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I. ABSTRACT 

Five distinct anodic chronopotentiometric waves are found for 

solutions of p-hydroquinone in 10-16.!:, sulfuric acid. Reverse-current 

chronopotentiometry shows only two oxidation products although the 

reverse-current transition time equals one-third the anodic electro­

lysis time. All chemical species represented by these waves have 

been identified by means of UV and NMR sprectra and comparison with 

electrochemical properties of compounds synthesized according to the 

literature. The pKa of hydroquinone and several rates of sulfonation 

have been approximately evaluated. 

The electrochemical properties of durohydroquinone and ferrocene 
;)~,.! .,th~ 

in sulfuric'/ acid solutions were briefly investigated. 

II. CREDITS 

I am indebted to the National Science Foundation for an Under­

graduate Summer Fellowship, and to Dr. Fred C. Anson for employment 

for part of the period, as well as for laboratory space and helpful 

suggestions. Preliminary research suggesting the original conception 

of this work was done by Dr. Harry B~ Mark, Jr., and he and I have 

worked together in characterizing the hydroquinone-sulfuric acid 

system. Essentially all of the grindy experimental part of this 

work is mine, and the rest was done in collaboration with Dr. Mark. 

He suggested some experiments, helped to interpret them, and did the 

actual writing of our appended paper with my consultation and from 

part of my results. 

III. STATEMENT OF PURPOSE, BACK.GROUND, AND RESULTS. 

Inasmuch as the principal results, etc., of the hydroquinone 

work are all in the appended paper, the balance of this report will 

consist of the original conception of the problem, some rate studies, 

two related systems, and conclusions, rather than of an amplification 
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of a prelininary sumnary of results presented to Dr. Anson in September, 

1963. 

Notes refer to the bibliography in the appended paper. 

Preliminary investigations by Dr. Mark have shown that anodic 

chronopotentiometry of hydroquinone in 10-12F sulfuric acid gives a 

doublet wave \'lhich persists even after dilution to acid strengths 

which ordinarily show only a singlet anodic wave for hydroquinone. "It 

was thought that this might be a long-lived protonated species similar 

to the 1 -complex phenonium ion, or ring-protonated phloroglucinol (22, 

41). This study was undertaken to identify this supposedly protonated 

hydroquinone species with an eye to developing a practical chrono­

potentiometric measure of the Hammett acidity function H0 ( 35 ,49) 

(phloroglucinol does not give an anodic wave), as there are few satis­

factory acidity function indicators for very acid solutions (H0 (-5). 

Sulfuric acid was chosen as a medium because its He scale is the best 

clef ined of the strong acids. It \-Jas thought that the concentration of 
\ v.vv o')e.ct 

this I lonc-li ved ion, and thence Ho, might be dcteri.1ined chronopoten tio-

metr ically by Dratka's (7) or Delahay's (3) methods after sorting out 

interfering sulfonation and decomposition reactions (2,14,16,4(,44). 

Also, it was intended to compare any protonation phenomena of hydro­

quinone with those found for p-phenylenediamine by Mark and Anson(29). 

A. HYDROQUINONE-SULFURIC ACID 

It was found that the species forming the second anodic wave 

is in fact a sulfonic acid derivative of hydroquinone. In all, three 
u-\- ht"~ r11 r~~·,.,o ,,e., 

sulfate derivatives/were identified, and one sulfate derivative of 

quinone postulated. The pKa for 0-protonation of hydroquinone was 

evaluated at approximately -2.5 by UV spectror.1etry, and no evidence 

wzcs found for any other protonated organic species. It was also sho,m 

that protonation of hydroquinone has no detectable effect on its E1; 4 , 
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similarly to the 1:1.onoprotonation of phenylenediamine (29). (See 

appended paper for complete results and interpretation of the above, 

and a i:pended Figure Ill sumr:1arizing the species and their waves). 

Several rate constants were evaluated which we re not included 

in the paper. Eydroquinone sulfonates slowly, and apparently, ir­

reversibly in sulfuric acid; chrono of diluted solutions shows no 

diminution in concentration of the species identified as 2,5-dihydroxy­

benzenesulfonic acid over a 24 hour period. A formal first-order rate 

constant for sulfonation of hydroquinone (actually oxonium ion of hydro­

quinone at the acid strengths used) was evaluated as follows. 

For two consecutive chronopotentiometric oxidations Delahay (4, 

p.191) gives: 
_ _ __ j R1 = hydroquinone 

( ,-1 q-1 ) 1/2 c- 1/2 
I + ,_ - ff 

- ->I<. -- 1.. --~ R2 = 2,5-dihydroxybenzene­
sulfonic acid 

= 

i . i;.,_ 
<-n--,,,._ ,1,. -J- D,zl- C. 1.. 

-< '7.o • 

Division of this equation by the Sand equation for the first wave 

(4,p.184), knowing that n1 = n2 (cf. "Current Reversal Chrono. ," in 

attached paper) and assuming that DR, = D f!.1• yields upon rearrangement: 

C:i... = / I, '" "11. r /L 
--

\ 'T C1 I 

If the sulfonation reaction is first order in R1, and there are no 
..i ~l..c.c-

e le ctroac ti ve species /than R1 and R2, the formal first-order rate 

constant ("fonnal" because concentration of acid not included) is 

lo , h . R~ -~ C, -= C,.,e-1:i.-h derived by: '\ ... '7' 

Experimentally a plot of ln((T; "i 'l-- )A'j) vs. age of the solution gives 

a s ·t:rai ght line--conf inning the first-order derivation-:_;;the slope of 

which is 2k. This procedure gave k = 0.015 t. o.ool ·hour-l~for 13.2F 

sulfuric acid at 25°C. 
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In f r esh solutions of the monosulfonate R2 and its sulfate ester 

R3 (no disulfonate or other hydroquinone species present; see Figure 

,· ,- 1/.. < 

#1-D), there is found a dependence of 1 i1 upon 2 • only that 

the reaction 

is first-order in R for esterification and deesterifica tion, the rate 
, I 

constants ke and kd may be derived from a plot of t t 'J.. ~• .; via the 

follo\ving approximate equations deriva tive from Delahay•s (4, p.200) 

solution of the case: 

K = L/(I - L) = kct/ke 

ke = 17' / S-i.K1.(l + K) 

where L,I and S are defined as: 

,.,{~ 
Intercept 

= s 
\ 

' ~ /.._ 
( IL 

I 
I 
I 
() 

= I 

,. ..,..-1/, 
Limit i 11 = L 

1 .) 
<'::: 

V' 

7' • 

This method gives ke = 0.3 sec.-1 , and kd = 1 sec.-1• This determination 

is hampered by formation of the disulfonate, but worse by the imprecision 

caused by the variable state of electrode-surface :activation. 

Anodic chrono of solutions containing the disulfonate showsa 

s mall wave merging into the backgrouhd which may be due to an ester 

of t he disu l fonate, just to make everything symmetrical, but of course 

this is only a guess. 

B. RELATED SYSTEMS 

Durohydroquinone and tetr achlorohydroquinone, two hydroquinones 

which cannot sulfonate, were synthesized to determine if they possessed 

int eresting electrochemical properties, particularly protonation pheno­

mena in strong sulfuric acid. Tetrachlorohydroquinone is too insoluble. 
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Durohydroquinone :; ives yellc.M solutions, but no anodic chrono \\lave 

upon addition to already-deaerated sulfuric acid solutions. 111e 

compound is either oY..idi zed to duroquinone by the solvent--the electron 

donating character of the four methyl groups would make it very labile 

to oxidation--or the color is due to some unknown complex or decomposition 

product. The equilibrium potential of durohydroquinone-sulfuric acid 

solutions is right at the hydrogen evolution potential, so it is not 

possible to take a cathodic chrono wave either. 

Anodic chronopotentiometry of hydroquinone in perchloric acid 

solutions of varying concentrations showed no complications, no 

k inetic dependences--nothing of interest. 

Having been told by Mr. Whitesides of Caltech that the pseudo-_ 

first-order rate of protonation of ferrocene is of t he order of 10 
.\" ri e(\ 

in BF3-H2o, this student;several experiments. It was found that 

ferrocene sulfonates in concentrated sulfuric acid; nitrates in 

nitric acid; is too insoluble in perchloric, 10£ sulfuric, and 50% 

tetrafluoboric acids; gives very irreversible singlet anodic waves 

in acetic, trifluoroacetic, and tetrafluoboric-trifluoroacetic acids; 

and shows no apparent change in its electrochemical properties as it 

protonates in tetrafluoboric-trifluoroacetic acid mixtures. 

Ultimately it was decided that the pKa of ferrocene must be greater 

t han about 9.8, and could not really be determined until such time as 

the H0 scale is defined for some very strong acid, such as tetrafluo­

boric in acetic acidJ or trifluoroacetic acid. 

IV. CONCLUSIONS 

This study failed in its original intent of finding an acidity 

function indicator for use with chronopotentiometry, .!•~•• an electro­

active compound which protonates or deprotonates slowly or otherwise 

has distinctive electrochemical properties in its protonated form. 
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The preliminary work should have been done in perchloric acid, elim­

inating problems of sulfonation and electrode activation at one 

stroke, and also the line of inquiry taken as an approach to the 

oricinal problem. The study became one of qualitative organic 

chemistry as soon as so many different waves were found. The chemistry 

of hydroquinonc in concentrated sulfuric acid has been somewhat 

elucidated, :1.nd it was not altogether an unintci:esting piece of 

researct,. 
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Electrode Reactions of Aromatic Compounds 

1n Strong Acid Solutions 

Chronopotentiometric and Spectrometric Studies of the 
p-Hydroquinone-H 2SQ4 System at Platinum Electrodes 

HARRY B. MARK, Jr. 1, and CURTIS L. ATKIN 

Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, Calif. 

► The electro-oxidation of p -hydro­
quinone and the subsequent reduction 
of the electro-oxidation products at 
platinum electrodes has been studied 
chronopotentiometricolly in supporting 
electrolytes of varying sulfuric acid 
concentration . Five distinct anodic 
waves are found between l 0 and 
l 6F H2SO4 which represent the oxida­
tion of hydroquinone and four new 
species formed at high acid strengths. 
Reverse current chronopotentiogroms 
reveal that only two oxidation prod­
ucts ore observed in this acid strength 
ronge even though the total reverse 
transition time was in all coses equal 
to 1 

/ 3 the anodic electrolysis time. 
Ultraviolet and nuclear magnetic res­
onance spectra as well as electro­
chemical evidence indicate that the 
four new species are sulfonation 
Products rather than protonotion com­
Pounds. The four compounds and 
their oxidation products are identified. 
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THE ELECTRODE reactions of aro­
matic compounds such as the 

phenylenediamine isomers and related 
diamines (23, 29, 34, 36), p-aminophenol 
(43, 45), N,N-dimethylaniline (9, 11, 
31), chloropromazine (36), and nitro­
benzene compounds (12, 28, 36) have 
been the subject of considerable interest 
in recent years. Qui te often the 
electrode mechanisms of this type of 
compound involve the formation of 
short-lived in termediates such as both 
negative and positive free radicals 
(28, 36), carbonium ions (9, 11, 31) and 
imines (9, 11, 31, 45) . The nature and 
reactions of some of these intermediates 
can be stud ied by means of such electro­
chemical techniques as reverse current 
chronopoten tiometry (7, 38, 4-5, 46), 
rotating disk electrodes (1 0, 11, 24), 
and cyc lic voltametry (11, 19, 31, 39). 
These techniques are generally • em­
ployed in conjunction with electron 
paramagnetic resonance (EPR) (12, 28, 

36) and spectrophotometri c (31) studies. 
Such investigations have not only 
elucidated the electrode behavior of 
many organic compounds but have also 
shed considerable light on the chemistry 
of these short-lived intermediates. This 
information is very useful also to the 
organic chemist as it resul ts in a better 
understanding of homogeneous organic 
reaction mechanisms in general. 

A recent study of the anod ic oxidation 
of phenylenediamine compounds (29) as 
a function acid strength of the support­
ing electrolyte showed that total 
protonation of the basic amine groups 
had a very large effect on the oxidation 
potential. Protonation of just one 
amino grou p (one free amino group 
remains) had no observable effect on the 

1 Presen t add ress, Department of C hem­
istry, T he University of M ichigan, Ann 
Arbor, Mich . 



quarter wave potential, Ev4, but total 
protonation (no free pair of electrons) 
shifted the Ev4 about 250 mv. The 
present study of the effeets of acid 
strength on the electro-oxidation and 
p-hydroquinone was undertaken to de­
termine if any protonation phenomenon 
could be observed and, if so, to com­
pare them with those observed for 
p-phenylenediamine. 

As the phenolic (--OH) group 1s a 
very weak base (2), this study was 
carried out in solutions of high acid 
strength; 1 to 18F H2SO4 [II0, Ham­
mett's acidity function (15, 35) 
-0.26 to -11.l (35) ]. .\ccording to 
current theory three types of conjugate 
acids of phenolic compounds can form 
at these high acid strengths (13, 15, 32, 
35): an oxonium compound (i), a 
1r-complex (ii), or a cr-complex, (iii): 

(±1 

HOH OH OH 

¢ $-He 
~

H 
H 

OH OH OH 
(i) (ii) (iii) 

It has been shown that phenol 1s 
protonated primarily on the oxygen 
atom [type (i) conjugate acid] in strong 
acids (2) bu tphloroglucinol (1,3,5-
trihydroxybenzt>ne) is protonated on a 
ring carbon [type (iii) conjugate acid] 
(22, 111). To the best of our knowledge, 
no previous studies of the protonation of 
p-hydroquinone have been made; thus, 
the possible formation of all three types 
of conjugate acid had to be considered 
in interpreting the results of this 
investigation. Also, other investigators 
have found that phenolic compounds 
are extremely sensitive to sulfonation 
(2, 1/1, 16, 44), oxidation (40), and other 
decomposition reactions (2). The for­
mation of such sulfonation or oxidation 
products could also affect the char­
acteristics of the chronopotentiograms. 
Thus, because of the complex nature 
of the system, the ultraviolet spectra as 
well as the nuclear magnetic resonance 
(NMR) spectra of the p-hydroquinone­
H2SO4 solutions were studied in con­
junction with the potential-time curves 
obtained by anodic and reverne current 
chronopotentiometry. As a result of 
this chronopotentiometric and spectro­
metric study, the various species formed 
in the p-hydroquinone-H2SO4 system 
have been defined and their electro­
chemical behavior described. 

EXPERIMENT Al 

Apparatus. The chronopotentio-
metric circuitrv followed the standard 
practice (25) and complete descriptions 
of the circuit components have been 
previou~ly reported (1). A :\Iosely 
.-\utograph :VIodel 3-S recorder was em­
ployed. The applied electrolysis cur­
rent was determined by measuring the 

voltage drop across a precision (0.05%) 
resistor of appropriate value which was 
connected in series with the electrolysis 
cell. A Leads and Northrup direct­
reading pH meter, operating as a milli­
voltmeter, was employed to measure 
the potential drop across the resistor. 

.-\ Hg2SO.1 (l4F H2SO4) / Hg reference 
electrode was used and all potential 
values given in this paper are reported 
(unless otherwise stated in the text) 
with reference to this electrode. The 
potential of this reference electrode was 
+0.2560 volt vs. the saturated calomcl 
electrode (SCE). The reference elec­
trode made electrical contact with the 
sample solutions through a liquid bridge 
which contained an H2SO, solution of 
the exact same acid concentration as 
that of the sample solution (a medium 
sintered glass frit separated the liquid 
bridge and the sample solution). The 
liquid bridge arrangement eliminated 
any appreciable change in the acid 
concentration of the sample solution 
resulting from the diffusion caused by 
the difference in acid strengths of the 
electrolytes of the sample and reference 
electrode. The ,rnrking electrode was 
a Beckman ]\Ioele! 39273 platinum 
button electrode which had an exposed 
surface area of approximately 0.23 sq. 
cm. The working electrode was pre­
treated before each measurement. by 
successively anodizing and cathodizing 
it to 1.6 and to -0.2 volt vs. the SCE, 
respectively, in approximately lF' H2SO, 
in a cyclic manner (30). The final cycle 
was cathodic and the current was inter­
rupted as soon as the potential reached 
hydrogen ion reduction (approximately 
-0.2 volt vs. SCE). This pretreatment 
re~ults in the formation of finely divided 
platinum on the surface (2?). • The pre­
treated electrodes were then immedi­
ately used to record the chronopotentio­
grams of the sample to be investigated. 
As platinum oxide" form in the potential 
regions of the experiments, the electrode 
mt1st alway,: be pretreated before each 
measurement. The auxiliary electrode 
was a coiled 3-inch len°th of O 020 
inch in diameter platinm; wire. ;l'he 
ultraviolet spectra were obtained with 
a Cary Model 14 recording spectro­
photometer and the proton magnetic 
resonance spectra were obtained with 
a Varian A-60 nuclear magnetic res­
onance spectrometer. 

The sample solutions were de-aerated 
in the electrolysis cell by bubbling pre­
purified nitrogen gas through the solu­
tion prior to the experiment. .-\ nitro­
gen atmosphere was maintained over the 
surface of the solution during the actual 
experiment. .\ 11 measurements were 
made at room temperature (25° ± 
1.0° C.). 

Preparation of Solutions and Ma­
terials. All chrmicab, with the excep­
tion of those specifically listed bdow, 
were reagent grade and were us<'d 
\\·ithout furthn purification. .-\11 solu­
tions were prepared with trip!)' dis­
tilled water. Th<' lfo values of the 
standard acid solutions, from which 
the samples for measurement were pre­
pared. were determined by measuring 
the density ,vith a pycnometer and then 
determining the weight per cent sulfuric 

acid from a wt. %-density plut eon­
:structed from the density tables in the 
International Critical Tables (1?). The 
Ho ,vas then estimated from Ho tables 
of Paul and Long (35). The hydro­
quinonc (or related species) solutions 
were prepared by dissolving weighed 
amounts of solid sample in a specific 
volume of standard acid solution. The 
2,5-dihydroxybenzenesulfonic acid (16), 
2,5 - dihydroxybenzene - 1,3 - disulfonie 
acid [it is assumed although not proved 
that the predominant product ,viii have 
the sulfonic acid groups in the 1 and 3 
position (20)], and the monosulfonic 
acid ester of p-hydroquinone (48), ,vere 
synthesized and purified by standard 
methods found in the literature (16, 20, 
48). 

RESULTS AND DISCUSSION 

Anodic Chronopotentiometry. Fig­
ure 1 shows tlw anodic chronopo­
tentiograms ot p-hydroquinonc solu­
tions of V'.1rious ff O vahws between 
-4.84 and -8.14 (10 to 16F H2SO,). 
.-\t ffo = - 4.89 (curve . 1) , only one 
wave, 1, corresponding to the oxidation 
of species, !, is observed; both for a 
freshly prepared solution and for a 
solution that has bren allmYecl to age 
for over 48 hours. ,\t l10 = - 5.87 
(curVP B), hmrnver, the chronopotentio­
gram of a freshly prepared solution 
(indicated by thr dashPcl line) shows two 
distinct ,rnws; l and 3. By examining 
the chronopotcntiograms at interme­
diate Ifo valurs, wave 1 of curve B was 
shm1·n to eorresponcl to the electro-oxi­
dation of/. The slight positive shift of 
the Eu1 of ,rnve 1 bet1rnen Ilo = -4.89 
and - 5.87 is the result of the change in 
the' acidity of the solution. This is not 
unexpected, as protons are undoubtedly 
involved in the electro-oxidation mech­
anism of hyclroquinone (26). Wave 
3, however, must represent the electro­
oxidation of a new species, Ill, \Yhich is 
formed at this higher acid strength. 
.\s the solution of l!0 = -5.87 is 
allowed to age (in a sealed container) a 
new wave, 2, begins to appear which 
represents the formation of another 
species, l l, which is oxidized at a 
potential intermediate to those of 
waves 1 and 3. The transition times, 
T1, T2, and T3 , of waves I, 2, and 3, re­
spectively, chang;e with time: T 1 and 
T 3 decrease, while T? increases. The 
chronopotentiogram of the !!0 = -5.87 
after 48 hours (indicated by the solid 
line of curve B) shm\"S that II is now 
the predominate species in the solution. 
The eoncentration of I is quite small, 
and the coneentration of Ill has been 
reduced to zero. It should be noted at 
this point that the overall transition 
times (sum of the transition times of 
individual waves) of the hyclroquinone 
chronopotentiograms in the high acid 
strength solutions decreases with time 
(approximately 2% per day at Ho 
= -4.89 to about 10% per day at 
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Figure 1. Chronopotentiograms of 0.01 f p-hydroquinone 
at various Ho values 
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Figure 2. Current reversa I chronopotentiograms of 0.01 f 
p-hydroquinone solutions 

C. Ho = - 6.51 ( l 3.2f H2SO, ) 
D. Ho = - 8. 14 (l 6f H2SO 4) 

l/0 = -11.1) which indicates that the 
hyclroquinone is also undergoing oxida­
tion and/ or decomposition reac t.ions 
which do not y ield electroactive prod­
ucts . At Ho = - 6.51 , the chrono­
poten t iogra ms of freshly prepared solu­
tions (not shown in Figme 1) exhibi t 
three distinct 1m ves which correspond 
to the oxidation of 1, 11, and [IT. As 
the solution ages, hmrnver, the transi­
tion time of wave 2 increases and those 
of wave 1 and 3 decrease . After about 
12 hom s only one 1rnve (1rnve 2) is 
observed which does not change on 
further aging (see curve C of F igure 1). 
At H0 = - 8.14 (curve D) , the freshly 
prepared solu tion (indicated by the 
dashed line) exhibits two distinct waves 
(2 and 5). The wave at the least posit ive 
potential was shown to correspond to 
the oxidation of species, Il . The 
change in acidi ty again is responsible 
for the change in E 114 of this wave. 
Wave 5, however, resul ts from the 
oxidation of another new species, V, 
formed at the higher acid strength. As 
the H 0 = - 8.14 solution is aged, a third 
wave, 4, representing the oxidation of 
another species, I V, begins to appear 
and the transition t imes of waves 2 and 
5 decrease, as indicated by the solid line 
of curve D of F igure 1. As the acidi ty 
of the solution is increased to Ho = 

- 8.75 and -11.1 (17 and 18F H,SO,, 
respectively) , the chronopotentiograms 
of the freshly prepared solutions exhibit 
three waves, 2, 4, and ,5. The only 
change in the characteristics of the 
waves as the acid strength increases is 
the increase in the rate at which the 
transition t ime of wave 4 increases 
(and that of 2 decreases) with aging. 

The chronopotentiograms of p-hyclro­
quinone solu tions of 1-fo between -0.26 
and - 4.89 exhibited only one wave 
corresponding to \\'ave 1 of curve A of 
Figure 1. There was no abnormal shift 
of E11, (29) of this wave indicating that 
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A. Aged Ho = - 6.40 ( 13f H2SO.,) solution 
B. Aged Ho = - 8.14 ( l 6f H2SO4) soluion 

no new species having a different 
oxidation potential is formed in this 
acidity range. 

Current - Reversal Chronopoten­
tiometry. In an effort to character­
ize the various species formed in 
the H,SO i solution whose oxidations 
con espon cl to waves l t hrough 5, 
the cathodic waves obtainPd on re­
versal of t he cunrnt after a n a nodic 
electrolysis ll'ere investigated . A typical 
se t of current-reversal chronopotentio­
grams arc shown in Figure 2. The 
cm ves shown in part A of F igure 2 were 
obtained for an aged (10 hours) Ho = 
-6.40 solution which exhibi ts three 
anodic waves: 1, 2, and 3. The cathodic 
chronopo ten t iogram obtained on re­
versal of the current near the encl of 
wave 1 (at poin t a) exhibits only one 
wave, l'. The potential of wave 1 at 
0.25 r 1 was found to be equal to the 
potential of wave l' at 0.215 r/, which 
incliC'ates that electrode mechanism for 
the oxidation of this species, I , is 
reversible (3, 6, 33). It was found that 
r1 = 3 ri' ; thus, the oxidation product, 
l "" was not subj ect to rapid hydrolysis 
or decomposition reactions. Plots of 

log ( 
711 2 

t
112 

t
1'2) vs. potential, E, (for 

\\'ave 1) were linear as expected for 
a reversible reaction (4, 19) and had a 

2.3 RT 
reciproca l slope [equal to --F- (JS)] 

n1 

that was equal to 0.031 indicating 
that the numbers of electrons, n, 
involved in the electrode reaction was 
equal to 2 [for n = 2, the t heoretical 

( 
1/2 t" 2) 

slope of the log 
7 

t -:;. vs. E 

plot is 0.030 (3, 19) ]. The expression 
for the potential- time curve of the 
cmrent reversal chronopotentiogram of 
a reversible system (3), predicts that 
plot of log 

J TJl/2 - [(r1 + {')ll2 

l ( Tj + t') 1/2 - 2t'1 l 2 

2['112]} 

vs. E, where r 1 is the transition time of 
the anodic wave and t' is any t ime after 
r 1, will be linear and have a reciprocal 

2.3 RT 
slope of - F - . Such plots for wave l' 

n' 
yielded straight lines of slope = 0.030-
0.033 indicating the number of electrons, 
n, involved in the reduction reaction is 
also equal to 2. 

If the curren t is reversed just prior to 
the transition of wave 2 (at point b, 
Part;! of Figure 2) , two waves, l' and 
2', which correspond to the reduction of 
the products l 0 x and II 0 , of the two 
anodic waves 1 and 2, are obtained. 
The overall t ransition t ime, r' , ( r' = 

ri' + r2') , of the reverse wave was 
equal to 1/ 3 of the overall time duration, 
11,, of the anodic wave, indicating that 
the oxidation products do not undergo 
a rapid chemical reaction to form 
electro-inactive species. Palke, Rus­
sell , and Anson (33) have shown that for 
reverse wave in this case, r1 ' ran hr 
calculated from the expression: 

r', = 1/9 [Sr, + 3 r 2 -

4(4r, 2 + 3 r 1r 2) 112] (1) 

where r 1 and r 2 are the transition times 
for 1rnves 1 and 2 in this case. Compari­
son of theoretical values of r,' and ex­
perimen tal values showed that the 
experimental values 11·ere 10 to 20% Jes, 
than the theoretical values. This coupled 
with the fact that ( r1 + r 2) = 3 ( ri' + 
r,') indicates that the species, II ox, 

produced on the oxidation of ll under­
goes a chemi cal reaction to form t he 
same species, 1 ox , produced by t he 
oxidation of 1. Also, aged solutions of 
1l0 = -6.51 which sh01rnd only one 
anodic wave, 2, were found to exhibi t 
two cathodic waves, l' and 2', on 



eurrent reversal; fur ther indicating 
that Ifo, was undergoing a chemical 
conversion to f ox • Studies of the 
reverse eurrent chronopotentiograms of 
the same 1-!0 = -6.51 as used above but 
now diluted to l-10 = - 3.75 showed that 
on ly one anodic wave, corresponding to 
oxidation of species !! , and only one 
cathodic wave on current reversal. 
However, in this later case the potential 
at 0.215 r' was approximately 90 mv. 
more negative than E 114 of the anodic 
wave and was found to be equal to that 
of the E 11• for the anodic wave of 
species I , at Ho = -3.75. It was con­
cluded, therefore, that, at this lower 
acid strength , the oxidation product of 
II is very rapidly converted to 1 o,­

Furthermore, at higher acid strengths, 
Ho = -7.00 to - 8.00, the reverse 
current wave obtained after the anodic 
oxidation of fl exhibi ts only one wave. 
In this case the R114 of the anodic wave 
was exactly equal to the potential at 
0.215 r' 11·hich indicates that the 
electrode reaction is reversible. Also, it 
was found that r2 = 3r2' Thus, at the 
higher acid strengths, the chemical re­
action of 11 ox to form l ox does no t 
rrocecd at an appreciable rate. The 
apparent influence on the acid strength 
on the rate of this chemical reaction 
suggests that th is reaction is reversible. 
It was fo und that the data obtained at 
f-!0 = -6.51 treated by the method of 
Testa and Reinmuth (46) did not yield 
linear plots as expected for irreversible 
first-order reactions (46). Thus, the 
reaction is either reversible or second 
order. No attempt was made to cal­
culate the rate constants by means of 
the expression for a reversible first-order 
reaction derived by Dracka (7) as the 
equilibrium constant for this reaction is 
not known and cannot be determined 
from the present data. 

When the current is reversed just 
prior to the t ransition time of wave 3 
(at point C, Part A of Figure 2) on ly 
t wo cathodic waves, 1' and 2' , are ob­
served 1Yhich correspond to the reduction 
of f ox and ll 0 ,, respectively. No 
separate reverse wave was observed for 
the oxidation product of the oxidation 
of 111. 1 t was found that the overall 
duration of anodic electrolysis was 
equal to 3 t imes the overall cathodic 
transition time (ri' + r2'). Thus, the 
species produced by the oxidation of 
Ill must either be If 0 x or l 0 x or undergo 
an extremely rapid chemical conversion 
to form l l ox or l ox• 

Part B of Figure 2 shows the cathode 
waves obtained on reversal of the 
electrolysis current at three different 
points. a, b, and c, on the anodic chrono­
potentiogram of an aged 1/0 = -8.14 
solution. Note that, although the 
anodic wave suggests that there are 
three species, I 1, JV, and V, in the 
solu tion, only one cathodic wave, 2', 
is obtained on current reversal even 

Ol----L----,:c:--_,,_~-;:----~ 
200 2!10 }00 3!10 

WAVE LENGTH,m,.._ 

Figure 3. Ultraviolet spectra of 0.2 
X 1 Q- 3f p-hydroquinone at various Ho 
values 

though all three species have undergone 
oxidation. The potential of the single 
cathodic \\"ave, 2' , corre;;ponds to that 
of the reduction of ll ox • No cathodic 
wave was obtained for a distinct ox ida­
tion product of either spec ies JV or V 
evenatH0 = -11.1 . It,ms foundthat , 
regardless of the point at 11·hi ch the cur­
rent was reversed , the duration of the 
anodic electrol>·sis 1m::; ahmys equal to 
3r2'. Thus, the oxidation product(s) of 
l V and V must be either l 1 o, or undergo 
extremely fast chemical l'Onversion to 
11 OX• 

ir 112 vs. i Studies. The va lue of 
ir1' 2 was studied as a function of i fo r 
waves 1 and 2 for a JOmF p-hydro­
quinone solu tion over an H0 range of 
- 5.87 to -11.1. It was found that for 
wave 1, ir112 ll"as independent of i 
(over a r 1 range of 1 to 35 seconds) for 
a f-!0 = -5.81. solu tion and for both a 
fresh and aged /-l O = - 6.40 ( see curves 
A and B of Figure 1) . This shows that 
the electro-oxidation of 1 over this acid 
strength range was diffusion controlled. 
Thus, if species ll and Ill are in 
equi librium with 1, the rate constants 
for the conversion of II and Ill to 1 
must be qui te small. This was sub­
stantiated by diluting both fresh (ex­
hibi ts wave l and 3) and aged (exhibits 
waves 1 and 2) H0 = -6.40 solutions 
(see curve B of Figure 1) 11·ith water 
until the 110 was equal to approximately 
-2.0 (at th is acid strength, species II 
and l II did not form as explained pre­
viously). The anodic chronopotcntio­
grams of the resulting l/0 = -2.0 
solution showed the same ratio of 
transition t imes as obtained for the 
initial acid strength of -6.40. Thus, 
the concentration of 11 and III did not 
change on dilution, which suggests that 
these two species are quite stable once 
formed at the higher acid strength. 
It ,ms found that ratio of r2/ r 1 for 
the diluted, aged solu tion did not 
change even after 24 hours. The 
species, Ill , however, was somewhat less 
stable, as the ratio rd r, (for the diluted 
fresh solu tion) had decreased noticeably 

10 minutes after dilution and on ly wan, 
I. remained after about 30 minu tes. 

The value of ir2 1i 2 of wave 2 for an 
aged lOmF v-hydroquinone so lu tion of 
ffo = - 8. 14 (exhibits Pssentially only 
1mves 2 and 4) 11·pre also indc'pcndcnt of 
i and on dilu tion to 110 = - 2.0, the 
ratio of r.i/ r, did not change even over a 
24-hour period. Thus, the wave of 
species fl is diffusion controlled and 
there is no evidence that JV converts to 
Tl once it has formed. The value of 
ir2

112 for a fresh lOmF p-hydroquinone 
solu tion at //0 = - 8.27 (exhibits only 
,mves 2 and 5) decreased linearly ,rith 
increasing current density; from 340 to 
255 µa. - cm. - 2- second 112 for the current 
densit ies of 63 and 20 µa .-cm. - 2, 
respectively (r vari ed over this current 
range from 1.4 to 29 seconds) . 

This variation of ir2
1;2 with i suggests 

that in this case the electrode mech­
a nism for the oxidation of I [ is con­
trolled by a chemical kineti c process 
that precedes the electron transfer 
rather than diffusion controlled (4, 5, 
29) process. The reaction is probably 
the rapid conversion of V to the more 
easily oxid ized species, l l . Thus, it 
appears that species I I and F are in 
rapid equilibrium at 110 values between 
about - 8 to -11.1. This ,ms fur ther 
substantiated by di lu ting several solu­
tions (/Io's bet11·cen - 8 and -11) ll"i th 
wa ter to a 110 of approximate ly -6. 
The chronopotentiograms of the re­
sul t ing solution 1rere measured as fast 
as possible (~3 minutes delay) and 
sho,red on ly one 11·ave wh ich cor­
responds to the oxidation of 11. No 
wave ,ms observed for species V. 

Ultraviolet and Nuclear Magnetic 
Resonance Spectra. To fur ther char­
acterizP the n't t ure of t he fi ve spec ies 
found by the chronopotentiometry 
experimC'nts to form in H2SO.1 so lu tion 
between Ho = -2.30 and -8.1 4, the 
ultraviol<'t (UV) adsorption <t,nd N MR 
spectra of solutions containing the 
five species, Pither alone or as mix­
tures, were measured. 

The UV spectra of 0.2mF p-hydro­
quinone solu tions at Ho -2.30 
(contains 1 only), -4.89 (eontains ll 
only), -5.87 (fresh solu t ion, contains 
/ and !JI) , and - 8.14 (aged solu tion, 
contains l ! , IV, and V) are sh01rn in 
Figure 3. In all four so lu tions, two 
strong bands are observed; one at 
approximately 219 mu which did not 
appear to be appreciably affected by 
change in f/0 and one about 275 to 295 
mu ll"hich varied with H0. The peak 
absorbance, _·lmax , of this band for a 
110 = -0.26 solution occurs at 275 
mµ and the molar absorptivity, t, is 
2.7 X 10:i_ _-\ s the acid strength is in­
ereased to - 4.89, _· lmax shifts to about 
290 microns and the absorptivity de­
creases to 2.2 X 10 3. It was found that 
the shift in Amax is approximately linear 
with increasing acidity, but the change 
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in E took plar;e in a narro11· ar;idity range 
bet1rnen 110 = -2.30 and -3.03. 
Further increase in the ar; idi ty funGtion 
to -4.89 did not resul t in any appreci­
able ehangc in E. A similar shift of the 
270-mµ band of phenol to lonµ;er wave­
lengths 1Yith inereasing aeidity and a 
similar decrease of its absorptivity over 
a narrow acidity range has been re­
ported (2) . The shift of the peak in 
both cases to longer wavelengths is 
probably a medium effect (8, 41) but 
the change in absorptivity is inter­
preted to be the result of protonation 
(4.l). The protonation of phenol is 
thought to take place on the oxygen 
atom to form an oxonium conjugate 
acid, analogous to species (i). In both 
the phenol and p-hydroquinone cases 
such a protonation would reduce or re­
move the resonance interaction of the 
free pairs of electrons of the oxygen 
with the .,,--electron system of the ring 
[an N -+ V band (4?) ], and the oxonium 
ion spectrum would be similar to that of 
toluene. The spectral cvidenee suggests 
that the formation of a .,,- -complex, 
species (ii), or a cr-complex, species 
(iii), does no t take place to an ap­
preciable extent in the case of the first 
protonation of p-hydroquinone. A 
.,,--complex 1rnuld result Ill Ii ttle 
spectrum change (32) and a cr-complex 
would exhibi t two new bands in the 255-
and 355-mµ range) . The fact that the 
change in E in the p-hydroquinone case 
is considerably less than that of the 
phenol case, 18.5% decrease compared 
to approximately 40% (2), is not un­
expected because one of the oxygens of 
p-hyclroquinone still remains unproto­
nated and its electrons are still free to 
have some resonance in teraction with 
the ,,--system of the ring. Thus, the lj V 
spectra indicates that the p-hydroquin­
one pro tonates to form an oxonium 
conjugate acid which has a pl( a '"" - 2.5. 
As the chronopotent iograms of p--hydro­
quinone solutions between Ho = -0.26 
and - 4.89 showed neither an abnormal 
shift of quarterwave potential nor a new 
11·ave, the pro tonation of one oxygen 
must not have any appreciable effect on 
the electro-oxidation potential of the 
eompound. Similar results were ob­
served for the electro-oxidation of p­
phenylened iamine (29) . The E'1 t 4 of the 
mono-protonated form of p-phenylene­
diamine was not appreciably different 
than that of the free base. However, 
the .R114 of the diprotonated form was 
about 310 mv. more positive than that 
of the mono-protonated species (29) . 

As the acid strength increases from 
- 4.89 to -11.l there is a further shift 
of the absorbance maximum to longer 
wavelengths as shown in Figure 2. 
At !lo = -11.1 . A,,,,x occurs a t ap­
proximately 295 mµ. No appreciable 
change in E is observed over this acid 
strength range. At J-/0 = - 5.87, a new 
peak is observed at 262 mµ, as shown 
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Figure 4. Nuclear magnetic resonance 
spectra of various p-hydroquinone 
solutions (5%) 

A. In CH3CN 
B. In 1 Of H2SO, (Ho = - 4.89). Chronopo­

tentiogram of the solution shows only wave 1 
C. In oged 12f H2SO, (Ho = - 5.81 ). Chrono­

potentiogram shows waves 1, 2, ond 3 
D. In aged 13.2 f H,S0.1 (Ho = - 6.57). 

Chronopolentiogram shows wove 2 only 
E. In aged 1 6f H,SO, (H0 = - 8.1 4). Chrana­

patentiogram shows waves 2, 3, and 4 

in Figure 3, indicating that a new 
species is formed at this acid strength. 
Althou6 h it has been shown that the 
formation of the cr-complexes (species 
iii) of phloroglucinol (22, 41) and 
mesitylene (21) results in a strong band 
(E = 1.11 X 104) in the region 255 mµ , 

the peak in this region for p-hyclro­
quinone is not thought to be that of a 
cr-complex. All known cr-complexes 
also exhibit a strong band at 355 mµ 

(21, 22, 41) which was not observed for 
p-hydroquinone. This peak at 262 mµ 

was also observed in fresh Ho = -6.51 
(waves 1, 2, 3) bu t not observed in an 
aged solu tion (waves 1 and 2 only) of 
the same acid strength. Thus, this 
peak probably corresponds to that of 
the species, IH. whose oxidation is rep­
resented by wave 3. 

The NMR spectra of the ring hydro­
gens for 5% p-hydroquinone in 
acetonitri le, and sulfuric acid solutions 
of H 0 = - 4.89, -5.87, -6.51, and 
- 8.14 are given by Parts A to E, 
respectively, of Figure 4. In an aprotic 
solvent, acetonitrile, the ring carbon 
line is found to have a chemical shift, 
o, of 6.6 p.p.m. (o = 0 was arbitrarily set 
equal to the proton resonance line of 
tetramethylsilane). However, in H,SO4 
solution of H0 = -4.89, the ring proton 
line has shifted down field and has a 
a of 10.2 p.p.m. This large change in 

the chemical shift probably is the result 
of protonation of one of the oxygen 
ato ms of the phenolic groups in the aeid 
medium (4.2). This observation agrees 
11·ith conclusions drawn from the UV 
spectral data. Note that the magnitude 
of this line decreases as the acid strength 
is increased to - 5.87 and the line has 
practically vanished at -6.81. This 
change in the concentration of the 
oxonium conjugate acid concentration 
between H0 = -4.89 and -6.51 cor­
responds with the change in the transi­
tion time of wave 1 over this acidity 
range . Thus, there can be little doubt 
that species I, whose oxidation cor­
responds to wave 1, is oxygen­
protonated p-hydroquinone. The 
additional shift of the ring carbon peak 
over this acidity range, as shown in 
parts B to D of Figure 4, is probably a 
medium effect (37). At acid strengths of 
-4.89, two strong lines begin to appear 
at 7.17 and 7.40 p.p.m. and a weak line 
at 6.90 p.p.m. These two lines increase 
in magnitude at H0 = -6.51. The in­
crease in these two lines is essentially 
proportional to the decrease in the line 
of the ring carbons of the oxonium 
conjugate acid. Thus, the two lines at 
the 6.17- to 7.40-p.p.m. range probably 
correspond to the resonance of the ring 
protons of the species fl, as at Ho = 
-6.51 essentially only one wave, 2, is 
observed for the anodic chronopotentio­
gram. As the line at 6.90 p.p.m. does 
not appear to increase in magnitude, it 
might correspond to the resonance of the 
ring protons of species III. Such small 
amount of III in the aged Ho = -6.51 
solution 1rnuld probably not exhibit a 
distinct chronopotentiometric wave. 
The fact that the ring carbon lines for II 
(and presumably Ill) have shifted up 
fi eld to the 7-p.p.m. range indicates that 
these species are not oxygen-protonated. 
The resonance lines fall at approximately 
the same chemical shift value found 
for p-hydroquinone in aprotic media 
(see part A) . At Ho = -8.14 (chrono­
potentiograms indicate the species II, 
IV, and V are present) the position of 
the group of lines is moved slightly down 
field [which is again probably a medium 
effect (37)] and the spectrum is con­
siderably more complex. There appear 
to be at least two more lines and perhaps 
more between 8.0 and 7.0 p.p.m. which 
suggests the formation of new species. 
Because the resolution is not good in 
sulfuric acid media, it is difficult to sort 
out the new lines from those of species 
JJ. As the resonance lines for ll, IV, 
and V all appear to fall in the 7- to 
8-p.p.m. range, it is probable that these 
species are not oxygen-protonated 
either. It should be noted that the 
above discussion assumes that the same 
species are formed in 5% (employed in 
the Ni\lIR measurements) and 10-3F 
(in chronopotentiomctric measure­
ments) hydroquinone solutions. 



CONCLUSIONS 

On the basis of the NlVIR and the UV 
evidence, species I ( corresponding to 
wave 1) is the oxygen-protonated form 
of p-hydroquinone [see structure (i) ] 
for solutions of H0 ,..._, -3.5 to approxi­
mately - 5 and simply hydroquinone at 
lower acid strengths. The chrono­
poten tiograms show that protonation of 
one of the oxygens has no appreciable 
effect on the oxidation potential of 
hydroquinone. The NMR and UV re­
sults obtained for solutions of H0 = 
-5 to -11.1 (range where species 
II, III, IV, and V are formed) indicate 
that, not only has no furth er protona­
tion taken place, but that these species 
are not protonated at all. Thus, it must 
be concluded that these species are su l­
fonation products. The fact t hat ir 112 

is independent of i for waves 2, 3, and 4 
and that the ir 112 dependence of wave 
5 was not that to be expected for a prior 
deprotonation chemical reaction sup­
ports this conclusion. [Calculated k's, 
although not precise, were several orders 
of magnitude less than expected for 
protonation (2.9) ]. To test this con­
clusion, the chronopotentiograms of 
2,5-dihydroxybenzenesulfonic acid were 
measured. At H0 = -5.87 and -6.51 , 
the Eu.'s for this compound were 
identical with those observed for species 
II (wave 2). Furthermore, it was 
observed that the chronopotentiograms 
of a mixture of p-hydroquinone and 2,5-
dihydroxybenzenesulfonic acid showed 
two cathodic waves whose potentials 
corresponded exactly to those of waves 
1 ' , and 2'. Also, the ratio of the anodic 
transition times of the mixture did not 
change on dilution to Ho = -2.0. The 
NMR and UV spectra of 2,5-dihydroxy­
benzenesulfonic acid in H0 = -6.51 
solution corresponded exactly to the 
lines and peak assigned to II . Similarly, 
the chronopotentiogram of 2,5-dihy­
droxybenzene-1 ,3-disulfonic acid in H0 

= -8.14 solution had a E 114 which was 
essentially equal to that of JV (wave 4) 
and the cathodic wave on current re­
versal showed only one wave whose 
Eo.21sr' was identical to that obtained for 
wave 2'. The ratio of the transition 
times for the chronopotentiograms of a 
mixture of 2,5-dihydroxybenzenesulfonic 
acid and 2,5-dihydrobenzene-1.3-disul­
fonic acid did not vary as the a~idity of 
the solution was varied from -8.14 to 
-2.0 

The chronopotentiogram of a freshly 
prepared H0 = -5.87 solution of the 
mono-sulfonic acid ester of p-hydro­
quinone exhibited two waves which 
were identical to waves 1 and 3 ob­
served for a freshly prepared p-hydro­
quinone solution of the same acid 
strength (see curve B of Figure 1) . 
The ratios of ri/ r3 for both the mono­
sulfonic acid ester of p-hydroquinone 
solutions were essentially the same. 

Further experiments showed that the 
mono-sulfonic ester hydrolyzed in acid 
solution and that the hyd rolysis \Ycnt to 
com pletion in aeid solu tions which had 
acidity function values less than -5. 
At Ho = -5.87, it was observed that the 
rate of hydrolysis, although very rapid, 
did not go to completion but an equi­
librium was reached between the mono­
sulfonic acid ester and hyd roquinone 
(oxonium ion) itself. 

Because the reaction rates estimated 
from the ir 112 vs. i for the solution con­
taining species ll and V (see curve D of 
Figure 1) did not compare with those 
expected for a protonation reaction and 
because the NMR spectra of the solution 
did not exhibit a oxonium protonation 
peak in the 14- to 11-p.p.m. range, it is 
believed that species V is proabably a 
mono-sulfonic acid ester of 2,5-
dihydroxybenzenesulfonic acid. Such 
a compound was not, however, synthe­
sized independently; its properties 
would be expected to be similar to that 
observed for V. 

The current-reversal chronopotentio­
grams reveal some very interesting 
information about the nature of sulfonic 
acid derivatives of p-benzoquinone (the 
anodic electrode reaction products) . 
First, it is felt that the oxidation product 
of the oxonium ion of p-hydroquinone in 
the higher acid strength solu tions 
is simply p-benzoquinone and not its 
oxonium ion conjugate acid, because 
the quinone oxygens would be expected 
to be considerably less basic than the 
phenolic oxygens [the plC of anthra­
quinone is about -8.3 (35) ]. The 
oxidation product of 2,5-clihydroxy­
benzenesulfonic acid is undoubtedly 
p-benzoquinone-2-sulfonic as n was 
found to equal 2 and the reaction was 
reversible. This sulfonated benzo­
quinone is not stable, however, in low 
acid strength solution, but was found 
to be stabilized in J/0 = -6.51 solutions 
indicating that the chemical reaction 
between p-benzoquinone and sulfuri c 
acid is also reversible: 

¢O + H2SO1 ~ (ysOaH (2) 

y + H2O 
0 0 

At present it is not understood why this 
reaction is such a rapid equilibrium. 
The p-benzoquinone-2,5-disulfonic acid 
which would be expected to be the 
oxidation product of IV (2,5-dihydroxy­
benzene-1,3-disulfonic acid) is evidently 
quite unstable even in solutions of 
Ho = -11.1 and decomposes into 
II ox, a rate sufficiently great to prevent 
the observation of any cathodic wave 
for its reduction on current reversal. 
As expected, the oxidation of the two 
monosulfonic acid esters, Ill and V, 
would not be expected to show a reverse 

11·ave, because the oxidation products 
will be p-benzoquinone and p-benzo­
quinone-2-sulfonic acid, respectively, 
which necessitates the cleaving; of the 
ester at some point during its formation. 

It is also interesting to note that th 
p-hydroquinone-quinone couple shows 
perfect reversibili ty at Ho > ~ -3, 
but it is not reversible, E 114 "i"'Eo.mr' 
at lower acid strengths. This effect 
of acid strength on the couple is not 
understood at the present. 

ACKNOWLEDGMENT 

The authors express their apprecia­
tion to Kenneth Servis, Division of 
Chemistry and Chemical Engineering, 
California Institute of Technology, for 
measuring the NMR spectra of the 
p-hydroquinone solutions and for his 
help in interpreting their meaning. 

LITERATURE CITED 

(1) Anson, F. C., ANAL. CHEM. 33, 939, 
1498 (Hl61). 

(2) Arnett, E. M., Wu, C. Y., J . Am. 
Chem. Soc. 82, :3663 (1960). 

(3) Berzins, T., Delahay, P., Ibid., 75, 
4205 (1953). 

(4) Delahay, P., "New Instrumental 
Methods in Electrochemistry," p. 199, 
Interscience, Kew York, 1954. 

(5) Delahay, P., Berzins, T., J. Am. Chem. 
Soc. 75, 2986 (1953). 

(6) Delahay, P., Mattax, C. C., Ibid. , 76, 
874 (1954). 

(7) Dracka, 0., Collection Czech. Chem. 
Commun. 25, 338 (1960). 

(8) Flexser, L. A., Hammett, L. P., 
Dingwall, A., J. Am. Chem. Soc. 57, 
2103 (1935). 

(0) Galus, Z., Adams, R. N., Ibid., 84, 
206.5 (1962). 

(l0) Galus, Z. , Olson, C., Lee, H. Y., 
Adams, R. N., ANAL. CHEM. 34, 164 
(1962). 

(11) Caius, Z., White, R. M., Rowland, 
F. S., Adams, R. N., J. Am. Chem. Soc. 
84, 2065 (1062). 

(12) Geske, D. H., Maki, A. H., lbi:d., 
83, 1852 (1961). 

(13) Gold , V., Satchell, D. P. N., J. Chem. 
Soc. 1955, 3619. 

(14) Goldschmid, 0., J. Am. Chem. Soc. 
75, 3780 (1953). 

(15) Hammett, L. P., "Physical Organic 
Chemistry," pp. 267- 71, McGraw-Hill, 
New York, 1940. 

(16) Hartley, C. S., J. Chem. Soc. 1939, 
1828. 

(17) "International Critical Tables," Vol. 
II, pp. 56-7, McGraw-Hill, New York, 
1928. 

(18) Karaoglanoff, Z., Z. Electrochem. 12, 
5 (HJ06). 

(l!J) Katz, T. J., Reinmuth, W. H., Smith, 
D. E., J. Am. Chem. Soc. 84,802 (1962). 

(20) Kauffman, H., Ber. 40, 838 (l!J07). -
(21) I{ilpatrick, M., Hyman, H. H., J. 

Am. Chem. Soc. 80, 77 (1958). 
(22) Kresge, A. J., Barry, G. W., Charles, 

K. R., Chiang, Y., Ibid., 84, 4343 
( 1962). 

(23) Lee, H. Y., Adams, R. N., ANAL. 
CHEM. 34, 1587 (1962). 

(24) Levich, V. G., "Fiziko Khimcheskaya 
Gidrodinamika" (PhysicoChemical Hy­
drodynamics, Gosudarstvennoe Izde­
telstvo Fiziko-Maternaticheskoi Liter­
atury, Moscow, 19.5\J). 

(25) Lingane, J. J., "Electroanalytical 
Chemistry," 2nd ed., Chapter XXII, 
Interscience, New York, 1958. 

VOL. 36, NO. 3, MARCH 1964 • 519 



(26) Ibid., p. 84, ref. 28. 
(27) Lingane, J. J ., J. Electroanal. Chem. 

2, 296 (1961 ). 
(28) Maki, A. H., Geske, D. H., J. Chem. 

Phys. 33, 825 (1960). 
(29) Mark, H.B., Jr., Anoon, F. C., ANAi,. 

CHEM. 35, 772 (1963). 
(30) Mark, H. B., Jr., Anson, F. C., 

J. E lectroanal . Chem., 6,251 (1963). 
(31) Mizoguchi, T., Adams, R. N., J. Am. 

Chem. Soc. 84, 2058 (1962). 
(32) Nelson, K. L., Brown, H. C., "The 

Chemistry of Petroleum Hydrocarbons," 
B. T. Brooks, C. E. Boord, S. S. Kurtz 
and L. Schmerling, eds., Vol. 3, Chap. 
55, Reinhold, New York, l!l55. 

(33) Palke, W. E., Russell, C. D ., Anson, 
F. c., ANAi,. CHEM . 34, 1171 (1962). 

(34) Parker, R. E ., Adams, R. N ., Ibid., 
28, 828 (1956). 

520 • ANALYTICAL CHEMISTRY 

(35) Paul, M.A., Long, F. A., Chem. Revs . 
57, 1 ( 1957). 

(36) Piette, L. H., Ludwig, P., Adams, 
R. N., ANAi,. CHEM . 34,916 (1962). 

(37) Pople, .J. A., Schneider, W. G., 
Bernstein, H. J., "High-resolution Nu­
clear Magnetic Resonance," Chaps. 5 
and 16, McGraw-Hill, New York, 1959. 

(38) Reinmuth, W. H., ANAL. CHEM. 32, 
1514 (1960). 

(39) Ibid., p. 18\Jl. 
(40) Satchell, D. P. N., J. Chem. Soc. 

1956, 3\Jl. 
(41) Schubert, W. M ., Quacchia, R. H., 

J. Am. Cheni. Soc. 85, 1278 (HJ63). 
(42) Servis, K L., Div. of Chem. and 

Chem. Engr., California Institute of 
Tech., Pasadena, Calif. , private com­
munication, 1963. 

(43) Snead, W. K, Remick, A. E., J. 
Am. Cheni. Soc. 79, 6121 (l!J57). 

(44) Stewart, R., Yates, K., Ibid., 80, 
6355 (1958). 

(45) Testa, A. C., Reinmuth, W. H., 
ANA[,. CHEM. 32, 1512 (1960). 

(46) Ibid., p. 1518. 
(47) Wheland, G. W., "Resonance in 

Organic Chemistry," pp. 288-90, Wiley, 
New York, 1955. 

(48) Yamaguchi, S., Nippon Kagaku 
Zasshi 80, 171 (l!J5!J); C.A. 55, 53!J6a 
(l!J61). 

RECEIVED for review October 31, 1963. 
Accepted December 9, 1963. Contribu­
tion No. ~ of the Gates and Crellin 
Laboratories of Chemistry. Presented at 
the 145th Meeting, A.C.S., Analytical 
Division, New York, N . Y., Sept. l!l63. 
C. L. A. is indebted to the National 
Science Foundation for an Undergrad­
uate Summer Research Fellowship. 

# 2 q 3 ) 

('f t{ ) /-tc~ »- 'rr1 e. ft J L . !\ c., J De yr'"'- P..J 

A.J. J, A,.,,. Che w.. S"~c.J 
) - - ·--

S-G/ J..72-/ {/ tf 32,) _ 
_...,___ ) 


