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Hydrolysis Kinetics of Photoexcited 6-Methoxyquinoline in 
Aqueous Acetonitrile Solutions 

Stephen G. S c h u l m a n  1,2 and Robert  W.  T o w n s e n d  1 

6-Methoxyquinoline undergoes pseudo-first-order hydrolysis and its conjugate acid, second-order 
proton abstraction by hydroxide ion, in the lowest excited singlet state. The proton transfer kinetics 
in water containing acetonitrile up to a mole fraction of about 0.1 have been evaluated as a function 
of acetonitrile concentration. At mole fractions above 0.13 of acetonitrile, proton transfer does not 
occur. At mole fractions below 0.1 steady-state and pulsed-source fluorimetries show the rate 
constant for hydrolysis to decrease exponentially with the mole fraction of acetonitrile. This is 
believed to be due to penetration of the aqueous solvent cage of the 6-methoxyquinoline by ace- 
tonitrile rather than to specific solvation by the organic cosolvent. The rate of neutralization of the 
conjugate acid by hydroxide ion is found to vary only slightly and depends on the bulk dielectric 
properties of the solvent. 
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INTRODUCTION 

Mixed organic-aqueous solvents are used to en- 
hance solubilities of  substances sparingly soluble in wa- 
ter, chemical properties (e.g., acidity) for analytical pur- 
poses, and separation of complex mixtures in liquid 
chromatography. Often it is desired to extrapolate prop- 
erties determined in mixed solvents to the values they 
would have in pure water. This is difficult because sol- 
vation and molecular transport can be far more compli- 
cated in mixed solvents than in pure solvents. The 
kinetics of proton transfer of  electronically excited acids 
and bases are affected by the solvent composition in 
ways which reflect the solvations of  the reactants and 
products and the influences of their structures upon ionic 
or molecular diffusion. Moreover, excited-state proton 
transfer occurs in organic solvents only when a substan- 
tial amount of  water is present [1-3], suggesting that 
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water structure plays a major role in fast proton transfer. 
If the relationships between solvent composition and pro- 
ton transfer rate constants can be accurately evaluated, a 
greater understanding of the nature of solvent-solvent and 
solvent-solute interactions and better predictability of 
properties of solutes in aqueous solutions may result. In 
particular, it may be possible to determine the activities 
of the components of binary solvent systems. 

Fluorimetric, steady-state pH titrations [4,5] cou- 
pled with fluorescence decay time measurements may be 
used to determine rate constants k u and ka for pseudo- 
first-order base hydrolysis and second-order proton ab- 
straction by OH-. To date, however, the influence of 
solvent composition on the hydrolysis of weak bases in 
the lowest excited singlet state has been studied only in 
aqueous ethanol solutions and no study of the reverse 
reaction, the abstraction of H § from the conjugate acid 
by OH-, has been undertaken in any mixed solvent. Be- 
cause of our interest in the role the solvent composition 
might play in the kinetics of hydrolysis and proton ab- 
straction, the present study of the photohydrolysis of 6- 
methoxyquinoline was undertaken. 
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Fig. 1. Variation of the relative quantum yield of fluorescence (r162176 
of 6-methoxyquinolinium cation with the logarithm of hydroxide ion 
concentration ([OH-]) at various mole fractions of acetonitrile (X~a~cN) 
in aqueous acetonitrile: A (XMecN = 0); B (XMeCN = 0.037); C (XM,cN 
= 0.079); D (X~a~ = 0.128). 

EXPERIMENTAL 

Materials 

6-Methoxyquinoline was purchased from Pfaltz and 
Bauer, Inc., Westbury, CT, and purified by vacuum dis- 
tillation. Acetonitrile (HPLC grade) was stored over 
Davison 4-A molecular sieves; 5.0 M sodium hydroxide 
and perchloric acid (analytical grade) were purchased 
from Fisher Scientific Co., Fairlawn, NJ. 

Absorption measurements were made on a Cary 
Model 219 spectrophotometer. Steady-state fluorescence 
measurements were made at 25~ on a Perkin Elmer LS- 
5 fluorescence spectrophotometer whose monochroma- 
tors were calibrated against the xenon line emission 
spectrum. A Lauda K-4R water both was used in asso- 
ciation with the spectrophotometers to maintain the tem- 
perature constant at 25~ Fluorescence decay times 
were measured on a TRW Model 31B decay time fluo- 
rometer. A Gilmont Pipetman micropipet was used to 
deliver water and cosolvent mixtures. 

Methods 

A 10 -2 M ethanolic stock solution of 6-methoxy- 
quinoline was prepared prior to experimentation. A 
known volume of the stock solution was then micropi- 
petted into a series of 10-ml volumetric flasks and the 
aliquot was evaporated under a stream of nitrogen gas. 
The residue was brought to volume by the addition of a 
known concentration of acid or base along with a spe- 
cific volume of organic cosolvent to give the mole frac- 
tion of interest. The final concentration of 6-methoxy- 

quinoline in each test solution was 5 • l0 -6 l~f. The 
probe concentration was chosen to keep the absorbance 
at the excitation wavelengths below 0.02 absorbance 
unit, thereby minimizing the nonlinearity of fluorescence 
with concentration dependent absorbance changes. 

Titrations were performed as follows: 
(1) Two milliliters of a test solution of known mole 

fraction of organic cosolvent was pipetted into a 1-cm 2 
cuvette having a 3 ml volume and the emission spectrum 
was obtained. 

(2) The above solution was titrated with an aque- 
ous acetonitrile solution, 1.00 M in sodium hydroxide 
and 5 • 10 -6 M in 6-methoxyquinoline, so that the con- 
centration of the latter remained constant throughout the 
titration. Fluorescence spectra were scanned immedi- 
ately after each increment of titrant was added to mini- 
mize acetonitrile hydrolysis catalyzed by the alkaline 
medium and the titration was carried out until the fluo- 
rescence of the 6-methoxyquinolinium cation could no 
longer be observed. Calculation of the ionic strength at 
each point in the titration was carried out using the for- 
mal concentration of the sodium hydroxide at each point. 
Activity coefficients were calculated using dielectric 
constants for acetonitrile water solutions found in the 
literature [6-8]. 

RESULTS AND DISCUSSION 

The dependences of the relative quantum yields of 
fluorescence of 6-methoxyquinoline, in solvents contain- 
ing varying molar ratios of acetonitrile and water, on the 
formal hydroxide ion concentration [OH-] are shown in 
Fig. 1. At formal hydrogen ion concentrations greater 
than 1 • l0 -4 M, the cation is the sole absorbing and 
emitting species. In the interval 1 • 10 -5 M > [OH-] 
> 1 • 10 -9 M, the neutral molecule is the sole absorber. 
However, fluorescence is observed from the cation as 
well as from the neutral molecule. This results from the 
protonation, in the lowest excited singlet state, of the 
nitrogen atom of the directly excited neutral molecule 
[9]. In this region of acidity or alkalinity, the relative 
quantum yields of fluorescence of the neutral molecule, 
~b / +o, and of the cation, O#'/qb'o, are invariant with re- 
spect to [H +] and [OH-] and are related to the kinetics 
of protonation in the excited state, in mixed aqueous 
organic solvents as well as in water, by [5, 9] 

~b' I ~b' ( ~ )  = & To (1) 

where kb is the rate constant for protonation of 6-meth- 
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Fig. 2. Plots of  (r / ((b'/qbo') vs F [OH-] for 6-methoxyquinoline 
in aqueous acetonitfile. A (XM~cr~ = 0); B (X~ocN = 0.037); C (XMocs 
= 0.079); D (XM~ = 0.12S). 

oxyquinoline in, and % the lifetime of, the excited state. 
It was previously shown for 6-methoxyquinoline in 
aqueous ethanol that (qb' / qb'o) / (qb / qbo) and, therefore, 
kb% vary exponentially with the mole fraction of organic 
cosolvent [5] and that the slope of the plot of 1OgkbT o 
against X~, the mole fraction of cosolvent, is a function 
of the activity of water and the distance separating the 
fully hydrated hydrogen ion and the fully hydrated con- 
jugate base in the encounter complex [5] (or solvent sep- 
arated ion pair). 

At [OH-] > 1 • 10 -s M, the fluorescence of the 
neutral 6-methoxyquinoline increased with increasing 
[OH-] in all solvent mixtures, becoming maximal in 
about 0.1 M NaOH. At the same time, the fluorescence 
of the conjugate acid decreased and eventually disap- 
peared, concomitant with the increase in fluorescence 
from the neutral molecule. This behavior is typical of an 
N-heterocyclic compound and corresponds to deproton- 
ation of the excited conjugate acid subsequent to hy- 
drolysis of the conjugate base [9]. At [OH-] < 1 • 10 -5 
M, the kinetics of deprotonation are such that there is 
not enough [OH-] present to deprotonate the cation 
measurably, during the lifetime of the excited state, "r' o. 
In the alkaline region where (b/qb o and qb'/qb' o vary with 
[OH-] (Fig. 2), the relationship between them is given 
by [5,9] 

+ / 0 o  1 ko,r'o 
- + F [OH]- (2) 

( ~ ) t /  (~)t ~ kbTo kbeg ~ 

where k, is the rate constant for deprotonation of the 6- 
methoxyquinoline cation (BH +) in the excited state and 
F is the Bronsted kinetic activity factor [10,11], which 
corrects each experimental value of /ca to zero ionic 
strength in the solvent mixture chosen and is given by 

- l o g F -  1 + aB~//~ (3) 

where g is the ionic strength. A is related to the dielectric 
constant e and the absolute temperature T by [12,13] 

A = 1.826 • 106 (sT) -3/2 (4) 

B is related to e by 

B = 5.031 X 109 ( s T )  -1/2 (5)  

and a is the mean distance of closet approach of  the fully 
solvated [OH-] and the 6-methoxyquinoline cation, 
which when calculated from the slope of logkb% versus 
XM,CN was found to be 8.0 A [14]. 

Values of 8, A, and B for various acetonitrile water 
mixtures at 25~ in which fluorimetric titrations were 
carried out, are given in Table I. As shown in Fig. 2, 
plots of (~b/~o) t qb'/+'o) versus F[OH-] are linear up to 
at least [OH-] = 0.004 M. The ordinate intercepts of 
these lines, which according to Eq. (2), should corre- 
spond to (kbTo) -t, agree well with the corresponding 
terms calculated from Eq. (1). Although kb'r o is ex- 
tremely solvent dependent, ka'r'o (Table I) is virtually in- 
dependent of  the mole fraction of acetonitrile in the 
solvent up to XMoCN = 0. 128, the highest amount of ace- 
tonitrile that could be present and still allow a reasonable 
fluorimetric titration with OH- to be evaluated (at higher 
XM~CN excited-state proton transfer is almost nonexist- 
ent). 

The fluorescence decay times of 6-methoxyquino- 
line and its protonated form were found to be 10.8 _+ 
0.7 and 23.7 + 0.4 ns in water [14] and were invariant 
in the water-alcohol solutions up to a mole fraction of 
acetonitrile (XMocN) of about 0.13. These lifetimes and 
the values of ka;r' o taken from Fig. 2 were used to cal- 
culate the rate constants k b and k a listed in Table I. 

A plot of logk b vs XMeCN , shown in Fig. 3, is linear 
with a slope m of -10 .7  _+ 0.2 and has the equation 

1Ogkb = 1ogkb(o) + mXMecN (6) 

which transforms directly to 

& / & ( o )  = e ~.3~ m~ MeCN (7)  

where kb(o ) is the pseudo-first order rate constant for 
photohydrolysis in pure water. In Eq. (7) the term kb/ 
kb(O) may be taken as the probability that acetonitrile 
will not interfere with the hydrolysis reaction, an as- 
sumption that allows a physical interpretation of the 
slope m. 

The probability Pn that n acetonitrile molecules 
penetrate a sphere of radius R around a reactant (excited 
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Table I. Rate Constants k b and k a for the Pseudo-First-Order Hydrolysis and Second-Order Proton Abstraction by Hydroxide Ion of 6- 
Methoxyquinoline and Its Conjugate Acid, Respectively, in Partially Aqueous Solutions Containing Various Mole Fractions (x~4~c~) of 

Acetonitrile 

Vohtme percentage 
acetonitrile XMeCN k b (s -I X 10-7) ~ kb(s -1 X 10-7) b k.(M -1 s 1 X i0 -1~ 

0 0 4.6 • 0.3 4.3 • 0.3 2.4 • 0.2 

10 0.037 3.3 • 0.2 3.3 • 0.2 1.8 +_ 0.2 

20 0.079 1.7 • 0.1 1.8 • 0.1 2.2 _ 0.2 
30 0.128 0.78 • 0.06 0.55 • 0.04 1.7 • 0.1 

~ with the aid of Eq. (1). 
bCalculated from the ordinate intercepts in Fig. 2. 
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Fig. 3. Plot of the variation of the logarithm of the photohydrolysis 
rate constant k b of 6-methoxyquinoline with the mole fraction of ace- 
tonitrile, XM~CN, in acetonitrile-water solutions. 

6-methoxyquinoline) molecule is given by the Poisson 
distribution [15]. 

~ n 

P. = ~ e -x (8) 

where 

4/3'rrR3N~MecN 
k = (9) 

VMeCN 

No is Avogadro's number and VMeCN is the partial molar 
volume of acetonitrile, which may be approximated as 
the ratio of  its molecular weight to its density (Vr4ocN = 
52.2 cm3). k is therefore the product of  the mole fraction 
of acetonitrile and the ratio of  the volume of the hydra- 
tion "sphere of  action" to the molecular volume of ace- 
tonitrile. I f  kb/k b (o) is taken as the probability that no 
acetonitrile has entered the "sphere of  action" of ex- 
cited 6-methoxyquinoline, then n = o and 

kb/kb(O) = Po = e -x (10) 

It follows from Eqs. (9) and (10) that 

2.303m = [-4/3rrRWo] / VM=cx (11) 

and if m = 10.7 4- 0.2, we can calculate that 

R = 8.0 • 10 - s c m  

This result is quite close to the 7.5 • 10 -s cm usu- 
ally taken as a mean value for the interionic separation 
in an encounter complex or solvent separated ion pair in 
a proton transfer reaction [16]. We may therefore inter- 
pret R as the distance through which the proton must 
travel from a water molecule to an accepting 6-metho- 
xyquinoline molecule, unimpeded by the interruption of 
water structure in the vicinity of  the base by acetonitrile. 

The slope of the plot of logk b vs XM~cN also appears 
to be related to the activities of  water in the various 
solvents. I f  the hydrolysis proceeds through a transition 
state (or encounter complex) X* (H20), according to 

B(H20). , + (r+ 1) H20 # X~ (H20)n 

where r + 1 = n-m (one water molecule splits to pro- 
tonate B and form the hydroxide ion), then, if the activ- 
ity coefficients of B(H20),~ and )G(H20). can be assumed 
to be equal, the rate of  the hydrolysis reaction is given 
by 

/~[BH § = kb(O)[BH§ '+1 (12) 

or  

log/co = logkb(o) + (rH)logaw (13) 

A plot of  1ogkb = 1Ogkb VS 1oga,~ is shown in Fig. 4 and 
has a slope of 7, suggesting that a cluster of  six water 
molecules intervenes between the conjugate acid and the 
hydroxide ion in the encounter complex BH+//OH -. 

Interestingly, the rate constant for proton abstrac- 
tion from the excited 6-methoxyquinolinium cation by 
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Fig. 4. Plot of the variation of the logarithm of the photohydrolysis 
rate constant kb of 6-methoxyquinoline with the logarithm of the ac- 
tivity of water in acetonitrile-water solutions. 

hydroxide ion is minimal ly  influenced by the mole frac- 
tion of  acetonitrile over the range of  solvent composit ion 
in which the reaction was amenable to study. This re- 
action appears to be diffusion controlled and is affected 
by  the solvent only insofar as the dielectric behavior  of  
the latter permits.  The implication o f  this is that the abil- 
ity o f  the organic cosolvent to " s t ruc tu re"  water around 
it has a substantially greater effect upon the rate of  hy- 
drolysis, which is governed largely by  the rates o f  de- 
solvation and resolvation o f  the participant species, than 
upon the rate o f  proton abstraction, which depends, in 
the main, on the existence o f  an extended network o f  
hydrogen bonds between the water molecules. This is 
probably  the result of  the O H -  ion requiring electronic 
translational motion to " h o p "  across hydrogen bonds, 
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whereas the resolvation o f  B and U20 requires rotational 

motions o f  water molecules,  which are much more in- 
fluenced by  the " t igh tness"  o f  hydrogen bonds caused 
by  structuring. Further experiments are being carried out 
to assess the role o f  the organic cosolvent in the proton 
transfer process. 
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