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The infrared spectrum and conformational flexibility of benzilgfigCO),, are studied by matrix-isolation
FTIR spectroscopy, supported by DFT calculations. It is shown that the low-frequency (ca: 95 lange-
amplitude torsion around the-€C central bond strongly affects the structural and spectroscopic properties
exhibited by the compound. The equilibrium conformational distribution of molecules with different
O=C—C=0 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(235 nm) or by annealing

the matrix to higher temperatures & 34 K). In the first case, the increase of the averaged>-C=0 angle
results from conformational relaxation in the excited electronic statearf® T,), whose lowest-energy
conformations correspond, for both &d T, states, to a nearly planar configuration with theeO-C=0
dihedral angle equal to 180n the second case, the decrease of the average value oftie-O=O0 dihedral
angle is a consequence of the change in th€-SC torsional potential, resulting from interactions with the
matrix media, which favors the stability of the more polar structures with sma#eZ-0C=0 dihedral angles.

Introduction
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a-Dicarbonyl compounds have been the subject of extensive = -j 0
research because of their important practical applicafiohs. J B .
Among them, diaromatica-dicarbonyls, such as benzil lz = "o
[(CeHsCO)],”2 which was synthesized for the first time by — &
Laurent in 183, are important for their photorotamerisimt® D
Benzil is also a known intermediate for organic synthesis and
is currently used as a UV hardening agent and a pesti€itie.
has also received considerable interest because of its unusudfigure 1. Minimum-energy conformation of benzilC; symmetry;
optical and structural properties in the solid pha$€8§.22 O=C—C=0 dihedral angle: 1167 with atom numbering.

The gaseous phase of benzil was studied by electron
diffraction at 448 K23 That study concluded on the existence
of a single, doubly degenerated-by-symmetry conformer in the
gas phase, where the=€€—C=O0 torsion angle is cat117

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
and the phenyl rings are nearly coplanar with the carbonyl oxygens and/or the substituents at the carbonyl carbon atom,
groups (Figure 1) favor nonplanar structures. These effects have been found to
) C i be strongly dependent on the electronic state: in benzil, for
As in (gétlr_w;r a-dicarbonyl  compounds  (e.g., diacetyl, gyample contrary to what succeeds in the ground electronic
(CH,CO)),*" the movement along theC—C torsional  giate ($), the most stable conformation of the<@—C=0 axis
coordinate in benzil corresponds to a low-frequency, large- i, poth the T and S excited states corresponds to a nearly
amplitude vibration, which can be expected to be of particular planar trans configuratiofr.1?
importance in determining the conformational, structural, and ™ pyeyioys theoretical studies of benzil confirmed the flexibility
vibrational propertlles of the molecule. The average value for ¢ iha molecule with respect to th€—C torsional coordinate.
the G=C—C=O0 dihedral angle can then be expected to be £q the g state, calculations undertaken at different levels of
strongly determined by temperature and phase and be extremel){heor)ﬁ,zs—zl agree on the existence in the potential-energy
sensitive to the chemical environment. surface of two symmetrically related, nonplanar minima with
Itis consensually accepted that the conformational preferencesc, symmetry, thus confirming the electron diffraction results
of a-dicarbonyl compounds in the gaseous phase result mainly of Shen and Hage?. Also in consonance with experimental
data extracted from vibrational spectra and dipolar measure-

» Corresponding author. E-mail: rfausto@ci.uc.pt. ments3%-32 the average equilibrium value of the€(C—C=0

. Bg:xg:::gyagfd?&g%s . torsional angle was predicted to depend on the polarity of the
s Polish Academy of Sciences. media?®3* the dihedral angle becoming smaller when the
' Jadavpur University. polarity of the solvent increases (i.e., conformations with larger
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dipole moments become stabilized in more polar chemical the sample compartment of the spectrometer were done to
environments). accommodate the cryostat head and allow for the purging of

Theoretical studies on the excited states of benzil are very the instrument by a stream of pretreated dry air to remove water
scarce. To the best of our knowledge, no ab initio or DFT studies vapor and C@ A solid sample of benzil was placed in a
dealing with this subject have been reported hitherto. A specially designed doubly thermostattable KnudserPg8lbth
semiempirical (AM1; CNDO/S-CI) study of theg&nd Ty low- the sample container and valve nozzle compartments of this
lying excited states’ potential-energy surfaces of bérmie- cell were kept at 353 K. Matrixes were prepared by codeposition
dicted that both states should have a trans planar globalof benzil vapors coming out of the Knudsen cell together with
minimum. These results are consistent with previously reported a large excess of the matrix gas (argon N60, obtained from Air
experimental dafel® 17 and have been confirmed since then Liquide) onto the Csl substrate of the cryostat cooled to 9 K.
by subsequent and more sophisticated experimental stttlies. Care was taken to keep the guest-to-host ratio in matrixes low
Nanosecond time-resolved infrared spectroscopy and picosecongnough to avoid association. All experiments were performed
time-resolved Raman spectroscopic investigations of benzil in using an APD Cryogenics close-cycle helium refrigeration
carbon tetrachloride and cyclohexane solutiolead to the system with a DE-202A expander, and in all cases, the
conclusion that after photoexcitation the Sate shows an deposition temperature was 9 K.
ultrafast conformational change to the trans planar geometry, Irradiation of the matrixes was undertaken through the outer
accompanied by the shortening of the=O bond lengths and ~ KBr window of the cryostat{ > 235 nm) with unfiltered light
the stretching of the €C central bond. Intersystem crossing from a 150-W xenon arc lamp (Osram XBO 150W/CR OFR).
to the T, state can then take place on a time scale of a few Computational Methodology. The quantum chemical cal-
nanoseconds. The ;Tstate directly recovers back to the culations were performed with Gaussian 98 (revision &.8)
nonplanar § state® the DFT level of theory using the 6-31G(d,p) and 6-8%1G(d,p)

The vibrational spectra of benzil in the condensed phasesbasis sets and the three-parameter density functional abbreviated
(such as neat solid, molten phases, and solutions) wereas B3LYP, which includes Becke’s gradient exchange correc-
extensively studied in the past by a variety of different methods, tion®? and the Lee, Yang, Parr correlation functioffal.
including FTIR, Raman, circular dichroism, and Brillouin Geometrical parameters of the considered conformations were
spectroscopie¥: 4’ The great interest for the studies performed optimized at each level of theory using the geometry direct
on the solid state have been motivated by the fact that benzilinversion of the invariant subspace (GDIIS) metlfib@o assist
exhibits polymorphism, with the low-temperature phase (existing with the analysis of the experimental spectra, vibrational
below ca. 83 K) presenting particularly interesting structural, frequencies and IR intensities were also calculated with the two
electrical, and mechanical propertf@$&58 However, to the basis sets. The computed harmonic frequencies were scaled
best of our knowledge, no vibrational spectroscopic studies havedown by a single factor (0.978) to correct them for the effects
been performed on gaseous benzil or for the compound isolatedof basis set limitations, the neglected part of electron correlation,
in a low-temperature inert matrix. and anharmonicity effects. Potential-energy torsional profiles

The advantages of applying the matrix-isolation technique were obtained with both the 6-31G(d,p) and 6-3#G(d,p)
to the study of the conformational flexibility of benzil rely on  basis sets. In these calculations, all geometrical parameters
the fact that the conformational equilibrium composition of the except for the =C—C=0 torsional angle (fixed at a given
gas phase can be efficiently trapped in the matr’R&8thus value, using increments of 30were optimized. The energy-
being easily studied by conventional (non-time-resolved) FTIR weighted average ©C—C=0 dihedral angles and dipole
spectroscopy. Because the spectral resolution under the matrixinoments, at a given temperature, were estimated using a simple
isolation experimental conditions is greatly enhanced when classical model that takes into consideration all significantly
compared with those attained in solution or crystalline phases, populated conformations differing in the€C—C=0 torsional
subtle features of the spectral parameters could be examined irangle. The applied procedure follows the method previously
detail and correlated with structural parameters, in particular, described by Gmez-Zavaglia and FaustéNormal coordinate
with the flexible torsional coordinate. However, the spectral analysis was undertaken in the internal coordinates space, as
bands observed under these conditions do not exhibit rotationaldescribed by Schachtschneidensing the program BALGA
structure (as expected for spectra obtained in the gaseous phasednd the optimized geometries and harmonic force constants
Hence, the spectra of matrix-isolated species can be easilyresulting from the DFT(B3LYP)/6-31t+G(d,p) calculations.
correlated with pure vibrational spectra that were obtained from Effects of media were estimated by using the polarized
theoretical calculations. Furthermore, both annealing and in situ continuum model (PCM5¢
irradiation experiments can be undertaken in the matrixes,
enabling us to examine the effects of thermal relaxation in the Results and Discussion
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.

Geometries and Energies.The potential-energy profile
for internal rotation around the -€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,
Infrared Spectroscopy. Benzil was obtained from Aldrich  the calculations predicted the existence of a doubly degenerated-
and further purified by sublimation, followed by recrystallization by-symmetry minimum o2, symmetry with nonplanar geom-
from ethanol prior to spectra collection. The IR spectra were etry. At the applied level of theory, the=@C—C=0O dihedral
obtained using a Mattson (Infinity 60AR Series) Fourier angle in the minimum-energy conformations is predicted to be
transform infrared spectrometer equipped with a deuteratedequal to+116.6.
triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter ~ The comparison between the calculated geometries and the
with 0.5-cnm? spectral resolution. Necessary modifications of experimental structural parameters obtained for the molecule

Materials and Methods
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Figure 2. DFT(B3LYP)/6-31H+G(d,p)-calculated conformational
relative energies @-) and Go—Cs—C1—C; (Co1—Cis—C3—C;) dihedral
angles (©-) as a function of the &C—C=0 dihedral angle.

in the gaseous phase (electron-diffraction #tes given in
Supporting Information, Table S1. The geometry previously
obtained for the solid compound by X-ray crystallogragdify:8

is also shown in this Table. Although a few calculated structural

Lopes et al.

that the experimental geometry obtained by electron diffraction
is affected by vibrational contributions. Because tte—C
torsional vibration corresponds to a large-amplitude vibration
(its calculated frequency is only 26 cA), 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 G=C—C=0 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 18@as
predicted to be of moderate height, 16.4 kJ Th¢11.7 kJ mot?
with the 6-31G(d,p) basis set), whereas the barrier that has its
top at @ should, according to the calculations, be considerably
higher, 45.4 kJ mott (48.2 kJ mot?! with the 6-31G(d,p) basis
set). This result could be expected because for trewaforma-
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 18fbnformation.
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 tife 0
conformation (compare, for example, the energies corresponding
to the G=C—C=0 values at 90 and 180Figure 2). Assuming
a model where the large-amplitude, low-frequency torsion
around the central €C bond is treated classically and calculat-
ing the number of molecules of benzil with a given conformation
around the central €C bond from the Boltzmann distribution,
the energy-weighted dihedral angle can be estimated from eq 1

180

o= 150

o N(e) dot @)
wherea is the G=C—C=0 dihedral angleq €[—18(, 18(])
and N(a) is the fractional population of molecules with the
O=C—C=0 dihedral equal ta, which is given by

e—E(a)/RT

180°

—180

N(o) = 2)

e E@RT 4o

Numerical integration of eq 1, using the relative energies

parameters that were obtained with the two basis sets used incalculated at the DFT(B3LYP)/6-3%1G(d,p) level of the-
this study differ somewhat, in general terms, both calculations ory (Figure 2), gives an estimate of the energy-averaged
adequately reproduce the experimental geometries with thoseO=C—C=0 dihedral angle at room temperatufie= 298 K)

obtained with the largest basis set [6-3t1G(d,p)] showing

of 116.7°, being slightly smaller than the equilibrium angle

the best agreement with the experimental data. In particular, (116.6). For the temperature of the nozzle used in this study,
the present calculations give additional theoretical support to the calculations yield an energy-averaged dihedral angle of

the observation that the-&C central bond is longer than the

115.9, whereas for the temperature used in the electron-

two C—C, bonds. The lengths of these bonds calculated using diffraction experiment (448 ¥), the calculated value is 1158,5

the 6-31H-+G(d,p) basis set are 154.4 and 148.7 pm, respec-

which is still a fairly good estimate of the experimental value

tively. These values agree very well with the corresponding (116.923).

experimental bond lengths of 154.6 and 148.8%ifhe length
of the G-C central bond in benzil is typical of a nonconjugated

A slight modification of eq 1 enables us to determine the
energy-weighted average deviations of the@-C=0 dihedral

carbon-carbon bond, and it results from the balance between angle from equilibrium in both &C—C=0 increasing and

the relatively weak -electron delocalization within the

decreasing directions. (To do this, it is only necessary to change

O=C—C=0 moiety (which tends to shorten this bond length) the integration interval to the appropriated regions of positive
and the more important-electron system repulsion due to the and negative deviations of the dihedral angle from the equilib-
interaction between the positively charged carbonyl carbon rium, and renormalize the weighting function appropriately.)

atoms (which tends to increase the carboarbon distance).

A similar, although less pronounced, situation has been previ-

The deviations (smaller dihedral/larger dihedral) change from
(12.7:12.2) for room temperature to (13.6:12)8and (15.6:

ously observed for diacetyl, where the equivalent bond lengths 13.8) for T = 353 and 448 K, respectively.

were found to be 153.0 and 151.5 pm, respectivéfjWe note
that the 6-311++G(d,p) calculated value for the=€C—C=0
dihedral angle in benzil is practically equal to that obtained by
electron diffraction (116.99). It must, however, be pointed out

Figure 3 shows th&l(a) function forT = 9, 298, 353, and
448 K (superimposed with the potential-energy profile for
rotation around the €C central bond). It is clear from this
Figure that although the average value of thee@-C=0
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Figure 3. DFT(B3LYP)/6-31H+G(d,p)-calculated potential-energy 0 30 60 90 120 150180 -150 -120 -90 -60 -30 0O
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(—) and energy-weighted fractional conformational populations (esti- _. )
mated accordingly to the Boltzmann distribution) o= 9 (-++), 298 Figure 4. DFT(B3LYP)/6-311G(d,p)-calculated dipole moment of
(---), 353 (), and 448 (--) K. benzil as a function of the ©C—C=0 dihedral angle.

1.0 4

dihedral angle is not much affected by the temperature (due to Ar matrix (T= 8 K)
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

0.6+

Absorbance

with a O=C—C=0 dihedral angle significantly smaller or larger 047

than its equilibrium value is substantial. It can then be easily , | NN—\/L
anticipated that this fact shall manifest itself clearly in the

vibrational spectra of benzil. We shall return to this point further ~ °© = f“/ ; %JM” , x ; -
bel OW 32003100 1600 1400 1200 1000 800 600 400

Figure 2 also shows the variation of thgg€Cs—C1—Cs and
Co1—Cy6—C3—C; dihedral angles with the ©C—C=0 torsion,

which expresses the deviation of the pherg) ¢roups from

the planes defined by the carbonyl moieties. These angles were:

found to be nearly Ofor conformations around the minima and

to deviate considerably from this value for conformations
approaching both the cis and trans configurations of the L

O=C—C=0 axis, a result that can be rationalized considering ; ; ; ; ; ; ; )

.y . 32003100 1600 1400 1200 1000 800 600 400
a balance between thg stabilization of planar_ &C—9¢ Wavenumber / om”
structures and the favoring of nonplanar geometries because Ofjgyre 5. Infrared spectrum of benzil in an argon matrix (substrate
steric strain in the molecule. It becomes clear from this picture temperature= 9 K; nozzle temperature: 353 K) and DFT(B3LYP)/
that the minimum-energy conformations correspond to a situ- 6-3114++G(d,p)-calculated spectrum for the minimum-energy confor-
ation where the steric strain is minimal, enabling maximization mation. Calculated spectrum was simulated using Lorentzian functions
of the z-stabilization effect in the &C—¢ fragments. (This centered on the calculated (scaled) frequency with the bandwidth at

occurs at expense of losingstabilization in the &C—C=0 half-height equal to 5 crt.

fragment.) _ phase (A) and out-of-phase (B) motions involving the two

The influence of the large-amplitude, low-frequenesy—-C phenyl groups; eight vibrations (5A and 3B) are localized in
torsional vibration on the d|p0|e moment of benzil could also the bicarbony| part of the mo|ecu|e’ forming three pairs of in-
be expected to be considerable because the dependence of thgnase/out-of-phase modes plus two extra A-type vibrations (the
dipole moment on the value of the<®@—C=0 dihedral angle ¢, —C; stretching and torsional modes); the remaining five pairs
is very large. The dipole moment is equal to zero in the planar of in-phase/out-of-phase modes (5A and 5B) are associated with
trans conformation and attains its maximum value for a value yjprations involving the motion of the phenyl groups relative
of the G=C—C=0 dihedral close to0(6.12 D; 6-31#+G(d,p) to the bicarbonyl moiety. The full definition of symmetry
calculated value; Figure 4). However, the energy-weighted coordinates that were adopted in the vibrational analysis is
calculated average dipole momé&ntvas not found to differ provided in Table S2 (Supporting Information). The DFT-
in practical terms from the equilibrium value, 3.46 D calculated [6-313+G(d,p)] spectrum and potential-energy
(6-31L++G(d,p) value, which agrees very closely with the (distribution resulting from normal-mode analysis for the mini-
experimentally reported value of the dipole moment of benzil mum-energyC, symmetry conformation are presented in Table
in cyclohexane solution, 3.48%6), at all temperatures studied g3 (Supporting Information).

Calculated B3LYP/6-311++G(d,p)

Relative intensities

(9, 298, 353, and 448 K). The spectrum of benzil isolated in argon (substrate temper-
Vibrational Spectra. The benzil molecule has 72 funda- ature, 9 K; nozzle temperature, 353 K) is presented in Figure
mental vibrations, spanning the representation 3735B, with 5, together with the calculated spectrum. The general assignment

both A and B symmetry-type vibrations being active in the of the fundamental bands is straightforward and strongly
infrared. The 54 internal phenyl vibrations correspond to in- facilitated by the excellent agreement between the observed and
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TABLE 1: Experimental and Calculated Vibrational Data, and Results of Normal Coordinate Analysis for Benzik

Approximate Calculated Experimental PED®
Description wave- Intensity  Ar Matrix

number wavenumber Intensity?
V(C-H1)s A 3135 2.3 3110 w S15(45), S20(32), S22(10), S24(10)
V(C-H1) as B 3135 4.1 } S19(45), 821(32), Sx3(10), S25(10)
V(C-H2)s A 3128 0.1 3095 w S15(39), S20(46), S24(12)
V(C-H2) as B 3128 17.8 S15(38), $21(46), S,5(11)
V(C-H3)s A 3118 42 ],3080/3074 wiw S15(16), $22(62), S2¢(20)
V(C-H 3) as B 3118 225 S15(16), $23(62), $5,(20)
V(C-H4)s A 3109 1.3 }3069/3062 wiw $20(20), S24(78)
V(C-H 4) as B 3109 16.9 $21(20), S»5(78)
V(C-H5)s A 3097 0.3 }3046/3037 wiw $22(23), S2(76)
V(C-H 5) as B 3097 0.4 $23(23), 8x(76)
v(C=0)s A 1689 129.7 1702,1700 /1697/1694/1692/ S S:(87)
v(C=0) as B 1689 300.7 16891686/1684/1680/1671 ¢ $5(93)
v(C-Cring2)as B 1600 69.2 ], 1601 m So(65), S35(10), Sss(21)
v(C-Cring2)s A 1600 20.8 S5(65), S34(10), Ss7(21)
v(C-Cring4)s A 1582 5.6 } 1586 w $12(66), Sss5(17)
v(C-Cring4)as B 1581 20.3 S13(66), Ss(17)
§C-H?2)as B 1487 0.9 1494 w S15(32), S54(64)
HC-H2)s A 1487 0.7 S14(32), S53(62)
§C-H3)s A 1446 0.3 }1457/1452/1446 sh/m/w  S4(36), Ss1(18), Ss5(29)
HC-H3)as B 1445 342 517(36), S52(19), Ss56(29), S¢o(10)
§(C-H3)as B 1327 8.4 }1343/1 331 wiw S11(20), S17(11), S52(55)
§C-H3)s A 1327 0.0 S10(17), S16(10), S51(59)
v(C-Cring3)s A 1313 11.6 1326/1324/1320 shiwiw  $10(62), Ss1(18)
v(C-Cring3)as B 1308 10.0 1311/1307 wiw $11(67), S52(24)
V(C-Cy) s A 1279 259 1299/1296/1293/1290/1282 m S1(16), S4(36), S4(10)

1279/1266/1254/1245/1239 £

V(C-Cy) as B 1198 180.4 1218/1214/1213/1211/1208 S S5(33), $7(12), So(11), S3y(11), Ss5(15)
HC-H4)s A 1179 1.4 1183 w Ss(24), S5:(73)
§(C-H4) as B 1170 1525 1177/1173/1170 S So(13), Sss(53)
8(C-H5)s A 1159 0.5 1164 w S10(12), Ss5(13), Sso(65)
SC-HS)as B 1158 215 1160 m S11(11), Ss(13), Seo(57)
v(C-Cring6)s A 1083 0.8 } 1099/1073 ¢ w S16(49), Ss55(31), Sso(10)
v(C-Cring6)as B 1083 8.3 S17(52), Ss6(32), Sso(10)
v(C-Cring5)s A 1041 0.8 1042 w S1(14), 8,14(40), Ss53(20)
v(C-Cring S)as B 1024 5.8 1029 w S$9(15), S15(53), Ss4(23)
dring 1)'s A 1017 0.8 1025/1021 wiw S¢(26), $14(20), S30(33)
§(ring 1) as B 994 4.1 1002 w $7(42), $3,(57)
v(C-Cringl)s A 994 0.1 S6(52), S30(46)
YC-H5) as B 988 0.0 }989/985 w S$37(25), S70(60)
YC-HS5)s A 988 0.0 S36(25), Ses(61)
Y(C-H 4) as B 976 0.4 }976/972 w Sa1(22), Sex(62)
YC-H4)s A 976 0.4 S40(23), S¢1(64)
YC-H3)as B 938 18 938/936 wiw S30(11), Ses(65)
YC-H3)s A 934 1.3 933 w S3s(11), Se5(72)
V(C-Cring I)as B 865 90.0 886/877/872/867/364 m $1(12), $20(23), S43(18)
YC-H2)s A 842 0.4 }846/837 w Se3(99)
YC-H2)as B 842 0.7 S64(99)
Y(C=0) as B 799 48.4 810/808/805/797 w Sa(11), S50(23), Sas(14), Sex(13)
YC=0)s A 782 155 785/783/780/777 w S25(17), Sas(21), Se1(33)
YC-H1)as B 716 38.6 724/720 m/m S20(21), S(60)
v(C-C) A 713 393 716/713 m S1(11), S34(21), S61(22)
YC-H1)s A 689 50.2 693/689/688 m/sh/m  Sy5(14), S$34(29), S4x(10), S1(27)
(ring 1) s A 681 17.0 }685/684 sh/m S36(52), Ses(24)
(ring 1) as B 681 114 S37(52), Sea(15), S70(23)
§C=0) as B 643 1075 646/645/642 S S35(39), S43(12), Sas(24)
dring 2) s A 616 0.0 }616 w S33(88)
d(ring 2) as B 616 1.4 S33(88)
Yring) s A 475 6.4 471 w S34(12), S35(13), S4s(28)
Y(ring) as B 451 3.7 Ss(11), S35(18), S39(17), Sus(24)
d(ring 3) as B 422 0.4 S5(16), S35(20), S39(21), S4(18)
&(ring 3) s A 413 0.0 n.i. Sa(11), S34(13), S55(19), Sas(12)
(ring 3) as B 401 0.0 S41(72), Ses(26)
(ring 3) s A 399 0.0 S40(66), S1(24)
HCCCy) s A 328 3.7 $1(23),5:5(14),535(10),842(32),844(15)
w(ring) as B 271 325 S43(41), S4(42)
a(ring) s A 260 0.1 S1(16), S4(13), S4e(45)
§C=0)s A 154 0.2 S35(13), S44(32), Sus(23)
(ring 2) as B 154 0.0 ni. S30(36), S45(10), S47(10), S49(20)
1(ring 2) s A 145 24 S25(18), S35(23), S45(19), Sse(17)
§(CCC,) as B 125 1.4 S73(12), S45(27), S41(13), 872(20)
(C-Cy) as B 39 0.7 $72(78)
(C-Cy) s A 36 0.0 $1(92)
(C-C) A 26 24 S50(79)

aWavenumbers in cmi, calculated intensities in km mid|, v, bond stretching), bending;y, rocking,w, wagging,z, 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 Scaled (0.978)¢ Only PED values greater than 10% are givéBxperimental 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}.»(C=0) vibrations are with all probability involved in Fermi resonance interactions wi{€-2C ring 1), 2/(C—H 2)
and the combination tones involving these two modie§C—C,) is involved in Fermi resonance interaction with the overtones and combination
tones associated with the bands whose fundamentals occur in th&6@&nT* range.? Fermi resonance doublet.

calculated spectra regarding both frequencies and intensitiesof most of its bands. These characteristics are mainly a
The assignments are presented in Table 1. consequence of the conformational flexibility around the@

A noticeable feature of the infrared spectrum of matrix- central bond. As previously mentioned, the calculated frequency
isolated benzil is the multiplet structure and relative broadness for the large-amplitudeC—C torsional vibration is as low as
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Figure 7. Selected spectral regions of the infrared spectra of benzil in

Wavenumber / cm’ tix <howing th its of i .
. : _ an argon matrix showing the results of annealing experimentsal
Figure 6. Calculated IR spectra as a function of the=O—C=0 deposited (substrate temperature: 9 K); - - -, annealed at 26-K:

dihedral angle. Calculated spectra were simulated using Lorentzian annealed at 34 K] and calculated spectra for different values of the
functions centered at the calculated (scaled) frequency with the o~~~ 5 Ginadral -+, 9CF; - - -, minimum-energy conformation:

bandwidth at half-height equal to 5 cin —, 150). Color versions of these pictures are also provided, together
o o with analogous representations of other spectral regions, as Supporting
26 cn* (even lower than that in diacetyl, which is 32 th#), Information, Figure S1. Calculated spectra were simulated using
and in the gas phase at the nozzle temperature (353 K), theLorentzian functions centered on the calculated (scaled) frequency with
fraction of molecules existing in thermodynamic equilibrium the bandwidth at half-height equal to 5 th
with a O=C—C=0 dihedral angle that is significantly smaller
or larger than its equilibrium value is substantial (Figure 3). temperature typical of a matrix. For benzil, it could be expected
The as-deposited matrix approximately retains the conforma- that annealing led to a decrease in the number of molecules
tional distribution of the gas phase prior to deposition, and the with O=C—C=0 dihedral angles both larger and smaller than
observed spectrum shall then be a sum of contributions from the equilibrium angle, and as a result, the spectra should become
all conformations that are significantly populated under those narrower and show less-structured bands. Because the potential-
conditions. Figure 6 shows the dependence of the calculatedenergy profile predicted for a gas-phase molecule is slightly
infrared spectra of benzil on the=<€C—C=0 dihedral anglé# asymmetrical, growing faster near the minimum for larger
The spectral parameters (specially those associated with modesingles, the total fractional population &t= 353 K slightly
related to the &C—C=0 fragment) vary significantly with  favors the molecules with-©C—C=0 angles smaller than the
the conformation. Taking into consideration the fractional minimum-energy conformation. Indeed, as previously shown,
population curve foiT = 353 K that is shown in Figure 3, it  the energy-weighted average dihedral angle slightly decreases
can be expected that conformations with==©-C—O dihedral upon increasing the temperature of the gas, within the temper-
angle ranging from ca. 90 to 15@ontribute to the observed  ature limits considered in this study. Hence, we would expect
spectra in a significant manner. Then, to analyze the experi- that the annealing of the matrix would also reflect this fact and
mental data further, the calculated spectra for conformations that when compared with the spectrum of the as-deposited

Relative Intensities

1010 1000 990

-

Absorbance

0.00+

with O=C—C=0 dihedral angles of 90 and 15Will be matrix the spectrum of the annealed matrix gained similarity to
considered to be reference spectra of molecules that havethe reference spectra of larger dihedral angle species (i.e., the
conformations closer to the cis and tranrsO-C=0 arrange-  depletion of the slightly more numerous molecules trapped in
ment than the minimum-energy conformation. the matrix with smaller &C—C=0 dihedral angles than the

For a matrix-isolated molecule, the annealing of the matrix equilibrium angle should be more pronounced than that of the
leads to conformational relaxation toward the most stable molecules trapped with larger=8C—C=0 dihedral angles).
structure under these experimental conditions. As seen in FigureHowever, the experimental results do not follow the expectations
3, the distribution of populations becomes very narrow at a extracted on the basis of a strict extrapolation of the gas-phase
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conformation in the low-lying Sand T, electronic excited states.
(As mentioned before, both are trans structures around the
A O=C—C=0 axis®17) In agreement with the available d&ta,
the benzil molecules should be preferentially photoexcited to
the § state and relax in this state toward its most stable trans
planar geometry. For gaseous benzil molecules, the relaxation
on the 3 potential-energy surface should be barrierfess.
/\_/\ However, in a matrix, it is inevitably hindered to some extent
because of the steric constraints imposed by the solid environ-
1750 1700 1650 1600 1550 ment. Intersystem crossing to the tate and further confor-
o mational relaxation can eventually take pladeefore the
/ \/\ /\ transition back to the sstate. The global result of this chain of
lA 2N processes is the spectroscopically probed change in the average
O=C—C=0 angle toward a larger value.

Absorbance

0.30-

0.204 Conclusions

The low-temperature matrix-isolation FTIR spectroscopy
- study of benzil presented here, supported by extensive DFT
900 830 860 840 820 800 780 760 calculations, enabled us to conclude that the low-frequency (ca.
26 cnY), large-amplitude torsion around the-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 &C—C=0 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 G=C—C=0 dihedral angle increases by irradiation with
650 645 640 635 UV light (A > 235 nm) or decreases by annealing the matrix to
Wavenumber/ cm" higher temperaturesT (~ 34 K). The effect of the annealing
Figure 8. Selected spectral regions of the infrared spectra of benzil in On the conformational populations can be explained by consid-
an argon matrix showing the results of irradiatioh ¥ 235 nm) ering that more-polar conformations (corresponding to smaller
experiments -, as deposited (substrate temperature: 9 K); - - -, after O=C—C=0 dihedral angles) are stabilized in the matrix
20 min of irrgdiation;—, after 417 min of irraQiation] and calculated Compared with those in the gaseous phase as a consequence of
spectra for different values of the=C—C=0 dihedral (-, 90'; - - -, the change in the SC—C torsional potential resulting from

minimum-energy conformation;— 15C). Color versions of these . . . . .
pictures are also provided, together with analogous representations oﬂnteractlons with the matrix media. The effect of the UV

other spectral regions, as Supporting Information, Figure S2. Calculatedifradiation can be explained in terms of conformational relax-
spectra were simulated using Lorentzian functions centered on theation in the excited electronic states €d Ty), whose lowest-
calculated (scaled) frequency with the bandwidth at half-height equal energy conformations correspond, in both cases, to a nearly
to 5 cnrt. planar configuration with the ©C—C=0 dihedral angle equal

to 180.
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torsional potential-energy profile for the matrix-isolated situa-

tion. In fact, the spectrum of the annealed matrix becomes more Acknowledgment. This work was held under the POCTI/
similar to the spectrum calculated for the species with smaller QUI/43366/2001 Résearch Program, FEDER, CONICET, and

O0=C-C=0 angles (Figure 7), Fhus indicating a decrease in Agencia Nacional de PromdaicCientfica y Tecnol@ica-PICT
the average dihedral angle. This result clearly reveals that the13080

torsional potential changes in the matrix as a result of interac-

tions with the matrix media, favoring more polar conformations Supporting Information Available: Selected spectral re-
with smaller G=C—C=0 dihedral angles. The stabilization of ~ gigns of the infrared spectra of benzil in an argon matrix
more polar structures in matrixes, when compared with the gas showing the results of annealing experiments and irradiation
phase, is a common phenomenon previously re_p(_)rte(7:ilfor VaroUSexperiments, experimental and calculated bond lengths and
molecules with appreciable conformational flexibifify.” This - angles, definition of internal symmetry coordinates used in the
interpretation is also reinforced by PCM calculations, which rmal-mode analysis of benzil, and calculated wavenumbers,
predict that the &-C—C=0 dihedral angle in the minimum- R intensities, and potential-energy distributions for e

energy conformation of benzil in argon is ca’8ih agreement  conformer of benzil. This material is available free of charge
with results of previously reported semiempirical calculatfol¥s. |5 the Internet at http://pubs.acs.org.
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