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THE CONDUCTANCE BEHAVIOUR OF 1-NAPHTHALENE 
SULFONIC ACID POTASSIUM SALT IN DIOXANE-WATER 
MIXTURES 

D. A. JANNAKOUDAKIS. D.K. PANOPOULOS 
Lul~orutor:,. of PI?,:c.icd Cl~enti.vtiy, Fucul?,. of PI1y.c.ic.s & Muthcntuticv, Univ~r.vity c~fTllcs.srrloniki. G'WPCC. 

(Received January 25. 1979) 

Summary 

Conductance measurements are reported for I-Naphthalene sulfonic acid potassium 
salt in dioxane-water mixtures at 25•‹C in dioxane-rich region covering the range of dielectric 
constant 12.37 D 24.01. The experimental results were analysed by means of Fuoss- 
Onsager-Skinner (FOS) and Graham-Kell-Cordon equations for associated electrolytes 
using the "y-X" method. The (FOS) equalion reproduces the data with a random patern of 
AA's and the resulting values of A,. K,,. l and i ,  parameters are reported. The Walden 
product of the salt decreases with Increasing dioxane content of the solvent. This 
hydrodynamic behaviour has been investigated by means of Fuoss-Boyd-Zwanzig theories. 
The R', + R-, distance (Fuoss empirical equation) is not in satisfactory agreement with 
2, and 5 ,  values. The failure is-discussed. Zwanzig equation reproduces the walden 
products of the anion with an identical intercept-slope value of parameter. in the kase of 
perfect sticking. In what it concerns the K+ . the two Zwanzig radii agree poorlyjn both cases 
("stick" and "slip"). As a probable explanation. this discrepancy may be attributed to 
solvent microscopic structure properties and t o  specific ionsolvent interactions. Dioxane- 
Water intermolecular complexes -hydrogen .bonded- form a solvation sheath around the 
cation. the existence of which is ignored by Zwanzig continuum model. 

Key words: Equivalent conductance. association constant. Zwanzig. ]-Naphthalene sulfonic acld 
Potassium salt. Dioxane, Water. 

Experimental evidence from conductornetric study of suitable systems has 
repeatedly shown that. although many properties of electrolyte solutions can be 
interpreted in terms of a continuum model for the solvent. others cannot. Attempts 
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have been made to relate association constants and ion mobilities to properties of 
the solvent and the solute. but all are limited in their application and can only be 
used under restricted conditions if the results are to have any meaning. 

Association behaviour and ion mobilities are most complicated in systems 
where a protonic component is present and it is evident that adequate knowledge of 
the properties of the solvent mixtures is necessary for a meaningfuldiscussion of 
the behaviour of the solution. 

In this paper. we report on the conductance data of l-Naphth,alene sulfonic 
acid Potassium salt in Dioxane-Water mixtures over the range of dielectric constant 
1 2 . 3 7 ~  D S& 24.01. 

It is a part of our investigation on the conductance behaviour of sulfonic 
compounds -our interest being stimulated by the fact that their molecule gives a 
large organic ion and the lack of systematic conductometric data reported on them- 
in a series of mixtures of a given polar and protic solvent with a nonpolar aprotic 
solvent in low dielectric constants. 

Unfortunately. solubility problems for this salt in Methanol prevented the 
extension of the measurements in Dioxane-Methanol, and Benzene-Methanol 
mixtures. 

Dioxane-water system contains a polar hydrogen-bonding solvent and a non- 
polar component. It therefore presents an excellent opportunity to study ionic 
association and mobilities, to test the model and also to illustrate the methods of 
applying the theoretical analysis to conductance data. In Dioxane-rich region of the 
mixtures (low dielectric constant range) the calculation of the distance parameter 
can be obtained by three distinct methods. 

While the continuum model serves to describe the electrostatic effects. 
however. it is found to be inadequate for the hydrodynamic properties. In  our case, 
the Walden product. Aoq, is not constant but decreases with increasing dioxane in 
the mixed solvent. In such studies it is important to know if the changes observed in 
these properties. as dioxane is added to water. are due to the decreasing dielectric 
constant, to a relaxation field between ions and solvent dipoles, or to a change in 
solvent-ion or solvent-solvent interactions, since an inevitable weakness of any 
continuum theory is its inability to account for structural features. The key to 
understanding is to be sought in specific structural effects. A,detailed picture of ion- 
solvent and solvent-solvent interactions is an essential prerequisite. 

The date were analysed by means of Fuoss-Onsager-Skinner (FOS), Graham- 
Kell-Cordon (GKC). Fuoss (empirical) and Fuoss-Boyd Zwanzig (FBZ) equations. 
All symbols used. have their usual meaning. 

Experimental Technique 

I-Naphthalene sulfonic acid Potassium salt (PFALTZ and BAUER, INC. 
Assay-97-99%. typical) was dissolved in conductance water. filtrated to remove 



insoluble impurities. recrystallized three times and dried at  115•‹C under reduced 
pressure. It was stored over phosphorous pentoxide in an  evacuated desiccator. 

Reagent grade 1.4-dioxane (RPE. Acs-Carlo Erba) was refluxed over metallic 
sodium for 12 hours. It was distilled under nitrogen through a 60-cm column; b.p. 
10 1.1- 10 1.3 "C; density at 25•‹C ranged from 1.02790- 1.02809 g/ml which compares 
well with the best value reported by Lind and Fuoss'. 

Conductivity water was prepared by distillation of double-distilled water in an  
all-Pyrex-glass set. Specific conductance was less than 2'10'' mho/cm. 

All conductance measurements were made at 25•‹C using an  oil-filled 
thermostat of Lceds and Northrup Co.. with an accuracy of 0.002"C. 

Resistances were measured at  3000 c/sec on a Beckman conductivity bridge 
Type RC-18A. The cell constant. 0.027 cm-' was determined by the method of 
Lind. Zwolenik. and Fuoss' and rechecked repeatedly during the work. For the 
measurements of dielectric constants of the various dioxane-rich mixtures a 
Dipolmeter WTW type DM 01. was used. Densities were measured in a Sprengel 
pycnometer and viscosities with an  Ubbelohde-type viscometer taking the viscosity 
ot water at  25•‹C as 0.008903 poise. The apparatus used for conductometr~c 
measurements permitted the solvent and solutions to  be kept in an all glass 
completely closed system in an  inert gas atmosphere at  all times. 

Conductance runs were made by dilution within the cell of a definite volume of 
the most concentrated solution. After immersion in the thermostat for 10 minutes 
the content of the cell was shaken to  eliminate the effects of temperature gradients 
within the solution and left in the thermostat until resistance readings were 
constant. This usually required 20-25 minutes more. The measured resistances for 
all runs were in the range of 550-3.100 Ohms which is a convenient range of 
resistance for precise electrical measu'rements. 

Data treatment, results and discussion 

The properties of the dioxane-water mixtures used a s  solvents are given in 
Table I. The data were analysed on a DlEHL - Alphatronic Computer by means 

TABLE I .  Properties of solvent mixtures at 2S•‹C. 

System Wt % mole-% d 102q D 
No Dioxane Dioxane (g/ml) (poise) 
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of Fuoss-Onsager-Skinner (FOS)3 three-parameter conductance equation. for an 
associated salt. 

A=Ao-S c'/' jl l/' + E'  c y In (6E; c y) + L cy-Ki cy fz A ( I )  

which symbolically may bc written as 

A=Ao-AS-lAEI + AL-AK (1.a) 

Where A, is the decrease in conductance due to the limiting Onsagcr terms. A,. is 
the decrease due to  the transcendental terms of order clnc from the relaxation field. 
A, is the increase due to  linear terms from the same source and A, is the decrease 
due to ionic association. For analysis of association we have adopted the "y-X" 
method. because association is marked. and K, can be determined to  good 
precision by this method. 
Equation ( 1 )  can be rearrangedP to give 

A'=A-A. +S c' /Z yl/*-E 'cy In (6  E; cy (21 

A'/cy = L-K, f2 A (3) 

y=A '/cy (4) 
x=f2 A ( 5 )  

y=L-K, X (6) 

Assuming y=A'/cy to be a linear function of x=fZA. the L(,) and K, can then be 
evaluated from (6). a form which is of course amenable to treatment by the method 
of least squares. The computer first evaluates an approximate. y. from4 

using a A. estimated from the phoreogram . 
It then operates on equations (2-6) and does a least squares treatment on (6) 
calculating the L(,) and K,. It finds new y using the equation. 

y=K/[Ao - S c'/' yl /? + E'cyln (6E; cy)+L cyl (8) 
This process is iterated until the condition 

is satisfied. The computer perfoms this series of  calculations for a set of A, values 
calculating and printing the correlation coefficient r x , ~  of the "y-X" line for each Ao, 
originally using l o r  2 A, unit increments. By means of correlation coefficient and 
"y-X" plots we select the A. value which gives the best fit and we repeat the whole 
calculation with increments 0.01 A, units. At this point machine calculates, also, 
hcalcd) obtained from eq.(l) on  substituting the given concentrations and the values 
of the three constants which were obtained from the computer analysis of the data, 
AA = [ h o w  - &\(calcd)] and the standard deviation of AA's 

selects Ao, L, K, which minimize the standard deviation printing the original (C,A) 
input, Ao, L, l ,  , KA, X, y values, r ~ . ~ ,  G,, y and f for each concentration, the limits 
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of K, and and the terms A, of eq ( l )  or (1.a) for graphical purposes which are 
useful in certain cases. 

The data were analysed, also, by the equation 

suggested by Graham, Kell and Cord0n~1~ 

Equation (10) can be rearranged to give 

Eq. (13) is amenable to treatment by the method of least squares giving the values 
of A, directly as the intercept and KA from the slope KA/Ao. The computer first 
evaluates an approximate y, from (7) using a A, estimated from the phoreogram. It 
then operates on eq. (I 1-13) and does a least squares treatment on (13) calculating 
A. and K,. The computer repeats the calculation with each new value of Ao 
obtained several times until the same value of Ao, KA are obtained. At this point 
machine prints Ao, K,, X, y values and the correlation coefficient r x . ~  of the "y-X" 
line. 

Conductance data for the various systems studied and 
AA = [A(obsb) - I\(calcd)], the difference between the measured A and that calculated 
from the theoretical equation (l) ,  are summarised in Table 11. 

TABLE 11. Equivalent conc/uctance of I-Naphthalene sulfonic acid Potassium salt in Dioxane- Water mix- 
tures at 25•‹C. 
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In Fig. I . ,  the ratio A/Ao (reduced conductance) is plotted against k = (c/D)'/': 
the ~ e b y e - ~ u c k e l  parameter. The corresponding limiting tangents, Fig. 1. (a, b. c, 
d), are given by the equationh. 

A/A, = 1 - (54.7/D+ 1.640/Aoq) (10 X ~ )  (14) 

FIG. I .  Normalized concluctance curves and corresponr1in.q limiting tangents for C, , ,H,SO,K in Dioxane- 
Water mixtures for the range 1 2 . 3 7 6  D$ 24.01. 
(A.a : 24.01; B.6 : 19.84: C.c : 16.11; D.d : 12.37). 

Negative deviations from the limiting law of the conductance mean that. ion 
association is sufficient to pull each curve below its corresponding limiting tangent; 
with the decrease of dielectric constant, the curves become progressively steeper e.g. 
equivalent conductance decreases steadily more rapidly with increasing concentra- 
tion. This means that association of the ions to pairs increases rapidly once the 
dielectric constant of the solvent drops. 
Fig. 2. shows y vs.x plots for this A, value which minimizes the standard deviation 

FIG. 2. Application qf'"y-X" method to C , , ,H ,S03K in Dioxane-Water mixtures [a  : Eq.(I): b : Eq.(lO)]. 
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of AA's in each mixture and we can see that the slopes increase with decreasing 
dielectric constant. Generally, as the dielectric constant increases. the "y-X" plot 
becomes increasingly sensitive to the trial value of Ao and simultaneously becomes 
nearly horizontal as KA decreases. The sensitivity to experimental error is also 
considerably increased4. 

The conductance parameters derived for both equations (1) and (10) are 
summarised in Table I11 in which are also given the standard deviations, OA, of 

TABLE 111. Derived conductance parameters for I-Naphthalene sulfonrc acid Potassium salt in Dioxane- 
Water mixtures at 2YC. 

0 0 
A*: Ohm~lcm2equiv.J; K,,: ml.mole-1; a : A Aoq: Ohm-l.cm2equiv.-'P) 

AA's Aoq products, the correlation coefficient r x . ~  of the "y-X" line for this A. value 
which minimizes the standard deviation of AA's. 

Figure 3 (a,b,c) shows the dependence on dielectric constant of the various 
terms, A, in the conductance equation (1 )  or (1.a). These curves serve to illustrate 
the transition from the case of moderate to pronounced association and also to 
show the shift in control from long range to short range interionic forces as the 
dielectric constant is decreased. All the A- terms increase numerically but A, - term 
increases at  .a far more rapid rate, crosses As - term and finishes by controlling the 
course of the conductance-concentration curve in the usual range of concentration. 
In Fig. 3 (c), (D = 16.1 l), the difference between A: and Ai is smalt with respect to 
A, so that a completely satisfactory value of K, could have been obtained by 
simultaneous neglect both of these higher terms. So, the dirived conductance 
parameters by eq. (10) for D, 16.1 1 and 12.37 could be more realistic. 
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FIG. 3. Dependence on dielectric constant o f  the varrous terms in the concluctance equation (FOS). 

As the dielectric constant is lowered by adding dioxane to the solvent, the 
association constant increases approximately exponentially with reciprocal 
dielectric constant as shown in Fig. 4. in which the point for D = 12.37 is omitted 

FIG. 4. Dependence of association constant. KA . on dielectric constant. 
0 = values of IogK, obtained by analysing the data by Eq.(l). 

= data obtained by the approximate Eq.(lO). 

because it falls out of the experimental curve. Eventually, at  this sufficiently low 
dielectric constant, the effects of association higher than pairwise must be included 
in the analysis. In order to obtain another experimental value of the distance 
parameter, from the slope of the logKA - 1/D plot we consider the points with KA 
estima'ied by eq.(l) for D values 24.01 and 19.84 and by eq.(lO) for D value 16.11. 
The result is ?i, = 4.89 a value somewhat larger than those obtained from the values 
of L(a) derived by the "y-X" plots. It is a satisfactory agreement for the center-to- 
center distance of the ions taking in account that the L-values become uncertain 
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when association is marked as in our case. So, we can say that the system 
C,,H,SO,K - dioxane- water is described by the (FOS) approach. 

Over the D range covered. the Walden product, A,Q, (Table 111) decreases as 
dioxane-content increases; That is, there appear to be a correlation between the 
Walden product and the dielectric constant. The decrease in the mobility of some 
ions produced by the addition oforganic solvents to water has been attributed to a 
solvent relaxation effect. A moving ion orients the solvent dipoles around it, and 
these can relax again into a random distribution only after the ion has passed. Such 
a re-orientation requires a finite relaxation time ( r )  of the order of 10'"s. during 
the course of which the attendant electrostatic field in the medium opposes the ion's 
movement. This phenomenon of solvent-dipole relaxation was originally described 
by Born7. FuossX later noticed the dependence of the Walden product, Aoq, on the 
dielectric constant and in a heuristic argument suggested a semi-empirical 
expression from which the classical Stokes' radius, R, may be derived 

where. S is an empirical constant for a given ion-solvent system, and R, is the 
hydrodynamic radius of the ion in an hypothetical medium of infinite dielectric 
constant (where the electrostatic forces vanish). Boyd' showed that the effect of 
dielectric relaxation on ionic motion can be treated theoretically. Zwanzig"' in a 
more rigorous derivation, taking into account the fact that some of the solvent near 
the ion is dragged along by viscous forces and does not need to be oriented, 
calculated the dielectric force which must be added to that produced by viscous 
drag. 

Rearranging terms in his theoretical equation. it gives".". 

With A, = 6 3 and A D =  for perfect sticking 
8 

and A,, = 4 3 and An=- for perfect slipping 
4 

Inserting numerical constants and r in it becomes 
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for perfect sticking and 

for perfect slipping, where: 

r: is the dielectric relaxation time for the solvent dipoles and 

&.E% are static and limiting high-frequency dielectric constants of the solvent 
respectively. 

Plots of L* versus the solvent function P* must be linear")*b and some 
hydrodynamic radius can be calculated from both intercept and slope. A 
quantitative test of eq.(16) may be obtained by comparing the value of "rrom the 
slope and intercept of the straight line by a least squares treatment. The ionic 
conductance at infinite dilutioni3 in pure water at 25•‹C A,(K* ) = 73.50. A. of 
Cl(,H,SO,K in pure water at 25•‹C has been found by us to  be 114.8. From these 
values the transport numbers are t,+ = 0.640, t,,,,~.soP = 0.360. If we assume that 
the transport number is independent of composition in dioxane-water mixtures 
(probably the weakest assumption), A6 q and ArSq can be calculated for these 
mixtures and Stokes radii R' , R -can be calculated from the values of AO q. These 
values are summarised in Table IV. A test of eq.(15) is shown in Fig. 5 where R'D 
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TABLE IV. Limiting single ion conductance-viscosity products and Hydroclynamic Radii of'rhe salt ions in 
Dioxane- Water mixtures. 

D ha+ qo L; qo R* R-' ~+ca lcd  R-calcalcd Eq 

FIG. 5 .  Drpmc1enc.e of  classical Stokes rudius on clielectric constant (anion: upper plot; cation: lower plot). 

and R-D are plotted against D. The plots are linear and R*, R- can be reproduced 
by the equations 

R+ = 1.17 + 13'39 and R- = 2.09 + 
23.80 

D D 

as shown by the values of R++,~,I,~, and ~ r ( ~ ~ ~ ~ d )  given in the last column2 of Table IV. 
The center-to-center distance of the ions is 8 ,, = R\. + R-, = 3.26 A . This value 
is not in a satisfactory agreement with & , . 8 ,  values. We have to  recall that the 
polar component of our solvent mixtures introduces the complication of solvent 
composition near an  ion and thus makes impossible any estimate of by 
extrapolation of hydrodynamic radius to  infinite dielectric constant. R, is the 
radius of the sphere hydrodynamically equivalent to  the ion if Stokes' model were 
valid and hydrodynamic friction were the only force to  be overcome by the external 
field in order to  produce ionic migration. 
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It was considered of interest to examine the applicability of Zwanzig's 
equation to dioxane-water mixtures. to investigate the retarding effect resulting 
from the relaxation of solvent dipoles around a moving ion. The necessary solvent 
parameters. which are interpolated values from data of G. Atkinson and Y. 
~ o r i " ' , ~  are summarised in Table V. Fig. 6. shows the Zwanzig plot for both cation 
and anion. Both plots are good straight lines. The linearity in both figures 5 and 6 
means that solvent behaves like an ordinary liquid over the range of dielectric 
constant used'.' showing. also, a drag on the ions due to relaxation of solvent 
dielectric as ions move through it. 

TA B L E V. Water-Dioxanr Parameters (25•‹C) 

, 1 0 k D  ~ o - E  m 

Wt% Eo E" 1 0 k q  1 0211 p* = - 
Dioxane 11 &0(2~o+l) 

FIG. 6. A plot of. L* / o r  both anion and cation versus the solvent P*. (anion: Upper plot: cation: 

lou'er plot). 

Table V1 gives the resulting radii of both ions for the cases of perfect sticking 
and slipping, by a least squares treatment of eqs.(l7,a), (18.a) respectively. 

TABLE VI. Radii Comparison (Ao) 

Perfect sticking 
Q 0 

Ion (intercept) (slope) (intercept) (slope) 
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For the C,,,H,SO; anion the slope and intercept radii values are in very good 
agreement for the case of perfect sticking; With this value eq. (17) reproduces the 
h; 11 experimental products of Table IV. In the case of perfect slipping slope- 
intercept values are close enough to each other. For their greater values compared 
with those of perfect sticking case we recall that the perfect slipping boundary 
condition allows greater relative motion between the ion and the surrounding 
solvent and thus increases the extent of dielectric friction. Dielectric friction is 
smaller in the case of perfect sticking since the solvent dipoles in the immediate 
neighborhood of the ion move together with it. 

-F 
For the K ion the two radii (intercept-slope) agree poorly in both cases 

(perfect "stick" and "slip"). It is recalled that in most cases the two radii are far 
from equal. indicating that the theory does not account quantitatively for mobility 
changes. Zwanzig theory is most successful for large organic ions in aprotic media 
where solvation is likely to be minimal and where viscous friction predominates 
over that caused by dielectric relaxation. The descrepancies become more striking 
the smaller the ionic radius is and the theory breaks down whenever the relaxation 
term becomes large i.e. for solvents of high P*" Limitations in continuum theory 
have led to the thought that the key to  understanding is to be sought in specific 
structural effects. An inevitable weakness of any continuum theory is its inability to 
account for structural features. 

Infrared and nuclear magnetic resonance studies'"'Ih indicate that water and 
dioxane interact strongly. The non-aqueous component, 1.4-dioxane, contains two 
separated hydrogen-bonding sites; because of the inductive effect of the methylene 
groups the negatine charge on an oxygen atom is greater in the dioxane molecule 
than in water molecule, and further. a dioxane molecule can induce in a water 
molecule, hydrogen-bonded to it, an increased negative charge on the oxygen atom 
and a decreased positive charge on the hydrogen atoms1< Generally, mixtures of 
dioxane and water appear to form intermolecular hydrogen-bonded complexes of 
various possible structure", IX. Iy. 

Whatever the case may be in our mixtures, we shall find these intermolecular 
complexes immobilized to a considerable extent around t'he K+ cations with the 
oxygen atoms (with increased negative charge) pointing inward causing an 
increased primary solvation, the existence of which Zwanzig-theory ignores. 
Consequently the difference between f (slope) and f (intercept) is not too 
disturbing; that is, the discrepancy between the two (intercept-slope) radii of K+ 
could be attributed (as a probable explanation of this divergencies) to a solvation 
sheath due to specific solvent microscopic properties. This solvation leads to 
smaller dielectric friction and enhanced mobility2"as it is shown in Fig. 7. where the 
failure of Zwanzig-continuum model to predict the dependence of mobility on 
solvent dielectric properties is obvious. Experimental K* mobility for D = 24.01;s 
much higher than this predicted by the theory for a crystal radius value of 1.33 A 
(Pauling) or 1.49 A (x-rays). In short, it is the case where Zwanzig-theory may be 
reminding that the concept of an ion radius in a hydrogen bonding solvent and 
where solvation is present is not an easily defined parameter. 

Conversely, around the anions, we shall find intermolecular complexes 
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FIG. 7. Ion mobiliries in Dioxane- Water mixture of ~ ~ 2 4 . 0 1  against reciprocal crystal radius. Mobilities 
calculated are represented by the full curve (eq. 18.&s/ipping) ond the dashed curve (eq. 17.&ticking). 

oriented with their hydrogen atoms (with decreased positive charge) adjacent to the 
anions and the primary solvation of the anions is likely to be minimal. Also, in the 
case of bulky anions viscous friction predominates over that caused by dielectric 
relaxation. 

Although Zwanzig seems to assume that the value of his equation is identical 
with the ion radius, "it would be very startling if this turned out to  be truelJ. 

It has been suggested that this parameter cauld be interpreted as a distance 
beyond which the solvent is no longer affected by the ion field1"-b. 

Fuoss-Boyd-Zwanzig tbeory although relates the deviations from the Walden 
rule to the independently measurable solvent parameters and also introduces the 
concept of a hydrodynamic character to the solvent whose properties are affected 
by the presence of ions, it is based on a continuum model for the solvent using its 
macroscopic properties to describe an effect that has its origin in the microscopic 
nature of the solvent near the ions. Also, this theory completely ignores the 
possibility for a change in the size of the moving ion owing to  changes in solvation. 
The ion is treated as a rigid sphere of radius r moving with a steady state velocity 
through a viscous incompressible dielectric continuum. Evidently, further, 
developments of the Zwanzig equation are desirable and the next step of the 
problem is set for the theoretician: to include in the theory the discrete structure of 
the solvent and to calculate the distribution of a mixed solvent around ions 
dissolved in it; it has become clear that the sphere-in-continuum model has reached 
the limits of its developments. On continuum theory, 'specific ion-solvent 
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Summary 

The behavior of 4-dimethylaminoazobenzene-4'-sulfonic acid natrium salt (methyl 
orange) in acidic aqueous solutions is investigated. Monoprotonation of methyl orange (in 
pH region 23 - 4.5) gives an equilibrium mixture of the azonium and the ammonium ions. in 
which the former is predominant. In strong acidic solutions there is an equilibrium between 
the azonium and the biprotonated form, whereas in concentrated sulfuric acid, methyl 
orange exists exclusively as biprotonated. The ionization constants of the mono- and the 
biprotonated forms, as well as the partial pK values of the azonium and the ammonium form 
and the tautomeric equilibrium constant KT between them, are estimated by a 
spectrophotometric process. which seems to give more accurate results in comparison to 
those up to now employed for the study of similar azobenzene derivatives. 

Key words: methyl orange. mono- and biprotonated form. azonium and ammonium form tauto- 
meric equilibrium. dissociation constants. partial pKs. talitomeric equilibrium constant. 

Introduction 

Several divergent views have been expressed by many authors on the behavior 
of p-aminoazobenzene derivatives in acidic solutions. In such solutions these 
compounds are mono- or  biprotonated, and the electron density at  their azo- 
linkage is more o r  less associated with their carcinogenetic activity'. 

Some previous authors have assigned the ammonium structure 111 (scheme I) 
as'the exclusive structure of the monoprotonated form of the above aminoazoben- 
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zene derivativeP. Other authors on the other hand have concluded that the 
monoprotonated form has the azonium quinoid structure 11. with the proton 
attached to the p-azo nitrogen It is clear however fiom careful 
examination of the UV spectra in solutions of different acidities. that the conjugate 
acid of IV is an equilibrium mixture of 11 and 111 containing substantial amounts of 
both tautomers '.'-l3 . 

The equilibrium diagram between the possible protonated forms of a p- 
aminoazobenzene derivative is given in Scheme I. 

, Scheme I 

The two tautomers exhibit in the UV spectrum markedly different absorption 
bands; the azonium ions in the 500 nm region and the ammonium ions in the 320 
nm region. Azobenzene derivatives which are protonated exclusively at  the azo- 
linkage (e.g. 4.4'-azoanisole ' l  and p-phenyl-aminoazobenzene "*lJ have only the 
500 nm band, whereas the derivatives protonated only at the amino group (e.g. 4- 
dimethylamino-3-methyl-azobenzene". p-dimethylaminoazobenzenemethiodide7 
and p-phenylazotrimethylanilinium methylsulfate1'' have only a single band at 320 
nm. Some authors have estimated the tautomeric equilibrium constant KT between 
the azonium and the ammonium form of several aminoazobenzene derivatives by 
means of the relation1"J2J5. 

where C, and C, are the molar concentrations of the ammonium and the azonium 
form, E, and E? the respective molar extinction coefficients and Emixt the 
experimentally observed molar extinction coefficient of the equilibrium mixture at  
the same wave length. 

Other authors ' h - 1 7  on the other hand have estimated the tautomeric 



IONIZATION AND TAUTOMERISM OF MFTHYI. ORANGE 

equilibrium constant bv means of equation 

where G, G are the apparent extinction coefficients and ~ ~ l l ,  ~ l l l  are the molar 
extinction coefficients of the ammonium and the azonium form at their absorption 
maxima respectively. In both cases the extinction coefficients of the pure tautomers 
could not be measured directly and were estimated from the spectral data of model 
compounds. which exist only in a single form. 

S. Yamamoto and co-workers ' 7 9 i X  have however determined the extinction 
coefficients of the two tautomeric forms bl '  and of the relation (2) of some p- 
aminoazobenzene derivatives by a graphical method in mixed solvents. 

In some cases i2,1h-LX the partial pK-values of the two tautomeric forms are " 

also estimated by means of the  KT or Kt value, found from the equations ( l )  o r  (2). 
In a previous paper the behavior of p-aminoazobenzene-sulfonic acid and 

p-phenylaminoaminoazobenzene-sulfonic acid in acidic aqueous and aqueous- 
methanol solutions has been investigated, and has been found that in case of p- 
aminoazobenzene derivative the molar extinction coefficient of the azonium form 
could be directly measured from the spectra of this compound in strong acidic 
solutions. Based on this extinction coefficient a process has been followed, which 
permits the determination of the partial pKs of the azonium and ammonium form, 
whithout knowing the tautomeric equilibrium constant KT between the two forms. 

In order to have a further evidence for the application of the above mentioned 
process I J  to other aminoazobenzene derivatives the ionization steps of 4- 
dimethylaminoaminoazobenzene-4'-sulfonic acid natrium salt (methyl orange) in 
aqueous strong acidic and buffered solutions have been thoroughly investigated in 
tne present paper. 

Experimental 

Methyl orange (Fluka, puriss p.a.) was recrystallized from ethanol solutions. 
The buffer solutions were prepared according to Walpole Standarts I y  . The spectra 
were recorded using a Beckman DB-GT-spectrophotometer, the intensities of the 
solutions at  a fixed wave length were measured by a Beckman ACTA-5- 
spectrophotometer. The pH-values of the buffer solutions were measured by a 
Knick pH-meter. 

The concentrated sulfuric acid used for the preparation of the strong acidic 
solutions was puriss p.a. of the Fa.Fluka. The pH-values of these solutions were 
taken from the tables of Michaelis-Cranick 20 . The methyl orange concentration 
was in all cases 2.10-5 M. All measurements were carried out at  25"+0,01•‹C. 
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Results and Discussion 

The absorption spectra of methyl orange in aqueous standard buffer solutions 
(pH range 2.5 - 4.5) as well as in acidic (0,l N HCI) and alkaline (0,l N NaOH) 
solutions are given in fig l. The absorption band at 464 nm is due to the 

FIG. 1,  Spectra of methyl orange (2.10-' M) in acidic. alkaline and buJJered aqueous solutions 01 2j1'C. (1) 

0.1 N HCI. (2) p H  2.72. (3) pH 3,12, (4) pH 3.46. (5) pH 3,72. (6) p H  4,03, (7) p H  443. (8) 0. I N NaoH. 

unprotonated indicator. while the absorptions at 508 and 317 nm are attributed to 
the azonium and the ammonium form respectively. The azonium ion is expected to 
absorb at a longer wave length because of its quinoid structure, whereas addition of 
the proton to the amino group shortens the chain of conjugation and causes a 
strong violet shift in the band of the unprotonated species 8d . 

- Scheme I1  
7 
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The band at about 275 nm is due to the unprotonated as well as to  the azonium 
form - at this region both species show almost the same absorptivity -, while the 
ammonium form does not absorb at  this wave length 79Xb . This is more obvious in 
the spectra of methyl orange in strong acidic solutions (fig. 2). 

On the basis of the intensities measured in buffer solutions at  420 nm - this 
wave length has been chosen instead of the absorption maximum at 464 nm in 
order to measure the absorbance of the remained unprotonated form far from the 
absorption band of the azonium form; on the other hand Beer's law has given very 
good linearity for alkaline solutions at 420 nm -the total pK,-value (scheme 11) for 
the dissociation of the monoprotonated form of methyl orange in general has been 
estimated by means of equation: 

D - D&+ 
pK, = pH - log 

0 DA - D 
where D'A, D'AH+, and D are the optical densities of an alkaline (0.1 N NaOH), of 
an acidic (0.1 N HCI) and of a buffer solution of methyl orange at  420 nm. 

In order to obtain the partial pKs of the azonium and the ammonium form the 
spectra of methyl orange in strong acidic solutions have been recorded and are 
given in figure 2. As it is shown in this figure the spectrum in 2 N H2S04 (curve I) is 
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s~milar to that in 0,l N HCl (fig. 1, curve l )  with two absorption bands at 508 and 
3.17 nm respectively. In a more acidic solution (l0 N H,SO,) the intensity at 508 nm 
increases and at 317 nm decreases (fig. 2, curve 2). This fact is considered as a 
further evidence, that the two bands are due to two isomers in equilibrium. With 
increasing acidity (15.3 - 26 N H,SO,) the absorbance at 508 nm decreases, while a 
new absorption band appears at 406 nm, which is attributed to the biprotonated 
form of methyl orange (scheme HI). In pure concentrated sulfuric acid (fig. 2, curve 
10) the whole amount of the indicator is considered to be biprotonated. Because of 
the absence of the quinoid structure the biprotonated form absorbs at a shorter 
/wave length than the azonium form. The absorption band at 317 nm almost 
disappears in the acidic solutions with a sulfuric acid concentration greater than 20 
N. so that one can make the assumption that in these solutions only the 
biprotonated and the azonium form are in equilibrium. 

From the optical density of the solution in pure sulfuric acid at 406 nm, the 
extinction coefficient of the biprotonated form at this wave length can be 
determined by means of Beer's law: 

and has been found equal to 2.76-104 mole-'.lit.cm-I. In equation (4) CO is the total 
concentration of methyl orange in th'e solution (2.10-5 M). In the strong acidic 
solutions the remained concentration of the biprotonated form can also be found 
from Beer's law at 406 nm: 

Thus the concentration of the azonium form can be obtained each time from 
the difference 

' A ~ + ( a z )  
= c, - C ++ 

AH2 (6)  

The extinction coefficient of the azonium form at 528 nm - chosen instead of 
the absorption maximun (508 nm) for the same reason as in case at 464 nm - has 
then been estimated from the relation. 

0 
D 528 - - 

. E A ~ + ( a z )  C A H t  ( 
(7  1 

and found 5.84.10J mole-'.lit.cm-l (average value for five different strong acidic 
solutions). 

The pK,-value for the dissociation of the biprotonated to the monoprotonated 
form - in case of methyl orange K, corresponds to the dissociation of the 
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biprotonated to the azonium form 

Scheme 111 

(Biprotonated) (Azonium form) 

- can also be estimated - since the concentrations of the two forms are known -by 
means of the relation 

The calculated pK,-values for some strong acidic solutions at 25•‹C are given in 
table I, together with the observed optical densities at 406 and 528 nm, the pH- 
values of the solutions and the calculated by means of equ. (5) and (6) 
concentrations of the biprotonated and the azonium form of methyl orange. 

TABLE I .  Spectral data, concentration of the biprotonated and the azonium form and pKI values for 
methyl orange (CO = 2.10" M )  in strong acidic aqueous solutions at 25•‹C. 

The obtained average value for pK, is equal to -6,23(+0,04). 
On the other hand the observed optical density of a buffer solution at  420 nm 

is equal to  
- 

D420 - s A a C A  + cAH+(CO - CA)  (9) 
where EA is the obtained by means of Beer's law extinction coefficient of alkaline 
solutions (0.1 N NaOH) at 420 nm (EA = 2,04*105 mole-l.lit.cm-l) and EAH+ is the 
extinction coefficient of acidic (0.1 N HCI) solutions found in the same way at the 
same wave length (EAH+ = 3.35-10' m~le-l.lit.cm-~), 

Finally the measured optical density of a buffer solution at  528 nm is equal to 
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Here E'A ( = 6.13'103 mole-l.lit.cm-l by means of Beer's law) is the extinction 
coefficient of alkaline solutions of methyl orange at 528 nm and CA is the remained 
concentration of the unprotonated form, found by means of eq. (9). On the basis of 
eq. (10) the concentration of the azonium form can be estimated. Of course it is 
considered that the ammonium form shows no absorption at  528 nm. A similar 
assumption cannot be made for the azonium form at the absorption maximum of 
the ammonium form (at 317 nm), since as already mentioned the azonium form 
absorbs at 275 nm neighboring the ammonium form band. 

The concentration of the ammonium form is then found from the difference 

without using the absorbance at 317 nm. 
The known concentrations of the two tautomers permit now the calculation of 

the partial pK-values as well a s  of the tautomeric equilibri,um constant KT between 
them (scheme 11) by means of the relations 

and 

These values are given in table 11, together with the calculated by means of 
eq.(3) total pK,-values, the measured optical densities a t  420 nm and 528 nm and 
the pH-values of the standard aqueous buffered solutions at 2 5 T .  

'TABLE 11. Spectral data, pK,, pKaz, pKam and KT values of methyl orange (Co=2.10" M) in standard 
buffer aqueous solutions at 25•‹C. 

pKam 



IONIZATION A N D  TAUTOMERISM OF METHYL ORANGE 

The average values are: pKl = 3,41(*0.04), p K Z  = 3,27(*0.03) 
pKam = 2.84(C0.02) and KT = 2.77Cg0.08). 

and confirm very satisfactorily the following relation, resulting from the 
combination of the K-values: 

The pK, value is in a very good agreement with that of De Ligny and co- 
workers 'l who have pointed out for pK, of p-dimethylaminoazobenzene- 
sulfonic acid in aqueous solutions the values 3.39 and 3.37. Furthermore the 
constancy of the pK values given in table I1 must be considered as an additional 
evidence concerning the applicability of the method employed. 

Comparison of the above partial pKs with those obtained for p-aminoazo- 
benzene-sulfonic acid (pKaz = 2.23, pKam = 2.72) I J  shows that pKaz is greater in 
case of methyl orange.. This 1s attributed to the stronger electronegativity of the 
dimethylamino group compared to that of the animo group (Hammett constant o 
for -NH, -0,660 "9" , while for -N(CH,), -0,931, based on the half wave potentials 
of p-substituted azobenzene derivatives 24 . Therefore the proton is stronger 
attached to the azo nitrogen in the conjugate acid of methyl orange. The pKam 
values of both compounds are on the other hand almost equal. The two methyl 
groups cause a steric hindrance on the animo nitrogen, but this is probably 
refracted by the positive inductive (+I) effect of these groups. 

It is obvious from all above mentioned that the followed in the present and in a 
previous I J  paper process permits the determination of the partial pKs of p- 
aminoazobenzene derivatives, without knowing the tautomeric equilibrium 
constant KT between the two forms. It is justified to believe that these pK values are 
of greater accuracy in comparison to those given by some authors 1 2 ~ l b ~ ' 7 ~ ' x  found 
from KT, which is taken by means of equations (1) or (2). because KT is estimated 
 fro^ spectral data of model compounds and mainly because KT depends strongly 
on the acidity of the solution l J J 5  

On the other hand in case of p-aminoazobenzene derivatives the assumption 
that the azonium form does not absorb at 317 nm (E? = 0 in eq. 1)" is not correct- 
because of its remarkable absorption at 275 nm - so that eq.(l) becomes 
inapplicable. 

The calculated by means of eq.(2) - from spectral data obtained as mentioned 
by a graphical method in aqueous 50% ethanol solutions 1731X - KT value is 
considered to be more accurate, although the ratio EU/EC of eq.(2) is estimated only 
at one acidity (= 1 N HCI), so that the obtained KT suits only to this acidity 2 h n d  
not to the whole acidity region, where both tautomers exist at various 
concentration ratio in equilibrium. 
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'Iovzapdc r@ tjAzav0ivqc ~ a i  taozopepij~ iaoppoxia 7 6 v  p~vonpwzovzopE'vov 
popp6v zqc 0.4 Sarzlcai GraXrjpata. 

Msheztirat fi aupnaptcpopti rob dharoq p6 vdrpto rob 4-6tp~Buhaptvo- 
acop~~c0h0-4'-o0uhcp0~t~0b 65Eoq (tjhtaveivq 4 nopzo~ahh6xpouv 706 pseu- 
hiou) 05 65tva 66a~tKk 6tah6paza. ZE pu0ptort~a 6tah6para xeptoxqq pH 2,5 - 
4,5 oxqparicemt muzopep6q piypa t6v  660 povonpwrovtopEvov popcpc?,v rqq 
fihtaveivqq (scheme 11), 6qha6rj rqq nporovtopEvq< otrjv &coop&6a (&C,ovto- 
popcprj) ~ a i  rqq xporovwpEvqq ozrjv &ptvoop66a (&ppovtopopcprj). 0 i  660 
popcpE< Epcpavicouv h6yo ouvrov~opob Gtacpopstt~d plytora &noppocprjoeo< or6  
cpciopa UV, fi &covtopopcprj or15 508 nm ~ a i  fi &ppwvtopopcprj or& 317 nm (fig. 1). 
Zk ioxupa 65tva p6 0 ~ 1 ~ 6  656 6tah6para dcpiorarat ioopponia p ~ ~ a 6 6  rqq bcovro- 
~ a i  rqq Epcpavtc6psvqq pk pEytozo &noppocprjoso~ or& 406 nm (fig. 2) 
Gtnporovtopkvqq popcpqq (scheme 111), Evc?, fi dppovtopopcprj Exst oxs66v 
E~arpavtoeei. Tbhoq oE Kaeap6 e s t t ~ 6  666 6hq fi x o o 6 q r a  rqq fihtaveivqq stvat 
6tnporovtopfvq (fig. 2). 'An6 z& cpdopara rfiq fihtaveivqq ob ioxupI5 65tva 
61ahbpata npoo6topi<erat b ypappopopta~6q ouvzahsorrjq dxoppocprjo~oq T ~ S  
bcovtopopcpqq, bn6 r6v 6noio ~aehq K a i  riq p~rpo6peve< 6xrtKkq I ~ U K V ~ T ~ ' T E <  r6v 
Gtahuphov rqq fihtaveivqq or15 Gtbcpopa pfytora dnoppocprjoeoq dxohoyicovrat 
o i  Entplpovq ouy~svzphosy  r i j ~  prj xpotovtopbvqq, rqq &covto- ~ a i  rifq 
&ppwvtopopcpqj. 

'An6 zi< o~bos tq  (12) ~ a i  (13) npoo6topiC,ovrat orrj ouvkx~ta r 6  pK z6v 660 
zauropsp6v popcp6v ~ a e h q  ~ a i  4 oraespa ioopponiaq p ~ t a 5 6  a h 6 v  ~ a i  
ppio~ovra t  oi  ztpbq: pKaz = 3,27, pKam = 2,84 ~ a i  KT = 2,77. Tbhoq &n6 zrj oxEoq 
(3) pp io~s ra t  26 pK rqq Gtaorbosoq rfiq p ~ z f l <  povonporovtopEvqq xp6q prj 
nporovtopEvq popcprj @K, = 3,41) ~ a i  6x6 rrj oxboq (8) 26 pK rqq ~ ~ C ~ O T ~ G E W ~  

rq< 6tnpwrovtopbvqq np6q rrjv &covtopopcprj @K, = -6,23). 'H p80060~ no15 
&#ohouesizat ozrjv Epyaoia abrrjJ yta r6v npoo6toptop6 r6v p s p t ~ 6 v  ozaesp6v 
Gtaoraosw< z6v 660 zauropsp6v popcp6v rqq tjhtav0ivqq x l o t ~ 6 ~ r a t  6zt GCvst 
& ~ p t p f o ~ ~ p a  &nozshEopara ouyKp~rtK6 pE ri< p~0660uq no6 EXOUV pbxpt t hpa  
EcpappooOe? ytb nap6pota napdywya rob cicopsvcohiou. Zriq pe0660uq ahLq 
xpqotponotsirat &norchstozt~a ytb r6v npoo6toptop6 r6v psp1~6v o ~ a e ~ p 6 ~  
Gtaorboswq r6v 660 rauropap6v popcpc?,v fi oraespa ioopponiaq KT psza56 
a6zc?,v, fi 6noia 6 p o ~  &cp&vd< pp io~s ra t  riq R E P ~ G G ~ T E P E ~   POP^< h 6  YPappOpO- 
p ta~o6q ouvrshsozbq &noppocprjoawq np6runov Evhoeov, no6 6cpioravrat p6vo 
6716 rrjv &ppovto- zrjv b~ovtopopcprj ~ a i  &cpszEpou Ecaprtirat o q p a v t t ~ a  bn6 
rqv 656rqra rob 6tah6paroq. 
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Summary 

The polarographic curves obtained during the reduction of phthalaldehyde in methanol 
in the presence of carboxylic acids display discontinuity and hysteresis effects. The role of 
hemiacetals formation was taken into consideration for the interpretation of these effects. 
The change of the acid concentration in the vicinity of the dropping mercury electrode. 
caused by the hydrogen discharge. leads to alteration of the electrochemical process. which is 
responsible for the discontinuity and hysteresis effects. 

Key words: Hysteresis of the polarographic wave. hemiacetal formation, proton donors. hydrogen 
discharge, catalytic hydrogen wave. 

Introduction 

In the course of our studies on the polarographic behavior of carbonyl 
compounds(~-4) in methanol. we found that the polarographic curves obtained 
during the reduction of phthalaldehyde in the presenceof carboxylic acids. present 
discontinuity as well as hysteresis effects. It is well known that oxygen containing 
anions, such as nitrates(5,6), iodates and bromates(7,X) give polarographic curves 
with the same characteristic properties during their reduction in the presence of 
tri- and tetra-valent cations. However, other organic depolarizers showing a 
similar behavior have not yet been cited in the literature so  far. Therefore, an 
investigation regarding to the probable explanation of the discontinuity occuring 
during the reduction of phthalaldehyde was considered necessary for our  further 
research interests. 
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Experimental 

Polarographic curves and cyclic voltammetric i - E curves at a H.M.D:E. 
were obtained as discribed previously(4). The potential was measured relatively to 
the aqueous calomel electrode (SCE) saturated with KCI. The experiments were 
carried out at constant temperature 25 + 0.1 C. 

The reagents were methanol "zur analyse" from Merck. lithium chloride R.P. 
from Carlo-Erba and phthalaldehyde "puriss p.a." from Fluka. The other 
substances were also of high grades obtained commercially. 

Results and Discussion 

The polarographic curves of phthalaldehyde in methanol in the absence as well 
as in the presence of benzoic acid are given in Fig. 1. The reduction mechanism of 
phthalaldehyde in the absence of any proton donor was discussed previously(3). 
The first wave is due to the reduction of the free aldehyde and it possesses kinetic 
character; the second wave corresponds to the reduction of monohemiacetal 
followed by tne reduction of 2-hydroxymethyl-benzaldehyde formed in the first 
step according to the reactions: 

In the presence of benzoic acid a discontinuous increase of current to the 
maximum limiting value is observed and the polarographic curves obtained do not 
have the usual exponential form (Fig. 1, curve 2). A further anomaly in connection 

' with the discontinuity is the hysteresis of the reduction wave. 
The potential of discontinuity (the potential at which the discontinuous 

increase of current occurs) is affected by the following factors. 
1. The concentration of acid. Fig. 2 demonstrates the fact that by increasing 

gradually the concentration of benzoic acid the potential of discontinuity is 
displaced at more negative values. Other acids also present a similar behavior. 

2. The strength of acids. For stronger acids. the potential of discontinuity is 
shifted to more positive values. This has been detected by using a series of acetic 
acid derivatives (Fig. 3) as well as a series of benzoic acid derivatives. In the 
presence of even stronger acids (i.e. CCl,COOH, CF,COOH) the polarographic 
curve of phthalaldehyde maintains its usual exponential form. In this case. a time 
dependent decrease of the height of the polarographic wave is obtained, which is 
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FIG. I .  Polaro~rams I# / ( ) - )M  phthalalk.ehyd~ in methanol in the absence (curve I )  and in the presence of. 

1 0 - W  CC,H,COOH (curve 2). support in^ electr.o!yte 0.1 M LiCI. 

F E .  2. Polarographic curves of 10-3 M phthrrlulclc.li~tlc. in nirthcmol in the prr.scrncc of'vtrtying (mounts of. 

C~H,COOH: I )  without C,H,COOH, 2) J. 10-4 M, 3) 7.5.10-4 M, 4) 10-3 M, .o L 10-3 M 
C,H,COOH. Supporting electrolyte 0. I M LiCI. 

attributed to the formation of the non reducible acetal. 
Comparing the polarographic curves of phthalaldehyde in the presence of 

acids with the polarographic curves obtained when phthalaldehyde is absent. we 
observe that the discontinuous increase of current takes place at the potential where 
the current of the hydrogen ions reduction wave approaches its limiting value. This 
is not evident in the case of CH,COOH o r  C6HSCOOH, because these acids d o  not 
form well defined hydrogen waves in methanol(9); it becomes. however. obvious 
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E/VSCE 
FIG. 3. P~lrro.qruphic curves o f  M phthaluIdehyi1~~ in mcvhanol in the presence ofdiffirc.nt c~rho.~ylic  

with stronger acids (CH2C1COOH, CHC12COOH, salicylic acid), which form well 
defined hydrogen ions reduction waves (Fig. 4). Therefore. we infer that the 
potential of  discontinuity must be related to the hydrogen ions reduction of the 
acids used. 

FIG. 4. Polurogrums of 10 3 M phthalalrlchyrli~ in m~thanol in thc ahsmce (curve I) and in the presence of 
10 M CHzCICOOH (curvc 2). Curvc 3 presents the corresponding hyrlrogrn wave of' 10 3 M 
CHzCICOOH. Supporting ~ f e c t r o l y t ~  0. f M LiCf. 
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3. The same conclusion can be drawn from the influence of substances which 
lower the hydrogen overvoltage. N.N-dimethyl-p-phenylendiamine(s,lo) has been 
used for this purpose. It is evident from Fig. 5 that the discontinuity completely 
disappears and the wave acquires the usual exponential form. when a small 
quantity of catalyst is added to the solution. In the presence of catalyst the 
reduction potential of hydrogen ions is displaced to more positive values. The 
resulting catalytic hydrogen wave is also given in Fig. 5. 

FIG. 5.  Polarograms of' 10-3 M phthalalrlehyrle in methanol in the presence ox 10-3 M CH,COOH. 
I) Without catalyst. 2) with 2. 10-4 M N.N-climethyl-p-phenylen(1iamine. Curves 3 and 4 present the 
corrcsponrlin~q hydrogen waves of 10-' M CH,COOH without catalyst (curve 3) and with 2, M N.N- 
(limethy/-p-phenylen~liamine (curve 4). Supporting electrolyte 0. I M LiC' - 

4. The presence of oxygen. The potential of discontinuity is displaced to 
positive values when successive streams of oxygen are passed through a solution, 
which has been previously deaerated by a nitrogen stream. This can be explained by 
the assumption that the OH- - ions formed during the preceding reduction of 
oxygen neutralize the acid molecules in the vicinity of the dropping mercury . 
electrode. 

In order to gain additional experimental data about this behavior of 
phthalaldehyde. the method of cyclic voltammetry at a H.M.D.E. was also 
employed. The cyclic voltammetric behavior of phthalaldehyde m the absence as 
well as in the presence of benzoic acid is shown in Fig. 6. As it can be seen. in the 
presence of benzoic acid the double wave of phthalaldehyde disappears from the 
cyclic voltammogram. However. this wave appears again when the vicinity of the . 
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electrode is sufficiently depleted of acid molecules. after holding the electrode at 
potential -2.0 Volt. where the hydrogen evolution takes place. This behavior is 
found to be in agreement with the aspect that the discontinuity and hysteresis 
effects appearing in the polarographic curves of phthalaldehyde are associated with 
the hydrogen ions reduction of the acids.used. 

Although the regular influence of weak acids (CHJOOH, C6H5COOH) on 
the polarographic behav~or of substituted benzaldehydes is manifested through the 
shift of the polarographic waves towards positive potentials(1,2). in the case of 
phthalaldehyde discontinuity and hysteresis effects are observed. It is worth enough 
to point out that phthalaldehyde in methanol forms hemiacetals. while in aqueous 
solutions it gives rise to the corresponding hydrates(ll,I2) to a considerable extent in 
both cases. The hemiacetalic forms are monohemiacetal (I). its cyclic form (11) and 
probable dihemiacetal (111). The last two forms are polarographically inactive. The 
case of acetal formation must be rejected. since~acetals are formed only in the 
presence of strong acids(1-4). 

Our interpretation is based upon the assumption that it is the existence of these 
forms itself. which is responsible for the discontinuity and hysteresis effects in the 
overall polarographic behavior of phthalaldehyde. In pure methanol the reducible 



form of monohemiacetal predominates. while in the presence of weak acids we 
assume that the equilibrium is displaced to the non reducible forms. Concequently. 
the addition of acids causes the decrease or even the elimination of the reduction 
waves of phthalaldehyde. At the potential where the hydrogen discharge takes 
place. one would expect local changes in acid concentration on electrode surface. 
The vicinity of the dropping mercury electrode is depleted of acid molecules and the 
equilibrium is shifted towards the reducible form of monohemiacetal. which at this 
potential attains its limiting current. After the current has taken its limiting value. 
the acid molecules reaching the electrode surface do not give hydrogen discharge 
current. but act as proton donors for the reduction of phthalaldehyde. Therefore. it 
is the change of the electrochemical process itself. which is responsible for the 
appearance of the discontinuity in the polarographic curves obtained. 

The polarographic behavior of phthalaldehyde in aqueous buffered solutions 
(11, 12) indicates also that changes in pH affect the equilibrium between the 
corresponding hydrated forms. The non reducible forms predominate at pH 3-5 
where the heights of the polarographic waves are very smalr. This behavior is in 
agreement with our assumption that phthalaldehyde in methanol in the presence of 
weak acids mainly exists in its non reducible hemiacetalic forms. 

One could expect that phthalaldehyde presents an analogous behavior in 
aqueous non buffered solutions in the presence of weak acids (i.e. CH,COOH, 
C,H,COOH). However, discontinuity and hysteresis effects do not appear in the 
polarographic curves of this aldehyde in such a system. This is attributed to the fact 
that in aqueous solutions the hydrogen discharge takes place at a potential very 
close to that where the current of phthalaldehyde attains its limiting value. 

Another interpretation of the discontinuity and hysteresis effects based on the 
assumption that a non reducible monohemiacetal-acid complex (IV) is formed - in 
a way similar to that of carboxylic acid dimers(l3) -seems to be reasonable, since at 
the potential of hydrogen discharge. free monohemiacatal is obtained on electrode 
surface. But it must be pointed out that there are certain reasons for which the 

-o---H-o, 
, C-R 

,o-H--0' 
C H , ~ ~ ~ 2  

above mechanism fails to discribe the appearance of the discontinuity. It is unlike 
to believe that such a complex is polarographically inactive. The reduction of 
monohemiacetal would precede the hydrogen discharge, as far as it is reduced at 
more positive potentials. Such a mechanism could justify the appearance of a 
kinetic current and not a discontinuity of the polarographic wave. However. the 
main argument against this interpretation is the fact that discontinuity and 
hysteresis effects appear also in the presence of non carboxylic acids. as we 
observed with chlorophenols. 
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MEAETH THC YAPOAYEEQZ AAOl7ONO.Y-IIOKATECTHMENQN 
YAPAZIAIIRN TOY BENZO.I.KOY OBEOE 

AHMHTPIOZ A. XAPIZTOZ. AEANAPOZ K. TZABEAAAZ r a i  F'ERPrIOZ E. MANOYZAKHZ. 
'Epyaorqpro 'Avdpyavqc Xqpciac @oar~opaOqparr~ijg Zxolijq. 'Aprarorclciov nal*enrorq~tioo 
QraaaJ o v i ~ q c  

(Received January 10, 1980) 

M ~ h ~ ~ f t ~ a l  cpaoparocpwrop~rpr~6q fi 66p6Auoq r 6 v  bhoyovoi ino~ar~orqpfvov  
CGpa<tGiov ro6 $EVCOIKO~ ~ & & ~ C O N H N H ,  (6x0" X = F, Cl, Br r a i  I of o-, p- r a i  n- 

of  cihrahlr6 nep1$6hhov r a i  oB neploxrj Oepporpao~Qv 40-60 [)C. 
'Ynohoyicovrar o i  rlpfq r 6 v  oraOsp6v r i j ~  rax6rqraq r 6 v  civrt6paaeov t v o h o n o r ~ -  

oeoq (k,)  r a i  66pohboeoq (k,) nob eivar &vrloroixo< rijq r 6 k e o ~  10-3 sec-' r a i  
mol 'l.lit.sec-l. 

' A d  7rjv Elr~S~pyaoiCi T ~ V  c inor~h~op6rwv K ~ O K ~ ~ T E ~  671 4 K ~ V ~ T I K ~  7qq ~ V O ~ O ~ O I ~ -  

osoq EAaxlora Ercqpsa<era~ cin6 rrjv Oapporpaoia r a i  r6v h o w a r a o r a r q  Ev6 Gtanrorhvs- 
rat oqpavrrrlj  ExiGpaoq rijq Oeppo~paoiaq ra0hq wai rijq Ofoswq wai rijq cpboewq roi3 
bnoraraovirq orrjv rtvqnwrj %ipohi)u~mq. 

Eiaayoyq 
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p a o t ~ r j  66p6huoq rQv bSpa<tGiwv. (RCONHNH2), 6ptopkvov &hstcpart~Qv ~ a i  
&pwpart~Qv 65iwv. MsraC6 adrQv nspthappavovrat r a  66pa<iSta roU ~ E V < O ' ~ K O U  
~ a i  r06 p-~Awpo-fi~v<of~oU d&oq. roU 6noiou pehirqoav p6vo rrjv oktvq 
66p6huoq. 

Zra cpaopata UV rQv 66pa<tSiov yta 6p top iv~q  rtp& pH kpcpavi<ovrat660 
<Qv&< &noppocprjosoqJ ( o ~ f j p a  I) .  Mta orrjv nsptoxrj 225-260 nm no6 
dno6i6sral orrjv 6 t 8 y ~ ~ o q  n-n* ~ a i  pta orfiv neptoxrj 270-290 nm no6 
dno6iSs.rat orrjv Gtiyepoq n-X*. ' H  iivraoq r45 < h v q ~  270-290 nm, 6nw5 
S tan torhOq~s  ~ a i  n s t p a p a r t ~ a  ( o ~ q p a  2) adkavsrat p i  rrjv aiikqoq r i j ~  r t p q ~  roU 
p H  ~ a i  6cpsihsrat orrjv aii tqoq rijs o u y ~ s v r p h o s w ~  r i j ~  kvoht~i j< popcpqq. 
' E n i o q ~  6x6 rrjv o 6 y ~ p t o q  rQv cpaopbrwv UV roU n-Cl-BAH ~ a i  n-CI- 
C,H,COOH cpaivemt ytari Enshiyq orrjv nsptoxrj 270-290 nm r 6  8 v a h u r t ~ 6  

ZXHMA 2. 'E&prquq rijc d n r r ~ i j ~  nu~vdrqrac aind rd pij~oc ~ r j p a r o ~  r6v Graloparwa so6 n-C'I-BAH (I). 
~ a i  TOU n-C'I-C;,H,-C'OOH (2). u t y~c l~phucwv  4x10'5 M ui 1.0 M KOH ~ a i  Ocpflo~pauia 40 "C. 
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0 10 20 30 40 

f min- 
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iinov IAlo ~ i v a l  fi 6 p x 1 ~ ~ j  o u y ~ h r p o o q  rob  66pa<16iou. [B) clvat fi o v y ~ t v r p o o q  
ro6  ~rpoi'6\tro< rijc nph rqc  dr\~rtSpaoeoc oi: xp6vo t.  ' H  IBI Gnohoyi<sra~ h< EEijq: 

Xi: xpovo ~ a r 6  r6\ ,  6rroio fi n p h r q  ciivriSpaoq f l ~ o p e i r a ~  ~ T I  i i x ~ t  r c h ~ t h o e ~  86 
i o x 6 ~ 1  fi o x i o q :  

ii~cov Irl d v a ~  fi o u y ~ t v r p o o q  rob  T E A I K O ~  ~ ~ p o i . 6 ~ ~ 0 ~  ~ a i  IXBAHI c i v a ~  fi c i p ~ t ~ q  
ouy~ i :v rpooq  roi) bSpa(t6iou. 

'An6 rfiv oxkoq (4) J C ~ O K < ) K T E I  

0 ~ 0 ~  Dtte, Kai Dttn Eivctl 0 i  ~ T [ T I K ~ <  ~ W K V ~ T T ~ T E <  T ~ V  O U C J T ~ T I K ~ V  B Kai oi x p 6 ~ 0  
t ~ a i  EB ~ a i  Er o i  p o p t a ~ o i  ~ U V T E ~ E O T ~ : <  ~ K O O ~ ~ ( T E W <  TGV ~ U G T ~ T I K ~ V  B ~ a i  l- o r 6  
civahurw6 p i j ~ o <  Kljparoq. 

Cr6 c i v a h u r t ~ 6  pqK0< K G ~ ~ T O <  fi ~ T C T I K ~  X U K V ~ T ~ ~ T ~   TO^ T I ~ O ' L ' ~ V T O <  r, S q h a h j  
rob  6 p w p a r t ~ o b  6&0<. ~ i v a t  hpshqr ta .  knoptvoq 6 p o p l a ~ 6 q  o u v r ~ h s o r I j <  
& ~ T o ~ ~ ~ E C O <  ER ~ ~ V E T C L I  B x ~  T ~ V  ~ x k ~ q :  

MB rljv , napasch~w aapa60xlj ~ a i  PE. ouv6vaop6 r a v  oxBosov 5 ~ a i  6 
h o h o y i ~ e r a ~  fi D I ~ B ,  8 n 6  tljv 6no ia  pnopei va  imohoyto0sl o u y ~ i v r p w o q  roB 
ouoraruco6 B oS xp6vo t, h 6  rljv o x t o q  EB/ (B( = ~ t c B )  (7) 



k,xlO-' kz.  105 
sec 1 m01 .litsec 1 

* 01 ouyrsvrpbo~~~ r6v i6vrwv O H -  bxohoyil;ovrat 6x6 .ri< r~p& so6 pH. 
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ZXHMA 4. Du~.trruq ribv rrpr7,v r&- k, pi rrtj uvy~.tvrpwuq roii KOH yrd rd R-Br-BAH0.t e=50•‹C, (CR- 
Br-BAH= 1.0 X 10'4 M). 

LXHMA S.  'Et;dipripq k2 dn6 rdv ~ ~ y ~ 6 W p w m t  rofi KOH 616 ro' n-Br-BAH 0.4 8=50 W. (Cn-Br- 
BAH=l.0~10-~ M). 
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tJ dnoia  ET& h 6  nepinou 30 min pnopsi p6 peybhq n p 0 0 6 ~ ~ t o ~ ,  V& ypacpei (Sq 
Wk: 

u =-k,  IXBAHl lOH' I (1 1) 
fi 6noia brvakurt~b ~ ~ V E T U ~  p6 rfiv popcpfi 

Oi  np6q t K  pnopobv va dnohoytoeobv dm6 r6  Gtaypappa rqq poraflokfiq rqq 
k2 06 auvaprqoq p6 rfi ouya6vrpwoq r&v i6vrwv OH' ytb oraespfi 
ouy~fvrpwoq 6bpa{tbiov. Zzfiv napo\ioa pehkrq oi  np6q a8dq dvat  rqq r&&xoq 
10 -8 yt6 rfJIv Beppoapaaia r&v 50 OC. 

' H  rtpfi rflq k, ytb rqv nspto~f i  e~ppoapaou5v 40-60 OC Qhbpora  Enqpsb{srat 
13x6 tfiv Bsppo~paoia. T6 pfi 6no~azsorqp6vo Mpa{iGto Bpcpavica rfiv 
peyahdrepq rtpfi rqq k,=(3,4 + 0,4).10-3 sec'' Qv& fi eiaayoyfi rob dhoy6vou 
n p o ~ a h e t  CALrrooq rqq ozaeepiiq za~drq raq  rqq drvrtGpaoeoq. 'Erot ytb ra n- 
6no~azeorqp6va 66pacika kapfh3verat rtpfi k,=(2,0 + 0,6).10'3sec" aai ytb r b  p- 
6no~arsarqp6va 3( rtpfi kl = (1,3 + 0,3).10'3 sec''. Ta  0-6no~arsorq@va, xhfiv 
rob o-F-BAH kpcpavi~ouv I3&oaqpeiorq oraesp6rqra rqq dnrtrqq nuav6rqraq 
a6  ouvdprqoq p6 r6  ~ p b v o ,  Elr i  I p ~ e r 6 q  dpeq. Ttd 26 o-F-BAH &XEI flpeesi tJ rtpfi 
k, = (1,8 + 0,2). 10'3 sec'!. Oi 6nohoytc6p~veq rtp6q rflq EvEpystaq Evspyonottjoso~ 
~upaivovrat  ysvt~dr 13x6 0,5 Eoq 2,O kcal.mo1 1. 

&odq R ~ V U K E ~  11 K a i  111 Givovrat 0i ~ ~ C O ~ O Y I C I ~ E ~ Q E <  ~ tp6q  Z ~ G  k2 K U ~  T.J~s 
EvEpyetaq Evspyoxotfiosoq EP 6Aov T&V 68pactGiw nod p~hes f i eq~av .  
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0 
"C. 

r 1 6  rljv xphrq 6vriFpaoq yiverar 6 c ~ r 6  on ouppaivsr E~o?~oxoiqoq roG G- 
6pa<r6iou ~ a r 6  r6 o ~ i j p a  

(9 U 

R - c - N H N H , + K O H $ R - & = N N H 2 + ~ + + H 2 0  (17) 
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F-BAH 60 6.2 20.2 2.8 
50 3.7 11.8 14.2 7.9 2.2 4.2 
40 2.0 9.4 1.7 

CI-BAH 60 - 
50 - 
40 - 

I-BAH 60 17.0 7.1 
50 - X. I 14.9 5.9 5.4 
40 4.0 4.2 

T6 ppa66 ora61o r6 bnoio ~aOopi@t rljv 6 h t ~ l j  raxfirqra &vrt6paa&oq 
GGpohOo~oq E ~ V ~ I  ~6 0~6610 ~ & T C ( T P O J [ ~ ~ ~   TO^) B U ~ T ~ T I K O ~  11 T C P ~ C  ~6 &VT~CXOIXO 

656 111 ~ a i  rljv 66pa<ivq 1 1 , 1 ~ , 1 3 .  

Kara rov I I P O T E I V ~ ~ E V O  p q ~ a v m p 6  fi orae&pa raxfirqraq rqq ohqq 
8vrdpaoeoq npoK6nr~1 happavovraq Gn' oyq or1 fi r a ~ 6 r q r a  oxqparropo6 ro6 
ouorar1~06 I1 &ival 'ioq p8 rljv rax6rqra p~rarponqq ro6 (steady state 
approximation)7, 6qha6lj 
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Abstract 

Study of the hydrolysis of halogen substituted benzoic acid hydrazides 
rhc kinct~cs of the hydrolysis of halogen ring substiti~ted benzoic acid 

l ~ y d r ~ i z i d c s & ~ ~ ~ ~ ~ ~ ,  (where X = F. Cl. Br and I in o-. m- and p- position) is 
s t ~ ~ d i e d  spectrophotomctrically. in alkaline solutions. at a temperature range of 40- 
60 "C. 

There take place the successive reactions of endization and hydrolysis. The 
corresponding ratc constant values are of the order of 10 ' sec ' and 10 
mol '.lit.scc '. respectively. 

The kinetics of the cnolization is little affected by the tcmpcraturc and the 
substituent. On the other side the temperature as well as the position and the nature 
of the substituent has a signigicant influence on the reaction ratc of the hydrolysis. 
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KINETIC STUDY OF THE OXIDATION OF BENZOIC ACID 
HYDRAZIDE BY COPPER(I1) CHLORIDE. 

DEMETRIUS A. HARlSTOS and GEORGE E. MANOUSSAKIS. ' 

Laboratory c$ Inorganic Chemistry, Aristotelian University of Thessaloniki. Greece. 

(Received January 10, 1980: Revised December 4. 1980) 

Summary 

The kinetics of the oxidation of benzoic acid hydrazide (HBAH) by copper (11) chloride 
is studied at different temperatures. in different acid consentrations and in several ionic 
strength values in the absence of oxygen. 

The reaction rate is first order for each reactant and decreases linearly with the increase 
of the acid consentration at the pH range 4.4-5.6. 

There is also a small dependence on the ionic strength showing a partly ionic character 
due to  the reaction between the polar structure of the HBAH and the Cu(I1) ion. 

The mechanism of the main reaction is that of one electron's. The electron is transferred 
'from the C-N bond to the Cu(ll) by the a* antibonding orbital of the C - 0  bond. 

Key words: benzoic acid hydrazide, copper(I1) chloride, oxidation, reduction, optical density, ionic 
strength, reaction rate, order and mechanism of reaction. 

Abbreviations: HBAH: benzoic acid hydrazide. 

Introduction 

This paper deals with the redox system of benzoic acid hydrazide-copper (11) 
chloride and especially refers to the stoichiometry, the order and the mechanism-of 
the reaction. 

The oxidation of hydrazides in the presence of copper (11) salts is already 
k n ~ w n ' , ~ .  These oxidations were first observed during the preparations of several 
hydrazide-copper (11) complexes. In these cases various oxidation products were 
determined while part of the copper (11) ions could possibly have undergone 
reduction to the monovalent state. 
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Experimental 

Reagents and instruments 

The benzoic acid hydrazide (abbreviated as HBAH) was prepared by adding 
hydrazine hydrate in benzoic acid ethylestery. 

The HBAH standard solutions were prepared by dissolving accurately 
weighted amounts of it in triple distilled water deairated by continuous bubbling of 
argon. The used CuCl, 2H20 was recrystallized from water. The stock solutions 
were checked iodometrically. 

The buffer solutions (pH range 3.8 to 5.6) were prepared1" by mixing the 
appropriate quantity of CH,COOH and KOH solutions. The CH,COOH became 
free of reductive agents by distillation in the presence of KMnO,. The pH 
measurements were carried out in a Beckmann Research pH-meter. 

The constant ionic strength was achieved with analytical grade KCI, The rate 
of the reaction was followed.with a Car1 Zeiss RMQ I1  spectrophotometer equipped 
with a temperature standardizing system. . 

The measurements of optical density vs time at constant wave lengths were 
scanned between 260 and 240 nm which is the *--R* excitation state"-'* of the sy- 
stem (fig. l). 

FIG. I .  Optical density plots vs 1 at T=6" C. pH=4.80*0.02 and I=l.25.f@' M for the solutbns : ( l )  
HBAH (C=8,1@ M). (2) mixture of HBAH (C=& IWM) and CuCI, (C=4.IO-"M) before the reaction (3) the 
same mixture after the reaction and (4) CuC/, (C=4.1&4 M). 
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Measurements were also carried out using the stopped flow spectrophoto- 
meter. equipped with a Burrum logarithmic amplifier Model D 131. 

The idendification and the determination of the reaction products were carried 
out in solutions of the following initial concentrations; ICuCIj= I. I0 ' 1.10 ' M 
and IHBAHI=l.IO '-1.10 .' M. A gas burret equipped with a temperature 
standardized system was used to measure nitrogen. Ammonia was detected with 
Nessler reagent in the distillation products. 

The Cu(1) was calculated by determining iodometrically the non reacted Cu(I1) 
after the end of the reaction, in solutions containing an excess of CuCI,. 

The determination of the reaction rate was followed by several methods1'-l' at  
constant ionic strength. The concentrations of the solutions were held constant 
either for the HBAH or for the CuCI, while the concentration of the other reagent 
was changed. The standard solutions of the HBAH were practically unchanged 
under the conditions of the experiment. This has been checked from the kinetic 
study of the HBAH hydrolysi~l~- '~ .  

Results and discussion 

The results of the determination of the reaction products between HBAH and 
CuCI, are given in the tables I and 11. In these tables are also given the calculated 
values of the reaction products according to the equation: 

C,H,CONHNH, + CuCl, + H@ - C,H,COOH + 1/2N, + NH,CI + CuCl ( I )  

TABLE I: Quantities of N, and NH, as resulted.from the reaction between HBAH (C=/.  IO-' M) and CuCI, 
(C=l. l&' M) in solutions of various initial stoichiometric ratio. 

Stoichiometric 
ratio N,/cm7 NH,/mmol 

of HBAH and CuCI, 
Calcd. Found U/c Biff. Calcd. Found 9t Diff. 
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TABLE I I: Quantitiec. of Cu(l) as calculate~l from the rearfion between HBAH (C=/. ]&'M) and CuCI, 
(C=/./O-' M )  in solutions of various initial stoichiometric ratio. 

Stoichiometric Cu(l)/mmol 
ratio 

of HBAH and CuCI, 
Calcd. Found '% Diff. 

As concluded from tables I and 11 the reaction is satjsfactorily given by the 
equation ( 1  1. Although a small part of the reaction seems to follow the four electron 
reaction according to the equation: 

C,H,CONHNH, + 4CuC1, + H,O - C,H,COOH + N, + 4HC1 + 4CuCI (2) 

Nevertheless. the four electron's reaction for the hydrazine was found to have taken 
place in strong acidic sol~tions'~.'". The quantitative conversion of the hydrazine 
nitrogen of the hydrazides into elemental nitrogen was found to have taken place 
-during oxidation in the presence of oxygen. This reaction is catalysed by Cu(l1) and 
Cu(1) salts but no quantitative change of the Cu(11) ion is reportedx. 

The study of the reaction between HBAH and CuCI, at higher temperatures 
(80-100•‹C) proved an increase of the ratio N,:NH, in the products. and that Cu(1) 
tends more towards the value as estimated from equation (2). 

The increase of the ratio N,:NH, with the temperature could be explained by 
the following  reaction^?",^^: 

heating 
N H,- 2N,H3 
4 - Y 

N, + 2NHz 2N, + 6 ~ '  + 6e 

As it is shown in fig. 2 and 3 the reaction is-one of first order either for the 
HBAH or for the CuCI,, and the overall reaction was found to follow the kinetics 
of the second order reaction. 

As illustrated in fig. 3 there is a very good linear correlation (r=0.994) between 
the koh5 values and the CuC1, concentrations. The calculated k value is 16.4 mol I 
s l .  On the other hand, for a constant concentration of CuCI, (4.10 M) and 
various concentrations of HBAH (0.32-1.28.10 -' M) at pH = 5.16k 0.02, I = 
1.25.10 ' M aild T = 50 "C. k value was 17.1 f 0.8 mol ' 1 s l .  These two values 
coincide well. considering also the small difference in pH value. 

Applying the data of fig. 4 to equation (3). which is a slightly modified form of 
the second-order reactions integrated rate expression the calculated k value is 16.5 
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0.PS 

FIG. 2. First order plots at pH=-?. l0  + 0.02. /=1.2.5. IfF M. T=S(t'C with initial ~(HBAH(=(I. l&' M and 
(CuCI,I are as ,follows: (I)& Ib4 M. (2)7. 10-A M. (3)6 1(bJ M.  (4)s. I(bA M and (5)4. If)-' M. 

FIG. 3. Depm~lence of' k h  on lCuCI,I at pH=S.lO + 0.02, 1=1.25.10-' M. T=SV C with c.on.\tcmt 
(HBAHJ= R.I(P M. 

k 1.3 mol-' 1 . ~ ~ 1  . 
In this equation I HBAHI and ICuC1,I are the initial concentrations, Do, Dt and 

Doe the optical densities of the system at the beginning of the reaction. at time t. 
and at the end of the reaction. 

Also, by applying the half life method. (under equal initial concentrations 
from 0.80.10 A to 2.40.10 M at pH values 4.75, 5.00 and 5.24) the resulting 
average order of the reaction is 2.03. 

Influence of acid concentration 

In figure 4 is shown the effect of acidity on the oxidation rate of HBAH by 
CuCI:, studied at constant ionic strength. 
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FIG. 4. Plots qf k as a ,function qf I H+]= ' ut cli[Pre.nt revnpc~raturc~s and 1=1.25. IO-2 M ,/i,r 
1 HBAH] =8.10-' M and I C~C1,(=4.10-~ M. 

The results showed that the rates decreased linearly with an increase of acid 
concentration. 

The order obtained from the slope of the plot of k vs IH+( , was -1. Generally. 
at pH < 4.4 the reaction rate decreases quickly. At pH < 4.0 the k values are very 
small and the corresponding deviations become large. For pH>5.4 the reaction rate 
increases quickly but the k values also show large deviations. Under these 
conditions the overall rate law becomes: 

where: k = k '  + ka (H+( 1 

1 HBAHltot. is the total concentration of the hydradine and Kion is the ionization 
constant of the protonated form of the hydrazide".?'. No evidence has been found 
for an acid independent path. 

The ka values are: ka = (31.0 + 0.4). 10 ' s at T=60•‹C, ka=(12.4+,0.6).10 ' 
s ' at 50•‹C. ka=(5.2 f 0.3). 10 s ' at 40" C and ka=( l .  l f. 0.1). 10 ' s ' at 25" C. 

The influence of the hydrogen ion could be explained as f~llows'~.": the H+ 
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- ion possibly attacks the carbonyl oxygen and thus prevent the donor ability of this 
group in forming complex compound with the Cu(I1) ion. 

Influence qf ionic strength 

The influence of ionic strength was studied in the range of 0.75.10 ' to 
1.625.10 ' M with KCI''.". Reaction rate measurements were carried out at 
temperatures of 25. 40. 50 and 60" C and a pH range of 4.75-5.25. As we can see in 
the plot of log ka vs f l/' ( 1  + I I P )  (fig. 5) a partly ionic reaction takes place which 
can be attributed to a reaction between hydrated Cu(I1) ions and other possible ki- 
netically active species of Cu(11) hydrolysis. on one side and the polar structure of 
the hydrazide on the other. 

The application on the Arrhenius equationJx of the values of fig. 4 gives an 
activation energy Ea of 79.9+1,7 kJ m01 l .  

l 

FIG. 5.  Plots of log X;O as a,function o/"IIP / (l+\'/:) at different remperatures anda pH range 01'4.7-T- 
5.25 ji)r I HBAHIX. I(-' M and I CuCI,I=4.10-' M. 

Reaction mechanism 

After mixing of the reactants a complex coumpound is In this 
complex the carbonyl oxygen and the aminogroup nitrogen act as donors. More 
favorable is the oxygen-copper (11) bond3','-'. 

The presence of the Cu(I1) in the form of the hydrated ion is mainly'exjxcted 
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in this pH and concentration range. Possible forms in very small amounts are also 
CuOH+. Cu(CH,COO)+ and CuCI+ '5-'". In the light of the above experimental 
observations. the following reaction scheme may be suggested: 

The electron transfer step. is the rate determining slow step of the reaction. 
The whole reaction takes place with a more complicated mechanism with a possible 
contribution of the species CuOH+. Cu(CH,COO)+ and CuCI+. 

By application of the steady state approximation to the complex (Ill). the ka of 
the equation (4) becomes: 

The electron may be transfered from the amide bond. by the A*-antibonding 
orbital of the carbonyl. to the Cu(I1) ion. The square planar dsp' hybridization of 
Cu(l1) is changed to the tetrahedral sp' in ~u('1). 

This change in its stereochemistry causes the breaking off of the complex 
before any rearrangement take place. 
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M E ~ E T ~ ~ ~ ~ K E  pi rfi p80060 t f j ~  cpaoparocporop~rpia~ fi ~ t v q r t ~ f i  t q ~  65st6h- 
o e w ~  ro6 66paCt6iou ro6 P E V C O ~ K O ~  65805 drc6 xhopt06~0 x a h ~ 6  (11). 

'H p~h8rq iiytvs o i  6tacpopstt~8q 0 s p p o ~ p a o i ~ ~ ,  o u y ~ ~ v t p h o ~ t <  65805 ~ a i  rt- 
pis i o v t ~ f j ~  i o ~ d o ~ ,  6nouoia 65uy6vou. T6 rcpoi6vra r q ~  dvrt6paoew~ dval 
P E V C O ~ K ~  656, acoro, dppwvia ~ a i  x a h ~ 6 ~  (I). 

Bpt0q~s 6r1 fi dvti6paoq &[vat Stpopta~fi ~ a i  xphrqq r 6 5 s o ~  ytb t 6  ~ a 0 i v a  
6x6 rci dvrl6paotfipla (HBAH ~ a i  CuCI,). ' H  raxdrqra rqq 6vrt6paoao~ 
Eharrhvsrat ypappt~a p8 rfiv a65qoq rqq ouymvrp0o~w~ 706 65805 yta asptoxfi 
pH 4,4 Bwc 5.6. 

llaparqpfi0q~s Ercioq~ ~ X E T ~ K C ~  p ~ ~ p f i  Etaprqoq r q ~  raxdrqra~ ' c q ~  
dvrt6paocwq 6x6 rfiv iovtcfi iox6. 'H Etaprqoq abrq pxopei va dlx0600~i 08 
dvri6paoq p s p t ~ 6 <  ~ O V ~ K O ~  ~ a p a ~ r f i p a  psrat6 rqc noht~qq popcpq~ 706 HBAH 
~ a i  r06 i6vtoq Cu(11). 

r16 rfiv ~ u p i a  dvri6paoq nporsivsral 6 p q ~ a v t o p 6 ~  psracpopg~ Ev65 
qhs~rpoviou. A~urspo60uoa 6vri6paoq happbvst xhpav m r a  r6v pqxavtop6 
psracpopQ rsooapov tjhs~rpoviov 6 6rcoio5 ~ a i  ~bvosirat 6x6 rfiv a65qoq z q ~  
Bsppo~paoia~. 

T6 (hsKrp6vto ~ a r a  rchoa m0avbrqra ps~acp8pstat 6n6 r6v 6 p t 6 ~ ~ 6  6sop6 
08 K E V ~  rpoxla~6 ro6 x a h ~ o 6  (11) p8oo TC* 6vrtSsop1~06 rpo~laKo6 rqc 
KapPovuhtKq< 6pa6a~ fi drcoia 6pB oav ykcpupa ytri rfi pszacpopci ro6 
rj h~~rpoviou.  
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Summary 

Phenyliodine ditrifluoroacetate reacts with aryldiazomethanes and I-aryl-l-diazoe- 
thanes in a complex manner. The main products are esters of trifluoroacetic acid. resulting 
from an intermolecular hydrogen transfer of a novel type. Other products are benzylic 
alcohols and carbonyl compounds. while the 4-nitrosubstituted diazocompounds afford also 
4.4'-dinitrostilbene and Cnitrostyrene. 

Introduction 

The action of polyvalent iodine compounds on diazocompounds has scarcely 
been investigated. The only relevant studies which could be traced in the literature 
are the reactions between phenyliodine dichloride (or phenyliodoso dichloride, 
C,H,ICI,) and certain a-keto and a-carbalkoxydiazocompounds leading to  1.1- 
dichloroderivatives','. 

In connection with our continuing study3 on the reactivity of phenyliodine 
ditrifluoroacetate4 (PIT, 1) we have examined its action on three aryldiazome- 
thanes, 2a-c. and three I-aryl-l- diazoethanes, 3a-c. 

Results and Discussion 

Most reactions were carried out in dichloromethane solution at 0 "C. Upon 
mixing of equimolecular quantities of the diazocompounds 2 or  3 with PIT ( I ) ,  
both in CH,CI,, a steady evolutioh of gas was observed, which lasted for a few 
minutes. After the end of the reaction tire solvent was evaporated and the residue 
was chromatographed in a silica gel column, using solvents of increasing polarity. 
Resides iodobenzene. two o r  up  to  four products were obtained. as summarized in 
Table I. 
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T A B  L E I: Renctibn Products fiom PIT nncl ~ i a z o c o m ~ o u n r l s . ~  

Alcohol Corbonyl Compound 

I 

a The yields mentioned after the formulas are in some cases approximate. since the effort was on ob- 
taining pure products rather than achieving complete recovery of them. 

b The first number in brackets is the carbonyl absorption of the ir spectrum. in cm '. for neat liquids: 
the other number refers to ppm values (6) for the non-aromatic protons in the nmr spectra (s=singlet. 
d=doublet. tztriplet. q=quartet). 

The main product in all reactions was the trifluoroacetate ester of substituted 
benzyl alcohol 4a-c or l-arylethanol $a-c, while considerable quantities of 
benzaldehyde 6a-c or acetophenone 7a-c were also formed, together with some 
benzyl alcohol, ArCH,OH. in the case of aryldiazomdhanes. An alcohol was also 
obtained from 3c, while 2a gave in addition 4.4 -dinitrostilbene and 3b gave 4- 
nitrostyrene. A considerable amount of polymeric material was always retained 
inside the column; this could be eluted only with methanol and it was not possible 
to be further characterised. The general course of the reaction may grossly be 
formulated as follows: 

CH2R 
I 

CF3COOCH2Ar (CF3COOCHAr) + ArCHO (ArCOCH2R) 

3,5,7c:Ar = phenyl,  R=phenyl 

The structure of these products. most of which are known compounds, was 
established using nmr, ir and mass spectroscopy; in many cases a direct comparison 
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with authentic samples was also possible. 
The formation of the major products, i.e. the trifluoroacetate esters 4 and 5, 

was rather unexpected. since some complex diazocompounds with phenyliodine 
dichloride give I ,  l-dichloroderivatives'.' (RCHCI,). while lead tetraacetate, which 
largely reacts similarly with PIT5. gives 1.1-diacetoxyderivativesh (R,C(OC0CH,)2). 

Initially it was thought that the presence of moisture or of some trifluoroacetic 
acid from PIT, which is made by exchange of phenyliodine diacetate with 
trifluoroacetic acidte, were responsible for the formation of the esters. Therefore. 
the reactions were carried out using carefully dried diazocompounds and solvents, 
with acid-free PIT. No change was observed in the rate of the reaction as well as in 
the percentage amounts of the products. Thus the possibility that water or 
trifluoroacetic acid were responsible for the formation of the esters was ruled out; 
the only alternative plausible explanation is that the esters are the products of an 
intermolecular reaction, involving a hydrogen transfer from one molecule of 2 or 3 
(or more probably of an'intermediate of them with PIT) to another molecule of 2 or 
3. In order to confirm the above hypothesis and also to exclude the possibility that 
hydrogen is provided by the solvent* (a process known to occur in some other 
reactions of diazocompounds7) we have prepared 2.2.2-tride~iterio-l(4'-nitro- 
phenyl)-l-diazoethane and allowed it to react with PIT. Although we have 
prepared 100% deuterated Qnitroacetophenone. its diazoderivative was only 50% 
deuterated. because of exchange during the preparation of the hydrazone, which 
was subsequently oxidised to the diazocompound. The isolated 5b from the 
reaction of partially deuterated 3b with PIT was examined by mass spectroscopy 
and it was found that the ratio of D:H transfer was approximately 1:2. instead of 
the expected 1: l .  This apparent anomaly can be attributed to the isotope effect and 
the uncertaintly about the actually deuterated species of 3b (see experimental for 
details). Anyway, even this reduced but significant D transfer confirms the 
intermolecular character of the reaction. Concerning its mechanism, several 
possibilities have been considered, but we feel that our evidence is quite insufficient 
to propose any meaningful mechanism. In the case of esters 4a-c, again an 
intermolecular mechanism must take place, although 'quite distinct from that 
responsible for the formation of esters 5a-c. 

The isolation of benzylalcohols without doubt 1s due to hydrolysis of the esters 
during the chromatographic work-up. The lack of their characteristic peaks in the 
nmr spectr (at 4.5 6) before the work-up and s id l a r  behaviour of other 
trifluoroacetate estersx, 'c are considered as good evidence for their formation from 
the esters. 

The aldehydes 6a-c and acetophenones 7a-c that are invariably isolated in 
considerable quantities must also be secondary products, since they are not 
detected by nmr among the initial reaction products. Their formation may be 
attributed to hydrolysis of 1.1-ditrifluoroacetoxyaryl methanes and ethanes, which 

* Several reactions were run in CDCI, and monitored by nmr, without any noticeable decrease of the 
ester. which also rules out any participation of the solvent. 
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are the expected products from the reaction of diazocompounds with PIT. Such 
compmnds have not been described in the literature. although their 1.1-acetoxy 
analogues are well-known: it is reasonable to assume that once formed. they are 
easily hydrolysed to the carbonyl compounds during the work-up, because of the 
labilitv of the -0-COCF, bond: 

It is worth mentioning that the methinic proton in the aldehyde derivatives, 
ArCH(OCOCF,),. is not detected in the nmr spectra, because it has been estimated 
to fall in the region of the aromatic protons. Indeed. the com~ound CF,CH- 
(OCOCF,)I has recently been foundy to display a quartet for the methinic proton at 
7.2 6. 

Among the reaction products of 2a is also found 4.4'-dinitrostilbene, mainly 
as the trans-isomer. Stilbenes are oxidation products of diazocompounds with 
iodineh, ceric ammonium nitrate"' and tetrachloro-p-quinone". Several mecha- 
nisms may explain the formation of 4.4'-dinitrostilbene, including generation of 4- 
nitrophenylcarbene, which is attacked by another molecule of 2a. An attempt was 
made to trap this carbene by adding cyclohexene to the reaction mixture. 
Unfortunately, cyclohexene reacts with PIT", so that no addition product could be 
detested. 

The formation of 4-nitrostyrene from 3b is also possible to proceed through a 
carbene. since it is known that methylphenylcarbene. generated photochemically 
from l-phenyl-l-diazoethane, isomerises to styrene". Another possibility. i.e. the 
dehydration of I-(4-nitrophenyl) ethanol, which is not found among the products, 
seems unlikely under the experimental conditions used. 

The catalytic role of PIT in the decomposition of the diazocompounds may be 
attributed to its character as a Lewis acid, because of its dissociation to C,HJ+- 
OCOCF, and CF,COO0 . Attack of iodine from the carbanionic carbon of the 
diazocompound would give a diazonium salt of the type ChHiI(OCOCF,)CH(Ar) 
N , ~  CF,COO', decomposing to ArCH and NI, with regeneration of PIT. The 
acylals ArCH(OCOCF,), mentioned above, which are thought to hydrolyse to 
carbonyl compounds, is possible to be formed from carbenes and PIT. A similar 
proposal has been made by Henselh for the formation of (C,H,),C(OCOCH,), from 
diphenyldiazomethane and lead tetraacetate. 

That an intermediate between PIT and diazocompounds is really formed has 
been proved in its reaction with diazoacetic ethylester. In this case no gas is evolved 
upon mixing of the reagents, but a downfield shift in the nmr spectrum of the 
rnethinic proton of the ester is observed (from 4.78 to 4.83 6). The two diferent 
signals coexist for some time, until that of the diazoacetic ester disappears. This is 
taken as a proof that the shift is not due to a solvent effect. When the reaction 
mixture is passed through the chromatographic column, gaievolution is observed 
and among the numerous products obtained only the aldehyde-ester, OHC- 
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COOC,H,, has been detected with certainty. 

Conclusion 

The reaction between PIT and diazocompounds is a complex one and 
apparently two at least main pathways are available to account for the products 
isolated: 
1. The first inolves reaction of the diazocompounds with PIT and further reaction 
of the resulting reactive intermediates with an intact molecule of diazocompound. 
The main products are the esters. j 

2. The second is probably a PIT catalysed decomposition of the diazocompounds 
to carbenes. which react further mainly with PIT to the unstable acylals, while it is 
also possible to give some stilbene or styrene. 

Experimental 

Measurements. Melting points have been obtained on a Kofler hot stage apparatus 
and they are uncorrected. Ir spectra were obtained from neat liquids or nujol mulls 
with a Perkin-Elr - Model 257 spectroph~tometer.~ H nmr spectra were recorded 
on a Varian A - 6 0 ~  spectrometer in CDCI,, with TMS as an internal standard. The 
mass spectra were obtained with a Hitachi-Perkin-Elmer Model RMU-6L 
spectrometer with ionisation energy 70 eV. 
Materials. Phenyliodine ditrifluoroacetate (PIT) was prepared as previously 
described'? The diazocompounds were prepared by oxidation of the hydrazones of 
substituted bezaldehydes and acetophenones with activated MnO,, according to the 
method of Goh and Gian", which was found to be superior to older methods. 
Their purification was based on repeated extraction with hexane; the combined 
extracts were evaporated to a small volume until the diazocompounds crystallised. 
Further purification may be effected by recrystallisation from acetone-water. The 
purity of these compounds was always checked by tlc, ir and nmr just before use. 
Compounds 2a, 2b and 3b were stable for a long time in the dark at -10•‹C. 
Compounds 2c and 3a decomposed slightly after 2-3 days, while 3c decomposed 
fairly quickly to stilbene. The diazocompounds had the following characterist$s: 
2a: Mp 79-80" C; ir 2050 cm '; nmr 5.16(s), 7.02(d). 8.21(d) &Yield 72%. 

' 

2b: Mp 77-78" C; ir 2055 cm ! nmr 5.08(s), 7.02-7.25(m), &15-8,25(m) &.Yield 
45%. 7 .. ' # .  

2c: Mp 45-50') C; ir 2060 cm l; nmr 5.34(s): 7.08-7.20(rr1)~,6,Yield 54%. 
3a: Mp 30" C; ir 2020 cm !; nmr 2.07(s), 6.7qd). .7,43(d) &Yield 40%. , 

3b: Mp 83-85" C; ir 2035 cm l ;  nmr 2.25(~);-7.00(d). 8.23id). &.Yipld 82%. " 

3c: Liquid; ir 2030 cm l ;  nmr 3.73(s), 7.2L(s), 7.24(s) &.~ield,35%.-', , 
General procedure. The diazocompound (0.08 mole) is dissolved indry CH@, (20 
ml) at 0•‹C. in an atmosphere of nitrogen, and 0.08 vole of<PIT i n ~ ~ , ~ l ?  (20 ml) is 
added with stirring to the first solution dropwise during 5-10 min. The dark 
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coloured solution becomes progressively lighter in colour. while gas evolution is 
observed. In the case of 3b the reaction was carried out at 15-20'' C: When gas is no 
longer evolved, the reaction mixture is condensed in a rotary evaporator and 
applied into a chromatographic column packed with silica gel. The column is eluted 
with mixtures of hexane-chloroform of increasing polarity, until pure chloroform is 
used. The products appear in the following order: iodobenzene, ester, carbonyl 
compound, alcohol. Styrene or stilbene, if any, are eluted after iodobenzene. while 
some unreacted PIT may be collected in some cases after the alcohol. 
Prochcts identification. All esters were liquids and they have been identified from 
their ir, nmr and mass spectra. It is worth mentioning that the esters show in their 
mass spectrum a prominent molecular ion, while the base peak corresponds to a M- 
CF,COOH+ fragment; also a M-CF,COO' fragment of high relative abundance + is always observed, while esters 5a-c have also a fairly abundant M-CH, 
fragment. The ir and nmr spectra of the esters appear in the Table. In addition. the 
esters were hydrolysed with alkali to the corresponding alcohols, which are solids 
and known compounds. Some esters, notably 3b. were also independently prepared 
from the diazocompounds and trifluoroacetic acid; they were in all respects 
identical to those isolated from the reaction products. 

The alcohols, the carbonyl compounds. 4.4 '-dinitrostilbene and Cnitrostyrene 
were all known compounds and they have been obtained crystalline; they were 
identified from spectral data and their melting points. 
Preparation and reaction of cieuteratecl 36. 4-Nitroacetophenone (3g) was refluxed 
for 1 hr in a mixture of D,O (15 ml) and dioxane (10 ml) containing a catalytic 
amount of NaOH. On cooling fully deuterated in the methyl group 4- 
nitroacetophenone (shown by nmr) was obtained (2.45 g). The deuterated 
compound (4-NO,C,H,COCD,, 2g) was refluxed for 2.5 hr in a mixture of aqueous 
98% hydrazine (7 ml) and C2HiOD (15 ml). The deuterated ethanol was prepared 
by an adaptation of the method of Swain et al.", used originally for the preparation 
of CH,OD. On cooling and after the addition of a little D,O. the hydrazone 
crystallised (1.8 g). The nmr spectrum of the hydrazone showed that a mixture of 
partially deuterated species had been formed. This was oxidised to the 

diazocompound 3b in the usual manner. The nmr spectrum of deuterated 3b showed 
a ratio of aromatic to methylic protons 8:3, indicative of a 50% deuteration of the 
methyl group. Statistically but not actually this means that 3b is a mixture of the 
following composition: 25% ArCN,CH,, 25% ArCN,CH,D, 25% ArCN,CHD, 
and 25% ArCN,CD,. 

The isolated ester 5b from the reaction of 3b with PIT was examined by mass 
spectrometry. Its molecular ion consisted of a cluster of five peaks ranging from 
m/e 263 (non-deuterated) to 267 (fully deuterated). Since it was not easy to deduce 
the abundance of the deuterated ester from the molecular ion, the fragment M-15' 
(M-CH,) was judged to represent better the extent of deuterium migration. Thus 
the ratio of fragments m/e A~CD-OCOCF,+ (249) to A~CH-OCOCF,' (248) was 
found to be 9:21, which means that. allowing for the natural isotope content of the 
non-deuterated fragment, approximately 25% of the ester was formed by D 
transfer. 
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Summary 

The electrochemical behavior of nitrobenzene, nitrosobenzene and phenylhydroxyla- 
mine in methanol was investigated by employing cyclic voltammetry, d.c. polarography and 
controlled potendial electrolysis. The oxidation-reduction couple peak due to the reversible 
redox system C6HSNHOH - C,H,NOappears in the cyclic voltammogram of nitrobenzene. 
Phenylhydroxylamine in the presence of CH,O- ions, both formed during the reduction of 
nitrobenzene or nitrosobenzene. undergoes-oxidation at less positive potenials than 
phenylhydroxylamine diffusing from the solution. The influence of added proton donors 
u ~ o n  the oxidation reduction couple peak appearing in the cyclic voltammograms of 
n~trobenzene and nitrosobenzene was also examined. The solutions of nitrobenzene after 
exhaustive electrolysis were found t o  exhibit the same electrochemical behavior with that of 
solutions containing phenylhydroxylamine and CH30Na. 

Key words: Polarography. Cyclic voltametry, Control potential electrolysis, Nitrosobenzene, Phe- 
nylhydroxylamine. 

Introduction 

Phenylhydroxylamine is reported to be the electroreduction product of 
nitrobenzene both in p r ~ t i c l - ~  and aprotic%6 solvents. The same compound is also 
the product of the electroreduction of nitrobenzene-in protic solvents7-'0, while in 
aprotic solvents azoxybenzene is obtained by coupling reaction of the intermediate 
nitrosobenzene radical anion"-13. In alkaline protic solutions the reduction of 
nitrosobenzene gives ghenylhydroxylamine, which reacts with unreduced nitroso- 
benzene yielding azoxybenzene7* 9. The system of nitrosobenzene-phenylhydroxy-, 
lamine behaves resersibly and this reversibility was investigated over a large range 
of pH both at the d.m.e.9 and at the graphite electrodelo. 

Since the reversible redox system of ChH,NO-ChH,NHOH appears in the cyclic 
voltammogram of nitrobenzene at the h.m.d.e. in methanol1" it was thought 
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useful to  study the behavior of all th-ese compounds under similar conditions. 
Cyclic voltammetric and potentiostatic experiments were carried out in pure 
methanol in the absence and in the presnece of proton donors. 

Experimental 

Cyclic voltammetric i-E curves at a h.m.d.e. and d.c. polarographic curves 
were obtained a s  described previouslylh. Controlled potendial electrolysis at a 
mercury pool cathode was carried out  using the same potentiostat of reference 16. 
The quantity of electricity passed trhough the cell was determined either by 
integration of the i-t curves or  by a silver coulometer. The potential values were 
taken in reference to the aqueous calomel electrode (SCE) saturated with NaCI. 
The experimerits were carried out at constant temperature 25+-0.1"C. 

The reagents methanol and lithium pcrchlorate were as  reported p re \ i (~us ly '~ .  
The other substances were of high grades obtained commercially. except 
phenylhydroxylamine and nitrosobenzene which were prepared following vogel 1 7 .  

Phcnylhydroxylaminc was rccrystalli7cd from ben7enc and nitrosoben7cnc from 
ethanol. Their purity was established by thin layer chromatography. NMR and 
infrared spectral '.data. 

Results and Discussion 

In the cyclic voltammogram of nitrobcn7ene in methanol a t  the h.m.d.e. 
we observe the peak due to  the reduction of nitro groupand two couples of peaks at 
less negative and positive potendials respectively (Fig. 1A). The peaks at positive 
potentials ( I l la  and I I h )  were examined previouslyls and found to describe the 
polarization and depolarization of the mercury electrode by the CH,@ ions formed 
during the non reversible reduction of nitro group. The second couple of (I la 
and I I h )  is apparently due to the reversible redox couple of C,H,NHOH - C,H5N0. 
Phcnylhydroxylamine. the reduction product o f  nitrobenxne. is oxidi7ed to  give 
nitrosobenzene, which in turn is reduced to  yield again phenylhydroxylamine. A 
similar oxidation-reduction couple peak was found in the case of o- and m- 
trifluoromethylnitroben7ene in N.N-dimethylfi)rmnmide under voltammetric con- 
d i t i o n ~ ~ ~ .  

In order to make precise identification of this couple peak appearing in the 
cyclic voltammogram of nitrobenzene. the cyclic voltam-mograms of authentic solu- 
tions of phenylhydroxylamine and nitrosobenzene were obtained under the same 
conditions (Fig. IC. B). As it can be seen the oxidation-reduction couple peak of 
the reversible redox system C,H,NHOH - C,H,NO appears a t  different potentials 
in the cyclic voltammograms of each compound. When nitrosobenzene and phenyl- 
hydroxylamine are in the same solution. two oxidation-reduction couple peaks a t  
the same potentials arc also obtained ( F i g . 2 ) .  Be$des. the oxidation-reduction 
couple peak of C,H,NHOH - C,H,NO appearing in the cyclic voltammogram of 
nitrobcnzene is identified with that of nitrosobenzene and not with ihat of phenyl- 
hydroxylamine. 



FIG. 1 Cyclic voltammograms of 10.3 M nirrobenzene (A). 10-3 M nitrosobenzene (B) and M 
phenlhy~iroxylamine (C) in methanol. Supporting electrolyte 0.1 M LiCIO,.v = 200 mV/sec. 

FIG. 2 .  Cyclic voltammo~ram obtained.fi.om a methanolic solution containi,~ 10-' M nitrosohrnzenr and 
10-' M phen}~lhyrlrox~lamine. Supporrin.~ electrolyte 0. I M LiCIO,.u = 200 mV/sec. 

The above experimental data show that phenylhydroxylamine,which is formed 
during the reduction of nitrosobenzene or n i t roben~~ne .  is oxidized at  less 
positive potentials than phenylhydroxylamine diffusing from the solution towards 
the electrode. On the contrary, nitrosobenzene formed during the oxidation of 
phenylhydroxylamine is reduced at less negative potential than nitrosobenzene 
diffusing from the solution. This behavior can be understood accepting that the 
oxidation of phenylhydroxylamine in the presence of CH30- ions, both formed 
during the reduction of nitrosobenzene. occurs at the same negative potential. whe- 
re the nitrosobenzene is reduced. 
c 6 H 5 N 0  + 2e- + 2CH30H - C6H5NHOH + ~PH,O- cathodic 
C6H5NHOH + 2CH30- - C6H5N0 + 2e- + 2CH30H anodic 

(1) 

On the other hand, the reduction of nitrosobenzene in the presence of CH,OH,+ 
ions, both formed during the oxidation of phenylhydroxylamine, takes place at the 
same positive potential, where the phenylhydroxylamine is oxidized. 
C,H,NHOH + 2CH,OH - C,H,NO + 2e- + 2CH,OH,+ anodic 
C6H5N0 + 2e- + 2CH,0H2+ - C6H5NHOH + 2CH30H cathodic 

(10 

This can be confirmed by the fact that the reduction potential of 
nitrosobenzene under polarographic conditions in the presence of strong acids 
(H2S04, p-CH,-C,H,-S03H) is identical with that of nitrosobenzene, formed 
during the oxidation of phenylhydroxylamine under voltammetric conditions. 
Similarly, the oxidation potential of phenylhydroxylarnine in the presence of 
CH30Na is identical with that of phenylhydroxylamine, formed by the reduction 
of nitrosobenzene. 
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-2 
k h e  reduction of nirrobenzene implies the formation of a quntramolecular 

amount of C H 3 0 -  ions. Since the moiety of these ions are neutralized by the 
protons released during the oxidation of phenylhydroxylamine. an  excess of CH,O- 
ions continues t o  exist on  the electrode surface causing the anodic dissolution of the 
mercury electrode15 (Fig. 1A). A quantity of phenylhydroxylamine. possibly 
existing in the solution.. could be oxitized at the same potential with 
phenylhydroxylamine formed by the reduction of nitro group in the presence of the 
excess of the CH,O- ions. In Fig. 3 the cyclic voltammograms of nitroben7ene in 
the presence of varying amounts of  phenylhydroxylamine are given. 

It is apparent (Fig. 3) that increasing the concentration of phenylhydroxyla- 
mine the height of current peak Ila increases until it appro;~ches a maximum value. 
which is twice higher than the initial height. On the other hand, the polarization 
and depolarization peak of the mercury electrode completely disappears. when the 
concentration of the added phenylhydroxylamine becomes equal t o  that of 
nitrobcn7ene. I t  i \  obviou\ that the oxidation of plicnylliydroxylamine. which 
diffuses towards the electrode. also occurs in the presence of CH,O- ions and as a 
result neutralization of the excess of these ions is observed. In higher concetrations 
of phenylhydroxylamine than that of nitrosobenzene. the excess of phenylhydroxy- 
lamine undergoes oxidation a t  the same potential with that of phenylhydroxyla- 
mine in the absence of CH,O- ions. In this case the cyclic voltammogram shows the 
corresponding oxidation-reduction couple peak a t  positive potentials (Fig. 3. curve 
4). 

&fpcr qj' proton donors. In the presence of proton donors the reduction - 

FIG. 3 Cyclic voltammograms of' / ( P M  nitrohenzene in thr presence of' varying amounts of' 
pltenylhyrlroxyl~mine in methanol. l )  without C,H5NHOH. 2) 5. I(k4M. 3) IOJM and 4) 2. /&)-.'M 
C,H,NHOH. Supporting elrctrolytr 0. I M LiCIO,. 11=.?00 mC7sc.c. 

FIG. 4 Cyclic voltammograms of' /()-)-.'M nitrosohmzenc~ in thc prescncc of' / ( P M  CH3 COOH (A)  and /(&)-.'M 
nitrohenzcne in the prescnce of' 2.IO.3M' CH3COOH (B) in methanol. Supporting'el~~ctrolytc 0.1 M 
I.iC/O,. ~ ~ = . ? l l l J  m l 7>w. 
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oxidation couple peak of the reversible redox system C,H,NO - C,H,NHOH 
appears a t  less negative potentials both in the cyclic voltammograms of 
nitrosobenzene and nitrobenzene. Typical cyclic voltammograms of nitrosobcn- 
zenc and nitrobenxnc in the prcscncc of' CH,COOH arc sl1on.n in Fig. 4. 

.When the molar ratio of C,H5N0 - CH,COOH is 1:l. two reduction - 
oxidation couple peaks are observed. This happens because the half quantity of 
nitrosobenzene undergoes reduction at less negatice potential and the formed 
phenylhydroxylamine is oxidized in the presence of the less basic CH,COO- ions at 
the same potential. 

cathodic 
I/2C,H5N0 + le- + CH3COOH a 112 C,N,NHOH + CH3CO0 (111) 

anoci~c 
Nitrobenzene exhibits similar cyclic voltammetric behavior concerning the 

reversible redox couple of C,H5N0 - C,H5NHOH, when the molar ratio of 
C,H5N0, - CH3COOH is 1:2 When. however. potentials of scan reversal between 
peaks la and Ib (Fig. 4B)  - reduction of nitro group in the presence and in the 
absence of CH,COOH - are taken. one can observe that only the oxidation - 
reduction couple peak a t  less negative potentials appears. The same occurs. 
indcpimdelty of the potential of scan reversal. when the molar ratio of C,H,N02 - 
CH3COOH is 1:4. In the case of nitrosobenzene analogous behavior occus. when 
the molar ratio of C,H5N0 - CH,COOH is 1:2. 

As far as it is concerned the shift of the potential of the reduction-oxidation 
couple peak of C,H,NO - C,H,NHOH towards positive values has been found to  
depend on the strength of the acids used.Fcr stronger acids. thc reduction-oxidi~tion 
couple peak is shifted to more positive potentials. The interpretation must be 
analogous to that concerning the influence of proton donors upon the reduction 
potential of organic compounds in methanol2,lq. 

The following general conclusion can be drawn from the described 
experimental data. The ions of the solvent molecules o r  ions of the acids used. 
which are formed during the elecrochemical reduction of nitrosobenzene o r  
nitrobenzene. determine the oxidation potential of 'phenylhydroxylamine under 
voltammetric conditions. These ions cause local changes in the pH on electrode 
surface, due to  the lack of buffer. As it will be shown the C;H30- ions also influence 
the chemical behavior of phen,ylhydroxylamine formed in methanol under 
potentiostatic conditions. 

Controlled potential elecrrolysis 

Controlled potential electrolysis of nitrobenzene in methanol was carried out  
a t  n mercury pool electrode at potentials corrcsponding to  the plateau of the pola- 
rographic wave. Polarogrnms were taken at intermediate stages during the reduction 
in the same cell in order to  avoid exposure of the solution to  atmospheric oxygen. 
Typical polarographic curves of nitrobcnzen before and after reduction are presen- 
ted in Fig. 5 .  

Two anodic waves appear after electrolysis of the nitroben7cne. The first wave 
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(:I) corrc\potids to  the oxidation o f  plicnylliydrox!,Inm~nc In the prcscncc of CH:O- 
ion\. while the \ccond wa\c (b )  is due t o  the anodic dissolution o f thc  mercury elcc- 
trodc b> the ewe \ \  of the CH,O- ion\"). In all thew experiment\ the number of elec- 
tron\ con\unied per molcculc of nitrobcn7cnc were found to be cclual to  3.9 - 4.1. 

Further confirmation that the product of controlled potential electrolysis of 
nitrobenzene is phenylhydroxylamine can be concluded by comparison of the 
polarographic behavior of a solution of nitrobenzene (10-3 M )  after exhaustive 
electrolysis with that of a solution containing 10-3 M phenylhydroxylamine and 
4.10-3 M CH,BNa. In both cases. the solutions exhibit the same polarographic 
behavior. In deaerated solutions the height of the reduction wave of phenylhydro- 
xylamine decreases slowly over a period of hours and three new waves appear in the 
polarogram (waves c. d. e in Fig. 6). From these waves the cathodic wave c is 
obviously due to  the reduction of the formed nitrosobenzene. Identification of the 
other waves will appear below. Exposure of the solutions t o  the air (oxygen) for a 
few minutes and then oxygen removal by passing nitrogen through the cell gives 
polarograms having the form of curve 4 (Fig. 6). In this curve the wave due to  the 
oxidation of phenylhydroxylamine is completely disappeared. 

In deaerated basic s o l u t i ~ n s  phenylhydroxylamine is slowly oxidized by traces 
of oxygen t o  give nitrosobenzenel0. which reacts with residual phenylhydroxyla- 
mine to from azoxybrnzene. On the contrary, in aerated solutions the same 
reaction leads to  the formation of nitrosobenzene as a final productl". The kinetics 
of the autoxidation of phenylhydroxylamine t o  azoxybenzene20 as well as  the 
kinetics and the mechanism of the condensation reaction between nitrosobenzene 
and phenylhydroxylamine has been studied both in acidic2522 and in basic 2 3 ~ 2 4  

media. The condensation reaction of nitrosobenzene with phenylhydroxylamine 
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has also been studied electrochemically~4. In basic solutions this condensation 
reaction proceeds via formation of the indermediate nitrosobenzene radical anion 
(C,HSNO'*), which couples to give azoxybenzene24 . The electroreduction of 
nitrosobenzene to azoxybenzene in aprotic solvents~2.13 also proceeds with the same 
mechanism. 

The oxidation of phenylhydroxylamine in aerated solutions (presence of 
oxygen) gives nitrosobenzene as was mentioned above. However, the polarographic 
behavior shows the formation of an other product except of nitrosobenzene (waves 
d and e in curve 4 in Fig. 6). In order to identify these waves cyclic voltammetry was 
employed. The cyclic voltammogram corresponding to the polarographic curve 4 
of Fig. 6 and the cyclic voltammogram presenting the reduction of oxygen in 
methanol are compared (Fig. 7). 

8 . #.-..---. 

I .- I - 

O P  -W -W 
*.c=- 

FIG. 6 Po/arograms obtained from a methanoBic solution of IWM nitrobenzene after exhausrive 
electrolysis at -1.2 V. I) immediately after electrolysis. 2.3) 40 and 80 min after the electrolysis. 4) after 
exposure the solution to air for I0 min. Similar polarogqms were obtained from a methanolic solution of 
IWM phenylhydroxylamine in the presence of 4. IWM CH30Na under the same conditions. Supporting 
electrolyte 0. I M LiCIO,. 

FIG. 7 A) Cyclic voltammogram obtained from a methanolic solution of I P M  nirobenzene after exhaustive 
electrolysis at -1.2 V and exposure to air for 10 min. A similar cyclic voltammogram was also obtained from 
a methanolic solution containing 1O.Wphenylhydroxylamine and 4. IWM CH,ONa after exposure to air 
for 10 min. B) Cyclic voltammogram of oxygen in methanol. Supporting elecrroIyte 0.1 M LiClO4.v=200 
m V/sec. 

Two peaks (IIa and IIb, Fig. 7A) appear in the region where the cathodic wave 
e is formed in the corresponding polarographic curve. The fact that the potential of 
peak IIa is identical with that of azoxybenzene proves that this small peak is due to 
the reduction of a small amount of formed azoxybenzene. Peaks IIb and III are 
identified to the peaks I1 and 111 (Fig. 7B) appearing in the cyclic voltammogram of 
oxygen. The above peaks I1 and III correspond to the reduction and oxidation of 
hydrogen peroxide fo rmd  during the first step of the reduction of oxygen. It is well 
kn~wn?~-''). that the reduction of oxygen occurs in two steps: the first represents the 
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reversible reduction of oxygen to hydrogen peroxide and ~e second the irreversible 
reduction of hydrogen peroxide to water. 

This comparison leads to the unambiguous conclusion that hydrogen peroxide 
is formed, when phenylhydroxylamine is oxidized to nitrosobenzene (in methanol . 
in the presence of CH30- ions and oxygen). Therefore, we are obliged to accept the 
following stoichiometric equation: 

No attempt was made to elucidate the mechanism of this reactions. This will 
probably consist the objective of a further investigation. 

Coulometric experiments of nitrosobenzene were carried out under the same 
conditions. A wave due to  the reduction of azoxybenzene appears in the 
polarograms taken immediately after the electrolysis. The formed phenylhydroxy- 
lamine reacts in the presence of CH,O- ions with unreduced nitrosobenzene to yield 
azoxybenzene. The number of electrons cosmumed per molecule of nitrosobenzene 
has been found less, than the stoichiometric value of 2. When, however, the 
reduction of nitrosobenzene occurs in the presence of CH3COOH, the number of 
electrons consumed is 2 and the wave due to the reduction of azoxybenzene does 
not appear in the polarograms taken after the electrolysis. 

'HAEKTPOX~~IKY~ Zvpnzp~popd NnpojI~~[oAiov ~ a i  Z ~ I E T ~ K ~ V  ' E V ~ O E O V  06 ME- 
9avdAq. 

'H r j h s ~ r p o x q p t ~ r j  oupnsptcpopa zo6 ~ l ~ p ~ f ! E ~ c ~ h i ~ u ,  vt rpw6oP~v~ohiou K a i  

t4q cpatvuhu6po{uhapivqq o8 ~ a e a p r j  psBav6hq pshsrtirat p i  rq porjBsta rqq 
K U K ~ I K ~ ~  Pohzap~zpia<, zqq d . ~ .  nohapoypacpia5 Kai tqq T ) ~ E K T ~ O ~ ~ B E O <  08 
otaBap6 6uvapt~6 .  KazB zrjv r j h ~ ~ z p o x q p t ~ r j  tivaywyq to6  vtrpoP~vcohiou ozrj 
psBav6hq Epcpavicszat Eva rs6yoq drvrtorp&nro6 6cEt60avapytK06 peak no6 
bcpsihs~at o r 6  o6ozqpa qatvuho6po{uhapivq - vtzpo60P~v(6hto (CX. lA, peaks 
IIa ~ a i  IIb). ' H  qatvuh~6po{uhapivq napouoia i6vzwv CH30-, za bnoia 
oxqpazi<ovrat ~ a r 6  rrjv &vayoyrj to6  vttpo-4 vttpw60P~v~ohiou, EpcpaviQx or6  
K U K ~ ~ K ~  Pohtapoyp&pqpa ~ 6 p a  d{&t6(;)o&w< d. ~ ~ Y ~ Z E P O  ~ E T I K ~  ~ U V C L ~ E K ~  &A' 

Szt dnouoia adr6v (EX. 2 ~ a i  3). M&har&rat Enioqq ( EniGpaoq bor6v npwtoviwv 
o r 6  b t ~ t 6 o a v a y w v t ~ 6  odorqpa cpatvuho6po~uhapivqq - vtzpo6oP~v(ohiou (EX. 
4). Mseavohl~ci Gtahrjpara v t rpoP~v~ohiou  p&z& 6x6 E { a v r h ~ p ~ r j  f ihs~zp6huoq 
08 f ihs~zp66to Hg p s y k h q ~  8ntcpBvsla~ napouotd~ouv rrjv 'i6m t i ~ p l p 6 q  G U ~ R E P I -  

qopa, p i  E K E ~ V ~  8lahupazwv cpa1vuhu6p,ocuhapiv~ ~ a i  CH,ONa ypappopopla- 
~ f j ~  dlvahoyiaq 1:4 (Q. 5, Kapa. 3). 
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GLYCERYL-ETHER OXIDIZING EXOENZYME FROM 
T. PYRIFORMIS. 

V.M. KAPOULAS. G.N. ATHANASIOU. C.A. DEMOPOULOS. 

Exoenzymes. released to their surroundings by protozoa and other unicellular 
organisms. seem to be of significant importance for the nutrient procurement by 
these organisms via extracellular digestion of large molecules. The interest of 
biological research in the study of these exoenzymes was recently renewed for two 
main reasons: First, phagocytotic organisms. like Tetrahymena. possessing the 
possibility to ingest particulate material from their surrounding. would not be 
expected to  depend on extracellular digestion for their nutrient procurement. 
Second. the source of some of the exoenzymes excreted by certain flagellates is the 
flagellar pocket (1) and not their lysosomes. 

Tetrahymena pyriformis was reported to excrete, in 5 hours, 20% of its a- 
glycosidase. P- glycosidase. P-N-acetylglucosaminidase and amylase intracellular 
activities and 33% of its intracellular deoxyribonuclease and phosphatase activities 
( 2 ) .  Reported here are our  findings on the release by Tetrahymena of another 
exoenzyme. able to  degrade glycerylethers. 

In preliminary experiments we found that 5% of radioactive glyceryl ether is 
degraded by the exoenzymes of Tetrahymena pyriformis according to  the following 
technique: Tetrahymena pyriformis. strain W. was grown as  previously described 
(3). The log-phase cells were harvested by centrifugation (3) and resuspended for 2h 
in an  equal volume of Wagner's solution. Then. the cells were centrifuged off (500 
g, 10 min) and 0.2 ml of the clear supernatant was tested as previously described (3) 
except that the substrate concentration was 2y (plus 10' cpm) of tritiated batyl 
alcohol per ml. 

Further study of the exoenzyme was carried out on enriched enzyme 
preparations isolated according to  scheme 1. Assays of these enriched enzyme 
preparations by the above test procedure yielded 13-17% degradation of the 
substrate to  degradation products identified as cc-0-alkyldihydroxyacetone (12.5%) 
and fatty acid (4.5%). 

Optimization of conditions yielded the following results: Optimum time of 



204 V.M. KAPOULAS, G.N. ATHANASIOU, C A .  DEMOPOULOS 

CULTURE O F  T .  PYRIFORMIS (log-pharc) 

l I. Harvesting ( 5 0 0  g. 10 min). 
2. Washing with O.OOX phosphate h u l k .  p H  7.6 
3. Centrifugation (500 B. 10 min). 

PACKED CE1.I.S 

l I .  Resuspension in 0.5 \ d .  of Wagner's solution. 
2. T w o  hours 
3. CentriSug;~tion (500 8. 10 min). 

I .  Addition of ammonium sulphate (6.W saturation) 8. Centrifugation (7000 g. -30 min. 4") 

1. Suspension in Iml Wagncr's solution PEP.ET 
highest concentration of excreted exo-etherase. 2h: optimum range of ammonium- 
sulphate concentration for precipitating the e n ~ y m e .  6575% of saturation: 
optimum pH. 7.6-8.2. 

These findings. apart from their general biological interest (see above). support 
our  previous evidence that the biodegradation of glycerylether via a-0-dihydro- 
xyacetone is an  alternative degradative pathway in protozoa (4). 

Abstract 

Tetrahymena pyriformis excretes an exoenlyme. able to degrade glyceryl-ethers into a- 
0-alkyldihydroxyacetone and fatty acid. Highest concentration of the cnlyme is detected 
after 2h in inorganic medium. I t  is precipitated by ammonium sulfate (6575% of saturation) 
and its pH optimum is in  the range 7.6-8.2. 

'E~otv(u,uo 'O<&ldCi)o&o~ r/lv~&pv~al&p~v (id pyriformjs. 
T6 n p o t 6 < o o  T. p y r i f o r r n i s  ~ K K ~ ~ V E I  &?6 z & p $ & h h o v  TOU h a  & o b v ( u p o ,  

i ~ a v 6  va  & n o 1 ~ 0 6 0 p & ?  ro65 y h ~ ~ ~ p ~ h a ~ e b p s ~  np65 a - 0 - 6 t i i 6 p o ~ u a ~ ~ t 6 v q  ~ a i  
A m a p t 5  b&a. M k y ~ o r q  o u y a b v r p o o q  r o i 3  E v & p o u  P p i o ~ ~ r a t  p ~ r d  n a p a p o v q  2 
(3pi.h o b  b v 6 p y a v o  p B o o  d v 6 z r u ~ 1 1 < .  T6 i i v < u p o  ~ a . r a p u O i @ r a ~  p B  8 w i ~ 6  d r p p h v t o  
(6575% K O ~ E C T ~ O ~ )  K a i  EXEI p b y l ~ f ? l  6 p a ( 3 ~ 1 ~ 6 ~ I l f C i  06 ~ C E P ~ O X ~  pH 7,6-8,2. 
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