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Abstract

We have studied the electron-transfer fluorescence quenching of pyrene by diphenyliodonium cation in a series of straight-chain ca
boxylic acid solvents. Use of the Py-scale of solvent polarity suggests specific solvation of the pyrene by the polar head groups of th
acid solvents. We hypothesize involvement of hydrogen bonding between the carboxyl functions arelébton cloud of pyrene.
Electron-transfer quenching of pyrene fluorescence by diphenyliodonium cation is, surprisingly, not diffusion controlled. From experimen:
tal data we have estimated values for the bimolecular reaction rate comgtameach solvent over the temperature range 20&6and
calculated, therefrom, reorganization energies. We findithatmore-or-less independent of acid chain length. We, therefore, infer that
the head groups or the carboxylic acids are principally involved in solvent relaxation, and propose that a relaxation mechanism involvin
rupture (or formation) of hydrogen bonds is most likely. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction The reaction described by Eq. (1), with pyrene or other
aromatic hydrocarbon sensitizer, is often used as the basis

The properties of straight-chain carboxylic acids as re- for radiation curing technologies [4]. In this instance, the re-

actions solvents have been little explored. Their macro- action occurs in media comprising mixtures of monomers,

scopic physical properties are, however, well-known [1-3], often including acrylic acid and its derivatives. Understand-

although most of the interest in their characterization has ing the effect of protic acid reaction media on the dynamics

not been recent. In the present study we examine the be-of Eq. (1) is thus also of technological interest.

havior of a series of straight chain acids, £¢&H>),, CO.H

where O<m<8, with respect to a model photoinduced 2 Experimental details

electron-transfer reaction, namely electron-transfer quench-

ing of pyrene fluorescence by diphenyliodonium cation. 2.1. Materials

Py* + Phplt — Py 4+ Phpl® 1) Carboxylic acids (Aldrich Chemical, best available grade)

_ _ _ ~ were all glass distilled, where necessary from potassium
This reaction system has been the subject of an ongoingpermanganate [3], in order to remove fluorescence quench-
series of studies in our laboratory [4]. In solution we have ing impurities. Our samples of hexanoic aciti<4) and
found that the rate of this highly exergonic process is usually ngnanoic acid r=7) could not be rendered demonstrably
diffusion I|m|ted, and that the kinetics are not Complicated free of such impurities by this procedure; hence no data ob-
by significant back electron-transfer. The choice of pyrene tajned in these solvents are included in the present report.
as a reporter fluorophore also enables characterization of thepyrene (Aldrich Chemical, 98%) and diphenyliodonium
microscopic solvation environment, using the so-called Py hexafluorophosphate (Avocado Chemicals, Ltd.) were used
scale [5,6]. as received.

"+ Corresponding author. 2.2. Methods
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using 2.5 nmslits. In a typical fluorescence quenching exper- 124

iment, pyrene was dissolved 251073 M in spectrograde ]

toluene; an aliquot of this solution was diluted 1 : 1000 with

the desired acid. Diphenyliodonium hexafluorophosphate 11

was dissolved 0.10 M in spectrograde acetonitrile; this solu-

tion was then diluted 1: 10 with the appropriate carboxylic

acid. Two aliquots (2.5ml) of the organic acid solution of o

pyrene, representing test solution and control, were placed 1‘_ E

in 1cm quartz cuvettes in the cavity of the spectrofluo- §

rimeter, which was thermostated #50.1°C, and allowed

to come to thermal equilibrium. Fluorescence, excited at g

365 nm, was monitored at 400 nm. Aliquots (@) of the 1

guencher solution and of the organic acid solvent system

(without the diphenyliodonium salt) were then added alter- 08

nately to the appropriate cuvettes, and changes in fluores- C e e o4 o6 o081 12

cence intensityl andl,, respectively, were monitored. (Use

of a separate control solution to which only solvent was lm

added obviated complications of non-linear dilution effects Fig. 1. Piot of Py-values of effective solvent polarity vs. reciprocal of

on fluorescence intensity). Up to 10 incremental additions m, the number of methylene groups in the straight-chain carboxylic acid

were performed, and values &f/l, estimated after each  solvents.

pair of additions, were used to construct a Stern—\Volmer

plot of the fluorescence quenching data. ment, suggests selective solvation of the pyrene probe by

Fluorescence intensity signals, obtained under controlled the polar carboxylic acid head groups.

conditions, were of comparable amplitude in all solvents  Hydrogen bonding to the aromaticcloud of the pyrene

studied. This observations provided additional support for may be involved [7], although Dong and Winnick [5] claim

the assumptions underlying data analysis, namely that thethat pyrene is not a hydrogen bond donor. Other authors [8]

fluorescence lifetimer, of pyrene was solvent independent, have expressed the position that the primary solvent-solute

and that the solvents, themselves, were free of quenchinginteraction should be the van der Waals interaction be-

impurities. tween the highly polarizable-electron system of the aro-
matic hydrocarbon and the aliphatic residues of the solvent
molecules. The inference of Bohon and Claussen [7], how-

3. Results and discussion ever, has been supported by recent gas-phase studies [9] of
benzene-acetic acid clusters.

3.1. Solvent polarity estimation
3.2. Fluorescence quenching experiments
The ratio of the intensities of the firdt; (372 nm), and

third, 13 (383 nm), peaks in the vibronic progression of flu- Fluorescence quenching of pyrene by the diphenyliodo-
orescence bands of pyrene recorded in the pyrene emissiomjum cation was analyzed according to the usual Stern—
spectrum excited at 365 nm provides the basis of the Py-scalevolmer relationship
of solvent polarity [4,5] !

— =1+ Ksv[Q] 3
@ lo

whereKsy = kopst andz is the emissive lifetime of pyrene,

These data are shown in Fig. 1 as a function off10ur  yayen 1o be 114ns [10]. We estimate that values@g,
Py values for propanoic and butyric acids are slightly lower obtained in this manner are goocd.0%. A representative

than those reported by Dong and Winnick [5]. This differ- gern_voimer plot of data according to Eq. (2) is shown in
ence may be attributed in part to the different slit widths used ;5

by ourselves and by the previous authors. In our experience, Insofar as we expected the reaction to be diffusion con-
the_absolute va_lue OT Py can be Very ser_15|_t|\_/e to the €X- trolled, we expectedyps= Ky, estimated according to the
per_|mental configuration. Extrapolation to |_nf|_n|te m_y|elds Einstein—Smoluchowski relationship [11] which, in turn, re-
an intercept value of Py (0.93+0.02). A priori we might  fectg the macroscopic viscosity, of the carboxylic acid
expect this limiting value to correspond to Py obtained in g, ent Estimates of for organic acid solvents can be ob-

aliphatic hydrocarbon media, ca. 0.58, as reported by Dong;zined from the empirical Andrade equation [2].
and Winnick [5]. Under our conditions, a Py value of 0.67

was obtained fon-heptane. The significantly more positive _ E(m) 557
extrapolated value, corresponding to a more polar environ- = €exp kpT e

I
Py=
y Is

(4)
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134 ' The k; data exhibit only a small temperature dependence,
within the range of experimental uncertainty, but show a
generally upward trend with carboxylic acid chain length.
According to the Marcus model of electron-transfer re-
actions [12],k; is defined by a free energy of activation,
AG*, wherek, =k, exp(—AG*/k,T) andk, is a frequency
factor. The frequency factor may reflect the longitudinal re-

1.25 4

3 115 ] J laxation time of the solvent [13,14], which, in turn, tends
to reflect its macroscopic viscosity. Accordingly we should
expect decreasinlg with increasingm, when, in fact, we

Ml observe the opposite. The free energy of activation for an
electron-transfer reaction is given by [12]
1.05 2 AG 2
AG =[=-)|1+— 6
| (3) (%) ®
l T T T T T T T T T T
0 00002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002 Where the free energy Change in the reaCtiﬂG, can be
[ Ph,I'T (M) obtained from the Weller equation [15]
Fig. 2. Representative Stern—\Volmer plot for quenching of pyrene fluo- AG = —E(0,0) — Ered(A) + Eox(D) (7)

rescence by diphenyliodonium cation in propanoic acid &C20
where, for pyrendég(0, 0)=3.12 eV andEqx(D) =+1.06 V
_ ; .SCE) [16], and for diphenyliodonium cation in solution,
where E(m) =0.164 0.0042(n+ 2) eV. Experimental val- (vs
ues ofkops and estimates oky are given in Table 1. It is Ered (A) =—0.6V (vs.SCE) [3]. ThusAG = —1.46 eV for

: - -1
clear that in the carboxylic acid solvents the expectation that ("€ reaction of Eq. (1). Using a value of 61 for ko
kobs= Kq is Not realized [17,18], temperature-averaged valueskpas a function of

Instead we analyze the data as follows [11]. Let m,.and Eq. (6), we can e;nmaﬁte‘or each of the cgrboxyhc
acid solvents, as given in Table 3. For the estimated level
Kobs = (kr_l + kgl)_l (5) pf experimental L_Jncer_tainty ik, we expect the preci_sion
_ _ _ in the A values given in Table 3 to be0.01eV. We find
wherek: is the bimolecular rate constant for the reaction that increasinds with increasingnis reflected in increasing
described by Eq. (1). Estimateslefderived from the dataof ~ estimates of, insofar as the photoreaction occurs in the
Table 1 are given in Table 2. As in the cas&gfsfrom which Marcus inverted regime.
these data derive, their precision is expected toti€%. Values of the solvation shell’s contribution to reorganiza-
tion energy are often estimated by the dielectric continuum

Table 1 . approximation [12,18], whereby

Experimental rate constants for electron transfer quenching of pyrene

fluorescence in carboxylic acid solventgys (><10’9, M~1s71), and A= 62 2 -1 2R -1 r -1 n—z _ 8—1 e}

estimates of diffusion controlled rate constaris,(x107%, M~1s™1) [(2r0)™" + (2Ra) ™" + (roa)71( ) ®)

m kobs at temperatures Using literature values for the dielectric constantsand
20C 300 200 soC 60C |nd|ces_ of refractionn, for the carboxyllc_ acids [_19], ar_1d

assuming B =2ra =rpa =8A, we obtain the dielectric

0 0.9 0.9 08 11 - continuum approximations for, as also given in Table 3.

; ig ig 112 ig 13 These values decrease monotonically withOnly for the

3 10 11 14 16 15 case of acetic acidn=0, is there reasonable agreement

5 0.7 1.4 15 18 16 between calculated and experimental values.ddisagree-

6 1.1 1.2 14 16 16 ment in the other cases is, however, unsurprising. It is now

8 - - 17 20 22 generally accepted that for hydrogen bonding solvents use
kg at temperatures of the dielectric continuum approximation can be problem-
200 30C 40C 50C 60C at!cal ([20] referenges C|teq therem).[21].. Furthgr cpn5|der-

ation of the derivation of this approximation, which ignores

2 2-5 205;6 1£ 132 132 the possibility that solvent relaxation may be activated, sug-

> 49 55 0 90 110 gests that it ought to be inapplicable to any system involv-

3 3.6 4.7 60 78 a5 ing ‘strong’ solvents, according to Kivelson’s classification

5 2.6 35 45 5.8 7.2 [22].

6 21 2.9 3 49 6.2 The small degree of variation in the experimentally
a a . M . .

8 - - 28 37 46 based estimates of with carbon acid chain length, sug-

aDecanoic acid is solid at this temperature. gests that the same relaxation mechanism is coupled to the
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Table 2
Bimolecular rate constant; (x10-°, M~1s™1), for pyrene fluorescence quenching from Eq. (5) and data of Table 1
m k at temperatures

20°C 30C 40C 50°C 60°C Avg.
0 1.0 1.0 0.8 1.2 - (1.080.14)
1 1.8 22 2.3 1.9 - (2.0£0.20)
2 14 15 15 1.9 15 (1.560.17)
3 15 14 1.9 2.0 1.7 (1.790.23)
5 0.9 24 2.3 2.6 2.1 (2.060.60)
6 24 21 2.2 2.3 2.2 (2.240.10)
8 - - 4.1 4.2 4.0 (4.18:0.08)
Avg.2 (1.50+0.50) (1.76+0.50) (1.83£0.54) (1.98£0.43) (1.88£0.28) -

aExcluding data for decanoic acid.

Table 3 o . ___the carboxyl functions and the-electron cloud of pyrene.
Estimated reorganization energy parameters for various carboxylic acid . . . ..
solvents The electron-transfer quenching reaction is, surprisingly,
5 not diffusion controlled. We have estimated values for the
22 (eV) AP (eV) . . .
bimolecular reaction rate constakf, in each solvent over
0 (0.74+0.01) 0.69 the temperature range 20X and calculated, therefrom,
L 0.76 0.43 reorganization energies. We find thats more-or-less in-
2 0.75 0.33 . . :
3 0.76 024 dependent of acid chain length. We, therefore, infer that the
5 0.77 013 head groups of the carboxylic acids are principally involved
6 0.77 0.09 in solvent relaxation, and propose that a relaxation mecha-
8 0.80 0.09 nism involving rupture (or formation) of hydrogen bonds is
Avg. (0.760.02) - most likely.
a8From experimentak, and Eq. (6).
b From Eq. (8).
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