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Structure and Proton Reactivity of the Semiquinone Anion and Dianion of Biphenol in
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Whether the redox intermediate state of 4#phenol in water, GHgO,*, has a planar or staggered molecular
geometry twisted about the inter-ring bond has been examined using time-resolved resonance Raman
spectroscopy and electronic structure computation. Hydrogen-bonding effectsppthiphenylsemiquinone
radical anion (@HsO,*) structure were incorporated in the calculations by associating two water molecules
with each oxygen site. The predicted structure, with inter-ring CC bond length of 1.455 A and dihedral angle
of 17.7, provides a good description of the spectroscopic observations. Hydrogen bonding slightly elongates
the CO bonds, but its effect on the inter-ring twist is negligible. Nonequivalence of the two phenyl rings,
which are noncoplanar, is indicated by the resonance Raman spectiaHgDg* in liquid water as well as

in ethanol matrix at low temperatures. Thieconjugation between the rings is small in the radical anion, but
greater than in its reduced dianion;(8;0,%") state, which signifies the role of torsional distortion of the
molecular geometry in redox reactions of biphenyl systems. The change in the calculated CO bond length
from the parent dianion to thep-biphenylsemiquinone radical anion (0.031 A) is significantly smaller than
that for the analogoys-benzosemiquinone radical anion system (0.049 A) and correlates well with the change
in acid—base equilibria. The predictive value and limitations of the theoretical structure calculations of molecular
ions and radicals containing the>CgH,O~ (X = O) moiety, which occurs in a wide variety of chemical and
biochemical redox systems, are examined.

Introduction the former radical (&HgO,™*) is relatively less resonance
- . . o stabilized! Structurally, this may correspond to greater localiza-
Semiquinones constitute an important class of radical Inter- i, of the extra electronic charge on two equivalent oxygen
med|aj[es which play pivotal roles' In & variety of chemical af‘d atoms, which implies weaker CO bonds. Alternatively, one
!mologlcal Processes, such as artificial light energy conversion oxygen atom may have more electronic charge than the other.
into chemical energy, natural photosynthesis, cell respiration, In either case, a lack of effective-conjugation between the

and quinoenzyme activity® They are qualitatively dt_escribed. rings is indicated, which can arise from nonplanarity of the
through resonance structures conceived by exchanging unpa're(?nolecular configu,ration in water

and paired electrons on two distant atomic sites of a conjugated . . )
system, which make about equal contributions to the radical 'N€ Proton-hyperfine constants ofi 50, * in solutiort*
structure! This simple description of the semiquinone state, Sudgest structural equivalence of the two phenyl groups on the
introduced by Pauling, has been amply justified by numerous ESR time spale. '_I'h|s equivalence does not necessarl_ly imply a
experimental and theoretical studies of fheenzosemiquinone ~ Planar configuration. On the other hand, weak satellite bands
radical anion (GH40,*) in recent year4-!* Similarities in the mostly accompany the pr_ln(:lpal bands in the_ resonance Raman
CO bond properties and protonation behavior of this radical (RR) spectrum of the radical in ethanol matrix at 77 Khese
anion with those of the closed-shell acetate anion can be readilysecondary spectral features have no analogues in the RR
accounted for on that basi§.Resonance structures similar to  spectrum of @H40,™*, which might imply a lowering of
those of thep-benzosemiquinone radical anion are also com- symmetry. Although the origin of the satellite bands has
monly used for describing the redox intermediates of bridged remained unexplained thus far, it has been clear that resonance
aromatics with CC linkagé.However, torsional distortion of ~ structures similar to those of ¢840,™* do not adequately

the molecular geometry about the inter-ring bond can greatly describe the spectral properties ab8sO,~". It is possible that
reduce thes-interaction between the rings. In that case, a the radical geometry in rigid matrixes is different from that in
qualitative structure largely based on electron exchange betweeriquid water. Biphenyl and some of its 4derivatives are known

the atomic sites on different rings can be inadequate for to be planar in crystals but twisted by large dihedral angles (45
describing the spectra, bonding and chemical reactivity of the £+ 15°) in liquids and gase¥

radical intermediates. We have investigated in this work the structural properties
Recent measurements on the adidse properties of thgp- of the aqueougp,p-biphenylsemiquinone radical anion, using
biphenylsemiquinone radical in water indicate that th& pf time-resolved resonance Raman spectroscopy and electronic

this radical is about three units higher than that of the structure computation with density functional theory (DFT).
p-benzosemiquinone radic&!3 Obviously, the anion form of  Vibrational spectroscopic data on the per-deuterated radical
(C12Dg0,7*) has been obtained using a novel method of in situ
*To whom correspondence should be addressed. synthesis. Hydration effects on the radical structure have been
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modeled in terms of theoretical structures in which each oxygen 1600
atom is hydrogen-bound to two water molecules. The calcula-
tions give good agreement with the experimental Raman
frequencies and their isotope shifts. They also suggest that
hydrogen bond interactions have a negligible effect on the inter-
ring twist. Comparison of the observed and calculated Raman
frequencies, particularly in the low-frequency region, provides

strong evidence that the two oxygen atoms in aquegissO, . : . —
are not equivalent on the vibrational time-scale. 1800 1600 1400 1200 1000 800

. | ) Raman Shift-cm™
Experimental Section Figure 1. 390 nm Raman spectrum of aqueousHzO,>~ at pH 13.
Thep,p-biphenylsemiquinone anion radical was prepared by
pulse radiolytic oxidation of 4,4biphenol (G;H100;) in basic carried out with the Gaussian 98 progréhhe composition
aqueous solutions. On electron pulse irradiation gd#saturated of each normal mode in terms of local mode contributions was
water, the’OH radical is the main reactive species present in obtained by the total energy distribution mettfé@omparison

solution on the nanosecond time scHlét was converted into of the hydrogen bonded;gHsO,*-4H,0 and GH40,*-4H,0

the secondary oxidant, N by reaction with 0.1 M Nahlin radicals and their precursor dianion structuregiig0,?—+4H,0
solution. TheOH radical reacts with B at a rate constant of  and GH40,%+-4H,0), at the same level of theory, was used to
1.2 x 101°M~1 s 116 Therefore, the formation of thed\radical gain insight into the nature of the CO bonds and their possible

is complete within the electron pulse duration5( ns). The effect on the proton reactivity in water.
deuterated radical (@sO,*) was prepared by pulse radiolysis
of perdeuterated phenol {Bs0D) in light water. This prepara-  Results and Discussion

tlo_rll_hmeth?d IS t()jrllelﬂy_d;.scussed Im Bhe fgIIO\l/vmbg sectt_|on. d 1. Raman Spectrum and Molecular Geometry of the
€ puise radiolysistime-resolved optical absorption and - npyanion Form of 4,4 -Biphenol (C12HgO227) in Water. The

resonance Raman tle7chn|ques_, used in this work, have beerbreresonance Raman spectrum of-bjiphenol in basic aqueous
previously deSCF'be“- Radiolysis by~8 MeV, ~5 ns electron solution (pH 13) obtained using the experimental setup described
pulges from a Ilngar acceleratore, at a dose which produges 8n previous section is depicted in Figure 1. Excitation was at
rad_|ca| concentration 0f3 x 10 M per pulse, was “_Sed N 390 nm. Fluorescence interferes with spectral acquisition at
optical absorption measurements._ln Raman experiments, 2shorter wavelengths. The spectrum does not change even in
MeV, ~100 ns electron pulses, delivered by a Van d5e Graaff strongly basic solutions (3 M KOH). Because of poor solubility
accelerator at dose rates that produced abouf-100" M of the compound at lower pH, the aeitbase equilibrium could

rad:;;a(; ance”tfa“of" were applgeda Thel Raman Iscatterlng dW_aSnot be followed. The second<p of dihydroxy aromatics, such
probed by an excimer-pumped dye laser pulse, tuned in ,q hydroquinone, generally lie in a narrow range of11 .22

80n that basis, the spectrum in Figure 1 is ascribed to the dianion
were recorded using an optical multichannel analyzer (OMA), form Clesoz,Z* P 9

accompanied by an intensified gated diode array detector, with
the gate pulse synchronized with the Raman signal pulse.
Extensive signal averaging was performed to improve the S/N
ratio in the Ramarlllspectra, with the accelerator a}nd Iasermetric modes. It is convenient to describe these vibrational
operated at a repetition rate of 7.5 Hz. In both experiments, a modes in terms of phenyl vibrations using Wilson notaidn.
flow system was used to refresh the solution between ConseCU'Comparison of the spectrum in Figure 1 with those of bipheny
tive electron pulses. Raman band positions were measured Withand its derivatives leads to straightforward assignment. The
reference to the known Raman bands of common solvents, Sucnnter—ring CC stretch that appears at 1285-énin liquid

as ethanol and carbon tetrachloride, and are accurate to withinbiIOhenyl (GoH10)15 shows as a medium intensity band of similar
+2 cm ! for sharp bands andt5 cm? for broad and shoulder frequency (1285 cmf) in aqueous @HgO.2~. Similarly, the

bands. principal band at 1600 cm and weak to moderate intensity
bands at 1515 and 1185 cfin aqueous GHgO,2~ compare
well with the Raman frequencies, 1612, 1513, and 1192'cm
The BPW91 method, which combines Becke’s 1988 exchangein liquid CioH10.15 These vibrational modes relate to the in-
functional with the PerdewWang 91 correlational function&, phase phenyl (Wilson) vibrations: 8a (ring stretch), 19a (CH
was used for structural characterization. Although DFT calcula- bend+ ring stretch), and 9a (CH bend), respectively. The weak
tions may not give accurate results for either hydrogen-bond Raman band at 836 crh can be readily assigned to the in-
distances or binding energies, it has been shown that the BPW91phase ring breathing mode (Wilson mode 1), observed at
functional gives a good account of the effect of hydrogen comparable frequencies in para-substituted benzenes (843 cm
bonding on the vibrational structure of semiquinone and in liquid CioHgF2).t52% These vibrational modes are totally
phenoxyl radicals in waté#?) Calculations were performed on  symmetric inD2n (planar) as well aP, (twisted) molecular

The spectrum in Figure 1 is simple, as only those vibrational
modes that are preresonance Raman enhanced are observed.
They generally represent Frane€ondon-allowed totally sym-

Theoretical Procedures

the isolated and water bound radical anion O, * and symmetry, and their frequencies are known to be insensitive to
C12HgO,*-4H,0) and the corresponding dianions; §8s0,2~ the inter-ring twist. Therefore, they provide little insight into
and G,HgO,*~+4H,0). Energetic, geometric, and force field the rings’ orientation. The inter-ring CC bond length in
evaluations were obtained using the 6+%3** basis set® C12HgO22~ is expected to be comparable to that of biphenyl

having split-valence and polarization functions on all atoms plus (1.48-1.50 A), based on identical (1285 cf) stretching
diffuse functions on heavy atoms. Vibrational frequencies were frequencies.

obtained from analytical second derivatives evaluated at the Figure 2A presents the calculated BPW91/6+&** struc-
computed local minimum geometries. These calculations were ture of G,HgO,?~, hydrogen-bonded to two water molecules
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Figure 2. Theoretical (BPW91/6-3tG**) structures of GoHsO?+4H,0O
(A) and GH40227-4H,0 (B).

TABLE 1: Comparison between the 390 nm Raman
Frequencies (cm?) of the Dianion of 4,4-Biphenol
(C12Hg0227) in Water and Calculated Frequencies of Totally
Symmetric Modeg

C12HgO2~ Ci2HgOz%

CioHi? CiHid

(liquid) (iquid)
1612 1285
1505 1192

CiHgOx%™

CiHid
exp cal (liquid)
1285 1266 1031
1185 1163 843

exp cal

1600 1594
1518 1505
1326

exp cal

836 831

aBiphenyl (G:Hi0) frequencies are also given for comparison.
b Reference 15. Substituent-sensitive frequencies frofa@#HsF> in
italics (ref 15).

at each oxygen end. The inter-ring dihedral angle is calculated
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Figure 3. Transient absorption of GHgO,™*, observed s after the
electron pulse, in aqueous solution at pH 11 (see text).

B
A

1700 1600 1500 1400
Raman Shift - cm”
Figure 4. 445 nm Raman spectra of;£1s0,* in the 1400-1800
cm! region, prepared by N* oxidation of (A) 4,4-biphenol and (B)
phenol in basic solutions.

at 34, which is comparable to the angle in gas and liquid @t 443 nm (extinction coefficient-2.8 x 10* M™* cm™) is

biphenyl (45+ 15°). The m-overlap between the rings is

shifted toward the blue by 15 nm with respect to the spectrum

negligible, as reflected in the calculated inter-ring CC bond [N ethanol matrix at 77 K.The p-benzosemiquinone anion and
length of 1.488 A that is typical of a single CC bond. Thus, the Otherp-substituted phenoxyl radicals (%840°) also absorb in

predicted ring orientations and bonds are similar to those in this spectral rggloﬁ.The transition moments for thege absorption
liquid biphenyl, which is not surprising. The calculated frequen- SPectra are directed along the long molecular axis (takeh as

cies 1594 (8a), 1505 (19a), 1163 (9a), and 813(1)'cagyree

axis). For an electronic transition in1£1s0,~* of similar

well (Table 1) with the observed frequencies for these modes character, the transition moment should be about twice as large

(1600, 1513, 1192, and 836 c#).

and absorption coefficient about four times higher than in

Hydrogen bonding has very little effect on the calculated CsH4O2", irrespective of the inter-ring twist. Atmax ~ 430
inter-ring bond and orientation. However, its inclusion in the MM, €max~ 7.6 X 10 M~ cm! for the Byg—Ba, transition of
calculation elongates the CO bonds by 0.026 A and leads to aCeH4O2 . Thus, one would expect afhax of ~3 x 10* M~
better agreement with the experimental frequencies. The cal-for @ corresponding transition in 1&40,™*. The observed
culation underestimates the inter-ring CC stretching frequency extinction coefficient is very close to this roughly estimated
by 20 cnrl. The lower value may be partly a consequence of Vvalue.
unusually short calculated CO bonds (1.321 A), as compared 3. Radiolytic Synthesis of Aqueous @DgO>*. The ring-

to that in phenols £1.38 A). For a short CO bond, the

deuterated radical was synthesized using deuterated phenol

uncoupled stretching frequency becomes higher than that for(CsDsOD) as precursor. It is knovifithat the recombination
the inter-ring CC bond, and the resulting mechanical coupling of phenoxyl radical (gHsO") leads to formation of GHgO,?",
between the two can lower the inter-ring CC frequency. These which was verified. The transient Raman spectrum in the 400

coupled modes are calculated at 1326 and 1266lciwe
observe only one band, at 1285 th suggesting that the

1800 cnt1! region, obtained on electron pulse irradiation of a
N,O-saturated aqueous solution containing 0.5 mM'-4,4

calculation overestimates the degree of coupling. We believe biphenol and 0.1 M Napat pH~11, is shown in Figure 4A.
the BPW91/6-31+G** geometry is a reasonable representation Excitation was at 445 nm. This spectrum is a difference
of the G,HgO,2~ molecular geometry in water, as far as the spectrum of the raw spectra recorded aisland 100 ms after
ring orientations are concerned. On the other hand, the COthe pulse. The spectrum in Figure 4B was obtained on pulse
lengths appear to be shorter than expected, a problem notedadiolysis of a solution containing 2 mM phenol and 0.1 M NaN

previously427 for DFT calculations on phenolate anion
(CeHsO_).

2. Transient Absorption of p,pg-Biphenylsemiquinone
Radical Anion (C12HgO2*). The transient absorption observed
2 us after electron pulse irradiation of a®saturated aqueous
solution containing 0.5 mMp,d-biphenol and 0.1 M Napat
pH ~11 is shown in Figure 3. The absorption maximutp£)

at pH ~11, using the same excitation wavelength. It can be
seen that the two spectra are essentially identical. Thus, it is
clear that that the $DgO,* radical can be conveniently
prepared by pulse radiolysis of deuterated phengDOD) in

basic aqueous solutions. This in situ radiolytic synthesis was
used to investigate the isotope effects on the resonance Raman
spectrum.
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Figure 6. 445 nm Raman spectra of (A0, * and (B) G2DsO2 .
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Figure 5. Growth kinetics of G:HgO. on electron transfer from
C1,HgO2%~ to GsHsO in basic aqueous solution, monitored by (A) 440

nm absorption and (B) 445 nm Raman. (see text). TABLE 2: Comparison between the 445 nm Resonance

Raman Frequencies (cm?) of the Totally Symmetric Modes

) ) . ) (in D2, Dy, and Cs Symmetries) of G,HgO,* and C1,DgO,*
The mechanism by which ¢HsO,™* is produced on radi-  in Water and Calculated Frequencies

olysis of phenol was briefly examined. It is well recognized _ - - _

. . . . CioHgOo Ci12DgOr* CioHgOo*—CyDgOs*

that the phenoxyl (6HsO") radical, the primary intermediate CizHa? Sl it el it

in the oxidation of phenol, undergoes taikil bimolecular (liquid) exp cal  exp cal exp cal
reaction to produc@,p-dihydroxybiphenyl (biphenolj® 1612  1598(1605) 1592 1568 1560  —30 —32
1509 1530(1542) 1525 1494 1492 —36 -33

. . . o 1405 1404 1157 — 247

CeHsO + "OH/Ny" — CgHO" +OH /N, (1) 1285 1332(1337) 1307 1375 1373 +43 +66

1192 1201(1204) 1178 877 858 —324 —320

C.H.O" + C.H.O'— C..H..O.— C..H.02 + 2H" (2 1031  982(982) 969 863 848 —119 -121
€S 6s 12071072 =12 82 ) 843  842(842) 834 797 782 —43 -52

- ) N 741  686(688) 675 650 637 —36 - 38

Electron transfer from GHgO,~ to CsHsO° produces GHgO, 316 298(308) 290 278 —12

. — — — aCyi2H1o frequencies are also given for comparisbReference 15.
CeHsO" + Clesoz2 — CHgO, ™+ CgH:s0 3 ¢ Freqltzjeilociesqin ethanol matrixg(ref 7) in pa?entheéémbstituent-
sensitive frequencies from;@gF, (ref 15) in italics.
Whether the reaction 3 can indeed occur was investigated. Figure
5A depicts the growth kinetics ofgHgO,* absorption at 440  water, prepared by the methods described in earlier sections,
nm on radiolysis of a pD-saturated aqueous solution containing are displayed in Figure 6 and summarized in Table 2. Excitation
5 mM phenol and 0.05 mM biphenol at pHL1. The absorption ~ was at 445 nm. The spectrum in Figure 6A was observed 2
grows exponentially, with a half-period of 4.ds, which after the electron pulse and that in Figure 6B:d@Gfter the
corresponds to a rate constant of 2910° M~1 sL. The pulse. Prominent bands at 1598, 1530, 1405, 1332, 1201, 982,
reaction is complete in less than 28. The transient Raman 842, and 686 cmt are readily discernible for gHgO,* in the
spectra obtained from this solution 100 ns and 6 ands8fter 1800-600 cn1? region (Figure 6A). Comparatively, many more
the electron pulse are shown in Figure 5B. The signal intensity bands have been reported in the spectra recorded on the radical
at 6 us is roughly half the intensity of that at 46, giving a embedded in ethanol matrix at 77’K.arge downward shifts
rate constant of 2.3 1® M~1s71, in excellent agreement with  of 324 and 119 cm! in frequency occur for the 1201 and 982
the rate constant measured by optical absorption. It is clear thatcm™! bands in G;DgO,~*, respectively. On the other hand, the
recombination of @HsO* produces @HgO.,%~, which is sub- 1332 cnt! band shifts to a higher frequency by 43 tThe

sequently oxidized by £HsO* to form C;HgO,™* in basic remaining Raman bands shift to lower frequencies by about 36
solutions. (£7) cnrt on ring deuteration.

In Raman studies, the initial radical concentration is fairly =~ The resonant 445 nm transition of the radical is very strong.
high (~10-*M). Therefore, even if a small fraction ofsH50° Therefore, the possibility of observing symmetry-allowed but
produced on oxidation of phenol converts into biphenol, the Franck-Condon forbidden (nontotally symmetric) vibrations in
latter concentration is high enough to react wigtHgO* to form the resonance Raman spectra must be discounted zthe

Ci12HgO,™* on the microsecond time-scale. Any coupling nature of the 445 nm transition requires that these modes involve
between phenoxyl radicals at the ortho position will produce a considerable ring distortion components (implying fundamental
different isomer of biphenol. However, there was no evidence frequency below 1800 cm) in order to be observably enhanced
that the radicals derived from other isomers are formed. It is in the resonance Raman spectta.
likely that the rates of electron transfer from other isomers of  Structural equivalence of the two phenyl groups in the radical
biphenol to phenoxyl radical are very low (reaction 3), or do would be required in a pland., point group, as well as in a
not occur, a possibility that we did not examine. Also, the other staggered molecular geometry twisted about the inter-ring bond
isomers may not absorb as stronglypgs-biphenylsemiquinone  in a D, point group. In the case of nonequivalence, the
radical anion and their absorption may lie in a different spectral corresponding point group symmetries reduceCtp and C;
region. (no symmetry), respectively. InBu, geometry of GoHgO> ™,

4. Resonance Raman Spectra of gHgO,* and C;1,Ds0,7". nine fundamentals having totally symmetric characigg) can
The resonance Raman spectra @HO,* and G2DgO,~* in occur below 1800 cmt. They can be visualized in terms of
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Figure 7. Very weak bands in the low frequency (20600 cnt?)
region in the 445 nm Raman spectrum abisO, .

in-phase-coupled motion of the planas abrations of the
individual phenyl rings (localC,, symmetry§® and the inter-
ring CC stretcH>23The out-of-phase coupled @ibrations have
bz, symmetry and are Raman-forbidden (infrared active). The
latter can acquire totally symmetric charactay) @nd Raman
activity in a planarC,, geometry. Thea;(bs,) modes derive
their intensity by mixing with thex(a;g) modes of comparable
frequency. In a nonplan&®, geometry, the, (out of ring plane)
vibrations become totally symmetr{8). TheA(a,) vibrations
also borrow their intensities from thé(a;) modes. The
borrowed intensity can be very small. Therefore, very weak

Tripathi and Chipman

TABLE 3: Comparison between the 445 nm Resonance
Raman Frequencies (cm?) of the Nontotally Symmetric
Modes (in Dz, Symmetry) of C;,HgO,™* in Water and
Calculated Frequencied

nontotally symmetric
in D, structure
(totally symmetric inCy)

totally symmetric
in D structure

CiHip  CiaHeO2 CuiHig? CioHgO, "¢
(liquid)  exp cal (liquid) exp caf
911 936 1595 (1591) 1605
824 772 1481 (1530) 1495
423 398 398 1158 1150 (1186) 1162
65 1094 1088 1104/1101
1007 (969) 960
806 (798) 768
513 527 (505) 529/521
403 (404) 393
269 263 (277) 235
223 211

a Cy,Hjo frequencies are also given for comparisbReference 15.
¢ Frequencies in ethanol matrix (ref 7) in parentheé&@nly those
calculated nontotally symmetric modesiia symmetry that are readily
assignable to experimental results are cited HeBebstituent-sensitive
frequencies from 4,4C,,HsF, (ref 15) in italics.

cm! (Wilson mode 16a; ring distortion), and a very low
frequency for the inter-ring torsion in bipheryl?>Two of them

are observed (at 911 and 398 Thin aqueous GHgO>™*
(Table 3). These four vibrations are strictly Raman forbidden
in the D2, point group. Vibronic coupling between the excited
electronic states cannot impart Raman intensity to a “u”
(ungerade) vibrational mode in the ground electronic state. Their
appearance in the RR spectrum is a clear indication of the lack

bands in the RR spectra of the radical are of critical importance of center of symmetry in the radical structure. The 911°tm

in ascertaining the molecular configuration.
Eight fundamentals marked in Figure 6A can be readily
attributed to the vibrational modes afy parentage in &2,

mode appears to derive its intensity from the highly enhanced
836 cnT! ring mode and the 398 crmh mode from the weakly
enhanced 298 cm ring mode. All of these observations

geometry. They are prominently resonance enhanced and occudiscussed up to this point are consistent witBbasymmetry.
at frequencies comparable to those in para-substituted phenoxyHowever, there are additional very weak bands at 527, 263,

radical$ and biphenyl derivative® The inter-ring CC stretch
appears at 1332 cmh, 47 cnt! higher than in GHgO,2~. This

is a clear indication of increasedconjugation between the rings
on loss of an electron from @HgO,?~ and a consequent
decrease in the inter-ring twist. There is a large CH bending
component (as in phenyl Wilson mode 19a) in the 1332%tm
mode, as the frequency increases to 1375%in the per-

and 223 cmt in Figure 7 that cannot be accounted for bpa
molecular symmetry. In the vibrational spectra of biphenyl and
its derivatives, the corresponding vibrations represent modes
that are nontotally symmetric in th2y, as well as thé, point
groupst® They can acquire totally symmetric character only in
the C; point group (no symmetry). Most of the weakly enhanced
vibrational modes observed in the RR spectra of aqueous

deuterated radical. The other fundamentals marked in Figure C;,HgO,™ are also seen in ethanol matfix.

6A can be approximately described in terms of in-phase Wilson
modes 8a (ring stretch), 7a (CO stretch), 19a (CH benithg
stretch), 9a (CH bend), 18a (ring distortienCH bend), 1 (ring
breathe), and 12 (trigonal ring distortion), in order of descending
frequencied:®22 The CH bending modes 9a (1201 chand
18a (982 cm?) undergo large downward isotope shifts (324

We conclude from the above analysis of the RR spectra, based
on symmetry arguments, that the molecular geometry of the
C12HsO,* radical is significantly twisted about the inter-ring
CC bond in liquid water as well as in ethanol matrix. The
sm-conjugation between the rings increases on removal of an
electron from the highly twisted GHgsO2%". It is logical to

and 119 cm?, respectively), as expected. These assignments assume the structure of the fully oxidized aqueougigD; to

are based on a number of RR studies of radicals produced onbe planar, and we have corroborated this with BPW91/6-

oxidation of aqueous phenols and anilines and are consistent31+G** calculations, but we have no experimental evidence

with the assignments proposed previously for the spectrum in at this point. In that event, the ring orientations in the

ethanol matri¥:” The frequencies of these modes are known semiquinone state (@O, ™) of biphenol should be intermedi-

to be insensitive to the inter-ring twist in bipherdyThe ninth ate between those of its fully oxidized {f£1s0,) and reduced

aug (D2n) vibration is the ring distortion mode (derived from  dianion (G2HgO,*") forms.

the Wilson phenyl mode 6a), observed at 309 tim liquid The spectral evidence further suggests the phenyl moieties

biphenyl“® The corresponding RR band in aqueousHzO, in the GoHgO,* radical structure to be nonequivalent. As a

is very weak (Figure 7) and is seen at 298¢ém consequence, the out-of-phase coupled locghanyl vibrations
There are four vibational modes of out-of-riag parentage should acquire RR activity, as pointed out earlier. In accordance,

in aDyn, geometry having expected frequencies900 (Wilson weak satellite bands accompany the prominent RR band of the

mode 17a; CH bend);y800 (Wilson mode 10a; CH bend}400 radical in ethanol matrix at 77 K. Although nontotally symmetric
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A asymmetry in the calculated structure by hydrogen bonding the
two oxygen atoms of the radical with different numbers of water
molecules, such an exercise would be of little physical
significance. The molecular symmetry has only a minor effect
on the vibrational frequencies of phenyl systems. It mostly
affects the selection rules and RR enhancement pattern.
Comparison of the experimental RR frequencies gHgO,*
in water and calculate®,, symmetry-allowed frequencies of
C12HgO,7*-4H,0, given in Table 2, shows good agreement. The
predominantly inter-ring CC stretching mode, observed at 1332
cm™1, is calculated at 1307 cm. An even better agreement is

B seen in the frequency of this mode in the perdeuterated radical

1.381 s (1375 vs 1373 cmt). Several modes in the 13604600 cnt?!
OH, ,-HZO region contain contributions from the in-phase CO stretching
o 1294+ motion. The maximum contribution is made to the 1405 &m

3 K mode, consistent with the calculated CO bond length of 1.290
A. However, this mode is only weakly enhanced in the RR
spectrum, suggesting that the resonant excited state may not
involve a large change in the CO bond length. The vibrational
modes are approximately similar in composition to those of the
single ring systems, such as para-substituted phenoxyl radicals.

The four modes that would be out-of-plaagmotions for a

OH, 1770 388 HO |® planarD., geometry, but are totally symmetric for a ring-twisted

R ’ D, geometry, are of critical importance in ascertaining the
nonplanarity of the radical structure. These are calculated at
936, 772, 398, and 65 cri Two of them have been observed
at 911 and 398 cmi (Table 3). Although these bands are
Figure 8. BPW91/6-3%#G** CO bond lengths in (A) HENCeH,O™ extremely weak, as anticipated, the agreement between the
4H,0 and (B) GH4O, *-4H;0. (C) The calculated CO and inter-fing  ¢g|cylated and experimental frequencies for these modes sup-
CC lengths and dihedral angle inHs0,*-4H,0. . ) . .

ports a twisted molecular configuration for the radical.

The out-of-phase coupled local phenyl vibrations, calcu-

vibrational modes can appear in the RR spectradf molecule lated at 1605, 1495, 1162, and 768 Cirwhich are nontotally
because of vibronic coupling between the resonant and closeSymmetric b1) in a twistedD, geometry, have been seen at
by electronic states, they should generally relate to the “g” 1591, 1530, 1186, and 798 cin ethanol matrix, as weak
(gerade) vibrational modes By, point group. Also, they should ~ companions of prominently enhanced in-phaseviarations
not always accompany the FrareRondon enhanced vibra- (Table 3). The very weak bands observed at 1150, 1088, 527,
tional modes ofaiq (D2n) parentage. The sidebands seen in 263, and 223 cmt in water, calculated at 1162, 1104/1101,
ethanol matrix are unlikely to be resolved in aqueous solution, 529/ 521, 235, and 211 crh are also assignable to only
as the bands become considerably broader. However, prominenfiontotally symmetric vibrations iD, geometry (Table 3). The
higher frequency bands (200 cnt?) recorded at low slit width ~ observation of vibrational modes in the RR spectra pHgO,
(~6 cnr?) of the Raman spectrometer do show considerable in water and ethanol matrix that are symmetry-forbiddeD4n
asymmetry on the lower frequency side. The structural conclu- and Franck-Condon-forbidden (nontotally symmetric) D
sions based on the observed RR spectra and symmetry argumolecular symmetry is an indication of a lower symmety)(
ments are consistent with the calculated frequencies, as discusse@f the radical structure.

&

OH, H,0

o

OHy

in the following section. The discrepancy noted above between the molecular sym-
5. Calculated Molecular Geometry and Vibrational Fre- metry of the aqueous radical as determined from the RR spectra

quencies.Figure 8C presents the optimized BPW91/6+&** (Cy) and the DFT predicted symmetrip4) of the radical hydrate

molecular geometry of GHgO,*+4H,0. It is nonplanar ,), can be readily reconciled. In aqueous solution, the hydrogen

with the inter-ring twist (17.9) reduced to roughly half of its ~ bonds are continuously formed and broken, on a time-scale
value in the parent dianion (344 The effect of symmetrically ~ (~10712 s) much longer than the intramolecular vibrational
associating two water molecules on each oxygen site has smallperiod. The two CO bonds ini@HgO,* can differ by as much
influence on the CO bond lengths (an increase of 0.013 A) and as 0.013 A (the difference between the calculated CO bond
negligible influence (0.3 on the inter-ring twist angle and leads  lengths in GoHgO,™* and GHgO,*+4H,0) on the time-scale

to a slightly better agreement with the experimental frequencies of molecular vibrations. Fluctuation in the CO bond lengths
in water. The calculated inter-ring CC bond length of 1.455 A contributes toward Raman line broadening and relaxation of
is somewhat shorter than the value 1.488 A calculated for the selection rules. Calculations on the fully hydrogen-bonded
parent dianion. Thus, on radical formation there is a small radical hydrate essentially model the time-averaged effect of
increase in ther conjugation between the rings. The CO bond hydrogen bonding on the radical properties in water.

lengths in hydrogen bonded £1s0,* (1.290 A) and GH4O, 6. Proton Reactivity and the CO Bonds|t has been pointed
(1.294 A), calculated at the same level of theory, are comparableout in an earlier work that the proximity of the calculated and
(Figure 8). RR frequencies is not sufficient to ensure reliability of the

The experimental RR spectra suggest a less symmetriccalculated structures in aromatic oxy radicals; in addition,
molecular geometry of the radical in water than the calculated conformity with some chemical properties is requifdd. this
D, structure given in Figure 8C. Although one can induce context, the relationship between the nature of CO bonds and
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their protonation behavior has been previously discu&3éih 1.5 in K, is predicted, close to the observed one ($48)his
our simple approach, the bond length is expressed in terms ofis a very good agreement between the predicted and experi-
bond numberrf), which is empirically related to the protonation mental values, particularly because the aqugntisNCsH,O
pKa Thus, it is possible to predict the proton reactivity of a is an extreme case; that is, it is charge neutral. The calculated
molecule (the probability of forming a proton-bound state, which CO bonds for aqueous; @30, are almost equal (shorter by
relates to Ky) if the CO bond length is known. Conversely, 0.004 A;dpK, ~ —0.5) to those of gH40, . However, the
one can use thely to estimate the bond length. Correlation pK, of Ci2HgO,* is about three units higher. This discrepancy
between the calculated bond properties and protonation of may arise due to noncancellation of systematic errors between
closely related systems should establish the predictive value ofthe calculated bond properties in phenyl and biphenyl systems.
the theoretical procedures and their limitations. The relationship in eq 5 is empirically derived, but it is

The BPW91/6-33+G** predictions of CO lengths in rationalized in terms of an electrostatic model of adidise
CeH40,~-4H,0 (1.294 A) ando-HaNCeH40+4H,0 (1.285 A) equilibria®3!1t is assumed that the proton encounters the basic
are consistent with predictions from the proton reactivity models form of the molecule (anion/dianion) at a diffusion-controlled
(1.281 A and 1.267 A, respectivel§ror C2HgO,~*4H;0, the rate, but the rate at which it is released depends on the Coulomb
BPW91/6-31-G** CO bond length of 1.290 A is close to the  interaction energy between the two. Comparison of the charge
value estimated from theq of ~7 (1.309 A)3233 distributions in GH40,™ and G2HgO,~*, based on Mulliken

Let us compare the protonation behavior of semiquinone population analysis, shows almost identical negative electronic
anions, GH4O,™* and G2HgO>*, with their parent dianions.  charge on the O atoms in the two radicals. Therefore, they are
On the basis of the relationship between the bond lerigth (  expected to display similar affinity toward the proton, as
in A) and bond numbern), given in an earlier papérRco concluded from the calculated bond lengths.
changes with n according to the following expression: It is not surprising that the CO lengths and charge on O are
lower in the BPW91/6-31G** geometries of GHgO,™* and
C12HgO2%™, in comparison to those ofg840, ™ and GH402".
DFT calculations are known to predict a shorter CO bond in
CsHsO~ than expected from the RR specitfa?’ The local
Implicit in this relationship isRc-o(n = 1) — Re=o(n = 2) symmetry of the phenyl groups in &0, ~* and in GHgO22~
difference, taken as 0.193 A, and the ratio of the@ and is similar to that of GHsO~. The proton reactivities suggest
C—O stretching force constants, assumed to be 1.84, based ofihat the CO bonds in biphenyl systems may be underestimated,
literature value$.A Sl|ght|y different set of these parametel’s by ~0.02 A’ relative to the bonds in pheny| Systems_ This
would have little effect on the anaIySiS that follows. The bond difference is Sma"’ Compared to the Spread in calculated bond

OR-/on= — 0.355/f1 + 0.16)[1— (n — 1)/(0.84 + 0.16)]
(4)

numbern is empirically related to the Kn. For CO bonded
systems

on= —opK, 20 (5)
based on experimentaKg for n = 2, 1.5, and 1 in aliphatic
system$.

The calculatedRco (0.049 A) for GH40,2~ (1.343 A) to
CeH40,~* (1.294 A) corresponds to a drop of about six units in
pKa. This agrees well with the experimental finding that
CeH40,* protonates at about seven units lower pH than its
reduced hydroquinone stategf@0,?") in water!! The change
in the calculated CO lengt®Rco = 0.031 A) from G,HgO»2~
(1.321 A) to G:HgO,~* (1.290 A) is relatively smaller. The
proton attachment to £HgO,~* is predicted to occur withk,
~ 3.5 units lower than for GHgO,2~. Considering the proto-
nation behavior of ©HgO.?~ to be similar to that of gHsO~
and GH402~ (pKa 11 4 1), we predict that @HgO,~* should
protonate with a i, of 7.5 (1) (measured g, ~ 7). These

lengths using different theoretical procedutdgowever, it is
sufficient to produce consistency between the CO bond structure,
resonance Raman spectra, and proton reactivity of the semi-
quinone radical anions and parent dianions containing single
as well as biphenyl rings. Exceptions to eq 2 should be
considered if the vibrational spectra are correctly predicted but
not the reactivity, but that is not the case here. Presently,
resonance Raman and theoretical investigations on very few
aqueous molecular ions and radicals containing-tkgH4,O~
moiety are available, which precludes generalization of this
critical analysis of the structure and reactivity.

Structural computations have been reported recently on
CeHsO™ using a number of computational procedures and
different basis set¥. The lowest predicted CO stretching
frequency is about 100 cmh higher than the experimental
frequency. We know from the preceding analysis that the
electronic charge on the oxygen atom is underestimated in these
computations. To make the predicted CO length and frequency
consistent with the spectroscopic observations, calculations have

astonishingly good agreements for both semiquinone anionsyqqn, performed on ¢E1s0 Li* and GHsO Na" complexes

suggest that the BPW91/6-3G** structures relate well with
the proton reactivities of dinydroxy aromatics in their different

redox states, using the relationship between the bond length an

protonation K, given in egs 4 and 5.
In the above analysis, variation in the proton reactivity from

radical anion to parent dianions is correlated with the change

in the CO length, which minimizes the effect of systematic errors

in calculations. Comparison between the phenyl and biphenyl
systems should provide insight into the magnitude of the error.

To illustrate this point, we consider the proton reactivity of
radicals relative to gH4sO,*. In aqueous bBNCgH,O°, the
calculated CO bond is 0.009 ARco) shorter than in gH,0,~
(Figure 8), which corresponds tépK, —1.2. Making
correction for the statistical factor of 2 for attachment of the
proton on either of the oxygen sites igkGO,~*, a decrease of

as models for aqueoussdsO~ in basic solutions (e.g., pH
3)27 It can be readily visualized that Coulombic attraction of
positive ion pulls the electronic charge from ring to O. The
CO bond can be elongated this way by 60805 A from its
vacuum length. Unfortunately, such models are unrealistic for
the situation in dilute salt solution, and are inconsistent with
the proton reactivity of the aqueousCeH,O™.

Summary

We report, in this work, experimental and theoretical studies
of the electronic and vibrational structure of the aquepps
biphenylsemiquinone radical anion and its reduced dianion state
as prototypes of bridged aromatics with CC linkage. These
molecular anions provide good model systems for addressing
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