-frequency pump colors
must deposit more excess vibrational energy in low-frequency
modes than lower-frequency pump colors,4 these modes are still
a likely cause of the rise time feature. One possible explanation
is the fact that several low-frequency modes must be very
anharmonic due to the many stable Jahn-Teller structures that
are related by fairly small angle changes. This leads to the
expectation of large anharmonic couplings between the low-
frequency modes and the carbonyl stretches, especially since
the carbonyl stretches are themselves anharmonic enough to see
a shift in frequency for hot bands. One of the results of
anharmonic couplings is that the carbonyl frequency should be
dependent upon the number of quanta in these low-frequency
modes.20 The higher-frequency pump experiments should lead
to a wide distribution of populations of various low-frequency
modes. This wide population distribution along with the many
low-frequency modes should lead to a much broader spectrum
than is seen after relaxation. If the oscillator strength of the IR
band is conserved, it is certainly in the realm of possibility that
the carbonyl band is broadened enough to not be observable
with the signal-noise of the experiment. As the low-frequency
modes relax, leading to a narrower carbonyl band, the IR signal

Figure 4. B3LYP/6-311G(V), 6-31G**(C,O,H) estimates of barriers
to reaction for different structures of V(CO)6 in the radical pair Co-
(Cp)2|V(CO)6. The reaction coordinate is for V(CO)6, evolving from
either theD3d narrow (b, solid line) or D2h narrow (3, solid line)
structure to theD3d wide structure (value of 1). Energies were calculated
by optimizing the V(CO)6 structure with the coordinates for vanadium
and the two carbon atoms closest to the Co(Cp)2 fixed along the direct
path connecting the structures.
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will appear to grow in with a rise time similar to that of the
low-frequency vibrational relaxation process.

Similar broadening mechanisms have been used to describe
the width of vibrational bands in condensed-phase polyatomic
molecules.15-18 In addition, a similar mechanism has been
proposed for broadening of IR bands where there is a multiple
well potential along a low-frequency mode where exchange
between wells does not properly account for the line width,19-25

a similar situation to the radical pair. The lack of a large carbonyl
frequency change as a function of geometry rules out a simple
site-exchange mechanism for the broadening. In addition to the
energy minima, frequency calculations were performed for
structures corresponding to the top of the radical interconversion
barriers for the isolated V(CO)6. These resulted in carbonyl
frequencies that were identical to the frequencies for the minima
within the experimental line width. This points to a difference
between the current study and the previous studies of the
anharmonic mechanism. The previous studies dealt with a
classical low-frequency coordinate with a high-frequency mode
that changed frequency along the potential surface formed by
the low-frequency mode. The current study deals with highly
excited quantum vibrations where the anharmonic frequency
shifts should be larger than for thermally relaxed species. In
this case, the vibrational relaxation is like the exchange process
with the bath, except that it is irreversible since the radical pair
is initially in a nonequilibrium state undergoing relaxation rather
than at equilibrium as is assumed in the previous studies. This
initial population distribution is similar to a high-temperature
distribution, with the addition of irreversibility. This should lead
to greater spectral broadening than was seen for the equilibrium
species for a given anharmonic coupling. This is consistent with
the experiment where the IR band narrows and appears to grow
in as equilibrium is reached. Although much of this discussion
is admittedly speculative, it appears to provide a more likely
alternative explanation for the origin of the experimental rise
time. A true test of these ideas is beyond the scope of this work,
and should prove to be very interesting and provide more insight
into the vibrational relaxation process.

Conclusion

We have performed DFT calculations for the V(CO)6 radical
for a range of basis sets using the B3LYP and BP86 functionals.
Several stable structures were found, including a previously
unreportedC2h structure that is very close in energy (∼130
cm-1) to the most stableD3d structure. Barriers to interconver-
sion were estimated and found to be small to nonexistent,
depending on the nature of the geometric distortion that had to
occur. This was consistent with previously reported MD
simulation that suggested a dynamic rather than static Jahn-
Teller effect in this molecule at room temperature, resulting in
rapidly interchanging structures with an octahedral averaged
structure.

B3LYP calculations on the related Co(Cp)2|V(CO)6 radical
pair revealed a situation very similar to the isolated radical.
Several stable Jahn-Teller structures were found. Barriers to
interconversion were also found to be very similar to what was
seen in the isolated radical. It appears that the Co(Cp)2 radical
only slightly perturbs the energetics of the V(CO)6 radical. This
leads to the conclusion that the radical pair must be experiencing
a dynamic rather than static Jahn-Teller effect, with rapidly
interchanging structures at room temperature. This has an impact
on the interpretation of prior ultrafast ET experiments. In these
experiments, visible photoexcitation of an ion pair creates a
radical pair, and the back ET is followed by monitoring the

carbonyl stretches in the infrared as a function of quantum
number. A rise time of 200 fs was seen for theν ) 0 level
only for pump colors in the higher-energy portion of the charge-
transfer band. This was tentatively interpreted as excess low-
frequency vibrational population increasing the rate of geometric
interconversion, leading to lifetime broadening of the IR band.
However, the similarities between the vibrational frequencies
of the isolated radical and the low barriers for dynamic
interchange for the isolated radical and radical pair species show
that this explanation is not sufficient. Instead, a mechanism
involving anharmonic coupling between the initially highly
excited low-frequency modes and the carbonyl stretches is a
more likely candidate to explain the broadening and subsequent
narrowing of the IR band with vibrational relaxation.
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