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Reaction enthalpies and reaction volumes of proton-transfer reactions in aqueous solutions of 3-hydroxypyridine have been 
estimated by measuring UV-visible absorption spectra at different temperatures, pressures, and pH values. Using these 
results together with published thermodynamic and kinetic data, we have simulated the relaxation spectrum of the proton-transfer 
reactions of 3-hydroxypyridine in aqueous solution. The first process identified in our normal mode analysis is the relaxation 
of the well-known tautomeric equilibrium between the neutral form and the zwitterion, AN = A,. The second relaxation 
process is the overall reaction A+ + A- = XAN + (2 - x)Az, with x being roughly equal to unity. The amplitude of this 
relaxation is significantly smaller than that of the first. The third relaxation process consists of two branches. The first 
branch is the overall reaction A+ = XAN + (1 - x)A2 + H+, x - 0.5, at pH << 7, and the second branch is the overall reaction 
XAN + (1 - x)AZ + OH- = A- + H20,  x - 0.5, at pH >> 7.  The fourth relaxation process is more complicated than the 
others. It consists mainly of hydrolysis reactions at pH << 7 and protolysis reactions at pH >> 7.  This relaxation process 
can be neglected because of its small amplitude. In the second part of this work, we have measured the ultrasound absorption 
of aqueous solutions of anthranilic acid, and using the information obtained from the normal mode analysis of 3-hydroxypyridine, 
we present evidence for the intramolecular proton-transfer reaction AN + A,. The sum of forward rate constant kz3 and 
reverse rate constant k32 is about 9.3 X lo6 s-'. With the literature value of 0.2 for the equilibrium constant, the rate constants 
are kz3 - 1.6 X lo6 s-' and k32 - 7.8 X lo6 s-'. In an earlier study, White and Slutsky had found no evidence for this 
reaction. However, because they had only a few data, they could probably not clearly distinguish between the different 
contributions to the measured relaxation process 

The kinetics of fast proton transfer has been extensively studied 
following the introduction of relaxation kinetic methods.' Eigen 
and co-workers have established that intermolecular proton- 
transfer reactions from and to nitrogen or oxygen atoms in aqueous 
solution are diffusion-controlled.2 Exceptions occur if one reactant 
is hindered sterically, if the proton to be transferred is hydro- 
gen-bonded, or if a charge is delocalized and the proton-transfer 
reaction changes that charge, thereby causing a reorganization 
of the hydrate shell. 

In dibasic acids, an intramolecular proton transfer may take 
place in addition to intermolecular reactions. Schuster et aL3v4 
have investigated the kinetics of proton-transfer reactions in 
aqueous solutions of 3-hydroxypyridine (3HP) with ultrasound 
and temperature jump experiments. Figure 1 shows the mecha- 
nism for this compound, which serves as a general model of a 
dibasic acid. Their studies yielded essentially a single relaxation 
time, which was assigned to the equilibration between neutral form 
AN and zwitterion AZ. According to their interpretation, three 
pathways may possibly contribute to this overall reaction: in- 
tramolecular proton transfer, proton and hydroxide ion catalyzed 
pathways via the anion or the cation, and bimolecular reactions 
involving two 3HP species. They found no evidence for an in- 
tramolecular proton transfer (k23 < 2 X l o 3 ) .  The elementary 
reactions in the other pathways proved to be nearly diffusion- 
controlled. The mechanism shown in Figure 1 yields in principle 
four relaxation times; hence, it seemed of interest to calculate the 
full relaxation spectrum. We measured, therefore, reaction 
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volumes and reaction enthalpies for some of the proton-transfer 
reactions and attempted to simulate the relaxation spectrum for 
temperature jump and ultrasound experiments. 

In aqueous solution, intramolecular proton transfer has been 
demonstrated only for a few corn pound^.^*^ It is believed that 
the reorganization of the hydrate shell that follows the proton 
transfer causes this reaction to be much slower than intermolecular 
proton-transfer  reaction^.^ It has also been suggested that the 
functional groups involved in the proton transfer have to be close 
t~ge ther .~  In order to study the possibility of intramolecular proton 
transfer in aqueous solution further, we chose anthranilic acid 
(ANA), which may be described by the same general proton- 
transfer mechanism as 3HP. Because the two functional groups 
of ANA are directly adjacent to each other, intramolecular proton 
transfer should be more likely for ANA than for 3HP. White 
and Slutsky6 have studied proton-transfer reactions of ANA in 
water and methanol and concluded that a measurable intramo- 
lecular proton transfer takes place in methanol, but not in water. 
However, they had only a few data for ANA in water, and we 
did a more detailed experimental study to decide that question 
definitely. 

3-hydroxy pyridine 
Mechanism of Proton-Transfer Reactions in Aqueous Solution. 

The complete scheme of proton-transfer reactions of 3HP or any 
dibasic acid is shown in Figure 1. There are four forms of 3HP 
in aqueous solution: the cation A+, the anion A-, the neutral form 
AN, and the zwitterion AZ. Three reaction types can take place: 
intramolecular proton transfer, protolysis and hydrolysis reactions, 

( 5 )  Dubois, J. E.; Dreyfus, M. E. In Protons and Ions Involved in Fast 
Dynamical Phenomena; Proceedings of the 30th International Meeting of the 
Soc. de chim. phys. de France; Laszlo, P., Ed.; Elsevier: Amsterdam, 1978; 
pp 169-190. 
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Figure 1. Mechanism of proton-transfer reactions of 3-hydroxypyridine 
in aqueous solution. 

and bimolecular reactions among 3HP species. 
Reaction Enthalpies and Reaction Volumes of 3HP. The 

dissociation constants K l  and Kz of 3HP and the corresponding 
reaction enthalpies are available from the literature.'+ However, 
the two published values for AH1 differ substantially (Table 111). 
No reaction volumes for 3HP seem to be known. KT has been 
determined by Metzler et al.' by measuring spectra of the mixture 
a t  different temperatures and in different solvents. They assumed 
that the area of a particular absorption peak is independent of 
temperature (or solvent or pressure). We denote with a the area 
of an absorption peak of a given species in the mixture and with 
a. the area of that absorption peak a t  a concentration equal to 
the total concentration of AN and A% The isomerization constant 
calculates as 

The areas of the absorption peaks of the individual species AN 
and AZ, aON and aOz, are difficult to obtain. However, the fol- 
lowing condition holds for the area difference Aa of absorption 
peaks a t  different temperatures: 

-AaN / AaZ = OON /aOZ 

We then obtain for KT 

KT = [ANI / 1'421 = -(aNAaZ) /(aZAaN) 
By fitting log normal curves to the peaks of their spectra, Metzler 
et al. could separate partially overlapping absorption peaks and 
determined KT to be 1.05 at an ionic strength of 0.2. We repeated 
their experiment to estimate all three reaction enthalpies. For 
several temperatures, we determined K I ,  Kz, and the spectrum 
of the overall uncharged form. After correcting for the volume 
expansion, we calculated the area of the absorption peaks of AN 
and AZ for each temperature as described by Metzler et al. 

For each set of equilibrium values a t  different temperatures, 
we then fitted the free energy AG( T )  = -RT In K( T) to a poly- 
nomial of second order in the absolute temperature, AG(T) = co 

(7) Metzler, D. E.; Harris, C. M.; Johnson, R. J.; Sianao, D. B.; Thomson, 

(8) Christensen, J. J.; Smith, D. E.; Slade, M. D.; Izatt, R. M. Thermo- 

(9) Lezina, V. P.; Shirokova, L. V.; Borunov, M. H.; Stepanyants, A. U.; 

J. A. Biochemistry 1913, 12, 5377-5392. 

chim. Acta 1972, 5, 35-39, 
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TABLE I: Absorption Peak Areas and Calculated Thermodynamic 
Data of 3-Hydroxypyridine 

T, OC 
56.6 
47.7 
39.2 
31.1 
24.5 
18.2 
13.1 
6.6 

~ A Z   AN KT 
26.50 23.08 0.65 
29.05 21.57 0.76 
31.66 20.22 0.89 
34.16 18.85 1.02 
35.93 17.35 1.17 
37.72 16.17 1.32 
39.45 15.40 1.45 
41.50 14.60 1.61 

K1 
1.70 x 10-5 
1.44 x 10-5 

1.04 x 10-5 
0.90 x 10-5 
0.79 x 10-5 
0.71 x 10-5 
0.62 x 10-5 

1.22 x 10-5 

Kl  
5.78 X 
4.71 X 
3.72 X 
2.88 X 
2.26 X 
1.70 X 
1.34 X 
0.96 X 

AGT = -RT In KT = -578 f 2660 - (42.95 f 17.6)T + 
AG1 = -RT In K, = 7740 f 2070 + (95.62 f 13.4)T - 

AGz = -RT In K2 = 82400 f 2470 - (288.20 f 16.1)T + 

+ c l T  + c2P. From the coefficients of the polynomial we cal- 
culated'O AH = co - c z p ;  C, may be estimated as C, = -2czT. 
In Table I we show the obtained equilibrium constants at different 
temperatures and the polynomials fitted to these data. Some of 
the calculated standard deviations are quite large. The fitted 
parameters are not independent of each other; Le., if we change 
the constant term in the polynomial, the quadratic term changes 
accordingly, still yielding a reasonable fit. The calculated value 
for AH changes very little, however. In a different set of fits, we 
set the term co to a value different by the standard deviation from 
the value of co obtained in the first fit and allowed only cI and 
cz to vary (not shown). In the most extreme case, i.e., Kl, we found 
a difference of 2% in the reaction enthalpy although the change 
in the constant term was about 25%. To get better estimates of 
the standard deviations of the reaction enthalpies, we redid the 
fits with co taken constant a t  precisely the value shown in Table 
I. The resulting relative standard deviation of cz was about 1.3% 
in the case of K1 and smaller than 1% in the other two cases. The 
standard deviations shown in Table I reflect the covariance of the 
parameters rather than the statistical uncertainty of the data. Even 
with the fits in Table I, we found the relative standard deviations 
of the equilibrium constants to be smaller than 1%. However, 
if C, is estimated from c2, the standard deviation of cz given in 
Table I should be used. 

In Table I11 we compare our results with published data. We 
determined the reaction enthalpy of the first dissociation step, AHl, 
to be 15.2 kJ/mol. One literature value, Le., 16.8 kJ/mol,E was 
calorimetrically determined and is presumably more reliable than 
our value. Lezina et al. found AH1 = 7.14 kJ/mol with 'H N M R  
 measurement^.^ The reason for this discrepancy is not clear to 
us. There is a similar discrepancy between our value for the 
reaction enthalpy of the second dissociation step, AHz, and the 
value given by Lezina et al. (Table 111). However, our results 
for the tautomeric equilibrium are in sufficient agreement with 
the results of Metzler et al. 

To estimate the reaction volumes, we again used the method 
of Metzler et al. outlined above, but used absorptions at single 
wavelengths instead of peak areas. The method can still be used 
as long as the absorptions of the neutral form and zwitterion are 
sufficiently different. We assumed that the absorption is inde- 
pendent of pressure. This assumption is probably valid as checked 
with the absorption of the cation at a higher pH. (We do not show 
spectra, since Metzler et al.' described the spectra of all ion forms 
of 3HP in detail; in addition, our spectra are published else- 
where.") Since we used published reaction volumes to calculate 
the pH variation of the buffers with pressure, we estimated the 
reaction volumes of 3HP in the same manner; Le., we used the 
formula K(p)  = K(l  bar) exp(-AVIRTAP) for the fit, where R 
is the gas constant and T is the absolute temperature. For K, 
and Kz at 25 "C we used the values obtained by us, vide supra, 
and for KT we chose Metzler's value of 1.05. In Table 11, we list 

(0.1465 f 0.029)p 

(0.0843 f 0.024)p 

(0.5945 f 0.027)p 

(10) Waelbroeck, M.; Van Obberghen, E.; De Meyts, P. J .  Biol. Chem. 
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TABLE II: Extinctions of 3-Hydroxypyridine Solutions at Different 
Pressures' 

pH 6.80 Ph pH 6.80 Ph pH 6.80 Ph 

mL/mol mL/mol mL/mol 
p ,  bar E (313.5 nm) p ,  bar E (313.5 nm) p ,  bar E (313.5 nm) 

5 0.501 5 0.515 5 0.503 
100 0.512 100 0.52 500 0.54 
500 0.548 500 0.548 1000 0.573 

AVT -7.10 AVT = -5.9 AVT = -6.95 

IO00 0.585 1000 0.58 
2000 0.640 

pH 6.80 Cc pH 6.79 Cc pH 4.92 Ac 

mL/mol mL/mol mL/mol 
D. bar E (313.5 nml D, bar E (313.5 nm) D, bar E (313.5 nml 

AVT = -6.5 AVT = -5.7 AVI = -2.65 

5 0.404 5 0.413 5 0.215 
100 0.412 100 0.423 100 0.214 
500 0.442 500 0.450 800 0.206 
950 0.472 900 0.473 2000 0.205 
1300 0.491 1300 0.496 
1650 0.514 1650 0.514 
2000 0.530 2000 0.532 

pH 5.61 Ph pH 4.95 Ac pH 4.70 Ph 

mL/mol mL/mol mL/mol 
p ,  bar E (313.5 nm) p, bar E (313.5 nm) p ,  bar E (313.5 nm) 
100 0.355 5 0.25 5 0.1605 
500 0.343 100 0.242 100 0.1555 

AVI = -1.85 AVI = -2.7 AVI = -2.8 

1000 0.317 500 0.235 500 0.155 
2000 0.260 1000 0.23 950 0.152 

1500 0.232 1300 0.1485 
2000 0.24 1650 0.146 

2000 0.1435 
pH 5.0 Ac 

AVl = -2.4 mL/mol 
pH 8.53 Am 

AV, = -7 and -9.5 mL/mol 
D. bar E (313.5 nml D. bar E (313.5 nml D. bar 

5 0.22 5 0.37 0.452 
100 0.222 500 0.373 0.512 
500 0.217 1000 0.377 0.560 
950 0.214 1500 0.378 0.601 
1400 0.212 
2000 0.210 

~ pH 8.43 Tr pH 8.68 Tr 
AV, = -14.5 and -9.7 mL/mol AV, = -8.1 and -12.5 mL/mol 

p ,  bar (313.5 nm) (298 nm) p ,  bar (313.5 nm) (298 nm) 
E E E E 

5 0.379 0.425 5 0.345 0.452 
100 0.380 0.436 100 0.348 0.462 
500 0.388 0.468 500 0.352 0.498 
950 0.393 0.507 900 0.372 0.527 
1400 0.403 0.541 1300 0.374 0.556 
1800 0.406 0.573 1650 0.376 0.578 

2000 0.377 0.602 

'Ph = phosphate buffer; Cc = cacodylate buffer; Ac = acetate 
buffer; Tr = Tris buffer; Am = ammonia buffer. Reaction volumes 
were calculated separately for each experiment. The average values 
are AVT = -6.4 & 0.6 mL/mol, AVl = -2.5 i 0.4 mL/mol, and AV2 = 
-10 rt 3 mL/mol. 

the uncorrected extinctions together with the obtained reaction 
volumes. The reaction volumes have been determined separately 
for each experiment because the width of the cell changed slightly 
between experiments and also during experiments. There are no 
published reaction volumes for 3HP with which we could compare 
our estimations. Generally, the reaction volume of a reaction in 
which the total number of charges increases by two is about -10 
to -20 rnL/mol.l2 The dissociation reaction of phenol has a 
volume change of -18.7 mL/mol.I2 The proton dissociation of 
the pyridinium cation, where the number of charges is constant, 
has a reaction volume of 9.8 rnL/mol.lZ These reaction volumes 

(12) Asano, T.; Le Noble, W. J. Chem. Rev. 1978, 78, 407-489. 

TABLE III: Thermodynamic Data of 3-Hydroxypyridine 

PK AH, A V, 
reaction or K kJ/mol mL/mol 

[A'] = KT/(l + KT)[A~]  + pKI = 15.2 -2.5 
1/(1 + KT)[AN] + [H'] 5.04 

4.91' 16.8b 
7.41' 

KT/(~ KT)[A~] + 1/(1 pK2 = 29.6 -7 to -15 
KT)[AN] = [A-] + [H'] 8.64 

8.62' 19.8' 
A, = AZ KT = -13.6 -6.4 (spectr) 

1.16 
1.05" -13.0" -8.1 (ultrasound) 

'Reference 7. Reference 8. Reference 9. 

may be compared to our results in Table I1 and Table 111. We 
have also calculated AVT from the amplitudes of the ultrasound 
experiments done by Schuster et al.3 and have obtained AVT = 
-8.1 mL/mol, using AHT = -13.6 kJ/mol. Strictly, the amplitude 
of the ultrasound absorption furnishes the absolute value of the 
reaction volume at  constant entropy, but it seems reasonable to 
assume a negative sign. 

Relaxation Spectrum of a Dibasic Acid. The kinetic scheme 
of proton-transfer reactions of a dibasic acid in aqueous solution 
consists, at least in principle, of 16 individual reactions (Figure 
1). However, near equilibrium, where the kinetic equations can 
be linearized,13 it can be described by four independent normal 
reactions. With the thermodynamic parameters given in the last 
section and with published kinetic  parameter^,^ we are able to 
simulate the relaxation spectrum for 3HP. The results should 
apply for any dibasic acid with a KT near unity and an isoelectric 
point near pH 7 .  Even if these conditions are not met, some of 
the relaxation modes described here will still be the same. We 
thus describe first the relaxation spectrum of a general dibasic 
acid, using 3HP as an example. Subsequently, we shall discuss 
the simulation of 3HP more specifically. 

We denote overall reactions with the equal sign (=) and use 
two reverse double half-arrows (e) for individual reaction steps. 
I n  formulas for amplitudes and inverse relaxation times, the 
equilibrium concentration of a given species is denoted by its 
symbol in brackets, Le., [A+] or [OH-]. Some normal reactions 
and corresponding formulas have fractional stoichiometric coef- 
ficients, which we always denote by x and y to save on symbols. 
These coefficients are different in different equations. 

Near chemical equilibrium, the kinetics of a dibasic acid with 
a proton-transfer mechanism as shown in Figure 1 and kinetic 
constants similar to that of 3HP can be described by the following 
four normal reactions: 

I .  Normal Reaction AN = AZ The condition A[AN] = A[AZ] 
and the steady-state conditions A[A+] = A[H+] = 0 are used to 
calculate the approximate inverse relaxation time. Three pathways 
contribute to the equilibrium between the neutral form and the 
~wi t te r ion .~-~  

la. Intramolecular Proton-Transfer Reaction AN + A=. The 
intramolecular reaction path is independent of pH and independent 
of the concentration of the dibasic acid. For 3HP, it is not 
important. The contribution to the inverse relaxation time is 

( l h ) I a  = k23 + k32 

Ib. Dissociative Reaction Paths. 
AN + H+ + A', A' + AZ + H+; A[A+] = 0 

AN + A- + H', A- + H' F= AZ; A[A-] = 0 

AN + H20 A+ + OH-, A+ + OH- + Az + H20; 
A[A+] = 0 

A[A-] = 0 
AN + OH- F= A- + HzO, A- + H20 F= AZ + OH-; 

(1 3) Eigen, M.; De Maeyer, L. In Techniques ofchemistry, Hammes, G .  
G., Ed.; Wiley: New York, 1974; Vol. VI, Part 11; pp 63-146. 
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( ~ / T ) I ~  = k+23[A+l + k+32[A+l + k-23[A-l + k-3JA-I + 
4k023[ANI + 4k032[AZl 

Id.  The r factor of the amplitude of mode I calculates as 

I? = [ANIIAZI/([ANI + [AZ]) = 
cO[(KT/(l + KT)2)/(1 + [H+l/Kl + K2/[H+])I 

where co is the total concentration of 3HP. The amplitude reaches 
its maximum at the isoelectric point and at  KT = 1. If KT is very 
different from unity, the amplitude of mode I is small. 

I I .  Normal Reaction A+ + A- = xAN + (2 - x)AZ, 0 I x I 
2. To calculate the inverse relaxation time of the normal mode 
11, we use the conditions A[H+] = 0 and A[A+] = A[A-] and 
assume that AN and AZ participate in the normal mode like the 
fraction of their rates of production or disappearance; i.e., (2 - 
x)A[AN] = xA[AZ], where x / 2  calculates as the fraction of the 
equilibrium rates producing AN divided by the sum of equilibrium 
rates producing AN and AZ; see sections IIb and IIIc, where we 
wrote such fractions explicitly. For 3HP both fractions are ap- 
proximately equal; i.e., x is near unity. If x and 2 - x are very 
different from each other, the faster reactions are often decoupled 
from the slower reactions. In such a case, the stated assumptions 
for either the first mode or the second mode may no longer be 
valid. 

Normal reactions have been compared to normal vibrations, 
which are obtained by a similar mathematical formalism. This 
“symmetric” mode seems particularly suitable for such a com- 
parison. Two pathways contribute to mode 11: 

IIa. Dissociative Reaction Paths. 

A+ + H+ + AN(Az), A- + H+ + AN(AZ); A[H+] = 0 

A+ + OH- + AN(Az) + H20, A- + H2O + 
AN(AZ) + OH-; A[OH-] = 0 

The inverse relaxation time depends on pH, but is independent 
of the concentration of the dibasic acid. The contribution to the 
approximate inverse relaxation time calculates as 

(l/.)IIa = ((k12k42 + k13k43 + k12k43 + k13k42)([A-l + 
+ 4k21k24X[AN1 + 4k31k34Y[AZ1 + 2(k21k34 + 

k31k24)b[AN1 + x[AZl))/(k2l[ANI + k31[AZ1 + k42[A-I + 
k43LA-I) + ((k’12kb2 + k’13kb3 + k’izk’43 + k1i3kb2)([A-1 + 

[A’]) + 4k’21k’+[A~] + 4k’31k’3y[AZ] + 2(k’2Ik’34 + 
k’31k’24)[H201b[AN1 + x[AZ))/(k’12[A+l + k’13[A+l + 

k’24[AN] + k’34[AZ]) 

where the coefficients x and y sum to unity and slow water dis- 
sociation is assumed. We ignore this time the case of fast water 
dissociation. If we assume all diffusion-controlled constants of 
protolysis reactions to take on the value kH and assume all dif- 
fusion-controlled constants of hydrolysis reactions to take on the 
value koH and assume additionally that x = y holds, we obtain 

(l/T)IIa = (2kHK1([A+l + [A-l) + ( l  + KT)kHK2[ANI 
(4 + (1 + KT)2/KT))/([AN1(1 + KT) + 2[A-1) + 

(2kOH(KW/K2)([A+l + [A-l) + (l + KT)kOH(KW/K1) 
+ ( l  + KT)z/KT))/([AN1(l + KT) + 2[A+1) 

where Kw is the ionization product of water. Each denominator 
consists of a constant term and a pH-dependent term. The pH- 
dependent part assumes its minimum at the isoelectric p i n t ,  pK1, 
and it is logarithmically symmetric, Le., symmetric as a function 
of pH - pK,. To see this more clearly, we substitute for the 
equilibrium concentrations and rearrange as follows: 

(l/T)Ila = kH(2(lH+1 + K1K2/[H+1) + &(4 + (1 + 
KT)‘/KT))/(~ + 2Kz/[H+I) + 

k01-1(2([0H-l + KW~/(KIK~[OH-I) )  + ( K w / K I ) ( ~  + (1 + 

After substituting additionally TH = [H+]/(KlK2)1/2, TkH = 
KT)2/KT))/(1 + 2KW/(Kl[oH-l)) 

These pathways depend on pH but do not depend on the con- 
centration of the dibasic acid. The contribution to the inverse 
relaxation time calculates ah 

This expression is computed by using the steady-state approxi- 
mations for hydrolysis reactions and for protolysis reactions 
separately. Schuster et aL3 have applied the steady-state ap- 
proximation for the cation and anion by using the protolysis and 
hydrolysis reactions together; i.e., they assumed that these reactions 
are coupled via the water dissociation reaction. In the reactions 
written above one would have to combine hydrolysis reactions with 
protolysis reactions and the water dissociation reaction. They 
obtained for the pathway over the cation 

which should be compared to the first and the third term in the 
equation given just before. They also derived an analogous ex- 
pression for the pathway over the anion. The first approximation 
given above is valid if the water dissociation reaction is slow 
compared to the protolysis and hydrolysis reactions of the dibasic 
acidas This assumption is, with diffusion-controlled rate constants, 
usually fulfilled if the concentration of the dibasic acid is larger 
than a certain threshold; this threshold can easily be calculated 
for a given system, being about lo-” mol/L for 3HP at  pH 7. At 
lower concentrations of the dibasic acid, the rate of the dissociation 
reaction of water is faster than the rate of the protolysis and 
hydrolysis reactions of the dibasic acid; then, the second ap- 
proximation furnishes better results. Of course, there is also a 
concentration range where neither approximation is strictly valid. 
In the case of 3HP, the numerical differences between the two 
approximations are negligible. We simulated several dibasic acids 
and found that in most cases with a significant difference between 
the two approximations, i.e., a difference larger than experimental 
error, mode I is not just the reaction AN = AZ, but also comprises 
other reactions. In such cases, one has to carefully check the 
validity of the steady-state assumption.14 With Castellan’s method 
the appropriate approximation often can be seen more ea~i1y.I~ 
In practice it is probably sufficient to use the slow water disso- 
ciation approximation; it yields a simpler expression and is valid 
in the concentration range ordinarily used; i.e., c3Hp > lo4 mol/L. 
However, the approximation should always be compared with the 
numerical value of the inverse relaxation time calculated from 
the complete kinetic system. 

In order to obtain a simple expression, we assume protolysis 
diffusion-controlled reactions to have the same rate constant kH 
and hydrolysis diffusion-controlled reactions to have the same rate 
constant koH. With the slow water dissociation approximation, 
we then obtain 

The constant term is about equal to the sum of the reverse reaction 
rate constants, Le., to the water catalyzed terms. It is large if 
K 1  is small (basic system) or if K2 is large (acid system). The 
constant term is also large if KT is very small or very large. 
However, the assumptions made for the steady-state approximation 
are most likely valiud if KT is close to unity. 

IC.  Bimolecular Reactions. AN + A+ * AZ + A+; AN + A- 
+ AZ + A-; 2AN + 2Az. This contribution to the normal reaction 
depends on the concentrations of A+, A-, AN and AZ. In case 
of 3HP, the last reaction is much slower than the former two. The 
contribution to the relaxation time is 

(14) Klonowski, W. Biophys. Chem. 1983, 18, 73-87. 
(15) Castellan, G. W. Ber. Bumen-Ges. Phys. Chem. 1963,67,898-908. 
(16) Christensen, J .  J.; Hansen, L. D.; Izatt, R.  M. Handbook ofProton 

Ionization Heats; Wiley: New York, 1976. 
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k ~ ( K j ) ' f ~ ( K 2 ) ' f ~ ,  TkoH = ko~Kw/(KiK2) ' f~,  TOH = ~ / T H ,  and 

(l/T)IIa = T ~ H ( ~ ( T H  + TOH) + TKd4 + (1 + 
TK2 = (K2/Kl)'f2, we obtain 

KT)'/KT))/(l + 2TK2/TH) + TkOH(2(TOH + TH)) + 
TKd4 + (1 + KT)2/KT))/(1 + 2TK2/T0H) 

The denominators are similar to the expression (1 / T ) ~ ~ ,  except 
that each of the denominators of ( l / ~ ) ~ ~ ~  assumes its minimum 
at the isoelectric point, where T H  equals unity. The nominators 
depend on TH as well; they change in the form of a titration curve 
in the vicinity of TKl = 1/TK2 and TK2. 

If the regarded system is neutral, Le., pKI = 7, which is almost 
the case with 3HP, then (1 / T ) ~ ~  as a function of pH is very similar 
to (1 /T)Ib, except that the former is modified by a pH-dependent 
nominator. If, in such a case, (1 / T ) ~ ~ ~  were to be modeled with 
a function like (l/T)Ib, this could lead to the determination of an 
incorrect constant term. 

2AN, 
A+ + A- == AZ + AN. This reaction path depends on the con- 
centrations of A+, A-, AN, and Az Note that the three reactions 
contribute also to the pathway IC, which is seen by applying a 
steady-state assumption to the cation and anion. This contribution, 
however, may be absorbed in the reaction 2AN * 2AZ. We use 
the symbols NN,  NZ,  and Z Z  to identify the three forward rate 
constants-in contrast to the nomenclature in Figure 1. The 
contribution to the approximate inverse relaxation time calculates 
as 

IIb. Bimolecular Reactions A+ + A- ut- 2Az, A+ + A- 

(1/T)IIb = (k+-" k+-zz k+-~z)([A+] + [A-l) + 
4kNNX[ANI + 4kZZ( l  - X)LAZ1 + 2kNZ(1 - X)IANI + 

kNZX 

where the assumption that AN and AZ participate in the normal 
reaction like the fractions of their rates of production has been 
used. If we consider only these three reactions, x calculates as 

x = ( 2 k + - ~ ~  + ~ + - N z ) / [ ~ J X ~ + - N N  + ~ + N Z  + k+-zz)l 
In general, x has to be calculated by using all reactions of the 
pathways IIa and IIb. 

The rates of the three reactions have not been measured to our 
knowledge. The sum of all three forward rates should be faster 
by a factor of approximately 2 than a bimolecular reaction IC since 
the cation (anion) can react with both functional groups. In 
addition, the reactants are differently charged, which should 
increase the rates of these reactions. For statistical reasons, the 
second reaction written above should be faster in the forward 
reaction by a factor of 2 than the other two reactions. In our 
simulation, however, we have set each of the three forward rate 
constants to the diffusion-controlled limit of 9 X lo8 L mol-' s-I. 

IIc. The r factor of the amplitude of mode I1 calculates as 
r = l / ( l / [ A + ]  + l/[A-] + X2/[&] + (2 - x)'/[AZ]) 

It increases with decreasing difference between the two pK values 
of the dibasic acid and assumes its maximum at the isoelectric 
point. From that maximum the amplitude of this mode usually 
falls off faster with changing pH than the amplitude of mode I. 
This is easily understood since the amplitude depends on the 
concentrations of both A+ and A-. However, if either the condition 
KT >> (Kl/Kz)'f2 or the condition KT << (K2/K1)'/2 holds, the 
concentration of either AN or AZ will be smaller than the con- 
centrations of A+ and A- at  the isoelectric point. In this case, 
the pH profiles of the amplitudes of the modes I and I1 are similar 
in the vicinity of the isoelectric point. In addition, a t  the isoelectric 
point, the r factor of mode I1 will be larger than the r factor of 
mode I. For 3HP, the amplitude of mode I1 is small compared 
to the amplitude of mode I. 

III .  IIIa: At pH N pK, 
A+ = xAN + (1 - x ) A z  + H+, 0 I x I 1, if pK, C 7 

A+ + OH- = 
x A N + ( ~ - x ) A Z + H Z O , O ~ X I  1 , i f p K I > 7  

IIIb: At pH - pK2 

Reiter et al. 

xAN + (1 - x)AZ + H2O = 
A - +  OH-, 0 I x 5 1, if pK2 > 7 

xAN + (1 - x)AZ = A - +  H+, 0 I x I 1, if pK2 C 7 

The fractional coefficients depend on the kinetic constants; see 
below. They are not equal for the individual overall reactions 
written above. For 3HP, x is approximately in each case, 
however. Mode I11 consists of two branches. For each branch, 
depending on the equilibrium constant, either protolysis reactions 
or hydrolysis reactions will dominate. If a pK value is close to 
pH 7, the normal reaction might consist of both reaction types. 
In the case of 3HP, the first branch consists of protolysis reactions 
and the second branch of hydrolysis reactions. 

The relaxation times are straightforward to calculate: with 
A[A+] = -A[H+], A[A-] = 0, and (1 - x)A[AN] = xA[AZ], we 
obtain 

(1/7)IIIa = k12 + k13 + k21(X[H+1 + [ANI) + 
k31((1 - x>[H+l + [AZ1), = k12/(k12 + k13) 

whereas using A[A+] = -A[H+] = 0 and (1 - x)A[AN] = xA[AZ] 
yields 

= (k42 + k43)[H~O] + k24(X[OH-I + [ANI) + 
k34((1 - x)[OH-l + [AZ1), = k42/(k42 + k43) 

We assumed slow water dissociation in both cases. If all diffu- 
sion-controlled rate constants of protolysis reactions take on the 
same value kH, the inverse relaxation time ( 1 / ~ ) ~ ~ ~ ~  of 3HP 
calculates as 

(l/T)IIIa = kHKl + kH([H+l + [ANI + 
Likewise, the inverse relaxation time (1 /T)IIIb for 3HP is 

(l/T)IIIb = kOH([ANI + [A21 + [OH-]) + kOHKW/KZ 

where all diffusion-controlled rate constants of hydrolysis reactions 
are assumed to take on the value koH. 

The l? factors for 3HP calculate as 

rIIIa = l / ( l / r H + l  + l / iA+l  + x2/[AN1 + (1 -X)'/[AZl) 

r I I I b  = / ( l  /[OH-] + / [H201 + / [A-l + x2/ [ANI + 
(1 - X)2/[Azl) 

The amplitudes assume a maximum near the pK values if the total 
concentration of the dibasic acid is smaller than the concentration 
of the proton (hydroxide ion) a t  pK1 (pKz). Otherwise the 
maximum is assumed at the pH where the proton concentration 
(hydroxide concentration) is equal to the concentration of the 
cation (anion). 

IV. For 3HP at a pH in the vicinity of pKI, mode IV consists 
of protolysis reactions of both the first and the second dissociation. 
Analogously, at a pH in the vicinity of pK2, mode IV consists of 
hydrolysis reactions of both the first and the second dissociation. 
Generally, this mode consists of hydrolysis reactions at  pH << 7 
and of protolysis reactions at pH >> 7. Consequently, this re- 
laxation is never important, and its amplitude is small. Mode IV 
is usually the fastest relaxation because the dissociation constant 
of water, the fastest reaction rate constant in aqueous solution, 
contributes to this mode. Only at  high concentrations of the 
dibasic acid may other relaxations be faster. See also Table V, 
where this mode is described for 3HP. 

We have discussed only the I' factor of the amplitude. All 
amplitudes also depend, of course, on other physical parameters, 
like reaction volumes, extinction coefficients, reaction enthalpies, 
and the like, and by a suitable choice of the experimental con- 
ditions it may still be possible to measure relaxation processes with 
small r factors. 

Relaxation Spectra of 3HP. Figure 2 shows the relaxation 
spectrum simulated for a temperature jump experiment. For the 
relative concentration changes in each relaxation process see Table 
V. Mode I is the slowest relaxation, and it has the largest am- 
plitude. The approximate value for the relaxation time is in good 



Proton-Transfer Reactions of Dibasic Acids 

TABLE I V  Kinetic Mechanism of 3-Hydroxypyridine' 
kf kr AH A V  

AN + H+ + A+ 2.00 X 10'O 1.20 X IOs -23.8 -0.80 
AN + AZ 1.00 X lo3 9.52 X lo2 -13.6 -6.40 
AN + H+ + A- 9.84 X 10' 2.00 X 10" 22.6 -13.4 
AN + H20 t A+ + OH- 0.453 1.50 X 10" 32.0 -22.3 

AZ + H+ + A- 9.37 X 10' 2.00 X 10" 36.2 -7.00 
AZ + H 2 0  t A+ + OH- 0.431 1.50 X 10" 45.6 -15.9 
AZ + OH- + A- + HzO 1.50 X 10" 5.80 X lo2 -19.6 14.5 
 AN + 2Az 5.00 X lo6 4.53 X lo6 -27.2 -12.8 
AN + A+ + A, + A+ 3.70 X lo8 3.52 X 10' -13.6 -6.4 
AN + A- + Az + A- 4.60 X 10' 4.38 X 10' -13.6 -6.4 

AZ + H+ + A+ 2.00 X 1O'O 1.26 X los -10.2 5.60 

A+ + A- +   AN 9.00 X lo* 7.38 X los 1.20 11.6 
A+ + A- + 2AZ 9.00 X 10' 6.69 X lo5 -26.0 -1.37 
A+ + A-+  AN + AZ 9.00 X lo8 7.03 X los -12.4 5.13 
H+ + OH- + H2O 1.40 X 10" 2.53 X -55.8 21.5 
AN + OH- * A- + Hz0 1.50 X 10" 5.52 X lo2 -33.2 11.2 

and are 
in standard units (L, mol, s). For simplicity we set the rates of all 
diffusion-controlled protolysis reactions equal to the same value and 
did the same for the hydrolysis reactions. The rate constant of the 
direct intramolecular proton transfer was arbitrarily set to k23 = lo3. 
Its value is still too small to influence the results. AH and AV are 
given in the same units as in Table 111. Data for the water dissociation 
are from the literature.2*'2v'6 

'Rate constants are essentially as given by Schuster et 
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Figure 3. Relaxation spectrum of 3-hydroxypyridine simulated for an 
ultrasound experiment at a concentration of 0.1 mol/L. Symbols are 
analogous to those of Figure 2. The amplitudes, I'AVs2, are in units 
mL/(mol X 1000). 

l h g l I / r I  
3 

2- 
2 3 4 5 6  

4 5 6 7 8 3 1 0  
-6l' " " " " " ' ' 

PH PH 

Figure 2. Relaxation spectrum of 3-hydroxypyridine simulated for a 
temperature jump experiment at a concentration of 2.0 x lo4 mol/L. 
See Table IV for the kinetic and thermodynamic data. Key: (0) mode 
I; (0) at neutral pH and (X) at more extreme pH values, mode 11; (X) 
at neutral pH values and (0) at more extreme pH values, mode 111; (A) 
mode IV; connected lines, approximations of mode I and mode I1 as 
described in the text. In part a, inverse relaxation times in units s-I. In 
part b, the amplitudes are given as extinctions and are arbitrarily scaled. 
We have used an extinction coefficient of 5745 for the zwitterion and 
1810 for the anion. The extinction coefficients of other ions are taken 
to be zero. See text and Table V for a description of the normal reac- 
tions. 

agreement with the exact value. Near the isoelectric point, mode 
I is almost exclusively the overall reaction AN = AZ (Table V). 
At other pH values, the pH changes also somewhat in mode I. 
The amplitude of mode I1 is about 100 times smaller than the 
amplitude of mode I and will be, therefore, difficult to observe. 
The simulated mode I1 is associated with a change in pH, espe- 
cially at pH values much different from the isoelectric point. Thus, 
the approximation to the amplitude deviates slightly from the 
simulation; however, the approximation to the inverse relaxation 
time is indistinguishable from the simulated value. Near pKl and 
pK2, mode I11 is prominent. At a pH about equal to pKl = 5.0, 
the proton concentration is still smaller than the concentrations 
of the 3HP forms involved in mode IIIa. Consequently, the 
amplitude assumes its maximum value at lower pH, i.e., pH 4.3, 
where the concentrations of AN and AZ are comparable to the 
proton concentration. Similarly, mode IIIb assumes its maximum 
a t  a pH higher than pK2. The relaxation time of mode IIIa is 
slowest (longest) a t  a pH smaller than pK,. This is easily un- 
derstood because the dominating part of this relaxation time is 
a weighted average of k2,([H+1 + [AN]) and k91([H'l + [ A d ) ,  
which assumes a minimum when [H+] is approximately equal to 
the sum of concentrations of AN and AZ. A similar consideration 
holds for the relaxation time of mode IIIb. 

I -6 

C d 
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^ I  
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Figure 4. Relaxation spectrum of anthranilic acid simulated for an 
ultrasound experiment is shown together with measured data (m). See 
Table VI1 for the kinetic and thermodynamic data and Figures 2 and 3 
for a description of the plot. Key: (0) mode I; (0) at roughly pH 2.5-5, 
then (X), mode 11. For the other two normal reactions see Table VIII. 
Connected line is the function used for fitting the data. The total con- 
centration of ANA is 0.029 mol/L in a,b and 0.0093 mol/L in c,d. 

The relaxation spectrum simulated for an ultrasound experiment 
is shown in Figure 3. The normal modes are the same as in Figure 
2. Because the concentration of 3HP is higher in the simulation 
of the ultrasound experiment, there are small differences, however: 
the relaxation times of mode I and mode I1 are faster than in 
Figure 2, and the pH does not change in mode 11. Although this 
is not visible in Figure 3, the amplitude of mode IIIa takes on its 
maximum at  lower pH than it does in Figure 2. The inverse 
relaxation time of mode IIIa assumes its minimum also at a lower 
pH value. Similar behavior is observed for mode IIIb. 

Anthranilic Acid 
Mechanism of Proton-Transfer Reactions. The scheme of 

proton-transfer reactions of anthranilic acid in aqueous solution" 
is the same as that of 3HP (Figure 1). The values of the equi- 
librium constants are available from the We used 
pK1 = 2.09, pK2 = 4.97, and KT = 0.2. Since both pK values are 
smaller than 7, hydrolysis reactions are not important. 

Ultrasound Absorption. We have measured the ultrasonic 
attenuation of aqueous solutions of anthranilic acid (ANA) and 

(17) Potschka, M. Diplomarbeit, University of Vienna, 1978. 
(18) Serjeant, E. P.; Dempsey, B. Ionization Constants of Organic Acids 

in Aqueous Solution; International Union of Pure and Applied Chemistry; 
Pergamon: Oxford, U.K., 1979. 
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TABLE V Normal Reactions of 3-H~droxsprridine" 
A N  A2 A+ A- H+ OH- H20 

CjHp = 2 X lo4, pH 8.63 
I 1 .ooo -1.000 0.000 0.000 0.000 0.000 0.000 1 .oo 
11 -1.000 -0.999 1.000 0.999 0.041 0.042 -0.042 8.06 X lo4 
IIIb 0.487 0.5 12 0.000 -1.000 0.000 1 .ooo -1 .ooo 0.311 
IV -0.131 -0.123 -0.325 0.578 1.000 0.097 -0.097 1.91 X lo4 

CgHp = 2 X IO4, pH 6.93 
I 0.998 -1 .ooo 0.001 0.001 0.000 0.000 0.000 1 .ooo 
I1 -0.988 -0.974 0.962 1 .000 0.059 0.020 -0.020 2.65 X 
IIIb 0.464 0.488 0.027 -0.980 -0.007 1 ,000 -1.000 3.33 x 10-3 
IV = IIIa 0.455 0.478 -0.963 0.030 1 .ooo 0.007 -0.007 2.94 x 10-3 

~3Hp = 2 X lo4, pH 4.97 
I 1 .ooo -1.000 -0.027 0.000 0.027 0.000 0.000 1 ,000 
I1 -0.948 -0.940 0.889 1.000 -0.124 0.012 -0.012 9.88 X lo4 
IIIa 0.487 0.5 12 -1.000 0.000 1.000 0.000 0.000 0.404 
1v -0.253 -0.152 0.353 -0.312 0.335 1 .ooo -1.000 1.05 x 104 

CjHp = 0.1 mOl/L, pH 8.64 
I 1 .ooo -1.000 0.000 0.000 0.000 0.000 0.000 1 .ooo 
I1 1 .ooo 0.975 -0.988 -0.988 0.000 0.000 0.000 9.36 X lo4 
IIIb -0.487 -0.512 -0.000 1 .ooo 0.000 -1.000 1 .ooo 6.31 X lo4 
IV 0.164 0.156 0.340 -0.660 -1.000 0.000 0.000 2.23 x 10-7 

c3Hp = 0.1 mOI/L, pH 6.92 
I 0.997 -1.000 0.001 0.001 0.000 0.000 0.000 1 .ooo 
I1 1 .ooo 0.942 -0.971 -0.971 0.000 0.000 0.000 3.28 X lo-* 
IIIb -0.470 -0.495 -0.017 0.938 0.000 -1 .ooo 1 .ooo 6.23 X 10" 
IV = IIIa -0.452 -0.476 0.964 -0.036 -1 .ooo 0.000 0.000 2.12 x 104 

cjHp = 0.1 mol/L, pH 4.97 
I 1 .ooo -1.000 0.000 0.000 0.000 0.000 0.000 1.000 

IIIa -0.487 -0.512 1.000 0.000 
IV 

I1 1.000 0.982 -0.99 1 -0.99 1 0.000 0.000 -0.000 1.12 x 10-3 

0.115 0.106 -0.610 0.389 0.000 -1.000 1.000 1.78 x 10-7 
-1.000 0.000 0.000 3.06 X lo4 

OThe changes in concentration of every form of 3-hydroxypyridine and water for a given relaxation are tabulated. In each normal reaction, the 
species with the biggest change is normalized to one. The relative size of the changes of the normal modes is given in the last column. c3Hp = 2 X 
lo4 corresponds to the temperature jump experiment (Figure 2); cjHp = 0.1 mol/L corresponds to the ultrasound experiment (Figure 3). At each 
pH the reactions are listed in the order of their relaxation times, beginning with the slowest process. 

could resolve one relaxation process (see Table VI and Figure 4). 
We assumed that the relaxation is due to proton-transfer reac- 
tionse6 Since the amplitude assumes its maximum at the isoelectric 
point, it follows that either mode I or mode I1 has been measured. 
It is easily seen that a t  all pH values the r factor of mode I is 
larger than that of mode 11. The reaction volumes of anthranilic 
acid are not known from independent measurements. In overall 
reaction I, the number of local charges changes by 2. In overall 
reaction 11, the number of local charges changes by -2 in the 
reaction to A N  and by +2 in the reaction to AZ. Depending on 
the stoichiometric coefficients of AN and AZ, this number might 
be anywhere between -2 and +2. Reaction volumes of reactions 
that generate an ion pair are about -10 to -20 mL/mol.12 Re- 
actions in which the number of charges is constant usually have 
a smaller reaction volume in absolute value. We expect, therefore, 
mode I to have a larger reaction volume than mode 11. Since the 
amplitude of the ultrasound experiment depends on the square 
of the reaction volumes, this difference would translate to an even 
bigger difference in amplitude. White and Slutskqp have estimated 
reaction volumes for ANA by a comparison with analogous re- 
actions. If the coefficients of AN and A, in normal reaction I1 
are taken to be equal and unity, one calculates from their data 
the same reaction volumes for mode I and mode 11. However, 
they did not consider a potential significance of mode 11. If we 
use their data or the values determined for 3HP, we indeed 
calculate a much larger amplitude for mode I than for mode I1 
(see also Figure 4). The pH dependence of the measured am- 
plitude clearly resembles that of mode I (Figure 4). We therefore 
attribute the ultrasonic absorption to mode I. 

We fitted the relaxation data to the equation ko + kH[H+] + 
k-[A-] + kN[AN], which is a simple version of the approximate 
formula for the inverse relaxation time of mode I. The constant 
k+ corresponding to k- could not be determined because, a t  pH 
values smaller than the isoelectric point, the contribution of the 

dissociative pathway is much larger than the contribution of the 
bimolecular reaction catalyzed by the cation. Since ANA is not 
easily soluble a t  the isoelectric point, we could not measure the 
relaxation time a t  high concentrations of ANA, where the con- 
tribution of the bimolecular reactions would be larger. In Table 
VI we show the measured values and the coefficients obtained. 
The rate of the intramolecular proton-transfer step was found to 
be ko = k23(1 + KT)/KT = k23 + k32 = 9.9 X lo6 s-I. This is 
significantly larger than the constant term that arises from the 
dissociative pathway (see section Ib), which calculates as about 
6 X lo5 s-l, using a diffusion-controlled constant of 2 X 1Olo L 
mol-' s-' for the protolysis reactions of the anion. We stress that 
setting ko to zero does not lead to a satisfactory fit. 

A rough quantitative argument should illustrate this fact. We 
use the diffusion-controlled limit of 5 X 1Olo L mol-' s-l as an 
estimate for kH and the diffusion-controlled limit of 5 X lo8 L 
mol-' s-I as an estimate for k-.6 Then, at pH 4.3, the contribution 
of the dissociative pathway to the inverse relaxation time calculates 
as 2.5 X lo6 s-l, and the contribution of the bimolecular pathway 
calculates as 3 X lo6 s-' at the highest concentration of ANA used. 
However, at pH 4.3, we measured inverse relaxation times greater 
than lo7 s-I at any concentration of ANA used. A similar estimate 
for the inverse relaxation time at  the isoelectric point, pH - 3.6, 
furnishes for the dissociative pathway a contribution of 1.25 X 
lo7 s-', which could largely account for our measurement. Such 
reasoning probably led White and Slutsky6 to their conclusion that 
the intramolecular pathway plays no role in aqueous solution. 
However, the concentration and pH dependence of the inverse 
relaxation time firmly establishes the significance of the intra- 
molecular reaction. We also obtained smaller values for kH and 
k- than those used in the argument above. From the data at lower 
pH, for instance, it is immediately clear that kH is smaller than 
2 X loco L-' mol s-], which is consistent with the rate constant 
found for 3HP. 
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TABLE VI: Ultrasound Measurements of Anthranilic Acid in WateP 
1 0 2 c , ~ ~  PH 10"r-I, s-l lO'(rAflf) 
2.91 1.96 18.3 3.07 
2.92 
2.91 
2.95 
2.92 
2.92 
0.932 
0.933 
0.933 
0.932 
0.932 
0.933 
0.933 
0.933 
0.932 
0.932 
0.953 
1.72 
1.32 
1.31 
1.31 
0.709 
2.91 
2.92 
2.95 
2.91 
2.92 
2.91 
2.86 
1.31 
1.31 
0.932 
0.932 
0.933 
0.933 
0.932 
0.932 
0.933 
0.933 
0.933 
0.933 
0.932 
0.932 
0.709 

2.77 
3.64 
3.65 
4.30 
5.0 
2.26 
2.33 
2.70 
2.75 
2.97 
4.33 
4.59 
4.9 
5.01 
5.33 
5.34 
5.34 
2.90 
4.30 
5.01 
3.64 
1.96 
2.76 
3.64 
3.65 
4.30 
5.0 
5.30 
4.3 
5.01 
2.25 
2.28 
2.33 
2.70 
2.76 
2.97 
3.01 
4.34 
4.59 
4.9 
5.0 
5.33 
3.70 

4.05 5.66 
1.45 8.19 
1.38 6.40 
1.51 7.04 
1.74 3.78 

14.4 2.25 
8.25 1.18 
4.42 1.59 
2.91 1.78 
2.58 1.90 
1.27 2.09 
1.25 1.81 
1.26 1.37 
1.12 1.14 
1.20 0.83 
1.09 0.65 
1.36 1.33 
3.56 2.71 
1.29 3.1 1 
1.46 1.72 
1.36 1.78 

17.6 2.9 
4.1 5.6 
1.5 6.5 
1.48 8.0 
1.48 7 .O 
1.75 3.8 
1.74 2.3 
1.27 3.1 
1.37 
9.5 

10.4 1.5 
8.2 1.3 
4.4 1.7 
3.6 1.9 
2.58 1.9 
2.3 
1.23 2.1 
1.24 1.7 
1.26 1.35 
1.2 1.2 
1.25 0.75 
1.37 1.8 

'A linear fit furnished as follows: 7-1 = (9.9 X lo6) & (6 X lo5) + 
[(1.56 X 10") i (5.4 X 108)][H+] + [(3.25 X lo8) * (6.7 X.1O7)][A-] 
+ [(6.9 X lo7) f (3.7 X 10')][AN]. From the amplitudes weobtained 
KT(AVs)T2/(1 + KT)* = 19.5 & 0.6 (mL/mol)2, pKI = 2.24, and pK2 = 
4.99. 

The constant kN obtained from the fit in Table VI is statistically 
not very significant. If we omit it, we obtain slightly larger values 
for ko and k-: ko = 1.06 X lo7 L mol-' s-l and ko = 3.6 X lo8 
L mol-' s-l. Their standard deviations are about the same as in 
the fit shown. We use, however, the values obtained from the first 
fit. The individual rate constants calculated from the fitted pa- 
rameters are shown in Table VII. We have calculated the rate 
constants for the reaction 2AN 2Az from kN, where we sub- 
tracted the contribution from the bimolecular reactions described 
in section IIb above, but do not consider them to be significant. 
kH, the diffusion-controlled rate constant for the protolysis re- 
actions determined by us, is a weighted average of k12 and kI3. 
For the estimation of the constant term from section Ib, the 
diffusion-controlled constants k4, and k4, have to be used. We 
have used a conservative value of 2 X 1O'O L mol-' s-' to estimate 
a correction term of 6 X lo5 s-'. With this value the sum of the 
forward rate constant and backward rate constant of the intra- 
molecular proton-transfer step is determined as 9.3 X IO6 s-l. 
However, with the diffusion-controlled limit of 5 X 1O'O L mol-' 
s-l the correction would be bigger, Le., 1.5 X lo6 s-I. 

From the amplitudes we have calculated the reaction volume 
at constant entropy and have found I(AV&l = 11.9 mL/mol, using 
KT = 0.2 as cited by White and Slutsky.6 We assume a negative 
sign since almost all equilibria between neutral form and zwitterion 
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TABLE VII: Kinetic Mechanism of Anthranilic Acid' 

k/ k, AV 
AN + H+ + A+ 1.56 X 10" 1.06 X lo8 -4.00 
AN + AZ 1.55 X lo6 7.75 X lo6 -21.0 
AN H+ + A- 2.57 X lo5 2.00 X 10" -10.0 
AN + H2O + A+ + OH- 5.33 X lo4 2.00 X loLo -25.5 
AZ + H+ + A+ 1.56 X 1Olo 2.12 X lo7 17.0 
AZ + H+ + A- 1.28 X lo6 2.00 X 1O'O 11.0 
AZ + H 2 0  + A+ + OH- 2.66 X lo-) 2.00 X 1O'O -4.50 

 AN ---L 2AZ 2.00 X lo6 5.00 X lo7 -42.0 
AN + A+ + AZ + A+ 5.40 X lo7 2.70 X lo8 -21.0 
AN + A-+ AZ + A- 5.40 X lo7 2.70 X lo8 -21.0 
A+ + A- d 2AN 9.00 X lo8 1.71 X lo6 14.0 
A+ + A- + 2AZ 9.00 X lo8 4.27 X lo7 -28.0 

H+ + OH- + H 2 0  1.40 X 10" 2.53 X 21.5 

"A  few rate constants and the reaction volume of the second reaction 
were determined by us (see text). Other parameters were largely taken 
from 3-hydroxypyridine or from analogous reactions. 

have reaction volumes between -10 and -20 mL/mol.'* With the 
reaction enthalpy cited by White and Slutsky, AHT = -41.3 
kJ/mol, we calculate AVT to be -15.1 mL/mol. 

The simulation of the relaxation spectrum at  two different 
concentrations of ANA together with measured data is shown in 
Figure 4. We used the same mechanism as with 3HP (Table VII), 
although the contribution of the hydrolysis reactions is negligible. 
The computed concentration changes are shown in Table VIII. 
The simulation is in sufficient agreement with data and the fitted 
curve; small deviations between the approximate curve and the 
simulated curve can easily be explained. The simulated relaxation 
I is only to about 80-90% ideal mode I and has also some mode 
I1 and mode 111 mixed in. This introduces a systematic error in 
our reaction volume and in our rate constants. Since the precise 
amount of that error depends on an exact knowledge of all rate 
constants and reaction volumes, we did not calculate that cor- 
rection. Finally, we stress that with a significantly smaller in- 
tramolecular rate constant than the one used, the data cannot 
adequately be simulated (not shown). 

We mentioned already that ANA has also been investigated 
by White and Slutsky: some of the ultrasonic data they used were 
obtained earlier by Eggers.I9 In aqueous solution, they found 
no evidence for an intramolecu1ar.proton-transfer step. At their 
experimental conditions, the contributions of the dissociative and 
the intramolecular pathways are comparable in magnitude-i.e., 
if our results are used for this comparison. Since they have 
measured ultrasonic absorption at  only one concentration of ANA 
and only in a limited pH range, they probably could not distinguish 
between the different contributions to the inverse relaxation time. 
White and Slutsky concluded, however, that proton transfer of 
ANA in methanol takes place via an intramolecular step and 
reported a value of 1.4 X lo8 s-I for the intramolecular proton- 
transfer rate constant in the thermodynamically favored direction. 
This contribution is bigger than the contribution of dissociative 
and bimolecular pathways and should be reliable, therefore. They 
also found a much larger reaction volume in methanol than the 
one we found for aqueous solution: -32.4 mL/mol. 
On the basis of our simulations for ANA and the results of 3HP 

and other dibasic acids, we have assumed that the excess ultra- 
sound absorption is caused by proton-transfer reactions. Reversible 
aggregation reactions of ANA would also contribute a constant 
term to the inverse relaxation time. However, especially at lower 
concentrations of ANA, we think it not very likely that aggregation 
contributes much to the relaxation process. Porschke and Eggersm 
have studied stacking of aromatic compounds, and Yiv et al?' 

AZ + OH- + A- + H20 2.00 X 10" 5.63 X 32.5 

A+ + A- + A N  + AZ 9.00 X 10' 8.53 X lo6 -7.00 

AN + OH- + A- + H20 2.00 X 10" 2.81 X lo-' 11.5 

(19) Eggers, F. Acusrica 1967/1968, 19, 323-329. 
(20) Porschke, D.; Eggers, F. Eur. J .  Biochem. 1972, 26, 490-498. 
(21) Yiv, S.; Lang, J.; Zana, R. In Protons and Ions Involved in Fast 

Dynamical Phenomena; Proceedings of the 30th International Meeting of the 
Soc. de Chim. Phys. de France; Laszlo, P.; Ed.; Elsevier: Amsterdam, 1978; 
pp 311-322. 
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TABLE VIII: Normal Reactions of Anthranilic Acid in Figure 4 

AN A2 A+ A- H+ OH- H20 
CANA = 0.029 mol/L, pH 4.0 

I 1.000 -0.896 -0.045 -0.058 -0.01 3 0.000 0.000 1 .ooo 
I1 -0.832 -0.964 0.796 1.000 0.204 0.000 0.000 2.88 X 
IV -0.725 -0.146 -0.105 0.976 0.08 1 -1.000 1.000 1.89 X lo-* 
111 0.604 0.056 -0.830 0.170 1.000 0.000 0.000 4.51 X lo4 

CAN* = 0.029 mol/L, pH 3.6 
I 1.000 -0.798 -0.088 -0.114 -0.026 0.000 0.000 1 .ooo 
I1 -0.400 -1.000 0.616 0.784 0.168 0.000 0.000 9.21 X 
111 0.733 0.119 -0.926 0.074 1.000 0.000 0.000 1.07 X lo-' 
IV -1.000 -0.172 0.525 0.648 -0.643 -0.766 0.766 8.89 x 10-9 

CANA = 0.029 mol/L, pH 3.04 
I 1.000 -0.898 -0.044 -0.058 
I1 -0.548 -1.000 0.673 0.875 
111 0.805 0.153 -0.979 0.021 
IV -0.688 -0.093 0.065 0.715 

have investigated the influence of aggregation processes on the 
relaxation of proton-transfer reactions. From their studies it 
follows that if association occurs at pK,, this process is much faster 
than mode I and decoupled. Mode I would be modified by the 
faster association process and would become s l o ~ e r . ~ ~ ~ ~ ~  AI! even 
faster intramolecular proton-transfer step would then be needed 
to simulate the relaxation adequately. 

Discussion 
The kinetic mechanism of proton transfer in aqueous solutions 

of 3-hydroxypyridine comprises 16 reactions. Using thermody- 
namic data estimated by us in this work and published thermo- 
dynamic and kinetic data, we have calculated its relaxation 
spectrum. The conclusions reached are valid for many dibasic 
acids. Near chemical equilibrium, the kinetics can be described 
by four normal reactions. Mode I is the equilibration between 
the neutral form and the zwitterion, AN = AZ. Mode I1 is the 
overall reaction A+ + A- = xAN + (2 - x)AZ, 0 I x I 2. Mode 
111 consists of two branches, A+ = xAN + (1 - x)AZ + H+, x - 
0.5, a t  pKl and xAN + (1 - x)AZ + OH- = A- + HzO, x - 0.5, 
at pK,. The fourth relaxation consists of hydrolysis reactions at  
pH << 7 and of protolysis reactions at  pH >> 7 and can be ne- 
glected. We have discussed the relaxation times and amplitudes 
(I' factors) of the first three relaxation processes in detail and paid 
special attention to mode I and mode 11, which are most prominent 
a t  the isoelectric point of the dibasic acid. Especially in a neutral 
system, Le., a dibasic acid with an isoelectric point near pH 7, 
mode I and mode I1 are similar enough to be mistaken for each 
other. If KT/( 1 + KT)' is approximately equal to the square root 
of Kz/Kl, making the I? factors of mode I and mode I1 comparable 
in size a t  the isoelectric point, great care has to be exercised to 
establish which relaxation process has been measured. 

In the second part of this work, we have investigated the kinetics 
of proton transfer in aqueous solutions of anthranilic acid with 
the ultrasound method. We have measured a single relaxation 
and attributed it to the tautomeric equilibrium AN = AZ. In- 
tramolecular proton transfer plays a significant role in the 
equilibration of this reaction. The sum of the forward rate constant 
and backward rate constant of the intramolecular proton-transfer 
reaction AN AZ is about lo7 s-'. This rate is clearly slower 
than diffusion-controlled intermolecular proton transfers. White 
and Slutsky6 have also studied the kinetics of proton-transfer 
reactions in aqueous solutions of anthranilic acid, using ultrasound 
data obtained by Eggers,I9 and found no evidence for intramo- 
lecular proton transfer. However, they had only a few data and 
could not distinguish clearly between a dissociative pathway, 
bimolecular pathway, and intramolecular pathway of proton 
transfer. A few examples of intramolecular proton-transfer rates 
in aqueous solution were compiled by Schuster et aL4 and Dubois 

(22) Bernasconi, C. F. Relaxation Kinetics; Wiley: New York, 1976; pp 

(23) Reiter, J.; Schuster, P.; Winkler, H.; Eggers, F. Eur. Biophys. J .  1988, 
99-102. 

in press. 

-0.015 0.000 0.000 1 .ooo 
0.203 0.000 0.000 4.01 X 
1.000 0.000 0.000 4.20 X lo-' 

-0.350 -1.000 1.000 2.19 x 10-9 

et aL5 Dubois et al., for instance, measured 6-chloro-Zhydroxy- 
pyridine and determined the intramolecular rate constant to be 
3.9 X lo4 sd, which is much slower than ours. This can probably 
be explained by the fact that the reactive groups, Le., especially 
the carboxylic group, are more mobile in anthranilic acid, and 
they can, therefore, come closer together than the reactive groups 
in the 2-hydroxypyridine derivative. White and Slutsky6 deter- 
mined the rate of intramolecular proton transfer in anthranilic 
acid in methanol and found a rate constant of 1.4 X lo8 s-', which 
is more than 10 times faster than our result in water. This might 
be explained by a faster reorganization time of the solvent shell 
in methanol compared to that of water. 

Experiments and Methods 
Estimation of Reaction Enthalpies. 3HP and all other chem- 

icals were obtained from Merck, Darmstadt, in p.A. quality. 
Spectra a t  different temperatures were taken with a Hitachi 
spectral photometer equipped with thermostatable cuvette holders 
and were recorded digitally on a PDPl 1 computer. We used the 
absorptions between 260 and 330 nm for the parameter estima- 
tions. The following three buffers were chosen: acetate buffer 
for the range of pK,, phosphate buffer for the range of pKI, and 
ammonia buffer for the range of pK,. 

The pH variation of the buffers with temperature is t ab~la ted?~ 
and we corrected for it. All measurements were done at an ionic 
strength of 0.2. K1 and Kz could be obtained for each temperature 
in a straightforward manner. To estimate the value of AHT, we 
had to compare data from different temperatures. To be able to 
do that, we assumed the volume change of the solution with 
temperature to be the same as that of pure water.25 

Estimation of Reaction Volumes. In order to estimate the 
reaction volumes, we measured the spectra a t  different pressures 
varying from 1 to 2000 bar. We used a single-beam Cary 
spectrophotometer equipped with a recorder and digitized the 
absorptions at  313.5 and 298 nm by hand. The sample was 
contained in a steel cell with sapphire windows. The measurements 
were done in acetate buffer, cacodylate buffer, Tris buffer, and 
phosphate buffer at an ionic strength of 0.2. The pH changes 
of the buffers with pressure were calculated by using published 
reaction volumes.26 All measurements were done at a temperature 
between 23 and 25 "C. We assumed the compressibility of the 
solution to be the same as that of pure water.27 

Error Estimations.z8 We calculated standard deviations for 
the random error with the assumption of a Gaussian error dis- 
tribution. When fitting equations to data, we assumed that each 

(24) Biochemist's Handbook, Long, C.,  Ed.; Spon Ltd.: London, 1961; 

(25) Water, Franks, F., Ed.; Plenum: New York, London, 1972; Vol. 1, 

(26) Neumann, R. C., Jr.; Kauzmann, W.; Zipp, A. J .  Phys. Chem. 1973, 

(27) Landolt-B6rnstein, Zahlenwerre und Funktionen aus Physik, Chemie, 
Geophysik und Technik; Springer Verlag: 1971; Vol. 2, Part 1, pp 451-452. 

(28) Bevington, P. R. Data Reduction and Error Analysis for the Physical 
Sciences; McGraw-Hill: New York, 1969. 

pp 42-44. 

p 376. 

77, 2687-2691. 
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measurement is the absorption peak width, in units of frequency, 
at half power divided by the ultrasound frequency at the maximum 
of the absorption curve. For a single relaxation process, we have 
at  the frequency of maximal absorption 

(Af/f),-1=2*, = FA Vs2 / (2 R TKO) 

Substituting the standard value for the gas constant R ,  298.15 
K for the absolute temperature T, and the value of water for the 
isothermic compressibility K ~ ,  we obtain 

measurement had the same relative standard deviation and de- 
termined this relative standard deviation and the standard de- 
viations of the parameters in the usual manner by assuming a good 
fit. In reality, of course, the error distribution may not be 
Gaussian, and data points obtained at different physical conditions 
may have a different relative error, which limits the usefulness 
of the presented standard deviations as a measure for the random 
error. We always present standard deviations when we determine 
parameters from data but give no error estimate of the final result. 

Simulation of Relaxation Spectra. The fundamental reference 
of the theory of relaxation kinetics is Eigen and De Maeyer.13 
Many other treatments are available.'-' 19152z.z9 Since we frequently 
calculate the I' factor of the amplitude in this work, we state its 
formula for a single relaxation process explicitly: 

where ui is the stoichiometric coefficient of species i and E, is the 
equilibrium concentration of species i. 

We also want to clarify a technical detail. Relaxation times 
of coupled chemical equilibria cannot cross because of the nature 
of the linearized rate matrix. This is closely related to the no- 
crossing rule of quantum chemistry. Instead of actually crossing, 
each inverse relaxation time (eigenvalue) bends back and continues 
seemingly as a continuation of the other one. The two relaxation 
times exchange amplitudes (eigenvectors), however. Therefore, 
relaxation times associated with particular normal reactions appear 
to cross. 

Ultrasound Absorption. We measured the ultrasound ab- 
sorption in the frequency range from 0.2 to 20 MHz, using a 
resonator cell described by Eggers and F ~ n c k . ~ O  The measure- 
ments were done as described by Eggers.19 We describe only the 
evaluation of the ultrasound amplitudes. The result of the 

(29) Bauer, H. J. In Physical Acoustics; Mason, W. P., Ed.; Academic: 

(30) Eggers, T.; Funck, T. Rev. Sci. Instrum. 1973,44,969-977. 
New York, 1965; Vol. IIA, p 47. 

where r has the dimension of a concentration, liters per mole, 
and AVs, the adiabatic reaction volume, is given in milliters per 
mole. The amplitudes of the simulations yield rAVs2. Finally, 
we have the following relation between adiabatic and isothermic 
reaction volumes: 

AVs = A V -  AHCY,/(&,) 

Using again the values of water for the thermic expansion 
coefficient CY,, the density p ,  and the heat capacity C,, we have 

A V ~  = A V -  (6.7 x 1 0 - 5 ) ~  

where AV, the reaction volume at  constant pressure and tem- 
perature, has the unit milliliters per mole, and AH, the reaction 
enthalpy at constant pressure and temperature, has the unit joules 
per mole. Analogous relations apply in the case of more than one 
relaxation process. 
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