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Proton diﬀusion dynamics along a diol as
a proton-conducting wire in a photo-amphiprotic
model system†
Ye-Jin Kimab and Oh-Hoon Kwon*ab
We investigated the dynamics of excited-state proton transfer (ESPT) of photo-amphiprotic 7-hydroxyquinoline (7HQ) in the presence of a hydrogen (H)-bond bridging diol in a polar aprotic medium.
The formation of 1 : 1 H-bonded complexes of 7HQ with various diols of diﬀerent alkane chain lengths
was revealed using steady-state electronic spectroscopy. With femtosecond-resolved fluorescence
spectroscopy, cyclic H-bonded 1 : 1 complexes were found to undergo facile ESPT from the acidic enol
to the basic imine group of 7HQ via the H-bond bridge. Through quantum chemical calculations, we
found that the proton-transfer rate of the well-configured H-bonded complex correlated with the
intramolecular H-bond length of a H-bond wiring diol molecule. Noncyclic, singly H-bonded 7HQ with
a diol molecule was observed to undergo ESPT once another diol molecule diﬀuses to the noncyclic
complex and accomplishes the formation of a reactive cyclic H-bonded 7HQ–(diol)2 complex, which
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was evidenced by the observation that the overall proton-transfer rate constant decreases when a
longer-chain diol was used as the bridging wire part. The kinetic isotope effect on the proton relay was
investigated to confirm that the nature of the activation barrier for the proton diffusion along the wire
is isotope-sensitive proton tunnelling, while for the non-cyclic configuration, the isotope-insensitive
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H-bond bridge formation is a prerequisite for ESPT.

1. Introduction
Multiple-proton transfer has been elucidated as a crucial process
in various fields of chemistry and biology. Some examples are fast
proton diﬀusion, prototropic tautomerism, DNA mutagenesis,
protein catalysis, intercellular signal transduction, proton
pumping through membrane protein channels, and the photochemistry of green fluorescent protein.1–15 In materials science,
processes involving proton translocation over long molecular
distances are fundamental for establishing electrochemical
potential gradients of protons across the energy-transducing
membranes of proton-exchange fuel cells.16,17 These proton-relay
processes proceed through hydrogen (H)-bonded chains, which
are called ‘‘proton wires.’’18 Along the chain, the fast diffusion of a
H ion occurs over successive protonation–dissociation reactions
without requiring a specific H ion to travel a distance greater than
the order of a single bond.
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The nature of proton-diﬀusion dynamics inside a fuel-cell
membrane, a reverse micelle and other nanoscopic environments
can be studied in real time using photoacids, which undergo
proton dissociation upon photoexcitation to generate a locally
excessive proton concentration in a proton wire.19–30 As the
prototypes of such systems, azaaromatic molecules have been
used because they form H-bond wires with guest protic
molecules.31–37 For this, hydroxyquinolines (HQs) are considered
as ideal photo-amphiprotic model systems consisting of both
photoacidic enol and photobasic imine groups, owing to their
unique spectroscopic signatures and the control of the length of
the wire, depending on the protonation states and the variable
distance between the two functional groups.38–44 Upon electronic
excitation, the reactivity of the photoacidic enol and photobasic
imine groups immediately increases, followed by excited-state
proton transfer (ESPT) from the acidic to the basic group. In this
sense, a light pulse on HQs triggers the sudden decrease of pKa
and allows for following the course of reaction dynamics of
prototropic species in a timely manner.
Among HQs, 7-hydroxyquinoline (7HQ) is intensively utilised
for the study of ESPT.45–57 7HQ has both the enol and imine
groups, which are too distant from each other to form an
intramolecular H-bond. When assisted by guest protic molecules,
the normal form of 7HQ (N) can form cyclic H-bonds with guest
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Chart 1
forms.
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Molecular structures of 7HQ in normal (left) and tautomer (right)

protic molecules, to form the proton wire, through which N
undergoes ESPT to produce the prototropic tautomer (T) (Chart 1).
It has been reported that a 7HQ molecule associates with two
protic guest molecules such as alcohol or water in aprotic solvents
to form a cyclic H-bonded 1 : 2 complex to undergo ESPT on the
timescale of tens of picoseconds (ps), as shown in Scheme 1.47–50
In bulk protic media, 7HQ exists simultaneously in the trans and
cis forms in terms of the direction of the enol group relative to
the imine group.51–54,58,59 In bulk water, the cis-7HQ has been
observed to form a cyclic H-bonded complex with a proton wire
made of two water molecules and complete ESPT within a few
tens of ps upon photoexcitation.58,59 On the other hand, the
trans-7HQ cannot form the reactive cyclic complex because of
the long distance between the two prototropic functional groups;
instead, it undergoes intermolecular ESPT in the two groups with
independent adjacent water clusters by forming charged intermediate species.58–61 Also in bulk alcohol, this trans-7HQ neither
forms the cyclic H-bonded 1 : 2 complex with two alcohol molecules nor rotationally isomerises to transform into cis-7HQ within
the excited-state lifetime because of the increased quinonoidal
character upon photoexcitation around the C–O bond of the enol
group.59,62 The trans-7HQ has been found to not show intermolecular ESPT in alcohol, possibly because of the instability of
the supposed ionic intermediate species, whereas the excited
cis-7HQ exhibits proton transfer along the complexed proton wire
composed of two alcohol molecules.
In this study, we replaced the proton wire composed of two
alcohol molecules with a single diol molecule having two
hydroxyl groups to yield a cyclic H-bonded 1 : 1 complex in an
aprotic solvent (Scheme 1). In contrast to the flexible, mobile
proton wire composed of H-bonded multiple protic molecules,
the diol possesses a lower degree of freedom in nuclear configuration as a proton conducting wire. The model proton conducting
wires adopted are ethylene glycol (EG), 1,3-propanediol (PD),

1,4-butanediol (BD), 1,5-pentanediol (PED), and 1,6-hexanediol
(1,6HD) with two terminal hydroxyl groups tied with an alkane
chain. As a control, 1,2-hexanediol (1,2HD) was used because it
resembles EG in the intramolecular H-bond distance and
1,6HD in the alkane chain length. Douhal and co-workers have
reported that, in EG and glycerol solvents, the rate of ESPT of
7HQ is viscosity-dependent.63 Also the ESPT of 7HQ has been
explored in polymeric matrices.64–66 The sub-nanosecond (ns)
timescale of the proton transfer was attributed to the slow
rearrangement of the H-bond bridging solvent molecules or
polymeric hydroxyl moieties limiting the overall reaction rate.
Here, with the aid of femtosecond (fs)-resolved fluorescence
spectroscopy and quantum chemical calculations, we identify
the formation of the H-bond wired complex of 7HQ with a diol
molecule, which is well-configured for eﬃcient proton diﬀusion
along the wire upon photoexcitation. In this complex, we report
that the rate-determining reaction coordinate lies in the intramolecular H-bond between the two hydroxyl groups of the rigid
bridging diol molecule by examining the timescale of ESPT, in
the range of tens of ps, depending on the intramolecular H-bond
distance. This is in contrast to the case of 7HQ complexed with
two alcohol molecules as a H-bond bridge in which the main
reaction coordinate is the H-bond between the imine group of
7HQ and the oxygen atom of the adjacent alcohol molecule.47,48
This observation signifies the role of H-bonding dynamics in
modulating the activation barrier along the proton-diﬀusion
coordinates.

2. Experimental section
2.1

7HQ (99%, Acros Organics), ethylene glycol (EG, 99.8%, SigmaAldrich), 1,3-propanediol (PD, 98%, Sigma-Aldrich), 1,4-butanediol
(BD, 99%, Sigma-Aldrich), 1,5-pentanediol (PED, 96%, SigmaAldrich), 1,6-hexanediol (1,6HD, 99%, Sigma-Aldrich), and
1,2-hexanediol (1,2HD, 98%, Sigma-Aldrich) were used as
received. Tetrahydrofuran (THF, anhydrous, 99%, SigmaAldrich) was stored over molecular sieves of 4 Å for 24 h before
use. For spectroscopic measurements, 7HQ was dissolved in
THF and in all the diols to obtain [7HQ] = 5  104 M for each
solution. The samples were then prepared by mixing the THF
solution with each diol solution to yield binary mixtures of
desired guest–solvent composition while keeping [7HQ] =
5  104 M. The deuterated EG, EGd6 (C2D6O2, 98 atom% D,
C/D/N isotopes), and BD, BDd10 (C4D10O2, 98 atom% D, SigmaAldrich) were used for measuring kinetic isotope effects. For
the spectroscopic study of [7HQ]-dependence, a 103 M 7HQ
stock solution in THF was prepared and used after dilution as
desired.
2.2

Scheme 1 Excited-state triple proton relay of photoexcited 7HQ along
cyclic H-bond wires, with two H-bonded alcohol (ROH) molecules (left)
and with one H-bonded diol molecule having two hydroxyl groups (right).
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Materials

Measurements

UV-vis absorption spectra were obtained using a spectrophotometer (V-730, Jasco). Photoluminescence spectra were measured
with a fluorimeter (QM-400, Photon Technology International)
calibrated for the wavelength dependent sensitivity of the detector.
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The fs-resolved fluorescence transients were collected utilizing the
fluorescence-upconversion (FU) technique as follows. We used the
output of an amplified ytterbium-based laser system (Pharos, Light
Conversion), which produces B170 fs pulses centered at 1030 nm
at a repetition rate of 50 kHz with an output power of 300 mW. The
output beam was split into two parts to generate the pump and
gate pulse trains. For the pump-beam generation, the fundamental
beam was used to pump an optical parametric amplifier (Orpheus,
Light Conversion). The resulting idler beam was sum-frequency
mixed with the residual fundamental in a b-barium borate (BBO)
crystal (type II) to yield the pump beam at 340 nm. The pump
pulse of 340 nm was attenuated to B20 nJ at the sample in a
fluorescence spectrometer (Chimera, Light Conversion) equipped
with a photomultiplier tube (PMC-100, Becker & Hickl) and a
monochromator (MSA-130, Solar Laser System). The pump beam
was focused by a lens having a focal length of 15 cm on the cuvette
(2 mm thickness) containing the sample. The sample was continuously stirred under pump-beam illumination. Fluorescence
light emitted by the sample passed through a long-pass filter,
which stops the pump light, but transmits the fluorescence. Then
the fluorescence was incident on a mirror and focused onto a BBO
crystal (type II). The gate beam passed through a computercontrolled optical delay line and was noncollinearly overlapped
with the fluorescence in the BBO crystal. After the crystal, the
upconverted signal was separated from both the gate beam and
the fluorescence by the array of an iris and a prism, and it was
focused on the entrance slit of the monochromator. A UG5 filter
was placed before the iris to cut background signals from the
fluorescence as well as the second harmonic (515 nm) and the
third harmonic (343 nm) of the gate beam. The pump-beam
polarisation was set at the magic angle (54.71) with respect to
the upconversion crystal axis to eliminate the influence of
anisotropy on the signal. The ps-resolved fluorescence transients
were measured using time-correlated single-photon counting
(TCSPC) using the same fluorescence spectrometer equipped
with a TCSPC module (SPC-130, Becker & Hickl).
2.3

Fitting procedures

To track ESPT dynamics, we measured the time-resolved
fluorescence of 7HQ at two diﬀerent emission wavelengths
representing N* (400 nm) and T* (540 nm). We employed two
time-resolved methods, FU and TCSPC, each of which has a
characteristic time resolution and a time window for measuring
the fluorescence kinetic profiles. While the FU technique allows
for a time resolution as good as 250 fs but with a narrow time
window of up to 1 ns, the TCSPC provides a wider time window
of 25 ns with a poorer time resolution of 150 ps. In this study,
fluorescence time constants were found to span from a few ps
to several ns. Therefore, we obtained time constants less than
200 ps from the analysis of fluorescence transients obtained
from the FU measurements, whereas the TCSPC measurements
yielded values greater than 200 ps. The wavelength, repetition
rate, and fluence of the pump beam were all kept the same in
both the measurements.
The Igor Pro 6.32A (WaveMetrics) program was used to
convolute Gaussian instrument response functions (IRFs) and

32828 | Phys. Chem. Chem. Phys., 2016, 18, 32826--32839

Paper

theoretical exponential functions and to fit fluorescence kinetic
profiles from the measurements of both the TCSPC and FU.
From repetitive measurements of fluorescence transients using
both the FU and TCSPC, we consistently observed at least six
time constants, among which two time constants were simultaneously found in the decay at 400 nm and in the rise at 540 nm
within experimental errors. To comprise multitudes of exponential lifetime components from a few ps to several ns separately
obtained by the two diﬀerent methodologies and to determine
the physical meaning of so many components, the fit procedure
was partially forced to keep a minimum number of exponential
components and share a few common time constants in the
fluorescence kinetic profiles obtained at the two diﬀerent wavelengths. Also, the contribution of the bi-exponential decay from
free N and an impurity component of the fluorescence kinetic
profiles obtained at 400 nm in the presence of diol was also
considered as given in eqn (1). As such, the time evolution
profiles obtained from TCSPC and FU were theoretically elaborated
by the following equations:
t/t1
I400
+ A2et/t2 + c1I400
TCSPC(t) = A1e
TCSPC(t; [diol] = 0)

(1)

t/t1
+ A4et/t3
I540
TCSPC(t) = A3e

(2)

400
t/t4
+ A6et/t5
I400
FU (t) = c2ITCSPC(t) + A5e

(3)

t/t1
+ A8et/t3 + A9et/t6
I540
FU (t) = A7e

(4)

The pre-exponential factors, A1 through A9, are the amplitude
of each decay/rise component, while t1 through t6 are the
lifetimes. To find components of several hundred ps to ns
associated with multiple H-bonded configurations of excited
7HQ, fluorescence transients obtained with the TCSPC at
400 nm were fit to the sum of bi-exponential functions and the
contribution of the decay profiles of the free N* and impurity
components with a scaling factor c1 by using eqn (1). To fit the
transients obtained with the TCSPC at 540 nm, bi-exponential
functions of eqn (2) were used, where the lifetime of a single rise
component was set to the same as the decay component of
several-hundred ps (t1) in eqn (1). t1 was determined by the
globally fitted results to be common in both eqn (1) and (2).
Then, for the fits on the timescale of fs to a few hundreds of ps,
fs-resolved transients obtained using the FU were fit to multipleexponential functions in eqn (3) and (4) for the transients
measured at 400 and 540 nm, respectively. Among the three
terms in eqn (3), the first one was from the fits obtained using
eqn (1), multiplied by a scaling factor c2 to consider the diﬀerent
sensitivities of the two measurement methods. The new fitting
term associated with the pre-exponential factor A5 represents an
extra component having the lifetime t4 on the timescale of tens
of ps. The third term with a negative pre-exponential factor A6
was introduced to account for a rise component at 400 nm,
which seems to originate from ultrafast solvation by THF solvent
molecules on the timescale of a few ps. To determine a fast rise
component at 540 nm, the fit with eqn (4) was performed on the
transients obtained with FU. Two lifetimes (t1 and t3) representing
the fluorescence rise and decay were from eqn (2), considering the
uncertainty arising from fitting the rise components. Finally, the

This journal is © the Owner Societies 2016

View Article Online

Published on 24 November 2016. Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 18/04/2017 06:59:07.

Paper

kinetic constant for the fast rise component (t6) was searched for
using eqn (4).
2.4

Quantum chemical calculations

For the geometry optimisation of ground-state conformers of
diﬀerent diols the density functional theory (DFT) approach
was employed via the Gaussian 09 program package.67 Structural
optimisations were performed at the B3LYP/6-31+G(d,p) level. The
hybrid B3LYP exchange correlation functional was successfully
applied to calculate the equilibrium geometries of diﬀerent
terminal diols.68 Solvent eﬀects were introduced using the integral
equation formalism polarisable continuum model (IEFPCM).

3. Results
3.1

Steady-state electronic spectroscopy

The concentration-dependent absorption and emission spectra
of 7HQ are shown in Fig. 1. The lowest absorption (S0 - S1)
bands of 7HQ prototropic equilibrium species are spectrally
well observable.38,60 The main absorption band with the maximum
at 330 nm in Fig. 1a originates from the normal species of 7HQ (N),
which retains its vibronic structure as the concentration of 7HQ
increases. The concentration increment does not result in an
absorption band around 410 nm, at which the tautomeric form

PCCP

of 7HQ (T) in Chart 1 has been reported to absorb light.63 Note
that no recognisable spectral growth exists at the tail of the N
absorption band above 340 nm, as can be verified in the
normalised absorption spectra (inset of Fig. 1a). If 7HQ dimers
or higher oligomers were formed, a spectral red-shift with
respect to the absorption band of 7HQ monomers would occur.
We thus conclude that, up to [7HQ] = 1  103 M, 7HQ exists
mainly as a monomer. The emission spectra in Fig. 1b show
that the excitation of 7HQ in THF at 330 nm results in a single
fluorescence band from the excited normal form (N*) having
the maximum at approximately 355 nm. The intensity does not
increase proportionally with the concentration variation owing
to the self-absorption at high [7HQ] under the fluorescence
collection from deep in the sample and normal to the excitation
geometry. Because of this eﬀect, a small diﬀerence was also
observed in the spectral range of 7HQ absorption (r355 nm)
in normalised fluorescence spectra (inset of Fig. 1b). The
excited-state tautomer (T*) fluorescence at approximately
530 nm, which results from ESPT,63 was not detectable at all
concentrations of up to 1 mM.
To measure the absorption and emission spectra of 7HQ in
THF with the addition of diol, [7HQ] was kept at 0.5 mM. The
concentration was chosen to increase the optical density at the
red tail of the N absorption band upon the formation of
H-bonded complexes in the presence of diol, while it is still
in the regime where the dimer formation of 7HQ is avoided.
Fig. 2a presents the absorption spectra of 7HQ upon adding EG
to THF. As the concentration of EG increases, the lowest
absorption band red-shifts and loses its vibronic structure, as
in neat alcohols and water.45,52 The absorption band of T was
not observed at any explored diol concentration, indicating that
T does not form in the ground state. The formation of 7HQ–EG
H-bonded complexes was identified by the apparent growth of
the absorption tail around 350 nm. The formation constant (K)
of 7HQ–diol complexes described by the equilibrium given in
eqn (5) can be deduced from the intercept of a linear plot
following the relation in eqn (6).69
K

7HQ þ n  diol Ð 7HQðdiolÞn ð1 : n complexÞ
1
1
¼ K ½7HQðec  euc Þ
K
Cn
A  A0

Fig. 1 Steady-state spectra: eﬀects of 7HQ concentration. (a) Absorption
spectra of 7HQ in THF. (b) Emission spectra obtained with excitation
at 330 nm. The concentrations of 7HQ are indicated inside in the unit of
104 M. Inset: Normalised spectra.

This journal is © the Owner Societies 2016

(5)

(6)

where A and A0 denote absorbances measured at the molar diol
concentrations of C and 0, respectively, while ec and euc are the
molar extinction coefficients of the complexed and uncomplexed
7HQ at a monitored wavelength, respectively. If the reciprocal of
the diol concentration to the nth power, 1/Cn, is linearly correlated with the reciprocal of the absorbance change, 1/(A  A0),
the 1 : n stoichiometry of 7HQ–(diol)n association is apparent and
the association constant (K) can be determined from the intercept
of the straight line. The linear relationship between 1/C (n = 1)
and 1/(A  A0) at 350 nm in Fig. 2b indicates that a 7HQ
molecule forms a 1 : 1 complex with EG (7HQ–EG). In the ground
state, K was deduced to be 0.27  0.01 M1 at all the concentrations of EG adopted in this study. The K values for complexation

Phys. Chem. Chem. Phys., 2016, 18, 32826--32839 | 32829

View Article Online

Published on 24 November 2016. Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 18/04/2017 06:59:07.

PCCP

Paper

trends were observed with other diols as additives to the THF
solvent.
3.2

Fluorescence dynamics

Fluorescence transients representing the fluorescence bands of
both N* and T* are shown in Fig. 3 and 4. It should be noted
that the kinetic profiles were analysed with eqn (3) and (4), and
all the kinetic constants obtained from the TCSPC and FU are
considered in both the equations. N* fluorescence monitored at

Fig. 2 Steady-state spectra: eﬀects of EG addition. (a) Absorption and
emission spectra of 7HQ in THF. Excitation was made at 345 nm. The
concentrations of EG are given in the figure. (b) Plot of reciprocals of molar
EG concentration versus reciprocal absorbance, (A  A0)1, at 350 nm.

with PD and BD were obtained as 0.31  0.01 M1 and 0.32 
0.02 M1, respectively.
Fig. 2a shows the steady-state fluorescence spectra as a
function of [EG]. With irradiation at 345 nm, where 7HQ–EG
complexes are mainly excited, dual fluorescence bands were
observed, consisting of the normal, Stokes-shifted band with
the maximum around 380 nm and a relatively weak, greatly
Stokes-shifted one around 530 nm. The bands around 380 and
530 nm are assigned to the fluorescence from the lowest-excited
singlet state of N (N*) and that of T (T*), respectively, based on
the spectral similarity to those reported elsewhere.47,52,53 With
the addition of EG, the N* band gradually red-shifts, which is a
common feature of H-bonded complexation. The increase of
the N* fluorescence around 380 nm is rationalised as with the
increase of [EG] the absorption at 345 nm, which was the
excitation wavelength for the measurements of fluorescence
spectra, increases because of the formation of 1 : 1 7HQ–EG
complexes. While only a single fluorescence band from N* was
present in neat THF, a new band from T* appears at around
530 nm with the addition of EG. This indicates that EG-catalysed
ESPT occurs in THF. With the addition of EG, the T* band blueshifts from 550 nm at [EG] = 0.3 M to 525 nm at [EG] = 5 M. The
electronic structure of T* is quinonoidal (4NH andQO) with the
electron density being delocalised, in contrast to the zwitterionic
(ZN+H, –O) structure of T.59 Therefore, the T* fluorescence
shows negative solvatochromism (hypsochromism) because the
dipole moment of T* is less than that of T, whereas N* has a
greater dipole moment than that in the ground state, thus
showing a bathochromic shift with the titration. Similar spectral
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Fig. 3 Time-resolved fluorescence: eﬀects of EG concentration.
(a) Kinetic profiles of 7HQ (5  104 M) in THF obtained at 400 (black)
and 540 nm (grey) using TCSPC. EG concentrations are given in the panel.
Fits are also given according to eqn (1) and (3) for 400 and 540 nm,
respectively. Solid lines are best-fitted exponential curves according to
eqn (2). (b) Kinetic profiles measured at 400 nm using FU.
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Fig. 4 Time-resolved fluorescence: eﬀects of diﬀerent diols. Fluorescence
transients of 7HQ in THF (5  104 M) collected at 400 and 540 nm with the
addition of a diol. The type of diol and the monitored wavelengths for each
transient are indicated. Solid lines are best-fitted exponential curves according
to eqn (2) and (4) for 400 and 540 nm respectively.

400 nm shows two to four distinct exponential decay components and one rise component. T* fluorescence monitored at
540 nm shows double-exponential rise/single-exponential decay
components upon excitation at 340 nm. Two time constants of
the N* decay were observed to match those of the rise components of T* fluorescence. This is ascribed to the concomitancy
arising from the ESPT. Considering the relative errors associated with the tens of ps component, we interpreted our data
based on the kinetic constants from the averaged values of the
fast N* fluorescence decay and the fast rise component of T* for
elucidating the ESPT mechanism.
The fluorescence kinetic profiles of 7HQ in THF were
measured as a function of [EG] from 0 to 5 M (Fig. 3). The
extracted kinetic constants are listed in Table 1. The results
indicate the existence of multiple decay components in the N*
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fluorescence monitored at 400 nm with the presence of diol.
In neat THF, N* exhibits a major decay time of 530  10 ps
(79%) as well as a minor one of 5.1  0.1 ns (21%). The long
lifetime is still present as 5.2  1 ns (18%) when EG is added to
the concentration [EG] = 0.5 M, but this component disappears
with the increase of [EG] to 1, 2, and 5 M and a new 2 ns
component appears (Fig. 3a and Table 1). It has been reported
that free 7HQ in aprotic solvents shows the fluorescence lifetime of B500 ps; when complexed with guest protic solvent
molecules, it elongates to B1 ns.49,50 The selective excitation
and emission probe of free 7HQ at 320 nm and 360 nm,
respectively, resulted in an almost single-exponential decay
profile (510  1 ps, 96%) with the trace of a long decay
(4.0  0.4 ns, 4%); see Fig. S1, ESI.† Therefore, we assign the
500 ps component in this study to the decay of free N* in THF.
The 5 ns component is speculated to originate from the
complexation of 7HQ with residual water commonly present
in polar aprotic solvents, e.g., THF in this study. To check this
we measured the fluorescence spectrum and decay profile of N*
with the addition of water ([water] = 0.15 and 0.30 M) to THF
(Fig. S2, ESI†). This resulted in a small red shift of the lowest
absorption and emission (lexc = 320 nm) bands and the
increase of the fraction of the 5 ns component when excitation
was made at 340 nm and emission was monitored at 400 nm.
Accordingly, we attribute the decay time of 5 ns to that of the
7HQ–water adduct (possibly 1 : 1).
At [EG] = 0.5 M, a B100 ps component and a few ns (1 and 2 ns)
components are newly identified. The timescale of the 1 ns
component shows strong dependence on the concentration of
added EG, decreasing to 420 ps at [EG] = 5 M. The fastest
component on the timescale of B100 ps seems to be independent
of [EG]. Because the N* fluorescence was monitored at the red side
of the band maximum, it was necessary to consider a smallamplitude rise component having a time constant of B1 ps,70
which is a typical solvation time of THF. The T* fluorescence was
monitored at 540 nm and found to increase bi-exponentially, e.g.,
as presented in Fig. 4. The timescales of the two rise components
diﬀer by an order of magnitude (Table 1). The time constant of
the slow rise component is concomitant to that of the second fast
decay of the N* fluorescence at respective [EG], while the fastest
rise component of the T* fluorescence seems to match the fastest
decay component of the N* fluorescence in the timescale. The T*
fluorescence was found to decay in 1–2 ns. From the fact that the
two fast components of the T* fluorescence concomitantly rise to
the two fast decay components of the N* fluorescence, they are
attributed to those associated with ESPT.
At the same concentration (2 M), the eﬀects of diﬀerent diols
on the ESPT of N* was studied (Fig. 4). The fit results for all the
diols are listed in Table 2. The ESPT time constants of the
fastest and the second fast component change with the change
of diol. The fastest timescale varies from 38  5 ps to 95  12 ps
with similar percentage amplitudes of 10–20% with the change
of diol. It is noteworthy that the timescale of the fastest decay
shows poor correlation with diol size. The second fast timescale, on the other hand, correlates with the diol skeleton; it is
the fastest with EG (540 ps) and becomes half as fast with
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Kinetic constants of 7HQ fluorescence in THF with diﬀerent [EG]

400 nm
[EG] (M)

540 nm

Rise (ps)

Decay (ps)

Decay (ps)

63  222 (0.2%) + 1126  98 (96%)

1476  108 (99%)

70  12 (5%) + 822  17 (86%)
71  8 (16%) + 540  7 (81%)
72  10 (22%) + 422  5 (74%)

1444  20
1812  10
2253  7

a

0
0.5

1.1  1.4 (7%)

1
2
5

0.6  0.4 (15%)
0.9  0.4 (15%)
1.6  0.4 (16%)

a

Rise (ps)

531  10 (79%) + 5114  118
80  11 (17%) + 1126  98 (33%) +
2226  297 (16%) + 531 (16%) + 5114
71  9 (13%) + 822  17 (50%) + 2101  77
98  11 (14%) + 540  7 (43%) + 2099  24
140  10 (19%) + 422  5 (48%) + 2361  23

Initial intensity percentage of each decay component.

Table 2

Kinetic constants of 7HQ fluorescence in THF with diﬀerent diols ([diol] = 2 M)

400 nm
Diol
EG
PD
BD
PED
1,6HD
1,2HD
a

540 nm

Rise (ps)
0.9
0.6
0.4
1.2
0.3
1.3








0.4
0.1
0.2
0.4
0.2
0.3

a

(15%)
(13%)
(24%)
(15%)
(31%)
(16%)

Decay (ps)

Rise (ps)

98  11 (24%) + 537  7 (38%) + 2099  24
125  12 (30%) + 601  7 (42%) + 2118  25
52  5 (26%) + 662  7 (43%) + 2062  20
54  5 (26%) + 715  10 (44%) + 2129  34
76  5 (30%) + 721  11 (40%) + 2169  32
129  11 (25%) + 836  13 (51%) + 2067  52

71
44
24
32
31
61








8
5
2
2
2
5

Decay (ps)

(17%)
(17%)
(23%)
(22%)
(27%)
(12%)

+
+
+
+
+
+

537
601
662
715
721
836








7 (81%)
7 (81%)
7 (75%)
10 (77%)
11 (78%)
13 (87%)

1822
1796
1862
1783
1791
1742








9
9
8
12
12
15

Initial intensity percentage of each decay component.

1,2HD as the timescale changes to 840 ps. The slowest decay
time of the N* fluorescence and the decay time of the T*
fluorescence were found to be almost identical at B2.1 ns
and B1.8 ns regardless of the diol added.

4. Discussion
4.1

H-bonding configuration

The spectral dependence on the concentration of 7HQ indicates
that 7HQ molecules in the polar aprotic solvent THF, even at
suﬃciently high concentrations of up to 1 mM, do not associate
together via H-bonding to form dimers or higher oligomers,
which are expected to show an increase of absorption in the
range of 340–350 nm. With the addition of diol as a guest
H-bond bridging compound, however, the association of 7HQ
with diol molecules was identified in the diol-concentrationdependence spectroscopic study. The linearity of the plots of
the reciprocal of the diol concentration against the reciprocal of
the absorbance change verifies the coexistence of free 7HQ and
1 : 1 7HQ–diol complexes in the ground state. The association
constants for the 1 : 1 complexes are as small as B0.3 M1
indicating that the complexation of 7HQ with diol is based on
weak H-bonding. The formation of the prototropic tautomer of
7HQ (T) was not observed in the binary mixture of diol and THF
([diol] r 5 M), which lacked the spectral signature of characteristic absorption around 450 nm for this formation. Considering
that the enthalpy of T is greater than that of N by 43 kJ mol1 in
methanol (Kamlet–Taft polarity p* = 0.60)71 as reported, the
equilibrium between N and T in THF (p* = 0.58)71 and in the
presence of diol is exclusively toward the formation of N.
To identify the possible ground-state configurations of 7HQ,
the rotational isomerism about the C–O bond of 7HQ should

32832 | Phys. Chem. Chem. Phys., 2016, 18, 32826--32839

be considered. Regarding the configurational stability of the
rotamers, Ncis and Ntrans, the two rotamers are almost isoenergetic.
In semiempirical calculations and jet-cooled molecular-beam
experiments, the internal rotation around the C–O bond is
reported to be 2.9 kcal mol1, while this energy barrier
increases upon electronic excitation with the increase of quinonoidal character on the hydroxyl moiety.62 In addition to this
intramolecular property, difficulty in internal rotation due to
the H-bonding between a protic solvent molecule and the
hydroxyl group of 7HQ is a source of the increase of the barrier.
It is reported that the barrier for the internal rotation of the
hydroxyl group of phenol H-bonded to a water cluster is
increased from 3.5 kcal mol1 to 13.5 kcal mol1 from the
ground state to the first electronic excited state.72 In this
regard, we infer that the cis- and trans-rotamers of N cannot
internally rotate to transform into each other within their
excited-state lifetimes of several ns. Therefore, the composition
of the two rotamers in the excited state follows that in the
ground state. From the equilibrium between free 7HQ and the
H-bond complexed ones and between the two rotamers, it is
plausible to consider the existence of four different species in
the ground state: free cis-7HQ (Ncis,free), free trans-7HQ (Ntrans,free),
1 : 1-complexed cis-7HQ, and 1 : 1-complexed trans-7HQ.
Irrespective of whether the molecule is H-bond complexed,
the trans-7HQ cannot undergo ESPT within its excited-state
lifetime. This is because the H-bond bridging between the
photoacidic enol and photobasic imine groups of trans-7HQ
with a proton-conductive wire requires at least four protic guest
moieties (here the hydroxyl groups of diol), which is entropically unlikely in solution at room temperature. Among the three
decay components of the H-bond complexed N* fluorescence
having distinct time constants of 40–100 ps, 540–840 ps, and
2 ns, the slowest decaying component does not have a match
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among the rise components of the T* fluorescence. Therefore,
we reasonably conclude that the 2 ns component originates
from 1 : 1 complexed trans-7HQ (Ntrans,SH). At [EG] = 0.5 M, only
12% of 7HQ molecules with the K value of 0.27 M1 form the
1 : 1 complexes with EG, whereas the majority of 7HQ molecules
(88%) are present free from the complexation.
The fastest component of the N* fluorescence having the
time constant ranging from 40 to 100 ps, depending on the diol
type, is related to ESPT because a rise component having a
similar time constant in the T* fluorescence was revealed. The
timescale of this component is relatively constant regardless of
the variation of diol concentration and is similar to the
reported values for the ESPT of cyclic H-bonded 1 : 2 7HQ–
alcohol and 1 : 2 7HQ–water complexes in aprotic solvents.48,50
Therefore, the component with the lifetime of 40–100 ps is
unequivocally assigned to the doubly H-bonded 1 : 1 complex of
cis-7HQ with a diol (N*cis,DH), which has a well-configured,
cyclic H-bonded structure and undergoes efficient ESPT through
the proton wire therein.
The major, second fast component in the fluorescence decay
of N* shows strong dependence on the diol concentration.
Its time constant decreases with the increase of diol concentration, when the 1 : 1 complexes are selectively photoexcited at
340 nm and their fluorescence was monitored at 400 nm. The
time constant correlates well with the time constant of the
major rise component of the T* fluorescence probed at 540 nm.
It follows that this major component mainly represents the
fluorescence of a noncyclic (singly) H-bonded 1 : 1 cis-7HQ
complex (N*cis,SH) undergoing a diﬀusion-controlled reaction
with an additional diol molecule, which then forms a reactive,
cyclic H-bonded 1 : 2 complex. Once a diol molecule diﬀuses
to N*cis,SH and forms the cyclic H-bonded 1 : 2 complex,
N*cis,DH(1:2), much faster and eﬃcient ESPT can occur as
Ncis,DH(1:1) is directly photoexcited from the ground state and
undergoes ESPT. The Ncis,SH may form a H-bond with a diol
molecule at either the hydroxyl or imine group of 7HQ. From
the ground-state geometry optimisation of 7HQ with EG in the
literature,63 the H-bond lengths at the imine and hydroxyl
groups were obtained to be 1.83 Å and 3.21 Å, respectively.
Considering the criteria of the O–H  O H-bond in length and
angle,74 the H-bond formation at the hydroxyl site is negligible.
As a control, we performed experiments with 7-methoxyquinoline, which is an analogue of 7HQ with a non-reactive
methoxy group in place of the acidic hydroxyl group and
can form 1 : 1 complexes with protic quest molecules via
H-bonding only at the imine group. A linear plot of [EG]1
against the absorbance at 345 nm using eqn (6) suggests the
formation of the 1 : 1 complexes with the small K value of
1.01 M1 as in the case of 7HQ (Fig. S3, ESI†). The fluorescence lifetime of free 7MQ in neat THF was measured to be
169 ps. Upon addition of EG to be [EG] = 0.16 and 0.77 M in
THF a new component of B700 ps appeared with its fractional
amplitude as 23% and 59%, respectively, which originates
from the 1 : 1 H-bond complexed 7MQ with EG (Fig. S4, ESI†).
These observations are all reminiscent of the corresponding
behaviours of 7HQ.
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The above arguments lead us to propose the H-bonding
configuration of Ncis,SH to be the one complexed with a diol
molecule through the H-bond at the imine group as depicted in
Chart 2. Finally, we conclude this section by summarising the
possible H-bond configurations of 7HQ in the ground and excited
states and relating them to the origin of multiple components in
the fluorescence decay of N*, as visualised in Chart 2.
4.2

Chemical kinetics model

In this study, we investigated the characteristic ESPT mechanism
of 7HQ via diol as proton-conducting wires. As discussed in the
previous section, in the binary mixture of THF and diol, two
distinct species in the ground state can undergo ESPT: Ncis,DH
and Ncis,SH. Once photoexcited, N*cis,DH undergoes activationcontrolled proton transfer on the timescale of 40–100 ps,
depending on the type of diol but independent of its concentration. On the other hand, N*cis,SH undergoes ESPT once
association with an extra diol molecule is accomplished within
their excited-state lifetimes. Therefore, the major reaction coordinate for the ESPT of N*cis,SH is in the slow diffusion of a diol
molecule, in 540–840 ps at [diol] = 2 M, to form a cyclic H-bond
wired complex, followed by the much faster proton transfer as
that of N*cis,DH, in 10’s of ps, directly photoexcited from Ncis,DH.
The activation- and diﬀusion-controlled ESPT can be separately
modelled by employing the same irreversible two-state model,
which has been commonly used to describe the ESPT of 7HQ

Chart 2 The possible H-bond configurations of 7HQ in the ground and
excited states.
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Scheme 2 Two-step model for the ESPT of 7HQ with diol as a H-bond
bridge in THF.

in solution, as visualised in Scheme 2. Then, we can derive
eqn (7) and (8) to show the temporal behaviours of [N*] and
[T*], respectively, as follows:48
[N*] = [N*]0e(kESPT+krxn)t
½T  ¼

(7)



h
i
0
kESPT ½N 0
ekrxn t  eðkESPT þkrxn Þt
0
kESPT þ krxn  krxn

(8)

where kESPT is the rate constant for the rate-determining step in
the overall ESPT process. kfESPT and ksESPT are rate constants for
activation- and diﬀusion-controlled ESPT, respectively. krxn and
krxn 0 are the rate constants for the relaxation of N* and T*,
respectively, excluding ESPT. krxn was approximated to be the
reciprocal of the fluorescence lifetime of N*trans,SH (2 ns) while
krxn 0 was directly obtained from the decay time of T* fluorescence. The deprotonation rate (kESPT) can be directly obtained
from the reciprocal of the decay (or rise) time (t) of N* (or T*)
according to the following relation:
1
¼ kESPT þ krxn
t

(9)

Finally, all the deduced kinetic constants are listed in Table 3.
The dependence of kESPT on various diol properties is discussed
in the following sections.
4.3

Activation-controlled ESPT

When Ncis,DH is directly photoexcited, it immediately undergoes
ESPT on the timescale of 40–100 ps with various diols as proton
wires. In this case, the strength of a cyclic H-bond via a bridging
diol molecule is expected to play an essential role in ESPT, as
has been reported for the ESPT of 7HQ cyclic H-bond complexed with two alcohol (ROH) molecules, 7HQ–(ROH)2.47,48,53
Table 3

kESPT of 7HQ in THF

Diol

Molar mass
(g mol1)
aa

EG
62.07
EGd6b
62.07
PD
76.09
BD
90.12
BDd10b 90.12
PED
104.15
1,6HD 118.18
1,2HD 118.18

ba

p* a

(kfESPT)1 (ps) (ksESPT)1 d (ps)

0.88 0.72 0.89

87  16

0.80 0.77 0.84
0.63 0.68 0.93








c

c

c

The rates are similar to those reported for the 7HQ–(ROH)2
complexes, in which the prototropic functional groups of 7HQ
are already H-bond bridged in the ground state through the two
complexed ROH molecules, from 62 ps1 with methanol to
134 ps1 with 2-propanol.48 The ESPT is initiated by the proton
donation of the adjacent ROH molecule to the imino group
of 7HQ via tunnelling, which was proposed to be the ratedetermining step supported by the strong dependence of the
overall ESPT rate on the Kamlet–Taft acidity (a) of ROH.47,48
The Kamlet–Taft solvatochromic parameters a, b, and p* can be
useful for quantifying the physicochemical properties and
reactivity of solvents. p* is an index of solvent dipolarity/
polarisability, which measures the ability of a solvent to stabilise
a charge or a dipole by virtue of its dielectric effect. The a scale of
a solvent describes its ability to donate a proton (acidity) in a
solvent-to-solute H-bond. The b scale provides a measure of the
solvent’s ability to accept a proton (basicity) in a solute-to-solvent
H-bond.71 Here, for the ESPT of Ncis,DH, kfESPT is similar in
magnitude to those of the 7HQ–(ROH)2 complexes, but it shows
poor relation with the a, b, and p* of complexed diols. This
indicates that the activation barrier in the ESPT of N*cis,DH with a
diol molecule, as a H-bond bridge, is located differently from the
ESPT of 7HQ–(ROH)2 complexes.
The distinct diﬀerence in the nature of the proton wire
between a single diol molecule and a H-bonded ROH dimer
is the unique geometric restriction between the two hydroxyl
groups of a diol molecule enforced by a rigid alkane skeleton,
in contrast to a labile intermolecular H-bond between two
ROH molecules. Thus, structural flexibility to form the intramolecular H-bond in diol as a part of the cyclic H-bonded
complex with 7HQ is expected to control the rate of ESPT
of Ncis,DH. To check the intramolecular H-bond length we
performed quantum chemical calculations and deduced the
intramolecular bond lengths in the series of diols (Fig. 5). It was
observed that BD has the shortest intramolecular H-bond
among the series of diols explored in this study. Indeed, as shown
in Table 3, kfESPT is the largest when Ncis,DH is formed with BD as
a proton-conducting wire. Within the margin of experimental
uncertainty, the kfESPT values show a correlation with the strength
of the intramolecular H-bonds of diols, as shown in Fig. 6a.

87
38
c
c
c
110
0.70 0.82 0.76 43
c
c
c
55
c
c
c
105

13
5
21
5
5
14

722
1656
839
975
1047
1075
1080
1404










13
45
17
15
21
22
22
35

a
Kamlet–Taft solvatochromic parameters; a for acidity, b for basicity
and p* for solvent polarity.73 b Deuterated diol; EGd6 (C2D6O2), BDd10
(C4D10O2). c Not available. d At [diol] = 2 M.
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Fig. 5 Energy-optimised ground-state structures of EG, PD, BD, 1,6HD,
and 1,2HD. Intramolecular H-bond distances are given in the Angstrom
unit.
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Fig. 6 (a) The relationship between kfESPT and the intramolecular H-bond
distance of diol. (b) The relationship between ksESPT and the length of alkane
chain of diol.

Regarding the dependence of kESPT on the H-bond length,
the kinetic interpretation involving the nonadiabatic protontunnelling eﬀect has been widely studied. As discussed
elsewhere,75,76 the nonadiabatic proton-transfer regime can
be eﬀectively applied when the H-bond of a complex is suﬃciently weak so that the equilibrium H-bond length (Qeq) of the
reaction is long to give a higher proton-transfer energy barrier.
This tunnelling mechanism is characterised by a very strong,
exponential dependence on the H-bond coordinate, Q, expressed
in the form of eqn (10):75
C(Q) = CeqLe[aL(QQeq)]

significantly different (Table 3). This can be understood in that
1,2HD has a much weaker intramolecular H-bond (2.21 Å) than
that of 1,6HD (2.00 Å in length); thus, 1,2HD experiences a
higher activation barrier because of the longer intramolecular
H-bond for proton transfer.
We note that the kfESPT value with 1,2HD is less than that
with EG, the intramolecular H-bond length of which (2.40 Å) is
similar to or even greater than that of 1,2HD (Fig. 6b). Although
the interatomic distance between the two protic sites in each
diol is similar, the energies for the translational and orientational motions are higher for the longer chain diol. The activation
barrier along the reaction coordinate is dynamic and can be
modulated in time by the segmental motion present in the
skeleton of a diol molecule. Even though the equilibrium intramolecular H-bond of EG is similar to (or longer than) that of
1,2HD, the smaller size of the skeleton in EG allows for its faster
segmental motion. This may lead to a higher frequency of the
heavy-atom motion (O  O), fluctuating the intramolecular
H-bond distance in the key reaction coordinate and resulting in
more eﬃcient proton transfer (Fig. 7).33,49

4.4

Diﬀusion-controlled ESPT

The increase of ksESPT for N*cis,SH with the addition of diol in
THF, as summarised in Table 3, indicates that the ESPT of
N*cis,SH is diﬀusion-controlled with diol as an encounter.
The ksESPT decreases upon increasing the length of the
hydrocarbon chain of a diol; with EG, ksESPT is obtained as
(720 ps)1, while it decreases to (1400 ps)1 for 1,2HD. The
monotonous correlation between the type of diol and the trend
of ksESPT changes can only be noticed with the chain length
and not with a, b, and p* (Table 3 and Fig. 4). The diﬀusion

(10)

where proton coupling C(Q) qualitatively accounts for the Q
dependence regarding the overlap of the tails of each potential
well of a reactant and a product. aL (B25–35 Å1) is the
exponent characterising the exponential dependence and CeqL
is the equilibrium coupling effect (L = H and D). The protontransfer rate constant (k) is then formulated as eqn (11):75
 2 rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

C
z
p
eDG RT
k¼
ðES þ DÞRT
h


(11)

where ES indicates the solvent reorganization energy, DG‡ is the
activation free energy, and D is the term defining H-bond
vibrational motion. Thus, k has significant dependence on
the electronic coupling, hC2i. The H-bond distance, described
by Q relative to Qeq, can exert an exponential effect on k.
Therefore, the dependence of kfESPT on the intramolecular
H-bond length is in line with the general picture of nonadiabatic
proton transfer indicating that the activation barrier in the
proton diffusion along the established H-bond diol bridge
lies in the longest proton-transfer coordinate between the two
hydroxyl groups in the diols. For the two longest diols of 1,6HD
and 1,2HD of the same alkane chain length, kfESPT values are

This journal is © the Owner Societies 2016

Fig. 7 Schematic free-energy surface for the proton diﬀusion in the
model H-bond wired complex in this study. Upon photoexcitation, the
prototropic reactivity on both the functional enol and imine groups
increases, driving the occurrence of ESPT. In the equilibrium nuclear
configuration of the photoexcited N (N*), the long intramolecular
H-bond between the bridging two hydroxyl moieties in the complexed
diol molecule hinders the proton diﬀusion along the H-bond wire. Once
heavy atom motions in the H-bond bridging diol are excited by thermal
fluctuation of a medium, vibrationally-enhanced tunnelling can occur
completing the triple proton hopping at the moment of achieving a
suﬃciently short intramolecular H-bond of diol. In this regard, the key
reaction coordinates are given along the O  O heavy atom motion and
the proton transfer in the intramolecular H-bond of diol.
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coeﬃcient (D) of a particle is inversely related to the size of the
particle according to the Stokes–Einstein equation:
D = kT/6pZa

(12)

where k is the Boltzmann constant, Z is the viscosity of a
medium, and a is the radius of a diﬀusing particle. Because
D is also inversely correlated with t, t is linearly related to a.
The plot of (ksESPT)1 against the chain length of diols in Fig. 6b
shows a good linear relationship. In this regard, it is suggested
that the slow ESPT process of N*cis,SH is governed by the
translational diﬀusion of diols. Then, the ksESPT values and the
reciprocal of the lifetime t can be used to estimate D of the diol
to encounter 7HQ in THF. The average distance between EG

molecules is given by x = d1/3, and at [EG] = 2 M, the molecular

number density (d) of EG is 1.2  1027 m3. Because t = x2/6D,77
D is calculated to be 2.7  1010 m2 s1. The deduced D value is
reasonable considering the reported values of D for neat EG
(9.6  1011 m2 s1) and for n-butane in THF (3.0  109 m2 s1).
The diﬀusion coeﬃcients for other diols ([diol] = 2 M) in THF are
also estimated in the same manner and listed in Table 4.
Now, we summarise the overall diﬀusion-controlled ESPT
mechanism as depicted in Scheme 3. In this model, N*cis,SH
undergoes the formation of energetically more stable cyclic
H-bonded 1 : 2 N*cis,DH(1:2), with a consecutive fast proton
shuttling process producing the final excited-state product T*.
N*cis,free may participate in ESPT via forming N*cis,SH or
N*cis,DH, but energetically unlikely within the excited-state lifetime. The rotational-diﬀusion-assisted ESPT via configurational
transformation from Ncis,SH to Ncis,DH is ruled out in this model.
This is because it requires a small-amplitude rearrangement
of a H-bonded diol molecule to achieve a cyclic H-bonded
structure, the formation of which is unimolecular and therefore
its rate is independent of diol concentration. This is in contrast
to the case for the obtained ksESPT in this study.
Table 4

Diﬀusion coeﬃcients (D) of diols in THF ([diol] = 2 M)

Diol

D (1010 m2 s1)

EG
PD
BD
PED
1,6HD
1,2HD

2.7
2.4
2.2
2.1
2.0
1.8

Scheme 3

4.5

Kinetic isotope eﬀect

To support the picture suggested in the previous section, we
D
measured the kinetic isotope eﬀect (KIE; KIE = kH
ESPT/kESPT) with
two distinct diols, i.e., EG and BD in terms of diﬀerent
intramolecular H-bond lengths (Fig. 8). Upon the deuteration
of BD the kfESPT of N*cis,DH decreases from (40 ps)1 to (110 ps)1
showing a KIE of 2.9  0.7. The KIE of the ksESPT of N*cis,SH is
obtained as 1.1  0.03. When EG is deuterated, the fractional
amplitude for the fluorescence decay component of N*cis,DH
significantly decreases, and its counterpart in the rise of T*
seems to disappear. This is rationalised in that the KIE for the
kfESPT of N*cis,DH is suﬃciently large such that, upon the
deuteration of EG, the kfESPT value for N*cis,DH approaches that
for N*cis,SH. Therefore, if we consider that the kfESPT of N*cis,DH,
(90 ps)1, is decreased to B(1600 ps)1 upon the deuteration of
EG, we can estimate the KIE to be as large as B19  4. The ksESPT
of N*cis,SH shows a small KIE of 2.3  0.1. The large KIE of the
order of tens at room temperature for the ESPT of cyclic
H-bonded N*cis,DH indicates the proton tunnelling through the
activation barrier along the reaction coordinate of O–H  O in the
intramolecular H-bond of a bridging diol molecule.
Once the energy barrier decreases with a stronger H-bond,
the KIE decreases with a shorter H-bond and eventually
approaches 1.4, and the ESPT process becomes barrierless.
This picture is in line with our observation above that the ESPT
via EG of a longer intramolecular H-bond (2.4 Å) shows a larger
KIE compared to that obtained when BD with the intramolecular
bond of 1.8 Å is used as the H-bond bridge. The proton transfer of
cyclic H-bonded 1 : 2 complexes of 7HQ with ROH has been
reported to occur via tunnelling with a large KIE; the KIE for
the ESPT of 7HQ–(ethanol)2 in n-heptane has been observed to be
15, whereas that for the ESPT of 7HQ–(trifluoroethanol)2, which
has a much stronger H-bond in the reaction coordinate, is 3.48
While the proton transfer via tunnelling is isotopically
sensitive, the diﬀusion process to form the reactive H-bonded
configuration for ESPT is isotopically insensitive. The KIEs
of the ksESPT values for N*cis,SH with the two employed diols
are obtained to be as small as 2.3 and 1.1 for EG and BD,
respectively. This observation is consistent with our interpretation
that the ksESPT of 7HQ, the acidic and basic sites of which are not
H-bond wired, arises from the rate-determining diﬀusion of diol
molecules from the bulk to connect the two prototropic sites
by forming the cyclic H-bonded configuration, followed by much
faster ESPT via the H-bond bridge.

Proposed elementary steps for the ESPT of 7HQ with diol as a H-bond bridge in THF.
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Fig. 9 Transition of the reaction coordinate for the ESPT of cyclic H-bond
bridged complexes of 7HQ. (a) H-bonded complex with two alcohol
molecules as a H-bond bridge. (b) H-bond complex with one diol
molecule as the bridge. RDM denotes the rate-determining step.

with the ESPT of 7HQ via a labile (ROH)2 H-bond chain, where
the reaction coordinate lies on the intermolecular H-bond
between the imine group of 7HQ and the hydroxyl group of the
adjacent alcohol molecule in the proton wire. In contrast, with a
diol molecule, the rate-governing coordinate is changed to the
intramolecular H-bond between structurally enforced two hydroxyl
groups (Fig. 9).
Fig. 8 Time-resolved fluorescence: isotope eﬀects. Fluorescence transients
of 7HQ in the presence of protonated (hollow circle) and deuterated (filled
circle) (a) EG and (b) BD of 2 M concentration respectively. Monitored
wavelengths are given in each panel. Solid lines are best-fitted curves. Time
t/2330
evolution profiles are established as I400
+ 0.89et/968 +
FU (t/ps) = 0.40e
t/968
t/3703
0.08et/46  0.2et/1.0 I540
(t/ps)
=
2.29e
+
2.32e
for deuterated
FU
t/2090
EG and I400
+ 0.73et/687 + 0.21et/93  0.12et/1.5 and
FU (t/ps) = 0.59e
t/114
I540
+ 1.26et/687 + 1.64et/3662 for deuterated BD.
FU (t/ps) = 0.29e

5. Conclusions
The configuration-specific ESPT pathways of 7HQ with a series
of diols, as H-bond bridging media, have been investigated by
varying the mobility and the intramolecular H-bond of diol, as
pictorially summarised in Scheme 3. As a result, it has been
found that 7HQ forms H-bonded complexes with diol in the
ground state with a stoichiometry of 1 : 1 as combinations of
cyclic H-bonded complexes of Ncis,DH and noncyclic complexes
of Ncis,SH and Ntrans,SH. The intermolecularly doubly H-bonded
1 : 1 complex is already well-configured for ESPT at the moment
of excitation, and it undergoes eﬃcient proton transfer via
tunnelling in ten’s of ps. The singly H-bonded cis-7HQ, however,
needs to further associate with a diol molecule to form a cyclic
H-bonded complex, which has a configuration requisite for ESPT,
on the timescale of hundreds of ps depending on the concentration of diol in an aprotic medium. The proton-transfer rate is
dependent on the intramolecular H-bond length of a wiring diol
molecule. When a diol of a longer intramolecular H-bond served
as the proton-conducting wire a larger kinetic isotope eﬀect was
observed. This result indicates that the flexibility of a proton wire
can modulate the reaction coordinates of proton diﬀusion along
it. One good example of such can be found in the comparison
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6 P.-O. Löwdin, Adv. Quantum Chem., 1965, 2, 213–360.
7 O.-H. Kwon and A. H. Zewail, Proc. Natl. Acad. Sci. U. S. A.,
2007, 104, 8703–8708.
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