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Photoinduced tautomerization in molecules with a strong in- ‘—;’—' | I' 'l;- OREARMAAMMAMARAMUMMMMN
tramolecular hydrogen bond (HB) is often an extremely rapid, i molecuar beam o 7
=~ [ -~ - - n-hexane solution

barrierless, or nearly barrierless, process that can be detected even
at very low temperatures. For instance, excited-state intramolecular
proton transfer (ESIPT) has been observed in molecular beams for
2,5-bis(2-benzoxazolyl)hydroguinoremethyl salicylaté;? salicylic
acid#® o-hydroxyacetophenorfe, and related systen3s.

The driving force for ESIPT is provided by electron density
redistribution caused by excitation, usually manifested by large
changes in acidity/basicity. The kinetics, however, can be slow in
compounds with weak intramolecular hydrogen bonds, for which
it is natural to expect a larger barrier to ESIPT. Therefore, it was
somewhat surprising to detect ESIPT in solutions of pyridyl
pyrazole8 and the structurally similar 2-{(zbyridyl)pyrrole® (PP),
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for S; was found to decrease dramatically, from 272/256 pm in the
substrate to 231/236 pm in the transition state. These results
suggested that ESIPT can be mode-specific and sensitive, in
particular, to those vibrations that alter the separation between the 1 J_
HB donor and acceptor nitrogens. 31400 31600 31800 32000 32200 32400
This hypothesis is now corroborated by the results of fluorescence Wavenumber [cm']
studies of PP in supersonic jets. The details of our supersonic jet Figure 1. Top: fluorescence in-hexane at 293 K and in a supersonic jet
apparatus have been described recéht{gee also Supporting (measured at low spectral resolution to enable comparison with solution;
Information). Similar to the situation in solution, dual emission is therefore, the vibrational structure of & lost). The emission in the jet was
. . " " , excited at the origin (31 404 cm¥). Bottom: LIF spectra obtained while
observed for jet-isolated PP (_F'QUfe 1) In add_'t'or] to no_rm.al monitoring either the total emission (i) or only the fiegion (ii); the UV/
fluorescence, f; low-energy emission appears which is very similar - yv fluorescence dip spectrum obtained by probing at 32 377dfiii).
in shape and energy to the tautomeric fluorescence recorded for
PP in nonpolar solvents. The low-energy band is therefore assigned Fluorescence excitation spectra (LIF) have been recorded
to the product of ESIPT. As expected, the maximum ofrFthe separately for the total emission, consisting almost entirely;pf F
jet is blue-shifted with respect to the solution value. Surprisingly, and for the low-energy Fregion. The same spectral features are
the location of [ is practically the same in both environments. revealed, but in the latter case, the LIF spectra exhibit much fewer
Since the phototautomer is formed with a substantial excess oflines and the relative intensities are different. The LIF spectrum,
energy (5300 cmt from TDDFT calculations), the similarity of  recorded while monitoring the; Fegion, is very similar to the mass-
F2 in the jet and in solution is a manifestation that in both cases selected R2PI spectrum, which excludes dimers or water complexes
the tautomeric fluorescence occurs from non-relaxed vibrational (detectable at the lower energy side of the presented LIF spectrum)
levels. An argument for such behavior in solution was provided as possible sources of emission.
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in which the NH-N HB is a part of a quasi-five-membered ring i 06 E
and thus cannot be strong. The temperature dependence of [ | Z
fluorescence intensity in-hexane gives a barrier for PP of about - ' ! Do : 29
3 kcal/mol, similar to the 23 kcal/mol postulated for pyridyl | 1eaem’ : .’m;:m-". t 1 oo 2
pyrazoles’ The calculations for PP predicted a smaller barrier, 1.2/ [ ' l 1 i
1.6 kcal/mol (CIS/6-3+G** and TDDFT/TZVP optimizations, : v (173 5
respectively), and indicated a large skeletal reorganization ac- i ; L*MJJ | JM =
companying the process. In particular, the-N distance obtained 4 ' W . | ! -

by femto- and picosecond time-resolved studies oft'PRhich The hole-burning (fluorescence dip) UV/UV spectrum (Figure
showed that at 293 K the excited tautomer decays faster than it is1) demonstrates that all the spectral features observed in LIF
formed (several picoseconds vs-340 ps). originate from only one ground state species. Significantly, line
intensity ratios are different than those observed in LIF, even though
ILPngii\?gchagfemgu%ft ;ciences. some lines in the_ dip spectra are di'storted d_ue_to saturation. In
§ Current glddress: Institute of Physical and Theoretical Chemistry, University particular, some !lnes that are weak |n.th-_eeb'(C|.tat|0n Sp_eCI,rum
of Frankfurt, Max-von-Laue-Str. 7, 60438 Frankfurt/M, Germany. are pronounced in the fluorescence dip and in thekeitation
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Figure 2. LIF spectra obtained for the mixture of undeuterated and
N-deuterated PP. Spectra obtained while monitoring total luminescence
(bottom) and Efluorescence (top). The two lowest energy in-plane modes
are also shown.

spectra. On the contrary, several lines which are quite strong for
the R excitation are quite weak in the dip spectrum and practically
nonexistent in the fexcitation spectrum. Finally, some very broad
lines appear in the Fexcitation and fluorescence dip spectra (e.g.,
the second overtone of the 144 chmode, see Figure 1). These
lines are hardly observable in the &xcitation, indicating a very
short lifetime of the initially excited species. From the line widths,
this lifetime is estimated as single picoseconds or even shorter.
These results demonstrate that ESIPT, the “dark” processtim$
leads to the formation of the phototautomer, is highly mode-specific.

The detailed analysis of LIF and dispersed fluorescence spectra

obtained after excitation to various vibronic levels, combined with
ground and excited-state geometry optimizations, enabled the
vibrational assignments iny&nd S. The detailed assignments will

be presented elsewhere. The most important finding is that the
features observed in the Excitation spectrum correspond almost
exclusively to a few low-frequency in-plane modes, their overtones
and combinations. On the other hand, both in-plane and non-totally
symmetric out-of-plane modes appear in thekcitation and hole-
burning spectra.

All the modes that promote ESIPT are able to strengthen the
intramolecular HB by decreasing the-NN distance and making
the HB more linear. Such behavior is most pronounced for the
lowest frequency in-plane vibration (151 and 144-¢érm S and
S,, respectively). The corresponding normal coordinate (Figure 2)

closely resembles the atomic displacements calculated for the ESIPT

reaction path. Characteristically, this mode is the most active one
in absorption and fluorescence, forming long progressions and
combinations (Figure 1).

The presence of the-@ transition in the F LIF excitation
spectrum shows that ESIPT can occur in jet-isolated PP even
without vibrational activation. On the other hand, excitation of out-
of-plane modes, which weakens the HB by increasing tkireNN
distance, effectively blocks the reaction, as can be inferred from
the absence of transitions involving out-of-plane modes in the F
excitation spectrum.

The observation of tautomeric emission for theGdexcitation in-
dicates the dominant role of tunneling. We have measured the LIF

The tautomeric fluorescence was extremely weak in the deuterated
PP. Moreover, relative intensities of particular features jraikd

F, excitation spectra were different for deuterated and nondeuterated
species. The isotope effect on the proton transfer tate,was
estimated by measuring the ratide,(H)/Ie,(D))/[1g(H)/g(D)],
which should be equal tdgr(H)/ke(D)][ 7r,(H)/7r,(D)], Whereze,

is the decay time of Hluorescence. This ratio increases from about
30 for the 0-0 transition to about 60 for the first overtone of the
144 cnr! mode. Since it can be expected that the lifetime of the
tautomeric emission is not shorter in the deuterated species, these
values provide lower limits for the kinetic isotope effect. The
determination of the exact values should be possible not only by
measuring F fluorescence lifetimes but also, independently, by
determining I decay times from each particular vibronic level.
Interestingly, it may be that ESIPT in solution proceeds via a
different mechanism: for pyridyl pyrazoles, a negligible kinetic
isotope effect has been reporfe@ur data for PP im-hexane at

293 K indicate an isotope effect of around 4.

In summary, 2-(2pyridyl)pyrrole provides an instructive ex-
ample of a system that exhibits intramolecular excited-state proton
transfer across a weak hydrogen bond even in a cold, isolated
molecule. The reaction occurs via tunneling, with the rate crucially
dependent on the mode of vibrational excitation. Moreover, our
initial studies suggest that PP can also undergo an intermolecular
excited-state double proton transfer reaction in cyclic 1:1 complexes
with alcohols or water. The reaction path in this case is totally
different than for the intramolecular process, involving mainly the
translocation of two protons. All these findings, together with the
relatively small size of the molecule, make it well-suited for
calculations and suggest PP as an ideal model for future studies of
mode-selective proton transfer.
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ated on the pyrrole nitrogen. A dramatic effect was observed in the
LIF spectra obtained while monitoring the Emission (Figure 2).
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