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Abstract

The theoretical basis for the calculation of acid dissociation constants in the lowest excited singlet or triplet state of organic compounds
has been reexamined in light of a recent study on solvatochromism. A mathematical analysis based on the Onsager cavity model reveals
that the absorption or emission frequency of an acid and its conjugate base, as they appear in the Forster equation, should be replaced witt
the averages of absorption and emission frequencies corresponding to the 0-0 transition of acid and base, respectively, in order to accoun
for Franck—Condon effects on the free energy balance. The free energy of spontaneous medium relaxation is found to be the same for
absorption and emission, and proportional to one-half of the Stokes shift.

The main premise of the proposed method, besides the obvious requirement that both the acid and its conjugate base should fluoresce
or phosphoresce, is that each excited state exists long enough for equilibrium with the medium to be established prior to emission.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tonation rate constant is known from quantum yield mea-
surements in decay experiments performed at different pH
The evaluation of acidity or basicity constants of excited [8].
organic or inorganic compounds has been a topic of con- Ground-state g5 values can be easily obtained, e.g., spec-
tinued and growing interest among chemists and biologists trophotometrically or potentiometrically.
since the early 19504-3]. The pK} value can only be determined indirectly, how-
The reasons are obvious. For example, the information ever, since in most cases its value does not correspond to a
contained in the excited-state acidity const&jt is very realistic, normally attainable state because the lifetimes of
useful in acquiring some insight into the redistribution of excited states are usually much shorter than the time neces-
electronic charge accompanying the transition. sary to establish acid—base equilibrium (the latter being typ-
In a more quantitative sense, knowledge Kf is nec- ically on the order of 108s), while quenching, especially
essary in establishing Hammett correlations for different of the protonated form, may proceed at a much faster rate,
substituted compounds, with a view to verify the applica- further hampering the equilibration process.
bility of linear free energy relationships to excited states.  The most widely used method for obtaining pis based
Experimental studies by Favaro et 8] and by Baldry on a simple thermodynamic device known as a Forster cycle
[5] on 4-substituted 3-styrylpyridines, by Gnanasekaran [1] (seeFig. 1), which gives rise to the Forster equation
and coworkerg6] on 2,4-dinitrophenylhydrazones of sub- (seeSection 3 Eq. (19). Other, more direct, methods are
stituted acetylbiphenyls and acetylfluorenes, or by Aaron fluorescence titratiof®] (which uses the pH dependence of
et al.[7] on substituted indoles, indeed seem to support the the fluorescence intensities of both members of the conjugate
generalisation of such relationships to include excited states.acid/base pair) and triplet—triplet absorptif#} (where an
A knowledge ofK} is also prerequisite to determine rate acid or base in buffered solution is first promoted to the
constants of protonation in the excited state, once the depro-owest-lying triplet state by flash photolysis).
Although of these three, the Forster method apparently
* Fax: +1-876-977-1835. is the easiest to apply, the literature exposes a persis-
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and vg that are to be substituted in the Forster equation
[10].

Some authors prefer to use only the frequencies cor-

responding to the low-frequency maxima in the absorp-
tion bands of acid and bag4é,11], while others use the

high-frequency maxima in the fluorescence (or phosphores-

cence) bandgl2]. Most commonly, however, an averaging
of the frequencies of absorption and emission maxima of

acid and base separately is believed to yield the most reli-

able approximation tea andvg, respectively{13].

This latter procedure is based on the expectation that av-

eraging will eliminate the solvent relaxation, or Franck—

Condon, effects that inevitably accompany absorption and the charges on the other ions (if dipole—

emission processes.

It is the aim of this paper to provide a more rigorous
theoretical basis for this approach, and outline its limitations.
The analysis of Franck—Condon corrections in the following
sections closely follows that given in a recent treatment of
solvatochromisnjl4] which, inter alia, takes into account
the effect of electrolyte on Stokes shifts, an aspect that will
prove equally pertinent to the present investigation.

2. Analysis of the Forster cycle: definition of standard
state

The Forster cycle is shown iRig. 1 for the case of a
monoprotic acid (A= B 4+ H™).

Since we are interested in th&pof the acid/base equi-
librium in the excited state, the appropriate thermodynamic
guantity in terms of which the cycle should be analysed is

the standard Gibbs energy (and not the enthalpy, as is usuPKa = PKa — 2 303KT

ally seen in the literature).
First of all, it needs to be understood exactly what is
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about by an imaginary discharging process). Interaction be-
tween ions is explicitly accounted for in the usual manner
via a termkTIn f; in the chemical potential (wherg is

a single-ion activity coefficient), whereas deviations from

standard concentration are contained in the #eFin(c;/c’).

The chemical potential can thus be written as

(%)
o0
From the definition of; it follows that the standard chemi-
cal potential? must contain a contribution due to electro-
static interactions between the dipole on an ion of tyged
dipole interactions
among solutes are neglected). It is therefore to be regarded

as a function, not only of temperature, but also of the ionic
strength|l, of the solution. With the definitions

AGY = + uly, — 18 = 2.30KTpKa (2a)
AGY = ud + s — u% = 2.30KTpK; (2b)
wa = uX — u (20)
we = ug" — ug (2d)

the standard free energy balance for the Foérster cycle then
reads

AGY = AGS + wg — wa A3)
or, equivalently:
AP (4)

Since it may be safely assumed that activity coefficidénts

the definition slightly departs from the usual convention.
In the case of an ionic speciethat is also endowed with

set f* = f;. As a consequence, the corresponding terms in
Eq. (4) cancel, so thaK, and K} can be taken to denote

a dipole moment, the standard state corresponds to a hy_concgntra'[_ion products for the_ given solution_ (i.e., at the
pothetical solution in which the ion is present at standard Prevailing ionic strengthl). This is so because, in an actual

concentratiort? (e.g., 1 moldn3), while at the same time
ion—ion interactions with other ions in solution are thought
of as having been “switched off” (this could be brought

AG
A* » B* + H
A < B+H'

NGO

Fig. 1. The Forster cycle for a monoprotic acid at constant temperature,

experimental situation, both ground and excited-state acids
and bases are present in the same electrolytic medium.

The quantitywa should be interpreted as a free energy
change, equal to the work of forming an excited-state acid
molecule or ion, characterised by a permanent dipole mo-
ment of magnitude.; , (not to be confused with the sym-
bol for chemical potential!), from its ground state which has
dipole momeniup a. The termwg is defined similarly.

It would certainly be incorrect to identify with the quan-
tum of energyhv absorbed from the light source, because
the latter corresponds to a transition from the ground state
to an excited (Franck—Condon) state to which the medium
only responds via an instantaneous change in its electronic
polarisation. This is followed by a relatively slow relaxation
of solvent dipole moments and rearrangement of ions as

pressure and ionic strength. Standard free energy changes are indicatedN€ medium adapts to the new dipole moment, leading to

for the various stages of the cycle.

a new equilibrium (provided the excited state survives long
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enough). This process is accompanied by a negative free en-
ergy changeAGreg, that has to be added tw. Hence:

w = hv+ AGgc (5)

In the next section, the different terms ky. (5) will be
calculated separately, based on results obtained in a previous
study on solvatochromism in the presence of electrolyte.

3. Calculation of pK¥: connection with solvatochromic
shifts

Based on the definitions given in the preceding section,
w can be written as the resultant of three contributions (see

Fig. 2):

(i) The photon energkivg, absorbed by the molecule orion
if present in a vacuum. This transition is accompanied
by a change in dipole moment fropy, to up.

(ii) The electrostatic stabilisation energy of the excited-state
dipole in solution:

ity = 5o B2 - [ B ai ©)
wherea* is the (supposedly isotropic) polarisability of
the excited molecule, Whilé“r(ﬁ’) denotes the reaction
field of the medium acting on the dipol€ in response
to its presence.

The first term on the right-hand side equals the work

of polarisation, the second term is the free energy of ¥ =

the interaction between the dipole and its polarised en-
vironment.

In Ref.[14] it was shown that if, in accordance with
the classical Onsager modéb], the molecule is rep-

a charge) located at the centre of a spherical cavity of
constant radius [16], the reaction field is equal to

- . 2u ¢ -1

E = 7
r(1) Arregad 2¢’ + 1 (7)
wheres’ is an apparent dielectric constant that effec-
tively takes into account the contribution & due to

the average redistribution of ions about the dipole:

;o (ka)?/2
8—8<1+ 1—+—/<a> (8)

wheree is the dielectric constant of the solvent and
the reciprocal Debye length:

[ 2F2]
K= eeoRT ©

whereF is the Faraday constant.
In deriving Eq. (7) it had to be assumed thhis not
too high, such as to keep the valuexafwell below 1.

(iii) The third contribution tow is the negative of the elec-

trostatic stabilisation energy of the ground-state dipole:

5 (10)

with symbols defined analogously to thosesq. (6)

_ 1 2, ,&_} >/ =/
wel = saEf (1) — A Er(u) - du

Thus

1 R 1 R Lo
hvo + Za*E?(i*) — ZaE2(ji) —[ E;(it) - d’
I

2 2
(11)

In Egs. (6), (10) and (11andFig. 2, i andii* are the total
dipole moments in the ground state and excited state, re-

resented as a point dipole (possibly superimposed onspectively, in equilibrium with their surroundings, whereas
in Fig. 2, %, and i represent the dipole moments imme-

|
nE
*

th

o= jip + @Er(ji)

diately after absorption or emission of a photon with energy
hvg or hvt, respectively.
Using the relationship

(12)

which is valid for the equilibrium ground state, and intro-
ducing the scaled polarisability = «/4mead, it follows,
together withEq. (7) that

. 2 +1 -
_ 13
b= 12w @ —ptP (13)
y and e 1) i
5 ¢ — i
E(f) = ) (14)

2¢’ + 1 — 2a/(e' — 1) 4megad

solution

vacuum If it can be assumed that* and« are approximately equal,

Fig. 2. Relationships among free energies for an absorption, emission,SUbStitlmon ofEgs. (13? and (14)3_nd th_e COfrest)nding

relaxation cycle between the lowest vibrational levels of the electronic expressions for the excited-state dipole i@ (11)yields

ground state and first excited state (0-0 transition) of a single acid or base %2 2 ,

molecule or ion. Dipole moments in the different states are also shown Hp™ — Up g—1
drggad 2/ +1—2d/(¢' — 1)

(see text for an explanation of the symbols). w = hvo —

(15)
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Note that this result is valid whether or not the acid is ionic, which is obviously negative, as it should be, and applies to
provided that dielectric saturation effects are negligible in both absorption and emission, as also indicateéim 2
which case ionic and dipolar fields are independent and sim-Hence, under the stated conditions and assumptions, the
ply superimposed. Gibbs energy liberated during the spontaneous relaxation of
From the treatment of solvatochromic shifts in the pres- the solute—medium system from a Franck—Condon state is
ence of electrolytd14], the following expression was ob-  simply proportional to the Stokes shifi; — vs) for the 0-0
tained for the energy difference between the ground statetransition under consideration.
and the lowest excited Franck—Condon state corresponding To conclude this section, a comment concerning the con-

to the 0-0 transition (se€féig. 2): sequences of incomplete medium relaxation for the value of
e - ) pK;, as obtained witlEq. (19) is in order.
hvg = hug — Mp—Hp 2(6° =1 ii It must be remembered that premature fluorescence will
4meqgad 26 +1—20/(c —1)" P only invalidateEq. (17) In the most extreme case where no
medium reorganisation occurs at al}, coincides withv,.

(16) For intermediate cases, is always less thaig, but higher
than the value predicted iyg. (17) Consequentlyhcd will

wheren is the refractive index of the solution. In the case of always tend t(.) overestimate - .
an emitting compound with a sufficiently long-lived excited The errors introduced by substituting the experimentally

singlet or triplet state, the fluorescence or phosphorescenceObt?'nlfd values fo'tjA anc;l]v?hlntotrlliq. élg)\{\t/.'" t{_\eret:?reﬁ t
energy is given by a similar equation: partially compensate each other, thereby mitigating the effec

on pK; to some extent.
/_/:; - ﬁp ) 2(s' =1 ks
Ayregad 26/ +1—-2a'(¢ = 1) P

(n® = DLy — fip)
2n2+1—20/(n? —1)

(n? — 1)(1} — itp)
2n24+1—20'(n2 -1

hvi = hvg —
4. Discussion

17 The theory of excited-state acidity constants presented in

this paper hinges on a description of medium relaxation,
ComparingEgs. (16) and (17with Eqg. (15)immediately  consequent upon electronic transitions, in terms of a classical
leads to the interesting result continuum model for the solvent. This treatment is in line
w = h(va+ vf)/2 = hcp (18) with that of solvatochromism, as it has been applied, with

) . _ varying success, to the determination of excited-state dipole
introducing the symbol to denote the average of the ab-  mjomentg17].

sorption and emission wavenumbers. Other factors that, no doubt, contribute to the values of
_ Substitution of£q. (18)into Eq. (4)produces the follow-  apsorption and emission frequencies are a dynamic red shift
ing important relationship: [18], dispersion forces between solute and soly&al, and,

K — DK — he - - 19 sometimes, hydrogen bonding. These are usually considered
PRa =PRa 2.303<T(VA ve) (19) small with respect to electrostatic effects. In the present ap-

This formula can of course only be used if the requirements Plication, which depends on the difference between two av-
for its applicability are fulfilled. First of all, both the acid and ~ ©rage frequencies, one pertaining to an acid, the other to its
its conjugate base should emit upon return to their respectiveconjugate base, such contributions are likely to cancel out
ground states from excited states that persist long enough foffo" the most part anyway. ) .

equilibrium to have been established prior to fluorescence or 1€ averaging of frequencies in the Forster equation (19)
phosphorescence. Secondly, ground-state and excited-statB2d Peen advocated previously by some authors, but only

polarisabilities should at least be approximately equal. on semi-quantitative or intuitive grounds. The choice of fre-
Another interesting corollary to the theory developed so duencies to be substituted in this equation (absorption-only,
far follows after substitution oEgs. (16)—(18)nto Eq. (5) em|35|on-only_, or averages) is rather critical, as the individ-
leading to ual Stokes shifts and acid—base frequency gaps are often of
the same order of magnitude.
AGEc In Sections 2 and,& more rigorous quantitative approach
Va — Vf is taken, which also highlights the conditions under which
=—h 2 this procedure can be expected to give reasonable results.
(ﬁ; _ ﬁp)z Eirst of all, acid .and base should poth be emitters wi'gh life-
T dneod® t|me§ of the excited states exceeding the typ|ca_l medium re-
. ) laxation time. Whenever the latter requirement is not met, a
« ( g —1 _ n-—1 ) dynamic analysis based on, e.g., the Debye model for sol-
26/ +1-20(6' —=1) 202 +1—20'(n?—-1) vent relaxation becomes necessary. Here, no attempt has

(20) been made to allow for incomplete relaxation but in this
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case, again, some cancellation of errors can be anticipated, Finally, it should be noted that the theory expounded in
as pointed out at the end 8kction 3 Secondly, it is essen-  this paper could also be applied, with minor modification,
tial for the applicability ofEq. (18)that polarisabilities of to other types of excited-state dissociation processes or rear-
ground and excited-state molecules or ions are practically rangement reactions such as intramolecular proton transfer
equal. If this is not the case, extra terms aris&qs. (16) [21].
and (17)that depend on the difference*(— «), but which
do not appear in the corrected versionksf. (15) [20]
An important feature oEq. (19)is that it automatically =~ Acknowledgements
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