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Abstract: Dynamics of the ground-state reverse proton transfer in 7-azaindole (7Al(N)) have been investigated
by two-step laser-induced fluorescence (TSLIF) in various nonpolar solvents. Comprehensive analyses reveal
a previously unrecognized finite rise kinetics for the long-lived transient species. Furthermore, the time-dependent
spectral evolution indicates that the TSLIF spectrum obtained at the rise component is different from that of
the decay component, while both spectra are red shifted relative to the prompt tautomer emission. The results
lead us to propose that the transient species originates from the monomer of the 7Al proton-transfer tautomer
(7AI(T)) produced by a minor dissociation channeld@o) of the excited 7AI(T) dimer, which subsequently
undergoes a slow reverse proton transfer via the formation of a 7AI(T)/7AI(N) hydrogen-bonded complex.
This proposed mechanism rationalizes the recent thermal lensing experiment which concluded that the 7AI(T)
dimer is only 0.97 kcal/mol higher in energy than the 7AI(N) dirffewhile theoretical approaché2in

contrast, predict an energy difference>020 kcal/mol.

Introduction gives rise to an enormously large Stokes-shifted emission

. . maximum at~480 nm which can be distinguished from the
The spectroscopy and dynamics of 7-azaindole (7Al) have g g \avelength “normal” 7Al monomer fluorescendgd ~

received considerable attention since the original observation 35 nm) in a very dilute hydrocarbon solution. Accordingly
of excited-state double proton transfer (ESDPT) by Taylor et o 480.nm emission is ascribed to the 7AI(T) dimer relaxation
all 7Al shows remarkable efficiency for the formation of the (TAI(T))*» — (TAI(T)),) resulting from the ESDPT reaction
hydrogen-bonded complex with guest molecules possessing duatSee Figure 1: hereafter, (N) and (T) denote the normal and
hydrogen-bonding sites. For example, the self-dimerization of proton-transfer tautomer species, respectively).

7Al le'/;'thddualdh?/?ro?]enhbgnds habs Ioor|lgdbbeen regogplljzgg\ 4523 n the jet-cooled isolated gas, Fuke et al. concluded that the
simplified model for the hydrogen-bonded base pair o * ESDPT reaction on the 7AI(N) dimer was barrierless since it

Spectroscopically, the change of YVis absorption spectra

associated with the hydrogen-bonding formation has been use
as a tool to obtain thermodynamics of the 7Al dimer. In a diluted

solution with hydrocarbon solvents: (0> M), monomer 7Al
can be characterized by ag-S5; absorption maximum at285

nm. Upon increasing the concentration, the increase of absor-

bance at>310 nm is solely attributed to the 7Al dimer
absorption, and a dimerization constantdf.8 x 10° M~ has
been deduced in 3-methylpentahidpon excitation, it has been

widely accepted that the excited-state double proton transfer
(ESDPT) occurs through a self-catalysis or solvent (e.g.,
alcohols, acids) catalysis mechanism in 7Al hydrogen-bonded

complexes:2¢ For the case of 7Al dimer, the 310-nm excitation
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Taking advantage of the fact that the thermal lensing technique

— 0 ESDPT essentially measures the heat dissipation upon the radiationless
% transition, Suzuki et al. were able to extract the enthalpy factor
285nm for the 7AI(T) dimer— 7AI(N) dimer reverse proton-transfer

reaction. Consequently, a surprisingly sma&H value of 0.97
kcal/mol was deduced, which is in general much smaller than
320nm 480nm other molecules exhibiting a proton-transfer reaction. For
310nm example, the enthalpy change of ketnol tautomerism for
7-hydroxyquinoline in methanol was reported to be 9.76 kcal/
Ka~1.8x10° C‘vIS;R_lj,I.«""—— mol.36 For the case of 2-methylbenzophenone, the enthalpy of
—_— formation was obtained to be 27.6 kcal/mol for cis-enol and
48.0 kcal/mol for trans-endf. As for the 7Al dimer,AH for

| \ | the 7AI(N) dimer— 7AI(T) dimer tautomerism in the ground

\ state has been theoretically calculated to be 24.5 and 22.3 kcal/
mol using 4-31@& and 6-31G#* basis sets, respectively, which
are apparently much larger than the experimental value of 0.97
kcal/mol. In this study, we have also performed a calculation
| > | based on a more advanced CBS-4 meti@d the results show
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the enthalpy difference between the 7AI(N) and 7AI(T) dimer
to be 23.5 kcal/mat! Therefore AH obtained from the thermal
(TAI(N))2 (TAI(T))2 lensing experiment is generally20 kcal/mol less than that
Figure 1. Photophysics of 7Al and Al dimer in hydrocarbon solvents  Predicted from theoretical approaches. Such a surprising dif-
(only depicting singlet-state manifolds). Note that an equilibrium ference has been tentatively explained by a drastic conforma-
between excited 7Al and 7Al dimer is not established due to the fast tional change between the normal and tautomer forms and/or
S,—S relaxation and ESDPT for 7Al and 7Al dimer, respectively. the solvation effect of surrounding molecufésdowever, this
proposed mechanism cannot be rationalized, at least, by ab initio

ultrafast time-resolved measurements have been carried OUtcaIcuIations in the gas phase, unless solvation plays a major

Recently, Zewail et & applied femtosecond mass Spectroscopy qje 1o account for a significant structural distortion, hence
to investigate the reaction dynamics of the 7AI(N) dimer in an stabilizing the 7AI(T) dimer. To further verify this viewpoint,
isolated gas system and concluded that the ESDPT takes placg o paye performed a semiempirical calculation based on the
through a sequential, two-step proton-transfer process in WhiChPMS-SMS modef2 and the results predict similar solvation
the overall reaction time, depending on the excitation frequency, nergies betweer’l the 7AI(N) and 7AI(T) dimersnimeptane

proc_eeds within 3 ps. In the condensed phase, plco-femtose_co_n olution, indicating that a structural change due to the induced-
studies have revealed that the rate of proton transfer is within dipole interaction in nonploar solvents is negligible

2 21 i i

0.3 x |101 t(l) L Xgolg s for thel case ﬁf tge .7AI§N) dimer md To resolve this controversy, we have therefore reinvestigated
nonpolar solvents.="Very recently, on the basis of animproved o GSRPT of the 7AI(T) dimer by an ultrasensitive nanosecond
femtosecond technique, Chachisvillis et3alhave further pump-probe TSLIF technique. This system is based on an
(rjgsolvgd the.detalls Iassouateg with :hs %SaPT of t::e 7'TI(bN)I intensified charge-coupled detector so that both time and spectral

imer In various solvents and concluded that on the global ¢,/,;tion can be acquired simultaneously, giving more dimen-
potential energy SL.”face bOth trajectories of the_ symmetric and sions for spectral and dynamic analyses. The results lead us to
asymmetric vibrational motion must be considered for the ., lude that the transient species may originate from the

proton-transfer reaction. 7AI(T) monomer generated by the dissociation of the 7AI(T)
In contrast, the rate of ground-state reverse proton transferdimer during its excited-state life span. Subsequently, a slow

(GSRPT) for the 7AI(T) dimer has been reported t0 be GgppT takes place through the formation of a 7AI(T)/7AI(N)
surprisingly slow. By applying transient absorption and two- hydrogen-bonded complex
step laser-induced fluorescence (TSLIF) measurements, Itoh et '

al. demonstrated that an unexpectedly long-liveem{cro- Experimental Section

seconds) 7A3I3(;I') dimer is involved in the GSRPT at room  \aterials. 7AI (Aldrich) was twice purified by column chroma-
temperatu"é_-‘ Very recently, on.the basis of a tlme-rego_lved tography where 1:1 (v/M)-hexane:ethyl acetate was used as an eluent.
thermal lensing technique, Suzuki efabbserved a slow-rising A conventional method by saturating 7Al in ethanolreheptane at
thermal lensing signal of which the relaxation dynamics are, in (36) Terazima, M.; Azumi, TJ. Am. Chem. Sod989 111, 3824.

part, in agreement with those obtained by Itoh et al. (vide infra),  (37) Suzuki, T.; Okuyama, U.; Ichimura, Them. Phys. Letl.997 266,

confirming the existence of the long-lived tautomer species. 107.
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the boiling temperature followed by recrystallization is not recom- Since the signal to noise ratio has been greatly enhanced due to the
mended due to certain degrees of thermal decomposition, giving rise ultralow dark current and high detectivity of the ICCD, both pump
to a reaction product with strong fluorescence interference (vide infra). and probe laser energies can be drastically reduced to further avoid
The purity of 7Al was checked by the fluorescence excitation spectrum the photochemical reaction of 7Al. With these improvements negligible

in cyclohexane under sufficiently low concentration<gf0¢ M, where photodecomposition of 7Al was observed throughout the TSLIF
the 7Al monomer form exists predominantly. N(1)-deuterated 7Al was measurement.
prepared by dissolving 7Al in @leuterated ethyl alcohol (TCI, 99.5%) Theoretical Calculation. Ab initio molecular orbital calculations

and stirring fo 1 h and subsequently vacuum evaporation. This were performed by using Gaussian 94 Rev D.3 programs. Geometry
procedure was repeated three times to obtain deuterated 7Al, whichoptimizations for all structures were carried out with the 6-31G* basis
was then stored in a drybox for later use. Hydrocarbon solvents from set at the HartreeFock (HF) level. This basis set has proven to be
n-heptane to hexadecane were all of spectragrade (Aldrich) and usedsuitable for the dimer (or complex) formation incorporating hydrogen
right after received. Acetic acid (Merck Inc.) was purified through a bonds? Hessians, and hence vibrational frequencies, were also
fractional distillation. performed to check whether the optimized geometrical structures for
Measurements.Steady-state absorption and emission spectra were those dimeric and complex forms are at an energy minimum, transition
recorded by a Cary 3E (Perkin-Elmer) spectrophotometer and a Hitachi state, or higher order saddle point. The directly calculated zero-point
(SF4500) fluorimeter, respectively. The excitation light source of the vibrational energies (ZPE) were scaled by 0.9%84 account for the
fluorimeter has been corrected by the Rhodamine B spectrum. In overestimation of vibrational frequencies at the HF level. Some special
addition, the wavelength-dependent characteristics of the monochro-cases (see text) require a more advanced CBS-4 méthdtdch begins
mator and photomultiplier have been calibrated by recording the with a HF/3-21G(d) geometry optimization; the zero-point energy is
scattered light spectrum of the corrected excitation light from a diffused computed at the same level. It then uses a large basis set (HF6z311
cell in the range 226700 nm. Lifetime studies were performed by an  (3d2f,2df,p) SCF calculation as a base energy and an MP2{6531
Edinburgh FL 900 photon counting system with a hydrogen-filled flash calculation with a CBS extrapolation to correct the energy through
lamp or a nitrogen lamp as the excitation source. The temporal second order. The association enerdy., was calculated as the
resolution after deconvolution of the excitation pulse was 200 ps. The change in the total molecular enthalpy of formation for the conversion
data were analyzed using a nonlinear least-squares fitting program withof the optimized monomer individually into the optimized dimer. A
a deconvolution method reported previouSly. counterpoise correction procedtffé! has been applied to correct
For the TSLIF experiment, a Nd:YAG (355 nm, 5 ns, Continuum certain inconsistencies due to the basis-set superposition (BSSE). Hence,
Surlite Il) pumped optical parametric oscillator (OPO) was tuned to AHac.= [H(dimer or complex)- 2H(monomer)— AE.,(BSSE)], where
620 nm, which was then frequency doubled by a BBO crystal (10 mm AE.(BSSE) denotes the monomers energy corrected by the counter-
path length) to obtain a 310-nm excitation frequency for the pump pulse. poise correction procedure.
As mentioned in the Introduction only 7AI(N) dimer is excited upon
310-nm excitation, resulting in the ESDPT. Conversely, another Nd: Results and Discussion
YAG laser (Continuum Surlite 11) with third-harmonic generation (355 ) . ) )
nm, 5 ns) was used as a probe pulse. It has been shown in the transient The following sections are organized according to a sequence
absorption study that the long-lived proton-transfer tautomer species Of steps where we first performed detailed time-resolved spectral
exhibits an $—S; absorption band maximum at350 nms3334 Both evolution of TSLIF to determine the rise and decay kinetics of
pump and probe lasers are externally controlled by a programmablethe transient tautomer species. These in combination with
delay pulse generator (SRS Model DG-535) which also triggers a high- theoretical approaches led us to propose a GSRPT mechanism
voltage pulse amplifier (Princeton Instrument, PG-200) to gate the fg|lowed by a derivation of the relaxation kinetics to rationalize
intensified charge coupled detector (ICCD, Princeton Instrument, Model the TSLIF experiment both qualitatively and quantitatively.
576G/1). _The actual time delay between two pulses was monitored by Finally, on the basis of the proposed mechanism, attempts have
a photodiode (EG&G model FND-100) and recorded by a 2.5-GHz . - .
bandwidth transient digitizer (Lecroy 9360). Both pump and probe also _been Smade to rationalize the recent thermal-lensing
pulses were projected across the flowing sample af ¥@th beam experiment’
diameters of 3.5 and 3.0 mm, respectively. The resulting fluorescence  Spectra and Dynamics of TSLIF.In Figure 2spectra-at
was focused by a camera lens (NikiSn= 1.0) to the entrance slit of  depict the time-resolved TSLIF spectra as a function of the delay
a monochromator (Acton, SpectraPro-500) and detected by an ICCD.time between pump and probe pulses in the range 300 ns to
To eliminate the scattering light of the probe pulse a 355-nm 200us. The spectral features of TSLIF were found to be time-
holographic filter (Kaiser Optical Systems, Inc.) was placed in front eyplution independent, consisting of an emission band maximum
of the entrance slit. In the laser-power-dependent study of TSLIF, the 4t 495 nm. In comparison to the proton-transfer emission

intensity of both pump and probe laser pulses was tuned by a half- obtained by only applying the 310-nm pulse excitation (see

wave plate (CVI) in combination with a Glan-Laser polarizer (Lambda . .
Research Optics Inc.). Laser pulse energies were measured by a poweEIgure 2, spectrum u), the TSLIF spectra not only are red shifted

meter (Moletron PM-500D). Low-energy pulses (160 to 1.0 mJ) y ~15 nm but also exhibit distinqu different spectral fgatures.
were applied for both pump and probe lasers to avoid multiphoton FOr example, a shoulder appearing at the onset region of the
dissociation. TSLIF is obscured in the prompt tautomer emission, which turns
In performing the TSLIF experiment we have observed significant out to be crucial in interpreting the mechanism of GSRPT (vide
photodecomposition in 7Al. The reaction product tends to form a film infra). The results strongly indicate that the origin of the TSLIF
on the quartz windows of even the flow cells. A similar photolysis is different from the prompt (i.e., non-time-resolved) proton-
reaction has been observed by Zewail e¥?ah addition, any metal transfer emission which has been widely ascribed to the
surface that_ contacts with the 7AI solution cat_alyze_s the thermal reaction (TAI(T))*» — (TAI(T)), relaxation (see Figure 1). The insert of
of 7Al. In either case the reaction product gives rise to a fluorescence Figure 2 also depicts the integrated emission intensity versus

interference maximum at400 nm upon excitation only by the 355- . . - -
nm probe pulse. To solve this problem, we have developed a jet flow various pump-probe delay times. The relaxation dynamics show

system in which the flow rate was controlled by a peristaltic pump (46) Chou, P. T.; Martinez, S. £hem. Phys. Lett1995 235, 463.
(Cole-Parmer, Model 07520) and the jet nozzle was made of Pyrex  (47) (a) Wang, J.; Boyd. R. hem. Phys. Lettl996 259 647. (b)

glass so that no metal surface came in contact with the 7Al solution. Wang, J.; Boyd, R. JJ. Phys. Chem1996 100, 16141.
(48) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am. Chem. So¢992

(43) (a) Cramer, C. J.; Truhlar, D. G. Am. Chem. Sod993 115 114, 1645.
8810. (b) Cramer, C. J.; Truhlar, D. G. Comput. Chenll992 13, 1089. (49) Stewart, J. J. Rl. Comput. Chen1989 10, 221.
(44) Hawkins, G. D.; Lynch, G. GQCPE 606, 1995. (50) Buemi, G THEOCHEM1988 41, 379.

(45) Demas, J. N.; Croshy, G. A. Phys. Cheml971, 75, 991-1024. (51) Bliznyuk, A. A.; Voityuk, A. A. THEOCHEM1983 41, 343.
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Figure 2. (—) Time-dependent spectral evolution of TSLIF. Spectraja Each spectrum was obtained by an increment ofu%.8tarted from a
delay time of 300 ns: r, 3@s; s, 50us; t, 200us. Spectrum u: -€-) the steady-state (i.e., only applying 310-nm pulse at zero delay time) tautomer
emission of 7Al inn-heptane. In this study, 7Al was prepared to be>6.00~* M in n-heptane and the solution was aerated to avoid the complication
resulting from the triplet state. Insert: decay of TSLIF emission intensity by integrating the entire spectra as a function of the delay time.
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Table 1. Spectral and Kinetic Data of GSRPT for 7Al in Various  excitation (e.g.,>5.0 mJ/pulse) was applied in a TSLIF

Solvents experiment configured with a conventional nonflow sample

steady-state TSLIF kobs“dxl estd rise activation cuvette, the yield of photoproduct was significant, giving rise

i®  fluorescence (Ama 10 %s*  time  energy to a non-negligible fluorescence background tailing down to

Ivent P) (4 298 K kcal/mol ;
hso vent  (CP) (mewnm) nM) ( ) (nsp  (kealmol) 500 nm even excited by the probe pulse only. After a short
n-heptane 0387 480 495 59 20  &D3 period of accumulation, this background becomes very difficult
cyclohexane 0.894 480 495 5.3 22 &.5 . ’

dy)decane 1383 480 495 20 o5 am3 to subtract, 'espeqally on the longer decay component where
n-hexa- 3.032 481 497 3.0 25 660.1 the TSLIF signal is even smaller than that of the background
decane fluorescence. Note that in this study the interference resulting

2 CRC Handbook of Chemistry and Physigdth ed. 6-196, 197. from photoproducts has been eliminated by the application of
b Data were taken by monitoring the time-dependent emission intensity & jet flow configuration in combination with a low-power laser
at half of its maximum. excitation (vide supra).

_ _ _ We have also carried out a series of experiments to measure
single-exponential decay behavior, and the decay rate wasthe dynamics of TSLIF as a function of solvent viscosity from
calculated to be (5.9 0.2) x 10* s 1in n-heptané? Although n-heptane = 0.3 cP) to hexadecang & 3.03 cP). Although
our experimental results are qualitatively in agreement with those the resulting TSLIF always exhibits single-exponential decay
of previous reportd}~* several significant remarks should be  pehavior, the decay rate seems to correlate with the viscosity
pointed out. First of all, we have performed a series of power- \yhich increases from 16.8s in n-heptane to 33us in
dependent studies where the energy of either the pump or probehexadecane. A temperature-dependent study was also performed
pulse was varied from 0.05 to 0.5 mJ with a large beam diameterin various solvent83 The results showed significant temperature
of 3.5 and 3.0 mm for pump and probe pulses, respectively. dependence. For example, in hexadecane, the lifetime of the
The resulting TSLIF, being independent of the laser energy, transient species increased from 31.8 to 48s7when the
always shows single-exponential decay behavior with a decay temperature decreased from 303 to 292 K (see Figure 3). A
rate of~5.9 x 10* st in n-heptane (see Table 1). The observed pot of the decay rate versus the reciprocal of temperature gave
first-order decay kinetics of TSLIF are consistent with that 5 sufficiently linear behavior (see insert of Figure 3), and
reported by Suzuki et al. using transient absorption and thermal accordingly, the activation energy and frequency factor were
lensing techniqug%ﬁ Conversely, Itoh et al. have applied a calculated to be 6.6 0.2 kcal/mol and (1.8 0.3) x 10° s,
double-exponential function to fit their TSLIF decay traes  yespectively, in hexadecane. Table 1 lists the spectral and kinetic
with a short (e.g., 1%s in 3-methylpentane) and a long (47  gata of GSRPT for 7Al in various solvents. Interestingly, the
us) component attributed to 7AI(T) dimer and 7AI(T) monomer, activation energy, within experimental error, seems to be
respectively. Such a double-exponential decay behavior, how-jndependent of hydrocarbon solvents used, of which the value
ever, was not observed in our low-power experiments. This js typically around 6.26.8 kcal/mol. The frequency factor of
discrepancy is believed to result from the difference in laser GsrpT is solvent-viscosity dependent, decreasing fronx3.5

pulse energies as well as sample cuvette configuration used in1® in n-heptane to 1.8« 10° s~* in hexadecane. In addition,
the TSLIF experiment. In this study, when a higher power laser

(53) Due to the necessity of higher concentrations for preparing the 7Al

(52) We have carefully calibrated the flow rate to ©&.0 mL/s. In a dimer, which cause the crystallization of 7Al in the jet nozzle of the flow
cylindrical flow system with a diameter of 1.0 mm in the cross section, we system, the temperature-dependent study was not performedtC.
calculated that it requires1 ms to migrate 1 mm. Thus, the flow system  While at temperatures 40 °C, significant solvent vaporization takes place
applied in this study does not affect the observed relaxation dynamics within in this open flow system. In hexadecane, the temperature-dependent study
1ms. was performed at 18 °C.
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Figure 3. Temperature-dependent decay profile of TSLIF at (a) 303
and (b) 292 K in hexadecane. Insert: plot of the logarithm of the decay
rate versus the reciprocal of temperature.
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. Figure 5. Time-dependent spectra of TSLIF obtained at a pamp
probe delay time of (a) 15 and (b) 100 nsnitheptane at 288 K.

a in Figure 5 for the comparison). Detailed analyses also indicate

2.4 |
that except for changing the emission intensity, the rise dynamics

2z of the TSLIF are found to be nearly independent of the added

a 7Al concentration and solvent viscosity as well as the laser

[ . .

£ intensity.

2 Mechanisms of GSRPT.As concluded previousl§z—35 if

E 1.6 the long-lived transient species were ascribed to the 7AI(T)

2 dimer, the rise dynamics of TSLIF should be correlated with

the decay rate of the prompt 7AI(T) dimer emission which was
measured to be 3.8 18 s71 (z; = 3.05 ns) inn-heptane. For
such a case, the rise dynamics of TSLIF could not be resolved
due to the prevailing interference from the prompt proton-
transfer emission. The finite, resolvable rise kinetics of TSLIF
in combination with its distinctly different spectral features from
Time Microsecond the prompt 7AI(T) dimer emission lead us to conclude that the
Figure 4. (®) Rise time of 7Al TSLIF emission intensity imheptane assignment of the slow transient component to a ground-state
by integrating the entire spectra as a function of the delay time. Spectra 7AI(T) dimerr®-35>may not be appropriate. Instead, an alternative
a—o: Each data point was obtained by an increment of 5.0 ns started and, in our opinion, more convincing interpretation is that the
from a delay time of 15 ns; p, 150 ns; g, 300 ns; r, 500 ns; s, 700 ns; transjent species originates from a minor dissociation channel
t, 850 ns. {) Best least-squares-fitted curve for the rise time‘. of the 4f the excited 7AI(T) dimer during its life span, forming two
TSLIF_ using eqgs 46, where parameters used for the curve fitting are 7AI(T) monomer species. Note that the excited 7AI(T) dimer
described in the text (i.e., (TAI(T))*) is produced through an ultrafast ESDPT of
the 7AI(N) dimer (i.e., (7AI(N)})).27-32 Since there is no initial
population of the 7AI(T)* monomer, the Le Chatelier’s principle
simply predicts that a shift in equilibrium toward the dissociation
of (7AI(T))2*), forming 7AI(T) monomers, may occur within
the life span of (7AI(T))*. Whether the dissociation is adiabatic

the rate of GSRPT is deuterium-isotope dependent. In room-

temperaturen-heptane, the rate of GSRPT was measured to be

2.6 x 10* s 154in the deuterated 7Al dimer (D-7Al dimer) in

comparison to that of 5.9« 10* s! in the 7Al dimer.

;:r?gsc(;?/;gggyé ;2:8;%? ést%n;r%evrvaggrgsg;p;gg?gﬁgt::zlitudy,or nonaQiabatic as well as the branching' ratio to form 7AI(T)

mol in the D-7Al dimer inn-heptane. Interestingly, the extracted will be discussed in the subsequent section. )

frequency factor of 3.2 10° s 1 for GSRPT, within experi- The escaped 7AI(T) monomer may undergo three possible

mental error, is similar to that in the 7Al dimer. deactivation (i.e., reverse proton transfer) pathways depicted
Most importantly, comprehensive analyses reveal a previously in Scheme 1 to regenerate 7AI(N) in the ground state. Process

unrecognized finite rise kinetics for the TSLIF. Figure 4 shows 1 incorporates an intramolecular proton-transfer reaction of the

the TSLIF emission intensity in-heptane as a function of the

delay time within 100 ns. By monitoring the time-dependent Scheme 1

emission intensity at half of its maximum a rise time-e20 Ko

ns was roughly estimated imheptane. In addition, unlike the 7AI(T) — 7AI(N) 1)

delay-time independence of the spectral features obtained at ket Kotz

>100 ns (see Figure 2), the TSLIF tends to be red-shifted when 7AI(T) + 7AI(T) 3= (7AI(T)), — 7AI(N) + 7AI(N) (2)

the delay time decreases from 100 to 15 ns (see spectra b and

k
(54) This value was obtained under the presence of a small amount of 7AI(T) + 7AI(N) %TNN TAI(T)/7AI(N) e,

undeuterated 7Al. ThéH NMR and mass spectra gave isotopic purity of k
~92%. 7AI(N) + 7AI(N) (3)




12932 J. Am. Chem. Soc., Vol. 120, No. 49, 1998

7AI(T) monomer. In the gas phase, the activation energy of
the reaction 7AI(N)— 7AI(T) has been estimated to be60
kcal/mol by an ab initio approadf Since 7AI(T) was calculated

to be~14 kcal/mol higher in energy than that of 7AI(Rb#1.:55

the activation energy for the GSRPT of 7AI(T) is then calculated
to be~46 kcal/mol. We have also performed a calculation for
the GSRPT of the 7AI(T) monomer in solution based on the
isodensity polarized continuum model (IPC¥iand estimated
the activation energy to be 44.5 kcal/mohiheptane, indicating
that the perturbation from a solvent induce-dipole interaction
is rather small for the intramolecular GSRPT. Such a high
activation energy may be rationalized by a four-member-ring
proton-transfer system like 7AI(T) in which the proton migration

has to encompass an enormously large strain energy. Accord- 0

ingly, the rate of intramolecular proton transfer in the 7AI(T)
monomer Ky, should be exceedingly small and may not play
a key role for the observed relaxation dynamics.

Alternatively, the 7AI(T) monomer may undergo two other
possible relaxation pathways. First, it may recombine with
another 7AI(T) to form a 7AI(T) dimer followed by reverse
double proton transfer with a rate &f (process 2). In this
study, the concentration of 7AI(N) dimer was generally prepared
to be within (1.6-5.0) x 1074 M in the ground state. Applying

Chou et al.
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Figure 6. Computer simulation of the relaxation dynamics of (a) 7Al-
(T) and (b) 7AI(T)/7AI(N) complex using eqs 4 and 5, respectively, at
>100 ns. The initial [7AI(T)] was taken to be 1:0 1076 M. See text
for parameters used in the simulation. Insert I: logarithm of time-
dependent 7AI(T) and 7AI(T)/7AI(N) at100 ns. Insert II: time-
dependent 7AI(T) and 7AI(T)/7AI(N) within O to 1.0s.

On the basis of a coupled reaction incorporating processes 1

a moderately low power excitation (0.5 mJ/pulse) and assuming @nd 3, the relaxation dynamics of 7AI(T) and 7AI(T)/7AI(N)
a 100% efficiency for the ESDPT, we estimated the production €an be expressed in eqs 4 and 5, respectively

of 7AI(T)),* to be <3 x 1078 M.5” Thus, the 7AI(T) monomer
generated from a minor dissociation channel of (7AIfT))
should be much less than 3:010°% M. Taking a diffusion-
controlled recombination rate constant as an upper lirnt.Q

x 109 M~1 st in n-heptane), the association rate of 7AI(T)
forming 7AI(T) dimer was calculated to bel10* s71 (i.e., a
rise time of>100us), which is apparently too slow to account
for the experimentally observed15—20 us life-span transient

TAI(T
[7TA(T)] = %{ (A — Xe ™+ (x— A)e ™} (4)
[7A|(T)/7A|(N)] _ kTN[7A|)f:lE|[Z;A‘I(T)] O{ e*/llt _ e*/lzt}
(5)

species with a rise component of tens of nanoseconds. Thereforeyvhere

it is more plausible to propose that the reverse proton transfer

of 7AI(T) takes place through the catalysis of 7AI(N) by forming
a 7AI(T)/7AI(N) hydrogen-bonded complex (process 3). Similar

to that discussed in process 2, the rise kinetics in process 3
should correlate with a bimolecular process associated with 7Al-

(N) concentration. Since [7AI(N)] prepared in this stuaylQ~*
M) is much greater than that of 7AI(T)x(10"6 M) the rise
kinetics of TSLIF should correlate witkry [7AI(N)] based on
a pseudo-first-order approximation. In other words, the TSLIF
rise kinetics may depend on [7AI(N)] and/or solvent viscosity
if krn is limited by a diffusion-controlled process. Such a

A= 1/2[()( +y) F{(x— y)2 + Ak key[7TAI(N)] }1/2]
X= ko + Ken[7TAIN)]; Yy = Kys + Koqyy

Note thatky is <kgz according to the previous discussion and
can thus be neglected for further derivation. Here, we take the
hydrogen-bonding formation rate const&sy to be a diffusion-
controlled limit, which is~2.0 x 10'° M~1 s71 in n-heptane.
krn/K-7n IS equivalent to the equilibrium constalgg for the
formation of a 7AI(T)/7AI(N) complex. Assuming that the 7Al-

derivation however contradicts the experimental results which (T)/7AI(N) complex possesses similar hydrogen-bonding strength
conclude both concentration and viscosity independence for the@s the 7AI(N) dimer and hence the saitg of ~1.8 x 10°

rise kinetics of TSLIF. Kinetically, a possible solution is to
incorporate a reverse dissociation pathway of 7AI(T)/7AI(N)
— 7AI(T) + 7AI(N) with a rate constant d_ty (See Scheme

M~ k_n was deduced to be 12 107 s™2. kyg should correlate
with the decay dynamics of TSLIF and thus is taken to be 5.9
x 10* st in n-heptane. Accordingly, a computer simulation

1). This assumption is very reasonable if one considers the generated by plugging the aforementioned parameters for eqs

similar association reaction 7AI(N) 7AI(N) = (7AI(N))2, in

4 and 5 is shown in Figure 6. The result clearly indicates that

which an equilibrium constant has been determined to be 1.8both 7AI(T) and 7AI(T)/7AI(N) exhibit identical decay kinetics

x 10® M7t in cyclohexané:3°

(55) Gordon, M. SJ. Phys. Chem1996 100, 3974.

(56) (a) Greenwood, J. R.; Capper, H. R.; Allan, R. D.; Johnston, G. A.
R. THEOCHEM 1997, 419, 97. (b) Gonzalez, C.; Restrepo-Cossiot, A.;
Marquez, M.; Wiberg, K. B.; De Rosa, Ml. Phys. Chem. A1998 102
2732. In this study, the transition state was calculated by a MP2/6-31G**
basis set in the gas state. The resulting structure was then used to perfor
the IPCM calculation to obtain the activation energy in solution.

(57) An absorbance 0.5 for the 7AI(N) dimer at 310 nm was applied
in this study. This in combination with a 3.5-mm diameter, 0.5-mJ laser
pulse gives an estimated value ofx310°¢ M for (7AI(T))2* originally
produced from the ESDPT of (7TAI(N)).

(58) pKa of the NyH™ proton in 7AI(T) is taken to be the same as that of
the protonated 7-methylazainddle.

at a delay time o100 ns, while a fast decay and rise within
100 ns was observed for 7AI(N) monomer and 7AI(T)/7AI(N)
complex, respectively. In fact, sindery is generally greater
than the pseudo-first-order formation ratey [7AI(N)], the rise
kinetics observed in the 7AI(T)/7AI(N) complex essentially
corresponds to the decay of the 7AI(T)/7AI(N) complex. The

"tesults account for the nearly 7AI(N) concentration and solvent-

viscosity independence of the TSLIF rise component. Note that
the derivation is based on the instant population of the 7AI(T)
monomer at = 0. In a real case the population of 7AI(T) should
possess a rise time of 3.05 ns which is equivalent to the decay
rate of (7AI(T))*) in n-heptane.
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Figure 7. Proposed reverse proton-transfer mechanisms of 7AI(T) in the ground state.

The observed time-dependent TSLIF should be the sum of

the relaxation dynamics for 7AI(T) and 7Al, i.e., the combina-

The structure of the 7AI(T)/7AI(N) complex is intriguing and
is crucial to interpret the GSRPT of 7Al. A possible hydrogen-

tion of eqs 4 and 5. Unfortunately, at this stage, we are not bonding configuration incorporating a cyclic dual hydrogen-

able to extract the intensity ratio without knowing the fluores-
cence yield and the absorption cross section at 355¢a#¥,
for both 7AI(T) and 7AI(T)/7AI(N). These unknown parameters

bonding formation is depicted in Figure 7, which exhibits a
global minimum calculated by a 6-31G** basis set. The
hydrogen-bonding strength, taking the valueAdfi,; for the

make it unfeasible to use egs 4 and 5 to fit the experimental association (see the Experimental Section), was calculated to
results. Nevertheless, an attempt has been made by using eq 6e —14.3 kcal/mol, which is even stronger than that-<f1.3

expressed as
o[7AI(T)], + BI7TAI(T)/7TAI(N)] , (6)

wherea andf are factors incorporating fluorescence yield and
e3ss for 7AI(T) and 7AI(T)/7AI(N), respectively, to fit the

kcal/mol calculated for the 7AI(N) diméP.Hence, the formation

of a 7AI(T)/7AI(N) hydrogen-bonding complex is theoretically
predictable, supporting its existence concluded in the experi-
mental results. However, if the reverse proton transfer takes
place via the cooperative double proton migration, the same

experimental result shown in Figure 4. The time-resolved Product, i.e., the 7AI(T)/7Al(N) complex, should be produced,

[7AI(T)]: and [7AI(T)/7AI(N)]; were derived from eqgs 4 and
5, in which all the parameters except forry are taken to be

which would not influence the observed TSLIF dynamics.
Alternatively, we tentatively propose the ground-state reverse

the same as those used to obtain Figure 6. A best fit by varying Proton-transfer mechanism depicted in Figure 7, process c,

k-, @, andf to Figure 4 gives rise t@/a andk_ty of 5.8
and 1.7x 10’ s71, respectively (see Figure 4, solid line). In
addition, the analysis also indicates that so fakag > krn-
[7AI(N)], the rise dynamics of TSLIF are nearly independent
of [7AI(N)] because the rise kinetics of 7AI(T)/7AI(N) es-
sentially correspond to the dissociation rake;rn, of the
TAI(T)/7AI(N) complex. Although this result may not have too
much significance due to the fixed relaxation rakgs| and
bimolecular rate Krn) constants, it definitively indicates that

where the first-step proton transfer may occur via the depro-
tonation of the 7AI(T)/7AI(N) complex. This step is proposed
to be endergonic, forming an active complex or intermediate-
like ion pair in which the partial positive charge of the pyridinal
nitrogen in 7AI(N) and a build-up of partial negative charge
density at the pyrrole site of 7AI(T) create an electrostatic
attraction. This acts as a driving force for the geometry
adjustment (e.g., the rotational diffusion) between 7AI(T) and
7AI(N) to a right conformation so that the second-step proton

by adjusting certain parameters the experimental results can betransfgr can take place through a lowest potential energy surface.
rationalized by a combination of relaxation processes 1 and 3.For this case, 7AI(N) acts as a proton donor and acceptor

Finally, it should be noted that the process of 7AI(T) dimer

simultaneously to achieve an autocatalytic process. Kinetically,

7AI(N) dimer reverse proton transfer is nevertheless the major if the rate of back proton transfér, (see process c in Figure
relaxation channel. However, it is proposed that, similar to the 7) is much faster than the rate of large-amplitude rotational

ultrafast ESDPT in the 7Al diméf 32 the ground-state
7AI(T) dimer, once formed with pre-existing intact dual

hydrogen bonds, should also undergo a rapid reverse proton-
transfer reaction. For this case the rate-determining step in an

overall proton-transfer cycle is limited by the decay of
(7AI(T))* , emission, which i3~3.33.x 10°s™1 (z ~ 3.0 ns) in
n-heptane.

diffusion, kp, while bothk-; andk, are>k;, the overall rate of
the reverse proton transflys in process c can be expressed as

k_
Koz = kz(rll) = ke AT

whereAG is the energy difference between 7AI(T)/7AI(N) and
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its associated ion pair in process c. This kinetic expression (7AI(T))*, is nonadiabatic, giving rise to two ground-state
qualitatively explains the measured nearly solvent-viscosity- 7AI(T) monomer species, this process can be treated as another
independent but isotope-dependent activation energy for GSRPT radiationless quenching pathway of (7Al(T3)* For the case
while the difference in the decay rate in various viscous solvents of an adiabatic process, the dissociation results in an excited
is mainly due to the different frequency factor associated with 7AI(T) monomer species which may undergo different relax-
the viscosity-dependent large-amplitude diffusive migration. ation dynamics from (7AI(T))3. However, such a small fraction
Note that such a proposed GSRPT mechanism is quite differentof 7AI(T) may not be resolved from the fluorescence decay
from that of ESDPT in the 7AI(N) dimer in which the global dynamics since its relaxation dynamics (e.g., 2.1 ns reported in
potential energy surface, to a certain extent, may correlate with 3-methylpentari) are only slightly different from those of the
the cooperative motion of the dual hydrogen bonds, resulting 7AI(T) dimer (3.0 ns). Consequently, a single-exponential
in a very small energy barrier. Consequently, the rate of ESDPT lifetime of the prompt tautomer emission has been reported in
in 7AI(N) dimer is mainly governed by a tunneling mechanism. many places as well as in this study. At this stage, whether the
Another intriguing question regards whether the deprotonation dissociation is an adiabatic or nonadiabatic process unfortunately
in the 7AI(T)/7AI(N) complex originates from the pyrrolyl ~ cannot be determined.
proton in 7AI(N) (i.e., NH) or the pyridinal proton (M) in )
the 7AI(T) part. A qualitative answer to this query may be given €onclusion
by the difference in the acid/base property of various functional Comprehensive ana]yses of the ground_state reverse proton
groups in the complex. For the;N proton in 7AI(N) the [Ka transfer in 7Al reveal the following significant remarks:
value of 12.1 is a weaker acid than that of thgHN site (Ka () The ground-state transient tautomer species undergoes
= 8.9) in 7AI(T). Therefore, the first step initiated by the = single-exponential decay dynamics, which upon second laser
deprotonation of 7AI(N) seems to be thermodynamically more excitation exhibits a fluorescence with the peak maximubs-

unfavorable than the deprotonation taking place through the nm red shifted with respect to the steady-state tautomer (i.e.,
7AI(T) moiety, although we have no direct evidence at this stage (7AI(T) dimer) emission.

to support this viewpoint due to the lack oKpdata for the (i) A previously unrecognized finite rise time~@0 ns,
N7H site in 7AI(T). _ _ _ depending on solvents) for the TSLIF was observed. The TSLIF
Interpretation of the Thermal-Lensing Experiment. This spectrum obtained at the rise component is different from that

proposed GSRPT mechanism also rationalizes several previouslyof the decay component.
unsolved controversies. First of all, upon excitation by the probe  (jii) The decay dynamics of TSLIF are dependent on the
pulse, the emission spectral features of 7AI(T) and/or 7AI(T)/ solvent viscosity, which mainly affects the frequency factor of
7AI(N) are expected to be different from those of the 7AI(T) the reverse proton transfer.
dimer due to the different hydrogen-bonding strength, rational-  The results lead us to conclude that the ground-state transient
izing the TSLIF results shown in Figures 2 and 5. In addition, species originates from the monomer of 7Al proton-transfer
the spectral difference between 7AI(T) and 7AI(T)/7AI(N) can tautomer (7AI(T)) produced by a minor dissociation channel
only be partially distinguished by the rise component, while (~4%) of the excited 7AI(T) dimer, which subsequently
the decay kinetics for both are identical. More importantly, the undergoes a slow reverse proton transfer via the formation of a
proposed mechanism renders a rational interpretation for the7Al(T)/7AI(N) hydrogen-bonded complex. This proposed mech-
thermal lensing experimeftWe took the results of the thermal  anism rationalizes the recent thermal lensing experiment which
lensing experiment performed by Suzuki et al., concluding that concluded that the 7AI(T) dimer is only 0.97 kcal/mol higher
in energy than the 7AI(N) dimép,while theoretical approaches
in this study as well as previous repo##$?in contrast, predict
=0.012 ) an energy difference of 20 kcal/mol.
Ur  ak, The GSRPT was also investigated for 7Al/methanol and/or
7Al/acetic acid hydrogen-bonded complexes. However, the long-

whereEy, is the energy of excitation which corresponds to a lived transient species was not observed by either transignt
320-nm (31 250 cmt) laser pulse used by Suzuki et #.Ur ab_sorptlon or TSLIF experiments. For _the case of 7Al/acetic
is proportional to the total heat dissipated in a proton-transfer 8cid complex, the association constant is at least 1 order of the
cycle, Us corresponds to the amount of heat dissipation magnitude Iarggr than that of_ the 7Al d|_n?é|Assum|ng S|m|lar
associated with the slow componeatis the fraction of energy h_ydrog_er)-bondlng strength in the excited state, _the fraction of
released as heat against the total energy absorbedABnd @ssoma’uon for the 7AI(T)*/ACID complex, forming 7AI(T),
represents the enthalpy change between 7AI(T) and 7AI(N) IS then expected to be much Iess than 4% and hence may not
dimers in the ground state. Finally, denotes the reaction yield ~ P€ detectable. In methanol solution, 7AI(T) produced from the
to produce the long-lived transient species, which has previously dissociation of the 1:1 7Al(T)*/methanol complex will be
been assumed to be unity due to the ultrafast ESDPT. However,mmediately solvated, forming a 7Al(T)/methanol complex

according to our proposed mechanigincan no longer be unity Whiph, similar to that of the methanol-as;isted ESDOPH,is
but rather the fraction of dissociation of the 7AI(T) dimer in Pelieved to undergo a fast GSRPT. For this case the rate of the

the excited state, forming the 7AI(T) monomer. Althoughis overall proton-transfer cycle should be limited by the decay of
experimentally inaccessible at this stage, it can be estimatedth® 7AI(T)*/methanol complex.

by a simple approach whereand AH are taken to be 0.9 . .
and 24 kcal/mol (an average value calculated in ref 38 and this Acknowledgment. This work was supported by the National
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