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Abstract

The ground state tautomerism and excited state intramolecular proton transfer (ESIPT) of 10-
hydroxybenzo[h]quinoline (HBQ) and its nitro derivatives, 7-nitrobenzo[h]quinolin-10-ol (2) and 7,9-
dinitrobenzo[h]quinolin-10-ol (3), has been studied in acetonitrile by steady state as well as time
dependent spectroscopy and quantum-chemical calculations. In addition to the enol form absorbance in
the range 360-390 nm, the absorption spectra of 2 and 3 exhibit a red shifted band at ~450 nm.
Chemometric data processing, based on individual bands decomposition, allowed to estimate the position
of the ground state enol-keto tautomeric equilibrium (AG values of 1.03 and 0.62 kcal/mol respectively for
2 and 3). The fluorescence stems from the enol form even if the keto form is optically excited as proven by
the shape of the excitation spectra indicating that ESIPT takes place. The Stokes shift of the substituted
compounds is substantially lower compared to HBQ, which follows from the fact that the substitution
occurs in the formal cyclohexa-2,4-dienone moiety and leads to decrease of the HOMO level of the keto
tautomer. The pump-probe experiments show that in the nitro substituted HBQs 2 and 3 ESIPT happens
with a time constant of 0.89 ps and 0.68 ps, respectively. In both cases a mixture of the enol and proton
transfer form is optically excited. The enol form exhibits then the ESIPT and subsequently both fractions
take the same relaxation path. We propose that in 2 and 3 the ESIPT path exhibits a potential energy
barrier resulting in an incoherent rate governed process while in HBQ the ESIPT proceeds as a ballistic
wavepacket motion along a path without significant barrier. The theoretical calculations (M06-2X/TZVP)
confirm the existence of a barrier in the ground and excited state as result of the substitution.
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1. Introduction

The dynamics of hydrogen atoms and in particular of those involved in hydrogen bonds is a fundamental
issue in chemistry and molecular biology. It is essential for the chemistry of acids and bases and crucial for
isomeric and in particular tautomeric reactions. In addition, substances exhibiting intramolecular proton
transfer in the excited as well as in the ground state have a large application potential in many different
fields, e.g. as dyes, protecting substances against ultraviolet (UV) radiation and fast switches. Inter- and
intramolecular proton transfer are, therefore, extensively investigated.' A broad class of molecules that
contain an H-chelate ring exhibit typically fast excited state intramolecular proton transfer (ESIPT). > In the
enol form of such compounds the hydrogen atom is bound to an oxygen and participating on a hydrogen
bond to an acceptor atom at the opposite side of the chelate ring. After optical excitation the hydrogen
atom is transferred to the acceptor atom and the keto isomer is formed in the electronically excited state.
It was found that the transfer proceeds in many cases as a ballistic wavepacket motion along a nuclear
coordinate involving the molecular backbone.”” The wavepacket motion results in a transient contraction
of the chelate ring which shifts the proton towards the acceptor. The bonds are changed from the enol to
the keto configuration during the phase with the shortest donor-acceptor distance.’® Depending on the
effective mass of the moving moieties and the stiffness of the molecular skeleton transfer times between
30 fs and 100 fs have been observed.

10-hydroxybenzo[h]quinoline (HBQ, compound 1, Scheme 1) is also a compound with an H-chelate ring.
Ultrafast absorption measurements showed that due to the stiff backbone consisting of three condensed
aromatic rings it exhibits an ESIPT processes which is very fast and takes only about 30-40 fs.'"** The
findings rise the question if the reaction path is in all cases barrierless or if other situations can also occur
and the barrier can be adjusted by suitable substitutions. Here we investigate substituted HBQs in which in
one or two nitro groups are added to HBQ at the hydroxybenzo moiety resulting in p-NO, substituted HBQ
(2) and o,p-dinitro substituted HBQ (3) respectively. The substitution results in a stabilization of the proton
transfer form. While one would expect an even more downwards tilted reaction path for the ESIPT we
show by time resolved pump-probe spectroscopy that on the contrary a barrier exists along the path.
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Scheme 1. HBQ and nitro substituted compounds.

2. Experimental Methods

Sample preparation:

The title compounds are synthesized and purified according to the already described procedures.”*** They
are dissolved with a concentration in the order of 10" M in acetonitrile of Uvasol quality (Merck). Fused
silica cuvettes with a thickness of 1 mm are employed as sample cells.

Steady-state absorption spectra:

The steady state UV/Vis absorption and emission spectra of the samples were recorded at room
temperature by means of a Jasco V570 UV-Vis-NIR spectrophotometer and a Jasco FP6600 fluorimeter
(both JASCO Inc, Japan). The exact positions of the bands were estimated by using derivative spectra
calculated according to the “step-by-step filter” procedure.” The absorption spectra of 2 and 3 were
analyzed by a quantitative procedure based on a decomposition of the overlapping bands, which yields the
tautomeric molar fractions and the absorption spectra of the individual tautomers.’**” Quantum yields
were calculated from a comparison with the fluorescence intensity of a solution of quinine in 1 M H,SO,.



NMR spectra:

All NMR spectra were measured by a Bruker 400 MHz Avance — Il HD NMR spectrometer and analyzed with
the software Topspin. As solvent acetonitrile-d; was used, which served also as a reference. All samples
were measured at 25°C.

Time-dependent absorption measurements:

Femtosecond transient absorption measurements were performed by a pump-probe setup based on a non-
collinear optical parametric amplifier (NOPA) for the generation of the excitation pulses and a white light
continuum for probing.”® To pump the NOPA and the white light stage a regenerative Ti:sapphire amplifier
laser (CPA 2001, Clark MRX) system is used which provides at a repetition rate of 1 kHz energetic pulses
with a center wavelength of 788 nm and a duration of 150 fs. To obtain excitation pulses at 305 nm the
output of the NOPA is compressed by a sequence of fused silica prisms and then frequency doubled by a
100 pm thick BBO crystal.”® The white light continuum used for probing is generated in a 4 mm thick
calcium fluoride disc by focusing a fraction of a few microjoules of the Ti:sapphire output into the disc. The
pump and probe beams are focused onto the sample to overlapping spots with diameters of about 200 um
and 100 um, respectively. After the sample the probe beam is re-collimated and then spectrally dispersed
by a prism and detected by a photodiode array with 512 pixels. The chirp of the probe light is corrected
numerically. The energy of the excitation pulses is 500 nJ. Their polarization is set to the magic angle with
respect to the probe polarization by an achromatic A/2-plate to preclude that orientational relaxation
contributes to the dynamics.

Theoretical calculations:

Quantum-chemical calculations were performed using the Gaussian 09 D.01 program suite.”® If not
otherwise specified, the M06-2X functional®*?* was used with the TZVP basis set for the calculations in
ground and excited state.”® This fitted hybrid meta-GGA functional with 54% HF exchange was especially
developed to describe main-group thermochemistry and non-covalent interactions. It shows very good
results in predicting the position of tautomeric equilibria for compounds with intramolecular hydrogen
bonds.***?” For comparison some additional functionals as implemented in Gaussian 09 D.01 (B3LYP%,
MN125X*°, BHandH*’) were used as well. Second and higher order Mgller-Plesset perturbation theory
(MP2-4)*" and coupled-cluster theory with single, double, and perturbative triple excitations (CCSD(T)) *
were used in addition for calculations of the ground state. The results for the relative stabilities of the
tautomers of 2 and 3 in the ground and, in some cases, in the excited state are collected in Table S1
(Supplementary Information)., They justify the use of M06-2X/TZVP for the theoretical description of the
ESIPT processes in this particular case.

The solvent effect of acetonitrile was described using the Polarizable Continuum Model (the integral
equation formalism variant, IEFPCM, as implemented in Gaussian 09).* All ground state structures were
optimized without restrictions, using tight optimization criteria and an ultrafine grid in the computation of
two-electron integrals and their derivatives. The TD-DFT method*~°, carried out with the same functional
and basis set, was used for singlet excited state optimizations again without restrictions using normal
optimization criteria and an ultrafine grid in the computation of two-electron integrals and their
derivatives. The true minima were verified by performing frequency calculations in the corresponding
environment. The emission spectra of the compounds were predicted using the procedure implemented in
Gaussian 09 D.01.%°

The transition states were estimated using the STQN method®” and again verified by performing frequency
calculations in the corresponding environment.

Vibrationally resolved electronic spectra were predicted using a recently developed procedure based on
Franck-Condon analysis,*®*™** as it is implemented in Gaussian 09 D.01.%° The subbands were described by
using a Gaussian spectral function with a half-width at half-maximum of 500 cm™. The band positions in
both compounds (2 and 3) were scaled by 0.1019 eV and 0.0876 eV (InpDEner keyword) for the absorption
and emission spectra, respectively. In Figure S1 (Supplementary Information) the predicted absorption
spectrum of the keto form of 2 is compared with the pure 2K spectrum obtained by the band



decomposition technique. As can be seen the shape of the predicted spectrum agrees very well with the
shape of the long-wavelength part of the experimentally determined absorption band of 2K.

3. Results and Discussion

Steady State Absorption and Emission
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Figure 1. UV/Vis absorption (a), emission (b, right) and excitation (b, left) spectra of 1
(solid line), 2 (dashes) and 3 (dots) dissolved in acetonitrile.

Figure 1 shows the steady state absorption spectra of the three investigated compounds dissolved in
acetonitrile. The nitro substituted compounds 2 and 3 exhibit in comparison to HBQ an additional low
energy band around 440 nm (with a maximum at 447 nm as determined by second derivative spectroscopy)
which extends their spectra into the visible. This absorption band is assigned to the proton transfer form (K)
while the characteristic band between 350 nm and 390 nm observed for all three compounds is attributed
to the enol form (E). The assignment is based on the fact that the fluorescence of HBQ which results from
the excited state proton transfer form has a very strong Stokes shift (~ 11 000 cm™) with respect to the
latter band (Figure 1b). According to the data from the literature it remains unclear if the availability of the
keto tautomer in the ground state of 2 and 3 is a special feature of the nitro substituent(s). The spectral
properties of substituted HBQs are usually reported for nonpolar solvents,”® which makes the comparison
difficult, because no keto absorption is observed for 2 and 3 in some of them. However, analogues of 2
and 3 in which the nitro group(s) are replaced by CN group(s) do not show an absorption band around 440
nm in ethyl acetate™, while the keto form is clearly seen in the same solvent in the case of 2 and 3",
Compounds 2 and 3 have previously been investigated by NMR in DMF-d; and it was found that 3 existed to
a large extent in the proton transfer form. In the deuterated compound deuterium isotope effects were
observed for the hydrogen atoms H-2, H-3, H-4 and H-6. In a less polar solvent mixture of chlorform-d and
tetrahydrofuran-d, (1:2) the amount of the proton transfer form was reduced considerably as judged from
the coupling constant of NH with H-2". In DMF-d; it was found to be 5.1 Hz, whereas it was reduced to 1.6
Hz in chlorform-d and tetrahydrofuran-d, suggesting an approximate content of the keto form of 30%. For 2
in DMF-d; similar deuterium isotope effects were observed suggesting that 2 is also to some extent on the
proton transfer form. In the present investigation NMR spectra of 2 and 3 were recorded with acetonitrile-
d; as solvent. The 'H spectrum of 3 corresponds very much to that of 3 in a mixture of chloroform-d and
tetrahydrofuran-d, (1:2) suggesting a content of the proton transfer form of 30%. For 2 the *H and *C NMR
spectra are similar to those in DMF-d;. This corresponds well to the results from the chemometric
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processing of the steady-state absorption spectra, according to which the estimated amount of the keto
tautomer is 15% in 2 and 26% in 3, which corresponds to AG values of 1.03 and 0.62 kcal/mol,
respectively.*

As seen from Figure 1, the emission spectra of 2 and 3 are independent in shape on the excitation (enol or
keto maximum) and the Stokes shifts are lower (~ 7 000 cm™ with respect to the maximum of the enol
form). Both compounds exist obviously in the enol as well as in the proton transfer form while HBQ adopts
only the enol form. The absorption spectrum of the keto form is red shifted with respect the enol
absorption but contributes also at the absorption maximum of the enol tautomer. This is illustrated in
Figure S1 (Supplementary information), where the individual spectra of 2 obtained by band decomposition
are shown. The quantum vyields of 1-3 determined with excitation at the absorption maximum of the enol
form are 0.031, 0.018, and 0.028, while an excitation at the maximum of the keto tautomer gives 0.044 and
0.057 for 2 and 3, respectively. The fluorescence spectrum is for all excitation wavelengths characteristic
for the keto form indicating that the excited enol tautomer relaxes to the electronically excited state of the
keto form before substantial fluorescence occurs. This notion is also in agreement with the pump-probe
measurements discussed below. Assuming that all optically excited enol molecules relax quickly to the
excited keto state the fluorescence yield is determined by the excited state lifetime of the keto form and it
is independent on whether the enol or the keto form is excited. However, different yields are observed for
different excitation wavelengths. One explanation might be that the yield can depend on the excess energy
in the electronically excited state as it was observed for the proton transfer compound o-
hydroxybenzaldehyde.” It might be the reason why the yields for exciting at the enol or keto maximum are
different. Another possibility is that a relaxation channel from the electronically excited enol state directly
back to the electronic ground state exists. In this case a branching in the early phase of the dynamics occurs
and only a portion of the optically excited enol molecules performs proton transfer and reaches the excited
keto state. Assuming that the fluorescence yield of the keto tautomer is independent on the excess energy
one can estimate the yield of the enol form and the fraction experiencing proton transfer. In case of
compound 2 we estimate from the decomposition of the absorption spectrum (see Fig. S1) that 2K
contributes with about 26% to the absorption at the enol maximum. The fluorescence yield EY of excited
enol molecules can be calculated from the keto yield KY = 0.044 and the total yield Y = 0.018 for
excitation at the enol maximum via EY = (Y —0.26-KY)/(1 — 0.26) resulting in an enol yield of
EY = 0.009. If the lower yield after exciting the enol form is caused by an internal conversion path to the
electronic ground state parallel to the excited state proton transfer the fraction of molecules performing
proton transfer can be estimated from the ratio of the yields EY/KY = 0.20. The corresponding
evaluations for compound 3 result in an enol yield of 0.021 and a proton transfer contribution of 0.37. Right
now we cannot decide whether a reduction of the fluorescence yield with excess energy or an internal
conversion in the enol configuration are responsible for the different fluorescence yields measured for
excitation at the maximum of the enol and the keto absorption.

Pump-Probe Spectroscopy

Figure 2 shows for all three compounds, dissolved in acetonitrile, transient absorption spectra and
corresponding time traces recorded by pump-probe spectroscopy with an optical excitation at 305 nm. In
the case of HBQ the transient absorption is characterized by an excited state absorption (ESA) in the region
between 380 nm and 560 nm and a negative contribution above 580 nm which is caused by stimulated
emission (SE) from the electronically excited proton transfer form. Both signatures have appeared after the
pump-probe correlation of 150 fs and exhibit only small changes in their spectral shape until they decay
simultaneously on a timescale of few hundred picoseconds. These findings are in line with previous
investigations which found a transfer time of 30-40fs for the ESIPT and the associated rise of the
stimulated emission and a return to the electronic ground state within 290 ps.*!
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Figure 2. Transient absorption spectra at selected delay times after excitation (left
column) and selected time traces (right column) of 1 (top row), 2 (middle row), and 3
(lower row) dissolved in acetonitrile. Fitted kinetics are shown in the right graphs as
colored solid lines.

In the case of 2 and 3 the evolution of the transient absorption differs from HBQ. The spectra exhibit ESA
roughly between 400 nm and 500 nm and show at longer wavelengths also a strong negative band due to
stimulated emission from the electronically excited proton transfer form. However, this band grows in after
the cross correlation on a sub-ps timescale indicating that the ESIPT is significantly slower than in 1.
Thereafter, most of the population returns to the ground state on a sub-100 ps time scale. At later times
some residual long living bleach signal is observed at wavelengths shorter than 500 nm. It indicates that not
all of the excited molecules return to the original ground state within the time window covered by the
experiment. However, no accumulation of a signal and no sample degradation are observed. This shows
that the sample recovers between the successive laser pulses which are separated by 1 ms. The nature of
the long living state adapted by some of the molecules is not yet clear but might be a triplet state. It is
interesting to note that the negative absorption change around 390 nm is during the first few picoseconds
pretty stable. In this spectral region the bleach of the enol form dominates. It seems not to recover on the
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sub-ps timescale, even not partially. This might indicate that no fast internal conversion path from the
excited enol to the electronic ground state exists which can compete with the ESIPT. Accordingly, the
variation of the fluorescence quantum vyield with the excitation wavelength, which was discussed above,
results probably from a reduction with excess energy in the keto form.
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Figure 3. Decay associated spectra (DAS) resulting from global fits to the transient
absorption spectra of HBQ (top), 2 (middle), and 3 (bottom). The fit function consists of
three exponential decay components in the case of HBQ and of three exponential and a
long living contribution for 2 (middle) and 3. The obtained values for the decay times are
given in the corresponding legends. The scaled stationary absorption spectra are shown
as gray areas for comparison.

I I
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For a more detailed analysis and to determine the time of the proton transfer in 2 and 3 the model function
F(A4,t) = Y3, DAS;(A) - exp(—t/1;) + DAS,(1), convoluted with a Gaussian cross correlation to
account for the time resolution of the experiment, was globally fitted to the measured pump-probe spectra
of the three compounds. A is the probe wavelength and t the delay time. 7; represent exponential decay
times and DAS; decay associated spectra (DASs) which reflect the spectral shape of the corresponding
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exponential component. DAS,, is a residual, long living contribution which has to be included in the case of
compounds 2 and 3 while it was not necessary for 1. The respective number of fit components is the
minimal number to obtain satisfactory agreement between measurements and fits. The colored lines in the
right column of Figure 2 represent fit results for the shown time traces demonstrating that good agreement
between fit and data was achieved. Figure 3 shows the obtained DASs with the results for the fitted decay
times given in the legends.

In the case of HBQ the dominant component describes the decay of the ESA and the stimulated emission
and thereby the return to the ground state with a time constant of 400 ps. Previously a time of 290 ps was
found for this process." The difference results most probably from the fact that in the present
measurements HBQ is dissolved in acetonitrile while in the former work cyclohexane was used as solvent.
The DASs of the faster and subordinate contributions with time constants of 0.47 ps and 15 ps are smaller
in amplitude and their spectral shapes correlate with the slope of the dominant component (see Fig. 3).
This indicates that they reflect spectral shifts of the ESA and SE band and may be also a narrowing. We
assign the 0.47 ps component to intramolecular vibrational energy redistribution (IVR) from optically
excited modes and modes contributing to the ESIPT to all vibrational degrees of freedom of the molecule.
This process occurs typically on a time scale of a few hundred femtoseconds and should be associated with
some reshaping of the absorption spectrum. The 15 ps component reflects most probably cooling of the
molecule by the solvent. The excess energy of about 2 eV which is the energy difference between the
absorbed photon and the energy of the electronically excited proton transfer form is thereby dissipated
into the solvent environment. This results typically in a blue shift and narrowing of the absorption bands as
it is observed. In summary the two faster components reflect only redistribution of vibrational energy while
the 400 ps component results from the relaxation of the electronically excited keto form to the electronic
ground state.

In the case of 2 and 3 the fastest component with a time constant of 0.89 ps respective 0.68 ps is
associated with changes in the ESA and a build-up of the proton transfer emission. Particularly the latter
signature is a clear indicator for the ESIPT process. We therefore conclude that the ESIPT proceeds with a
rate of (0.89 ps)™ and (0.68 ps)™, respectively in 2 and 3. The DASs of the exponential components with
9.1 ps and 12 ps correlate in the green and red spectral region strongly with the slope of the SE and
describe a blue shift of this band. We assign these components therefore to cooling of the molecules.
However, this process is for the proton transfer dynamics of minor relevance. The slowest component,
which has a time constant of 77 ps in both cases, reflects a decay of the overall signal and is ascribed to the
depopulation of the electronically excited proton transfer state. Finally, some absorption changes remain
for times longer than the window covered by the measurements. They consist of a bleach contribution at
wavelengths below 480 nm and a weak and very broad ESA band at longer wavelengths. As already
discussed a small fraction of the excited molecules seems not to return to the ground state within the
77 ps. However, the corresponding channel is also reversible and the molecules come back to the original
ground state before the next laser pulse. Otherwise an accumulating signal and sample degradation would
be observed contrary to our findings.

In summary, the experimental results show that in nitro substituted HBQs 2 and 3 ESIPT happens with a
time constant of 0.89 ps respectively 0.68 ps. In both cases a mixture of the enol and proton transfer form
is optically excited. The enol form exhibits then the ESIPT and subsequently both fractions take the same
relaxation path. We propose that in 2 and 3 the ESIPT path exhibits a potential energy barrier resulting in
an incoherent rate governed process and a sub-ps proton transfer time while in HBQ the ESIPT proceeds as
ballistic wavepacket motion along a path without significant barrier.

Theoretical calculations

Both steady state and time dependent measurements clearly indicate a change in the spectroscopic
behavior from 1 to 2-3 as a result of the nitro substitution. The available experimental information about
the molar fractions of the tautomers in the ground state (AG values) and the information about the
mechanism of the ESIPT allows to explain the observed variation in the spectroscopy of the compounds and



to verify the theoretical calculations. The energetics is sketched in Figure 4 and summarized in Table 1. As
already discussed, HBQ exists only as enol tautomer in the ground and as keto form in the excited state.

TS*
E*
K*

TS

E

Figure 4. Sketch of the energetics of the proton transfer states for the studied compounds 2 and 3. The
corresponding values are compiled in Table 1.

Comparison of the data for 1 and 3 shows a different PT behavior. In 1 the proton transfer is barrierless in
both ground and exited state as concluded from the extremely fast transfer dynamics. In contrast, the
ground and excited state PT in 3 exhibits a potential energy barrier as shown by the pump probe
experiments and the theoretical calculations. It is worth noticing that in all studied compounds the transfer
of the proton is not a simple change of the OH distance, but accompanied by a variation in the N-O
distance. As seen from Table 1 the shortest N-O distance is obtained at the transition states. Although not
shown in the Table, according to the potential energy surface analysis, in HBQ the proton is exchanged at a
N-O distance of ~2.4 A (Roy™~1.3 A) in the ground state and of ~2.39 A (Ro~1.25 A) in the excited state. The
differences between ground and excited state are not so pronounced, possibly due to the more rigid
structure, which was interpreted as an indication for a partially proton-active mechanism where the
movement of the proton itself plays a role in the process***2%*’.

Table 1. Relative energies (in kcal/mol) of the forms of 1-3 in the ground and excited state along with the
OH, NH, and NO distances (in A) according to theoretical calculations (M06-2X/TZVP in acetonitrile).

Ground state Excited state
Comp.

form AE O-H N-H N-O form AE O-H N-H N-O

1 E 0.0 0.995 | 1.687 | 2.588 K* 0.0 1.839 | 1.018 | 2.653

E 0.00 | 1.007 | 1.622 | 2.539 E* 0.00 | 1.028 | 1.579 | 2.521

2 TS 496 | 1.379 | 1.137 | 2.429 | TS* 1.30 | 1.204 | 1.282 | 2.416

K 4.86 | 1.526 | 1.075 | 2.483 K* 3.03 | 1.797 | 1.021 | 2.616

E 0.00 | 1.029 | 1.538 | 2.490 E* 1.36 | 1.025 | 1.563 | 2.504

3 TS 1.89 | 1.257 | 1.213 | 2.398 | TS* 7.11 | 1.300 | 1.176 | 2.385

K 0.58 | 1.615 | 1.048 | 2.517 K* 0.00 | 1.810 | 1.020 | 2.614

As discussed by Chou at al.** the substituent effect on the enol tautomer is expected to be small in HBQ due

to its aromaticity, which means the n—electrons are extensively delocalized leading to a simultaneous
perturbation of both HOMO and LUMO levels. For this reason the absorption spectra of the enol tautomers
of the substituted HBQs are quite similar to that of HBQ.**® However, in the keto tautomer charge
separation occurs and HOMO and LUMO are located at the cyclohexa-2,4-dienone and methylenepyridine
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moiety, respectively. This leads to a different substituent effect. An electron accepting substituent at the
cyclohexa-2,4-dienone part leads to a decrease of the HOMO level and correspondingly to an increase of
the HOMO-LUMO gap and a blue shift of the emission. On the contrary, electron donating groups rise the
energy of the HOMO level and cause a red shift of the emission. Substitution at the methylenepyridine
influences correspondingly the LUMO energy causing a decrease of it if an electron acceptor is present. An
opposite effect is expected for the case of adding an electron donating substituent. As can be seen from
Figure 5 for compound 3 the HOMO and LUMO orbitals of the enol form are delocalized over the n-electron
network, while in 3K charge separation is evident in agreement with Chou at al.**As a consequence of
attaching electron acceptor(s) at the cyclohexa-2,4-dienone part a strong blue shift of the emission of 2 and
3 compared to HBQ is observed. However, the effect, as seen in Figure 1, is not cumulative.

LUMO

HOMO

3E 3K

Figure 5. Frontier molecular orbitals in 3.

4. Conclusions

The steady state and time dependent measurements of HBQ and its nitro substituted derivatives 2 and 3 in
acetonitrile have shown that the substitution leads to the appearance of corresponding keto tautomers in
the ground state and the ESIPT path exhibits a potential energy barrier. HBQ exists in Sy only as enol
tautomer and the ESIPT proceeds as ballistic wavepacket motion along a path without significant barrier.
The spectral behavior of 2 and 3 is quite similar in the ground and excited state, i.e. no cumulative effect of
the increased number of nitro groups is detected.

The experimentally obtained AG values for 2 and 3 allowed to verify the DFT calculations with respect to
the correct prediction of the tautomerism of these compounds. The theoretical calculations using M06-
2X/TZVP reproduce reasonably well the experimental results in the case of HBQ and 3. In HBQ a barrierless
proton transfer occurs, while stable enol and keto forms are available in both S, and S; of 3. The
calculations fail to describe the situation in 2, overestimating the stability of the ground and excited state
enol tautomers, but predict correctly that the PT proceeds over potential energy barriers.
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The substitution does not affect substantially the absorption spectra of the enol tautomers due to the
delocalization of the n—electrons. In the case of the keto form, where the HOMO and the LUMO levels are
separated, the substitution with nitro group(s) at the cyclohexa-2,4-dienone part leads to a decrease of the
HOMO level and to a blue shift of the emission spectra. The absorption spectra of the keto tautomers,
constructed by applying band decomposition techniques, correspond in shape well to the theoretical
potential energy curves according to a Frank-Condon analysis.
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