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o[h]quinoline: switching between
single- and double-well proton transfer through
structural modifications†‡

S. Hristova,a G. Dobrikov,a F. S. Kamounah,c S. Kawauchi,b P. E. Hansen,c V. Deneva,a

D. Nedeltchevaa and L. Antonov*a

Proton transfer in 10-hydroxybenzo[h]quinoline (HBQ) and structurally modified compounds was

investigated experimentally (steady state UV-Vis absorption and emission spectroscopy, NMR and

advanced chemometric techniques) and theoretically (DFT and TD-DFT M06-2X/TZVP calculations) in

the ground and excited singlet state. We observed that the incorporation of electron acceptor

substituents on position 7 of the HBQ backbone led to appearance of a keto tautomer in ground state

and changes in the excited state potential energy surface. Both processes were strongly solvent

dependent. In the ground state the equilibrium could be driven from the enol to the keto form by

change of solvent. The theoretical calculations explain the substitution-determined transition from

a single- to a double-well proton transfer mechanism.
Introduction

Excited state intramolecular proton transfer (ESIPT) reactions
involve proton (or hydrogen atom) transfer through a pre-
existing ground state hydrogen bond, giving rise to another
tautomer in the excited state.1,2 Due to this structural change,
the excited tautomer possesses photophysical properties,
different from those of the ground state species. Large Stokes
shi is a typical indication for ESIPT occurrence. The ESIPT
process has been intensively studied experimentally1,3 and
computationally in various systems.4 The ESIPT reactions have
become a eld of active research5 in the last two decades, due to
the applications of ESIPT exhibiting molecules as laser dyes,6

photo stabilizers,7 photo switches3a,8 and light-emitting mate-
rials for electroluminescent devices.9

10-Hydroxybenzo[h]quinoline, well known also with the
abbreviation HBQ (1, Scheme 1), is an extensively studied ESIPT
molecular system10,11 and since the experimental verication of
the occurrence of ESIPT in it,12,13 has been successfully exploited
for applicative research.14,15 Further, some metal complexes of
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hemistry 2015
HBQ (and structurally related compounds) have been reported
to exhibit high electroluminescence quantum efficiency and
admirable thermal stability, whereby making them prospective
materials for the development of organic light emitting
devices.16 The observed orange-red uorescence recognized as
a keto-tautomer (K) emission results from the intramolecular
excited-state proton transfer reaction.17 ESIPT in 1 is a direct
consequence of very strong intramolecular hydrogen bonding
as has been veried both experimentally and theoretically.7,13,18

The obtained results clearly show that in the case of HBQ only
the enol-like form is present in the ground state, while in the
excited state the keto-like form is dominating. The proton
transfer in both states is barrierless proceeding through
Scheme 1 Investigated compounds.
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Scheme 2 Possible tautomerism (a) for 2, 3 and 5; (b) for 4.
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a single-well mechanism.19 Structural modications of HBQ and
their effects on the ESIPT and the spectral characteristics have
been intensively studied by Gryko et al.20,21 in recent years,
giving directions for the design of ESIPT chromophores. The
distance between tautomeric sites (O and N) in structurally
similar compounds is considered as a tool for modeling the
barrier of ESIPT as well.22

In the current paper, tautomerism and proton transfer in
HBQ is studied as a function of the substitution in the aromatic
system (compounds 2–5, Scheme 1) and as a function of solvent
environment. In compounds 2 and 3, the ground and excited
state proton transfer is investigated as a consequence of
incorporating a strong electron acceptor(s),23 while in
compounds 4 and 5 the inuence of competitive processes takes
our attention. In the case of 4, the incorporation of an azo group
creates an alternative tautomeric route (azo-quinonehydrazone,
Scheme 2) to the HBQ type proton transfer. Recently we have
reported24 that controlled tautomerism is possible through
attachment of a proton crane (antenna) to the tautomeric
backbone in some azonaphthols and Schiff bases. Compound 5
is an analogue of these systems where the competition for the
tautomeric proton between the nitrogen atom from the antenna
(pyrrolidine moiety) and the nitrogen from the HBQ unit is
studied.

Results and discussion
Structures 1–3

The ESIPT processes in HBQ7 can be easily recognized with
spectroscopic techniques, because the tautomers behave quite
differently under UV-irradiation. In the ground state, the HBQ
molecule exists as enol form (E), which is stabilized by the
intramolecular hydrogen bonding interactions. Upon photoex-
citation, the molecule in the excited-state enol form (E*) expe-
riences an ultrafast intramolecular proton transfer which gives
rise to the excited-state keto tautomeric form (K*). Then the K*
tautomer relaxes to the ground state by emission. This pathway
is conrmed by the data shown in Table S1.‡ No tautomeric
102496 | RSC Adv., 2015, 5, 102495–102507
equilibrium is observed in compound 1, which exists only as an
enol form with absorption maximum at�370 nm (Fig. 1a, Table
S1‡). Excitation at the absorption maximum gives an emission
at�620 nm, showing a very large Stokes shi of�11 000 cm�1,25

which is typical for the ESIPT process.
The inclusion of an electron-acceptor substituent in 2, leads

to the appearance of a new absorbance band at �450 nm
(Fig. 1b), belonging to the keto form K, whose intensity depends
on the solvent. The spectral behavior of 3 (Fig. 1c) is identical to
that of 2, but as seen from Table 1, the amount of the keto
tautomer is slightly higher.

The substitution in the HBQ backbone changes the uores-
cence spectra as well. On Fig. 2, absorption, uorescent emis-
sion and excitation spectra of 3 in acetonitrile are compared as
an typical example for the spectral behavior of 2 and 3. Irre-
spective of the excitation wavelength (at absorption maxima of
3E or 3K at 385 and 446 nm, respectively), the same emission is
measured, which in addition to the large Stokes shi, is a clear
evidence for the occurrence of ESIPT. The excitation spectrum
has a similar shape as the absorption one, but the higher
proportion of the emission coming from the excited keto
tautomer is evident as well. Actually this tendency in both 2/3 is
clearly seen, when quantum yields (calculated upon excitation
at the absorption maxima of the E or K forms) are compared in
Table S1.‡ The analysis of the Stokes shis collected in Table
S1,‡ shows a decrease from 1 to the substituted 2 and 3, which
will be rationalized below.

Unfortunately, the low solubility of the studied compounds
does not allow direct comparison between UV-Vis spectroscopy
and NMR in the same solvents. According to the NMR results in
N,N-dimethylformamide (DMF) the 7,9-dinitro derivative 3 is
fully in the keto form.23 The 1H chemical shis in DMF-d7 (H-2,
Hx) of 1 (9.03, 14.80), 2 (9.15, 16.68) and 3 (9.48 and 19.87) give
an estimate of 68% keto form of 2 under the assumption that
HBQ is fully in the enol form and 3 exists as a keto form only.
Unfortunately the interpretation of the UV-Vis spectra in DMF is
not straightforward. The absorption spectra in DMF are
compared with those of the remaining solvents in Fig. S1.‡ The
This journal is © The Royal Society of Chemistry 2015

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c5ra20057a


Fig. 1 Normalized absorption spectra of 1 (a), 2 (b) and 3 (c) in different
solvents: acetonitrile (black solid line), acetone (black dashes),
methylene chloride (black dots), chloroform (grey sold line), ethyl
acetate (grey dashes) and toluene (grey dots).
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spectra of 2 and 3 in DMF give an impression of full shi of the
position of the tautomeric equilibrium towards keto tautomer.
However, this impression is a result of the appearance of new
bands at around 410 and 480 nm (Fig. S2‡), which belong to the
deprotonated compound. Such deprotonation happens in 2 and
3 upon addition of N,N,N-triethyl amine in acetonitrile26 giving
the same spectral pattern. Consequently, in the UV-Vis spec-
troscopy concentration range, there is an equilibrium in DMF
between three components (enol and keto, and the deproto-
nated one), which does not allow determination of the tauto-
meric ratio, although according to the emission measurements
and the derivative spectra (Fig. S2‡), keto and enol tautomers
exist in the case of 2. The strong spectral overlapping does not
allow a denite conclusion, based on derivative spectroscopy, to
be made about the disappearance of the enol tautomer of 3 in
DMF as well.

Two facts are clearly evident from the experimental data.
Firstly, the incorporation of a second nitro group in 3 does not
bring substantial stabilization of the keto tautomer as it could
be expected and secondly, the keto form stabilization depends
on the solvent (see also the discussion about linear solvation
energy relationship below) without being a direct function of its
dielectric constant.
This journal is © The Royal Society of Chemistry 2015
The theoretical calculations, summarized in Tables 1 and
S2,‡ generally support the experimental data, showing change
of the tautomerism of 2 and 3 in comparison with HBQ. In
Fig. 3, the change of the ground state energies of 1–3 is shown as
a function of the O–H distance and the solvent. It should be
underlined that the transition of the proton from O to N atom
leads to changes in the whole molecule and especially to change
of the distance between them. It can be seen from Fig. S4–S6‡
that the O and N atoms get closer together at rO/H� 1.3 Å when
the proton actually is exchanged.

It is clear from Fig. 3a that in the case of 1, the keto tautomer
is not present, as the experiment shows, and the proton transfer
process is barrierless in the studied solvents. In 2 (Fig. 3b) no
stable K tautomer is found in toluene, CH2Cl2, CHCl3 and ethyl
acetate and a single-well proton transfer mechanism is at play.
For 3 a keto tautomer is obtained as stable form in all the
studied solvents (Fig. 3c). Considering the substitution effect,
a tendency can be seen even comparing the curves in toluene –

the curve becomes less sloping and in the case of 3 the energy
goes to plateau in the keto form region. In acetonitrile the
changes are more pronounced. According to the calculations,
the 2K form exists in acetonitrile and acetone, even though
there is an energy gap of around 5 kcal mol�1. Compared to 2, in
3 the amount of the K tautomer should be substantially more in
all solvents, following the predicted energy gap below 1 kcal
mol�1 (Table 1).

Although the experimental results and theoretical calcula-
tions qualitatively agree that the incorporation of the nitro
group on 7th position in the HBQ skeleton switch the proton
transfer in ground state from a single- to a double-well mech-
anism,27 a major disagreement can be seen comparing experi-
mental DG and theoretical DE values in Table 1. While the keto
tautomer of 2 is observed in all solvents, the theoretical calcu-
lations predict its existence only in acetone and acetonitrile
with large energy gaps, which differ substantially from the
experimentally determined DG values. The theoretical calcula-
tions predict substantial keto form stabilization in 3 in
comparison with 2, as a result of the second nitro group
incorporation, which is not conrmed by the experimental data.

In an attempt to rationalize these contradictions, a linear
solvation energy relationship analysis28 was performed using
the experimentally determined tautomeric constants (Table 1).
The obtained results, removing the values in acetone as outliers,
are given below:

for 2: log KT ¼ �2.30(�0.01) + 1.16(�0.02)p* + 1.13(�0.01)a

+ 1.46(�0.01)b, R2 ¼ 0.999 (1)

for 3: log KT ¼ �1.97(�0.06) + 1.1(�0.1)p* + 1.10(�0.09)a

+ 1.42(�0.08)b, R2 ¼ 0.992 (2)

where KT is dened as keto/enol ratio, and p*, a and b are the
empirical parameters describing solvent polarity, proton donor
and proton acceptor ability respectively.29

Taking into account the limited number of the used solvents
and the narrow range of the KT values, the tted parameters, in
spite of the good statistics, could be interpreted more as
RSC Adv., 2015, 5, 102495–102507 | 102497
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Table 1 Relative stability of the tautomers of 1–3

Comp. Solventsa

UV-Vis spectroscopy
Theoretical calculations
M06-2X/TZVP

Molar part [%]

DG(E/K)
b [kcal mol�1] DEK–E

c [kcal mol�1]enol

1 Acetonitrile 100 — —
Acetone 100 — —
CH2Cl2 100 — —
Ethyl acetate 100 — —
CHCl3 100 — —
Toluene 100 — —

2 Acetonitrile 85 1.03 4.86
Acetone 87 1.13 5.04
CH2Cl2 91 1.37 —
Ethyl acetate 91 1.37 —
CHCl3 93 1.53 —
Toluene 97 2.06 —

3 Acetonitrile 74 0.62 0.58
Acetone 78 0.75 0.82
CH2Cl2 84 0.98 1.51
Ethyl acetate 84 0.98 2.06
CHCl3 87 1.12 2.47
Toluene 94 1.63 4.05

a Dielectric constants: acetonitrile – 37.5; acetone – 20.7; CH2Cl2 – 8.93; ethyl acetate – 6.02; CHCl3 – 4.81; toluene – 2.38. b Calculated using
experimentally determined tautomeric constant ([K]/[E]) at room temperature. c Relative energy of the tautomeric pair taken as difference
between energies of the tautomers at room temperature; positive value corresponds to more stable enol form.

Fig. 2 Normalized absorption (line), fluorescence emission (dashes)
and excitation (dots) spectra of 3 in acetonitrile.
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tendencies than as exact values. Nevertheless, the results clearly
show structure related stabilization of the enol form (negative
intercept) and solvent stabilization of the keto form (positive p*,
a and b terms). The former is predicted by the theoretical
calculations as well, the reduced enol stabilization from 2 to 3 is
also evident (the free term becomes less negative, from �2.3 to
�1.97) in line with the decreasing relative stability of the enol
tautomer (comparing shapes of Fig. 3b and c).

The latter is expected as a consequence of the solvent
polarity and proton donor ability of the solvent – the keto form
being more polar (for dipole moments see Table S4‡) and the
carbonyl group being a better proton acceptor in comparison
with the enol OH group – explain the positive values of the p*

and a terms respectively. Quite surprisingly, the LSER analysis
102498 | RSC Adv., 2015, 5, 102495–102507
shows that the keto form interacts better with proton acceptor
solvents (positive b term). In general the keto N–H is a weaker
proton donor compared to the enol O–H, but in this particular
case the situation is not typical due to the involvement of the
tautomeric proton in strong intramolecular hydrogen bonding
changes. It seems that the better proton acceptor ability of the
keto carbonyl group, leading to weakening of the N–H bond in
the keto tautomer, is the reason for better interaction of the
tautomeric proton with proton acceptor solvents and even to
deprotonation as it is observed in DMF. According to the
theoretical calculations, the N–H bond in 2K (1.075 Å in
acetonitrile) is longer compared to the O–H bond in 2E (1.00 Å
in acetonitrile), which suggests higher lability.

The LSER analysis conrms the existence of specic solute–
solvent interactions which are not taken into account by the
PCM solvent model and could be used as an explanation for the
disagreement between the theoretical prediction of the position
of the equilibrium and the experimental ndings. On one side,
the solvent effect is virtually the same in both 2 and 3 (almost
the same solvent terms in the LSER analysis), which means that
the second nitro group does not substantially inuence the
specic interactions. On the other hand, the theoretical
description of the tautomerism in 3 using PCM model is very
near to reality in almost all solvents, comparing the theoretical
DE and experimental DG values. All this means that the stability
of the keto tautomer in 2 is underestimated by the PCM solvent
model, which could mean that the absence of the ortho nitro
group facilitates the specic solute–solvent interactions.
However, this contradicts the current LSERmodel. Obviously, at
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Theoretically predicted ground state potential energies for proton transfer in 1 (a), 2 (b) and 3 (c) in gas phase (solid black line), toluene
(solid grey line) and acetonitrile (dashes) presented as a function of rO–H.
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this stage we cannot explain exactly the reasons for experiment/
theory disagreements. Further experimental investigations
involving larger sets of solvents are needed and they must be
accompanied by theoretical calculations involving explicit
solvent molecules in addition to the PCM description.

It is worth mentioning that the theoretical calculations
reasonably well describe the observed spectral changes in the
studied compounds. Predicted absorption and emission band
positions are collected in Table S2.‡ It is seen that the calculated
Fig. 4 Theoretically predicted ground and excited state potential energi
a function of rO–H: S0– solid black line; S1(vertically excited)– solid grey li
with dots, corresponding stable structures are depicted with circles. The
Fig. 5.

This journal is © The Royal Society of Chemistry 2015
band positions are systematically blue shied compared to the
experimental ones, but this is a typical behavior of the M06-
2X/TZVP calculations as shown before.30 The tendency of red
shi in the absorption maxima going from 1 to 3 is correctly
predicted and as seen in Fig. S3a‡ there is very good linearity
between experimental and theoretical band positions, which
allows correction of the theoretical values if needed (corre-
sponding values are given in brackets in Table S2‡). The situa-
tion with the predicted emission band positions is similar
es for proton transfer in 1 (a), 2 (b) and 3 (c) in acetonitrile presented as
ne; S1– black dashes; dark S1– grey dashes. Calculated points are given
HOMO–LUMOmolecular orbitals of the stable structures are shown in

RSC Adv., 2015, 5, 102495–102507 | 102499
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Fig. 5 HOMO–LUMO molecular orbitals of the stable tautomers of 1–3 in ground and singlet excited state obtained from the theoretical
calculations in acetonitrile. Taking into account that the S0–S1 transitions in the studied compounds are mainly HOMO–LUMO the relative
energies of the vertical transitions from Fig. 4 are sketched.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 1

2/
01

/2
01

6 
14

:2
5:

27
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(Fig. S3b‡), which leads, as cancelation of errors, to a very good
match between theory and experiment concerning the Stokes
shis.

The mechanism of ESIPT can be discussed in details when
the situation in the excited state is taken into account. In Fig. 4,
changes in the ground and excited state energies are presented
again as a function of O–H distance in acetonitrile. The same
curves, but in toluene, are given in Fig. S7–S9.‡

Fig. 4a (in acetonitrile) and S7‡ (in toluene) show a typical
ESIPT picture. The stable in ground state 1E form being
vertically excited goes to an unstable Frank–Condon (FC)
state, having then two options: relaxation to S1 state and then
ESIPT to the stable 1K* (S1 channel); or ESIPT keeping
ground state geometry (S1(FC) channel), followed by relaxa-
tion to 1K*. Taking into account that the rate of ESIPT in HBQ
is less than 30 fs12,31 the rst mechanism seems logical, but at
the same time, 1 has a rigid structure, which suggests a fast
relaxation as well. Of course, these two options are compu-
tationally idealistic ones; in fact, the proton transfer and
structural relaxation happen simultaneously while the
molecule is moving along the reaction path.13 The ESIPT is
associated with a transient shortening of the O–N distance
larger than in the ground state (well seen in Fig. S7‡).

Analysis of the HOMO and LUMO (Fig. 5) reveals that the
HOMO is a p-orbital with almost identical electronic distribu-
tion for both the E- and K-forms. As seen, it comprises in the
enol form a large electronic density projection over the oxygen
atom along with bonding character along the O–H bond. The
LUMO is of p* character and excitation of an electron from
HOMO to LUMO in 1E leads to a localization of the p-electron
density over the nitrogen atom. Actually, the ESIPT follows the
process in which the nitrogen atom undergoes an enrichment
102500 | RSC Adv., 2015, 5, 102495–102507
of the electronic density projection simultaneously with
a drastic reduction of the same over the O atom. The anti-
bonding character along the C–O axis in 1E prevents electron
delocalization involving the aromatic nucleus and thereby
forbidding the reversal of the proton transfer in the excited-
state.

According to the calculations, the incorporation of a nitro
substituent in 2 leads to a dark excited state in the enol
tautomer region (grey dash line in Fig. 4b). This means that
a hypothetical relaxation from S1(FC) to S1 leads back to
ground state (no ESIPT to the stable K*) and, hence, no
emission could be detected. Comparing the vertically excited
S1(FC) curves in Fig. 4b and c (resp. S8 and S9‡) an interesting
detail can be seen, namely the existence of an energy barrier in
the case of 2 and a lack of one in 3. The former may lead to
a higher extent of deactivation through the E* channel, which
could be conrmed comparing the overall quantum yields
(Table S1‡) of 0.011 for 2 and 0.019 for 3 in acetonitrile (resp.
0.031 vs. 0.068 in toluene). The efficiency of ESIPT (conversion
from E* to K*) could be estimated in addition by using eqn (3)
derived in:32

hT ¼ IexcðEÞ � AK

IexcðKÞ � AE

100 (3)

where: AE and AK are the measured absorbances at the maxima
of E and K forms respectively; Iexc(E) and Iexc(K) are the excita-
tion intensities at the same wavelengths.

According to this equation, 43% of 2E* converts to 2K*,
while in 3 the efficiency is 58%, conrming the general
conclusions above. Experimental evidence for the additional
relaxation in 2 has been reported by time dependent uorescent
spectroscopy.20
This journal is © The Royal Society of Chemistry 2015
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Scheme 3 Relative stability (in kcal mol�1 units) of the tautomers of 4 in gas phase, toluene and acetonitrile. Lack of data means that the
corresponding tautomer does not exist (see Fig. S11 for details‡). Predicted spectral characteristics are for acetonitrile.

Fig. 6 Absorption spectra of 4 in acetonitrile upon protonation from
neutral (black dashes) to fully protonated (grey dashes).
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The incorporation of nitro substituent causes strengthening
of the charge transfer character of the excited state proton
exchange. The process involves strongly the nitro group as seen
in Fig. 5. Even in the case of 3, where two nitro groups are
This journal is © The Royal Society of Chemistry 2015
available, the involvement of the group on 7th position is more
pronounced.

Another interesting detail can be seen comparing the excited
states of 1 and 2/3. As mentioned above, in the case of 1, the
proton transfer is associated to larger shortening of the N–O
distance comparing to ground state (Fig. S7‡). This phenom-
enon is not observed in 2/3, where the N–O distance shortens to
the same extent as in the ground state. However, the excited
state process is accompanied by a nitro group (ortho one in 3)
getting perpendicular to the HBQ backbone in the region
around rO–H � 1.3 Å. The electron density projection over the
para-NO2 in 2 and ortho-NO2 in 3 shows (Fig. 5) their involve-
ment in the corresponding excited state keto forms.

The theoretical data about ground and excited state prop-
erties of 1–3 allow the observed spectral characteristics to be
rationalized. As can be seen from Table S1‡ the addition of
a second nitro group in 3 comparing to 2, does not lead to
changes in the absorption and emission band positions. An
inspection of Fig. 4b and c shows that although the ground and
excited states are stabilized in different ways in 2 and in 3, the
RSC Adv., 2015, 5, 102495–102507 | 102501
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Scheme 4 Structure and predicted long wavelength absorption band
of protonated 4 according to the theoretical calculations in
acetonitrile.
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transition energies are approximately the same in these
compounds in the same solvents,33 which leads to almost the
same absorption and emission bands positions in acetoni-
trile. Similar conclusion can be drawn in toluene as well
(Fig. S8 and S9‡). However, comparing to 1, the absorption
and emission in 2 and 3 are correspondingly red and blue
shied, logically causing shorter Stokes shis. Again an
explanation could be found in Fig. 4 for acetonitrile and in
Fig. S7–S9‡ for toluene: the introduction of the acceptor
substituent(s) in 2 and 3 leads to stabilization of the FC state,
which reduces the vertical transition energy (red absorption
shi comparing to 1). In addition, the stabilization of 2K and
3K in ground state leads to blue shis in the emission
maxima. Another interesting difference between 1 and 2–3 is
the lack of substantial changes in the keto emission in the
former and a tendency in the latter as a function of the solvent.
According to the data in Table S4‡ the dipole moments of the
ground state enol and excited state keto form of 1 are relatively
low, causing a corresponding state less perceptive to the
solvent change. The substantially larger dipole moments of 2
and 3 (especially between ground and excited state keto forms)
reasonably lead to a solvent effect.
Scheme 5 Controlled tautomerism in 6 and 7.
Structure 4

Compound 4 is a very interesting example for investigation,
because the attachment of an azo group to the HBQ fragment,
in analogy to 2, could stabilize the keto tautomer to some extent.
On the other hand azo-quinonehydrazone (4E/4K0) tautomerism
is possible as well. The absorption spectra in various solvents
(Fig. S10‡) show an intensive band at 390 nm and a shoulder at
�470 nm, i.e. the system behaves as a two component mixture.
No measurable emission was detected, which is not surprising
having in mind the photophysical behavior of azodyes with
similar structure, caused by the de-activation channel to the
low-lying np*-states of the azo nitrogen atoms and the
increased exibility around the azo group.32,34 Theoretical data
are summarized in Fig. S11‡ and Scheme 3. As seen from
Fig. S11,‡ a stable 4K is predicted in acetonitrile at rOH � 1.5 Å.
In general the situation is similar to that in 2 (Fig. 3b), but
taking into account that N]N group is a moderate electron
acceptor, the corresponding relative energies at rOH ¼ 1.5 Å are
higher with appr. 1 kcal mol�1. The 4K0–4E energy gap is pre-
dicted to be 21.2 kcal mol�1 in gas phase (Scheme 3), which
leads to a conclusion that the quinonehydrazone tautomer is
not present in solution. Consequently the absorption maximum
102502 | RSC Adv., 2015, 5, 102495–102507
at 470 nm is attributed to a few percent of the 4K form. It should
be noted that no keto tautomer was detected in CDCl3 by
NMR.23

Having in mind that the C]O group interacts well with
metal ions and that it forms a cavity with the neighboring
nitrogen atom in 4K0, attempts have been made to shi the
process from 4E towards the quinonehydrazone tautomer via
external stimuli. However, the addition of metal ions (Li+ and
Mg2+ as perchlorates) has not caused changes in the absorption
spectra in acetonitrile. Taking into account that the distance
between O and N atoms in the HBQ moiety is 2.75 Å and the
ionic radius of Li+ is 0.9 Å, it seems that the high relative energy
of 4K0 could be a reason for preventing a complex formation.
The process of protonation can be considered as a rough model
of the complexation and as seen from Fig. 6, a new band at
510 nm appears, belonging to the protonated form. The
protonated form (Scheme 4) has quinonehydrazone structure
and could be considered as an approximation of 4K0. Actually
the experimental order of the bands (4E – 390 nm, 4K – 475 nm
and 4K0 – red shied comparing to the latter) is conrmed by
the order of the theoretically predicted long wavelength band
positions in acetonitrile (Scheme 4).
Structure 5

Compound 5mimics the working tautomeric switches based on
4-(phenyldiazenyl)naphthalen-1-ol and 4-((phenylimino)
methyl)naphthalen-1-ol (6 and 7, Scheme 5).24 However, two
differences must be underlined: there are no competitive
hydrogen bonds in 6 and 7; their tautomeric backbones (i.e.
without antenna) exist as tautomeric mixtures a priori and the
incorporation of the antenna leads to shi of the equilibrium in
one or another direction depending on the external stimuli
(protonation or complexation35); the equilibrium in 1 is strongly
shied towards the enol form, where the tautomeric proton is
already involved in strong intramolecular hydrogen bonding,
limiting the action of the antenna in 5. The latter is supported
by the data collected in Scheme 6, where it is seen that forms 5E
and 5E00 have approximately the same stability, i.e. the sidearm
does not interact with the tautomeric OH group. The observed
absorption and emission spectra are practically identical with
those of 1 (Table S1†). The experimental data suggest that the
mechanisms of ESIPT in 1 and 5 are identical, but it has to be
mentioned that the availability of a exible antenna in the latter
leads in some of the solvents to lower quantum yield.
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Absorption spectra of 1 (a) and 5 (b) in acetonitrile upon
protonation: pH ¼ 5.7 (black dashes) 4.3 (grey dashes) 4.0 (grey solid
line) 0.3 (dots).

Scheme 6 Possible structures of 5 in neutral (above) and in protonated (below) state. The relative energies in gas phase (italic) and in acetonitrile
are given in kcal mol�1 units. The lack of relative energy indicates a structure which does not exist according to the theoretical calculations.
Absorption characteristics are calculated for acetonitrile and then corrected (in brackets) according to the linear plot from Fig. S3a.‡
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The free rotation of the antenna is conrmed by the per-
formed NOESY experiments revealing that H-12 atoms
(see Experimental part for the numbering) do not interact with
H-8 (i.e. the distance through space between them is more than
3 Å). The observed interaction between H-12 and OH-group is
also quite weak (see Fig. S12‡), and the existence of hydrogen
bonding between OH-group and N-atom from pyrrolidine ring
cannot be conrmed in diluted CDCl3 solution (ca. 0.01 M).

Being clear that the process is already switched to the enol
tautomer with or without sidearm, it is interesting to know if
protonation could shi the process to the keto form as it
happens in 6/7. Absorption spectra of 5 upon protonation in
acetonitrile are compared in Fig. 7 with those of 1. It is clearly
seen that the initial protonation leads to appearance of a new,
red shied absorption maximum (�390 nm) in the case of
compound 1 (structure 1+, Scheme 7) and causes a slight hyp-
sochromic effect in the case of 5. Obviously the addition of acid
protonates the nitrogen atom from the sidearm giving struc-
tures 5E+ and to some extent 5E00+ (see Scheme 6), which are
blue shied with respect to the neutral 5E/5E00. In this case the
chromophore system is only slightly affected, which does not
lead to substantial changes in the absorption spectrum. Further
addition of acid could protonate the HBQ backbone (structure
5E00++, Scheme 7), which spectrum is red shied and actually
a new band �370 nm is observed in a very acidic medium. The
process of protonation does not lead to a keto form 5K+, which
should be observed above 450 nm (Scheme 6) like the keto
This journal is © The Royal Society of Chemistry 2015
tautomer of 2 and 3. As a nal result no switching is achieved
from 5E to 5K in acidic media, which can be attributed to the
fact that the sidearm does not take part in the tautomeric
RSC Adv., 2015, 5, 102495–102507 | 102503
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Scheme 8 Carbon atoms numbering in 5.

Scheme 7 Possible structures obtained upon protonation of 1 and 5 in acetonitrile. Absorption characteristics are calculated for acetonitrile and
then corrected (in brackets) according to the linear plot from Fig. S3a.‡
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process, located exclusively in the O–N moiety of the HBQ
backbone, and therefore cannot inuence it.

Conclusions

While 10-hydroxybenzo[h]quinoline (1) exists as the enol
tautomer in the ground and shows typical ESIPT behavior in the
excited state, incorporation of a nitro group on 7th position (2)
leads to appearance of a keto tautomer in a number of solvents.
Actually this structural change leads to transition from bar-
rierless PT in the ground state to double-well energetics.
Substantial changes are observed in excited state as well – the S1
state of the enol form becomes a “dark” state according to the
theoretical calculations. Introduction of one more nitro group
(on 9th position, compound 3) slightly increases the proportion
of the keto tautomer and does not substantially change the
photophysical behavior. There is a general trend to decrease the
Stokes shis upon substation which can be attributed mainly to
the relative stabilization of the keto tautomer in the ground
state. Attempts to achieve controlled shi in the position of the
tautomeric equilibrium with incorporation of an azo group on
7th position (4) or a exible sidearm, e.g. containing a pyrroli-
dine ring on 9th position (5) failed due to the fact that proton
transfer occurs exclusively in the HBQ backbone.

Experimental part
Synthesis

Reagents and solvents were purchased from Sigma-Aldrich,
Acros and Alfa-Aesar, and used without further purication.
HBQ (1) was purchased from TCI. Fluka silica gel/TLC-cards
60778 with uorescence indicator 254 nm were used for TLC
chromatography. Merck silica gel 60 (0.040–0.063 mm) and
basic alumina (Brockmann activity, 0.05–0.15 mm) were used
102504 | RSC Adv., 2015, 5, 102495–102507
for ash chromatography purication of the products. Melting
points were determined on a Gallenkamp apparatus and are
uncorrected. The NMR spectra of compounds 2–4were recorded
on a Varian Inova 600 or a Varian Mercury 300 NMR spec-
trometer in either CDCl3 or DMF-d7, using tetramethylsilane
(TMS) as an internal standard. Mass spectra of compounds 2–4
were recorded on a LCQ-Deca ion trap instrument from
Thermo-Finnigan, equipped with an atmospheric pressure
chemical ionization interface (APCI) running in both negative
and positive mode using the infusion technique. The NMR
spectra of compound 5 were recorded on a Bruker Avance II+
600 (600.13 MHz for 1H and 150.92 MHz for 13C NMR). Chem-
ical shis (d) are expressed in ppm relative to the internal
standard tetramethylsilane. 13C of compound 5 was referenced
to the solvent peak, and signal assignments were conrmed by
applying 2D NMR techniques (COSY, HSQC, HMBC and
NOESY). The mass spectra of 5 were recorded on a Thermo
Scientic High Resolution Magnetic Sector MS DFS.

The details about the synthesis of 7-nitro-10-hydroxybenzo[h]
quinoline (2), 7,9-dinitro-10-hydroxybenzo[h]quinoline (3) and
7-(2-phenyldiazenyl)-10-hydroxybenzo[h]quinoline (4)23 are
provided in the ESI.‡
9-Pyrrolidine-10-hydroxybenzo[h]quinoline (5)

The synthesis of the new compound 5 was accomplished in
acidic media according to a published method.36 Briey,
a mixture 10-hydroxybenzo[h]quinolone 1 (1.0 g, 5.12 mmol),
paraformaldehyde (0.169 g, 5.64 mmol) and pyrrolidine
(0.47ml, 5.64mmol) in acetic acid was reuxed for 4 h, and then
stirred for 24 h at r.t. The solvent was evaporated and the
residue dissolved in dichloromethane and washed with aq.
ammonia and water. The organic phase was dried over anhy-
drous MgSO4 and the solvent evaporated under reduced pres-
sure, and the residue was dissolved in MTBE and ltered
through 10 g basic Al2O3. The solvent was evaporated and the
crude product puried by column chromatography (40 g silica
gel; phase – (a) DCM : MTBE ¼ 2 : 1, (b) DCM : MTBE : aq.
NH3 ¼ 100 : 100 : 1) to give a viscous yellow oil (0.38 g, 27%
yield). ESI-MS m/z 280 (98, M + 1), 208 (100, M-pyrrolidine).
HRMS (EI): calcd for C18H18N2O (M+) 278.14191, found
278.14110, 0.96 ppm error. 1H NMR (CDCl3, 600.13 MHz,
Fig. S13‡) d 15.37 (s, 1H, OH), 8.78 (dd, 1H, H-2, J ¼ 4.6, 1.7 Hz),
This journal is © The Royal Society of Chemistry 2015
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8.22 (dd, 1H, H-4, J ¼ 8.0, 1.7 Hz), 7.77 (d, 1H, H-5, J ¼ 8.8 Hz),
7.73 (d, 1H, H-8, J ¼ 8.0 Hz), 7.57 (d, 1H, 6-H, J ¼ 8.8 Hz), 7.52
(dd, 1H, H-3, J ¼ 8.0, 4.6 Hz), 7.39 (d, 1H, 8-H, J ¼ 8.0 Hz), 3.98
(s, 2H, H-11), 2.67 (m, 4H, H-12), 1.81 (m, 4H, H-13). 13C NMR
(CDCl3, 150.92 MHz, Fig. S14‡): d ¼ 157.17 (C-10), 148.42
(C-10b), 144.59 (C-2), 136.10 (C-4), 134.00 (C-6a), 131.52 (C-8),
129.10 (C-5), 126.32 (C-4a), 124.06 (C-6), 123.84 (C-9), 120.61
(C-3), 117.30 (C-7), 115.44 (C-10a), 54.33 (C-12), 54.01 (C-11),
23.49 (C-13). Anal. calcd for C18H18N2O (278.36): C, 77.67; H,
6.52; N, 10.06. Found: C, 77.73; H, 6.56; N, 10.01% (Scheme 8).

Spectral measurements

Spectral measurements were performed on a Jasco V-570
UV-Vis-NIR spectrophotometer, equipped with a thermostatic
cell holder (using Huber MPC-K6 thermostat with precision
1 �C) and Jasco FP-6600 spectrouorimeter in spectral grade
solvents at 25 �C. Protonation was made with 96% sulfuric acid.
Quantum yields were calculated by comparison of a solution of
quinine in 1 N H2SO4.

The derivative spectra were calculated using the “step-by-
step lter” as previously described.37 The absorption spectra
of 2 and 3 in the used solvents were analyzed by a quantitative
procedure based on resolution of overlapping bands, which
yields tautomeric molar fractions in each solution and the
individual spectra of the single tautomers.38,39

Quantum-chemical calculations

Quantum-chemical calculations were performed using the
Gaussian 09 D.01 program suite.40 The M06-2X functional41 was
used with TZVP basis set.42 This tted hybrid meta-GGA func-
tional with 54% HF exchange is specially developed to describe
main-group thermochemistry and non-covalent interactions,
showing very good results in prediction of the position of the
tautomeric equilibrium in azo naphthols possessing intra-
molecular hydrogen bond.43 All structures were optimized in
ground state without restrictions, using tight optimization
criteria and ultrane grid in the computation of two-electron
integrals and their derivatives. TD-DFT method was used for
excited state optimizations conditions again without restric-
tions using normal optimization criteria and ultrane grid in
the computation of two-electron integrals and their derivatives.
The true minima were veried by performing frequency calcu-
lations in the corresponding environment. Solvent effects are
described using the Polarizable Continuum Model (the integral
equation formalism variant, IEFPCM, as implemented in
Gaussian 09).44

The proton transfer processes were modeled by gradually
changing the O–H distance (rO–H) in steps of 0.1 Å and opti-
mizing the rest of the molecule at each step. For the ground
state tight optimization criteria were used, while normal opti-
mization ones were applied in excited state.

The vertical excitation energies were calculated using the
TD-DFT formalism. TD-DFT calculations were carried out at the
same functional and basis set, which is in accordance with
conclusions about the effect of the basis set size and the reli-
ability of the spectral predictions.30,45 The emission spectra of
This journal is © The Royal Society of Chemistry 2015
the compounds were predicted following the procedure as
implemented in Gaussian 09 D.01.40
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