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ogen-bond relay catalyses the
excited-state proton transfer reaction†

Kai-Hsin Chang,‡a Yu-Chiang Peng,‡a Kuan-Hsuan Su, ‡b Yi-Hsien Lin, b

Jiun-Chi Liu,a Ying-Hsuan Liu,a Chao-Hsien Hsu,a Hsiao-Ching Yang *b

and Pi-Tai Chou *a

Solvent (e.g., water)-catalyzed proton transfer (SCPT) via the relay of hydrogen (H)-bonds plays a key role in

protonmigration. In this study, a new class of 1H-pyrrolo[3,2-g]quinolines (PyrQs) and their derivatives were

synthesized, with sufficient separation of the pyrrolic proton donating and pyridinic proton accepting sites

to probe excited-state SCPT. There was dual fluorescence for all PyrQs in methanol, i.e., normal (PyrQ) and

tautomer 8H-pyrrolo[3,2-g]quinoline (8H-PyrQ) emissions. The fluorescence dynamics unveiled

a precursor (PyrQ) and successor (8H-PyrQ) relationship and the correlation of an increasing overall

excited-state SCPT rate (kSCPT) upon increasing the N(8)-site basicity. kSCPT can be expressed by the

coupling reaction kSCPT = Keq × kPT, where kPT denotes the intrinsic proton tunneling rate in the relay

and Keq denotes the pre-equilibrium between randomly and cyclically H-bonded solvated PyrQs.

Molecular dynamics (MD) simulation defined the cyclic PyrQs and analyzed the H-bond and molecular

arrangement over time, which showed the cyclic PyrQs incorporating S3 methanol molecules. These

cyclic H-bonded PyrQs are endowed with a relay-like proton transfer rate, kPT. MD simulation estimated

an upper-limited Keq value of 0.02–0.03 for all studied PyrQs. When there was little change in Keq, the

distinct kSCPT values for PyrQs were at different kPT values, which increased as the N(8) basicity

increased, which was induced by the C(3)-substituent. kSCPT was subject to a deuterium isotope effect,

where the kSCPT of 1.35 × 1010 s−1 for PyrQ-D in CH3OD was 1.68 times slower than that (2.27 × 1010

s−1) of PyrQ in CH3OH. MD simulation provided a similar Keq for PyrQ and PyrQ-D, leading to different

proton tunneling rates (kPT) between PyrQ and PyrQ-D.
Introduction

The transfer of protons via a relay of solvent molecules has long
been proposed as a Grotthuss mechanism,1–3 where the excess
protons diffuse through the hydrogen bond (H-bond) network
of water molecules or other hydrogen-bonded liquids through
the formation and rupture of the covalent bonds around
neighbouring solvent molecules. This mechanism, also known
as proton-hopping or a proton-jump, may ubiquitously exist in
bio-systems,4 although the proof is somewhat elusive. Chemi-
cally, this can be probed by the solvent-catalyzed proton transfer
(SCPT) reaction5 of the designated chromophore in the excited
state triggered by light excitation, where the proton-transferred
isomer exhibits a distinct emission from that of the normal
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species prior to proton transfer. The ratiometric emission and
the corresponding relaxation dynamics serve as a signal trans-
duction for the mechanism study.6

Pertinent systems require core chromophores with proton
donor and acceptor sites that possess sufficient distance between
them such that intramolecular H-bond formation does not exist.
As a result, if the designated molecule undergoes excited-state
proton transfer in solution, in theory, either aggregate-catalyzed
proton transfer or SCPT must be operative. In this regard, one of
the prototypical systems is ascribed to 1H-pyrrolo[2,3-b]pyridine, or
themore common name of 7-azaindole (7AI, see Scheme 1), which
can be simply viewed as an analogous structure of the nucleobase
adenine or the amino acid tryptophan.7–10

In the self-catalyzed proton transfer reaction, excited-state
double-proton transfer takes place via the formation of 7AI
hydrogen-bonded (H-bonded) dimer in nonpolar solvents,
resulting in the 7H-pyrrolo[2,3-b]pyridine tautomeric dimer. The
associated reaction dynamics have provided valuable informa-
tion regarding the role of proton-transfer tautomerization in the
possible mutation of the adenine-thymine base pair.11–13

As for the excited-state SCPT, 7AI has also been applied to
mimic tryptophan, where excited state SCPT occurs via the
Chem. Sci., 2023, 14, 7237–7247 | 7237
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Scheme 1 (a) The well-known excited-state SCPT molecule 7AI and
the role of protic solvents in the SCPT reaction. (b) 7HQ and its cor-
responding excited-state SCPT in alcohols. Note the existence of
ground-state equilibrium between the enol and keto forms in alco-
hols.21 (c) 7AQs and its associated excited-state SCPT in alcohols. Note
the rotation of NRH along the C(7)-N bond.22 (d) The present work on
the excited-state SCPT in PyrQs. In (d), both H-bonded relay alcohols
required for proton transfer and bulk alcohols are presented according
to the molecular dynamics (MD) simulation (see text).

Scheme 2 The synthetic route of the studied compounds (PyrQ,
PyrQ-al, and PyrQ-CN).
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formation of a 1 : 1 7AI : methanol cyclic H-bonded complex,
resulting in the tautomer 7H-pyrrolo[2,3-b]pyridine (Scheme
1a).8 Many studies have been performed on a number of 7AI
derivatives in protic solvents,14,15 and the results support the
mechanism of excited-state SCPT. Waluk and co-workers have
studied SCPT in a number of pyrrole–pyridine systems.16–19

Further SCPT study has been extended to another class of
molecules where the 7-hydroxyquinoline enol form (7HQ,
Scheme 1b) serves as a prototype.20

There is considerable distance between the proton-donating
and -accepting sites of 7HQ (cf. 7AI), and the occurrence of
excited-state SCPT in, e.g., methanol, requires the formation of
a 1 : 2 7HQ : methanol cyclic H-bonded complex, resulting in
a keto-tautomer (Scheme 1b). However, the –OH group in 7HQ
is much more acidic than that of the pyrrolic-H group in 7AI.
Therefore, proton-transfer tautomerism also takes place for
7HQ in the ground state, resulting in a non-negligible amount
of keto-tautomer in methanol. In stronger H-bonded solvents
such as water, the ground-state equilibrium between enol and
keto forms is nearly 1 : 1 for 7HQ. The co-existence of enol and
keto tautomer complicates the study of excited-state SCPT.21

Recently, the replacement of –OH in 7HQ by less acidic
amino protons has been reported, forming 7-aminoquinoline
7238 | Chem. Sci., 2023, 14, 7237–7247
(7AQ, see Scheme 1c) and its derivatives, where one amino
proton of –NH2 can be substituted by –R, with various degrees of
electron donating/withdrawing strength to ne-tune the –NRH
acidity.22 Such a conguration prevents the formation of the
ground-state tautomer imino-form in methanol (Scheme 1c).
However, the –NRH single bond rotation is unavoidable and
results in unsymmetrical distribution of the amino proton
along the C(7)-N bond (see Scheme 1c), which complicates the
excited-state SCPT study. To advance in the study of long-range
SCPT, it is necessary to explore a rigid system with only a single,
well-dened structure in the ground state, where its proton-
donating and -accepting sites are far separated at a desig-
nated distance suitable for probing fundamental insights into
excited-state SCPT.

Herein, we report the strategic design and synthesis of a new
class of the SCPT system by fusing the amino proton of 7AQ,
which results in the formation of pyrroloquinoline (PyrQ, see
Scheme 1). PyrQ can be regarded as an extension of 7AI by
adding a fusing benzene ring between pyrrole and pyridine
moieties, so that the proton donor and acceptor are far more
separated than that of 7AI. Importantly, the rigid pyrrolic ring
prevents N–H rotation, and the protruding C(9)–H site (Scheme
1d) imposes steric hindrance to prevent the dimeric formation
that was reported in 7AIs under high concentration.8 These
designed strategies eliminate the aforementioned complica-
tions, which simplies experimental and theoretical
approaches (vide infra).

We also derivatized PyrQ such that the aldehyde or cyanide
group can be tailored at the C(3)-position in an aim to probe the
structure-SCPT relationship. The synthetic route of these PyrQs
involves multiple steps and is non-trivial (see Scheme 2).
Comprehensive spectroscopy and dynamics, together with
computation in quantum mechanics and molecular dynamics
(MD) approaches, were carried out to elucidate the mechanism
of long-range H-bonded relay SCPT. Details are elaborated in
the following sections.
Results and discussion

The details for the synthetic routes for 1H-pyrrolo[3,2-g]quino-
lone (PyrQ), 1H-pyrrolo[3,2-g]quinoline-3-carbaldehyde (PyrQ-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The molecular structure of PyrQ drawn with a 50% proba-
bility for a thermal ellipsoid. (b) The distance between the N(1) and N(8)
atoms was calculated to be 5.136 Å.

Fig. 2 Steady-state absorption (black solid lines) and photo-
luminescence spectra of (a) PyrQ in cyclohexane, (b) PyrQ in meth-
anol, (c) PyrQ-D in methanol-OD, (d) PyrQ-al in cyclohexane, (e)
PyrQ-CN in methanol, (f) PyrQ-CN in cyclohexane, and (g) PyrQ-CN in
methanol at room temperature. For the emission, the excitation
wavelength lex is at their S0 / S1 absorption peak. Also, A.U. in the y-
axis denotes the arbitrary unit.
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al), and 1H-pyrrolo[3,2-g]quinoline-3-carbonitrile (PyrQ-CN) are
depicted in Scheme 2. The details for synthesis, purication,
identication, and characterization are provided in the experi-
mental section of the ESI.† In brief, nitration of 1,2,3,4-tetra-
hydroquinoline (1) followed by reduction of –NO2 yielded
compound 3.23,24 The N–H site was then protected as carbamate
by the –COOCH2CH3 group and transferred into compound 4.
The C(*)-position (see Scheme 2) of compound 4 was bromi-
nated, followed by reaction with ethynyltrimethylsilane under
a palladium and copper co-catalyst, i.e., the Sonogashira
coupling, to obtain compound 6.25 A subsequent cyclization
reaction transformed 6 into compound 7, which then under-
went oxidization with O2/active charcoal to yield PyrQ in satis-
factory yield (48%).26

For further derivatization, PyrQ was converted to PyrQ-al via
the Vilsmeier–Haack reaction.27 Also, the C(3)–H hydrogen of
compound 7was substituted with a cyano group, yielding nitrile
9 via one-pot transformation of electron-rich aromatics into the
aromatic nitriles using the Vilsmeier–Haack reaction. Then, 9
was deprotected into 10, but was unstable and required
immediate oxidization with O2/active charcoal to yield PyrQ-CN.
The details regarding PyrQ, PyrQ-al, and PyrQ-CN character-
ization are elaborated in the ESI.†

The X-ray diffraction pattern of PyrQ is depicted in Fig. 1,
and shows a fully planar conguration. Different from 7AQs (see
Scheme 1c), which have been found to have cis- and trans-forms
relative to the NR-H orientation along the C–N bond,22 there is
only one conguration for PyrQ because of the fused pyrrolic
nitrogen. The distance between the proton donor site N(1) and
proton acceptor site N(8) is as far as 5.14 Å, which is signi-
cantly longer than that of 4.84 Å for 7AQ.22 Because of this long
distance, the intrinsic intramolecular proton transfer is not
feasible. Instead, in solution, if excited-state SCPT occurs, PyrQ
requires a long-range, multiple solvent H-bond relay to bridge
the proton donor and acceptor sites, which virtually act as
a conduit to assist the proton transfer reaction. We also made
great efforts to grow the crystal of other PyrQs but unfortunately
failed, possibly because of hindrance by the C(3)-substitution.

Photophysical properties

Fig. 2 shows the absorption and emission spectra of PyrQ, PyrQ-
al, and PyrQ-CN. In a non-polar aprotic solvent such as cyclo-
hexane, PyrQ reveals the vibronic structured absorption
© 2023 The Author(s). Published by the Royal Society of Chemistry
spectrum with the lowest-lying absorption peak (0–0) at 370 nm.
In a protic solvent such as methanol, however, the absorption of
PyrQ signicantly changes such that the lowest-lying band
becomes structureless, broad, and slightly redshied to 380 nm
versus that in an aprotic solvent such as cyclohexane (cf. Fig. 2a
and b). Similarly, a signicant difference in absorption spectra
was observed for PyrQ-al and PyrQ-CN in cyclohexane and
methanol (Fig. 2). The results clearly imply that all studied
PyrQs undergo H-bond formation with methanol solvents in the
Chem. Sci., 2023, 14, 7237–7247 | 7239
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ground state, most plausibly using the pyridinyl N(8) site and
the pyrrolic N(1)–H proton of PyrQs as the proton acceptor and
donor, respectively.22 This viewpoint is further supported by the
following emission spectra and MD approaches.

Upon excitation, PyrQ, PyrQ-al, and PyrQ-CN in cyclohexane
exhibit a deep violet emission maximized at 392 nm, 406 nm,
and 380 nm, respectively, and possess a vibronic feature that is
mirror imaged with their corresponding absorption spectra.
The photoluminescence quantum yield (PLQY) was measured
to be 25.7%, 5.5%, and 4.2% for PyrQ, PyrQ-al, and PyrQ-CN,
respectively (see Table 1), where a high PLQY of PyrQ indicates
the structural rigidity of the core, and hence, low internal
reorganization energy. In other polar aprotic solvents such as
CH2Cl2, similarly, all studied PyrQs exhibited solely normal
Stokes-shied emission, and no anomalous emission
phenomenon was observed (see Fig. S25†).

In methanol, by sharp contrast, the electronic excitation of
all PyrQs revealed dual emission, consisting of a blue emission
band maximized at 461 nm, 413 nm, and 416 nm, denoted as
the F1 band, and an obvious shoulder (the F2 band) located at
approximately 600 nm, 527 nm, and 524 nm for PyrQ, PyrQ-al,
and PyrQ-CN, respectively. The excitation spectra monitored at
the F1 and F2 bands are identical, and also resemble the
absorption spectrum (see Fig. S23†). Therefore, the dual emis-
sion originating from the same ground state is unambiguous,
and two emissions correlated with two excited states are ex-
pected to possess a precursor-successor kinetic relationship
(vide infra).

Knowing that the dual emission properties are only observed
in protic solvents when the H-bonding formation with PyrQs in
the ground state has been veried (vide supra), it is reasonable
to propose the occurrence of excited-state SCPT in methanol,
where protons migrate from the N(1)–H site to the N(8) site of
Table 1 The steady-state absorption and emission data and pKa for
proton-donating and -accepting sites of the studied PyrQs and N(1)-D
PyrQ

Name Solvent

lab
a lem

b fc
pKa

nm nm % N(1)-H N(8)-H+

PyrQ C6H12 330 391 26 ∼14 6.3
CH3OH 367 461 (F1) 0.2

600 (F2)
d

PyrQ-D CH3OD 367 461 (F1) 0.4 — —
600 (F2)

d

PyrQ-al C6H12 331 406 5.5 11.8 5.3
CH3OH 351 413 1.0

∼527d

PyrQ-CN C6H12 327 382 4.2 11.6 5.1
CH3OH 349 416 (F1)

d 1.1
∼524 (F2)

d

a The absorption peak wavelength in cyclohexane or methanol. b The
uorescence peak wavelength in cyclohexane or methanol. The
excitation wavelength was selected at the S0 / S1 absorption peak
wavelength for all studied compounds. c The photoluminescence
quantum yield of all titled compounds in cyclohexane or methanol,
which was calculated by comparing with the quantum yield of 87%
for Coumarin 480 (in methanol).28 d The appearance of a shoulder.

7240 | Chem. Sci., 2023, 14, 7237–7247
the amino-form (Scheme 1d) via a solvent H-bonded relay,
yielding the proton-transferred imino-form. The amino-
conformer and the imino-conformer thus exhibit F1 and F2
bands, respectively (Scheme 1d).

To gain in-depth insight into the SCPT dynamics, we then
probed the uorescence relaxation dynamics by carrying out
time-resolved uorescence spectroscopy. Because the F1 and F2
bands can be resolved in a steady-state manner, we predicted
the kinetics of SCPT for PyrQs to be relatively slow in the range
of tens to hundred picoseconds. We therefore exploited the
time-correlated single-photon counting (TCSPC) technique,
coupled with a femtosecond Ti:sapphire laser as an excitation
source (120 fs) and a fast MCP-PMT detector as the acquisition
system. This overall system response time gives approximately
13 ps resolution aer deconvolution.

In our experience, if the associated kinetic time constant is
>15 ps, the current TCSPC system with its low excitation photon
ux and rapid counting speed is more reliable than that of the
femtosecond emission up-conversion technique currently used
in our laboratory. Fig. 3a and b depicts the emission relaxation
proles of PyrQs monitored at the F1 and F2 bands, and their
pertinent data are displayed in Table 2. For PyrQ, upon moni-
toring at the F1 band emission of, e.g., 450 nm, the relaxation of
emission reveals a single exponential decay component
(Fig. 3a), and the lifetime was tted to be 44 ps.

When monitoring at the F2 band region of, e.g., 640 nm, the
most optimal t for the kinetic prole is an increasing
component of 42 ps and two exponential decay time constants
of 45 ps and 427 ps (Fig. 3b). The 42 ps risetime component,
within experimental uncertainty, is consistent with the 44 ps
decay time constant for normal emission (the F1 band). Firm
support for this viewpoint is given by the deconvolution of the
F2 band (640 nm), which is composed of a rise (44 ps) and two
decay (44 ps and 427 ps) components under the consideration
of the system response function (see Fig. 3c).

In cyclohexane, where no SCPT takes place, the lifetime of
PyrQ's normal emission (the F1 band) was measured to be as
long as 3.7 ns (see Fig. S27†). Therefore, it is reasonable for us to
assume that the decay of the F1 band in methanol is dominated
by the rate of SCPT. We thus concluded that the rate of SCPT
(PyrQ) was equal to the inverse of 44 ps, which is 2.27× 1010 s−1.
Next, the approximately 45 ps decay component monitored at
640 nm was more plausibly attributed to the residue of the F1
emission. This viewpoint can be rationalized by minimal
separation between the proximal F1 and F2 bands. In addition,
the radiative decay rate constant for the F1 band was signi-
cantly larger than that of the F2 band (vide infra). Therefore,
despite the fact that the F1 emission intensity was rather low at
640 nm, its contribution to TCSPC is non-negligible. Finally, the
427 ps decay component of the F2 band can reasonably be
ascribed to the population decay of the imino-tautomer.

The TCSPC data for PyrQ-al and PyrQ-CN emissions are also
depicted in Fig. 3a and b. The decay lifetimes of F1 for PyrQ-al
and PyrQ-CN were tted at 100 ps and 155 ps, respectively,
which correlate well with the risetime of the corresponding F2
bands of 104 ps and 155 ps, respectively (see Table 2). The rate
of SCPT (kSCPT), taking the inverse of the F1 decay time (vide
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The normalized time-resolved fluorescence of PyrQ, PyrQ-al,
and PyrQ-CN in methanol monitored at the (a) F1 and (b) F2 bands in
the region of <1 ns where the rise component of the F2 band can be
clearly observed. (c) The deconvolution of relaxation kinetics of the F2
emission for PyrQ in MeOH is shown (monitored at 640 nm), which
clearly indicates the cancellation of the decay and rise features due to
the non-negligible overlap between normal and tautomer emissions.
The simulation includes the system response function.
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supra), is in the order of PyrQ (2.27 × 1010 s−1) > PyrQ-al (1.00 ×

1010 s−1) > PyrQ-CN (0.65 × 1010 s−1). These results imply that
an increase in the electron-withdrawing ability at the C(3)-
Table 2 Time-resolved fluorescence of PyrQs in methanol and PyrQ-
D in methanol-d (O-D) monitored at the difference emission
wavelengtha

Compound

F1 band F2 band

lem
(nm)

sdecay
(ps)

lem
(nm)

sdecay1
(ps)

srise
(ps)

sdecay2
(ps)

PyrQ 450 44 640 45 42 427
PyrQ-D 450 74 640 76 78 834
PyrQ-al 395 100 550 105 104 3262
PyrQ-CN 420 155 600 157 155 2922

a The excitation wavelength was selected at the S0 to S1 absorption peak
for all studied compounds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
position decreases the rate of SCPT, which seems to be
contradictory to the expected increase in kSCPT due to the
increase in the N(1)–H acidity by the C(3) electron-withdrawing
strength via a resonance effect. This puzzle is reminiscent of
previously reported SCPT molecules where the chemical
substitution not only inuenced the proton-donating site but
also the proton-accepting site.14–22

To probe the interplay between the proton-donating and
-accepting sites of PyrQs, pKa values for the pyrrolic proton
N(1)–H and the protonated pyridium N(8)+–H in PyrQs were
measured by pH-titration absorption spectrometry in water. The
titration spectra are shown in Fig. S29,† and the pertinent data
are listed in Table 1. As a result, the pKa value of the N(1)–H
proton was measured to be PyrQ (approximately 14), PyrQ-al
(11.8), and PyrQ-CN (11.6) at room temperature, and decreased
upon increase in the electron-withdrawing ability from H in the
aldehyde to the cyano group. In yet another approach, the pKa of
the N(8)+–H proton at 25 °C was also measured by absorption
pH titration and determined to be 6.3, 5.3, and 5.1 for PyrQ,
PyrQ-al, and PyrQ-CN, respectively. Accordingly, the pKb of the
N(8) site, based on pKa + pKb = 14, was calculated to be 7.7, 8.7,
and 8.9 for PyrQ, PyrQ-al, and PyrQ-CN, respectively. Therefore,
the basicity is in the order of PyrQ > PyrQ-al > PyrQ-CN. In other
words, the N(1)–H donor and N(8) proton acceptor are inu-
enced by the C(3) substitution via a resonance effect.

It should be noted that we are aware that excited-state
phenomena would be based on excited-state pK*

a values (*
denotes the electronically excited state), which are convention-
ally measured by uorescence pH titration experiments.
However, the validity of this approach is based on the estab-
lishment of excited-state equilibrium between the protonated
and deprotonated species, which is not the case due to the fast
SCPT of tens to hundred ps for the studied PyrQs. Therefore, we
only acquired the pKa for each site and assumed a similar trend
for pK*

a in the excited state.
Fig. 4 depicts a plot of the rate constant for excited-state

SCPT (kSCPT) as a function of the pKb of the N(8) site. The
trend of increasing kSCPT upon increase in the N(8) basicity
infers that the rate-determining step is prone to the proton-
accepting property of the N(8) site rather than the proton
donation of the N(1)–H site. Further in-depth discussion will be
elaborated in the section on MD simulation.29

We also performed time-resolved uorescence measurement
of N(1)–H-deuterated PyrQ, namely PyrQ-D in methanol-d1
(CH3OD). The observed kSCPT rate and the tautomer population
decay lifetime were 1.35 × 1010 s−1 (74 ps) and 834 ps, respec-
tively. The kSCPT of PyrQ-D was smaller than that (2.27 × 1010

s−1) of PyrQ-D by 1.68 times. Because kSCPT is the dominant
decay process for the F1 band (vide supra), the F2/F1 ratio for
PyrQ-D is expected to be smaller than that for PyrQ by approx-
imately 1.68 fold. However, as shown in Fig. 2, the 1.11 ratio of
steady-state emission intensity for F2/F1 between PyrQ and
PyrQ-D seems to conict with the kinetic measurement (Tables
2 and S4†).

This controversy is not unusual, and can be rationalized by
the different nonradiative decay rate of the F2 band between
PyrQ (in CH3OH) and PyrQ-D (in CH3OD). The overall PLQY was
Chem. Sci., 2023, 14, 7237–7247 | 7241
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Fig. 4 A plot of the rate constants for excited-state SCPT (kSCPT) of
PyrQs as a function of the pKb of the proton-acceptor N(8) site. The
rate constants were obtained by fluorescence dynamics in methanol,
and pKa values were measured through pH titration experiments (see
text).
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measured to be 0.2% and 0.4% for PyrQ and PyrQ-D, respec-
tively, in CH3OH and CH3OD (see Table 1). The PLQY of F2 can
be further deduced by convolution of the dual uorescence
spectra, assuming a dominant SCPT in the excited state, which
gives 0.042% and 0.062% for PyrQ and PyrQ-D, respectively. For
the F2 band of PyrQ-D in CH3OD, the population decay time (1/
kobs) was measured to be 834 ps, which is twice as long as 427 ps
for PyrQ in CH3OH (Table 2).

We applied PLQY = kr/kobs = kr/(kr + knr), where kr and knr
denote the radiative decay rate and nonradiative decay rate
constants for the F2 band, respectively. kr and knr were then
deduced and are listed in Table S4.† Clearly, while kr of the F2
band is approximately the same between PyrQ and PyrQ-D, the
knr of 1.20 × 109 s−1 for PyrQ-D in CH3OD is nearly twice as slow
as that (2.34 × 109 s−1) for PyrQ in CH3OH. Because the O-D
stretching frequency is lower than that of O–H, it is thus
reasonable to expect that the emission quenching associated
with vibronic coupling in the PyrQ-D/CH3OD H-bonded
complex is weaker than that in the PyrQ/CH3OH H-bonded
complex.

Previous reports have established a mechanism for SCRT
that requires a series of H-bonded solvent molecules to bridge
proton donor and acceptor parts, forming a conduit for the
occurrence of a relay type of proton transfer.14–22 Due to the great
separation distance of 5.136 Å between N(1) and N(8) atoms,
intuitively, there will be insufficient length with two methanol
molecules to construct an H-bonded relay for the SCPT reaction
in PyrQs.

For a solvent relay consisting of a distance greater than that
of two methanol molecules, the structure of the H-bonded relay
to bridge the N(1)–H and N(8) sites may have multiple cong-
urations. To extract the population of these congurations
among all randomized solvated methanol molecules, we then
performed MD simulation,29 the results of which would be able
to differentiate the relay states from those of the bulk states
(excluding the relay states). The details of the corresponding
results and discussion are elaborated below.
7242 | Chem. Sci., 2023, 14, 7237–7247
Computational approach

DFT calculation. Before accessing MD, the density functional
theory (DFT) calculation was performed byGaussian 16 (ref. 30) to
gain insight into the structure–thermodynamics relationship
between normal and proton-transferred tautomer forms. The
molecular structure in the ground state (S0) was optimized by
DFT, and the excited-state (S1) geometries and related optical
properties were computed by time-dependent density functional
theory (TD-DFT) with the B3LYP hybrid function.31–33 6-31+G(d,p)
was used as the basis set throughout the calculation.34–37

The calculations were carried out in methanol using
a polarizable continuummodel (PCM).38 We also performed the
calculation using the CAM-B3LYP/6-31+G(d,p)33 level (see Table
S6†). In comparison, the results of B3LYP/6-31+G(d,p) were
closer to the experimental values from the energy point of view,
such as absorption and emission. Alternatively, the structural
parameters based on B3LYP/6-31+G(d,p) seemed to be more
convenient for the MD approach and will be used later.

The pertinent data for DFT calculations for PyrQs (in meth-
anol) are listed in Table S5.† Clearly, the calculated absorption
and emission energy gaps were consistent with the experi-
mentally observed peak wavelengths for the amino-(normal)
and imino-(tautomer) forms. For the normal form, the calcu-
lated emission gap was in the order of PyrQ < PyrQ-al < PyrQ-CN,
which can be rationalized by the electron-withdrawing strength
of the substituent at the C(3) position, which was in the order of
H (PyrQ) < HC]O (PyrQ-al) < CN (PyrQ-CN).

As shown in Fig. 5a (also in Fig. S31 and S32†) the electron
density distribution for the highest occupied molecular orbital
(HOMO) for PyrQs covered the C(3) substituents, while it was
negligible for the lowest unoccupied molecular orbital (LUMO).
Therefore, the increase in electron-withdrawing strength of the
C(3)-substituent decreases the energy of HOMO, whereas there
is little change in LUMO (see Fig. 5a and S30–S32†), resulting in
an increase in the energy gap. There is a similar argument for
the tautomer form (see Fig. 5a and S30–S32†), and the calcu-
lated results were consistent with the experimental observations
(Fig. 2). Fig. 5b depicts the relative energies between the normal
and tautomer forms in the S0 and S1 states, where SCPT in the
excited state is energetically favorable by >15 kcal mole−1 for all
PyrQs, while clearly the proton transfer is thermally unfavorable
by more than 8 kcal mol−1 in the ground state.

We next performed preliminary DFT calculations to examine
the methanol molecules required for forming the H-bonded
relay suitable for SCPT of PyrQs. We started from two meth-
anol molecules placed around the N(1)–H and N(8) sites of
PyrQs, and then completed the structural optimization (Fig. 5c,
d, and S33†) under a continuum model (methanol). As a result,
the two methanol molecules in the methanol-PyrQs (2 : 1)
hydrogen-bonded complex, where each methanol attaches to
either the N(1)–H or N(8) site, are separated far away by >5 Å (see
Fig. 5c). When three methanol molecules were used, the asso-
ciated methanol-PyrQs complex will not be able to form
a hydrogen-bonded relay conguration (Fig. 5d). Aer obtaining
these results, we next performed the MD calculation elaborated
in the following section.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The electron density distribution of HOMO and LUMO for
PyrQ monitored at Franck–Condon excitation (NFC), with structural
optimization at the normal S1 (N*) and tautomer S1 (T*) state. The
molecular orbital isovalue was set at 0.05. See also Fig. S31 and S32†
for PyrQ-al and PyrQ-CN, respectively. (b) The relative energies
between the normal and tautomer forms in the S0 and S1 states for
PyrQs, calculated under the methanol continuum model. (c) Upon
optimization via the B3LYP/6–31+G(d,p) level, two methanol mole-
cules are insufficient to form a relay to link proton-donating and
-accepting sites (S0 state). (d) Three methanol molecules linked via
hydrogen bonds offer a reasonable relay for proton transfer from the
N(1)–H to the N(8) site (S0 state).
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Molecular dynamics simulation. Herein, explicit solvent
MD29 simulations with AMBER 20 39 were performed on a series
of PyrQ-derived molecules (PyrQ, PyrQ-D, PyrQ-al, and PyrQ-CN)
in methanol to investigate their dynamics and equilibrium
between the bulk and relay state (see Fig. 6a) in methanol. The
results indicate that the PyrQs are dynamically coupled to the
methanol relay conguration in a hydrogen-bonding network
(Fig. 6).

These results, together with the close-up inspections of the
H-bonding congurations for each PyrQs inmethanol, elicit two
important remarks. First, methanol micro-solvation with
hydrogen-bonding does exist for the N(1)–H and N(8) site in
PyrQs (Fig. 6a). Second, there are clearly time-dependent
conguration changes in the methanol relay state and bulk
state (Fig. 6b). When compared with explicit methanol MD
simulations, a locally uctuating density prole is revealed, and
therefore, it seems apparent that fewer trapped methanol
molecules associate with the sites. Both results are consistent
© 2023 The Author(s). Published by the Royal Society of Chemistry
with the experimental observations. With MD simulation, we
are able to dene how many methanol molecules are feasibly
required to conduct the proton transfer (Fig. 7a) and estimate
the fraction of both states from the output trajectory.40 In the
current study, we used femtosecond (fs) time resolution to
analyse the MD trajectory data of PyrQs (see the Experimental
Section).

All the PyrQ MD trajectories were collected up to 10 ns, with
every 1 fs as a snapshot resolution. The 10 ns simulated period
is reasonably longer than sdecay of SCPT in the current time-
resolved experiment, and therefore, a total of 107 fs snapshot
structures were used to obtain the statistics for the H-bond relay
congurations. To precisely measure the time-dependent
evolution of methanol relay structures in the PyrQ:(MeOH)n
complex, it is necessary for the relevant methanol orientations
between N(1)–H and N(8) to strictly obey these two rules: (1) the
distance between the H atom and the acceptor O or N atom
(r(N–H/O) or r(O–H/O) or r(O–H/N)) must be shorter and
within 2.5 Å; (2) the angle of: O/H–N,:H–O/O, and:N/
H–O must be 150° to 180°.

Such criteria are substantial for the complex of chains of
MeOH molecules engaged in the Grotthuss-type transport1 of
a proton, i.e., the proton-jump,2 via an H-bond relay located
between the SCPT-triggered proton donor and the proton
acceptor. The relay is a group bearing an H atom able to
accept an H-bond from the methanol relay group, and at the
same time, form an H-bond with the proton-accepting chain.
Note that because the computation time and capacity are
limited, the MD simulation in the current study is based on
ground-state-optimized PyrQs. Also, the ground-state MD
simulation to probe fractions between bulk and relay
congurations takes advantage of the thermally unfavorable
ground-state SCPT in the relay PyrQ states, which eliminates
the complication of simulation in the excited state due to
SCPT.

TheMD simulation results shown in Fig. 6 conrm the above
viewpoint through observation of the transformation between
the bulk state and relay state of PyrQ. Additionally, it was noted
that the cyclic methanol train(s) is not an isolated H-bond
system. There is a huge methanol source that can immedi-
ately participate in the H-bonding in the PyrQ:(MeOH)n
complex when one hydrogen bond is broken. For the observed
duration up to 10 ns, the PyrQ:(MeOH)n complexes of n$ 6 were
too few in fraction and can thus be ignored (Fig. 6a and 7a).
These results imply that the contribution to SCPT is mainly
from the congurations of PyrQ:(MeOH)3, PyrQ:(MeOH)4, and
PyrQ:(MeOH)5.

These results are also consistent with at least three (n $ 3)
methanol molecules being required to form a PyrQ:(MeOH)n
relay state in the above DFT calculation. Fig. 7a illustrates this
point by showing the distributions of different cyclic relay
congurations, with an equilibrium fraction less than 3%. Also,
we found that the formation of ‘reactive’ complexing geometry
requires additional nearly linear hydrogen bonds to the N(1)–H
and N(8) sites, as illustrated by showing the MD snapshot of
PyrQ:(MeOH)3 (Fig. S34†). Such a complex is severely inhibited
in methanol solvents, whereby the fraction of PyrQmolecules in
Chem. Sci., 2023, 14, 7237–7247 | 7243
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Fig. 6 Illustration of MD simulation trajectory snapshots with fs time resolution. (a) For the PyrQ system, in which the methanol dynamical
configurations show the exchange between the bulk state and relay state. The black dotted line indicates the hydrogen bond distances between
the methanol molecules (the number labelled in deep teal). (b) The time-dependent trajectory analysis of the interaction distances of
PyrQ:(MeOH)n complexes between the relevant methanol H-bond network from PyrQN(1)–H to the N(8) site, as revealed by the red highlight of
different methanol relay chains appearing in time evolution.
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‘reactive’ states is observed to be less than 1%. Thus, it can be
rationalized that the small proportion of reactive solvation
states is due to geometry.40
Fig. 7 (a) The 10 ns MD trajectory statistics (with 107 fs configurations)
structures and their ratio versus the bulk states. (b) The plot shows the equ
site pKb. The left and right y-axes are the Keq and kPT, respectively. The pu
PyrQ-CN using a linear relationship. Note that the deuterium isotope sign
pKb for PyrQ-D and PyrQ are the same.

7244 | Chem. Sci., 2023, 14, 7237–7247
From the view of MD fs dynamics (see Fig. 6 and Movie S1†),
the hydrogen-bonding network is switched to different relay
states by the rapid rotation of the methanol OH group, which
of the PyrQs:(MeOH)n complex population in the different relay chain
ilibrium constant (Keq) and the proton transfer rate (kPT) versus the N(8)
rple and orange solid lines were obtained by fitting PyrQ, PyrQ-al, and
ificantly affects kPT, but Keq is not significant. It is assumed that the N(8)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Keq calculated by the ratio for the inverse of existence time
(s−1) of the relay states (n = 3–5) versus that of the bulk states (s, see
text) according to the MD simulation. kPT is derived from eqn (1) for
PyrQs

Name Solvent

Keq
a kPT

b

— (s−1)

PyrQ CH3OH 2.8% 8.11 × 1011

PyrQ-D CH3OD 2.9% 4.66 × 1011

PyrQ-al CH3OH 2.2% 4.55 × 1011

PyrQ-CN CH3OH 1.7% 3.82 × 1011

a Equilibrium constant between the bulk and relay states in methanol
solvents calculated by MD. b Rate constant of proton transfer, which
was calculated by eqn (1) (kSCPT was measured by time-resolved
uorescence spectroscope) (see Tables S9 and S10).
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thus facilitates the reorganization of the intermolecular H-bond
network as well as the exchange of the surrounding MeOH
molecules, and therefore converts PyrQs to the bulk state.

As shown in Fig. 7a, we can easily and clearly determine the
continuum relay state and the bulk state and consider the
uctuation in the femtosecond scale. To consider n= 3, 4, and 5
for PyrQs:(MeOH)n, the bulk state existence time (s1) and the
relay state existence time (s−1) were counted within an observed
duration of 10 ns (see Fig. 7a). In concept, this existence time (s1
and s−1) was analyzed by the MD trajectory statistics, and s−1/s1
thus is equivalent to a pre-equilibrium constant Keq between the
bulk and relay type of solvation. If one assumes 1/s−1, denoted
as k−1, is >proton-transfer (tunneling) rate kPT (see Scheme 3),
the overall excited-state SCPT rate kSCPT can be expressed by eqn
(1) below.40–42

kSCPT ¼ s�1
s1

� kPT ¼ k1

k�1
� kPT ¼ Keq � kPT (1)

The Keq value calculated by MD simulation (see Table 3) was
used in eqn (1), as well as the experimentally obtained kSCPT
(Table 2), and thus, the proton tunnelling rate kPT was calcu-
lated to be 8.11 × 1011 s−1, 4.55 × 1011 s−1, and 3.82 × 1011 s−1

for PyrQ, PyrQ-al, and PyrQ-CN, respectively (Fig. 7b and Table
3). Clearly, the tunnelling rate kPT is inuenced by the N(3)-
substituent and leads to a decrease in the basicity, i.e., the
ability to accept protons is in the order of PyrQ > PyrQ-al > PyrQ-
CN. Therefore, it is reasonable for us to conclude that the N(8)
proton-accepting process plays a role in the rate-determining
step.

Experimentally, the ratio for the measured kSCPT (2.27 × 1010

s−1) of PyrQ versus that (1.35 × 1010 s−1) of PyrQ-D is 1.68.
Although Keq is virtually the same between PyrQ (0.028 in
CH3OH) and PyrQ-D (0.029 in CH3OD, see Table 3) from MD
simulation, the major difference lies in the deduced tunnelling
Scheme 3 The proposed overall excited-state SCPT process for
PyrQs in methanol, where the H-bonded relay structure is presented
using the PyrQs:(MeOH)3 configuration. See the text for a detailed
elaboration.

© 2023 The Author(s). Published by the Royal Society of Chemistry
rate kPT of 8.11 × 1011 s−1 for PyrQ versus 4.66 × 1011 s−1 for
PyrQ-D, i.e., the deuterium isotope effect for SCPT (see Fig. 7b).
Finally, it should be noted that the above Keq is based on the
sum of the fraction of the n = 3 to 5 methanol relay, assuming
they all undergo a similar kPT. Considering that the increasing
number of solvents involved in the geometrical relay leads to
a decrease in the SCPT rate,40 n = 3 should be considered as the
major contributor to execute excited-state SCPT. Therefore, the
Keq deduced here is considered as an upper limit. For example,
KKeq z 1.6% (see Fig. 7a) for PyrQ if we only take n = 3 into
account for the occurrence of excited-state SCPT.

Summarizing all of the above results and discussion, the
overall excited-state SCPT for PyrQs is depicted in Scheme 3,
where an equilibrium is established between bulk solvated, i.e.,
non-H-bonded relay PyrQs and H-bonded relay PyrQs. The
contribution of the H-bonded relay PyrQs was small (<3%), and
their direct excitation and the associated fast proton transfer
was not pursued in this study. The major bulk solvated PyrQs,
upon excitation, undergo equilibration with the H-bonded relay
PyrQs state, from which proton transfer takes place. The overall
kinetic expression is depicted by eqn (1), where the tunnelling
rate kPT is N(3)-substituent- as well as N(1)–H deuterium
isotope-dependent.

Conclusions

PyrQ and its derivatives, PyrQ-al, PyrQ-CN, were synthesized,
and their physical and photophysical properties were compre-
hensively examined. All studied PyrQs underwent excited-state
SCPT, in which a slower SCPT rate (kSCPT) was resolved upon
increasing the electron-withdrawing ability of the C(3)-
substituent. MD simulation was applied to probe and analyze
the solute/solvent H-bonding conguration and the solvent
molecule arrangement over time for SCPT.

The statistical results conrmed that long-distance SCPT of
PyrQs required 3–5 methanol molecules in a relay conguration
to accomplish the relay-type proton transfer reaction. Further
pH titration hence –N(8) basicity measurement led us to
conclude that the –N(8) proton-accepting strength is the rate-
determining step, which is well correlated with the intrinsic
proton transfer rate kPT. The overall reaction is depicted in
Chem. Sci., 2023, 14, 7237–7247 | 7245
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Scheme 3, with the associated kinetics expressed in eqn (1),
where the tunnelling rate was N(3)-substituent- as well as N(1)–
H deuterium isotope-dependent. The structurally rigid PyrQs
and their sufficiently separated proton-donating and -accepting
sites thus provide valuable fundamental insights into the
excited-state long-range SCPT reaction.

Experimental section
General method of synthesis

All reactions were performed under nitrogen saturated.
Commercially available reagents were used without drying.
Chromatographic separation was carried out using silica gel
from Merck (230–400 mesh). 1H and 13C NMR spectra were
measured with a Varian Unity 400 spectrometer at 400 and 100
MHz, respectively. The chemical shis (d) and the coupling
constants (J) were recorded in parts per million (ppm) and in
Hertz (Hz), respectively.

Photophysics measurements

The absorption and emission spectra were measured by a Hita-
chi U-3310 spectrophotometer and Edinburgh FS980 uorom-
eter. Merck spectrum grade methanol used in the photophysics
experiment. The pH meter (PH500 pH/mV/Temp Meter; Clean
Corp.) employed an electrode of Polilyte HT (Hamilton). The
sodium hydroxide was First Grade (Shimakyu).

An OB-900 lifetime spectrometer (Edinburgh) TCSPC system
with an MCP-PMT was used for picosecond time-resolved
measurement in these studies. The light source was femto-
second laser pulses at 740 nm (Tsunami, Spectra-Physics), and
second-harmonic generation (SHG, 370 nm) of pulses was
selected. The polarization of excitation was set at a magic angle
(54.7°) to eliminate the anisotropy.

MD simulations on solvated PyrQ systems

To observe the balance between the bulk state and the relay
state of the PyrQs:(MeOH)n complex, we performed MD simu-
lations with the AMBER program.39 The partial charges of PyrQs
and methanol molecules were calculated by DFT B3LYP/6-
31G+(p,d) optimization. The Mulliken charges of atoms were
added to the force eld. The quantum calculations were per-
formed in the Gaussian 16 package.30 The initial congurations
of the systems consisted of one PyrQ molecule and 710 meth-
anol molecules, which were generated using the PACKMOL
package43 in a simulation box of 603 Å3 with a density of
approximately 0.4 g cm−3.

All simulations began from a random conguration, energy
minimization was carried out by a combination of the steepest
descent and conjugated gradient method for 20 000 steps. Then,
the simulation box was slowly compressed to a target density of
approximately 0.8 g cm−3. This simulation occurred at 300 K over
10 ns with the NVT ensemble. A constant pressure and constant
temperature (NPT ensemble) simulation was performed at 300 K
and 1 atm for 1 ns to allow the molecules overcome the local tra-
ped well undergoing the thermal relaxation process. Energies and
densities were monitored to ensure adequate convergence within
7246 | Chem. Sci., 2023, 14, 7237–7247
the equilibration period. Aer equilibration, the 10 ns NVT
ensemble was implemented at 300 K to collect 107 fs snapshots per
system for the time-resolved structural analyses.

Data availability

The photophysics spectrum, dynamic data, and MD trajectory
results in this paper are available from the authors.
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