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Introduction 
Two-electron electrochemical reductions for aromatic hy

drocarbons and quinones in aprotic solvents in the presence 
of proton donors are classically thought to proceed by the 
mechanism2'3 

Q + e - Q . - (1) 

Q.- + HB -* QH- + B- (2) 

QH- + e — QH" (3) 

QH" + HB — QH2 + B- (4) 

This mechanism, known as the ECE reaction sequence, was 
introduced by Hoijtink4'5 for aromatic hydrocarbons and 
was extended to quinones by Peover.6-8 The essential point 
of the ECE sequence is that the electron affinity of QH- ex
ceeds that of Q (£°QH,QH- is more positive than £°Q,Q-) , 
so that reaction 3 proceeds rapidly at electrode potentials 
causing reaction 1 to occur. 

It is now recognized that other reaction mechanisms exist 
which might kinetically compete with the ECE sequence to 
yield the same overall products. For example, rather than 
proceeding heterogeneously at the electrode in reaction 3, 
the second electron step may proceed through the radical 
anion 

QH- + Q-- *± QH" + Q (5) 

This homogeneous electron-transfer pathway was pointed 
out by Feldberg,9'10 and observations On it have been re
viewed by Saveant.11 Implicit in both views is overall rate 
control by reaction 2, written as irreversible and as first 
order in both radical anion and acid. 

Another mechanistic alternative involves disproportiona-
tion of the radical anion prior to protonation.12-14 

(39) A. J. Wenham and J. S. Whitehurst, J. Chem. Soc, 3857 (1956). 
(40) E. E. van Tamelen, R. S. Dewey, and R. J. Timmons, J. Am. Chem. 

Soc., 83, 8725(1961). 
(41) R. Breslow, H. W. Chang, R. Hill, and E. Wasserman, J. Am. Chem. 

Soc, 89, 1112(1967). 
(42) NOTE ADDED IN PROOF. We have recently observed the triplet state (ESV) 

of the parent 1,8-naphthoquinodimethane (1) and hope to report on it 
shortly. 

2Q-- *± Q + Q2- (6) 

Q2- + HB -» QH- + B- (7) 

QH" + HB-^ QH2 + B- (8) 

This reaction sequence is perhaps less generally plausible 
than reaction 5 owing to the very small equilibrium con
stant (Â disp) for reaction 6 under most electrochemical con
ditions. 

A number of direct stop-flow kinetic investigations of 
protonations of aromatic hydrocarbon radical anions by 
weak acids in aprotic media have appeared in recent years. 
These studies, made from the physical organic point of 
view, were conducted principally in tetrahydrofuran and di-
methoxyethane solvents and employed alkali metals to gen
erate the radical anions, so that ion pairing effects were im
portant. Sodium naphthalenide was studied by Bank,15 who 
identified reaction sequence 2,5,4 as the protonation path
way. This sequence is known as the Paul-Lipkin-Weiss-
man16 mechanism. Szwarc17 studied sodium perylenide pro
tonation by water and alcohols in THF and found second-
order decay of radical and the sequence 6,7,8. Anthracenide 
has been extensively examined by Bank,18 Szwarc,19 and 
Dye.20 A range of protonation rates and mechanisms, in
cluding sequences 2,5,4, 6,7,8, and solvation of ion pairs by 
HB before electron transfer, was observed depending on sol
vent, acid donor, and alkali metal. The reactions observed 
ran to completion and were unaffected by the conjugate 
base of the protonating acid. While none of these investiga
tions were conducted under conventional electrochemical 
conditions (more polar solvents, no alkali metal cations 
present), their results do emphasize the need to consider 
mechanistic alternatives to the ECE sequence in electro
chemistry. They also show that reaction 2 cannot implicitly 
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be assumed to be a single or necessarily simple reaction 
step. 

We21 and others22 '23 have been interested in the use of 
conventional stop-flow techniques to assist interpretation of 
electrochemical reactions. We have carried out stop-flow 
studies of the protonation of the anion radicals of the qui-
nones l,8-dihydroxy-9,10-anthraquinone (DAQ) and 9,10-
anthraquinone (AQ) by benzoic acid (HBz) in dimethyl-
formamide solvent. DAQ- - and AQ- - were prepared by ex
haustive electrolysis of quinones in 0.1 M tetrabutylammo-
nium perchlorate supporting electrolyte. We find that pro-
tonations of DAQ- - and AQ ~ are reversible processes and 
are not adequately described by any of the prior mechanis
tic schemes. 

Experimental Section 

Chemicals. Spectrograde /V,iV-dimethylformamide solvent 
(MCB) was refluxed for 6 h over 4A molecular sieves (MCB), 
fractionally distilled under vacuum at 35 0C, and maintained 
under dry nitrogen during preparation of solutions. Reagent grade 
chemicals were l,8-dihydroxy-9,10-anthraquinone (Aldrich), ben
zoic acid (Merck), 9,10-anthraquinone (local, sublimed twice in 
vacuo), and tetrabutylammonium perchlorate (TBA+ClO4

-) (G. 
F. Smith, recrystallized twice from hot ethanol and dried under 
vacuum at 65 0C). Tetrabutylammonium benzoate was prepared 
by reaction of benzoic acid and tetrabutylammonium hydroxide 
solutions (25% in methanol, Eastman). All kinetics solutions were 
thoroughly degassed with nitrogen for 30 min before use and con
tained 0.1 M T B A + C I C M - as supporting electrolyte. Quinone solu
tions were converted to quinone radical anion by reduction at a 
mercury pool cathode in a three-electrode cell. The radical anion is 
stable for several hours. 

Spectra. Spectra of reactants and products were obtained using 
two techniques. In the "batch method", the radical solution is 
transported in a closed and thoroughly flushed system to a 1-cm 
cell in a Unicam SRl 800 spectrophotometer. Provision is made for 
flow mixing with acid exterior to the spectrophotometer so that 
protonated product spectra could be observed. 

In the second method, solutions of quinone and various quan
tities of acid are electrolyzed in the confines of an optically trans
parent thin-layer electrode24'25 (OTTLE) placed in the spectro
photometer light beam. The OTTLE cell allows rapid exhaustive 
coulometry and convenient assessment of reaction product spectra. 
Construction details are available.26'27 

Stop-Flow Experiments. Two stop-flow spectrometers, one fixed 
wavelength, the other rapid scanning, were employed in the kinet
ics experiments. The fixed wavelength instrument (Atom-Mech 
Machine Co., Long Island, N.Y.), similar in design to that of 
Sutin,28 was interfaced to a Raytheon 706 computer system for ac
quisition of intensity-time data.27 Typically 300 data points were 
acquired per reaction decay. 

The rapid scanning stop-flow kinetic spectrometer was a combi
nation of a commercial rapid scan spectrometer (RSS) (Harrick 
Scientific Corp., design by Kuwana),29 a locally designed stop-flow 
drive, and the same mixing cell as the fixed wavelength instrument. 
A Raytheon 706 computer system was used to control the RSS and 
to acquire the spectral data during reaction decay. The spectral ac
quisition rate could be as fast as a 50-point 250-nm spectrum taken 
in 1.20 ms with a repetition rate of 2 ms. Typically 100 50-point 
spectra were taken during decay. The recorded spectra can be plot
ted out and inspection made for intermediate (none found) and 
product absorptions and isosbestic points. Events at a given wave
length can be extracted from the spectral data set and examined as 
a function of time in the same manner as data obtained on the 
fixed wavelength instrument. A complete description of the com
puter-controlled stop-flow RSS has been published.30 All kinetic 
data are averages of 3-6 runs. 

Kinetic Data Analysis. The most useful spectral response for 
both quinones is the decay of the quinone radical anion absorption 
band. This band does not decay to zero, as the protonation reac
tions are reversible and usually do not proceed to completion. This 
reversibility was a factor in the data analysis, which was carried 
out using two approaches. 

In the first, the forward rate differential equation is integrated 

Table I. Spectral Data for AQ and DAQ in DMF with 0.1 M 
TBA+ClO4-

Species 

Neutral quinone 
Radical anion 

Dianion 
Hydroquinone 

anion 
Hydroquinone 

^max , 

nm 

431 
302 
373 
448 
542 
438 
417 

401 
448 

DAC 

t 

M 

I 

X 10 -3 

~' cmr1 

10.1 

5.0 
9.6 
7.7 

15.4 
16.5 

^max , 

nm 

326 
297 
392 
413 
556 
503 

384 
420 

AQ 

e 
M 

X 10-3 

- 1 cm -1 

5.8 

5.2 
5.5 

11.2 
13.9 

7.4 
4.8 

and the integral arranged as a linear time function in the conven
tional manner.31 The data are plotted according to these expres
sions, and the rate constants determined from the plot's slope over 
the first reaction half-life, hopefully before the buildup of products 
has induced a significant back reaction. The postulated reaction 
order is confirmed if the rate constant measured in this way shows 
the expected behavior over a range of initial reactant concentra
tions. The rate law plots show nonlinearity at longer times, due to 
the back reaction, and useful information is not obtained there. 

The second method of data analysis involves a numerical inte
gration of the postulated rate law, including the back reaction 
terms, by the Runge Kutta technique, which is well suited for solv
ing complex kinetic expressions.32'33 A large number of radical ab-
sorbance decays for DAQ were simulated by this approach for var
ious rate laws and were compared with the experimental decays for 
a wide range of initial reactant concentrations. These comparisons 
served to confirm the reaction mechanism implied by the results of 
the first data analysis approach. 

Cyclic Voltammetry. Cyclic voltametric experiments were con
ducted in a small volume (20 ml) cell with 0.0136 cm2 hanging 
mercury drop working electrode, concentric Pt coil auxilary elec
trode, and Luggin aqueous SCE. Peak potentials were reproducible 
to 0.01 V. Supporting electrolyte was 0.5 M tetrabutylammonium 
perchlorate. 

Results and Discussion 

The quinones l,8-dihydroxy-9,10-anthraquinone (DAQ) 
and 9,10-anthraquinone (AQ) in DMF with T B A + C l O 4

-

supporting electrolyte each exhibit two reversible electro
chemical reduction steps. For DAQ, the waves appear at 
-0 .55 and -1 .23 V; for AQ at -0 .82 and -1 .49 V vs. SCE, 
as in prior reports.7>34'35 The two waves represent genera
tion of radical anion and dianion, respectively,36""38 con
firmed by our OTTLE electrolysis showing n = 1 on both 
waves. From the potential separation of the two waves A"disp 
for reaction 6 is 

2DAQ-- z 

2AQ-

D A Q 2 - + DAQ 

*± A Q 2 - + AQ 

^ d i s p = 3.1 X 10- -12 (9) 

A-disp = 4.4 X 10 - 1 2 (10) 

Addition of benzoic acid (pK* = 12.3 in DMF) 3 9 in
creases the current on the first reduction wave of both qui
nones at the expense of the second wave, resulting, at suffi
ciently high acid concentration, in a single two-electron 
wave. The classical interpretation of this behavior is in 
terms of reactions 1-4. 

With this electrochemical background we proceed to 
characterize the spectra and stoichiometry of DAQ-" and 
AQ- - in their respective reactions with benzoic acid (HBz). 

Spectra and Stoichiometry for DAQ. Table I summarizes 
spectral results for DAQ and its various reduced and pro
tonated forms. The data resemble those for 1-hydroxy-
9,10-anthraquinone, as expected.40 Spectra of DAQ- - and 
D A Q 2 - were obtained by OTTLE electrolysis at —0.8 and 
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-1.4 V. The spectra of HDAQ" obtained from OTTLE 
electrolysis at —0.8 V in the presence of HBz was identical 
for 1:1 through a 50:1 excess of HBz. This demonstrates 
that the reaction of DAQ-- with HBz stops at the monopro-
tonated stage: 

2DAQ-- + HBz 5=± HDAQ- + DAQ + Bz~ (11) 

Confirmation is obtained by comparing batch spectra of 
DAQ-- mixed with 0.5:1 and 24:1 HClO4 and HBz, respec
tively. Except for residual DAQ-- absorbance at 448 and 
542 nm (vide infra), these spectra are identical. In the 
HCIO4 experiment, protonation is stoichiometrically limit
ed to HDAQ -. The HDAQ - spectrum produced in the 
0.5:1 HCIO4 batch experiment is furthermore accurately 
reproduced by a 1/1 summation of HDAQ - and DAQ 
OTTLE spectra.27 

With a 7.5:1 excess of HCIO4, a new species, which we 
believe to be diprotic H2DAQ, appears. Since the spectrum 
of 1:1 D A Q - - / H 0 0 4 retains a substantial contribution 
from HDAQ -, H2DAQ must be an exceptionally strong 
acid in DMF. The low proton affinity of HDAQ - can be in
terpreted as a reflection of bonding of the 9-oxygen with the 
two hydroxyl functions.38 

The radical anion spectrum is insensitive to water con
centration, on an OTTLE time scale, up to 0.1 M added 
water in DMF. 

Spectra and Stoichiometry of AQ. Spectral data for AQ 
and its various reduced and protonated forms (Table I) 
agree with previous results.35 Spectra of AQ-" and AQ2 -

were obtained by OTTLE electrolysis, as was that of H2AQ 
by two-electron reduction at — 1.0 V in the presence of stoi
chiometric (2:1) or greater concentrations of HClO4 and 
HBz. The H2AQ spectrum was identical for both acids. 
Batch spectral experiments in which AQ-" was mixed with 
2:1 or greater HBz gave a spectrum which was a 1:1 com
posite of the AQ and H2AQ OTTLE spectra. 

With less than 2:1 amounts of HBz, OTTLE electrolysis 
spectra showed only AQ-" and H2AQ. In a series of experi
ments with differing [HBz], the concentration of AQ-" as 
monitored at 556 nm decreased linearly with increasing 
HBz concentration, titrating to zero radical anion at a 2:1 
ratio. Also, the coulometric charge for reduction of a 1:1 
mixture of HBz and AQ was determined by OTTLE. If the 
product is HAQ - , 

AQ + HBz + 2e — HAQ- + Bz - (12) 

then n = 2.0. If on the other hand only H2AQ and AQ-" 
are produced, 

AQ + HBz + 1.5e — V2H2AQ + V2AQ-- + Bz - (13) 

the expected n = 1.5. The latter result was obtained. The 
data are all consistent with AQ-- protonation by HBz pro
ceeding exclusively to the diprotonated H2AQ stage. Evi
dently, AQ-- is a weaker base than HAQ - , but the latter is 
a stronger base relative to Bz-. 

Equilibrium of DAQ*- Protonation Reaction. When DAQ 
is electrolyzed in the presence of excess HBz, the protona
tion reaction is driven to completion by continued reduction 
of DAQ. In the absence of the electrochemical driving 
force, as in stop-flow mixing of DAQ-- solutions with HBz, 
the protonation reaction 11 does not proceed to completion 
even in excess HBz. Residual DAQ-- is clearly apparent in 
the product solutions (by a band at 542 nm). The extent 
and rate of consumption of DAQ-- are both retarded by 
adding products DAQ or Bz-. Thus reaction 11 is reversible 
with a modest equilibrium constant (A-HDAQ-)-

A-HDAQ-= [DAQ][Bz-][HDAQ-]/[DAQ--]2[HBz] (14) 

Table II. Equilibrium Constant AHDAQ- for DAQ Radical Anion 
Protonation 

Initial concentrations 

[DAQ--], [HB], [DAQ], [Bz-], AHDAQ-
mM 

0.0 
1.8 
3.2 
0.0 
0.20 
0.80 
1.8 
3.2 
0.0 

0.20 
0.40 
0.0 
1.2 
4.8 
0.0 
0.30 
1.2 
2.7 
4.8 

mM 

0.0 

0.0 

0.20 
0.80 
1.6 
3.2 
0.20 
0.40 
0.0 

0.0 

X 102 

1.23 
2.31 
2.90 
1.85 
1.77 
1.76 
2.48 
2.29 
2.43 
2.45 
2.09 
1.44 
1.95 
2.07 
1.60 
1.89 
1.72 
1.72 
2.21 
2.56 
1.64 
2.40 

2.01 X 10 - 2 ( s tddev0 .42) 
Re ls tddev21% 

<*70 

1.30 
0.94 
1.07 
0.99 
0.92 
0.94 
1.13 
1.12 
0.90 
0.89 
0.92 
0.97 
0.94 
1.20 
0.94 
0.99 

0.93 
1.06 
1.32 
1.27 
1.47 

a See text following eq 21 for explanation. 

Evaluation of A-HDAQ- is necessary for the kinetic study of 
reaction 11. An accurate assessment requires inclusion of 
the benzoate-benzoic acid homoconjugation equilibrium: 

HBz + Bz - 5=* HBz2
- (15) 

A-HBz2- = [HBz2
-]/[HBz] [Bz-] J 

Knowing the reaction stoichiometry, evaluating 
[DAQ-"]/=0, and following reaction of known amounts of 
DAQ-- with HBz in the presence of various added amounts 
of DAQ and Bz - are sufficient to ascertain all terms in the 
A-HDAQ- expression. The value of A-HBz2- at ju = 0 is 250 
M - 1 .3 9 While A-HDAQ- is not highly sensitive to A-HBz2-, a 
value of 200 M - 1 gave a better fit to the combined equilib
rium equations 14 and 15. Table II gives results for 
A-HDAQ- over a wide range of initial concentrations and 
products. The small value of 0.020 for A"HDAQ- shows that 
DAQ-- is, in fact, a rather weak base. 

Evaluation of A"HDAQ-, together with the known pATnBz 
for benzoic acid39 and Adisp for DAQ (vide supra), inciden
tally allows calculation of the acid dissociation constant 
A"a,2 for HDAQ- in DMF solvent 

[H+][DAQ2-] = A-H B zA-d i Q_23 

[HDAQ - ] A-HDAQ-

By comparison, phenol (pA"a = 18)41 is a much stronger 
acid, and consequently OTTLE spectra of HDAQ - can be 
observed by electrolysis of DAQ on its second wave in the 
presence of phenol. 

Equilibrium of AQ-- Protonation Reaction. When AQ--

is flow mixed with HBz, small amounts of AQ-- are appar
ent in the product spectrum, but not as much as in the 
DAQ-- case. Greater amounts of residual AQ-- are appar
ent if it is mixed with HBz with added Bz- or AQ. To de
termine the effect of this obvious back reaction on the ki
netic data, it was necessary to ascertain the value of the 
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Table III. Equilibrium Constant ATH2AQ for AQ Radical Anion 
Protonation 

[AQ--], 
mM 

0.10 

0.20 

0.30 

Initial Concn 

[HB], 
mM 

0.15 

0.30 

0.45 

[AQ], 
mM 

0.0 
0.20 
0.45 
0.80 
0.00 
0.20 
0.80 
1.6 
0.0 
1.2 
2.4 

Equilibrium concn 

[AQ--], 
mM 

0.004 
0.007 
0.016 
0.021 
0.011 
0.016 
0.018 
0.024 
0.013 
0.047 
0.051 

Mean value 3.3 X 102 

Std dev 2.0 
ReI std dev 61% 

A H 2 A Q X 

10-2 

4.09 
6.20 
1.29 
0.96 
2.07 
2.76 
6.30 
5.18 
3.92 
1.28 
1.89 

(17) 

equilibrium constant for the reaction: 

2AQ-- + 2HBz ^ H2AQ + AQ + 2Bz -

ATH2AQ = [H2AQ] [AQ] [Bz-]2/[AQ--]2[HBz]2 

As with DAQ, the value of ATHBZ2- = 200 M - 1 (eq 16) was 
used in the data fit. The protonation equilibrium constant is 
much larger for AQ, and determination of small residual 
AQ-- concentrations (4-16%) causes greater uncertainty in 
the evaluated constant, which is 330 ± 200. The data are 
displayed in Table III. 

The overall acid dissociation constant, ATajATa,2 for 
H2AQ can be, incidentally, calculated from the ATH2AQ re
sult: 

_ [ H + P [ A Q 2 - ] ^ ATHBz2A:disp_ 

[H2AQ] ATH2AQ 
ATa,iATa,2 - • : = 4 . 1 X 10 -39 (18) 

Since the protonation data imply that for AQ, AT3, i < AT3,2, 
it follows that ATa,2 > 6 X 10 - 2 0 . When compared with ATa,2 

for H D A Q - , this implies that H A Q - is a much stronger 
acid than HDAQ-. 

Kinetics and Mechanism for DAQ*- Protonation by HBz. 
In reaction sequences 2,5 and 6,7, the protonation of 
DAQ-- proceeds via an intermediate species (HDAQ- and 
D A Q 2 - , respectively). We have made extensive use of the 
RSS-stop flow in an attempt to detect transient bands, in 
the DAQ-- protonation reaction, with negative results. The 
expected isosbestic point at 433 nm is observed throughout 
the reaction and is invariant with initial reactant concentra
tion. Further, DAQ-" disappears (542 nm) and H D A Q -

appears (417 nm) at identical rates. The lifetime and popu
lation of any intermediate in the protonation reaction is 
very small. We accordingly employ a steady-state approxi
mation for intermediates in the mathematical analysis of 
various reaction sequences. 

To determine the order of reaction in radical anion, anion 
radical absorbance decays were examined by standard plots 
of integrated rate equations for simple first- and second-
order behavior. The examination was conducted for three 
different radical anion concentrations and at HBz concen
trations sufficiently high that changes in [HBz] during the 
reaction could be neglected. Both first- and second-order 
rate plots curve toward slower rates at longer times, a con
sequence of the back reaction. For HBz excesses so large 
(50X) that the protonation reaction is driven to near com
pletion, however, second-order plots approach linearity 
(Figure 1). Further, the rate constant extracted over the 

Figure 1. Reaction of 0.2 mM DAQ-" with 9.6 mM HBz measured at 
542 nm. Descending trace: observed reaction decay; ascending traces: 
upper, analysis for first-order decay of radical anion, abscissa is In 
|[DAQ- -]o/[DAQ- -] r | ; lower, analysis for second-order decay of radi
cal anion, abscissa is ( l / [DAQ- - ] t — l/[DAQ- -]o). • indicate, for 
proposed reaction mechanism 19, 20, simulated reaction decay and 
analysis of that decay. D indicate simulated reaction for a reversible re
action whose forward rate is first order in both DAQ- - and HBz. 

8.3 

0.0 
HBz(mM) 

84.0 

Figure 2. Linear dependence of rate constants km' X 104 M - 1 s - 1 (ob
tained by analysis assuming second-order behavior in DAQ--) on acid 
concentration (least-squares line): [DAQ--] = 0.2 mM, O; 0.3 mM, • ; 
0.4 mM, • . 

first half-life of second-order plots is constant with different 
initial radical anion concentrations. These results, supple
mented by evidence presented later, lead us to conclude that 
the reaction is second order in DAQ- - . 

To evaluate the reaction order in acid, rate constants km' 
obtained from the first half-life of plots second order in rad
ical are plotted against [HBz] in Figure 2, whose linearity 
demonstrates that the reaction is first order in benzoic acid. 
Next, all radical anion absorbance decays were plotted for 
an integrated rate equation first order in acid and second 
order in radical anion (which is applicable to reactions 
where HBz is not necessarily present in large excess). Rate 
constants, £meas. obtained over the first one and two half-
lives of this plot are given in Table IV. The values taken 
over the first reaction half-life show a satisfactory degree of 
constancy over the range of concentrations employed. This 
evaluation is, of course, for the forward rate only. 

Third-order behavior in the reactants implies, mechanist
ically, an unfavorable equilibrium, followed by a rate-con
trolling step. This would in the known reaction sequences 
2,5 and 6,7 mean that the second step of each exerts rate 
control. Experimental data were unsuccessfully compared 
with the corresponding rate law of each sequence. For se
quence 2,5, the forward-reaction rate-law term contains an 
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Table IV. Rate Constants Obtained for DAQ-- Protonation from 
a Rate Plot Second Order in Radical Anion, First Order in Acid 

[DAQ--
mM 

[HBz], 
mM 

£m<.„, for first 
half-life X 

10- 6M- 2S- 1 

&meas Over 2 

half-lives X 
10-6M-2S - i 

0.20 

0.30 

0.40 

0.40 
0.80 
1.6 
5.0 
9.6" 

10.0 
40.0 

1.2 
2.4 
3.6" 
7.5 

14.4" 
15.0 
21.0 
30.0 
60.0 
84.6 

0.80 
1.6 
3.2 

10.0 

12.2 
9.54 
9.03 
7.96 
8.25 
5.90 
6.32 
9.52 
6.67 
8.25 
4.88 
6.51 
5.08 
4.36 
4.12 
8.40 

11.6 
5.10 
6.42 
5.48 
4.63 

Weighted mean 7.3 X 106 M - 2 s - ' 
Std dev 2.2 X 1 0 6 M - 2 S - 1 

5.46 
5.46 
6.84 
5.55 
6.78 
5.93 
9.28 
4.85 
4.81 
6.15 
4.85 
5.20 
5.32 
4.66 
4.45 
9.67 
9.86 
4.39 
3.81 
8.09 
3.19 

" Reaction studied with RSS-SF. 

inverse dependence on [Bz - ] , in addition to second-order 
dependence on radical anion and first order on HBz. Exper
imental data analyzed over the first half-life by a plot of the 
integrated form of this term gave rate constants which de
creased with increasing [HBz] by over two powers of ten. 
Also, in experiments with excess [Bz - ] , added with the acid 
reactant solution, effects of the back reaction are more 
prominent, but the forward rate constant does not depend 
inversely on [Bz - ] . In reaction sequence 6,7 for DAQ-", the 
forward reaction term of the rate law contains an inverse 
dependence on [DAQ]. An analysis for such dependence 
follows lines like that for the inverse [Bz -] dependency 
above, again with negative results. Furthermore, the rate 
constant typically obtained, IfJ14 M - 1 s_ 1 , exceeds the lim
its of diffusion control. 

Sequences 2,5 and 6,7, mechanisms accepted as alterna
tive to ECE behavior, do not satisfy the data for DAQ-" 
protonation. Sequence 2,5 retains its chemical appeal, how
ever. We propose a new protonation sequence in which the 
flawed [Bz -] dependence of sequence 2,5 is circumvented 
by assuming that the protonation step is not accompanied 
by benzoate loss, but that the radical anion and benzoic 
acid form a transient heteroconjugate acid-base dimer 
which is subsequently reduced by radical anion in the rate-
limiting step. Radical anion-acid complexes have previously 
been observed in aprotic solvents in ESR measure
ments.42-45 

The proposed reaction mechanism is 

DAQ-- + HBz T^ JDAQ 
fc-4 

• HBz]. AT4 = kt/k-4 

(19) 

*K 
(DAQ • • • HBz).- + DAQ-- +=> H D A Q - + DAQ + Bz" 

k-s 

K5 = ks/k-s (20) 

Assuming a steady-state approximation for the acid-radical 
anion complex, the following rate law is obtained: 

-drDAQ-~l 
— d f = 2AT4Zt5[DAQ--]2[HBz-] 

- 2fc_5[HDAQ-][DAQ][Bz-] (21) 

The forward rate term of eq 21 is second order in radical 
anion and first order in acid, which corresponds to the result 
of Table IV. In order to evaluate this rate law more fully, 
an analysis of the effect of the back reaction was carried out 
by Runge Kutta numerical calculations of eq 21 to simulate 
experimental decays of [DAQ- -] for a large variety of reac
tant and product initial concentrations. The value of 7.3 X 
106 M - 2 s-1 from Table IV was employed for 2KAk5, that 
for k-s was calculated from 2AT4Zc5 and ATHDAQ- = AT4AT5 = 
0.020, and instantaneous [HBz] and [Bz -] were corrected 
for homoconjugate formation by eq 15. The simulated radi
cal anion decays match the actual experimental decays very 
well both when only DAQ-" and HBz are present initially, 
the back-reaction then arising from gradual product build
up (Figures 1 and 3), and when DAQ and/or B z - were 
added to the initial reactants to accentuate the back reac
tion (Figure 3). (The figures shown are roughly 10% of the 
total collection of comparisons made.) Further, when decay 
data simulated from eq 21 for a reaction where no DAQ or 
Bz - products were initially present are plotted according to 
a simple second-order decay in radical anion, exactly the 
same curvature arises in this "analysis" of theoretical data 
as arises in the same analysis of the corresponding experi
mental data. An example is shown in Figure 1. This demon
strates that the curvature of the radical anion second-order 
analysis plots is accounted for quantitatively by a back re
action effect. 

Lastly, in order to provide a numerical basis for the 
"goodness of fit" of the simulated to experimental data, 
plots of both data sets were made according to the integrat
ed form of the forward rate term of eq 21 (second order in 
radical, first order in acid). The average slope of these plots 
(curved at longer times because of the neglect of the back 
reaction term) was computed over an arbitrary time period 
(200 ms). A slope ratio a//3 = 1.0 implies a good match; 
most of the comparisons fall within 10% of this value (Table 
II). 

All of these results are consistent with the proposed reac
tion sequence 19,20, which is the only mechanism we have 
conceived which is fully consistent with experimental facts. 
Several other attempts at analysis of the kinetic data should 
be mentioned in this connection. Our initial anticipation in 
this study was sequence 2,5 with rate control by reaction 2, 
which would make the reaction first order in anion radicals. 
While the integrated rate equation plots indicated that this 
was not so, we nonetheless prepared a series of Runge Kutta 
simulations of experimental data based on a reversible reac
tion sequence 2,5 and first order in radical. We found that a 
single rate constant was inadequate over a range of reaction 
and product Concentration to produce a uniformly good 
match between simulated and experimental decays. When 
the forward rate was adjusted for a best fit over the first 
half-life, the reverse rate required by this value and 
ATHDAQ- led to a simulated decay which always diverged 
from the experimental at longer times. An example of this 
discordancy is shown by the open squares in Figure 1. Other 
reaction steps considered and also discarded were (i) pre-
dissociation of HBz (pATHBz is so small that the value of 
&meas requires the electron-transfer reaction 5 to exceed the 
diffusional limit) and (ii) disproportionation of HDAQ- or 
[DAQ-HBz]- - (overall reaction would have to be second 
order in HBz). 

Kinetics and Mechanism for AQ*- Protonation by HBz. 
Spectral decays during protonation of anthraquinone anion 
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Figure 3. Experimental reaction decays (542 nm, solid lines) for pro-
tonation of DAQ-- by HBz compared with reaction decays simulated 
to proposed mechanism reactions 19, 20. curves A-F: DAQ-- = 0.2 
mM, HBz = 9.6 mM; curve A, Bz" = 0.2 mM, DAQ = 0.2 mM; curve 
B, Bz- = 0.4 mM, DAQ = 0.4 mM; curve C, DAQ = 0.8 mM; curve 
D, Bz- = 3.2 mM; curve E, Bz- = 0.8 mM; curve F, no added prod
ucts, curves G-I: DAQ-" = 0.3 mM, HBz = 14.4 mM; curve G, DAQ 
= 4.8 mM; curve H, DAQ = 0.3 mM; curve I, no added products. 

radical (AQ- -) by benzoic acid (HBz) were carefully exam
ined but lacked any evidence of transient intermediates. 
Two isosbestic points at 426 and 456 nm are invariant with 
time and reactant concentrations, and rates of disappear
ance of AQ- - at four wavelengths (392, 413, 510, 556 nm) 
and of appearance of H2AQ at 430 nm are all the same. 
This information allows us to use a steady-state approxima
tion for any intermediates. 

The equilibrium constant for AQ- - protonation (Table 
III) is substantially larger than for DAQ- - . Back reaction 
effects still had to be dealt with, however, as the more reli
able protonation data were obtained at [HBz] not 
» [ A Q - - ] . At high [HBz], the AQ- - protonation reaction 
velocity was so large that the reaction is nearly over before 
the solution becomes transported from mixing to observa
tion point in the stop-flow instrument (see third column, 
Table V). 

Analysis of AQ- - decays in which at least 70% of the re
action is observable by an integrated rate expression for 
first order AQ- -/first order HBz decay gives rate constants 
over the first half-life that are constant over a range of 
[AQ- -] and [HBz] (see Table V). At longer times, the rate 
plots curve down (slower rate), ah expected qualitative con
sequence of the reaction's reversibility. Quantitatively, how
ever, this curvature exceeds that accountable by back reac
tion, as the simulation-experiment comparison of Figure 4 
illustrates. In short, we find the reaction to be first order in 
both AQ- - and HBz early in the reaction, but the reaction 
order appears to increase later in the reaction. 

The AQ- - protonation decays were also scrutinized using 
integrated rate expressions which were (i) second order in 
AQ-~/first order in HBz, and (ii) second order in A Q - - / 
first order in HBz/inverse first order in Bz - . The former of 
these had proved satisfactory for DAQ- - protonation. Nei
ther analysis was satisfactory for AQ- - , both gave rate plots 
curving up with time (unexplainable by a back reaction ef
fect). The former also gave first half-life rate constants de
creasing at higher initial [AQ- -] . 

The addition of excess benzoate to the AQ- - protonation 
reaction greatly diminishes the reaction velocity. In the 
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Figure 4. Reaction of 0.1 mM AQ-- with 0.5 mM HBz measured at 
556 nm. Descending trace: observed reaction decay; ascending trace: 
kinetic analysis first order in AQ-- and in HBz, abscissa is |l/([HBz]o 
- [AQ--]0)! In |[AQ--]0[HBz],/[AQ--],[HBz]0). • are for simulated 
reaction (first order in AQ-- and HBz, reversible, affected by homo-
conjugation) and the corresponding analysis for its behavior. 

Table V. Rate Constants Obtained for AQ-- Protonation from a 
Rate Plot First Order in Both AQ-" and HBz 

kmeas for first half-
[AQ- -] 
mM 

0.055 
0.083 
0.10 

0.11 

0.20 

0.30 

[HBz] 
mM 

0.33 
0.054 
0.15 
0.25 
0.5 
1.5 
2.5 
5.0 
0.33 
0.66 
0.2 
0.3 
0.4 
0.5 
1.0 
1.6 
0.45 
0.75 
1.5 
2.4 
4.8 

[AQ- - ] , = 0
f l 

mM 

0.041 
0.068 
0.092* 
0.091* 
0.078* 
0.067* 
0.056 
0.021 
0.10 
0.082 
0.19 
0.18* 
0.18 
0.16* 
0.16* 
0.12 
0.26* 
0.24* 
0.21* 
0.10 
0.062 

life X 
1 0 - 4 M " 1 

2.58^ 
3.02' 
2.38c 

2.95c 

2.75c 

2.62 
1.22 
0.91 
2.95c 

2.16c 

3.36<-
3.73c 

1.70c 

4.29c 

2.88c 

1.45 
4.86c 

3.86' 
3.72 
1.69 
1.12 

0 [AQ--],=0 is the amount of radical anion observed initially. 
* Measured with RSS-SF. c At least 70% of reaction decay ob
served; weighted mean of these rates is 3.10 ± 0.65 X 104. 

presence of excess Bz - , we furthermore now find that inte
grated rate equation plots second order in AQ- - /first order 
in HBz/inverse first order in B z - are fairly linear and are 
independent of the initial [HQ- - ] , [HBz], or [Bz - ] . Results 
are given in Table VI. Homoconjugation (HBz2 -) was ac
counted for in the rate plots. The slight downward curva
ture in the rate plots is due to the back reaction effect. An 
experimental example is shown in Figure 5. In both Table 
VI and Figure 5, [Bz -] is sufficiently high as to be consid
ered constant. Addition of excess parent AQ to the reaction, 
in contrast, has only the slight rate-retarding effect expect
ed for enhancement of the overall back reaction. 

We interpret the above as follows. Reaction sequence 
2,5,4, written for AQ- - is 

-Dihydroxyanthraquinone and Anthraquinone Anion Radicals 
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0086 

0 0 
0.0 3 5 sec 

Figure 5. Reaction of 0.055 mM AQ-" with 0.33 mM HBz and 1.1 
mM Bz- measured at 556 nm. Descending trace: observed reaction 
decay; ascending trace: kinetic analysis second order in AQ--, first 
order in HBz, and inverse first order in Bz-, abscissa is 

1 
1[HBz]0- [AQ.-]oJ [[AQ--] 

1 
[AQ-" 

1 

[HBz]0 - [AQ.-]0 

2 [[HBz]0[AQ--
1„(-

1 [HBz], [AQ--]( 

Table VI. Rate Constants for AQ-- Protonation in the Presence 
of Added Benzoate from a Rate Plot Second Order in Radical 
Anion, First Order in Acid, and Inverse Order in Benzoate" 

[AQ. -] 

mM 

0.055 

0.083 

0.11 

Initial concr 

, [HBz], 
mM 

0.33 

0.54 

0.33 

0.66 

[Bz-I, 
mM 

1.1 
2.2 
1.67 
3.3 
1.1 
2.2 
2.2 
4.4 

Equilibrium k 
concn 

IAQ- -] Eq, 
mM 

0.006 
0.013 
0.010 
0.021 
0.016 
0.029 
0.14 

0.029 

meas X l U 

First 
half-life 

1.4 
1.6 
1.7 
1.9 
1.1 
1.3 
1.6 
2.0 

" 5 M - 1 s - 1 

Overall 

1.3 
1.5 
1.5 
1.4 
0.9 
1.0 
1.2 
1.2 

" Rates are corrected for homoconjugate formation with a value 
of 200 M - 1 s - 1 for A:HBZ2-

AQ-- + HBz «=± HAQ- + Bz - K6 = k6/k-6 (22) 

*7 . 
HAQ- + AQ-- <=± H A Q - + AQ K1 = kj/k--, (23) 

k-i 

H A Q - + HBz ^ H2AQ + Bz" Ks (24) 

Since H A Q - is not observed, K% can be considered a labile 
and favorable equilibrium. Assuming that ATH2AQ = 

K6KjKg and a steady-state approximation for [HAQ-], the 
general rate law is 

- d [ A Q - ] = 

d/ 

2/c6j[AQ--]2[HBz] - ( [H 2 AQ][AQ][Bz- ] 2 / [HBZ]^H 2 AQ)I 

(k-6/k7)[Bz-] + [AQ--] 

(25) 

When (£-6/^7) [Bz -] > [AQ- -] (as when excess Bz - is 
added), the forward rate is second order in AQ-", first order 
in HBz, and inverse first order in Bz - , which is in accord 
with experiment. For this model, the first half-life £meas of 

Table VII. Rate Constants for AQ- Protonation in Absence of 
Added Bz- from a Plot of Eq 26 Using 5.2 for kn/k-f, 

Initial 

[AQ- -] , 
mM 

0.055 
0.83 
0.1 

0.11 
0.2 

0.3 

concn 

[HBz] 
mM 

0.33 
0.54 
0.15° 
0.25° 
0.5" 
2.5 
0.66 
1.0" 
1.6 
0.45" 
0.75" 
1.5" 
2.4 
4.8 

2K1^k1 X 1 0 " 

First half-life 

1.4 
1.5 
1.1 
1.4 
1.3 
0.8 
1.1 
1.5 
0.9 
2.2 
1.9 
1.5 
1.3 
1.3 

5 M - 1 S - 1 

Overall 

1.5 
1.6 
0.9 
1.2 
0.8 
0.8 
1.3 
1.2 
1.0 
1.3 
1.1 
0.8 
1.1 
1.2 

" Measurement on RSS-SF. 

Table VI (1.6 X 105 M" 1 s - 1 ) is 2AT6^7. When no Bz" is 
added and its initial concentration is low, eq 25 shows that 
the forward rate can then initially be first order in AQ-" 
and HBz, but subsequently change, as B z - builds up, ac
cording to the magnitude of k-6/kj. The forward reaction 
rate constant early in the reaction in the low [Bz -] case is 
Ik6, which is A:meas = 3.10 X 104 M"1 s - 1 of Table V. We 
have previously noted that the rate plots from which A:meas 

of Table V are derived curve down toward a higher order 
decay of AQ-", which is consistent with eq 25. 

Integration of the forward reaction component of eq 25 
and rearranging gives 

2K6^7/ = 
1 ; [ A Q - ~ ] m - [ A Q - - ] 

([HBz] 

•I 
m ~ [AQ.-]MW [ 

[HBz]m 

[HBzL " [AQ--], 

XIn 

[AQ--] 

k-6\ 
f [HBzL [AQ 
L[AQ--L[HB S z ] J , 

(26) 

in which the subscript m denotes an initial reactant concen
tration, [ B z - L = 0, and \p = 1 4- [HBZ]WATHBZ2- There 
are two unknown terms in this equation, 2K^k1 and k-i/k-6. 
The kj/k-(, term can be estimated as 5.2 from the ratio of 
^meas of Tables V and VI. Using this value for kj/k-6, anal
ysis of several sets of kinetic data obtained without added 
benzoate was carried out for eq 26 with results shown in 
Table VII. The fit is quite good, and the average value of 
2K6kj (1.4 X 105 M - 1 s_1) is in good agreement with the 
value found (Table VI) for 2K^k1 with excess benzoate (1.6 
X 105 M - 1 s - 1)- The slight decrease in rate constant with 
time is expected since eq 26 leaves out the back reaction 
term. 

These results show that the protonation mechanism for 
AQ-- is adequately given by sequence 22,23,24, provided 
that we recognize that overall rate control can pass from re
action 22 to reaction 23 depending on [Bz - ] . This causes 
the order of reactants to change during the course of reac
tion. 

Discussion and Comparison of DAQ , _ and AQ*- Protona
tion Mechanisms. We have seen that protonation of DAQ- -

by HBz involves a fast but unfavorable equilibrium forming 
a heteroconjugate acid-base dimer whose consumption by 
reduction by fresh DAQ-" constitutes overall reaction ve-
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locity control (reactions 19,20). In the case of AQ- - , a 
dimer is not formed. The proton is instead transferred com
pletely in a rate-controlling step in the absence of its anionic 
product, with overall reaction velocity control shifting to re
duction of HAQ- by fresh AQ- - as B z - accumulates, or is 
added (reactions 22-24). 

Both of these mechanistic situations differ in detail from 
those uncovered in previous stop-flow observations of radi
cal anion protonations15-20 They are likewise very different 
from the mechanistic statements implicit in the usual elec
trochemical ECE sequence (reactions 1-4 or 1, 2, 5, 4), 
being reversible, exhibiting reaction control by the electron 
transfer rather than the proton-transfer step, exhibiting sec
ond-order radical decay, and exhibiting no significant popu
lation of neutral, protonated radical ( D A Q - - - H B z or 
HAQ-). The latter means, electrochemically, that the con
cept of a radical anion diffusing from an electrode to be 
protonated to give a neutral radical with chemical lifetime 
long enough to return to the electrode may often be false. 

It is perhaps, but not entirely, surprising that the two su
perficially similar quinones AQ and DAQ should exhibit 
different mechanistic characteristics. Both quinones are 
similar in that their protonation reactions exhibit low driv
ing forces (both have a small reaction Keq). Neither anion 
radical is a strong base with respect to benzoic acid. DAQ- -

has, in fact, basicity comparable with that of benzoate, 
leading to a heteroconjugate dimer formation. The AQ- -

basicity seems to be larger, and its heteroconjugate is not 
stable. This basicity difference undoubtedly derives from 
the intramolecular hydrogen bonding in DAQ- - .3 8 In both 
cases the driving force for the overall reaction originates in 
the electron-transfer step, but the basicity difference forms 
the source of differences in reaction order and rate-control
ling step. The D A Q - - - H B z dimer is formed rapidly with
out bond breaking, but in very small populations, which 
limits the electron-transfer step. With AQ- - , larger but 
nonobservable quantities of HAQ- are initially formed 
through the strong base action of AQ- - , and control rests 
with this step. If the population of HAQ- is diminished by 
B z - buildup or addition, then a low HAQ- population re
sults which limits the electron-transfer rate. 

It is, finally, pertinent to compare certain aspects of these 
results with previous radical anion protonation studies, 
summarized by Dye20 for anthracenide in the presence of 
alkali metals in THF and DME. There, the more localized 
the radical's electron density (influenced by ion pairing), 
the faster the protonation rate. If electron density is highly 
localized, as in a tight ion pair, the energy for dispropor-
tionation of two radical anions is lowered, and protonation 
occurs through a dianion pathway (sequence 6,7). The ef
fect of electron localization in tight ion pairs is illustrated 
by the difference in ATdisp for AQ- - in DMF/TBAP solution 
(4.4 X 1O-12, AQ- - essentially a free ion),46 and that of 
K + An- - in THF (1 X 10 - 5 , where tight ion pairs are fa
vored).20 Under conditions where loose ion pairs are formed 
(smaller value of A^isp), the rate-determining step becomes 
protonation of the radical anion and acid.15,18"20'22 Revers
ibility of the overall reaction has not been encountered with 
either tight or loose ion pairs, and Dye20 specifically found 
that the conjugate base of the protonating species has no ef
fect on the reaction rate with K + An- - . Our results are quite 
different with respect to the importance of the conjugate 
base. An examination of the fate of the conjugate base of 
the protonating acid can explain this particular difference. 
In systems with alkali metals, which are stronger Lewis 
acids than tetrabutylammonium ion, the conjugate base can 
become coordinated by the alkali cation, eliminating back 
reaction effects. This process of base removal is not avail
able in our system and thus large effects on reaction rate 

Figure 6. Upper: cyclic voltammetry current function vs. sweep rate for 
first wave in reduction of 0.5 mM DAQ in DMF; (A) with 2.5 mM 
HBz, (B) with 0.12 mM HBz, (C) no acid. Lower: cyclic voltammetry 
current function vs. sweep rate for first wave in reduction of 0.52 mM 
AQ in DMF; (D) with 2.5 mM HBz, (E) with 0.5 mM HBz, (F) no 
acid. 

and equilibrium conditions as a result of benzoate are ob
served. 

Electrochemical Characterization. Ideally, having the 
quinone radical anion protonation mechanism and rate in 
hand, one obtains quantitative electrochemical data under 
similar solution conditions to compare with electrochemical 
theory written for said mechanism. This gives a check for 
heterogeneous or other effects which might alter the mech
anism in the electrochemical context. We chose not to take 
this step for these quinones, due to the complexity of the 
protonation mechanisms found. For DAQ- - , for instance, 
the reaction's reversibility plus second order in the radical 
represent new situations for electrochemical theory. We 
also uncovered some adsorption effects for these quinones at 
stationary electrodes in DMF which made highly precise 
mass transfer experiments difficult. Accordingly, we limit 
the electrochemical characterization to experiments de
signed to produce an approximate reaction half-life for 
comparison with stop-flow results. 

Cyclic voltammetry of DAQ and AQ at mercury in the 
absence of acid shows a pair of one electron, chemically re
versible waves for both quinones. The first wave is also elec
trochemically reversible (A£peak = 62 and 65 mV, respec
tively). For both quinones these two waves are preceded by 
several small adsorption prewaves (/peak proportional to 
sweep rate). The first diffusional wave increases less rapidly 
than expected with increasing sweep rate, indicating a rela
tionship of quinone reactant to the adsorption waves. The 
first (radical-anion producing) wave was examined (Figure 
6 C,F) as a function of sweep rate; a slight decrease for 
DAQ is due to the adsorption interference; the effect is less 
noticeable for AQ. 

For both quinones, as HBz is added, the current for the 
radical anion wave grows to a two-electron value as the sec-
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ond wave diminishes and shifts anodically. Figure 6A,D 
shows that this change depends on sweep rate in the quali
tatively expected manner. The observable current function 
for a large excess of acid covers the entire one-to-two elec
tron span of behavior and reflects a kinetic process within 
the time scale of electrochemical measurement.1'-14'47 A 
rough measure of the reaction velocity in Figure 6A,D can 
be obtained using ECE theoretical curves (first order in 
radical anion and in HBz). The result for DAQ for reaction 
half-life is 0.35 second, which is in reasonable agreement 
with the stop-flow homogeneous solution rate for these con
centrations (first r 1/2 = 0.18 s). For AQ, the electrochemi
cal half-life is 0.035 s, while the stopped-flow value for 
these concentrations is (first) ?i/2 = 0.019 s. These compar
isons do indicate the absence of any gross surface catalysis 
of the protonation rate by mercury. The comparisons are 
not adequately rigorous, however, to confirm the precise 
protonation mechanism for the electrochemical data. 
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