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The photophysical properties of two isomeric 248ridyl)benzindoles depend on the environment. Strong
fluorescence is detected in nonpolar and polar aprotic solvents. In the presence of alcohols, the emission
reveals an unusual behavior. Upon titrationrefiexane solutions with ethanol, the fluorescence intensity
goes through a minimum and then increases with rising alcohol concentration. Transient absorption and time-
resolved emission studies combined with ground- and excited-state geometry optimizations lead to the
conclusion that two rotameric formsynandanti, coexist in alcohols, whereas in nonpolar and aprotic polar
media, only thesynconformation is present. The latter can form cyclic complexes with alcohols, which are
rapidly depopulated in the excited state. In the presence of excess alepiet, anti rotamerization occurs

in the ground state, promoted by the cooperative action of nonspecific and specific effects such as solvent
polarity increase and the formation of hydrogen bonds to both donor and acceptor sites of the bifunctional
compounds.

1. Introduction transfer within a specific base pair. However, the ESPT reaction
in a model for DNA base pairs, the 7-azaindole dimer (7Al),
has been studied extensivél®® In this chromophore, two
protons are transferred upon photoexcitation. Whether the
process occurs in a stepwise or synchronous fashion has been

59,62-64,69 i afi
a hydrogen bond, intra- or intermolecular. The former is possible a matter of strong controver_é?. Phototautom_enzanon
has also been discovered in complexes of 7Al with alcohols

in bifunctional molecules, simultaneously possessing proton
y b gp and water9-84

donor and acceptor groups. ESPT has been extensively inves- ) ) ) ) )
tigated, not only because it involves a quantum mechanical We have been carrying out detailed studies of bifunctional

process that is yet to be fully understood but also because it ischromophores based on indole, pyrrole, pyridine, and carbazole
a ubiquitous phenomenon which influences the dynamic be- Units, such as 2-(yridyl)indolest>&12:18:202L3p-(2-pyridyl)-
havior of a wide variety of systems. Knowledge of the PYrrole’2® 7-(pyridyl)indolesi® dipyrido[2,3a:3,2-i]carba-
fundamental laws of proton-transfer reactions in homogeneousZole;*?#%%7,8,9,10-tetrahydro- H-pyrido[2,3a]carbazole’? 2
media, as well as in organized molecular systems, is necessary’ 1H-pyrrolo[3,2hlquinoline92.22.2731.8These molecules,

to understand the mechanisms of natural proton transport andStructurally similar to 7Al, differ in the number of bonds
to design model and artificial molecular devices. Investigations Petween the proton donor (the NH group) and the acceptor
of excited-state proton-transfer reactions can provide important (Pyridine-type nitrogen). The basic and acidic sites are separated
information on the local structure and dynamics of biological PY two bonds in 7Al and by three bonds in our compounds.
systems. Among such systems, the photoreaction of DNA is of This difference has a crucial impact on the photophysics; ESPT
great interest because of its implications in radiation-induced in @lcohols is accelerated by about 2 orders of magnitude with
mutations or carcinogenesis resulting from the possible involve- fespect to 7Al. This acceleration is due to much stronger,
ment of rare tautomeric enol forms of the bases during DNA compared to 7Al, double intermolecular hydrogen bonds in
replication?°41 Tautomerization in DNA still has not been well ~ cyclic 1:1 complexes with alcohols or water. On the contrary,
characterized experimentally because, in addition to the dif- the hydrogen bonds in the 7Al dimer are more linear and
ficulties inherent in studying the ultrafast and reversible proton Stronger than those in our compounds. As a consequence, no

transfer, it has not been possible to selectively initiate proton Phototautomerization was observed for our chromophores in
their dimeric forms5

Hydrogen bonding can exert a profound effect on the
processes responsible for the deactivation of excited electronic
states. =36 One of the fundamental photochemical reactions,
excited-state proton transfer (ESE¥§/-3° usually occurs along

lPoIish Academy of Sciences. In addition to ESPT, our compounds reveal efficient fluo-

; Bulgarian Academy of Sciences. rescence quenching by alcohols and by azaaromatic proton
University of Amsterdam. h idi inolf®8.Finally. f |

$ University of Houston, Houston. acceptors, such as pyridine or quinolie.Finally, for mol-

#Vrije Universiteit. ecules with separate moieties containing proton donor and
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CHART 1 only to the benzjjindole (2) by cyclization at the naphthalene
2-position. The 2-naphthylhydrazodg, on the other hand, can
cyclize at either the naphthalene 1 or 3 position. Reaction occurs
preferentially at the 1 position to provide the beglizjdole (1),
albeit in modest yield”
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. _ | 1 (24%)
acceptor groups linked by a single bond, such as-py#dyl)- A
indole and 2-(2pyridyl)pyrrole, we observed alcohol-induced
syn—anti rotamerization in the ground sta®32 The syn OO HOAc
structures, with both nitrogen atoms on the same side of the ZnCl,
molecule, are more stable in nonpolar and polar aprotic solvents, HN. 7 ~
whereas in alcohols, the energy ordering is reversed, and the |
2p N~ 2 (75%)

anti forms become dominant. Two factors are responsible for

the syn—anti equilibrium shift. First, the dipole moments are

larger for theanti forms, which favors these structures in polar ~ Nuclear magnetic resonance spectra were recorded on a
solvents. Second, formation of separate hydrogen bonds withGeneral Electric QE-300 spectrometer at 300 MHz'férand

two molecules of alcohol in thanti structure is energetically 75 MHz for *3C, referenced to DMS@s, and TMS in CDCJ.

more favorable than hydrogen bonding in #ymspecies. These ~ Melting points were recorded on a Thomas Hoover capillary
two effects, nonspecific and specific solvation, add up, making Melting point apparatus, and they were uncorrected. All of the
the anti forms dominant in polar, protic alcohols, but not in reagents were commercially available. Elemental analyses were
polar, nonprotic solvents, such as acetonitrile. performed by QTI, Inc., Whitehouse, NJ.

The nonspecific solvation by polar solvents should be more ~ 2.1. 2-Naphthylhydrazone of 2-Acetylpyridine (1p). A
efficient for smaller chromophores due to a smaller Onsager Mixture of 2-naphthylhydrazine hydrochloride (2.34 g, 12.0
cavity radius. Indeed, we observed that for 2¢gridyl)pyrrole mmol), 2-acetylpyridine (1.21 g, 10.0 mol), and glacial HOAc
(PP), traces of thanti form could be observed in acetonitriz, (4 drops) in absolute EtOH (30 mL) was refluxed for 5 h. After
whereas for the larger 2-@yridyl)indole (PylIn-0), this form cooling to room temperature, the precipitate was filtered to
could only be detected in alcohd. provide 1p as a bright-orange solid (2.50 g, 96%): mp 263

In order to find out whether a further increase in molecular 265 °C; *H NMR (DMSO-dg) 6 10.54 (s, 1H), 8.76 (d, 1H]

size can reduce the effect of nonspecific solvation, this work — 5.1Hz), 841 (1, 1H)=7.8 HZ_)' 8.31 (d, 1H) = 8.1 H2),
examined two isomeric molecules closely related to PP and 8-01(S, 1H), 7.737.86 (overlapping m, 5H), 7.45 (td, 18=
PyIn-0. These molecules were 2«®ridyl)benzf]indole (1) 6.9, 0.9 Hz), 7.31 (d, 3H) = 7.8 Hz), 2.51 (s, 3H).

and 2-(2-pyridyl)benzpjindole (2), bifunctional compounds 2.2. 1-Naphthylhydrazone of 2-Acetylpyridine (2p).n the
possessing both a proton donor and acceptor in the samgManner described foip, a mixture of 1-naphthylhydrazine
arrangement as PR)(and PyIn-0 4) (Chart 1). In studying hydrochloride (2.34_g, 12.0 mmol), 2-a_cety|pyr|d|ne (1.21 g,
the syn—anti equilibrium, we made use of the fact thasgn 10.0 mol), and glacial HOAc (4 drops) in absolute EtOH (14
conformer can bind an alcohol molecule in a cyclic fashion, mL)oprowdede as an orange solid (1.16 g, 95%): mp 243
whereas amnti structure cannot. Therefore, the observation of 246°C; *H NMR (DMSQdG) 09.88 (s, 1H), 8.70 (d, 1,HJ =
phototautomerization in the presence of alcohols is a strong 2-4 H2), 8.34 (overlapping m, 3H), 7.85.94 (overlapping m,
indication of the existence of theynform. 2H), 7.71 (m, 1H), 7.487.59 (overlapping m, 4H), 2.58 (s,

Our experimental results are complemented by theoretical 3H).

studies of conformational and tautomeric structures in bgth S 2.3. 2-(2-Pyridyl)benz[efindole (1). A mixtl_Jre ofl_p (0.78
and S electronic states. The results show that the general 9: 3:0 mmol) and ZnGlI(1.63 g, 12.0 mmol) in glacial HOAC

tendency of thesyn—anti equilibrium being shifted toward the ~ (°0 ML) was refluxed for 4 days to provide a precipitate, which
anti form in alcohols is preserved thand2. However, contrary was coIIe_cted and purified by chromatog_rap_hy on silica gel,
to the case of smaller molecules, significant fractions of the eluting with EtO_AC/CHClZ (852)' Rt_ecrystalhzatlon from CH
synspecies were detected in alcohol solutions of Ho&mnd 2, Clo/hexane provided as a white solid (0.18 g, 24%): mp 121
indicating that conformational equilibria can be controlled by 122°C; 'H NMR (DMSO-dg) 6 12.11 (s, 1H), 8.63 (d, 1H]

- : : = 5.1 Hz), 8.28 (d, 1H) = 8.1 Hz), 8.03 (d, 1HJ = 7.8 Hz),
a careful choice of molecular size and the properties of the .
oMot Prop 7.85-7.92 (overlapping m, 2H), 7.81 (d, 18~ 2.1 Hz), 7.65

(d, 1H,J=8.7 Hz), 7.58 (d, 1H) = 9.3 Hz), 7.55 (t, 1HJ =

7.8 Hz), 7.40 (t, 1HJ) = 8.1 Hz), 7.28 (dd, 1H) = 6.0, 0.9

Hz); 13C NMR (CDCk) 6 150.4, 149.0, 137.1, 134.8, 133.7,
The pyridyl-substituted benzindoles were prepared by imple- 129.6, 128.9, 128.5, 126.2, 124.7, 124.4, 123.8, 123.0, 121.8,

mentation of the Fisher indole synthesis. The condensation 0f119.8, 113.2, 100.4. Anal. Calcd for;#11oN2: C, 83.61; H,

1- or 2-naphthylhydrazine with 2-acetylpyridine led to the 4.92; N, 11.47. Found: C, 83.55; H, 4.84; N, 11.41.

corresponding hydrazones in high yields. The hydrazone was 2.4. 2-(2-Pyridyl)benz[g]indole (2). A mixture of 2p (1.04

then heated with zinc chloride in acetic acid to afford the g, 4.0 mmol) and ZnGI(1.09 g, 8.0 mmol) in glacial HOAc

cyclized indole product. The 1-naphthylhydraz@pecan lead (50 mL) was refluxed under Ar for 48 h to provide a precipitate.

2. Experimental and Computational Details
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Chromatography on silica gel, eluting with EtOAc, gave a solid, TABLE 1: Results of Calculation of Excited-State Energies

which was recrystallized from benzene to provi2i€0.75 g, and Dipole Moments for the syn Form of 1
75%): mp 155-157°C; 'H NMR (DMSO-ds) 6 12.45 (s, 1H), Calculated at Optimized,Sseometry
8.82 (d, 1H,J = 8.1 Hz), 8.66 (d, 1H) = 5.1 Hz), 8.04 (d, scillator
1H,J=8.1 Hz), 7.85-7.93 (overlapping m, 2H), 7.68 (d, 1H, state energy in cmt (nm)  dipole moment (D)  strength
J=8.7 Hz), 7.28-7.56 (overlapping m, 5H}3C NMR (CDCk) S LAY o 23
6 150.5, 149.0, 137.1, 135.0, 131.9, 131.3, 129.1, 125.9, 125.4, 515 28320 (353) i 0.67
124.7, 122.1, 121.8, 121.5, 121.0, 120.4, 119.7, 102.6. Anal. 31A’ 30712 (326) 6.4 0.009
Calcd for G/HioN2: C, 83.61; H, 4.92; N, 11.47. Found: C, 4A’ 31506 (317) 6.9 0.03
83.38; H, 4.83; N, 11.35. 5IA 33428 (299) 3.0 0.03
. . . 6 A’ 36056 (297) 2.2 0.04

Electronic absorption spectra were measured on a Shimadzu 1 1 38350 (261) 57 0.0015
UV 3100 spectrophotometer and a HP 8453 diode array o
spectrometer. Stationary fluorescence spectra were recorded and Calculated at Optimized; &eometry
corrected for the instrumental response using either an Edin- dipole moment  dipole moment
burgh FS 900 CDT or a Spex Fluorolog 3 spectrofluorimeter. state $  AE(S — ) (nm) S (D) S (D)
For the determination of quantum yields, quinine sulfate in 0.1 21A’ 25950 (385) 4.2 2.4
N H,SO, was used as a standai@;(= 0.5188). The solvents, 3A a a a
n-hexane, acetonitrile (Aldrich), methanol, propanol-1, butanol-1 4TA 29951 (334) 5.2 2.6

(Merck), and ethanol (Chempur, Aldrich), were checked forthe  apNg convergence could be achieved.
presence of fluorescent impurities.

Fluorescence lifetimes were measured on an Edinburgh FL
900 CDT time-resolved fluorimeter (estimated resolution:—0.2

TABLE 2: Results of Calculation of Excited-State Energies
and Dipole Moments for the syn Form of 2

0.3 ns) using a time-correlated single-photon counting technique. Calculated at Optimized,S5eometry
Time-resolved fluorescence was measured using a picosecond oscillator
time-correlated single-photon counting setup described in detail __State energy in cmt (nm)  dipole moment (D)  strength
before®? Excitation was provided by a mode-locked argon ion S (11A") 0 2.3

laser (Coherent 486 AS Mode Locker and Coherent Innova 200 2*A’ 28649 (349) 5.7 0.36
laser), which synchronously pumped a dye laser (Coherent 37A' 30222 (330) 2.7 0.17
model 700) operating on DCM. The dye laser, frequency- iy, ggg% 8323 gg g'ﬁ
doubled with a BBO crystal, yielded 33320 nm pulses. A 6IA’ 34862 (287) 5.0 0.27
Hamamatsu microchannel plate photomultiplier (R3809) was 1!A” 38497 (260) 4.9 0.015

used as the detector. The response function of the instrument
had a fwhm ofx~17 ps.

The setup used for the femtosecond transient absorption

Calculated at Optimized; &eometry

dipole moment dipole moment

experiments closely followed the one described befoRriefly, S;altzs AE;;;;;;;ZT) S (7D7) = (2Df)3
a 130 fs (fwhm) pulse train at 800 nm with a repetition rate of 31Ar 27786 (360) 46 55

1 kHz Wafslgenerated by a Spectra Physics Hurr[cane regenera- ,ip: 29431 (339) 6.8 26
tive amplifier laser system and was separated into two parts.

One part pumped a Spectra Physics OPA 800 system to proVidet_:;eometries, harmonic force fields were calculated using nu-

;elxcit_ztion pulfes; the other pha_lrt ;’.VE;]S focused or} a calcium erical (two-side) differentiation of the gradients for both the
uoride crystal to generate a white-light continuum, frer850 ground and excited states.

to ~800 nm, used for the probe pulse. The total instrumental
response was about 200 fs (fwhm). In the present experiments
magic angle conditions were used for the pump and probe
beams. Experiments were performed at ambient temperature on  3.1. Calculations.Because of the presence of a single bond
solutions with an optical density 0f0.5 in a 1 mmcell. To  connecting the pyridyl and benzindole moietidésand 2 can
avoid effects resulting from the high transient power radiation, exist in two planar conformations, either tisyn or anti
the excitation power was kept as low a$ uJ/pulse using a  rotameric form. Their relative energies can be influenced by
pump spot diameter of about 1 mm. Apart from lowering the both specific effects (hydrogen bond formation) and nonspecific
excitation intensity, the influence of thermal effects and the interactions with the solvent. We performed ground- and excited-
possible photodegradation of the sample was taken care of bystate geometry optimizations to examine the relative energies
placing the circular cuvette containing the solution in a of the two forms. The calculated electronic transition energies
homemade rotating ball bearing (1000 rpm). Absorption and and dipole moments are presented for the most stjriéorm
emission spectra taken under these conditions before and aftebf 1 and2 in Tables 1 and 2, respectively. Figure 1 presents a
the experiments were indeed identical. scheme of relative energies of various rotameric and tautomeric
Density functional calculations were performed using the species o (the results forl are very similar).
TURBOMOLE 5.7 suite of progranfd-94 The calculations used The ground-state calculations predict that for both compounds,
a Gaussian AO basis set of triptequality augmented with  the synform is more stable than thenti species by about 4.7
polarization functionsdefTZVP®9), the hybrid B3LYP func- kcal/mol. Very similar energy differences between syaand
tional 697 a large grid for numerical quadrature (“grid m3” antiforms have been calculated previously 8% and42°. The
option), and convergence of the ground-state energy and densitydipole moment in the ground state of thati form is larger
matrix to at least 10° au. The geometry of the molecule in the than that of thesynform; for 1, u(syn = 2.3 D andu(anti) =
ground and excited states was optimized using analytical DFT 3.5 D. The corresponding values f@rare 2.3 and 3.1 D,
and TD-DFT® gradients, respectively. At the equilibrium respectively, and analogous results were obtained {trl and

'3. Results and Discussion
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Figure 1. The diagram of calculated energy levels, transition energies, oscillator strengths, and dipole momentsfigri@y(benzp]indole
(2). Black, dark gray, and light gray lines indicate energies calculated for the gas phase, nanpelar(e), and polar media (methanoal), respectively;
arrows indicate absorption and fluorescence FC transitions. The dipole moments are given for the optimized structures.

3.2 D) and4 (2.4 and 3.4 D). These findings lead to a general 60

prediction that in nonpolar media, ttsgn conformers should n-Hexane | .o

be dominant, but thanti—synenergy difference should decrease / | 20
~ L\ S

with increasing solvent polarity. The simple Onsager model
expression can be applied to estimate the solvation energy S 18

1 T o
Eo—_ i =Y "
N fega® \26 1

Acetonitrile
,/’ 15
W
T ¥ 0

Methanol

£+107°

whereu, ¢, anda are the dipole moment, the dielectric constant,
and the Onsager cavity radius, respectively. Assunairg 5
A, for the ground state o in methanol, one finds a small
decrease oAE,g theanti—synenergy difference, by 0.24 kcal/
mol with respect to vacuum. One can safely conclude that the | 20
increase of solvent polarity is not able to changedie-anti
energy ordering. The same is true for the lowest calculated
excited singlet state, for which the dipole moment in the
optimized syn form is 7.7 D, compared to 6.8 D in themnti
structure. TheAEgsvalue calculated for Sof 2 is 7.0 kcal/mol
in n-hexane; it increases to 7.7 kcal/mol when the dielectric
constant of methanol is used. Thus, the calculations predict that
the synform should be dominant both in nonpolar and polar calculations reveal five transitions of comparable intensity in
media in $ as well as in & the region between 28 600 and 34 900¢éniThese different

The above scheme does not take into account the possibility patterns are indeed observed in the experimental spectra (Figures
of additional stabilization of thanti form resulting from the 2 and 3).
formation of intermolecular hydrogen bonds with protic solvents,  For both molecules in thez* excited singlet states, another
especially those that can simultaneously act as proton donorspossible structure should be considered. The electron density
and acceptors. It has been demonstrate@¥and42° that the redistribution occurring upon excitation may provide a driving
anti form is dominant in bulk alcohols because two strong, linear force for the excited-state proton transfer. The redistribution
hydrogen bonds with two different alcohol molecules, possible leads to an increase in the excited-stakg, for the proton
for this form, are energetically more favorable than the hydrogen acceptor, a decrease in the excited-st&igfpr the proton donor,
bond arrangement in the complexsygh species. or a combination of both. Large changes of bot palues

For both compounds, the calculations predict severa have been reported fo8, 4, and other structurally similar
transitions in the low-energy region. On the other hand, the molecules’19.20.323%0ne can thus expect that a phototautomer,
expected absorption intensity patterns should be very different; with the proton attached to the pyridine nitrogen, can become
for 1, only one strong transition is predicted, while frthe the lowest-energy form in;SThe calculations firmly confirm

Emission Intensity (a.u.)

0

———————r
14 16 18 20 2 24 26 28 30 32 34 36 B 40 42 44
Wavenumber [10° cm™]

Figure 2. Room-temperature absorption and fluorescencel af
n-hexane, acetonitrile, and methanol.
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n Hexanel- 30 TABLE 3: The Absorption and Fluorescence Maxima and
the Fluorescence Quantum Yields and Lifetimes Measured
“_ for 1 at 293 K
\ / \\/ |15 - - - -
solvent Vabs[Cm 1]a Vilu [Cm 1]a (pﬂb TH [ns]°
—~ 0 n-hexane 27 550 26110 0.72 1.3
3 30 acetonitrile 27 930 25970 079 16
- A Acetonltnle 1-propanol 27 550 24 810 0.25 28.1
= ,\ 1-butanol 27620 24750 025 2:80.1
= J/ J \m 15 T ethanol 27780 24810 025 280.1
= 7 methanol 27 860 24 630 006 0.1
S 0 @ aAccuracy: +40 cntl. P £10%.¢Measured with a nanosecond
o T TTTTTTITTT T R s e e spectrofluorometer; estimated resolution: -023 ns.
€ Methanol - 30
w TABLE 4: The Absorption and Fluorescence Maxima and
ﬁ/ \/ the Fluorescence Quantum Yields and Lifetimes Measured
/ -15 for 2 at 293 K
/ . solvent Vaps[cm ™2 Py, [em™Y2 P 74 [NS]®
14 16 18 73 20 2 24 26 2 30 32 34 3I6 "3 40 42 M n-hexane 27 550 26110 0.40 1.4
Wavenumber[10° em™] acetonitrile 27 860 26 040 0.51 17
. . . 1-propanol 27 550 25 320 0.24 24@.1
Figure 3. Room-temperature absorption and fluorescence dr 1-butanol 27 550 25320 026 2.1
n-hexane, acetonitrile, and methanol. ethanol 27 620 25190 0.22 2401
this prediction. Proton transfer in $ thesynform of 2 results methanol 27700 24940 0.08 0®.1

in the phototautomer lying 20.2 kcal/mol lower. This difference 2 Accuracy: +40 cnt? P +10%.cMeasured with a nanosecond
is about the same in magnitude but opposite in sign as the energyspectrofluorometer; estimated resolution: -63 ns.
separation between the normal and tautomsyitdforms in the
ground state, 18.2 kcal/mol. The barriers to proton transfer were The positions of the absorption and fluorescence maxima,
calculated to be 3.9 kcal/mol inySnd 7.2 kcal/mol for the ~ a@long with the quantum yields and fluorescence lifetimes, are
back reaction in & Thus, ESPT is possible thermodynamically, Presented in Tables 3 and 4. In hexane and acetonitrile, both
but the barrier is rather substantial. It can be largely reduced, Compounds reveal high emission yields. In alcohol solutions,
however, in a cyclic 1:1 complex with water or alcol§®l. fluorescence efficiency is significantly lower. In methanol and
Interestingly, the calculations show that a Fran€ondon ethylene glycol, the main band is accompanied by a very weak,
vertical transition excites the molecule slightly above the barrier /ow-energy emission around 20000 cin The excitation
for the proton transfer. One could envisage tautomerization to SPectra, measured in the region of 434&% 000 cnm?,
occur if the proton-transfer rate is faster or comparable to that coincide with the absorption.
of vibrational relaxation. Actually, such a reaction from an Using absorption and fluorescence data, one can obtain
unrelaxed excited molecule seems to be occurring ¥ changes of l§a in the excited state from the"Fsier cyclé®
In summary, the computations predict that thn forms formula
should be more stable in nonpolar and polar aprotic solvents,
but the situation may change in protic environments. ESPT is  ApK, = pK(S,) — pK(S) ~ —0.002(7%, — 7%
thermodynamically favorable, but kinetically improbable, unless
the barrier can be lowered by forming a cyclic complex with where?3y, and#?y correspond to electronic transition energies

alcohol. in the acid and base forms, respectively. This procedure is
These theoretical predictions will now be compared with the applied using the spectra of neutral, protonated, and deprotonated
experimental data. species (Figure 4), thus yielding th&pchanges upon ;S S
3.2. Stationary Absorption and Fluorescence.Room- excitation for protonation on the pyridine nitrogen atom and

temperature absorption and fluorescence spectra recorded fofor deprotonation of the NH group. The-@ transitions are
three different types of solvents, nonpateinexane, polar aprotic  estimated from the positions of absorption and fluorescence
acetonitrile, and polar and protic methanol, are shown in Figures maxima. The same value &pK4(N) = +10.3 is obtained for

2 and 3 forl and 2, respectively. The absorption intensity 1 and2, whereas for the deprotonation, we obtAipK,(NH)
patterns of the first few electronic transitions are quite different = —6.9 and—6.4 for1 and2, respectively. These large changes
for the two molecules and quite nicely reproduced by calcula- of pK, values for both deprotonation of the NH group and
tions (Tables 1 and 2). In both compounds, the lowest transition protonation of the pyridine nitrogen are analogous to those
lies at practically the same energyZ7 600 cnt!in n-hexane) previously found for related molecules and prove that, upon
and reveals a very similar vibronic structure. In acetonitrile, electronic excitation, both 2-(yridyl)benzindoles become
this transition is slightly shifted to the blue. In methanol, it shifts simultaneously a stronger acid and, in particular, a much stronger
back to the red, which suggests that hydrogen bonding interac-base. These results explain the appearance of a second weak
tions with the solvent are stronger in the excited state. The blue fluorescence band at 20 000 cthin methanol and also in
shift in polar solvents is often an indication that the dipole ethylene glycol, the most acidic solvents used in these studies.
moment decreases in the excited state. However, it can alsoWe assign the 20 000 crhband to the cationic form, obtained
occur if the direction of the dipole moment is reversed upon by protonation of the chromophore in the excited electronic state.
excitation. For such a situation, a blue shift can be observed This assignment is corroborated not only by the excitation
even if the magnitude of the dipole moment increases. This shift spectra corresponding to the absorption of neutral species but
seems to be the case fbrand 2; the calculations predict that  also by the finding that the weak emission, observed at 293 K,
upon excitation to § the dipole moment increases, and its disappears below 143 K and reappears again with warming of
direction changes by nearly 180 the sample.
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Figure 4. Room-temperature absorption and fluorescencé: ofa)
neutral (ethanol, dashed line; methanol, solid line), (b) protonated
(ethanol+ HCIO,), and (c) deprotonated (DMS® KOH). ] -1
‘ | n-Hexane
The steady-state measurements did not reveal any emission O N S " 144ns
that could be associated with the phototautomer. However, this N
observation does not necessarily prove the absence of theA
photoreaction since the tautomeric form can, in principle, be 5 T T T r T . : 0
rapidly deactivated, or, as actually predicted by calculations & . L
(Figure 1), lie outside of the spectral range available for 2 | Acetonitrile

detection. The analysis of the fluorescence lifetimes (Tables 32 |m 1.70 ns
and 4) shows that while the decays are monoexponential in*g
n-hexane and acetonitrile, this behavior is not the case in alcohol ¢
solutions. For the latter, biexponential decays are obtained, with-g .
one of the lifetimes about twice as long as thatihexane and 2 Etha
acetonitrile and the other too short to be accurately measuredy
by our subnanosecond spectrofluorometer. We therefore inves-
tigated the decays more closely by using femtosecond transient
absorption and picosecond time-resolved emission techniques.

3.3. Time-Resolved Measurementd.o elucidate the origin —
of the observed fluorescence, in particular, the complicated 14 16 18 20 22 2 2 28
character of the emission in alcohols, we performed time- Wavenumber [10° cm™]
resolved fluorescence measurements using a picosecond timefigure 5. Decay associated emission spectrd @ind2 in n-hexane,
correlated single-photon counting setup (SPC). The fluorescenceacetonitrile, and ethanol. Solid lines are the steady-state emission
decay curves were fitted to a multiexponential linear function spectra, and the symbols are for DAES.

nol
m 40 ps
e 23ns

n t confirmed. Fluorescence consists of a short-lived (tens of
(A0 =) al) ex;{——) picoseconds) band and a long-lived emission, which decays with
i= T the same lifetime as that detected by standard SPC experiments.
By analogy to previous studié®3?it is natural to assign the
wherea;(1) are the amplitudes of different lifetimes latter to theanti species, whereas the short-lived component
The fractional contribution of each decay time component can be attributed to theynforms, rapidly deactivated by either
to the steady-state emission was calculated according to ESPT or internal conversion in complexes with alcohol.
The situation in methanol is even more complex. Triexpo-
a(A), nential functions had to be applied for the satisfactory fitting
f(A) =— of the decay curves. One of the kinetic parameters corresponds
Z a()r; to a rise time in the spectral region around 20 000 €rThe
]

fluorescence maxima of protonated and deprotonated molecules

lie also in the area of 20 000 crh(Figure 4). Time-resolved
Next, the DAES (decay associated emission spectra) were builtmeasurements for protonated and deprotonated molecules reveal
using DAES= fi(1)-1(1), wherel (1) is the steady-state emission that the lifetime for protonatetl and2 is about 1 ns, while for
spectrum. The spectra are presented in Figure 5. deprotonated forms, it is much longer (6 ns). Since the weak

The DAES inn-hexane and acetonitrile consist of only one shoulder in the emission is observed only in methanol and

band, decaying with the same lifetime as that obtained from ethylene glycol, the most acidic solvents in the series we
standard measurements (Tables 3 and 4). On the other hand, ifnvestigate, but not in other protic solvents, it is natural to
alcohols, the biexponential character of fluorescence decay isattribute this band to the protonated form. The rise times were



11406 J. Phys. Chem. A, Vol. 111, No. 45, 2007 Petkova et al.

/£ complexes should not depend strongly on viscosity. The
v A fluorescence decay components of 67 and 40 ps in ethanol for
o] neoo7Tioes 1 and 2, respectively, become shorter in methanol (25 and 13
: ps), whereas in ethylene glycol, they increase significantly (to
160 and 110 ps). This behavior is analogous to that observed
previously for various bifunctional compoun#éfsin which the
decay components ranging from 50 to 76 ps were observed in
ethanol. These decays were assigned to internal conversion in
1:2 complexes with alcohol. The ESPT in 1:1 species was
characterized by much shorter lifetimes (subpicoseconds to a
few picoseconds). Thus, the present picosecond experiments
2 2 + e ® point to the domination, in bulk alcohols, of 1sgncomplexes.
However, the existence of 1:1 complexes cannot be excluded.
Actually, such species should prevail in mixed solvents contain-
= . - .
guun ing small amounts of alcohol. A strong confirmation for such
., an assignment was provided by spectrofluorimetric titration of
P n-hexane solutions of and?2 with alcohols (Figure 6). Very
efficient fluorescence quenching was observed at low alcohol
C (C,HOH) [M] concentrations. The emission intensity passes through a mini-
Figure 6. Spectrofluorimetric titration of in n-hexane with ethanol mum and then increases upon adding more alcohol. Such a
at 293 K. Inset A: a plot of lod¢/l — 1) versus the logarithm of alcohol  rather unusual behavior can be explained by a scheme presented
concentration. Inset B: changes in fluorescence intensity upon adding;, Figure 7. Adding small amounts of alcohols to the solution
alcohol. containing only thesyn species leads to the formation of 1:1
detected in the DAES around 20 000 chmwhich can be comple>_<es, which ra_pidly decz_;\yv_ia ESPT. The excess of_alcohol
attributed to the formation of the protonated species in methanol. "€Sults insyn— anti rotamerization due to the energetically
For the solutions in ethylene glycol, the rise times increased, More favorable linear dual hydrogen bond with two alcohol
while in acidic solutions, they were much shorter. These mo_IecuIes in thantl_structure. Thsant! complexes can undergo
components were absent in ethanol solutions, where the ag-neither ESPT nor internal conversion. Therefore, they decay

ditional emission band around 20 000 thwas not observed.  With & “normal” long lifetime.

The most significant result of the DAES analysis is the ~ The slope of the plot of log(lo — 1) versus logg), wherelo
presence in alcohols of a short-lived (e.g., 67 p& and 40 ps andl correspond to fluoresc_ence intensities in the absence and
in 2 for ethanol) emission band, slightly blue-shifted from the Presence of alcohol, respectively, anis the alcohol concentra-
main emission maximum (Figure 5). The long-lived emission Fion, should given, the number of alcoh_ol mqlecules involved
in ethanol, 1-propanol, and 1-butanol decays with a lifetime in the complex. Such a procedure, applied tgieldedn =0.97
nearly twice as long as that inhexane or acetonitrile. This & 0.03, proving the existence of the 1:1 species. In bulk
observation indicates that the radiative constant in the long- alcohols, the equilibrium between 1:1 and 1:2 complexes may
lived form is smaller than that of theynspecies observed in  be strongly shifted in favor of the latter. In order to find evidence
aprotic solvents. By analogy with our previous studies of similar for a short fluorescence decay characterlstlc of ESPT, anq thus
molecule®32it is natural to assign the long-lived form to the ~ for the presence of 1:8yn species, we performed transient
anti rotamer. Assuming similar absorption coefficients $yn absorption experiments with subpicosecond resolution.
andanti alcohol solvates, it can be estimated that both forms ~ The transient absorption spectra have been unraveled by
exist in bulk alcohols in comparable amounts, whereasyine global analysis in combination with a target analysis. These
form is predominant in aprotic media. procedures yielded evolution associated difference spectra

Regarding the nature of the short-lived species in alcohols, (EADS), which represent temporal evolution of the spectra (e.g.,
at least two structures have to be considered. The first is a 1:1the third EAD spectrum rises with the second lifetime and
complex of thesynform with alcohol. In such a structure, ESPT  decays with the third lifetime)??
is to be expected, with the barrier to tautomerization significantly =~ Global analysis of the data in-hexane solutions (Figures
lower than that in the uncomplexed species. The other candidate8a—9a) reveals that they can be fitted satisfactorily with a model
is the complex of 1:2 (or more generallyni:stoichiometry, consisting of two components, 34 and 840 psXand 20 ps
again of thesyntype. For such a kind of species, rapid internal and about 1.5 ns foR2. The pump-induced change in the
conversion to the ground state has been repgttétis process absorbance has contributions from two sources, stimulated
is strongly dependent on the viscosity, and thus, its rate shouldemission and excited-state absorbance. The negative-going
become slower upon passing from methanol and ethanol to morefeatures above 25 000 crhcorrespond to the well-resolved
viscous alcohols. On the other hand, the ESPT reaction in 1:1stimulated emission. The positive-going bands near 18-000

logl0ot -]

—
1
n
.

Emission Intensity (a.u.)

syn
Figure 7. Scheme of protic solvation resulting syn—anti rotamerization.
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Figure 8. EADS of 1in n-hexane (a) and acetonitrile (b) obtained for
excitation at 360 nm. Im-hexane, the black and red EADS are
associated with decay times of 17 ps and 1.2 ns, respectively. In
acetonitrile, the black, red, and blue EADS decay with 0.8 ps, 21 ps,
and 1.5 ns, respectively.
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Figure 9. EADS of2 in n-hexane (a) and acetonitrile (b) obtained for
excitation at 360 nm. Im-hexane, the black and red EADS are
associated with decay times of 16 ps and 2.2 ns, respectively. In
acetonitrile, the black, red, and blue EADS decay with 0.5 ps, 24 ps,
and 3.0 ns, respectively.

19 000 and 23 00624 000 cn1! correspond to excited-state
absorbance of the “normaynform. There is not any indication
for structural changes of the molecules taking place in the
excited state, except vibrational cooling. Similar observations

J. Phys. Chem. A, Vol. 111, No. 45, 200171407

The possibility of a rapid “over the barrier” process can also
be discarded; in other words, the vibrational relaxation is faster
than ESPT.

The spectra obtained in acetonitrile, a polar aprotic medium
(Figures 8b-9b), resemble those measuredihexane. On the
contrary, the kinetic curves recorded in alcohols reveal much
more complicated dynamics (Figure 10). In particular, several
short decay components<{11ps) are detected in alcohols. They
can be indicative of ESPT in 1:1 cyclisyn complexes.
However, they can also be related to vibrational cooling or
solvent relaxation time¥3 Most important, the data for alcohols
show a transient absorption feature around 23-@0000 cnt?,
which decays rapidly, similarly to the short-lived band observed
in fluorescence. Thus, the coexistence of two different conform-
ers is confirmed once again. The feature around 24 000t cm
is clearly observed also in-hexane and acetonitrile, where it
decays slowly, similar to the overall spectrum. Since there is
no doubt about the dominance of thygnform in n-hexane and
acetonitrile, the fast decay of the 24 000@rband in alcohols
proves that the same conformer also exists in alcohols, where
its excited state is rapidly deactivated due to the formation of
hydrogen bonds with the solvent. The fast deactivation most
probably involves both ESPT and internal conversion, but the
clear separation of the various factors contributing to picosecond
changes in excited-state absorption is not straightforward. The
detailed analysis of the kinetic behavior in alcohols will be
presented elsewhere.

Summary and Conclusions

Stationary and time-resolved studies of 24§gridyl)benzin-
doles in nonpolar, as well as in polar aprotic and protic media,
allow us not only to make conclusions about the structure and
reactivity of these two chromophores but also to understand
differences and similarities in their behavior as compared with
smaller, but strongly structurally related, molecules, sucB as
and 4. The first finding is that the majority of the molecules
exist in thesynform in aprotic solvents. In alcohols, on the
contrary,syn and anti structures are detected in comparable
amounts. In this respect, 2*¢@yridyl)benzindoles are different
from the smaller members of the series, most probably because
of the reduced role of nonspecific solvation (stabilization of
the more polaanti form by a polar solvent).

The finding thatsynstructures can exist even in protic media
has important consequences for the photophysics, as the ESPT

and decay times are valid also for the transient absorption spectrgeaction can occur only in this type of rotamer. It can be

in n-dodecane, which means that there is no viscosity depen-

anticipated that further increase in the molecular size will shift

dence in the relaxation mechanism. These results demonstratehe equilibrium in alcohols towarsynspecies. The possibility

again that no ESPT occurs mhexane solutions of and 2.

of totally changing the photophysical characteristics while

-.'._.-‘ \ﬂh\_ /'/_j\\
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Figure 10. EADS of 1 (a) and2 (b) in ethanaol obtained for excitation at 360 nm. The corresponding decay times are indicated on the right.
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retaining the basic topological motif, the location of proton donor

Petkova et al.

(20) Kyrychenko, A.; Herbich, J.; Wu, F.; Thummel, R. P.; Waluk, J.

and acceptor sites, will be the subject of future studies. We alsoJ: AM. Chem. So200q 122, 2818.

will carry out the comparative analysis of the electronic
absorptions ofl and 2 in different solvents in order to (i)

(21) Kyrychenko, A.; Stepanenko, Y.; Waluk,JJ.Phys. Chem. 200Q
104, 9542.
(22) Marks, D.; Zhang, H.; Borowicz, P.; Waluk, J.; Glasbeek, M.

understand substantial differences in the intensity patterns andhys. Chem. 200Q 104, 7167.

(i) separate spectra due to different species. Initial results
obtained using magnetic circular dichroism (MCD) confirm the

(23) Singh, A. K.; Bhasikuttan, A. C.; Palit, D. K.; Mittal, J. ®.Phys.
Chem. A200Q 104, 7002.
(24) Waluk, J. InConformational analysis of Molecules in Excited States

presence of a different structure in alcohols as compared to thatwaluk, J., Ed.; Wiley-VCH: New York, 2000; p 57.

in hexane, once again revealing the solvent-induced rotamer-

ization.

61
The most challenging structural task is to distinguish between

various types of alcohol complexes for one type of rotational

conformer. While not quantitatively accurate, our data suggest
that both 1:1 and 1:8yncomplexes are present, and the latter

dominate in bulk alcohols. Comparison with previous experi-

mental dat&-3*and MD simulation&-"°reveals a certain trend.

In the bifunctional compounds, for which the hydrogen donor

(25) Herbich, J.; Kijak, M.; Luboradzki, R.; Gil, M.; Zi€lgka, A.; Hu,
Y. Z.; Thummel, R. P.; Waluk, 1. Photochem. Photobiol., 2002 154,

(26) Herbich, J.; Kijak, M.; Zieliska, A.; Thummel, R. P.; Waluk, J.
Phys. Chem. 2002 106, 2158.

(27) Kijak, M.; Zielihska, A.; Thummel, R. P.; Herbich, J.; Waluk, J.
Chem. Phys. Let2002 366, 329.

(28) Jaefowicz, M.; Heldt, J. RChem. Phys2003 294, 105.

(29) Kwok, W. M.; George, M. W.; Grills, D. C.; Ma, C. S.; Matousek,
P.; Parker, A. W.; Phillips, D.; Toner, W. T.; Towrie, M\ngew. Chem.,
Int. Ed.2003 42, 1826.

(30) Palit, D. K.; Zhang, T. Q.; Kumazaki, S.; Yoshihara, X.Phys.

and acceptor groups are linked by a single bond, the 1:2 specieshem. A2003 107, 10798.
prevail. The opposite is true when the donor and acceptor groups (31) Waluk, J.Acc. Chem. Re2003 36, 832.

are rigidly bound. Most probably, in compounds of the former
class, the conformational flexibility allows for geometry distor-
tions that can better accommodate a triple hydrogen bond
structure in 1:2 complexes. Detailed studies of stoichiometry
and the structure of water and alcohol solvates of bifunctional
compounds are now being carried out in our laboratories for
molecules isolated in supersonic jéts.
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