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Summary

Flash photolytic studies on benzils are reported. Two different geo-
metrical conformers, one puckered and the other planar, have been charac-
terized for triplet benzils and benzil anions. They are produced under dif-
ferent conditions. The puckered benzil triplet formed in ethanol glass at
77 K shows an absorption peak at 490 nm accompanied by vibrational bands
at 1600 and 1000 cm™~l. The planar benzil triplet, which appears at room
temperature, absorbs at 470 nm.

Two different conformers of the benzil anion are also found to be
present in two different solvents, ethanol and acetonitrile. The planar form
absorbs at 540 nm in ethanol and the puckered form absorbs at 620 nm in
acetonitrile. Mesitil and «-furil do not undergo a change in conformation
under similar conditions.

1. Introduction

The photophysics and photochemistry of benzil (CcHsCOCOCH;) are
interesting as a result of the compound’s ability to change conformation
either in the ground or in the excited state. The molecule is puckered in the
ground state (the angle between the planes of the two halves is 72°) [1]. It
can be made planar in a crystal of trans-stilbene molecules [2] or by doping
it in a matrix of methylcyclohexane [3]. The conformation changes in the
excited state have been studied mostly from its emission properties [4 - 8].
The conformation change has been substantiated from studies such as
ENDOR [9], CIDEP [10] and dipole moments [11]. There have been several
studies of triplet—triplet absorption, hydrogen adduct formation and radical
ion formation, but so far no attempt has been made to explore the con-
formation change either in the triplet state or in the radical or radical anionic
state. Flash photolytic studies on benzil were started as early as 1958 by
Porter and Windsor [12]. They reported the triplet—triplet absorption and
the formation of a hydrogen adduct radical in hydrogen-bonding solvents.
They showed that the neutral hydrogen adduct radical can dissociate to the
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radical anion and remain in equilibrium [13]. Later on, the techniques of
laser flash photolysis [14, 15] and y-ray radiolysis [16] were employed to
study the hydrogen adduct radical and the radical anion of benzil. The aim
of the present study has been to explore the possibility of conformation
change in the triplet, radical and radical anion states of benzil.

2. Experimental details

The flash kinetics apparatus (model K-2) in this work was supplied by
Applied Photophysics, London. In this set-up, a capacitor of 1 uF is charged
up to 20 kV and discharged in the flash cavity through two xenon flash-
lamps 100 mm long and 5 mm in diameter. The monitoring source is a
100 W tungsten—halogen lamp. The cylindrical sample cell is 100 mm long
and 15 mm in diameter. The signal from an IP 28 photomultiplier working
under five-stage amplification and an anode load resistance of 560 £2 is fed
to a Tektronix storage oscilloscope DM 64. The data are directly read from
the oscilloscope screen. Throughout the study, we used a flash-lamp voltage
of 15 kV. The uranyl oxalate actinometer estimates 5.5 X 10!7 photons per
flash at the flash-lamp voltage of 15 kV. The low temperature flash excita-
tion spectra were recorded using a special attachment to the set-up, consist-
ing of a quartz Dewar and cells (models 1481 and 1482).

The limitation of this set-up is obviously its long time constant. In the
wavelength region below 390 nm, where benzil absorbs and the monitoring
light intensity falls, the monitoring photomultiplier voltage has to be set
relatively high and in consequence the exciting light interferes more with the
flash-excited absorption. Thus, below 390 nm, data are unreliable at times
shorter than 25 us and discarded. However, in the higher wavelength region,
the interference is small and data taken above 20 us are reliable. One plus
point of this set-up is its 100 mm long sample cell which is convenient to
work with at relatively lower reagent concentrations. The reduction potentials
are measured with respect to a saturated calomel electrode in the deaerated
condition with a standard potentiostat Wenking ST 72 associated with a
voltage scan generator model SG 72 and a Houston omnigraphic x—y re-
corder. Emission studies are carried out using a Perkin-Elmer fluorimeter
{(model MPF 44B).

Benzil (E. Merck) was used after recrystallization from ethanol. The
4,4' dimethylbenzil [17], 4,4’-dimethoxybenzil [17], 4,4'-dichlorobenzil
[18], 2,2'-dichlorobenzil [19] and o-furil [17, 20] were prepared using
standard methods of oxidation from the respective benzoins. The benzoins
were in turn obtained by benzoin condensation of the respective benzal-
dehydes. Mesitil [21] (2,2',4,4',6,6 -hexamethylbenzil) and o-tolil [22]
(2,2’ -dimethylbenzil) were prepared by Grignard reactions of the respective
acid chlorides. Finally, all the derivatives of benzil and «a-furil were re-
crystallized from ethanol before use.
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All solvents, ethanol, benzene and acetonitrile were purified following
standard methods [23]. Triethylamine was distilled over potassium hydroxide.

The solutions were deoxygenated before use by passing dry nitrogen
through for about 1 h. The reproducibility of the results was checked fre-
quently and compared with those obtained from solutions which had
undergone freeze-pump-thaw cycles.

3. Results and discussion

The phosphorescence of benzil in ethanol glass at 77 K appears at
520 nm (Fig. 1). The phosphorescence of benzil from benzil crystal is the
same as that from ethanol glass and originates from the puckered triplet
conformation of the molecule. The triplet geometry of the molecule in the
crystal has been determined from ENDOR studies [9]. It is very likely that
the molecule will retain its normal puckered geometry in a rigid environ-
ment. Hence the triplet—-triplet absorption of benzil (Fig. 2) at 77 K orig-
inates from its puckered conformation. The absorption maximum appears at
490 nm with a few vibrational bands. The spacings of 1600 £ 50 and 1000 =
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Fig. 1. Emission spectra of benzil and a-furil in the concentration range 1.0 X 107%- 5.0 X
107% M: curve a’, a-furil in ethanol at 77 K; curve b, benzil in ethanol at 77 X; curve a, a-
furil in deoxygenated benzene at room temperature; curve ¢, benzil in deoxygenated
benzene at room temperature; curve d, benzil in benzene in the presence of air at room
temperature; curve e, benzil in benzene in the presence of 6.0 X 1072 M triethylamine at
room temperature.
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Fig. 2. Triplet—triplet absorption of benzil and its derivatives (2.0 X 1073 M) at room tem-
perature in benzene and at 77 K in ethanol (benzil, 1.0 x 10™* M),

50 cm™! are prominent in the spectra. The 1600 + 50 cm™! spacing compares
well with C=0 stretching and the 1000 £ 50 cm ! spacing might be asso-
ciated with the central —CO—CO— stretching. The kinetics of the 490 nm
flash absorption and 520 nm emission are the same with a lifetime of about
4 ms [24]. o '

The emission of benzil changes from green (520 nm) to yellow (565
nm) as the glass softens with increasing temperature. At room temperature
the emission appears at 505 and 565 nm in deoxygenated hydrocarbon solu-
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tions [6]. In Fig. 1, emissions of benzil in benzene are shown. A similar
emission spectrum appears in acetonitrile medium. Of the two bands, the
505 nm emission is fluorescence and the 565 nm emission is phosphores-
cence. The phosphorescent nature of the 565 nm emission has been con-
firmed from its lifetime [7, 24]. The geometry of the 665 nm emitting state
is planar which has been confirmed from various studies such as CIDEP
[10] and dipole moments [11].

The emission of o-furil in ethanol glass at 77 K and in benzene at room
temperature is shown in Fig. 1. This emission does not change or shift in
going from rigid to fluid medium, which is in sharp contrast with that of
benzil. Also the dipole moment of the o-furil triplet in benzene is not zero
[11], which is in contrast with that of benzil. Therefore the puckered con-
formation of o-furil remains unaltered in going from rigid glass to fluid
medium. The triplet—triplet absorption of benzil in benzene at room tem-
perature appears at 470 nm (Fig. 2) while in acetonitrile it appears at 480
nm and is also present at a time of 25 us in the time-resolved spectra of
the benzil-triethylamine system (see Fig. 5). It is interesting to note that
the conformation change results in a large red shift both in the ground state
absorption [4] and in the phosphorescence spectra [5 - 8] but only a small
shift in the triplet—triplet absorption as it appears for puckered benzil at
490 nm in ethanol glass and for planar benzil at 470 nm in benzene and at
480 nm in acetonitrile. The other derivatives of benzil show their triplet—
triplet absorption in the region 470 - 490 nm (Fig. 2). In the triplet—triplet
absorption, there is a bleaching in the region 360 - 410 nm due to strong
ground state absorption in this region. The triplet decays are found to
follow first-order decay kinetics and their lifetimes are given in Table 1.
The second-order kinetics due to triplet—triplet quenching are not signif-
icant. This may be due to the low concentration of triplet produced under
our experimental conditions.

The long time constant of the instrument does not permit us to record
the triplet-triplet absorption of mesitil (2,2',4,4',6,6-hexamethylbenzil)
or o-furil.

Benzil and its derivatives produce hydrogen adduct radicals from their
respective triplets. On flash excitation in ethanol, the triplets are converted
to the hydrogen adduct radical by abstracting hydrogen from ethanol. The
hydrogen adduct radical of benzil can be produced in the presence of a
hydrogen donor such as triethylamine. In the presence of triethylamine in
benzene it forms the hydrogen adduct radical of benzil. With insufficient
triethylamine (10™% M, or less) benzil triplets are not completely quenched
as found from the decay of the 490 nm absorption which consists of a faster
decay of triplets followed by a slower decay due to radicals. The quenching
of the benzil triplet has also been evidenced from the phosphorescence
quenching by triethylamine (Fig. 1).

The absorption of the hydrogen adduct radical of benzil appears at
370 nm and 490 nm. The 370 nm band is strong and the 490 nm band is
weak and broad. From pulse radiolysis the molar extinction coefficients of
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Fig. 3. Absorption spectra of hydrogen adduct radicals of 5.0 X 10~* M benzil (40 and
150 us) and its derivatives (1.0 X 10™2 M) in ethanol at 150 us.

these bands are reported [16] to be 8.8 X 10° M cm™! and 2.0 X 103 M1
cm ! respectively. In Fig. 3, the absorption of hydrogen adduct radicals of
other derivatives of benzil shows two bands similar to those of benzil.

For 2,2'-dichlorobenzil, the bands are blue shifted and for 2,2'-dimethyl-
benzil the two bands become closer. In the case of mesitil one band appears
at 390 nm. '

According to the X-ray crystal structure of mesitil [25] the mesityl
planes are out of the central —COCO— plane to avoid steric interactions with
the ortho-methyl groups in the other half of the molecule. The molecular
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Fig. 4. Absorption spectra of radical anions of 5.0 X 10™* M benzil with 1.0 x 1074 M
triethylamine (40 and 100 us) and its derivatives (1.0 X 1073 M)} with 1.0 X 1072 M
triethylamine in ethanol at 150 us.

orbital calculation for benzil [26, 27] shows that the orientation of the phenyl
group to the central —COCO— plane has a significant effect on the transition
energies of its hydrogen adduct radical.

The ground state absorption of 2,2'-dichlorobenzil at 380 nm is similar
to that of benzil. Thus the shorter wavelength shift of the radical spectra
might be due to the conformation being dissimilar to that of the hydrogen
adduct radical of benzil.

The hydrogen adduct radicals of benzil and its derivatives dissociate
to the respective radical anion in the presence of a base in ethanol. In Fig. 4,
the radical anion spectra in ethanol are presented. By keeping the concentra-
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Fig. 5. Absorption spectra of radical anions of 5.0 x 107% M benzil with 1.0 x 1074 M

triethylamine (25 and 40 us) and its derivatives (1.0 X 1073 M) with 1.0 X 1072 M tri-
ethylamine in acetonitrile at 150 us.

tion of triethylamine low enough (1.0 X 107% M) in ethanol, we find a
growth of anion at 540 nm and the decay of the hydrogen adduct radical of
benzil at 430 nm when benzil (5.0 X 107* M) is flash excited. The time-
resolved spectra (Fig. 4) and kinetics (see Fig. 6) of radical anion growth
and hydrogen adduct radical decay indicate the radical as the precursor of
the radical anion. With relatively high base concentration the radical decay
goes beyond our instrumental time resolution. The radical anion spectra of
the other derivatives of benzil in ethanol solvent are shown in Fig. 4. The
absorption of 2,2’-dichlorobenzil and 2,2’,4,4’,6,6'-hexamethylbenzil anion
absorption have been shifted to shorter wavelengths compared with other
anion spectra. For mesitil we obtain only one band. Although we were
unable to record the triplet—triplet and hydrogen adduct radical spectra of
«-furil, we recorded the radical anion spectra of a-furil, a maximum appear-
ing at 620 nm.
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Fig. 6. Decay kinetics of benzil at room temperature. (a) Triplet decay in benzene of

benzil (5.0 X10™* M). (b) In ethanol, [benzil]=1.0 x 103 M and [triethylamine] =

1.0 X10™% M at 550 nm, (b’) at 430 nm. {¢) In acetonitrile, triplet decay of benzil
(6.0 X 107* M); with triethylamine (1.0 X 1074 M): (d") at 620 nm, (d) at 490 nm.

The spectra of radical anions in a polar medium such as acetonitrile
are different from those in ethanol (Fig. 5). The absorption band of the
benzil anion is shifted to 620 nm in acetonitrile from 540 nm in ethanol.
Using a low concentration of triethylamine in acetonitrile both the benzil
triplet and the radical anion are found simultaneously at shorter times
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(25 us). By a careful kinetic analysis of the absorption at 490 and 620 nm
(Fig. 6), we could show that the decay of the 490 nm absorption follows
two different kinetic pathways, the first due to the triplet is fast, and the
second due to the radical anion is slow, whereas the 620 nm absorption
initially remains constant without growing tendency. This suggests that the
anion in acetonitrile is formed directly from the triplets and not via hydro-
gen adduct radical dissociation as found in ethanol solvent.

The shift of the benzil radical anion absorption from 540 nm in ethanol
to 620 nm in acetonitrile has been studied carefully in a benzene—acetonitrile
mixture. On varying the solvent polarity for the different mixtures, the ab-
sorption band does not shift continuously; instead there is an abrupt shift. In
the solvent mixture where the concentration of benzene is more than 20%
the band appears at 560 nm. For comparison, we studied a-furil anion ab-
sorption in the same solvent mixture. In the case of «-furil, the band at
620 nm does not change even with a large excess of benzene. As with the
mesitil anion, the a-furil anion absorption remains unchanged on changing the
solvent from ethanol to acetonitrile. Thus the large shift of the benzil anion
absorption could not be due to the change in polarity of the solvent and it
could not be due to hydrogen bonding in ethanol. The «-furil [28] and
mesitil [29] are rigid and do not undergo change in conformation, puckered
in the case of a-furil and with a planar —COCO— group with twisting mesityl
groups in the case of mesitil. The puckered triplet of benzil phosphoresces in
the same wavelength region as does «-furil. Thus the 620 nm absorption of
the benzil radical anion in acetonitrile could be attributed to its puckered
conformation.

The decay of hydrogen adduct radicals and radical anions follows
second-order kinetics. The decay of radical anions is at least ten times slower
than that of the radicals (Table 1). The first-order decay kinetics of the
dichlorobenzil radical anions in ethanol (Table 1) are unusual because the
decay of all other benzil anions follows second-order kinetics. The lifetimes
of the 2,2'- and 4,4'-dichloro derivatives are quite long (0.33 s and 0.41 s
respectively). The first-order kinetics might be due to the presence of chloro
groups which form an ion pair complex with the counter positive ion and the
charge neutralization which takes place following a slow first-order process.
The reduction potentials of benzil and its derivatives are given in Table 1. It
is noted that o-furil has the maximum tendency to be reduced in the series.
Of the methyl, methoxy and chloro derivatives of benzil, the chloro deriv-
atives have the greatest tendency to be reduced.
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