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Aryl radical anions created in liquid alcohols decay on the microsecond time scale by transfer of protons
from the solvent:? This paper reports a 4.5 decade range of rate constants for proton transfer from a single
weak acid, ethanol, to a series of unsubstituted aryl radical anions, Hre rate constants correlate with

free energy chang@&\G°, despite wide variations in the two factors that contributA@s: (a) the reduction
potentials of the aryls and (b) the AH* bond strengths in the product radicals. For aryl radical anions
containing CHOH substituents, such as 2f@phenyldimethanol which is protonated with a rate constant

of 3 x 10° s7%, the faster rates do not fit well in the free energy correlation, suggesting a change in mechanism.

Introduction terphenyl, pyrene, and biphenyl, in which protonations of the
anion radicals were slow, ethanol was purified by distillation
from CaH and then from NaBkl The solvent quality was

udged from the solvated electron half-life; it was 2.5 and

Electron capture by molecules results in orders of magnitude
increase in the basicity of the resultant radical anion relative to

the neutral. Radical anions are therefore rapidly protonated even.

by weak proton donors, such as EtOH, to create neutral radicals.
Pioneering studies by Dorfmahave shown that the protonation
of several aryl radical ions by the solvent occurs on the
millisecond to microsecond time scales in alcohols. In the gas
phase, proton transfer by alcohols and other weak acids stabilize
unstable anion%Free energy relationships have been reported
for proton transfer from phenols to radical anidnis, (dim-
ethylaniline™, benzophenone) radical ion pairs,or from weak
acids to diphenylmethyl carbanions in dimethyl formamide
(DMF)8 that can be understood using theories of proton
transfer’® With a single proton donor, ethanol (EtOH),
Dorfman reported pseudo-first-order rate constants of ugli@

s~1, but the energetics were not known and theory has not been
applied to these reactiofdt may even be surprising that these
reactions occur because acid dissociation constants for EtOH
(pKa = 29.8)9 and the proton adduct, ArHof anthracene
radical anion (K. = 23)!*in dimethyl sulfoxide (DMSO) point

to a endoergic proton transfer from EtOH to anthracene
although the reaction goes to completion with a rate of»4.0
10° s! in EtOH. This work observes several additional
protonation reactions in EtOH with rates extending to the
subnanosecond (3« 1®° s1) and provides estimates of
energetics in EtOH leading to a free energy relationship for
protonation of unsubstituted aryl radical anions. Protonation of
the radical anions of biphenyls having gbH (MeOH) ring
substituents such as 2Riphenyldimethanol appear to behave
exceptionally, signaling a possible change in mechanism.

Experimental Section

Materials. Anhydrous tetrahydrofuran (THF, Aldrich, inhibi-
tor-free, 99.9%) was distilled first from LiAlidand then from

S

5.5us in commercial and purified ethanol, respectively; the latter
compares well with the literature value of81> Monodeuter-

ated ethanol (EtOD) was distilled from NaBDAryl or aromatic
compounds (all from Aldrich unless otherwise indicated with
the stated purity in parentheses) were used as receivet:: 2,2
dimethylbiphenyl (97%), 2-methanolbiphenyl (99%), 4-metha-
nolbiphenyl (98%), phenanthrene (99%, zone-refined),
pyrene (99%, optical grade), fluorobenzene, 1,5-dimethoxynaph-
thalene, naphthalene, [2,2]paracyclophane (99%), anthracene,
and 4,4-dimethoxybiphenyl (Biochemical Laboratories Inc.)
were used as received. Biphenyl and xanthene were triply
recrystallized, 2,2dimethanolbiphenyl (99%) was sublimed, and
p-terphenyl &99%) was zone-refined prior to use. Sodium
ethylate was prepared by dissolving NaOH in purified EtOH
followed by centrifugation to remove a small amount of
insoluble carbonate; the resulting clear, colalésM NaEtO
stock solution was stored under nitrogen. Although an equivalent
amount of water is produced in this preparation, we estimate
from the data of Caldin and Lo&gthat over 93% of the total
base is present as EtQather than OH.

Pulse RadiolysisPulse radiolysis was employed to generate
the aryl radical anions. Fast electrons ionize the condensed
media (reaction 1) to form solvent radical cations (RHand
secondary electrons that quickly become solvated to form
solvated electrons, @ In both ethanol and THF, the solvent
radical cation (R rapidly (less than-1 ps) transfers a proton
to a neighboring solvent molecule (reaction 2), creating a radical
(R°) and a solvated proton (RH).

RH ~» RH" +¢7 (1)

RH" +RH — R"+RH," )

sodium and benzophenone and subsequently stored under argon.

Absolute ethanol (AAPER Alcohol and Chemical Co) was used
as received in most experiments. For the experiments with

T Part of the special issue “Norman Sutin Festschrift”.
* Corresponding author. E-mail: jrmiller@bnl.gov.

Under our experimental conditions, solvated electrons are the
only species that generate the radical anions of aromatic solutes.
The slower kinetic and transient spectra measurements were
carried out with pulses of 2 MeV electrons from a van de Graaff
(VDG) accelerator; pulse widths were in the range-800 ns.
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TABLE 1: Rate and Absorption Data Pertinent to Protonation of Aryl Anion Radicals?
k,x 107 | A (Ar™), k, A, (ATH®),

Aryl’
(Ar+e) nm (Ar” + EtOH) nm

biphenyl | 43+0.7°| 630,400 | 2.8x10°¢ | 310,320

5

2,2’-dimethyl 780, 400 42 %107

&
3

biphenyl
] OH 4-biphenyl 650. 400 2.9 x 10’
methanol | .
HO ;
2-biphenyl 675, 400 4.7 x 10
* O methanol |

2,2’-biphenyl

9¢ f
dimethanol 1.5+0.1 780, 375 3.0x10 325

%
Q

p-terphenyl | 7.2+0.6 | 906, 470 1.1x10°¢

>
0
J

CO phenanthrene 1140, 450 3.3 x10° 390, 400¢
680 pyrene 8.5+0.8 | 500,380 1.1 x 10* 400'
naphthalene | 5.4+0.5° | 800, 365 50 x10° 330
OOO anthracene 16 367,720 4.0 x 10°°¢

2 Rate constants are in M s for electron scavenging and in‘sfor pseudo-first-order protonation in neat EtOH. Except where indicated, all
rates andimax for Ar*= and ArH are measured in this work. Uncertainties in rates4at&%. ® Asterisks show the most probable protonation site
based on free energy calculations (see Supporting Information Tablé £25%. ¢ Dorfmar? gives 4.4x 10° and 4x 1(? s~* for biphenyl and
p-terphenyl, respectively’.Arai.?* f Present results.Fendler?? these results did not permit reliable determinations of extinction coefficients.

Three passes of analyzing light thrdug 2 cmcell were used measurements carried out in ethanol, dissolved oxygen was
in the detection optical path. For the kinetics recorded on a time removed by purging the solution with argon gas for at least
scale of less than 1Q@s, the analyzing xenon arc light source 10 min prior to use; then, the cells were sealed with septa. For
was pulsed. Except for the temperature dependence studies, alineasurements in THF, samples were prepared under an argon
VDG experiments were performed with temperature stabilization atmosphere and sealed using Teflon stopcocks. The dose per
at 25+ 1 °C in Ar-purged solutions. Dosimetry was performed pulse was determined before each series of experiments by
with N,O-saturated 10 mM KSCN aqueous solution using measuring the transient absorption of the hydrated electron in
Ge = 4.87 x 10%ions (100 eVy1 M~1 cm™1 for the (SCN)*~ water usinge(e s = 18.5 x 10° M~1 cm™t at 700 nm and
radical at 472 nm. G(e"ag = 2.97 molecules/100 eV at 10 ns. In pulgerobe
Nanosecond and picosecond measurements were carried outneasurements, the transient absorbance is probed at a single
at the Brookhaven National Laboratory Laser-Electron Ac- time delay relative to each accelerator pulse, requiring a few
celerator Facility (LEAF)* Transient absorption was measured thousand pulses to obtain a kinetic trace and using about
using an FND-100Q silicon diodé 1000 nm, 2 nsrise time) 50 mL of solution flowing throuf a 1 cmcell. The absorption
with a Tektronix 680B digitizer or an R1328-03 biplanar time data were analyzed with IGOR Pro software (Wavemet-
phototube with a Tektronix 694C transient digitizer (300  rics). Reaction rate constants were determined using a nonlinear
700 nm, 0.3 ns system rise time). A puigerobe method, least-squares fitting procedure described previotkslyncer-
analogous to the laser pumprobe technique, gave 17 ps time tainties for rate constants are quotedt®s of the rate parameter
resolution. The nanosecond measurements ulil@2 cmcell, of the fit. Where not stated, uncertainties are 15%.
a 75 W xenon pulsed arc lamp, and wavelength selection with  Radiation doses of 520 Gy were employed. Correction
40 or 10 nm bandwidth interference filters. For nanosecond factors of 0.80 and 0.89 were applied to account for lower
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TABLE 2: Protonation Energetics of Aryl Anion Radicals sF
(in eV/molecule) ) 2,2-Biph(MeOH),H" {20
aryl AgH?2  AgG?  E°(Ar/Ar—)b  AG°® — X© °T
biphenyl 113 085 —2.60 —0.03 < 4l 22 Beneory |
2,2-dimethyl biphenyl 1.05 0.74 —2.94 —0.26 E
4-biphenyl methanol 114 085 —2.63 —0.06 s 3
2-biphenyl methanol 1.10 0.75 -—-2.67 —0.00 ® 10
2,2-biphenyl dimethanol 1.06 0.76 —2.92 —0.26 S
p-terphenyl 1.16 085 —2.28 0.29 W
phenanthrene 130 099 -—2.47 —-0.04 | »
pyrene 152 1.22 —2.08 0.12
naphthalene 136 1.07 —-254 —0.19 a . . . . . do
anthracene 1.85 160 -—-1.96 —-0.14 300 400 500 600 700 80O 900 1000
benzene 1.03 0.73 -3.25 —0.56 wavelength, nm
2 Refers to the bond dissociation energies ArHAr + H* computed Figure 1. (@) Absorption spectrum (right axis) of 2:Biphe-
by B3LYP/6-31G(d).” Reduction potential in V of Ar vs SCE, or nyldimethanol radical anion in a THF solution containing 0.21 M-2,2

measured in this worlé.Free energy change for proton transfer (reaction biphenyldimethanol measured at 10 ns following the electron pulse.
4). The termX contains uncertainties of the origin (see eq 10) and is (<) Absorption spectrum of the protonated radical upon completion
estimated to bes —0.28 eV.9 Reduction potentiat-2.4¢* vs Ag/AgClI of reaction 4 in Ar-saturated ethanol solution containing 2.6 mv+2,2
adjusted to SCE referenceExperimental valué8areAqH = 0.92 and biphenyldimethanol; each point is an average of at least three runs.
A¢G = 0.67 eV with+0.13 eV uncertainties.

radiation energy absorption in ethanol and THF, respectively, 0.03F
relative to the aqueous dosimeters. A producGef= 1.57 x

10* electrons (100 eV)* M~ cm! for e s at 700 nm was
obtained for neat ethanol in agreement with literature valgies.
All spectra and molar extinction coefficients of the aryl radicals
were calculated under conditions of complete scavengingof e
and usingG(e~y = 1.7 for ethand?1®and 0.53 electrons per
100 eV for THF (the average of a number of reported vallies).
Samples were prepared immediately prior to use. During
irradiation, samples were exposed to as little UV light as possible
via the use of UV cutoff filters to avoid photodecomposition. 0.00
No evidence of photodecomposition was found within the time

frames monitored. Except for temperature-dependent experi-

ments, measurements at LEAF were carried out &21Some

measurements were made at the 20 MeV Linac at Argonne Figure 2. Kinetics of decay of the radical anion observed at 400 nm

. : . . (®) in ethanol by pulseprobe and 4) in THF measured with the
National Laboratory using an experimental setup described R1328-03 phototube and Tektronix 694C transient digitizer. Concentra-

previously:® _ tions of 0.4 and 0.5 M 2!2biphenyldimethanol were used in the two
Density Functional Theory (DFT). DFT calculations were cases.

performed using Gaussian ¥aising the B3LYP functional?

Geometries of molecules were optimized first by AM1 followed ) )

by optimization by DFT using the B3LYP functional. Semiem- diffusion-controlled for the more exoergic reactions but some-
pirical Zindo/S calculations of spectra with AM1 optimizations What slower for weakly exoergic attachments, particularly that
were performed in Hyperchem 7 as were screening optimiza- ©f 2,2-biphenyldimethanol. The two bulky 2-methanol substit-
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tions. uents on 2,2biphenyldimethanol force the anion to be some-
what nonplanar, which in turn is likely to cause the very negative
Results reduction potential. It is apparent from this data that, for the

aromatics investigated, the protonation rate of the radical anion
by EtOH, ks, spans more than 6 orders of magnitude and there
is a nearly four decade increase in the protonation rate (reaction
4) for the 2,2-biphenyldimethanol radical anion over that for
biphenylide.

Optical absorption spectra of many aromatic radical anions
have been reported previoug® The absorption spectrum of
the radical anion of 2;2biphenyldimethanol in THF is shown
o— . . - in Figure 1, along with that of the product radical. A partial

A+ ROH—ArH" + RO ) spectrum of the radical anion in ethanol, where the 0.3 ns
ArH* + ArH* — products (5) lifetime of the anion precludes accurate measurements at many
wavelengths, is identical to that in THF. Figure 2 displays decay

Rate constants for the reaction ofsevith aromatic solutes kinetics of the 2,2biphenyldimethanol anion in ethanol and
and the subsequent reaction of the aromatic radical anions andTHF. The spectra for radical anions of the other substituted
the solvent, reactions 3 and 4, for the aromatic molecules biphenyls investigated in ethanol are shown in Figure 3; the
investigated in ethanol are summarized in Table 1, along with well-known spectra for unsubstituted biphenyl are in the
the spectral maxima of the radical anions and protonated Supporting Information.
radicals, ArH. The reduction potentials for the aromatic solutes ~ The protonation of methanol-substituted biphenyls in THF
are compiled in Table 2. Electron attachments are typically may occur by intermolecular (reaction 6) and intramolecular

Solvated electrons react with aromatic solutes (Ar) to produce
their radical anions (Ar, reaction 3), which are strong bases
that may be protonated to form the neutral radicals (ArH
reaction 4). The neutral radicals decay via radicadical
reactions (e.g., reaction 5).

e tAr—Ar 3)
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il ' ' ' ' " ' the apparent rate constant dependence on the radiation dose
. ] (Figure 4). These features suggest a simple self-recombination
(reaction 5) for the decay. Assuming the radiation yi@{érH*)

= G(e~y) = 1.7 2the same recombination rate constaikg, 2

(4.3 £ 0.2) x 10° M1 s71, is derived for both 2/2biphe-
nyldimethanol and pyrene H-atom adducts. It would thus appear
that reaction 5 is essentially diffusion-controlled. Notably, in
both cases, there are essentially the same and significant
(~1 x 13 s7Y) intercepts evident. These intercepts indicate that,
in addition to reaction 3, there exists an approximately first-

e (M em™y w10

-'-"-'l'.':;'_';{ order channel for the ArH radical decays. Possibilities include
oh J reactions of ArH with the more numerous solvent radicals or
400 500 600 00 800 800 1000 . . . . .
Wavslangth (nm) with impurities, possibly with traces of oxygen.
Figure 3. Absorption spectra of radical anions of 2-methanolbiphenyl ~ For those Ar~ that are protonated by EtOH sufficiently
(0.51 M) (#), 4-methanolbiphenyl (0.55 M)a(), and 2,2-dimethyl- slowly, the second-order decay (reaction 5) interferes with the

biphenyl (0.48 M) @) in ethanol at 12, 20, and 10 ns, respectively, opservations of the ArHadical formation, and observation of
after the electron pulse. its spectrum, even at very low doses. For instance, as is obvious
from Figure 5, the decay has to be accounted for when
determining the molar absorptivity of the pyrene protonated
radical, PyrH. With p-terphenyl, the protonation of the radical
anion is so slow that the protonated radical could not be
Ar(MeOH)"™ + Ar(MeOH) — ArH(MeOH’) + Ar(MeO") ob.served.at aI.I and the protonation rate was inferred from the

(intermolecular self) (6) anion radical f|.rst-order depay rgte only; early and late spectra

are in Supporting Information Figure S5.
Ar(MeOH)™ — ArH*(MeO") (intramolecular self) Temperature Dependence and Kinetic Isotope EffectA
) fairly low activation energy of 3.1 kcal/mol and preexponetial

factor of 6.7x 10’ s* were previously reportédor protonation

(reaction 7) self-protonation; these rates are reported in
Table 3. Intramolecular protonation rates for 2- and 4-biphe-
nylmethanol are indistinguishable from zero.

An attempt to extract inter- and intramolecular rates from . T . .
dependence of rate on 2fiphenyldimethanol concentration of biphenyl anion in ethanol; we have confirmed these numbers

in ethanol was not successful, as the rates can be measured t719ure 6 and Table 4). The nearly four decade increase in

reasonable accuracy only over a narrow range of high concen-Protonation rate for the 2;biphenyldimethanol radical anion
trations. over that for biphenylide is not readily accounted for by a

Prompt capture of electrons by 2fiphenyldimethanol aided ~ d€crease in activation enerds,, alone. As shown in Figure 6
the measurement of proton transfer in its anion. At the highest and Table 4, we find that activation energy is slightly larger
aryl concentration used, 0.5 M, the 1:5 10° M~! s71 rate fpr the 2,2—b|phenyld|methanol anion, contrary to the expecta-
constant for electron capture is expected to cause conversiorfion that larger activation energies lead to slower rates. Another
of only 1.4% of €5 to anions within 17 ps, the instrument salient dissimilarity of the two aryls is in the klnetlc isotope
response time. By contrast, pulsgrobe measurements at effec't (KIE) .expected for a proton trangfer reaction. Whereas
400 nm, where & absorbs little, showed instead that Z®20% for biphenylide we observe a normal primary KIE, K ks-
of electrons were converted to anions by 17 ps; the uncertainty (H)/ke(D) = 14.7 at 22°C, the KIE is practically absent for the
in the yield arises principally from uncertainties in the relative dimethanol derivative, KIE= 1.9. For naphthalene, a measure-
extinction coefficients. This efficient early time conversion, not Ment at room temperature gives a KIE of 4.2.
accounted for by the reaction kinetics of the aryl molecule with
the solvated electron, is due to the reaction of “presolvated” Discussion
electrons, that is, those electrons not yet solvated, with the 2,2 . . )
biphenyldimethanol and allows determination of the rate of ~ Protonation Rates. While the structure of 2Zviphe-
protonation of the 2!2biphenyldimethanol radical anion by nyldimethanol appears.conducwe to intramolecular protonation,
ethanol. that process occurs with a rate constant of only:3.10" s™*

Reduction potentials in aprotic solvents are available from in THF. If the rate of intramolecular protonation in EtOH is
electrochemical measurements for many of the aryls studied hereSimilar to that in THF, then mos#{99%) of the 3.0x 10° s+
(see Table 2) but not for those having methanol groups, which rate in ethanol is due to prqtonatlon by ethanol solvent (reac'.uon
makes the radical anions short-lived (cf. Table 3). The reduction 4)- Intramolecular protonation would produce a product having
potentials for these aryls were obtained from bimolecular ©n€ MeO" subustituent, but spectral changes might be small,
electron transfer equilibria between the methanol-containing @hd have not been observed here. The Me@Gay also be
molecule and an acceptor having a known, reversible reductionduickly reprotonated by solvent. Intramolecular proton transfer
potential. The equilibria, established on the nanosecond timeshould also be possible in anions of 2-biphenylmethanol but
scale, were measured by pulse radiolysis in THF. Fof-2,2 should occur negligibly, if at all, in anions of 4-biphenylmetha-
biphenyldimethanol, only upper and lower bounds for the nol. The rates of intramolecular proton transfer for both anions

potential could be reliably determined, as shown in Supporting in THF are zero within experimental uncertainty (Table 3). The
Information Figure S1. lack of concentration dependence of the determined rates in

The product of reaction 4 is an Artadical. In those cases €thanol shows that intermolecular protonation in ethanol is also
when the ArH spectra could be observed, the decay kinetics @ minor route.
could be measured. This has been carried out for the two ArH  The rates of protonation of the various*Aradical anions
at each end of the protonation rate range. In both cases, theby ethanol (reaction 4) span 6.5 decades (Table 1)kihe
radical decay obeys a second-order rate law, as evident from3.0 x 10° s7! rate for 2,2-biphenyldimethanol is almost 4
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TABLE 3: Electron Attachment and Protonation Rate Constants for Substituted Biphenyls in THF

aryl k(e s+ aryl) ks, stintra ke, M~ s7tinter
2,2 -biphenyldimethanol (1.2 0.3) x 10'* (3.1+£0.4) x 107 (42+£0.2)x 10°
2-biphenylmethanol (4.2 0.8) x 10t° (1.5+2) x 1° (1.3+0.1) x 10
4-biphenylmethanol (4.5 0.3) x 10% (0.5£3) x 1 (3.7£0.1) x 107

@ Rates are corrected for other decay processes such as reactions of anion with other radicals.
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Figure 4. Dependence upon the radiation dose of the apparent rate

constants kapp = 2ks[ArH*]o, for the second-order decays through
reaction 5 in ethanol:{, top and right axes) 2;iphenyl dimethanol;

endergonic, and it should be possible to determeby
establishing protic equilibrium between“Arand EtO". In the
hope of directly determining the equilibrium constants for
reaction 4, we measured the protonation rates of pyresed
p-terphenyl™ in ethanol containing various concentrations of
NaEtO. Should the equilibration occur, the observed rates of
Ar*~ decay would increase by a factor of-lJEtO~]/(K4EtOH])

and the decay of Ar would not go to completion. Neither of
these effects was observed. The data in Figure 8 clearly show
that the observed protonation rate actually slightly decreases
with [EtO~], which could be simply an ionic strength effect.
Assuming that a 10% rate increase would be detectable, we
estimateK, > 10[EtO |ma/[EtOH] ~ 0.56. This result shows
that theX term is negative; fromAG°® — X in Table 2,X <
—0.28 eV. This limit on theX term was applied to Figure 7 by

(O, bottom and left axes) pyrene. The dose is expressed as theusing—0.28 eV forXin eq 10. In contrast to the equilibration

concentration per uni value produced per pulse. The solid lines show
linear fits to the data.

decades faster than that for unsubstituted biphéayk 4.4 x
10 s™L. The rate for the structurally relatgeterphenyl (which

can be viewed as para-substituted biphenyl) is lower further by
2.5 decades. These dramatic differences are compared witt}

overall reaction energetics in Figure 7.

Energetics of Protonation. The energetics of the proton
transfer were evaluated by breaking reaction 4 into two half-
cell redox reactions. The first involves reduction of ethanol

®)

with the subscripts indicating the medium. From the literature
thermochemical data, the standard reduction potejat+
—3.42 V vs SCE is obtained (see the Supporting Information).
The second redox reaction is aryl-specific

EtOHgon + € = EtO gopy+ Higas

ArHgont € =Ar goyt Higas ©)

If the reduction potentialEy, for this half-cell is evaluated
against the same reference (SCE is chosen here) A8n—

Ey — Eg for reaction 4 (withAG® in electronvolts), and the
so-obtainedAG® values are used to correlate the rates with
energetics in Figure 7. The values &g were calculated from
the measured reduction potentials for ar@§(Ar/Ar*~), and
computed gas phase AH bond dissociation free energies for
the ArH radicals,A4G, collected in Table 2; that i€y = E°-
(Ar/Ar7) — A4G + X, with all values in volts (see the
Supporting Information for derivation details). Thé term
includes a liquid junction potential and the free energies for

lifetime, the observed radiation yields of*Amarkedly increase
with solution alkalinity, doubling at-1 M NaEtO (Figure 8).

A quantitatively similar yield increase has been observed
previously forp-terphenyt™ and explained by the suppression
of the geminate and spur recombination of and H" due to
the rapid H + EtO~ reaction?® our data are consistent with
his interpretation.

Free Energy Relation.Figure 7 shows that the protonation
rate depends oAG® and is sensitive to both of the aryl-specific
contributions inAG°. Two plots shown in Supporting Informa-
tion Figures S1 and S2 for the protonation rate&#\r/Ar*")
and vs A¢G(ArH*) exhibit substantially more scatter than
Figure 7. The free energy relation found here accounts for
interesting features of the data. The rate of protonation of
biphenyt~ (E° = —2.6 V) is ~240-fold faster than that of
p-terphenyl™ (E° = —2.28 V), supporting the notion that more
stable anions (less reducing) resist protonation. On the other
hand, the rate for anthracengE° = —1.96 V) is nearly the
same as that for bipheny| despite the more than 0.6 V
difference in reduction potentials. The similarity of the two rates
can be understood on the basis of the opposing effedGf
(ArH*®) which is 0.75 eV larger for anthracene. Still, there is
scatter in the plot of rate vAG®; especially points for the
MeOH-substituted biphenyls all appear to lie above, or to the
left of, the trend. Their higher rates, which may signal a change
in mechanism, will be discussed separately below. The small
but positive activation energies for two reactions (Table 4) were
simultaneously included in the fit using eq 13.

Reaction Barriers. Although appearing to be first-order,
protonation by solvent is a bimolecular reaction that includes
two steps, the precursor complex formation and the proton

phase transfers that are not known but are presumed to be thdransfer itself. The first step does not involve diffusion, but it
same for all aryls used in this work. As discussed below, the does require a reorientation of EtOH and*Arso that the

value for this term is negative < —0.28 eV. Thus, for the

free energy change in Ar protonation by EtOH, we obtain
AG°=E°(Ar/Ar") — A;G+ X+3.42eV  (10)

and the values ofAG® — X are given in Table 2. If the

undeterminedX were zero or small, our analysis predicts
protonations of pyrene and p-terphenyli” to be slightly

hydroxylic H atom is aligned with the donor O and the acceptor
C atoms, a process that will eventually become rate-limiting
for sufficiently high overall rates. However, it has been recently
shown that protonation of nonaromatic carbon of strongly basic
diphenylcarbene (BR) occurs in some 15 ps in neat EtGH,
which is over an order of magnitude more rapid than the fastest
rate observed in this work. It is thus reasonable to assume that
all protonation rates in Figure 7 are kinetically controlled by
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Figure 5. (left panel) Absorption spectra for anions and protonated radicals of pyrene in ethanol. Each point is an average of at least three runs.
The Pyr~ spectrum is that appearing immediately after the pulse. The *Rypéttrum is obtained by fitting the kinetic traces of its simultaneous
formation and decay; the spectrum so obtained should well approximate the “true” $pgétrum. Addition of ethoxide removes the small peak

at 400 nm in the Pyr spectrum, showing that it actually belongs to a few Pymdtlicals (see Supporting Information Figure S4). (right panel)
Kinetics traces showing Pyrdecay at 490 nm and Pyrifbrmation at 400 nm following pulse radiolysis of Ar-saturated 2.2 mM pyrene in EtOH

with a dose of 0.16:M per unitG value. For the Pyr decay, the line gives an exponential fit with a 1,4410* s™* rate constant. For the PyrH

kinetics, the line shows a biexponential fit with 1.4410* s~* formation and 2.19% 10° s decay rate constants, respectively.
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Figure 6. Temperature dependencies of the protonation rate constants ) Py p-Terphenyl |
for the 2,2-biphenyldimethanol radical anion (open symbols) and for 10
the biphenyl radical anion (closed symbols) in EtOH (circles) and in L L L L L L !
EtOD (squares). The lines show the linear fits to the data. 0.0 -0.2 -0.4 -0.6
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TABLE 4: Arrhenius Activation Parameters 2 for the AG eV
Protonation Rates Figure 7. Free energy correlation for rate constants of Arrotonation
in ethanol (reaction 4). The values fAG° are calculated using eq 10

EtOH EtOD and data given in Table 2 witK taken as—0.28 eV. Still, the origin
aryl logA,s) E,meV log@A st E,meV of the AG® axis remains uncertain and the actual valueAGf could
biphenyl 78-02 126412 74401 174+4 be more negative. The line through the rate data is fit to the rate

2,2-biphenyl 13.1+0.2 217+9 123+ 0.3 187+ 13 constants for compounds without MeOH substitue@sik{ased on eqs

11-13 with v = 3.6 x 10° s, 1 = 1.41 eV, andTAS =

—0.216 eV. Faster rates for MeOH-substituted aryd¥ ihay signal a
2 Uncertanties are given as standard errors for the linear fits in change in mechanism (see the Discussion).

Figure 6.° Dorfman and co-worketsgive logA = 7.8 andE, =

134 meV. For anthracen&, = 113 meV: element, 1 is a reorganization energy, and allows for

nonadiabaticity. The activation free energyG*, enthalpy, and

entropy are given &

dimethanol

free energy barriersAG*:

k, = v exp— AG'/KT) (11)

°\2

AG' = %(1 n Af ) and AG°| <4  (12)

v =KT/h (11a)
o o 0)2

or AH*;%—FAS (1+Af)—(A$) (13)

v = kv, = (22C/h)(/AKT) 2 (11b)
_AS AG°
The nature of the frequency factar, depends upon whether AS = T(l + A ) (14)

the reaction occurs in the adiabatic (eq 11a) or nonadidbatic
(eq 11b) regime. In eq 11k is a proton tunneling matrix ~ We applied egs 1213 to the non-MeOH rate data in Figure 7
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Figure 9. Conformation for 2,2biphenyldimethanol and an EtOH
solvent molecule (on the right) in which indirect solvent-assisted proton
transfer might occur from the MeOH group (top).

o
4]
T

kopsko or [Ar 1A 1,

0.0 L L L '}
0.001 0.010 0.100 1.000 remain but would be reduced. While errors in the energetics

[NaEtO], M might be larger than our estimates, such an explanation does

Figure 8. Effect of NaEtO on the relative observed rate constant of Not seem adequate, especially for the 30° s™! rate seen in
Ar~ decay via protonationkgsdko, open symbols) and on the dose- the anion of 2,2biphenyldimethanol. That rate is almost 100
normalized relative concentration of produced AGAr=-1/[ Ar*]o, times faster than the rate in 2@methylbiphenyl, although
solid symbols). The subscript 0 marks the values measured in neatthere js no reason to expect large electronic differences in the
EtOH. p-Terphenyl, squares; pyrene, circles; biphenyl, triangles. The - oy ctems of these two molecules. The explanation that fast
lines are given as visual aids only. . .

rates in these molecules are due to intramolecular proton transfer

is difficult to reconcile with the small (or absent) rates of that
utilizing as parameterk and the frequency factor, To fit the process in THF (Table 3). Further, an exceptionally high rate
experimental activation energies, we utilized in addifioaxS is seen for 4-methanolbiphenyl in which intramolecular proton
as a parameter, which definéd{°. Global fitting to the data  transfer does not seem possible.
for non-MeOH aryls gave the results shown as a line in  For the MeOH-substituted biphenyls, an additional “solvent-
Figure 7 withy = 3.6 x 10"s™%, 2 = 1.41 eV, andTAS’ = assisted proton transfer” may also be available. The aryl MeOH
—0.216 eV. Inclusion of an adjustable offsetAG° produced  groups in these molecules are expected to be stronger acids than
a change of only 0.01 eV. A negatif\S’ value is expected  the EtOH solvent on the basis of gas phase measuredfdhts.
because it reflects the difference between the entropy for self- these MeOH groups participate in the hydrogen-bonded network
ionization of EtOH and the entropy for acid dissociation of ArH  that is typical of alcohols, it could donate a proton to a
in EtOH. The TAS value for the former is-0.62 eV?° and neighboring EtOH molecule, which could in turn donate a proton
although the entropy for the latter is not known, it should be tg the aryl ring. Free energy changes for this mechanism would
much smaller due to a much more diffuse charge distribution he more negative than those in Table 2 and Figure 7. While we
on the highly delocalized MO in Ar than on the localized  are not aware of measurements for the acidities of aryl MeOH
MO in EtO™ with tight charge distribution; significantly more  groups in solution, deprotonation of benzyl alcohol is more
order is created by such a compression of charge in a polarfayorable than that for EtOH by 0.3 eV in the gas ph¥sa.
solvent. Notably, the activation parameters for biphenyl (Table possible conformation in which this process might occur is
4) are fairly reproduced by egs 11, 13, and 14 and the fitted shown in Figure 9.
values forv, 4, andTAS’; the values logh = 8.1 andE, = 128 In providing faster proton transfer, the solvent-assisted
meV are obtained. mechanism is likely to add some activation energy, which could

The fitting procedure assumes thaandTAS’ are the same gy plain the curious behavior of proton transfer in’he-

for all of the aryls, which is unlikely the case. Variationsin  pyigimethanol. Despite its four decade larger rate compared to
and AS’ will produce scatter. Much smoother free energy pinhenyl, the activation energy is unexpectedly larger. The
correlations were obtained when a series of acids were used 0o}y ent-assisted mechanism is not established but is a conjecture
protonate a common aryl anibwr carbanior?, avoiding the  \hich can accommodate the puzzling observations. If it is
larger changes in for various aryls. As has been explained by  orrect, then substantial departures of the MeOH-substituted
Eiger?® and Marcu$, for the proton transfer reactions between biphenyls from the curve in Figure 7 could be due to this

O and C atoms, a carbon acid or base contributes the most t0eaction channel, occurring in parallel with the same protonation
4; the present work changes the carbon base;.Aknother by the solvent as with the other aryls (reaction 4).
factor that could contribute to scatter is the variations in charge

on the carbon atom being protonated; the negative charge will Conclusions
bring the EtOH proton closét. Although MO coefficients vary
by only ~25% among the aryl anions studied here, the rates Proton transfer rates from a single weak proton donor, ethanol,
may be extremely sensitive to proton transfer distance. to a series of aromatic radical anions span a 6.5 decade range.
MeOH-Substituted Aryls. For comparable driving forces,  The rate constants for molecules not having MeOH substituents
anions of the MeOH-substituted biphenyls are protonated at ratescorrelate with free energy change in the conventional Marcus
one to two decades faster than those for unsubstituted aryls.description of reorganization over the 0.5 eV rangeAG°.
Uncertainties in the free energy changes for these compoundsVariation of the aryls in the present study leads to scatter that
are larger, as indicated in Figure 7. Not included in the may result from variations of reorganization energies and
uncertainties for the calculated driving forces are possible electron densities, but this variation is valuable in showing that
systematic errors in the computation of Artissociation, which two different contributions to the driving force, stability of the
is 0.1 eV smaller for all of the 2-substituted biphenyls radical anions, as indicated by reduction potentials, and strengths
(Table 2). If that 0.1 eV difference were absent, the scatter in of the Ar—H bonds in the radicals, are both reflected in the
Figure 7, especially for the MeOH-substituted biphenyls, would rates. MeOH substituents, when present, somehow give sub-
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stantially higher rates that may involve intramolecular proton  (10) Olmstead, W. N.; Margolin, Z.; Bordwell, F. G. Org. Chem.
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