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The infrared spectrum and conformational flexibility of benzil, (C6H5CO)2, are studied by matrix-isolation
FTIR spectroscopy, supported by DFT calculations. It is shown that the low-frequency (ca. 25 cm-1), large-
amplitude torsion around the C-C central bond strongly affects the structural and spectroscopic properties
exhibited by the compound. The equilibrium conformational distribution of molecules with different
OdC-CdO dihedral angles, existing at room temperature in the gas phase, and trapped in a low-temperature
(T ) 9 K) inert matrix can be changed either by in situ irradiation with UV light (λ > 235 nm) or by annealing
the matrix to higher temperatures (T ≈ 34 K). In the first case, the increase of the average OdC-CdO angle
results from conformational relaxation in the excited electronic states (S1 and T1), whose lowest-energy
conformations correspond, for both S1 and T1 states, to a nearly planar configuration with the OdC-CdO
dihedral angle equal to 180°. In the second case, the decrease of the average value of the OdC-CdO dihedral
angle is a consequence of the change in the So C-C torsional potential, resulting from interactions with the
matrix media, which favors the stability of the more polar structures with smaller OdC-CdO dihedral angles.

Introduction

R-Dicarbonyl compounds have been the subject of extensive
research because of their important practical applications.1-4

Among them, diaromaticR-dicarbonyls, such as benzil
[(C6H5CO)2],72 which was synthesized for the first time by
Laurent in 1835,5 are important for their photorotamerism.6-18

Benzil is also a known intermediate for organic synthesis and
is currently used as a UV hardening agent and a pesticide.19 It
has also received considerable interest because of its unusual
optical and structural properties in the solid phases.16,19-22

The gaseous phase of benzil was studied by electron
diffraction at 448 K.23 That study concluded on the existence
of a single, doubly degenerated-by-symmetry conformer in the
gas phase, where the OdC-CdO torsion angle is ca.(117°
and the phenyl rings are nearly coplanar with the carbonyl
groups (Figure 1).

As in other R-dicarbonyl compounds (e.g., diacetyl,
(CH3CO)2),24-27 the movement along theτC-C torsional
coordinate in benzil corresponds to a low-frequency, large-
amplitude vibration, which can be expected to be of particular
importance in determining the conformational, structural, and
vibrational properties of the molecule. The average value for
the OdC-CdO dihedral angle can then be expected to be
strongly determined by temperature and phase and be extremely
sensitive to the chemical environment.

It is consensually accepted that the conformational preferences
of R-dicarbonyl compounds in the gaseous phase result mainly

from the balance between steric and resonance effects. The latter
are maximized in the planar configurations, whereas steric
effects, which result from interactions between the carbonyl
oxygens and/or the substituents at the carbonyl carbon atom,
favor nonplanar structures. These effects have been found to
be strongly dependent on the electronic state: in benzil, for
example, contrary to what succeeds in the ground electronic
state (So), the most stable conformation of the OdC-CdO axis
in both the T1 and S1 excited states corresponds to a nearly
planar trans configuration.6-17

Previous theoretical studies of benzil confirmed the flexibility
of the molecule with respect to theτC-C torsional coordinate.
For the So state, calculations undertaken at different levels of
theory6,28-31 agree on the existence in the potential-energy
surface of two symmetrically related, nonplanar minima with
C2 symmetry, thus confirming the electron diffraction results
of Shen and Hagen.23 Also in consonance with experimental
data extracted from vibrational spectra and dipolar measure-
ments,30,32 the average equilibrium value of the OdC-CdO
torsional angle was predicted to depend on the polarity of the
media,30,33 the dihedral angle becoming smaller when the
polarity of the solvent increases (i.e., conformations with larger
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Figure 1. Minimum-energy conformation of benzil (C2 symmetry;
OdC-CdO dihedral angle: 116.6°) with atom numbering.

8256 J. Phys. Chem. A2004,108,8256-8263

10.1021/jp047116s CCC: $27.50 © 2004 American Chemical Society
Published on Web 09/09/2004

http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp047116s&iName=master.img-000.jpg&w=239&h=87


dipole moments become stabilized in more polar chemical
environments).

Theoretical studies on the excited states of benzil are very
scarce. To the best of our knowledge, no ab initio or DFT studies
dealing with this subject have been reported hitherto. A
semiempirical (AM1; CNDO/S-CI) study of the S1 and T1 low-
lying excited states’ potential-energy surfaces of benzil6 pre-
dicted that both states should have a trans planar global
minimum. These results are consistent with previously reported
experimental data7,10-17 and have been confirmed since then
by subsequent and more sophisticated experimental studies.8,9

Nanosecond time-resolved infrared spectroscopy and picosecond
time-resolved Raman spectroscopic investigations of benzil in
carbon tetrachloride and cyclohexane solutions9 lead to the
conclusion that after photoexcitation the S1 state shows an
ultrafast conformational change to the trans planar geometry,
accompanied by the shortening of the CdO bond lengths and
the stretching of the C-C central bond. Intersystem crossing
to the T1 state can then take place on a time scale of a few
nanoseconds. The T1 state directly recovers back to the
nonplanar So state.9

The vibrational spectra of benzil in the condensed phases
(such as neat solid, molten phases, and solutions) were
extensively studied in the past by a variety of different methods,
including FTIR, Raman, circular dichroism, and Brillouin
spectroscopies.34-47 The great interest for the studies performed
on the solid state have been motivated by the fact that benzil
exhibits polymorphism, with the low-temperature phase (existing
below ca. 83 K) presenting particularly interesting structural,
electrical, and mechanical properties.20,48-58 However, to the
best of our knowledge, no vibrational spectroscopic studies have
been performed on gaseous benzil or for the compound isolated
in a low-temperature inert matrix.

The advantages of applying the matrix-isolation technique
to the study of the conformational flexibility of benzil rely on
the fact that the conformational equilibrium composition of the
gas phase can be efficiently trapped in the matrixes,59,60 thus
being easily studied by conventional (non-time-resolved) FTIR
spectroscopy. Because the spectral resolution under the matrix-
isolation experimental conditions is greatly enhanced when
compared with those attained in solution or crystalline phases,
subtle features of the spectral parameters could be examined in
detail and correlated with structural parameters, in particular,
with the flexible torsional coordinate. However, the spectral
bands observed under these conditions do not exhibit rotational
structure (as expected for spectra obtained in the gaseous phase).
Hence, the spectra of matrix-isolated species can be easily
correlated with pure vibrational spectra that were obtained from
theoretical calculations. Furthermore, both annealing and in situ
irradiation experiments can be undertaken in the matrixes,
enabling us to examine the effects of thermal relaxation in the
ground electronic state potential-energy surface (and the influ-
ence of the matrix media on this surface) or in the low-lying
excited states’ potential-energy surfaces, respectively, as will
be described in detail in this article.

Materials and Methods

Infrared Spectroscopy. Benzil was obtained from Aldrich
and further purified by sublimation, followed by recrystallization
from ethanol prior to spectra collection. The IR spectra were
obtained using a Mattson (Infinity 60AR Series) Fourier
transform infrared spectrometer equipped with a deuterated
triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter
with 0.5-cm-1 spectral resolution. Necessary modifications of

the sample compartment of the spectrometer were done to
accommodate the cryostat head and allow for the purging of
the instrument by a stream of pretreated dry air to remove water
vapor and CO2. A solid sample of benzil was placed in a
specially designed doubly thermostattable Knudsen cell.59 Both
the sample container and valve nozzle compartments of this
cell were kept at 353 K. Matrixes were prepared by codeposition
of benzil vapors coming out of the Knudsen cell together with
a large excess of the matrix gas (argon N60, obtained from Air
Liquide) onto the CsI substrate of the cryostat cooled to 9 K.
Care was taken to keep the guest-to-host ratio in matrixes low
enough to avoid association. All experiments were performed
using an APD Cryogenics close-cycle helium refrigeration
system with a DE-202A expander, and in all cases, the
deposition temperature was 9 K.

Irradiation of the matrixes was undertaken through the outer
KBr window of the cryostat (λ > 235 nm) with unfiltered light
from a 150-W xenon arc lamp (Osram XBO 150W/CR OFR).

Computational Methodology. The quantum chemical cal-
culations were performed with Gaussian 98 (revision A.9)61 at
the DFT level of theory using the 6-31G(d,p) and 6-311++G(d,p)
basis sets and the three-parameter density functional abbreviated
as B3LYP, which includes Becke’s gradient exchange correc-
tion62 and the Lee, Yang, Parr correlation functional.63

Geometrical parameters of the considered conformations were
optimized at each level of theory using the geometry direct
inversion of the invariant subspace (GDIIS) method.64 To assist
with the analysis of the experimental spectra, vibrational
frequencies and IR intensities were also calculated with the two
basis sets. The computed harmonic frequencies were scaled
down by a single factor (0.978) to correct them for the effects
of basis set limitations, the neglected part of electron correlation,
and anharmonicity effects. Potential-energy torsional profiles
were obtained with both the 6-31G(d,p) and 6-311++G(d,p)
basis sets. In these calculations, all geometrical parameters
except for the OdC-CdO torsional angle (fixed at a given
value, using increments of 30°) were optimized. The energy-
weighted average OdC-CdO dihedral angles and dipole
moments, at a given temperature, were estimated using a simple
classical model that takes into consideration all significantly
populated conformations differing in the OdC-CdO torsional
angle. The applied procedure follows the method previously
described by Go´mez-Zavaglia and Fausto.24 Normal coordinate
analysis was undertaken in the internal coordinates space, as
described by Schachtschneider,65 using the program BALGA
and the optimized geometries and harmonic force constants
resulting from the DFT(B3LYP)/6-311++G(d,p) calculations.
Effects of media were estimated by using the polarized
continuum model (PCM).66

Results and Discussion

Geometries and Energies.The potential-energy profile
for internal rotation around the C-C central bond in
benzil, calculated in the present study at the DFT(B3LYP)/
6-311++G(d,p) level of approximation, is shown in Figure 2.
In agreement with the accumulated information on the confor-
mational preferences of benzil in its ground electronic state,
the calculations predicted the existence of a doubly degenerated-
by-symmetry minimum ofC2 symmetry with nonplanar geom-
etry. At the applied level of theory, the OdC-CdO dihedral
angle in the minimum-energy conformations is predicted to be
equal to(116.6°.

The comparison between the calculated geometries and the
experimental structural parameters obtained for the molecule
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in the gaseous phase (electron-diffraction data23) is given in
Supporting Information, Table S1. The geometry previously
obtained for the solid compound by X-ray crystallography20,22,48

is also shown in this Table. Although a few calculated structural
parameters that were obtained with the two basis sets used in
this study differ somewhat, in general terms, both calculations
adequately reproduce the experimental geometries with those
obtained with the largest basis set [6-311++G(d,p)] showing
the best agreement with the experimental data. In particular,
the present calculations give additional theoretical support to
the observation that the C-C central bond is longer than the
two C-CR bonds. The lengths of these bonds calculated using
the 6-311++G(d,p) basis set are 154.4 and 148.7 pm, respec-
tively. These values agree very well with the corresponding
experimental bond lengths of 154.6 and 148.8 pm.23 The length
of the C-C central bond in benzil is typical of a nonconjugated
carbon-carbon bond, and it results from the balance between
the relatively weak π-electron delocalization within the
OdC-CdO moiety (which tends to shorten this bond length)
and the more importantσ-electron system repulsion due to the
interaction between the positively charged carbonyl carbon
atoms (which tends to increase the carbon-carbon distance).
A similar, although less pronounced, situation has been previ-
ously observed for diacetyl, where the equivalent bond lengths
were found to be 153.0 and 151.5 pm, respectively.24,67We note
that the 6-311++G(d,p) calculated value for the OdC-CdO
dihedral angle in benzil is practically equal to that obtained by
electron diffraction (116.9°23). It must, however, be pointed out

that the experimental geometry obtained by electron diffraction
is affected by vibrational contributions. Because theτC-C
torsional vibration corresponds to a large-amplitude vibration
(its calculated frequency is only 26 cm-1), it is not possible to
make conclusions, on the basis of only this result, about the
ability of the theoretical calculations to predict the equilibrium
value for the OdC-CdO dihedral angle.

The heights of two energy barriers to torsion around the
central C-C bond have been calculated at the DFT(B3LYP)/
6-311++G(d,p) level. The barrier that has its top at 180° was
predicted to be of moderate height, 16.4 kJ mol-1 (11.7 kJ mol-1

with the 6-31G(d,p) basis set), whereas the barrier that has its
top at 0° should, according to the calculations, be considerably
higher, 45.4 kJ mol-1 (48.2 kJ mol-1 with the 6-31G(d,p) basis
set). This result could be expected because for the 0° conforma-
tion the repulsions between the two phenyl groups, on one side
of the molecule, and between the oxygen lone electron pairs,
on the other side, should be significantly stronger in comparison
to the corresponding interactions in the 180° conformation.
Despite this, the potential energy increases faster when the
system changes from the minimum-energy conformation toward
the 180° conformation than when it changes toward the 0°
conformation (compare, for example, the energies corresponding
to the OdC-CdO values at 90 and 150°, Figure 2). Assuming
a model where the large-amplitude, low-frequency torsion
around the central C-C bond is treated classically and calculat-
ing the number of molecules of benzil with a given conformation
around the central C-C bond from the Boltzmann distribution,
the energy-weighted dihedral angle can be estimated from eq 1

whereR is the OdC-CdO dihedral angle (R ∈[-180°, 180°])
and N(R) is the fractional population of molecules with the
OdC-CdO dihedral equal toR, which is given by

Numerical integration of eq 1, using the relative energies
calculated at the DFT(B3LYP)/6-311++G(d,p) level of the-
ory (Figure 2), gives an estimate of the energy-averaged
OdC-CdO dihedral angle at room temperature (T ) 298 K)
of 116.1°, being slightly smaller than the equilibrium angle
(116.6°). For the temperature of the nozzle used in this study,
the calculations yield an energy-averaged dihedral angle of
115.9°, whereas for the temperature used in the electron-
diffraction experiment (448 K23), the calculated value is 115.5°,
which is still a fairly good estimate of the experimental value
(116.9°23).

A slight modification of eq 1 enables us to determine the
energy-weighted average deviations of the OdC-CdO dihedral
angle from equilibrium in both OdC-CdO increasing and
decreasing directions. (To do this, it is only necessary to change
the integration interval to the appropriated regions of positive
and negative deviations of the dihedral angle from the equilib-
rium, and renormalize the weighting function appropriately.)
The deviations (smaller dihedral/larger dihedral) change from
(12.7:12.2°) for room temperature to (13.6:12.8°) and (15.6:
13.8°) for T ) 353 and 448 K, respectively.

Figure 3 shows theN(R) function for T ) 9, 298, 353, and
448 K (superimposed with the potential-energy profile for
rotation around the C-C central bond). It is clear from this
Figure that although the average value of the OdC-CdO

Figure 2. DFT(B3LYP)/6-311++G(d,p)-calculated conformational
relative energies (-9-) and C10-C5-C1-C3 (C21-C16-C3-C1) dihedral
angles (-O-) as a function of the OdC-CdO dihedral angle.

|R| ) ∫-180°

180° |R|N(R) dR (1)

N(R) ) e-E(R)/RT

∫-180°

180°
e-E(R)/RT dR

(2)
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dihedral angle is not much affected by the temperature (due to
the nearly symmetrical shape of the potential around the
minima), for all but the lowest temperature considered, the
fraction of molecules existing in thermodynamic equilibrium
with a OdC-CdO dihedral angle significantly smaller or larger
than its equilibrium value is substantial. It can then be easily
anticipated that this fact shall manifest itself clearly in the
vibrational spectra of benzil. We shall return to this point further
below.

Figure 2 also shows the variation of the C10-C5-C1-C3 and
C21-C16-C3-C1 dihedral angles with the OdC-CdO torsion,
which expresses the deviation of the phenyl (φ) groups from
the planes defined by the carbonyl moieties. These angles were
found to be nearly 0° for conformations around the minima and
to deviate considerably from this value for conformations
approaching both the cis and trans configurations of the
OdC-CdO axis, a result that can be rationalized considering
a balance between theπ stabilization of planar OdC-φ

structures and the favoring of nonplanar geometries because of
steric strain in the molecule. It becomes clear from this picture
that the minimum-energy conformations correspond to a situ-
ation where the steric strain is minimal, enabling maximization
of the π-stabilization effect in the OdC-φ fragments. (This
occurs at expense of losingπ stabilization in the OdC-CdO
fragment.)

The influence of the large-amplitude, low-frequencyτC-C
torsional vibration on the dipole moment of benzil could also
be expected to be considerable because the dependence of the
dipole moment on the value of the OdC-CdO dihedral angle
is very large. The dipole moment is equal to zero in the planar
trans conformation and attains its maximum value for a value
of the OdC-CdO dihedral close to 0° (6.12 D; 6-311++G(d,p)
calculated value; Figure 4). However, the energy-weighted
calculated average dipole moment73 was not found to differ
in practical terms from the equilibrium value, 3.46 D
(6-311++G(d,p) value, which agrees very closely with the
experimentally reported value of the dipole moment of benzil
in cyclohexane solution, 3.48 D68), at all temperatures studied
(9, 298, 353, and 448 K).

Vibrational Spectra. The benzil molecule has 72 funda-
mental vibrations, spanning the representation 37A+ 35B, with
both A and B symmetry-type vibrations being active in the
infrared. The 54 internal phenyl vibrations correspond to in-

phase (A) and out-of-phase (B) motions involving the two
phenyl groups; eight vibrations (5A and 3B) are localized in
the bicarbonyl part of the molecule, forming three pairs of in-
phase/out-of-phase modes plus two extra A-type vibrations (the
C1-C3 stretching and torsional modes); the remaining five pairs
of in-phase/out-of-phase modes (5A and 5B) are associated with
vibrations involving the motion of the phenyl groups relative
to the bicarbonyl moiety. The full definition of symmetry
coordinates that were adopted in the vibrational analysis is
provided in Table S2 (Supporting Information). The DFT-
calculated [6-311++G(d,p)] spectrum and potential-energy
distribution resulting from normal-mode analysis for the mini-
mum-energyC2 symmetry conformation are presented in Table
S3 (Supporting Information).

The spectrum of benzil isolated in argon (substrate temper-
ature, 9 K; nozzle temperature, 353 K) is presented in Figure
5, together with the calculated spectrum. The general assignment
of the fundamental bands is straightforward and strongly
facilitated by the excellent agreement between the observed and

Figure 3. DFT(B3LYP)/6-311++G(d,p)-calculated potential-energy
profile for internal rotation around the central C-C bond of benzil
()) and energy-weighted fractional conformational populations (esti-
mated accordingly to the Boltzmann distribution) forT ) 9 (‚‚‚), 298
(- - -), 353 (s), and 448 (-‚-‚-) K.

Figure 4. DFT(B3LYP)/6-311G(d,p)-calculated dipole moment of
benzil as a function of the OdC-CdO dihedral angle.

Figure 5. Infrared spectrum of benzil in an argon matrix (substrate
temperature) 9 K; nozzle temperature) 353 K) and DFT(B3LYP)/
6-311++G(d,p)-calculated spectrum for the minimum-energy confor-
mation. Calculated spectrum was simulated using Lorentzian functions
centered on the calculated (scaled) frequency with the bandwidth at
half-height equal to 5 cm-1.
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calculated spectra regarding both frequencies and intensities.
The assignments are presented in Table 1.

A noticeable feature of the infrared spectrum of matrix-
isolated benzil is the multiplet structure and relative broadness

of most of its bands. These characteristics are mainly a
consequence of the conformational flexibility around the C-C
central bond. As previously mentioned, the calculated frequency
for the large-amplitudeτC-C torsional vibration is as low as

TABLE 1: Experimental and Calculated Vibrational Data, and Results of Normal Coordinate Analysis for Benzila

a Wavenumbers in cm-1, calculated intensities in km mol-1, ν, bond stretching,δ, bending,γ, rocking,ω, wagging,τ, torsion, n.i., not investigated.
See Table S2 (Supporting Information) for definition of symmetry coordinates. Only approximated bands assigned to fundamental bands are presented
in the table.b Scaled (0.978).c Only PED values greater than 10% are given.d Experimental intensities are presented in qualitative terms: S)
strong; m) medium; w) weak; sh) shoulder; in some cases a single qualitative description is given for a group of overlapping bands assigned
to the same vibration(s).e ν(CdO) vibrations are with all probability involved in Fermi resonance interactions with 2ν(CsC ring 1), 2γ(C-H 2)
and the combination tones involving these two modes.f ν(C-CR) is involved in Fermi resonance interaction with the overtones and combination
tones associated with the bands whose fundamentals occur in the 620-760 cm-1 range.g Fermi resonance doublet.
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26 cm-1 (even lower than that in diacetyl, which is 32 cm-1 24),
and in the gas phase at the nozzle temperature (353 K), the
fraction of molecules existing in thermodynamic equilibrium
with a OdC-CdO dihedral angle that is significantly smaller
or larger than its equilibrium value is substantial (Figure 3).
The as-deposited matrix approximately retains the conforma-
tional distribution of the gas phase prior to deposition, and the
observed spectrum shall then be a sum of contributions from
all conformations that are significantly populated under those
conditions. Figure 6 shows the dependence of the calculated
infrared spectra of benzil on the OdC-CdO dihedral angle.74

The spectral parameters (specially those associated with modes
related to the OdC-CdO fragment) vary significantly with
the conformation. Taking into consideration the fractional
population curve forT ) 353 K that is shown in Figure 3, it
can be expected that conformations with a OdC-C-O dihedral
angle ranging from ca. 90 to 150° contribute to the observed
spectra in a significant manner. Then, to analyze the experi-
mental data further, the calculated spectra for conformations
with OdC-CdO dihedral angles of 90 and 150° will be
considered to be reference spectra of molecules that have
conformations closer to the cis and trans OdC-CdO arrange-
ment than the minimum-energy conformation.

For a matrix-isolated molecule, the annealing of the matrix
leads to conformational relaxation toward the most stable
structure under these experimental conditions. As seen in Figure
3, the distribution of populations becomes very narrow at a

temperature typical of a matrix. For benzil, it could be expected
that annealing led to a decrease in the number of molecules
with OdC-CdO dihedral angles both larger and smaller than
the equilibrium angle, and as a result, the spectra should become
narrower and show less-structured bands. Because the potential-
energy profile predicted for a gas-phase molecule is slightly
asymmetrical, growing faster near the minimum for larger
angles, the total fractional population atT ) 353 K slightly
favors the molecules with OdC-CdO angles smaller than the
minimum-energy conformation. Indeed, as previously shown,
the energy-weighted average dihedral angle slightly decreases
upon increasing the temperature of the gas, within the temper-
ature limits considered in this study. Hence, we would expect
that the annealing of the matrix would also reflect this fact and
that when compared with the spectrum of the as-deposited
matrix the spectrum of the annealed matrix gained similarity to
the reference spectra of larger dihedral angle species (i.e., the
depletion of the slightly more numerous molecules trapped in
the matrix with smaller OdC-CdO dihedral angles than the
equilibrium angle should be more pronounced than that of the
molecules trapped with larger OdC-CdO dihedral angles).
However, the experimental results do not follow the expectations
extracted on the basis of a strict extrapolation of the gas-phase

Figure 6. Calculated IR spectra as a function of the OdC-CdO
dihedral angle. Calculated spectra were simulated using Lorentzian
functions centered at the calculated (scaled) frequency with the
bandwidth at half-height equal to 5 cm-1.

Figure 7. Selected spectral regions of the infrared spectra of benzil in
an argon matrix showing the results of annealing experiments [___, as
deposited (substrate temperature: 9 K); - - -, annealed at 26 K;‚‚‚,
annealed at 34 K] and calculated spectra for different values of the
OdC-CdO dihedral (‚‚‚, 90°; - - -, minimum-energy conformation;
___, 150°). Color versions of these pictures are also provided, together
with analogous representations of other spectral regions, as Supporting
Information, Figure S1. Calculated spectra were simulated using
Lorentzian functions centered on the calculated (scaled) frequency with
the bandwidth at half-height equal to 5 cm-1.
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torsional potential-energy profile for the matrix-isolated situa-
tion. In fact, the spectrum of the annealed matrix becomes more
similar to the spectrum calculated for the species with smaller
OdC-CdO angles (Figure 775), thus indicating a decrease in
the average dihedral angle. This result clearly reveals that the
torsional potential changes in the matrix as a result of interac-
tions with the matrix media, favoring more polar conformations
with smaller OdC-CdO dihedral angles. The stabilization of
more polar structures in matrixes, when compared with the gas
phase, is a common phenomenon previously reported for various
molecules with appreciable conformational flexibility.69-71 This
interpretation is also reinforced by PCM calculations, which
predict that the OdC-CdO dihedral angle in the minimum-
energy conformation of benzil in argon is ca. 80°, in agreement
with results of previously reported semiempirical calculations.6,30

In a different experiment, irradiation of the matrix-isolated
benzil was performed (λ > 235 nm). The results are summarized
in Figure 8. (Data for other spectral regions are provided in
Supporting Information, Figure S2.) As easily noticed, because
irradiation leads to an increase in the average OdC-CdO
dihedral angle, the spectra become more similar to the reference
spectra that were calculated for conformations with larger
OdC-CdO dihedral angles. Indeed, irradiation tends to push
the molecule to a geometry closer to that of the lowest-energy

conformation in the low-lying S1 and T1 electronic excited states.
(As mentioned before, both are trans structures around the
OdC-CdO axis.6-17) In agreement with the available data,9

the benzil molecules should be preferentially photoexcited to
the S1 state and relax in this state toward its most stable trans
planar geometry. For gaseous benzil molecules, the relaxation
on the S1 potential-energy surface should be barrierless.6

However, in a matrix, it is inevitably hindered to some extent
because of the steric constraints imposed by the solid environ-
ment. Intersystem crossing to the T1 state and further confor-
mational relaxation can eventually take place9 before the
transition back to the So state. The global result of this chain of
processes is the spectroscopically probed change in the average
OdC-CdO angle toward a larger value.

Conclusions

The low-temperature matrix-isolation FTIR spectroscopy
study of benzil presented here, supported by extensive DFT
calculations, enabled us to conclude that the low-frequency (ca.
26 cm-1), large-amplitude torsion around the C-C central bond
strongly affects the structural and spectroscopic properties
exhibited by the compound. Besides the general assignment of
the infrared spectrum of the matrix-isolated compound, it was
shown that the equilibrium conformational distribution of
molecules with different OdC-CdO dihedral angles existing
in the gas phase and trapped in a low-temperature inert matrix
can be changed toward a population where the average value
of the OdC-CdO dihedral angle increases by irradiation with
UV light (λ > 235 nm) or decreases by annealing the matrix to
higher temperatures (T ≈ 34 K). The effect of the annealing
on the conformational populations can be explained by consid-
ering that more-polar conformations (corresponding to smaller
OdC-CdO dihedral angles) are stabilized in the matrix
compared with those in the gaseous phase as a consequence of
the change in the So C-C torsional potential resulting from
interactions with the matrix media. The effect of the UV
irradiation can be explained in terms of conformational relax-
ation in the excited electronic states (S1 and T1), whose lowest-
energy conformations correspond, in both cases, to a nearly
planar configuration with the OdC-CdO dihedral angle equal
to 180°.
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