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Results 

Rate constants for chloroacetonitrile quenching of the flu­
orescence of naphthalene and three methoxy-substituted 
naphthalenes in acetonitrile solution were determined ac­
cording to usual Stern-Volmer kinetics and are given in Table 
I. The agreement of quenching rate constants determined from 
fluorescence intensities and from fluorescence lifetimes indi­
cates that the quenching we are observing is indeed a dynamic 
process. Although they increase with increasing methoxy 
substitution and span almost three orders of magnitude, these 
values by themselves tell us little about the ultimate conse­
quences of the quenching act. 

Preliminary experiments indicated that triplets, photo-
products (including HCl), and ions were produced upon irra­
diation of these systems. Our initial interest, therefore, was in 
determining whether quenching-induced triplet formation 
occurred and, if so, the quantum yield for this process. On the 
basis of the mechanism outlined in eq 1-11 and under the 
condition of constant light dose, this fraction can be obtained 
from relative fluorescence intensities of the aromatic (A) and 
relative conversions of a triplet counter as a function of 
quencher (Q) concentration. The triplet counter used in these 
experiments was m-piperylene (cis-P) and the appearance 
of rrarM-piperylene (trans-P) was monitored by GLC. The 
relationship between these quantities is expressed in eq 12, the 
derivation of which has been outlined previously.5 The symbol 
/3 is used for the ratio kj/(kj + k^). Since the fluorescence 
quenching rate constant (kq) equals [k(,(ki + fc8)]/(&_6 + ki 
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Table I. Fluorescence Quenching Data 
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Compd T, ns kq,° M-' s-1 X 10-7 kq,
b M- X 10" 

Naphthalene 95 ± 5 
2-Methoxynaphthalene 16 ± 1 
2,6-Dimethoxynaphthalene 12 ± 1 
1,4-Dimethoxynaphthalene 5.7 ± 0.5 

0.84 
8.9 

20 
700 

0.97 
12 
22 

600 

" From fluorescence intensities, ±20%. * From fluorescence lifetimes, ±20%. 

Table II. Triplet Formation Data 

Compd £/*is< 

Naphthalene 
2-Methoxynaphthalene 
2,6-Dimethoxynaphthalene 
1,4-Dimethoxynaphthalene 

0.72 ±0.05 
0.31 ±0.05 
0.13 ±0.05 

0 ± 0.02 

0.80 
0.55* 
0.51* 
0.50* 

0.58 ±0.05 
0.17 ±0.03 
0.07 ± 0.04 

0 ± 0.02 

" From plots of eq 12. * Calculated as 1 - *f, ±10%. 

Table III. Calculation of Quenching Parameters 

Compd (k6/k-6)k7X l O - ' . M - ' s - ' " (k6/k-6)ksX IO-7, M - ' s - ' * 

Naphthalene 
2- Methoxynaphthalene 
2,6-Dimethoxynaphthalene 
1,4-Dimethoxynaphthalene 

0.5 
1.5 
1.5 

<20c 

0.3 
7.4 

1100 

" Calculated from eq 13. * Calculated from eq 14. c Calculated from maximum experimental uncertainty in / 

+ fc8), the individual components of kq can be calculated from 
eq 13 and 14,6 taking A:6 = 2 X 1010 M"1 s~'.7 

hv 
N — » - N * ' 

N*1 

N * 1 

•N + hi/ 

ki 

N*1 

m - P + N*1 

• N*3 

•N 

Q + N*1 

(NQ)" 

•N + m - P 

(NQ)" 

•N*3 + Q 

(NQ) * i •all other quenching processes 

N*3. 

cw-P + N* 3 • 

•N 

•N + P*3 

p*3 
* l l 

•a trans-P + (1 — a) cis-P 

(D 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(H ) 

(YyF'IY1'F) - 1 = (/3/* i s c)(F0 /F')[(F'/F) - 1] (12) 

(k6/k-6)k7 = kq0/[\-(kq/k6)] (13) 

(*«/*-6)*8 = * q ( l - p)/[I - (jkq/itfi)] ( U ) 

Experimentally, we measured relative fluorescence inten­
sities for the aromatic in the absence of any quenchers, in the 

presence of a constant concentration of a triplet counter only, 
and in a series of solutions containing the same constant con­
centration of triplet counter, but with varying concentrations 
of the quencher chloroacetonitrile (F0 , F', and F, respective-
Iy)-

As predicted by eq 12, plots of (Y1/YV)(F'/F) - 1 vs. 
(F°/F')[(F'/F) — 1] were linear and values of /3/4>isc were 
obtained from the slopes. These values, which are listed in 
Table II and which represent the average of two or more in­
dependent determinations, indicate that aromatic triplet states 
are formed via singlet quenching with three of the naphtha­
lenes. Since it was apparent from these data that the exact 
value of /3 would be relatively insensitive to the precise value 
of $jsc, and since internal conversion processes such as eq 4 are 
known to be insignificant for most aromatic hydrocarbons,8 

$isc was approximated as 1 - <J?f. Values of /3 calculated in this 
manner are also listed in Table II. Table III lists the values of 
the components of kq calculated from eq 13 and 14. 

Although there are a number of possible complications to 
this method, they were not included in the kinetic scheme be­
cause they are probably not important in the present case. For 
example, singlet quenching of naphthalenes by conjugated 
dienes is known not to yield triplets.12 Moreover, values of 
i8/*isc were unaffected by changes in the triplet counter con­
centration. Furthermore, there was no measurable disap­
pearance of the diene and no detectable isomerization of the 
diene in the dark either before or after irradiation. Although 
radical ions were formed in the quenching process (vide infra), 
we could account for all of the diene after irradiation and were 
unable to detect isomerization resulting from the quenching 
act in the case of 1,4-dimethoxynaphthalene. These observa­
tions would appear to rule out photochemically induced radical 
isomerization of the diene as a significant complication in the 
present application of the method. 

Since values of (3 (quenching-induced intersystem crossing) 
were smaller than values of $jSC (unimolecular intersystem 
crossing), we carried out flash spectroscopic studies on the 
methoxynaphthalenes. In agreement with the steady state 
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Table IV. HCl Yield Data 

Compd Intercept/slope, M ' ° 

Naphthalene 0.81 
2-Methoxynaphthalene 1.4 
2,6-Dimethoxynaphthalene 2.0 
1,4-Dimethoxynaphthalene 37 

a From plots of l/*Hci vs. 1/[QCH2CN], ±25%. * From fli 

A 

400 500 600 700 
X (nm) 

Figure 1. Spectrum of the transient observed in the chloroacetonitrile 
quenching of 2,6-dimethoxynaphthalene fluorescence in acetonitrile so­
lution (—) and that of the radical cation of 2,6-dimethoxynaphthalene 
in a boric acid glass (—). 

results, the intensity of 2-methoxy- and 2,6-dimethoxy­
naphthalene triplet-triplet absorption decreased with in­
creasing chloroacetonitrile concentration, confirming that 
quenching-induced intersystem crossing was less efficient than 
intersystem crossing from the unperturbed excited singlet state. 
In both cases the triplet lifetimes (ca. 100 /xs) appeared to be 
unaffected by the presence of chloroacetonitrile (up to ca. 0.6 
M), indicating that triplet quenching by chloroacetonitrile is 
relatively inefficient. 

Quantitative analysis of the flash experiments was precluded 
by the appearance of new, long-lived (greater than 1 ms) 
transients when the methoxynaphthalenes were flashed in the 
presence of chloroacetonitrile. These transients decayed by a 
combination of second- and pseudo-first-order kinetics and 
their intensities increased with increasing chloroacetonitrile 
concentration. Flashing in the presence cf oxygen (air) resulted 
in complete quenching of the triplet-triplet absorption, but only 
partial (ca. 50%) quenching of the long-lived transient ab­
sorption. These observations suggest that the long-lived tran­
sients derive from the singlet quenching act. Absorption spectra 
of the long-lived transients were obtained with 2,6- and 1,4-
dimethoxynaphthalene and are shown in Figures 1 and 2.13 

These transients were identified as radical cations by the 
similarity of their spectra to those obtained upon irradiation 
of the aromatic in a boric acid glass,17 a method known to 
produce the radical cations via biphotonic ionization.18 

The observation of radical cations is consistent with mech­
anisms proposed for the formation of photoproducts in similar 
systems.' 9~2' In the present study gas chromatographic anal­
ysis of preparative irradiations of 2,6- or 1,4-dimethoxy-
naphthalene-chloroacetonitrile systems indicated rather 
complex product mixtures. Attempts to isolate characterizable 
products by column and preparative gas chromatography were 
unsuccessful and indicated that at least part of the complexity 
of the mixtures was due to the instability of the products. Since 

V f ° , M - ' * 4HCl-"'' *HCl7( ' - /3) 

0.80 0.03 0.07 ± 0.02 
1.42 0.05 0.06 ±0.01 
2.4 0.07 0.075±0.01 
40 0.10 0.10 ±0.01 

ce intensities, ±20%. c Calculated as 1/intercept. 

& 

M, 

7 \ * 
5 / fth 

400 500 600 

Mnm) 
Figure 2. Spectrum of the transient observed in the chloroacetonitrile 
quenching of 1,4-dimethoxynaphthalene fluorescence in acetonitrile so­
lution (- - -) and that of the radical cation of 1,4-dimethoxynaphthalene 
in a boric acid glass (—). 

hydrogen chloride formation accompanied the other products 
and was known to parallel photochemical reaction in similar 
systems,3'19'20 we used the quantum yield for HCl formation 
(*HCI) to monitor the extent of photochemical reaction re­
sulting from quenching. Plots of 1/(*HCI) VS. 1/[Q] were linear 
and had intercept/slope ratios in reasonable agreement with 
values of kqr° determined from fluorescence data, as expected 
for products resulting from singlet quenching.22 Limiting 
quantum yields for HCl formation at infinite quencher con­
centration ("I1HCr) were obtained from the reciprocal of the 
intercept. These data are collected in Table IV. 

Discussion 

The observation that radical cations result from the 
quenching act clearly suggests that electron transfer is asso­
ciated with the quenching process at some point. If a simple 
outer sphere electron transfer were involved, the rate constant 
should be relatable to the singlet excitation energy of the ar­
omatic and the appropriate redox potentials as demonstrated 
by Weller.23 Strictly valid application of the Weller treatment 
requires, however, that the redox potentials be reversible (i.e., 
true E]/2 values). The electrochemiluminescence data of 
Zweig1' indicate reversibility of the electrochemical oxidation 
of the methoxynaphthalenes employed here. Gough and Peo-
ver24 have concluded from cyclic voltammetry data that the 
oxidation of naphthalene and other unsubstituted aromatics 
involves reversible one-electron transfer followed by rapid 
chemical destruction of the radical cation. Despite the irre­
versibility of the measured oxidation potential of naphthalene 
on an electrochemical time scale, the measured potential 
should not differ from the true thermodynamic potential by 
more than about 0.1 V.25 Based on data for the reduction of 
methyl chloroacetate26-27 and for electron capture by chlo­
roacetonitrile,28 one can conclude that the electrochemical 
reduction of chloroacetonitrile is undoubtedly irreversible, with 
the electron addition being followed by rapid loss of chloride 
ion to give -C^CN. Insufficient electrochemical data exist, 
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Table V. Calculation of Energy Parameters 

Compd AGet, eV" £et, kcal/mol* £T, kcal/mof £et - £T, kcal/mol 

Naphthalene -0.74 74.7 60.6 14.1 
2-Methoxynaphthalene -0.55 74.3 62 12.3 
2,6-Dimethoxynaphthalene -0.59 69.9 61.4 8.5 
1,4-Dimethoxynaphthalene -0.65 64.6 60.3 4.3 

" Calculated from eq 15. * Calculated from eq 16. c Maximum of highest energy phosphorescence band in EPA at 77 K. 

however, to allow an estimate of the extent to which the mea­
sured reduction potential might differ from the true E\/2-

Since the methoxynaphthalene oxidation potentials are 
reversible and the quencher is invariant, values of ACet (Table 
V, calculated from eq 15 in the usual manner,29 but with the 
nonreversible reduction potential of CICH2CN), while lacking 
quantitative significance, should predict trends correctly. 

AGci = -A£0,o + £D/D+ ~ £A-/A - 0.06 eV (15) 

Although a trend in the appropriate direction is evident for 
the methoxynaphthalenes, quantitative correlation of kq (or 
fcq(l — /3), vide infra) within the framework of the Weller 
theory would require that the true £1/2 for the reduction of 
chloroacetonitrile differ by —0.5 to —0.7 V (depending on the 
methoxynaphthalene) from the measured potential (—1.79 V 
vs. SCE)4 and that for oxidation of naphthalene by at least 0.3 
V. Thus, we are reluctant to accept outer sphere electron 
transfer in a simple encounter complex as the model for the 
quenching process. 

The fact that we see such a large range in quenching rate 
constants severely limits our choice of alternative models. Our 
observation that excited triplet states, radical ions, and HCl 
formation are consequences of the singlet quenching act in­
dicates that bimoiecular association in the excited naphtha-
lene-chloroacetonitrile system results in intermolecular in­
teractions which are of sufficient magnitude to give rise to 
photophysics and photochemistry unique to the association. 
Furthermore, the fact that the observed values of kq are sig­
nificantly smaller than calculated or experimental values of 
the diffusion-controlled rate would imply that the association 
lifetime is at least as long as that for a noninteracting en­
counter complex (ca. 1O -" s).34 Unique photobehavior and 
finite lifetime seem to us to be sufficient grounds for postulation 
(eq 6-8) of such an exciplex intermediate, regardless of the 
magnitude of the intermolecular interaction relative to kT. 

The relative insensitivity of (kf,/k-e)kj to methoxy substi­
tution implies that either such substitution has only a small 
effect on both the bimoiecular association equilibrium (kfjk-f,) 
and the intermolecular mixing which gives rise to triplets via 
k-i or that changes in binding are largely offset by changes in 
k-j. Since we would anticipate that increased binding would 
lead in turn to stronger intermolecular mixing, we find the 
former alternative more appealing. This would imply that it 
is not perturbation of the binding equilibrium but, rather, en­
hancement of the other rates for exciplex reactivity (k$) which 
is responsible for the large increase in (k(,/k-6)k$ with in­
creasing methoxy substitution. On the basis of these consid­
erations, therefore, we propose that the binding in the inter­
mediate exciplex state is at best weakly influenced by 
charge-transfer interactions, with the excitation remaining 
largely localized on the aromatic. We envision the formation 
of ion pair states as a subsequent process, the rate of which is 
governed by a substitution-dependent coupling of the exciplex 
and ion pair states. 

In the above discussion, we have implicitly assumed that the 
triplets produced as a result of the quenching process are 
formed directly from the exciplex state. This assumption merits 
further consideration in view of the possibility that triplet states 

may result from radical anion-radical cation annihilation 
within the ion pair state.35 The energies of the ion pair states 
calculated using the equation 

£e t = 23 .06(£ D /D+ - £A- /A -0.06) kcal/mol (16) 

(and which therefore represent minimum values, vide supra) 
are listed in Table V. Since the naphthalene triplet energies 
are in the range of 60-62 kcal/mol (Table V), formation of 
triplet states via the ion pair annihilation route should be en­
ergetically feasible in all the systems. Although our data do 
not allow us to distinguish unambiguously between these two 
mechanisms, the lack of observable triplet formation in the 
quenching of 1,4-dimethoxynaphthalene36 and the large yield 
in the case of naphthalene itself suggest to us that triplets are 
formed from the exciplex state in competition with formation 
of ion pair states.37 

The flash results arid the HCl yield data clearly imply that 
product formation is a consequence of the singlet quenching 
process. The limiting HCl yield per quench (*HCI°) tends to 
increase with increasing methoxy substitution of the aromatic, 
but this in itself is not very informative. However, if we utilize 
our conclusion that triplet formation and ion formation are 
competitive processes and calculate the limiting HCl yield per 
nontriplet-producing quench—a quantity given by the ratio 
*HCI°°/(1

 — 0), Table IV—we obtain values which are quite 
similar. Since these values are independent of bimoiecular 
association equilibria, this similarity suggests a common 
mechanism of HCl formation for all of the naphthalenes. 
Furthermore, the observed values are comparable to estimates 
of cage escape probabilities for radical ions in acetonitrile 
(5-10% for a +1,-1 ion pair).39 The most attractive mecha­
nism is, therefore, one in which the nontriplet-producing 
quenching process (eq 8) is dominated by formation of ion pair 
states with relatively little contribution from other decay 
routes. Decomposition of the free chloroacetonitrile radical 
anion (by fast, irreversible expulsion of Cl -) following cage 
escape would lead ultimately to formation of HCl and a com­
plex mixture of naphthalene-derived products resulting from 
reaction of the acetonitrile radical (-CH2CN) with the aro­
matic and its radical cation. 

Conclusion 
Quenching rate constants are complex functions of associ­

ation and reactivity. Substituent effects on &q for a series of 
related compounds can result from changes in either or both. 
What is significant, therefore, is not kq but, rather, the rates 
of the individual quenching processes. Our data suggest that 
in the systems studied here it is the rate of exciplex decay to 
ion-pair states and not bimoiecular association which is 
strongly affected by methoxy substitution and which is the 
principal contributor to the substituent effects on kq. 

Although substituent effects on /cq are often interpreted in 
terms of binding alone, this study indicates that substituent 
effects on reactivities can in fact dominate. Our work em­
phasizes the inadequacies of using kq values alone to develop 
models of bimoiecular excited-state reactivity. 
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Experimental Section 

Materials. Commercial samples of naphthalene, 2-methoxynaph-
thalene, and 2,6-dimethoxynaphthalene were purified by recrystal-
lization from ethanol and by sublimation. 1,4-Dimethoxynaphthalene 
was prepared as described by Baker and Carlson41 and purified by 
column chromatography (alumina) followed by three sublimations. 
The material used had mp 87-88 0C. Chloroacetonitrile (MCB) was 
distilled from P2O5 and from anhydrous K2CO3 and stored at less than 
0 0C until use. Acetonitrile (MCB spectroquality) was used as re­
ceived. m-Piperylene (ChemSampCo) was distilled from LiAlH4 and 
stored at less than 0 0C until use. «-Heptane (Phillips Research 
Grade) was purified by the method of Murray and Keller.42 

Apparatus. Relative fluorescence intensities were measured with 
a Hitachi-Perkin Elmer MPF-3 fluorescence spectrophotometer. GLC 
analyses were performed with a Hewlett-Packard Model 700 gas 
chromatograph (flame ionization detection), and peak integrals were 
measured by means of a Hewlett-Packard Model 3307B electronic 
integrator. Flash photolysis experiments were performed with two 
different instruments, both of which have been described.4344 The pH 
determinations were made with a Corning Model 610 pH meter. 
Absorption spectra were determined with a Cary Model 14 spectro­
photometer. Singlet lifetimes were determined with a TRW Model 
31A Nanosecond Spectral Source (D2 lamp) with decay time com­
puter coupled to either a Tektronix Type 556 dual beam oscilloscope 
or a Tektronix 7704 oscilloscope operated in the dual-trace dual-
sweep-rate mode. 

Triplet Yield Experiments. Solutions were prepared containing (1) 
only the aromatic, (2) the same concentration of aromatic as in (1) 
plus c/j-piperylene (0.05-1.0 M) and n-heptaneas internal standard, 
and (3) the same concentrations of aromatic, m-piperylene, and n-
heptane as in (2) plus varying concentrations of chloroacetonitrile. 
Aliquots (4.0 mL) of these solutions were transferred via syringe to 
clean, dry preconstricted test tubes and degassed by three freeze-
pump-thaw cycles (pressure less than 5 X 10-4 Torr) on a mercury-
free vacuum line and the tubes then sealed. After equilibration to room 
temperature in the dark, relative fluorescence intensities were re­
corded. The tubes were then irradiated simultaneously (constant dose) 
at 313 nm in a merry-go-round apparatus.45 Conversions of cis- to 
/rarts-piperylene were low (less than 3%) in all cases. fra/w-Piperylene 
analyses were performed by GLC on a column consisting of 7 X 1^ in. 
of 10% UCW-98 and 22 ft X >£ in. of 25% A/S'-oxydipropionitrile plus 
5% AgNCh on Chromosorb P, operated at room temperature. The 
internal standard was w-heptane. The data were treated according to 
eq 11 as described in the Results section. 

Flash Photolysis Experiments. Kinetic flash experiments were 
performed with the apparatus at California State University Fuller-
ton.43 For the observation of transient decay kinetics, acetonitrile 
solutions of the aromatic were degassed in conventional 20-cm path 
length "T" cells by four freeze-pump-thaw cycles (pressure < 10-5 

Torr) on a mercury-free vacuum line. Absorption spectra of the 
long-lived transients were determined point-by-point on the flash 
apparatus at UNC.44 Solutions were contained in 5-cm path length 
cells and were not degassed (in order to avoid interference from trip­
let-triplet absorption). 

Generation of Radical Cations in a Boric Acid Matrix. 2,6-Di-
methoxynaphthalene (ca. 1 mg) was mixed with boric acid (ca. 500 
mg) on a microscope slide which had been coated with silicone oil 
(General Electric). The slide was heated at 240 0C in a muffle furnace 
for 7 min, then removed. The hot syrupy boric acid matrix was covered 
with another hot microscope slide which was applied with only light 
pressure. After the slides had cooled to room temperature and the boric 
acid matrix had hardened, an absorption spectrum of the slide as­
sembly vs. air was recorded. The slide assembly was then suspended 
immediately in front of a quartz immersion lamp well and irradiated 
with a 450-W medium pressure mercury lamp filtered through a 
Kimax sleeve. After ca. 1.5 h a blue color developed in the boric acid 
matrix. An absorption spectrum of the slide assembly was again re­
corded and the baseline from the first spectrum was subtracted to give 
the absorption due to the radical cation. The absorption spectrum for 
the radical cation of 1,4-dimethoxynaphthalene was recorded in a 
similar manner. 

HCI Yield Experiments. A set of solutions was prepared containing 
a constant concentration of the naphthalene derivative (0.02-0.025 
M) and increasing concentrations of chloroacetonitrile. Aliquots (3.0 
mL) were transferred to test tubes and degassed as described for the 

triplet yield experiments. The tubes were irradiated simultaneously 
at 313 nm in a merry-go-round apparatus and light intensities were 
monitored with potassium ferrioxalate actinometry.46 At the end of 
the irradiation, the tubes were opened and their contents quantitatively 
diluted to 10.0 mL with 0.143 M aqueous NaCl (to give a final ionic 
strength of 0.1 M). Values of the pH of these and of similarly diluted 
but unirradiated aliquots allowed determination of the concentration 
of HCl produced as a result of irradiation. These data were used to 
calculate 4>HCI as a function of chloroacetonitrile concentration. 

Acknowledgment. The bimolecular triplet yield method was 
developed and some experimental results were obtained in the 
laboratories of Professor George S. Hammond at Caltech.40 

We wish to thank Dr. Carl C. Warmer of California State 
University Fullerton for assistance with the kinetic flash ex­
periments and Dr. David G. Whitten of the University of North 
Carolina at Chapel Hill for further provision of facilities. One 
of us (Z.H.) wishes to thank Sir George Williams University, 
Montreal, Canada for a sabbatical leave at Caltech. Work at 
Davidson College was supported by a grant from Research 
Corporation. 

References and Notes 

(1) University of North Carolina. Present address: lnstituto de Quimica, Univ-
ersidade de Sao Paulo, Cidade Universitaria, Caixa Postal 20.780, Sao 
Paulo. Brazil. 

(2) Davidson College. 
(3) M. T. McCaII, G. S. Hammond, O. Yonemitsu, and B. Witkop, J. Am. Chem. 

Soc, 92, 6991 (1970). 
(4) F. A. Carroll, M. T. McCaII, and G. S. Hammond, J. Am. Chem. Soc, 95, 

315(1973). 
(5) F. A. Carroll and F. H. Quina, J. Am. Chem. Soc, 94, 6246 (1972); 98, 1 

(1976). 
(6) Equations similar to eq 13 and 14 have been utilized by T. R. Evans, J. Am. 

Chem. Soc, 93, 2081(1971). 
(7) R. P. VanDuyne and S. F. Fischer, Chem. Phys., 5, 183 (1974). 
(8) Triplet yield data9 and fluorescence yield data10 for a series of naphthalene 

derivatives indicate sums of * i + *isc in the range of 0.7-1.0. The values 
of $i,c we use for naphthalene and 2-methoxynaphthalene agree well with 
those in ref 9 and references therein; our value of <f>f for 1,4-dimethoxy­
naphthalene agrees well with that of 0.57 in CH3CN determined by Zweig 
etal.11 

(9) B. Amand and R. Benasson, Chem. Phys. Lett., 34, 44 (1975). 
(10) I. B. Beriman, "Handbook of Fluorescence Spectra of Aromatic Molecules", 

2nd ed, Academic Press, New York, N.Y., 1971. 
(11) A. Zweig, A. H. Maurer, and B. G. Roberts, J. Org. Chem., 32, 1322 

(1967). 
(12) L. M. Stephenson and G. S. Hammond, Pure Appl. Chem., 16, 125 

(1968). 
(13) Identical spectra could be generated in acetonitrile solution by flashing these 

two naphthalenes in the presence of N-ethyl-p-cyanopyridinium fluobo-
rate.14 Flashing pyrene in the presence of the pyridinium salt generated 
a transient whose maximum (445 nm) corresponded to that of the pyrene 
radical cation.15 Naphthalene and acenaphthylene failed to give detectable 
transients under these conditions. The pyridinium compound probably 
functions as a good electron acceptor from the excited aromatic16 and 
should serve as a convenient reagent for generating radical cations in 
solution in other flash photolysis studies. 

(14) W. M. Schwartz, E. M. Kosower, and I. Shain, J. Am. Chem. Soc, 83, 3164 
(1961). 

(15) T. Shida and S. Iwata, J. Am. Chem. Soc, 95, 3473 (1973). 
(16) R. F. Bock, T. J. Meyer, and D. G. Whitten, J. Am. Chem. Soc, 96, 4710 

(1974). 
(17) D. F. Evans, Nature (London), 176, 777 (1955). 
(18) R. Lesclaus and J. Joussot-Dubien in "Organic Molecular Photophysics", 

Vol. I, J. B. Birks, Ed., Wiley, New York, N.Y., 1973, pp 457-463. 
(19) O. Yonemitsu, H. Nakai, Y. Kanaoka, I. L. Karle, and B. Witkop, J. Am. 

Chem. Soc, 92, 5691 (1970), and references cited therein. 
(20) C. M. Foltz, J. Org. Chem., 36, 24 (1971). 
(21) H. H. Ong and E. L. May, J. Org. Chem., 35, 2544 (1970). 
(22) For a discussion of quenching kinetics, including an analysis of the pos­

sibility that linear l/^miercept vs. 1/[Q] plots might result when triplets also 
give rise to photoproducts, see J. C. Oalton and J. J. Snyder, MoI. Photo-
chem., 6,291 (1974). 

(23) D. Rehm and A. Waller, lsr. J. Chem., 8, 259 (1970). 
(24) T. A. Gough and M. E. Peover in "Polarography 1964", Vol. II, Proceedings 

of the 3rd International Conference, Southampton, England, G. J. Hills, Ed., 
MacMillan, London, 1964, p 1017. 

(25) For a discussion of kinetic effects on the measured redox parameters in 
cyclic voltammetry, see R. S. Nicholson and I. Shain, Anal. Chem., 36, 706 
(1964). 

(26) A. Inesi and L. Rampazzo, J. Electroanal. Chem. Interfacial Electrochem., 
44,25(1973). 

(27) Values of frg(chloroacetonitrile)/fcq(methyl chloroacetate) are:3 naphthalene, 
2.1; 2-methoxynaphthalene, 3.3; 2,6-dimethoxynaphthalene, 3.8; 1,4-
dimethoxynaphthalene, 3.2; thus indicating similar quenching behavior. 

(28) S. P. Mishra and M. C. R. Symons, J. Chem. Soc, Chem. Commun., 606 

Journal of the American Chemical Society / 99:7 / March 30, 1977 



2245 

(1974). 
(29) Values of AEo.o were measured from the overlap of absorption and fluo­

rescence spectra. Values of £o/o+ 'or the naphthalenes36 and of Ek-Ik 
for chloroacetonitrile4 were taken from the literature. Weller's value of 0.06 
eV was assumed for the Coulombic term. 

(30) Values for the oxidation potential of the methoxynaphthalenes were taken 
from the data of Zweig.1' The oxidation potential for naphthalene was taken 
to be 1.65 V vs. SCE,'4 a value which agrees well with that determined by 
Loveland and Dimeler.31 A value of 1.72 V vs. SCE in acetic acid solution 
was determined by Eberson and Nyberg,32 and Yang reported a value of 
1.54 V vs. SCE in acetonitrile solution.33 This uncertainty in the oxidation 
potential of naphthalene does not qualitatively alter the conclusions of the 
present study. 

(31) J. W. Loveland and G. R. Dimeler, Anal. Chem., 33, 1196 (1961). 
(32) L. Eberson and K. Nyberg, J. Am. Chem. Soc, 88, 1686 (1966). 
(33) E. S. Pysh and N. C. Yang, J. Am. Chem. Soc, 85, 2124 (1963). 
(34) D. Lewis and W. R. Ware, MoI. Photochem., 5, 261 (1973). 
(35) These possibilities have been discussed at length for the aromatic hydro­

carbon-tertiary amine system. For a recent review, see N. Mataga and N. 
Nakashima, Spectrosc. Lett., 8, 275 (1975). See also the discussion of 
Ottolenghi: N. Orbach and M. Ottolenghi in "The Exciplex", M. Gordon and 
W. R. Ware, Eds., Academic Press, New York, N.Y., 1975, pp 75-111. 

(36) The large value of (/c6/fc_e)fc8 and the experimental uncertainty in 0 for this 
system merely allow us to put an upper limit of about 10a M - 1 s - 1 on 
(fc6/k-6)fr7. Since the results for the other compounds yield (ke/k-e)l<7 
values of about 1 0 7 M - 1 S - ' , the occurrence of this process in the case 

of 1,4-dimethoxynaphthalene cannot be excluded. 
(37) Vogelmann and Kramer have recently reported evidence for direct triplet 

formation in competition with electron transfer quenching in a very different 
system.38 

(38) E. Vogelmann and H. E. A. Kramer, Abstracts of Papers. 6th IUPAC Sym­
posium on Photochemistry, Aix-En-Provence, France, July 19-23, 
1976. 

(39) C. R. Bock, Ph.D. Thesis, University of North Carolina, Chapel Hill, N.C, 
1975. 

(40) A subsequent application of the method has appeared from this group: A. 
Gupta and G. S. Hammond, J. Am. Chem. Soc, 97, 254 (1975). On the 
ordinate of Figure 1 of that paper the symbol a should be replaced by the 
symbol $iSC, and a corresponding change should be made in the discussion 
of the plot in the text. The definition of F in that paper should be altered 
as follows: in the presence of piperylene but without /3-ethylstyrene 
(P). 

(41) B. R. Baker and G. H. Carlson, J. Am. Chem. Soc, 64, 2657 (1942). 
(42) E. C. Murray and R. N. Keller, J. Org. Chem., 34, 2234 (1969). 
(43) C. C. Wamser, R. T. Medary, I. E. Kochevar, N. J. Turro, and P. L. Chang, 

J. Am. Chem. Soc, 97, 4864 (1975). 
(44) D. G. Whitten, P. D. Wildes, and C. A. De Rosier, J. Am. Chem. Soc, 94, 

7811 (1972). 
(45) F. G. Moses, R. S. H. Liu, and B. M. Monroe, MoI. Photochem., 1, 245 

(1969). 
(46) C. C. Hatchard and C. A. Parker, Proc R. Soc. London, Ser. A, 235, 518 

(1956). 

Aromatic Protonation. 12. Solvent Isotope Effects 
in H2O-D2O Mixtures on the Detritiation of 
Trimethoxybenzene1'2 
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Abstract: The problem of kinetic solvent isotope effects in H2O-D2O mixtures on systems for which proton transfer from 
HbO+ and some subsequent reaction step are each partly rate determining is considered, and an expression relating the isotope 
effect to the atom fraction of deuterium in the solvent is derived for a symmetrical isotope exchange process such as acid-cata­
lyzed aromatic hydrogen exchange. This expression is then applied to data presented here for the detritiation of 1,3,5-trimeth-
oxybenzene-2-/ as well as to literature values for the same reaction and the detritiation of azulene-/-;. The analysis yields iso-
topic (Bronsted) exponents, a* = 0.67 for trimethoxybenzene and a\ = 0.57 for azulene, which are not affected substantially 
by inclusion of corrections for nonadherence to the rule of the geometric mean and which are in good agreement with conven­
tional Bronsted exponents as well as other measures of transition-state structure for these reactions. 

Solvent isotope effects in mixtures of light and heavy 
water have excited the interest of chemists studying acid-base 
catalysis almost since the discovery of deuterium in 1932. This 
long history has produced a simple theory6 which provides a 
good first approximation to complete quantitative interpre­
tation of both kinetic and equilibrium phenomena in H2O-D2O 
mixtures. Enough is understood, moreover, about some of the 
assumptions upon which this theory is based, such as neglect 
of medium effects or adherence to the rule of the geometric 
mean, to permit their removal, and thus to provide a second 
level of understanding, albeit at a considerable reduction in 
simplicity.7 

This simple theory uses fractionation factors (D/H ratios 
at particular exchangeable sites relative to the D/H ratio of 
the solvent) to relate rate or equilibrium constants measured 
in H2O-D2O mixtures to the deuterium content of the solvent. 
In favorable situations, these fractionation factors may be 
evaluated from the experimental data and, through them, in­
formation about reaction mechanism and/or transition state 
structure may be gained. 

Application of the simple theory to equilibria is straight­
forward, as it is also to rates of even complex reactions, pro­

vided that a single step is wholly rate determining. When two 
or more steps are each partly rate determining, however, the 
analysis becomes considerably more difficult. Consider, for 
example, the reaction sequence shown in Scheme I. When the 

Scheme I 

S + H3O
+ ^ * SH+ + H2O 

SH+ + H2O -^* H2O-SH+ ^ * products 

proton transfer step (Ic 1) is wholly rate determining, the de­
pendence of rate upon isotopic content of the medium is given 
by 

=^2 kx_ (1 -x + xct>\*)(\ -x + x4>2*) 
kH ( 1 - x + x/)3 (D 

where ky\ and kx are rate constants for reactions in pure H2O 
and an H2O-D2O mixture of atom fraction x, respectively, and 
l,4>]*, are fractionation factors for the hydronium ion and the 
isotopically equilibrated positions of the proton transfer 
transition state 1. The analysis is equally straightforward when 
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