10562 J. Phys. Chem. R001,105,10562-10569
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Time-resolved resonance Raman (TR3) and density functional theoretical (DFT) studies on the photogenerated
transient intermediates of tetrabrompdsenzoquinone (bromanil) are reported. The lowest triplet excited state,
radical anion, and semiquinone radical have been observed. Computed spectra and normal-coordinate analysis
have been used to make assignments of the observed bands. The lowest triplet state is computed to be a
m—m* excited state ofBy symmetry. The effect of electronic excitation on the triplet state structure is found

to be more pronounced in bromanil as compared to thathienzoquinone. The changes in structure in the
bromanil radical anion have been explained from the nodal structure of the LUMO of the ground state. The
computed structure of the semiquinone radical shows that it is essentially a pentadienyl radical. Consequences
of these structural changes on the observed vibrational spectra have been discussed.

1. Introduction lived transient states with the specific objective of elucidating
their structure-reactivity correlations.

?wrlllones are |n\:3c_)l\1ed_ n Ia wide rangte oLphe_noImenoﬁnéfrom Density functional theoretical (DFT) methods have been used
naturafly occurring biological processes to chemical reacons. successfully to compute the vibrational spectra not only of the

tsl}qor.ne ﬂf 'ihehmost |n”terest|rlgcgetact|om ?f ?utlnongs procieer(]j \t"aground state with a good degree of accufaé$**but also of
eir photochemically created transient states. Several pnoto-,4ica anjons and catiofs48 and triplet stated249.5|n this

induced [jeactlous arel I;_nown, eg, add|t|o? to uns%tut:ated paper, we have used TR3 and DFT methods in tandem in order
compounds such as olefins, styrenes, acetylenes, and Netergy, njerstand the structures and vibrational spectra of bromanil

. e . .
altontuc system%. F_urtr;]er, betcaus;e of tr|1te|rtre]xten3|ve E_Se tas nd its transient intermediates and to study the effect of halogen
electron acceptors In charge-transier salts, they aré SUbJects ok, hstitytion on these short-lived species. In computational

f’ﬁ vefral stﬁd:es fc_)lr thelgutnkllque con(:ul():tlon propeﬁt@tﬁhzugh studies also, efforts have been concentrated on the prediction
d'f? ou: aoarys an € patreln ff etnzr?qumlone IS OW VETY 5 properties of fluorine and chlorine analogues of benzo-
iTerent properties, experimental eflorts have largely Concen- g i qne22-2442The promine and iodine analogues have largely

. 5 ; i
trﬁlteq (?[n dthe Ipareggtﬂﬂ%r_]oﬁétha_nd Iltst quor;fr_la_tt(_ad and been ignored, partly due to the fact that calculations on these
]? 0”28‘82 %n? OgL:) : Ince f'r 2e Sg ro\rll ? I?II 1es \éary systems rapidly become computationally demanding due to their
rom ...c6 eV lorp-bénzoquinone to .95 €V for fluorart, size. It is crucial that the viability of theoretical methods is
the effect of different substitutions on the reactivities of these independently tested for analogues with heavier atoms. Our
quinones is expected to be S|gn!f|_cant. Experiments reported in calculations presented here show that both the ground and the
Lhe p.resr?nlt paﬁer add toward filling the lacuna of data on the triplet excited state DFT calculations of vibrational spectra can
eavier haloaniis. . . be extended to bromanil successfully. Interestingly, although
Recent studies on the photoinduced electron-transfer reactionyq ground state spectra have been reported e#tlieg
of halogen-substituted-benzoquinones with 2,3-dimethyl-2-  aicylations have been carried out so far. We present here a
butene and 3,4-dimethyl-2-pentene which gave monoallyl ethers ;omplete normal-coordinate analysis of the ground state and
have been shown to have product ratios that are highly yangients of bromanil formed on photoexcitation. Relative
dependent on the steric nature of the quinctieSeveral  changes in normal modes have brought out the structural
approaches have been used to obtain a better understanding 9k rganization that occurs in the molecule on electronic excita-
the structure and spectra of various substituted quinones suchjon “reduction, and substitution. A comparison of the normal
as ubiquinone¥| "> methoxy quinones,**plastoquinone¥;~*° modes of bromanil with the parent benzoquinone and other

and p-benzoquinon€*37%% and its halogen-substituted ana-  p50gen substituted quinones has been presented.
logues?9-2440 etc. We have been involved in systematically

investigating structures of quinorfé8'-3%4+4and their short- 2. Experimental Section

* To whom all correspondence should be addressed. E-mail: umapathy@ Experimental methods and the procedures used for the TR3
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8 Theoretical Chemistry, Materials Science Centre. obtained trom an opucal parametric oscillator ( ) which is
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Nd:YAG laser (GCR 250, Spectra Physics). The probe wave-

lengths of 451 and 512 nm were obtained from the OPO. The Ao = 512 nm

pulses had typical energies of 2.5 mJ and were ca. 10 ns in Py =335 0

temporal width for both pump and probe lasers. The scattered 101 \4\
light was dispersed using a SPEX double monochromator with

two 600 grooves/mm gratings. The multichannel detector used 208
was a liquid nitrogen-cooled CCD from Princeton Instruments
with 576 x 378 pixels. The spectra have been calibrated using
known solvent bands as reference and the spectral resolution
has been estimated as 5 ¢in

Bromanil used was purchased from Aldrich Chemicals and
used without further purification. All the solvents as well as
bromanil used were of analytical grade. Sample solutions were
circulated through a capillary at a rate of about 10 mL per min

0

100ns

200ns

Inte rsity (arb. units)
%

to avoid possible accumulation of photoproducts. Probe-only £

spectra were recorded periodically to confirm the absence of

photoproducts. 1ps

3. Computational Methods 1200 1600
Density functional calculations were performed with the Raman Shift cm™")

Amsterdam Density Functional (ADF99) paqké?gm a cluster Figure 1. Time-resolved resonance Raman spectra of triplet bromanil
of IBM RS 6000/43 P workstations. Calculations for the ground in carbon tetrachloride at various time delays between the pump and

state were carried out using restricted formalism, and those for probe.
the triplet excited state used the unrestricted formalism employ-
ing open-shell wave functions. The basis set used was TZP
(Basis IV in ADF terminology), which is a part of the ADF
program?! The singlet-triplet gaps were computed using time-
dependent density functional theory (TDDFT) calculations as
implemented in the response part of the ADF prograBensity
functional calculations involved the local density approximation
of Vosko, Wilk, and Nusair (VWNY2 the gradient-corrected
exchange functional proposed in 1988 by Betkand the
correlation functional of Lee, Yang, and P&%r.

state, it is expected that only the triplet state modes would be
resonance enhanced. Hence, the observed species in carbon
tetrachloride is unequivocally identified as the triplet excited
state of bromanil. We have measured the depolarization ratios
which are close td/3 for all the observed bands as expected.
The reported absorption spectrum of the potassium salt of
bromanil has two bands with maxima at 451 and 331%Am.
The time-resolved resonance Raman spectra of bromanil in
methanol solution recorded using 451 nm probe excitation
wavelength in resonance with the absorption maxifofithe
radical anion and 355 nm pump excitation are shown in Figure
2. In the probe only spectrum, bands are observed at 1683, 1570,
Photochemical reactions of quinones proceed via the triplet 1546, and 1418 cni. The band at 1683 cm, was also
excited state which is formed from the photoexcited singlet state observed in the probe only spectra recorded at other excitation
by intersystem crossing. The triplet excited state typically wavelengths (512 nm) and is identified as a ground state band.
undergoes electron transfer from the solvent or hydrogen The bands observed at 1546 and 1418 treduce in intensity
abstraction or direct decay to the ground stit®Ve have in the time-resolved spectrum (probe-only spectrum has been
investigated the triplet excited state resonance Raman spectrasubtracted) as the delay time between the pump and probe lasers
response with different excitation wavelengths to determine the is increased. The time-resolved resonance Raman spectrum at
transient species formed after photoexcitation from the triplet a pump-probe delay of 10 ns shows a strong band at 1570
state. Assignments have been made using the results fromcm~ after subtraction of the probe-only signal. Analysis of this
density functional calculations, using the measured depolariza- slightly asymmetric band by lorenzian fitting suggests that there
tion ratios, and by comparison with other quinones. The is a contribution from the band at 1546 ch{observed in the
structures and vibrational spectra of the transients formed from probe-only spectrum). Another weak band is observed at later
the triplet excited state viz. the radical anion and the ketyl radical time scales at a shift of 1502 cth Intensity of the band at
have been examined. 1570 cmt increases up to a delay ofi and then decreases.
4.1. Time-Resolved Resonance Raman Spectrum of Bro-  This temporal behavior implies that presence of two transient
manil in Carbon Tetrachloride and Methanol. Time-resolved species. The bands at 1418 and 1546 chelong to one species,
resonance Raman spectra of bromanil in carbon tetrachlorideand the band observed at 1570 @nhas contributions from
are shown in Figure 1. The triplet state was populated using two species. The spectrum observed aisds assigned to the
355 nm excitation of the ground state via intersystem crossing. radical anion in comparison with our observations of Raman
Resonance Raman spectra were obtained with a probe lasespectra of the chemically prepared radical affoshown in
beam tuned at 512 nm, near the absorption maximum of the Figure 3a and also with the spectrum reported by Girlando and
triplet state?” The spectrum shows four bands of varying co-workers® The species giving rise to the bands at 1418 and
intensities at 1561, 1395, 1178, and 965 énThe analyses of 1546 and contributing to the intensity of the band at 1570%cm
time-dependent change in intensities indicate (single-exponentialis probably of a lower symmetry thaly, since a species with
decay) that the bands originate from a single intermediate Dy, or Cy, symmetry is expected to yield only two bands in
species. The decay rates of all the bands were computed bythis region. As quinones are known to undergo electron transfer
fitting single exponential and were found to be @</ in close and hydrogen abstraction reactions in alcohol solvéhnts,
agreement with the transient absorption experimeéhgince comparison with the photochemistry of other substituted quin-
the excitation wavelength used is in resonance with the triplet ones suggests that the probable lower symmetry species being

4. Results and Discussion
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Figure 2. Time-resolved resonance Raman spectra of bromanil in
methanol at various time delays between the pump and probe.
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Figure 4. Atom numbering scheme for bromanil.

oxygen bond has been referred to as@. Frequencies in the
ground, triplet excited state, radical anion, and semiquinone
radical were computed at the optimized geometries. We report
unscaled frequencies following the recent literature on quin-
0nes?2:23.28.33.39The computed normal modes were used to
determine the potential energy distribuérf® using our
normal-mode analysis program, NMODES.

The computed HOMO of the ground state idgf symmetry.
The orbital is ofr character with bonding interactions between
the carbon atoms of the=8C bond and antibonding interactions
between the carbon and bromine atoms of theéB€bonds. A
significant component in the molecular orbital consists of the
bromine lone pair that is out of the plane of the molecule.
Another occupied orbital oh;y symmetry (HOMO-1) is very
close to the HOMO in energy\(Ey,, — Ep,) = 0.1 eV). This
bsg orbital contains the lone pairs on the oxygen atoms as well
as on bromine atoms (in-plane). The corresponding orbital in
benzoquinone is concentrated only on the oxygen afdms.

The LUMO is of n* character andoy symmetry. It has
antibonding interactions between the carbon and the oxygen
atoms of the carbonyl groups and the carbon atoms of the C
C bonds. The carbon atoms of the-C bonds have bonding
interaction with each other. As a consequence, ts€®onds
and the G=O bonds are expected to be lengthened, artCC
bonds are expected to be shortened when the LUMO is
populated. These characteristics of the molecular orbital are
reflected in the calculated triplet state geometries and frequencies
(vide infra).

The triplet excited state may be formed by excitation of an
electron from either of the orbitals, the HOMOmf symmetry
or the HOMO-1 ofbsy symmetry. Excitation from thig orbital
to the LUMO (o) leads to a triplet excited state 6Bgg
symmetry and the excitation from thog, orbital would yield a
triplet state ofByg symmetry corresponding to—z* and n—as*
triplet states, respectively.

Geometrieslnitial geometry optimizations were performed

Figure 3. (a) Steady state Raman spectrum of bromanil salt in acetone without any symmetry constraints for all the species. The ground

with excitation at 505 nm; (b) probe-only Raman spectrum of bromanil

in methanol with excitation at 451 nm; (c) time-resolved resonance

Raman spectrum of bromanil in methanol withm, = 355 nm and
Aprobe = 451 nm at a pumpprobe time delay of 10 ns; (d) same as
panel c, but with a pumpprobe time delay of &s.

state and the radical anion were found to be nearly planar.
Following this, the ground state and the radical anion geometries
were reoptimized within the constraints B, symmetry. The
triplet state was found to have a lower symmety;, with a
slight distortion of the bromine atoms and the carbonyl group

observed here is the semiquinone radical. The computed spectr@ut of the plane of the £ C,, C7, and G ring carbon atoms.

(section 4.2) further support this assignment. In this context,

Optimization of the semiquinone radical was carried out with

akin to bromanil, in benzoquinone and fluoranil the semiquinone Cs symmetry with the @-H bond in the plane of the molecule
radical and the radical anion have been observed (in methanolsimilar to that for the benzoquinone ketyl radiéal.

and water solutiong);11.24
4.2. Structure and Vibrational Assignment. The ground

state geometry was optimized using the restricted formalism.
For all the other species, unrestricted formalism was used.

Throughout the following discussion, we refer to the bongs C
C, and G—Cg, as shown in Figure 4, as=€LC irrespective of
the actual bond distances. The bonds-Cs, C3—C7, C4;—C,,
and G—Cg are equivalent and are labeled-C. The carbor

Ground State (§. Table 1 shows the optimized geometries
of the ground and triplet excited statespbenzoquinone and
bromanil at the same level of theory. The experimental
parameters fop-benzoquinone determined from X-ray and
electron diffraction experiments by Trotférand Hagen and
Hedberd® have also been listed for comparison. Since experi-
mental structure of bromanil has not been reported so far, the
performance of theory can only be assessed on the basis of the
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TABLE 1: Experimental and Calculated Geometries of the
Ground and Triplet Excited States of p-benzoquinone and
Bromanil

p-benzoquinone (%= H) bromanil (X= Br)

ground state triplet state ground statetriplet state
experiment calculatedcalculated calculated calculated

Re—c) 1.322 1.333 1.345 1.341 1.369
Ric-0) 1.222 1.226 1.257 1.212 1.251
Rec-o) 1477 1.469 1.441 1.485 1.440
Rc-x° 1.089 1.074 1.071 1.883 1.885
Oc—c-c) 1210 121.3 122.0 121.6 122.2
oc-cc  117.8 117.5 116.0 116.9 115.6
oc=c-x) 122.7 121.6 123.5 122.8

aRef 64. Ref 65.¢ The triplet state symmetry &2, ¢ X = H, Br.

data forp-benzoquinone. The calculated structural parameters
of p-benzoquinone agree well with the experimentally deter-
mined structure and with the values previously reported in the
literature3®

The G=C bond distance in ground state of bromanil is
calculated to be 1.341 A, slightly longer than the corresponding
distance inp-benzoquinone, while the=€0 bond is shortened
on substitution with bromine by 0.014 A. The increase in@C
bond length is predicted to be 0.016 A, which is twice the
magnitude of change in=€C bond length. The €Br bond
length is predicted to be 1.883 A. The angle between #+€C
and C-C bonds is increased upon substitution, making the
quinone ring elongated along tk& axis passing through both
the oxygen atoms while maintaining tf®, symmetry. Con-
sequently, angle between the twe-C bonds is smaller. The
bromine atoms move away from each other more toward the

J. Phys. Chem. A, Vol. 105, No. 46, 20010565

Figure 5. Optimized structures of the bromanil radical anion (a) and
semiquinone radical (b).

state, and the €C—Br angle decreases to 122.3imilar to

the change on triplet excitation. Trends that are observed in the
computed structures of radical anions of the parent quinone and
its fluorinated and chlorinated analogues are sinfildt. has
been shown earlier that the relative changes in geometries can
be qualitatively explained from the nodal structure of the
LUMO.23’42

oxygen atoms than the hydrogen atoms in benzoginone. This Semiquinone Radical (BQHFigure 5b shows the optimized
effect may be attributed to large size of bromine atoms comparedgeometry of the semiquinone radical. Addition of a hydrogen

to hydrogen.

Triplet State (T). The two unpaired spins of the triplet state
are in molecular orbitals oy (1) and by (1) symmetry.
Therefore, the total symmetry of the triplet statéBg. Effect
of electronic excitation on the geometry of bromanil is largest
along the G=O bond with the bond distance increasing from
1.212 A in the ground state to 1.251 A (Table 1) in the excited
state. Similarly, the &C bond is also lengthened to 1.369 A
from 1.341 A. The G-C bonds are shortened to 1.440 A, which
is close the corresponding=<C bond in the triplet state of the
parent quinone. The change ir-8r distance is rather negligible
when going from the ground to the triplet state. TheC-C
angle increased to 122.&om 121.6 in the ground state while
the C-C—C angle is reduced by 1°3The G=C—Br angles
suggest that the bromine atoms now move away from the
oxygen atoms toward each other. Overall, electronic excitation
to the triplet state changes the structure of the ring, making it
narrower with the lengths of the-€C bonds reduced. Thus,
the ring is distorted considerably in bromanil as compared to
the parent quinone along th& axis.

Radical Anion (BA"). Figure 5a shows the optimized
geometry of the radical anion of bromanil. The radical anion is
formed with the addition of an electron to the LUMO of the
ground state. This leads to lengthening of the@ bond to
1.245 A and the &C bond to 1.360 A. However, the bonding
interactions between the;€C3;—C; and G—C,—Cs centers
leads to shortening of the-&C bonds from 1.485 A (in the
neutral ground state) to 1.452 A, and the-C—C angle is
reduced by 3 The G-Br bond length is enlarged to 1.918 A.
While the overall changes in bond lengths are similar to those

atom to the quinone structure leads to major structural reorga-
nization. The hydrogen atom is bonded to one of the oxygen
atoms (@), which leads to lengthening of the;€0s bond by
0.123 A compared to that in the ground state, whereas jhe C
Os bond is lengthened to a much lesser extent. The@ and
C7—Cg bond lengths are similar to those in the radical anion.
The C-C bonds proximal to the site of the addition of hydrogen
atom are much shorter (1.408 A) than the remoteGCbonds
(1.462 A) and also to those observed in the triplet state. The
Os—Hj3 distance is computed to be 0.977 A (Figure 5b).
Changes in the structure of bromanil on abstraction of a
hydrogen atom are localized to the part of the molecule proximal
to the site of addition. The €Br bond distances close to the
hydrogen atom increase, whereas the remot&Cbonds are
close to their values in the triplet state.

The computed geometrical parameters indicate that the
semiquinone is best described as a highly substituted pentadienyl
radical. Addition of hydrogen to one of the oxygen atoms of
bromanil leaves the distal carbonyl group essentially unper-
turbed. This has interesting consequences in the vibrational
frequencies of the species (vida infra).

Vibrational Frequencies and Normal Modes. Ground State
(S). Table 2 lists the calculated and experimental frequencies,
along with the potential energy distribution for each vibrational
mode. From the Raman and IR spectra, in total, 19 fundamental
in-plane modes have been observed for the ground state of
bromanif® of the 30 modes expected (igerade and 15
ungeradég. The totally symmetric €O str. and G=C str. modes
are calculated at 1683 and 1577 ©min excellent agreement
with the experimental frequencies at 1680 and 1589'cBoth

observed in the triplet excited state structure, the differences modes are seen to be coupled modes from the PED in Table 2.

lie along the C-C and C-Br coordinates. The €C—C angle,
which is now 123.2, is larger than that predicted for the triplet

The experimentally observed mode at 928 ¢imas a computed
value of 906 cm?, underestimated by 22 crh Three low-
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TABLE 2: Vibrational Frequencies and Potential Energy TABLE 3: Computed and Experimental Frequencies and

Distributions of the In-Plane Normal Modes in the Ground Potential Energy Distributions of the Normal Modes of

State of Bromanil Triplet Excited State of Bromanil

sym. PED(%) exp cal sym. PED% exp cal

ag C=0(80),G-C(11) 1680 1683 ag C=C(35), C-C(27), G=0(20) 1561 (0.35) 1525
C=C(62), G-C(15), G-Br(8) 1589 1577 C=0(60), G=C(37) 1395 (0.28) 1311
C—C(51), G-Br(48) 928 906 C—Br(54), C-C(36) 965 (0.28) 901
C—Br(21), C-C(12),6C—C—Br(13),6C=C—C(21), 475 474 7Br—C—C=0(54),7C—C=0—-C(20), 728
00=C—C(21) 7C—C=C—C(26)
C—Br(72), C-C(22) 214 209 C=C(28),0C—C=C(18),0C—C=0(18) 446
6C—C—Br(92) 122 10=C—C=C(68) 348

bsg C—C(68),00=C—C(10),0C=C—C(13) 1235 1176 C—Br (81) 214
C—Br (64), C-C(19),0C=C—C(16) 762 750 dBr—C—C(84) 118
60=C—C(72),0C—C—Br(12) 694 Br—C—C=0(68) 84
0C—C—Br(56),00=C—C(20), C-Br (12), C-C(12) 282 294 by C—C(71) 1296
C—Br (47), C-C(18),0C—C—Br(10),0C=C—C(11) 214 181 C—Br(68) 782

biu  C=0(79), C-C(14) 1677 1687 6C—C=0(71),0Br—C—C(25) 678
C—C(44), G-Br(32),0C=C—C(24) 1064 1040 TBr—C—C=0(96) 296
C—C(32), C-Br (28),0C—C—Br(20),0C=C—C(12) 868 863 0C—C—Br(40),0C—C=0(24), C-Br(16) 263
C—Br (92) 343 342 C—Br(46),0C—C—Br(16), 6C—C=C(14) 186
86C—C—Br(58), G-C(25), G-Br (14) 138 134 . o o

bou C=C(70), G-Br(12) 1549 1539 _Numbers given in parentheses are the measured depolarization
C—C(76),00=C—C(16) 1216 1169 ratios.
C—Br (80),00=C—C(17) 646 617
C—Br (48),00=C—C(28), C-C(16) 343 343 of the electronegativity of substituer#&?* Interestingly, even
0Br—C—C(68), C-C(16), C-Br (16) 138 132

in the ground state this mode is coupled but with a larger
a Experimental frequencies have been taken from ref 40. contribution from G=C str. of 62%.

The band observed at 1395 chis assigned to the €0
frequency modes ofig symmetry are computed to be at 474, stretching mode which is observed at 1621-énn triplet
209, and 122 cmmt, in close agreement with the observed values fluoranil?4 and at 1418 cmt in triplet chloranil2® conforming
of 475, 214, and 127 cnd. Our calculations predict the band  to the same trend as observed in the©C stretching mode.
at 474 cnt as a highly coupled mode with equal contributions  Calculations predict this mode at 1311 chwith a rather large
from C—Br str., C=C—C bend, and €C=0 bend, whereas error. This is also a mixed mode with 37% o&=C str. and
Girlando and co-workef8 have assigned this mode to the 60% of G=O str. On the contrary, in the ground state, this mode
C—C—C bend and €C=0 bending. The €Br str. mode is almost exclusively a €0 stretching mode. The=€0 and

observed here at 209 cthis lower than the €X (X = F, Cl) C=C stretching modes are important signature modes of the
str. frequencies reported for other quinofA®%! quinones since the relative shifts in these modes in different
The experimentally observdsdy mode assigned to-€C str. analogues of benzoquinone reflect changes in the structure due

at 1235 cmt is predicted at 1176 cm, a large discrepancy as  to substitutior??23 The band at 965 cnt is assigned to the
compared to the typical errors in other calculated frequencies computed frequency at 901 ¢ which corresponds to the
in Table 2. The experimentally observed mode at 762dimat C—Br + C—C stretching mode.

was previously assignétito a combination of €C—Br bend In the region around the experimentally observed band at
and C-C=0 bend is predicted at 750 crh with major 1178 cn?, no totally symmetric modes are predicted. One of
contribution from C-Br stretch (64%). the possibilities is to assign the mode either to an overtone or

The infrared active vibrations are predicted with similar a combination band. However, the band has considerable
accuracy to the Raman active modes. Larger errors areintensity. In the absence of the observation of a corresponding
encountered for the higher frequency=O str. and C-C str. low-frequency fundamental mode af symmetry, the overtone
+ C—Br str. of by, symmetry. The remaining lower frequency or combination mode is not expected to have such a large
modes are predicted with a maximum deviation of only 5&m  intensity. The band may then be assigned to either the
Of the modes ob,, symmetry listed in Table 2, computed values fundamental or the overtone or combination band of nontotally
of are in very good agreement for three lower-frequency modes. symmetric modes. The depolarization ratjg) (measured for
For the G=C str. and G-C stretching modes, the errors are this band is 0.28. The fundamental of a nontotally symmetric
slightly larger. It appears from a detailed comparison of the mode is expected to have a ratio-e0.75, while the overtone/
computed and experimental frequencies for the ground state thatcombination of such a mode would be totally symmetpicy(

larger errors are encountered in modes involving theOGstr, 0.33). Considering that the observpd/alue is close to 0.33,
C—Br str., and G=C—Br bending coordinates. The overall errors the band at 1178 cm may be assigned to an overtone or
however are less than 30 cinfor all the modes. combination band of a nontotally symmetric mode. However,

Triplet State (T). The observed time-resolved resonance the fundamental of a nontotally symmetric mode can also be
Raman spectrum of the triplet state shows four bands. As in observed due to vibronic coupling and may have a deviation
the ground state, two high-frequency modes observed are thefrom the expectegh value® Of the calculatedyeradewave-
C=0 and G=C stretching modes. Their order is interchanged numbers, the mode &f; symmetry closest to the observed band
in the triplet state with respect to the ordering in the ground is predicted at 1296 cm with a large difference of 118 cm.
state as seen in Table 3. We assign the band observed at 1561t is therefore not possible to make a definite assignment of
cm ! to the highest frequency=€C stretching coupled to the  this band from the present experiments. Further data of

C=0 and C-C stretching predicted at 1525 ctn The isotropically labeled analogues and spectra at other wavelengths
corresponding mode in the fluorinafédand chlorinate#® would be required.
analogues are observed at 1667 and 1571¢cthus showing Radical anion (BA"). Steady state experimental vibrational

a trend of decreasing=€C stretching frequencies with lowering  spectra of the radical anions of chloranil and bromanil salts have
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TABLE 4: Computed and Experimental Frequencies and TABLE 5: Computed and Experimental Totally Symmetric
Potential Energy Distribution of Anion Radical of Bromanil Modes and Approximate Assignments for the Semiquinone
Radical of Bromanil
sym. PED% exp cal _ _ _
2% C=C(22), C-C(28), C=0(33) 1579 (1570) 1558 sym. calculated frequencies approximate assignment
C=C(58), G=0(31) 1508 (1502) 1514 a 3528 O-H str.
C—C(44), G-Br(52) 955(942) 922 1563 (1574) C=0 str.
dC—C=C(20), G-Br(24), 504 (489) 483 1530 (1546) C=C str.
0C—C=0(20) 1466 H-C—C bend+ C—C str.
C—Br (84) 220 (215) 206 1396 (1418) C=C str.+ C—C str.
0C—C—Br (92) w122 1375 C=0O str.+ C—C str.
bag g:g’gelg) 6C—C=C(20) 1323 17223 a Experimentally observed frequencies in methanol.
86C—C=0(70),6C—C—Br(22) 585 683 _ _ _
0C—C—Br(58),6C—C=0(22) 307 276 The IR active modes are also predicted with a good degree
C—BIr(76),0C—C=C(17) 185 of accuracy. The €0 stretching mode oby, symmetry is
by (C:fg(;g)v g:g(lz? ﬁ%? (igég) ig?g slightly overestimated. The other modes of this symmetry
6C—C(:=();:(24) r(g—Egr(44) 880((871)) 853 species are all predicted with smaller errors. Five modds,of
C—Br(94) 346 319 symmetry are predicted, of which three have been observed in
0C—C—Br(61), C-C(20) .. 133 the experiment at 1529, 626, and 346 ¢ncorresponding to
bu  C=C(70) 1529 1432 the computed bands at 1432, 583, and 323criiwo modes
C—C(78) - 1090 of b, symmetry observed at 687 and 211 ¢énare computed
C—Br(80),5C—C=0(16) 626 583
— at 687 and 165 cnt.
C—Br(53),6C—C=0(31) 346 323 _ o .
dC—C—Br(68), C—Br(19) 132 The potential energy distributions of the modes of the radical
Out-of-Plane Modes anion are similar to those predicted for the triplet excited state.
by tO=C—C—Br(54),:C—C—=C—C(25) 733 The effect of halogen substitution and addition of an electron
1C—C=0-C(20) on the structures of the radical anions is reflected in the modes
10=C—C—C(71) 339 with dominant contributions from €C and G=0 stretching.
70=C~—C~Br(66),10O=C—C—-C(23) 85 For example, in benzoquinone, addition of an electron decreases
Elg ngg:g:g%go) C—C=O—C(26 687 26?317 the observed frequencies from 1665 to 1435 tior the C=
s ;O=C—C—C((90))’T (26) 211 165 O stretch and increases them from 1616 to 1620 cior the
10=C—C—Br(72),70=C—C—C(26) 61 C=C stretch‘>3966|n bromanil, the ground state frequencies
a, 1C—C=0-C(49),70=C—C—Br(28) 509 are observed at 1680 cth(C=O0 stretch) and 1589 cm (C=
70=C—C—Br(44),7C—C=C—C(37), 38 C stretch)!? which shift to 1570 and 1502 cthin the radical
10=C-C-C(23) anion. Hence, the magnitude of change is smaller for the radical
a Experimental frequencies taken from ref 40, numbers in parenthesesanion of bromanil than for benzoquinone. This can be attributed
are band positions in solution. to the inductive effect of the substituent, which lowers the

antibonding character of the LUMO, effectively stabilizing the

been observed by Girlando and co-work€®ur time-resolved radical anion of the substituted analodde.
spectra for the radical anion are in agreement with these data. Semiquinone Radical (BQH The semiquinone radical of
In Table 4, comparisons of the computed spectra and potentialoromanil is of Cs symmetry with 23 in-plane modes. The
energy distributions with the experimentally observed values experimentally observed bands are at 1574, 1546, and 1418
are presented. All the frequencies in the solid state are slightly cm~! (Table 5). The computed frequencies in this region are at
higher than those observed in solution. 1563, 1530, 1466, 1396, and 1375 ©@mThe CO stretching

The calculated highest frequenay mode at 1558 cmt is mode is predicted at 1563 crh therefore, the band observed
observed at 1570 cm in solution and assigned to a mixed at 1574 cm? is assigned to the CO stretch. The band at 1546
vibration with nearly equal contributions from the=C str., cm~1is assigned to the CC stretch with the predicted value at
the G=0 str., and the €C str. The experimentally observed 1530 cnT!. The remaining band at 1418 cimay be assigned
mode at 1502 cmt is predicted at 1514 cnt with a larger to either of the two computed modes at 1375 or 1396 %m
C=C stretching character thar© stretching. This is unlike =~ The CC and CO stretches at higher frequencies are predicted
the cases of other halogen substituted quinones, whei€ C  with errors of 11 and 14 cri. Since the same local modes are
stretching frequency is higher than the=O stretching fre- involved in the present case also, we expect the errors to be of
quency?% In the case of the radical anion of the parent similar magnitude. Hence, we assign the band observed at 1418
benzoquinoné’ the G=C stretching frequency has been ob- cm™ to the CC stretching mode computed at 1396 &m
served at 1620 cri, whereas in fluoranil, the two highest It is interesting to note that in the semiquinone radical of
frequencies with mixed €0 and G=C stretching characters  benzoquinone €C and G=0O bands have been observed at
are observed at 1659 and 1556 ¢ri*42 However, in general 1613 and 1532, respectively. In fluoranil, the CC stretch of the
for the case of bromanil, as discussed earlier for the ground semiquinone radical is observed at 1645 &mand the CO
and triplet states, the local mode description becomes anstretch is observed at 1348 cin Therefore, the ordering of
oversimplification. The remaining totally symmetric modes are the CC and CO modes is reversed in the predicted spectra for
predicted with smaller errors at 922, 483, and 206 tfor the the semiquinone radical of bromanil. The CO stretching
observed bands at 942, 489, and 215 &m frequency is observed at 1680 chin the ground state of

Girlando and co-workef8 have assigned only the totally bromanil. The mode is shifted to lower frequency in the triplet
symmetric modes from the observed Raman spectra. On thestate (1395 cm') and the radical anion (1502 cif) due to
basis of our calculations, we have made tentative assignmentsveakening of the CO bond after population of the antibonding
for the modes obsg symmetry, which are summarized in Table LUMO. In the semiquinone radical, the CO stretch is at 1574
4. cm L. Although this is a large reduction compared to the
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frequency in the ground state, the effect of protonation is smaller  (3) Girgis, M. M.; Osman, A. H.; Arifien, A. Elndian J. Chem1991

i i ; ot i« 30A 235.
than that mtroduced_by reduction or electronic excitation. This (4) Pla, F. P.. Hall, C. D.. Valero, R.: Pons, M. Chem. Soc.. Perkin
can be understood in terms of the computed structure of therans 2 1994 2217.
semiquinone radical of bromanil. As pointed out earlier, the (5) Shunmugasundaram, A.; Ayyaappan, A.; Thanulingam, Thdian
distal carbonyl group is not strongly perturbed by the addition J- Chem 1993 32A 402.

- (6) Fujinawa, T.; Goto, H.; Naito, T.; Inabe, T.; Akutagawa, T.;
of a hydrogen atom. So one of the=O stretching modes Nakamura, TBull. Chem. Soc. Jpri999 72, 21.

remains at a fairly high frequency in the radical. (7) Hester, R. E.; Williams, K. P. J. Chem. Soc., Faraday Trans. 2
1982 78, 573.
5. Summary (8) Beck, S. M.; Brus, L. EJ. Am. Chem. S0d.982 104, 4789.

(9) Beck, S. M.; Brus, L. EJ. Am. Chem. S0d.982 104, 1103.

The time-resolved resonance Raman spectra of the triplet,, (10) Rossett, R.; Beck, S. M., Brus, L. . Phys. Chem1983 87,

excited state, radical anion, and semiquinone radical of bromanil ~(11y Rossetti, R.; Brus, L. E1. Am. Chem. Sod.986 108 4718.

have been recorded. Observed vibrational modes have been (12) Tripathi, G. N. R.; Schuler, R. H. Phys. Cheml987 91, 5881.
assigned for all the three transient species by comparison with  (13) Tripathi, G. N. R.J. Chem. Phys1981, 74, 6044.

the ground state frequencies, with spectra computed usinngélg)llT”path" G.N.R.;Sun, Q. Schuler, R. Bhem. Phys. Lett989
density functional calculations, and with other tetrahalogen  (15) Schuler, R. H.; Tripathi, G. N. R.; Prebenda, M. F.; Chipman, D.
substituted quinones. Depolarization ratios have been measured. J. Phys. Chem1983 87, 3101. _

for all the observed bands in the triplet excited state. Normal- (Jlel)pfcsh%ehrégig"é-é gpgg‘gf- N. R.; Prebenda, M. F.; Chipman, D.
coordinate analysis has been carried out in order to understand\/l'(l}) Z%éo, X.; Imahori, H.; Zhan, C.; Mizutani, Y.; Sakata, Y.; Kitagawa,
the changes that occur on halogen substitution in the groundT. Chem. Phys. Lett1996 262, 643.

and excited states. These data have been used along with the (18) Zhao, X.; Imahori, H.; Zhan, C.; Sakata, Y.; Iwata, S.; Kitagawa,
computed frontier molecular orbitals of the ground state to '3 &1YS: Cheml®97 101, 622.
P g (19) zhao, X.; Kitagawa, TJ. Raman Spectros¢998 29, 773.

understand the structures of the triplet state, the radical anion, (20) Tahara, T.; Hamaguchi, H. Phys. Chem1992 96, 8252.
and the semiquinone radical. Our calculations have shown that (21) Tripathi, G. N. R.; Schuler, R. H.. Chem. Physl982 76, 2139.

i~inati ; ; ; ; (22) Boesch, S. E.; Wheeler, R.. A. Phys. Cheml995 99, 8125.
the participation of the lone pairs on bromine in the frontier (23) Bossch. S. E.. Wheeler R. A Phys. Chen1997 101, 8351,

molecular orbital is significant. _ (24) Balakrishnan, G.; Umapathy, Shem. Phys. Let1997, 270, 557.

The effect of halogen substitution is observed to be larger in Balakrishnan, G.; Umapathy, 8. Chem. Soc., Faraday Tran997, 93,
he triplet exci han in the groun . Electronic 4125.
t e.t pet e cited state tha the ground .State ectronic (25) Cooper, C. D.; Frey, W. F.; Compton, R. N.Chem. Phys1978
excitation distorts the molecule to make the ring narrower and gq 5357,
the C-C bonds shorter, as well as distorting the molecule out-  (26) Kukubo, K.; Masaki, T.; Oshima, Drganic Lett.200Q 2, 1979.
of-plane to a lowelCz, symmetry as compared to the ground ~_ (27) Boullais, C.; Nabedryk, E.; Burie, J.-R.; Nonella, M.; Mioskowski,
state. Vibrational frequencies observed in the triplet state were C- Bréton.J. Photosynth. Red998 55, 247.

. . (28) Nonella, M.J. Phys. Chem. B998 102 4217.

predlcteql with Iqrger errors thqn observed for the. grpund state.  (29) Grafton, A. K.; Wheeler, R. AJ. Phys. Chem. B999 103 5380.
The radical anion geometry is also affected similarly. The  (30) Boesch, S. E.; Wheeler, R. A. Phys. Chem. A997 101, 5799.
changes due to reduction on the structure of bromanil are very 1(33)7 ‘gg'al'ggh”a”’ G.; Mohandas, P.; Umapathyggectrochim. Acta,
similar to the changes due to electronic excitation. prever, (32) Burie, J-R.; Boullais, C.: Nonella, M. Mioskowski, C.; Nabedryk,
the C-Br bond lengths show larger changes on reduction than g.; Breton, JJ. Phys. Chem. B997, 101, 6607.
on electronic excitation. These structural changes imply that (33) Nonella, M.; Bradli, C. J. Phys. Cheml1996 100, 14549.

; ; ; ; (34) Razeghifard, M.; Kim, S.; Patzlaff, J. S.; Hutchison, R, S.; Krick,
the radical anion and triplet state of bromanil would be more T.: Ayala, I.; Steenhuis, 3. J.: Boesch, S. E.: Wheeler, R. A.: Barty, B. A.

reactive than the ground state. 3. Phys. Chem. B999 103 9790.
The largest structural reorganization is observed in the (35) Grafton, A. K.; Wheeler, R. Al. Phys. Chem. A997 101, 7154.

semiquinone radical. The molecule remains planar v@th 1Oi3?)1g’gise' K. E.; Grafton, A. K.; Wheeler, R. & Phys. Chem. 4997

symmetry. Bond lengths and bond angles proximal to the ™" (37)"chipman, D. M.; Prebenda, M. B. Phys. Cher1986 90, 5557.
abstracted hydrogen are affected considerably more than the (38) zhan, C.; Chipman, D. M. Phys. Chem. A998 102, 1230.

distal ones. The species is essentially a pentadienyl radical, with ~ (39) Mohandas, P.; Umapathy, $.Phys. Chem. A997, 101, 4449.
one carbonyl group left relatively unperturbed. (40) Girlando, A.; Zanon, |.; Bozio, R.; Pecile, @.Chem. Physl978

. o . 68, 22.
Both electronic excitation and reduction affect the normal-  (41) Balakrishnan, G.; Babaei, A.; McQuillan, A. J.; Umapathy,JS.
mode composition. The €C str. and GO str. modes are Biomol. Struct. Dyn199§ 16, 123. Balakrishnan, G.; Umapathy,BMol.
; ; ; . Struct.1999 475, 5.
couplfed to a greater extent in the triplet state and radical anion (42) Puranik, M.: Mohapatra, H.: Balakrishnan, G: Chandrasekhar, J.:
than in the ground state. In the ground state, the two high- ymapathy, SAsian J. Phys1998 2, 189.
frequency modes are assigned to thre@str. and G=C str., (43) Balakrishnan, G.; Mohandas, P.; Umapathyl. £hys. Chenl996
whereas in the transient states, both these coordinates hava00 16472.

comparable contributions to the two totally symmetric modes. gigg Efﬁ?ﬁé&';Tg-”@ﬁgﬁgﬁa?hﬁhBy§|'|qu:|e_”E$h‘;f?éhleonigggi'oq

16843,
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