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Ultrafast Excited-State Proton Transfer from Cyano-Substituted 2-Naphthols
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The rate of excited-state proton transfer from four cyano-substituted 2-naphthols was measu@dimdH

D,0 by picosecond time-resolved fluorescence. The excited-state acidity congigntyas calculated and
compared with previous results and was found to be substitution-dependent, as predicted by the charge-
transfer theory. The isotope effect was evaluated for all the compounds of the series. As reported for many
other hydroxyaromatic compounds, this effect was more important for the dissociation rate constant than for
the recombination rate constant.

Introduction SCHEME 1
Proton-transfer reactions are among the most common and Kaiss B N DSE _ N
important chemical processes in aqueous solufichdn recent RHO*==[RO *:+*H"],_, —— [RO * + H'] .,

ec

years, intermolecular proton transfer in the excited state has been
the subject of intensive theoretical and experimental investiga-
tions, since photophysical techniques provide valuable informa-
tion about the mechanism and the nature of atidse reactions followed by a diffusional step in which the hydrated proton is

in aqueous solutior’s.” separated from the contact radias,to infinity. The second
Hydroxyarenes undergo an enhancement of acidityrst€o  step is described by the exact transient (numerical) solution of
shift, upon photoexcitation. The fluorescence spectra of such the Debye-Smoluchowski equation (DSEI° with the above-
compounds consist of two emission bands. The band at shortementioned boundary condition.
wavelength corresponds to emission from the neutral form  Extensive studies of the time-resolved fluorescence of
(ROH*), while the other, at longer wavelength, is that of the molecules that are capable of transferring a proton to the solvent
conjugate base (RO). Thus, hydroxyarenes are ideal sub- have shown that the nonexponential decay of the ROH* form
strates for examining fundamental aspects of proton transferarises from an effective reversible proton geminate recombina-
using steady-state and time-resolved fluorescence measurementtion process. This process increases the time-dependent popula-

Most studies in photoexcited proton transfer have concen- ion of the ROH*, and hence, the overall effect on the

. i . i ; i /
trated on the commercially available 1- and 2-naphthols, on their luminescence is a decay tail that decays as a power law %’t ,
sulfonated derivatives, and on 8-hydroxy-1,3,6-pyrenetrisul- All cyano-substituted 2-naphthols exhibited strong emission
fonate. Unfortunately, a limitation of these studies is the in agueous solution, characterized by anionic emission at neutral

relatively modest change in acidity, ca-8 pKa units, which pH. The apparentky* values were determined from fluores-

occurs upon photoexcitation with conventional hydroxyarenes cence ftitration of anion emission as well as from use of the

This limitation confines most photophysical investigations to Forster cycle W'th both fluorescence and absorptlor_1 data.
. . . Nevertheless, excited-statgmeasurements were complicated
solvents in which proton transfer competes with the ca. 10 ns

L by competing decay processes, including fluorescence and

decay lifetime. . ) nonradiative decay.
To expand the range of photoacids available for fundamental  \ye have used the geminate proton recombination scheme to
studies in proton-transfer kinetics, 2-naphthols substituted in the analyze quantitatively the picosecond time-resolved lumines-

first chemical step is described by the back-reaction boundary
condition with intrinsic rate constantiyiss and kec and is

distal ring by the cyano group, i.e., 5-cyano-2-naph{baN2), cence of cyanonaphthols. Scheme 1 provides the basic concept
6-cyano-2-naphthd6CN2), 7-cyano-2-naphthol (7CN2), 8-cy-  of the reversible excited-state proton transfer followed by a
ano-2-naphthol (8CN2), were synthesi#eahd their photo-  geminate recombination process. In addition, we have measured

physical behavior was studied by means of steady-state andthe proton-transfer rate to deuterated water to analyze the isotope
nanosecond time-resolved fluorescence emission. Most of theeffect. The experimental setup enables us to monitor the

data analysis has been based on rate equations for which thdransient behavior on a picosecond time scale and the theoretical
proton-transfer process exhibits an exponential time-dependencemodel to determine the different rate constants that are involved

A different approach is to look at the proton-transfer process in the overall process.

as a transient, nonequilibrium dissociation of an excited-state

molecule, using a two-step reaction model, as in Scheme 1. TheEXperimental Section

Materials. Deionized water had a resistance greater than 10

€ Abstract published ilAdvance ACS Abstractdfay 15, 1997. MQ. D,O, 99.8% isotopically pure, was purchased from
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Figure 1. 5CN2 in HO.
SCHEME 2

Time [ns]

Time [ns]
Figure 2. 6CN2 in HO.

ROH* and RO* are the excited-state protonated and

Kiss unprotonated forms of the proton-emitting molecules. The

ROH* —=——=RO~+H* excited-state proton transfer is followed by proton geminate
& ke recombination. The transient Deby8moluchowski equation
(DSE) was used to quantitatively describe the excited-state
ROH RO~ ROH* and RO* time-dependent concentrations:

Aldrich. MeOH, spectroscopic grade, was purchased from ap(r.t) _Dba 2 V0 0 eV(r)p(r f) _@ 1)
Merck. The solvents were used without further purification. ot r2or ar ' T
The cyano-substituted 2-naphthols were readily prepared by
sodium cyanide/MgO demethylation of the corresponding Here, p(r,t) is the probability density function of finding the
methyl ethers, as described elsewhgre. geminate proton at a distancat timet. The mutual attraction

Samples. Solutions were prepared immediately prior to ©f the proton and the RO anion is described by a distance-
fluorescence measurements. The experiments were carried oulependent potential(r):
at pH= 5.5-6.0, where only the acid form exists.

Time-Resolved Fluorescence MeasurementsTransient V(r) = — Ro _ |2122|e2

o . r=—-—, =—

fluorescence was detected using time-correlated single-photon r ekgT
counting as described earli€r. The overall instrumental
response at full width at half-maximum (fwhm) was ap- The reversibility of the reaction is described by the back-
proximately 35 ps. Emission was collected at a 10 nm spectral reaction boundary condition:
width. Measurements were taken at 5 and 20 ns full scale.

Results 4na’De " a%ve)p(r,m_a = Ke(at) — kys(ROH* 1)

The steady-state emission spectra of these compoundsHereais the contact distance akgssandkec are the intrinsic
consisted of two bands with maxima located at ca. 420 and 520dissociation and recombination rate constants whiles the
nm, which are assigned to the emission of the ROH* andRO diffusion coefficient. The initial condition is that of 100%
respectively. The Ig.* was estimated by the Fster cycle to ~ ROH*. Thereforep(r,0) = 0 andp(ROH*,0) = 1. The contact
be —1.2, 0.2,—1.,3 and—0.4 for 5CN2, 6CN2, 7CN2, and distancea, diffusion coefficientD, and Debye radiuRy were
8CN2 respectivel§. In the ROH* fluorescence, an additional taken from the literaturé-12 The adjustable parameters are the
long-lived component was observed. The source of this dissociation and recombination rate constants.
luminescence could arise from (a) impurities, (b) decomposition ~ The proton-transfer rates to water angCbare summarized
of the original compounds, or (c) dimers or other oligomers. in Table 1. The Ez* was calculated according to eq 2, and
This additional fluorescence was treated as background signal;the values obtained are shown in Table 2.
it was typically less than 3% in all cases.

Time-resolved emission spectra measured at the correspond- K* = Kaiss ©XPRo/3) 1000 )
ing wavelengths of the neutral and anionic species of 5CN2 4ma’k,, Na
and 6CN2 in water are shown in Figures 1 and 2.

The analysis of the time-resolved data has been based onHere,awas taken as 7 A, which corresponds to bare naphtholate
Scheme 2. plus one or two solvation layersRp was calculated to be 7.1
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TABLE 1: Proton Dissociation Rate Coefficients for Excited Cyano-2-naphthol3

Huppert et al.

compound solvent A (nmy species Kaiss(PS™1)¢ Kec (A/ps)y 7 (ROH) (ns) 7 (RO") (ns)
5CN2 HO 430 ROH 0.0 0.08 3.0 5.5
5CN2 HO 630 RO 0.07 0.08 3.0 5.5
5CN2 DO 430 ROH 0.03 0.07 6.0 11.0
5CN2 D,O 630 RO 0.03 0.07 6.0 11.0
5CN2 MeOH 370 ROH 0.0002 0.0006 7.0 15.0
5CN2 MeOH 650 RO 0.0006 0.0006 7.0 15.0
6CN2 HO 360 ROH 0.011 0.04 5.0 7.0
6CN2 HO 500 RO 0.011 0.04 4.2 6.0
6CN2 DO 360 ROH 0.0033 0.022 4.2 6.0
6CN2 D,O 500 RO 0.0033 0.022 4.2 6.0
7CN2 HO 380 ROH 0.0055 0.03 5.2 6.5
7CN2 HO 530 RO 0.0055 0.03 5.2 6.5
7CN2 D,O 380 ROH 0.0018 0.02 5.2 11
7CN2 D,O 530 RO 0.0018 0.02 5.2 11
8CN2 HO 410 ROH 0.027 0.04 5 7
8CN2 HO 510 RO 0.0027 0.04 5 6
8CN2 D,O 400 ROH 0.013 0.03 5.2 10
8CN2 D,O 510 RO 0.013 0.03 5.2 10

a Physical parameters used for the data in the tablez 78 (H,O and BO) and 32 (MeOH); charge 0; T = 298 K; D = 0.96 A2/ps (H0),
0.66 Aps (D,0), and 0.27 Alps (MeOHY. Fluorescence wavelength measuremekiiss and ke are the proton dissociation and recombination
rate constants! Owing to the limited time resolution of the experimental system, the error in the determinatiggs tifr 5SCN2 is~20%.
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TABLE 3: Isotope Effect for Cyano-Substituted

2-Naphthols
rate constant L0 DO Ket/Kp*
5CN2
Kais&* 0.07 0.03 2.33
Kied 0.08 0.07 1.14
6CN2
Kaiss* 0.011 0.0033 3.33
Kred 0.04 0.022 1.81
7CN2
Kais&* 0.0055 0.0018 3.06
Kred 0.03 0.02 1.50
8CN2
Kaiss* 0.027 0.013 2.08
Kred 0.04 0.03 1.33

a kdiSS ln pgl- b krec |n A/pS

withdrawing groups would be expected to lower thestate

and to lead to enhanced acidity. The discrepancy with the
pKz* values obtained by the Fster cycle can be explained by
the fact that proton transfer is one of several competing decay
pathways for photoexcited naphthols. Given the processes

Time [ns]
Figure 3. 8CN2 in HO and DRO.

TABLE 2: Equilibrium Constants for Cyano-Substituted
2-Naphthols

pKa* pKa*

compound 2 (direct) (Forsterf (fluorescence)
5CN2 —0.75 —-1.2 1.7
6CN2 —-0.37 0.2 0.5
7CN2 —-0.21 —-1.3 2.0
8CN2 —0.76 —-0.4 0.7

A.13 Figure 3 shows the time-resolved ROH* and ROD*
(measured in KD and DO, respectively) fluorescence data of
8CN2. Table 3 summarizes the computer-fitting parameters.

Discussion

competing with proton transfer, th&gr values determined by
the Faster equation are approximate, since they include ground-
state acidities involving molecular geometries and solvation
changes considerably different from those in the excited state.
The Ky* obtained using the solution to the DSE equation are,
therefore, considered more accurate than those obtained previ-
ously. This belief is reinforced by the fact that the;pvalues
show the behavior expected, namely, that 5- and 8-substitution
affects the excited-state acidity more markedly than 6- and
7-substitution. This prediction could not be verified previously
using the Fester values.

The isotope effect appears to be more important for the
dissociation rate constarkiss than for the recombination rate
constantk. in agreement with previously findings for HPTS
and sulfonated-2-naphthdfs. The value ofky+/kp+ is close to
3 for 6CN2 and 7CN2, in accordance with the value reported
for other hydroxyaromatic compounéfs!’ probably reflecting

The fastest proton-transfer rates are observed on the 5- andhe molecular properties of the donor and those of water.

8-substituted compounds. This is in accord with the model that

5CN2 and 8CN2, on the other hand, show a smaller isotope

suggests that the enhanced photoacidity of 1-naphthol overeffect, probably indicating that, as the reaction becomes more

2-naphthol is associated with the population of thestate in
the former. Substitution at the 5 or 8 position by electron-

“diffusion controlled” and reorganization of the solvent instead
of proton transfer becomes the rate-determining step, the isotope
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effect becomes less important. This observation needs morePhotochem. Photobiol., 2993 75, 1. (d) Arnaut, L. G.; Formosinho, S. J.

study before a total understanding can be reached, since &- Photochem. Photobiol.,
straightforward explanation is complicated by the many factors

playing a role in proton-transfer reactions.

Finally, we would like to briefly compare the behavior of
5CN2 in MeOH to that of 5,8-dicyano-2-naphthol (5,8CN2) in
the same solverd For 5,8CN2 in MeOHKkgiss = 0.012 ps?
(cf. 0.0002 ps?) while kec = 0.033 A ps (cf. 0.0006 A ps?),

showing a forward and reverse rate 60 times greater than those

A993 75, 21.

(4) (a) Eigen, M.Angew. Chem., Int. Ed. Endl964 3, 1. (b) Eigen,
M.; Kruse, W.; Maass, G.; De Maeyer, Prog. React. Kinet1964 2,
1964.

(5) Ireland, J. F.; Wyatt, P. A. HAdv. Phys. Org. Cheml1976 12,
139.

(6) (a) Gutman, MMethods Biochem. Anal984 30, 1. (b) Pines,
E.; Huppert, DJ. Phys. Chenl983 87, 4471. (c) Kosower, E. M.; Huppert,
D. Annu. Re. Phys. Chem1986 37, 127.
(7) (a) Ando, K.; Hynes, J. TStructure, Energetics and Reagty on

of the monosubstituted compound and suggesting a synergisticAqueous SolutiopsCramer, C. J., Truhlar, D. G., Eds.; ACS Books:

effect of the two substituents on the excited-state acidity.

Conclusions

The rate of excited-state proton transfer can be correlated witl
the position of the substituent on the distal ring on cyano-
substituted 2-naphthols. The isotope effect shows a diminished

Washington, DC, 1994. (b) Barbara, P. F.; Jarzeba, \Wdd. Photochem.
199Q 15, 1.

(8) (a) Tolbert, L. M.; Haubrich, J. El. Am. Chem. S0d.99Q 112,
8163. (b) Tolbert, L. M.; Haubrich, J. El. Am. Chem. Sod 994 116,

h 10593.

(9) Von Smoluchowski, MZ. Phys. Chem1917, 92, 129.
(10) Debye, PJ. Electrochem. Sod.942 82, 265.
(11) Robinson, R. A.; Stokes, R. HElectrolyte Solutions2nd ed.;

influence as the reaction becomes faster and the proton transfegtterworth: London, 1959.

ceases to be the rate-determining step.
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