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Unlike 7-azaindole consisting of the tetrameric configuration, 3-methyl-7-azaindole (3MAI) exists solely as
intact double hydrogen-bonded dimeric forms in a single crystal. Both steady-state and time-resolved
measurements down to 8.0 K reveal remarkable deuterium isotope effects on the rate of excited-state double
proton transfer (ESDPT) in the N(1)-deuterated 3MAI (3Md)Isingle crystal. The rates of ESDPT for the
3MAI-d dimer resolved at150 K are mainly governed by the proton tunneling mechanisms 22 K, the

nearly temperature-independent ESDPT dynamics lead us to qualitatively deduce a barrier heipft3of
kcal/mol for the 3MAId dimer. The results provide an ideal model to investigate the intrinsic ESDPT dynamics
for 7-azaindole analogues in which the structural information is well documented.

1. Introduction AN \ X \
The excited-state double proton transfer (ESDPY)n the | _ | ~
7-azaindole (7Al) dimer (Figure 1) has long been recognized N Ii] N N
as a prototype to mimic the photoinduced mutation of the DNA b H hy }L H
base paif:> Much research has focused on the dynamics of | N fast ESDPT : }'I
ESDPT, especially in solution pha%e? Early studies have A N
revealed that the rate of proton transfer is within-6130 x \ | N\ S |
10% s71 for the 7Al dimer in nonpolar solvents’. Recently, ~
0.2-ps and 1.1-ps dynamics were resolved by Takeuchi and a tautomer emission
Tahard and first assigned to the rates of internal conversion (A ~ 480 nm)

and proton transfer, respectively, based on a concerted ESDPT
model. Subsequently, Chachisvilis efaeported the 1-ps and
12-ps dynamics and interpreted on the basis of nonconcerted
double proton-transfer reaction, but it was then claimed that
the 12-ps component is due to the vibrational coolihhen,
Fiebig et al. reassigned the 0.2-ps and 1-ps components to the’
two-steps double proton transférand concluded that both
trajectories of the symmetric and asymmetric vibrational motion
coupled with the solvent dynamics must be considered for the
ESDPT in the solution phase. Only when the internal energy is
small, such as at sufficiently low temperatures, can one examine b
the process of tunneling and nonconcertedness. Despite different

viewpoints on the mechanism, both claimed observation of the Figure 1. Differences in photophysical properties for the 7Al-

kinetic isotope effects on the rate of ESDPT at ambient associated structures: a._the dual hydrogen-bonded dimer (in solution)
P and b. tetrameter (in a single crystal).

temperature.

Temperature-dependent ESDPT dynamics on 7Al were once |, 5 77 K methylcyclohexane glass containing concentrated 7Al,
suggested to be inaccessible due to the formation of thermo-i,e qominant steady-state emission maximuny460 nm was

% D‘& hv normal emission
b T 7 (Mw~370nm)

ESDPT prohibited

7AI - crystal

dynamically more favorable oligomers at low temperatdré. reported to originate from phosphorescence of the oligomers
- p T . in which the cooperative double proton transfer is prohibited.
*To whom corresponaence snou € aadressed. i i e
T Department of Chemistry, National Chung-Cheng University. Recently, via "’.‘ clever z,approach of ;pplylng sufficiently low
* Department of Chemistry, Fu Jen Catholic University. 7Al concentrations, Catataand Kash# were able to r_esolve
8 Department of Chemistry, National Taiwan University. the dimeric form at low temperature and to study its corre-
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Figure 2. Structures of 3MAI and their corresponding proton-transfer
isomer as well as methylated derivatives.
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hydrochloride (1.35 g) and sodium acetate trihydrate (2.3 g)
was added to a solution containing 7-azaindole-3-carboxalde-
hyde (0.80 g) in 80 mL of boiling water. After the appearance
of a transitory yellow coloration, a white solid gradually
precipitated. The mixture was then heated on the steam-bath
for ~15 min, then cooled to yield semicarbazone (1.1 g).
Semicarbazone (1.1 g) was added to a solution containing
sodium (0.96 g) in dry diethylene glycol (40 mL). The solution
was refluxed at 208C under nitrogen atmosphere for 1h, and
the mixture was cooled and poured int230 mL of water
containing 3.1 g of glacial acetic acid. The resulting solution,
which contained solid in suspension, was extracted with ether.
The extracts were then washed with water, dried, and evapo-
rated. The crude product was chromatographed on silica gel
(eluent: ethyl acetate) to obtain 0.41 g (55%) 3MAdL.NMR

sponding proton-transfer spectroscopy. Instead of the exclusive(400 MHz),6 9.66 (s, 1H), 8.28 (dd) = 1.6, 4.8 Hz, 1H),
proton-transfer tautomer fluorescence in the 7Al dimer, the 7.89 (dd,J = 1.4, 7.6 Hz, 1H), 7.08(s, 1H), 7.04 (dd= 4.4,

appearance of normal dimeric fluorescence<200 K for the

8.0 Hz, 1H), 2.31(s, 3H). A single crystal of 3MAl-with

deuterated 7Al rendered a convincing deuterium isotope effect dimensions 0f-0.50 x 0.45x 0.45 mnf was obtained by slow

on the ESDPT dynamié$ (hereafter N(1)-protonated and
deuterated-7Al analogues are denoted by the suffiand d,
respectively). However, from the thermodynamic point of view,

evaporation in a CEDH solution. To obtain the 3MA# single
crystal, a similar recrystalization procedure was repeated three
times in the CROD solution under the Natmosphere. After

the hydrogen-bonding equilibrium should be dominated by the Monitoring the disappearance of the N¢t) proton in*H NMR
enthalpic factor and hence favors the oligomer formation at (in CDCl), we concluded that-95% of the N-H proton had

sufficiently low temperatures (e.g., 77 K and lower). It is thus
rather difficult to determine the lower-limit temperature at which

been deuterated. The transfer of 3Mélto the cryostat was
handled in a M filled drybox to avoid the D/H exchange on

the existence of dual hydrogen-bonded dimer is free from the the surface of the crystal.

interference of oligomers. This in combination with possible

The compound 1,3-dimethyl-7-azaindole (3MM(1)Al, Figure

perturbations resulting from solvent dielectric relaxation and/ 2) was synthesized by adding sodium hydride (57%, 60 mg) to
or viscosity (e.g., solvent cage) may further smear and com- the THF solution containing 3MAI (0.15 g), followed by the

plicate the ESDPT dynamics.

addition of methyl iodide (30 mgjH NMR (CDCls, 400 MHz),

From yet another approach, the hydrogen bond in the solid 6 2.32 (s, 3H), 4.10 (s, 3H), 7.0 (s, 1H), 7.17 (t, 1H), 8.05 (d,

state can be well-characteriz€dt has been demonstrated that

J = 7.2 Hz, 1H), 8.33 (dJ = 5.2 Hz, 1H). The compound

the hydrogen-bonding structure in the single crystal provides 3,7-dimethyl-H-pyrrolo[2,3b]pyridine (3MM(7)Al, Figure 2)
an ideal model for investigating proton-transfer dynamics free was synthesized by the reaction of 3MAI (0.12 g) andsCH

from the solvent perturbatiot¥:1” Unfortunately, the crystal
structure of 7Al reveals tetrameric units of approxim&e

(0.58 g) in THF under a Natmosphere. NaOH (2.5 N, 3 mL)
was then added and the mixture was stirred ¥&0 min to

symmetry, in which molecules are associated by means of four obtain 3MM(7)Al (60 mg)H NMR (CDCls, 400 MHz),6 2.37

complementary N-H- - N hydrogen bond$ (Figure 1b). As

(s, 3H), 4.74(s, 3H); 7.37(t, 1H); 7.55(s, 1H); 7.98]d= 7.64

a result the cooperative ESDPT is prohibited. Recently, we haveHz, 1H); 8.34(d,J = 6.8 Hz, 1H).

found that chemical modification at the C(3)-position of 7Al,
forming 3-iodo-7-azaindole (3IAl), exhibited a dimeric structure

2.2. MeasurementsA closed-helium-cycle cryostat (Oxford,
Model CCC1104) was used for the temperature-dependent study

in the single crystal. Steady-state approaches have shown then the range of 2988 K. The solid sample (i.e., single crystal)

dominant ESDPT process even at 10 K for the 3hAdimer,
resulting in a unique tautomer emissirinfortunately, studies

was placed tightly between two thin quartz plates that came
into close contact with the Indium part of the cooling compart-

on ESDPT dynamics of 3IAl, particularly the deuterium isotope ment to ensure maximum thermal conduction. The solid sample

effect, were rather difficult due to its photochemical liability
as well as fast ST, intersystem crossing enhanced by the
iodine heavy atom effeédf:20Thus, chemical modifications on

7Al suitable for investigating intrinsic ESDPT in the single-

was excited by the fourth harmonic (266 nm) of the Nd:YAG
laser under a front-face configuration. The resulting fluorescence
was detected by an intensified charge coupled detector (ICCD,
Princeton Instrument, Model 576G/1) coupled with a polychro-

crystal became one of our focuses. In this study 3-methyl-7- mator in which the grating is blazed with a maximum of 500
azaindole (3MAI, Figure 2) was synthesized, of which the nm Occasionally, to obtain excitation spectra the output of an

photostability is superior to that of 3IAl. Furthermore, unlike

Nd:YAG (355 nm, 8 ns, Continuum Surlite 1) pumped optical

3IAl where the association of iodine substituents induces strong parametric oscillator was tuned between 650 and 720 nm and

perturbation due to the enhanced spambit coupling and

was then frequency doubled by a BBO crystal to obtain a tunable

resonance effects, the much more inert methyl substitution in 325360 nm excitation frequency. The intensity of the laser

3MAI provides an ideal model to mimic the intrinsic ESDPT
dynamics of the 7Al dimer.

2. Experimental Section
2.1. Materials. Synthesis of 3-methyl-7-azaindole (3MA).

pulse was measured by a joule meter, which was then normal-
ized to obtain the corrected excitation spectra. A combination
of filters was used in front of the exit polychromator to isolate
the emission wavelengths of interest. The crystal orientation
was 45 with respect to the direction of the excitation light.

precursor 7-azaindole-3-carboxaldehyde has to be prepared prior Detailed fluorescence lifetime measurement has been de-
to the synthesis of 3MAI, which was synthesized according to scribed in the previous repdit.Briefly, a third harmonic of
the previous repoft Subsequently, a solution of semicarbazide the Ti—Sapphire oscillator (100 fs, 82 MHz, Spectra Physics)
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TABLE 1: Bond Lengths [Angstroms] and Angle [Degrees]
for 3MAI-h in a Single Crystal

Dimer 1
N(1)—C(5) 1.332(2) N(1yC(1) 1.335(2)
N(2)—C(5) 1.365(2) N(2»C(7) 1.368(2)
C(1)-C(2) 1.387(2) C(2C(®3) 1.377(2)
C(3)-C(4) 1.394(2) C(4)yC(5) 1.416(2)
C(4)—-C(6) 1.425(2) C(6)yC(7) 1.367(2)
C(6)—-C(8) 1.502(2) N(2rH(2) 0.856(2)
N(1A)---H(2) 2.131(2) N(1A)*N(2) 2.980(2)

C(5)-N(1)-C(1) 113.95(14) C(¥N(2)-C(7)  108.30(14)
N(1)-C(1)-C(2) 124.99(16) C(3}C(2)-C(1)  119.98(16)
C(2-C(3)-C(4) 117.77(15) C(3}C(4)-C(5)  116.74(14)
C(3)-C(4)-C(6) 135.71(15) C(5yC(4)-C(6)  107.54(14)
N(1)-C(5)-N(2) 125.88(14) N(1}C(5)-C(4)  126.57(14)
N(2)-C(5)-C(4) 107.54(14) C(AC(6)-C(4)  105.41(14)
C(7)-C(6)-C(8) 128.49(16) C(4)C(6)-C(8)  126.10(15)
C(6)-C(7)-N(2) 111.22(15) N(1A)}-H(2)-N(2) 170.90

Dimer2
N(3)—C(13) 1.335(2) N(3)}C(9) 1.335(2)
N(4)—C(13) 1.366(2) N(4rN(15) 1.368(2)
C(9)-C(10) 1.390(2) C(10yC(11) 1.376(2)
C(11)»-C(12) 1.386(2) C(12)C(13) 1.415(2)
C(12-C(14) 1.434(2) C(14)C(15) 1.365(2)
C(14)-C(16) 1.500(2) N(4yH(4) 0.865(2)
N(3A)---H(4) 2.121(2) N(3A)--N(4) 2.979(2)

C(13)-N(3)-C(9) 113.75(14) C(13)N(4)-C(15) 108.42(14)
N(3)-C(9)-C(10)  125.03(16) C(1BHC(10)-C(9) 119.82(15)
C(10)-C(11)-C(12) 117.89(15) C(1BHC(12)-C(13) 117.01(14)
C(11)-C(12)-C(14) 135.84(14) C(13)C(12)-C(14) 107.15(13)
N(3)~C(13)-N(4) = 125.77(14) N(3}C(13)-C(12) 126.50(14)
N(4)-C(13)-C(12) 107.71(14) C(15)C(14)-C(12) 105.55(14)
C(15)-C(14)-C(16) 128.67(17) C(12)C(14)-C(16) 125.77(15)
C(14)-C(15)-N(4) 111.16(15) N(3Ay-H(4)-N(4) 171.4

of hydrogen-bonding dimers (specified as dindeand dimer
dimer 1 dimer 2 2) are in the same circumstances in the single crystal, we have
closely examined these two components in the X-ray data. The
b results of X-ray structural analyses are shown in Figure 3 and
Table 1. The sameness in configuration of these two hydrogen-
Figure 3. a. The projection of 3MAIh dimer in a unit cell of the  ponded dimers under different spatial arrangements can be
single crystal. b Two types of spatially arranged dimeric forms, — ghhorted by several critical bond lengths and angles shown in
;ﬁzcggir;j (d(;gn;t:sn)dfégsggigésl;ance and angle are in angstroms Table 1. For example, N(1A)yN(2) and N(1A)--H(2)N(2) were
' ' calculated to be 2.980 and 2.131 A, respectively, for dither
In addition, the angle of N(1A)-H(2)N(2) was calculated to
coupled with a pulse picker (NEOS, model N17389) was used be 170.9. In comparison, similar resu!ts of 2.979 A (N(3A)
as an excitation source, giving a tunable wavelength in the range"N(4)) and 2.121 A (N(3A)-H(4)N(4)) with an N(3A)--H(4)N-
of 255—-275 nm with a repetition rate of 8 MHz. An Edinburgh  (4) angle of 171.4vere obtained for dimer. These, in
OB 900-L single-photon counter was used as a detecting system combination with similar bond anglgs and bond distances among
The resolution of the time-correlated photon-counting system the rest of the atoms between dimerand 2 (see Table 1)
is limited by the detector response-e80 ps. The fluorescence indicate that within the standard deviation these two hydrogen-

decays were analyzed by the sum of exponential functions with bonding dimers are in the same configuration and hence should

an iterative convolution method reported previou&lyyhich behave in practically the same way.

allows partial removal of the instrument time broadening and ~ TO ensure the same crystal structure in both fluorescence and

consequently renders a temporal resolution-a5 ps. X-ray measurements, we first determined the structure by X-ray
spectroscopy, followed by performing temperature-dependent

3 Results fluorescence spectroscopy and dynamics of the same single

crystal. During the fluorescence measurement an ultrahigh

3.1. Structure of 3MAI in a Single Crystal. As shown in vacuum was maintained in the cryostat so that the D/H isotope
Figure 3, the crystal structure of 3MAllis composed of acyclic ~ exchange was negligible. In the case of 3MAlgreat care was
dimer via dual N-H---N hydrogen bonds. Parallel cyclic dimers taken to perform the X-ray measurement in dry air conditions,
are stacked via the interaction between their ringystems to and the results are attached in the Supporting Information.
form alternating slabs. The orientation of the parallel molecules Comparing X-ray data shown in Table 1 and Supporting
in one slab is nearly perpendicular to those in adjacent slabs.Information, it is obvious that single crystals of 3MAland
The space group i82,/C, andZ = 8. Thus, there are two kinds  3MAI-d used in the fluorescence studies are isomorphous. The
of crystallographically independent molecules. Each of them X-ray crystallography was also performed-e80 °C. The results
forms a hydrogen-bonding dimer by the operation of the showed negligible differences in structure from that obtained
inversion center, while there is no symmetry relation between at 295 K, indicating no temperature-dependent structural
the two forms of dimers. To examine whether these two kinds transformation for 3MAI in a single crystal.
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Figure 4. (—) The fluorescence of the 3MAl-crystal as a function Wavelength (nm)

of temperature a&. 298,b. 240,c. 195,d. 90, e. 50, andf. 8 K. (- -)
The absorption spectra of 3MAl4in a solid form at room temperature.

Inset: The plot of Inkws — (k- + ka)] versus the reciprocal of the
temperature.

Figure 6. (—) The fluorescence of 3MA# crystal as a function of
temperature at a. 298, b. 200, c. 165, d. 135, e. 110, f. 85, g. 35, h. 12,
and i. 8 K. The excitation spectrum of the 3MAlerystal monitored
at the i (e ¢) and R bands (0 0). The excitation wavelength was tuned
10 from 360 to 325 nm. (- -) The absorption spectra of 3MAR a solid

1 form at room temperature. Inset: The plot of tautomer emission
intensity at 500 nm versus the temperature (in Kelvin).

fluorescence radiative decay rate, the result simply indicates
the decrease in nonradiative deactivation rates (vide infra), which
is consistent with the steady-state measurement, showing that
the intensity of the tautomer emission increased as the temper-
ature decreased (see Figure4n
Remarkable temperature-dependent fluorescence spectra were
observed for the 3MAH single crystal. Dual emission became
obvious at<200 K, in which a normal emission band (specified
— as the - band) maximized at 395 nm gradually appeared (Figure
300 400 500 600 700 6). Conversely, the 500-nm tautomer emission (specified as the
Wavelength (nm) F band) ir_]tensity versus temperature was slightly irregular (see
Figure 5. The fluorescence and fluorescence excitation spectra of insert of Figure 6); it increased upon decreas!ng the- temp(_arature
3MM(1)Al (—) and 3MM(7)AI (- -) in the crystal form at ambient from 298 to 190 K, followed by a decrease in the intensity at
temperature. 150—12Q K At < 12 K the intensity as well as the ratio of.
dual emission was nearly temperature independent. By tuning
the excitation wavelength, the resulting excitation spectrum,
3.2. Spectroscopy and Dynamics in the Single Crystaln within experimental error, was independent of the emission
contrast to a normal fluorescendingx ~ 370 nm) observed in ~ wavelength monitored at either the & F, band, which is also
7A1,1° 3MAI-h in a single crystal exhibited a unique, large effectively identical with the absorption profile (see Figure 6).
Stokes-shifted fluorescencénfax ~ 500 nm) throughout 298 In accordance with the steady-state approach, a remarkable
8.0 K (Figure 4). In comparison, 3MM(1)AI (see Figure 2), deuterium isotope effect on the ESDPT dynamics was also
which serves as a nonproton-transfer model for 3MAI, revealed observed in the 3MAH single crystal. While the rise component
a fluorescence with a peak maximum at 410 i~ 0.9 ns) of the R band was beyond the instrument response db ps
in the solid state. Conversely, 3MM(7)AI, a model compound at 298-8.0 K, at<150 K the decay was resolvable and revealed
of the proton-transfer tautomer, exhibited room-temperature drastic temperature dependence. As shown in Figure 7A and
fluorescence maximized at 510 nm (Figurerby;~ 2.1 ns), of Table 2, the results clearly showed a decrease of the single-
which the spectral and dynamical features resemble thoseexponential decay rate constamt,d', upon decreasing the
observed in the 3MAR single crystal. These steady-state temperature. For instancky,d' measured to be 3.8 10° s71
approaches unambiguously lead to two concluding remarks: 1.at 8 K is smaller than that of 2.6« 10'° s~ measured at 100
ESDPT is apparently operative in the 3MAlsingle crystal, K by ~7-fold. Conversely, the fluorescence dynamics of the
resulting in a 500-nm proton-transfer tautomer emission. 2. Due F, band resolved at<150 K could only be fitted by dual
to the lack of any observable normal emission, the rate of exponential kinetics, which consist of a rise and a decay
ESDPT must be fast even at a temperature of as low as 8.0 K.component as indicated by the fitted negative and positive
The latter viewpoint was supported by the subsequent time- preexponential factors, respectively. When monitored 520
resolved measurement. When monitored at the 500-nm emissiomm region free from the interference of the normal emission,
band, the rise component of the tautomer fluorescence was toathe absolute values for both rise and decay preexponential
fast to be resolved< 15 ps) throughout 2988.0 K. Con- factors, within experimental error, are similar (see Table 2).
versely, the decay of the tautomer emission can be well fitted Slight differences are possibly attributed to the existence58fo
by single exponential kinetics. The lifetime-revealed slight of nondeuterated 3MAR in which fast ESDPT takes place.
temperature dependence, varying from 2.7 (298 K) to 7.4 ns Therefore, the fitted preexponential value for the decay com-
(8.0 K). From the standpoint of a temperature-independent ponent is greater than that for the rise component. Table 2 also

Arbitrary Unit
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4. Discussion
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1 For the K band, the observed temperature-dependent decay

0.5 00 0.5 10 rate can be expressed as
Time (ns)
Figure 7. A. The time-dependent fluorescence decay dynamics of the Kops = K + K, + ko (T) (1)

3MAI-d crystal monitored at the ;Fband (380 nm) at various

temperatures of a. 150, b. 100, c. 70, d. 40, e. 20, and f. 10K. B. The ; ot

rise dynamics of the Fband (520 nm) monitored at a. 190, b. 150, c. \évhere ke denotes the tempeirat.ure Ilr.]dep.endeml radlatlor!less

70, and d. 10 K. decay rate constant, possibly involving interna conversion,
intersystem crossing, etc. The temperature-dependent radiation-

TABLE 2: Temperature-Dependent Fluorescence Relaxation less decay rate constaki(T) can be further expressed as an

Dynamics for 3MAI-d in a Single Crystal Arrhenius type of thermally deactivated pathway, namily,
fluorescence lifetime (T) = Ae &RT where E, is the barrier for the thermally
_ Fa (Amax= 500 nmy¥ deactivated process. As indicated by the time-resolved measure-
temperature Fy (Ama=395 nm) o ment, the lifetime of the tautomer emission (theband) was
() v (nS) ums) & whs) = invariable at<12 K. Thus, it is reasonable to assume that
150 NA 6.66  1.000 (Tis negligible, and the decay rate of 1.86108 s~ measured
%80 g'gg’f 8'828 :8'282 g?g 8'222 at, e.g, 8 K is equivalent tok, + kn. The plot of InKops — (K
40 0.127 0130 —0010 7.28 0014 + Kan)] versus the rt_amprocal c_>f the temperature reveals s_,tr_alght-
20 0.210 0.226 —0.011 7.33 0.017 line behavior (see insert of Figure 4), supporting the validity of
10 0.260 0.260 —0.011 7.36 0.013 the thermal deactivation pathway for the tautomer emission. A
8 0.263 0.265 —0.011 7.38 0.015  pest linear least-squares fit for the insert of Figure 4 gizgs
aThe K band was fitted by dual exponential kinetics expressed as and the frequency factor to be 0.35 kcal/mol and &.2.0°
F() = ase ™ ™ + ape . s71, respectively.

For the i band, the observed temperature-dependent decay
rate can be expressed as

shows an interesting correlation between decay and rise
components for the jFand F, bands, respectively, at various Kobs = K+ Ko + K (T) + Ko(T) (2)
temperatures, in which the rise time of the Ifand, within
experimental error, was the same as the decay time of the F wherek,(T)denotes the thermally deactivated pathways except
band. In summary, the time-resolved measurement in combina-for the rate of proton transfég,(T). It is not feasible to obtain
tion with steady-state approaches led us to conclude that bothk; + kn + kn(T) for the normal emission (i.e., the Band) of
F1 (normal emission) andRtautomer emission) bands originate  3MAI in a single crystal because the dynamics of relaxation of
from the same ground-state species, i.e., the normal dimericthe excited normal species are still dominated by the rate of
form, and the -band is apparently the precursor of theband. double proton-transfer reaction even at low temperatures.
Thus, the existence of a nonnegligible ESDPT barrier for the Alternatively, we have attempted to obtain+ kn + kn(T)
3MAI-d dimer is apparent, and the deuterium isotope effect values by performing the temperature-dependent relaxation
becomes significant on the rate of ESDPT at sufficiently low dynamics of the 3MM(1)AI crystal in which the excited-state
temperatures. The irregular temperature-dependent tautomeproton-transfer reaction is prohibited due to the lack of pyrrolic
emission intensity for 3-MAH can thus be rationalized by two  hydrogen. The results showed a slightly temperature-dependent
competing relaxation processes: 1. As the temperature de-decay rate from 4« 10° s71 (150 K) to 1.1x 1C® s71 (8 K).
creases, the decrease of the ESDPT rate results in a smallefaking thekypsvalue of the 3MM(1)AI crystal to bé&; + k,, +
yield of population to the tautomer state, 2. The tautomer k,(T) for the 3MAI-d dimer, a plot of Inkops — (K + knr +
fluorescence quantum yield tends to increase at lower temper-kn(T))] versus 1T is shown in Figure 8. Apparently, the
ature due to the decrease of the rate of radiationless deactivacontribution ofk. + kqr + kn(T) is rather small in this plot simply
tions. Details on the relaxation dynamics will be discussed in due to its much smaller value in comparison to the rate of double
the following section. proton-transfer reaction. If the ESDPT dynamig(T), mainly
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A rough estimate ofy can be obtained from the average
N—H---N hydrogen bond distancésthe estimated displacement
of the proton transfer (denoted d in Figure 9) and classical
turning points for the zero-point motion of the-¥ (or N—D)

thermally available \--------=---- harmonic vibration from the equilibrium position. For the case
energy  N\—oho—A ' of 7Al, ag, has been estimated to be 0.27 and 0.36 A for NHL.)
/ i and N(1)-D substituents, respectivel}1-25The samey values

Q were used for 3MAI in the following calculation, assuming that

methyl substitution at the C(3) position has negligible perturba-

tion on the dimeric structure. Since the tunneling rate was
measured to be independent of the temperature in the range of

| d
N, ) //N......H_N o ) 8—12 K, the thermally available energy E can be neglected.
= > Accordingly, the barrier heighi, could be deduced by applying
Figure 9. A simplified one-dimensional PES regarding the ESDPT known reaction-coordinate frequeney effective mass m and

based on a bound-free potential curve. See text for the detailed the estimated@value to eq 4. For the case of 3MAll-taking
degcription of notations. v t0o be ~6.0 x 1013 571 (’\’2000 le), an Eg value of 605

cm~1 (1.73 kcal/mol) was thus deduced. At a relatively high

incorporate a barrier crossing, i.e., a classical thermally activatedtemperature such as20 K (see Figure 8) the available thermal
process, straight-line behavior is expected upon plottinigda[ ~ €nergy is nonnegligible. The actual tunneling rate has to be
— (k + ko + ka(T))] as a function of the reciprocal of the calculated by the sum of all possible thermally populated states
temperature. In contrast, the plot depicted in Figure 8a revealedand is thus complicated. Given the difference in ZPE-dD0

an asymptote-like curve, which approached a constant value atcm ! between N-H and N-D stretching, a barrier height of
<12 K. A similar pattern was also obtained when the rise ESDPT was further deduced to be205 cnt! (~0.58 kcal/
dynamics of the fFband (i.e., the tautomer emission) are plotted mol) for the 3MAI-h dimer. PluggingEy of 205 cn?, agt =
against the reciprocal of the temperature (see Figure 8b). 0.27 A,m= 1, andv = 2800 cn? (8.4 x 103 s to eq 4,

The concave asymptote for the(T)-versus-1T plot in the proton tunneling rateknne, Was calculated to be 4.3
combination with a nearly constant ESDPT rate afl8 K led 10'2s™ 1 for 3MAI-h at <12 K. This time scale okunne~ * =
us to conclude that the dynamics of ESDPT for the 3MiAI- 233 fs is too fast to be resolved by our picosecond time-
crystal are not governed by a thermally activated process, butcorrelated single photon counting system. On the basis of the
more plausibly proceed through a proton-tunneling mechanism. energy barrier of 0.58 and 1.73 kcal/mol, respectively, rates of
To apply such theories, simplified approximation about the ESDPT for 3MAIh and 3MAId were calculated to be
ESDPT potential energy surface (PES) is necessary. Bothnegligibly small via a thermally activated process<it2 K.
steady-state and dynamic approaches indicate that the ESDPT Certainly, it should be noted that the proton tunneling could
reaction in the 3MAI dimer is exergonic and irreversible. rarely be satisfactorily described as a one-dimensional process.
Accordingly, a simplified one-dimensional PES regarding the The motion of atoms between which the proton is being
ESDPT can be represented by a bound-free potential curveexchanged may have a major effect on the tunneling2fatg.
shown in Figure 9, in which the proton-tunneling rate is given Although the above results conclude a finite barrier to ESDPT,

by it is rather small, and subtle changes in the proton-transfer
distance or energetics could have large effects on the proton-

V2m a0, a1 transfer rates. This recognition has led to the introduction of

Kiunne1 = v ex;{ 'Tf- aOV(X) dx ®) two-dimensional approaches in which the second dimension

represents the effective motion of the other atoms during the

whereV/() is the energy barrier along the reaction coordinate, Proton-transfer reaction. Theoretical approaéhés have re-
v is the bound vibrational frequency, i.e., the reaction-coordinate vealed that the KIE (kinetic isotope effect) temperature depen-
frequency of the N-H (or N—D) mode in the case of 3MAI, m dence may be caused by thermally excited reactants and/or
is the effective mass of the proton or deuterium, apds the products that modulate the barrier width and shape. Although
distance from the center of the barrier to the classical vibrational two-dimensional models may produce a more qualitative insight
turning points. Equation 3 can easily be evaluated if the potential into the kinetic isotope effect and the temperature dependence
barrier is further represented by a semiempirical, one-dimen- of the transfer process, they still require the introduction of
sional approach based on a parabolic shape-like activationempirical parameters and thus cannot render quantitative predic-
energy, i.e.,,V(X) = Eo(1 — x%a,?) where Ey denotes the tions. For more precise quantitative work it is necessary to
maximum barrier height above the zero point energy (ZPE). consider all degrees of freedom of the global system for an
The resolvable ESDPT time scales for 3Méhkre in the range overall proton-transfer reaction.
of few tens to hundreds picoseconds. Thus, it is reasonable to At this stage, we are unable to differentiate the one-step versus
assume a fast thermal equilibrium prior to the ESDPT reaction. yyo-step, nonconcerted ESDPT mechanism. Although the
Further support of this viewpoint can be given by varying the experimental results indicate a single decay and rise component
excitation wavelength from 255 to 275 nm, giving the same for normal and tautomer emissions, respectively, it is also
results on the ESDPT dynamics (not shown here). Accordingly, possible that ESDPT takes place via a two-step mechanism, and
the tunneling rate for a molecule possessing thermal energy Eie rate in one of the steps is too fast to be resolved by the
above ZPE can thus be expressed as picosecond resolution. Alternatively, fluorescence upconversion
with femtosecond resolution may provide valuable information.
Kol = ¥ exr{ _ %0 2m(E, — E) (4) ls.lizfortunately,. the j[emperatu're.-dependent study in the 3MAI
gle crystal is intrinsically difficult due to the photolysis and/
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or thermal reaction upon high repetition rate and high power

laser excitation. Focus on this subject is currently in progress.

5. Conclusion

In conclusion, both steady-state and time-resolved measure-
ments down to 8.0 K have revealed a remarkable deuterium

isotope effect on the rate of ESDPT in the 3Mésingle crystal.
A barrier height of ESDPT of 1.73 and 0.58 kcal/mol was
estimated for the 3MAH and 3MAI-h dimers, respectively, in

a single crystal, and the ESDPT rates are mainly governed by
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