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Hydrogen Bonding Effects on Vibrational 
Dynamics and Photochemistry in Selected Binary 
Molecular Complexes

1 Introduction
Hydrogen bonding, ever since its discovery as 
a weak non-covalent attractive interaction, has 
been recognized to be a crucial binding force to 
determine the structures, physical and chemical 
properties of numerous substances, and it acts 
as a guiding influence in determining the course 
of many biochemical reactions that involve pro-
ton, electron and coupled electron–proton trans-
fers1–3. Much efforts have also been devoted 
therefore in recent years in suggesting a satisfac-
tory definition of hydrogen bonding that fulfils 
all of its attributes and origin4–7. In the present 
review, we have aimed to give an overview with 
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Abstract | This brief review presents an overview and analysis of the 
experimental studies performed recently in the laboratory of the authors 
demonstrating the role of hydrogen bonding as a promotional factor for 
intermolecular vibrational energy relaxation, and as a driving force for 
the occurrences of specific reaction channels in binary molecular com-
plexes. Both vibrational and electronic spectroscopic methods have 
been used, and measurements have been performed in the supersonic 
jet expansion, in cold inert gas matrixes and also in suitable liquids  
at room temperature. Pure and mixed dimers of two types of aromatic 
chromophores, 7-azaindole and phenol, have been used as the model 
molecular systems, which involve O–H···O, O–H···N and N–H···N types 
of hydrogen bonds. The promotional effect of vibrational relaxation has 
been demonstrated showing large broadening of either of the infra-
red X–H stretching fundamentals of the donor groups in the hydrogen-
bonded X–H···Y network of the binary complexes or broadening of the 
fluorescence spectra upon excitations to single vibronic levels of the 
isolated complexes in the gas phase and making comparisons with the 
corresponding spectra of the monomers. A similar approach has been 
adopted to demonstrate the promotion of photodissociation and charge 
transfer reactions in binary complexes by hydrogen bonding.
Keywords: Vibrational relaxation, Photodissociation, Charge transfer reactions, Laser-induced fluorescence, 
Matrix isolation infrared spectroscopy
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convincing experimental evidences that hydro-
gen bonding accelerates intermolecular energy 
dissipation by promoting intermode vibrational 
coupling, and it also initiates and favours specific 
reaction channels. Although many studies have 
been devoted in the recent past to decipher these 
attributes of hydrogen bonding, here, within the 
limited space, only selected findings from studies 
carried out in our laboratory are presented.

Energy redistribution of an excited molecule 
by means of intermode vibrational coupling 
is central to chemical reaction and molecular 
dynamics, and much attention has been devoted 
to understand and control this dynamical 
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phenomenon with both theoretical and experi-
mental studies8–12. Historically the subject was 
developed in attempts to understand the features 
of thermal unimolecular reactions13, 14. Therefore, 
experimental investigation of vibrational energy 
redistribution has remained as a key topic for 
research in the area of chemical dynamics.

In the present study, the main issue is to show 
that in a hydrogen-bonded dimeric molecular 
complex, the dissipation of vibrational energy is 
accelerated upon vibrational and electronic exci-
tations, and the linkage can also act as a conduit 
for the coupled electron proton transfer reaction 
and also in bond breaking HX elimination reac-
tion. The frequencies for hydrogen bond vibra-
tional modes in a molecular adduct are usually 
very low, and as a result, the vibrational mode 
densities are rapidly increased with an increase 
in excitation energy. But we show here that such 
vibrations not only create passive bath, but the 
vibrational modes are coupled efficiently with 
the intramolecular modes of the donor–accep-
tor moieties to accelerate the energy dissipation. 
In the past few decades, many studies both in 
time and frequency domain have been devoted 
to address this issue, and the measurements have 
been carried out under different physical condi-
tions like in bulk liquids, in the gas phase with the 
size-selected molecular clusters and also in the 
cryogenic environment of argon matrix15–22.

A very common manifestation of hydrogen 
bond-induced vibrational dynamics is the very 
broad and red-shifted appearance of the infrared 
O–H stretching fundamental of liquid water in 
contrast to the sharp ro-vibrational transitions 
associated with all the vibrational fundamentals 
in the vapour phase at a low pressure23. Similar 
spectral broadening is also observed for liquid 
alcohols24. Similar spectral changes along with 
large red-shifting of vibrational stretching funda-
mentals have been observed also in O–H···O and 
N–H···O hydrogen-bonded dimeric complexes of 
carboxylic acids and cyclic amides25–27. Even 
under a supersonic jet expansion condition, the 
vibrational fundamental in the mid-infrared 
spectrum displays extremely complex features as 
a manifestation of enhanced vibrational dynam-
ics. Fermi resonance interactions of the spectrally 
red-shifted O–H stretching fundamentals with 
the overtones and combinations of the finger-
print modes of the hydrogen-bonded moieties 
are considered to be responsible for the broad 
and complicated appearances of the spectra28. In 
addition, anharmonic coupling of very low-fre-
quency intermolecular modes with the Fermi 

Fermi resonance: It originates 
because of accidental degen-
eracy of a vibrational funda-
mental with the combination 
or overtone of other modes of 
a polyatomic molecule upon 
satisfaction of symmetric 
criterion. In vibrational or vi-
brationally resolved electronic 
spectra, Fermi resonance is 
manifested as band splitting. 
In addition, there occurs 
substantial changes in the in-
tensity of the transitions, the 
weaker band becomes more 
intense by means of intensity 
borrowing.

multiplets of νO–H also accelerates the vibrational 
dynamics and spectral broadening.

The review has been organized in the fol-
lowing way: first, we have shown that under a 
matrix isolation condition below 10 K, the spec-
tral appearance of N–H stretching fundamental 
of 7-azaindole (7-AI) is drastically altered upon 
formation of N–H···N hydrogen-bonded cyclic 
dimer, and also the photo-isomerization process 
involving the hydrogen-bonded network of the 
dimer. Using p-fluorophenol-water (pFP–H2O) 
binary complex, it has been shown that in the 
first excited state, the single O–H···O hydrogen 
bond very significantly accelerates the vibrational 
energy dissipation from an excited ring mode. 
Second, for the occurrence of excited state cou-
pled electron–proton transfer reaction, the effect 
of a cyclic O–H···N type hydrogen-bonded net-
work between 7-AI and phenol has been shown. 
Finally, for the promotion of light-induced HX 
elimination reaction, the effect of intermolecular 
hydrogen bonding has been discussed using fluo-
rophenols as prototypical systems.

2  N–H···N Hydrogen Bonding: Cyclic 
Dimer of 7‑Azaindole

The doubly hydrogen-bonded cyclic dimer of 
7-AI, inset Fig. 1, has long been studied as a con-
venient prototype to understand the effect of UV 
radiations on the base pairs of double-stranded 
nucleic acids29–31. The dimer undergoes a tau-
tomeric conversion via double proton exchange 
along the two intermolecular N–H∙∙∙N hydro-
gen bonds upon UV excitation as shown in the 
inset of Fig. 2. A similar light-induced process in 
doubly hydrogen-bonded base pairs of nucleic 
acids can result to tautomeric conversions of the 
nucleobases, and which can cause mismatching in 
interstrand base pairing leading to errors in DNA 
replication. Therefore, to investigate how the 
characteristics of the N–H bond are altered due 
to formation of the cyclic networks, the infrared 
N–H stretching fundamentals of the monomer 
and dimer of 7-AI have been compared by isolat-
ing the species in an argon matrix, and the meas-
ured spectra are depicted in Fig. 1.

The top panel (trace a) shows the N–H 
stretching fundamental of 7-AI monomer, which 
appears as a sharp band at ~ 3500 cm−1. In con-
trast, the same transition for the dimer (trace b) 
appears with an extremely complicated structure 
within the frequency range of 2800–3300 cm−1, 
and the overall appearance of this feature does 
not change if the spectrum of the dimer is 
recorded in  CCl4 solution at room temperature 
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(trace c) or under the cold environment of a 
supersonic jet expansion (trace d) that was meas-
ured by Yokoyama et al.32 using IR–UV double 
resonance method. A notable attribute of the νN–

H band of the dimer is that the sub-structures and 
the frequencies remain unchanged in all three 
media as depicted using dotted vertical lines. 
Electronic structure calculation predicts that 
the intensity of the N–H stretching fundamen-
tal is largely enhanced in the dimeric network33. 
Therefore, the complex feature of the dimer band 
has been attributed to extensive Fermi resonance 
interactions of the intensity enhanced νN–H tran-
sition with many of the overtones and combina-
tions of the lower frequency fundamentals. More 
than a decade ago, in a time-resolved measure-
ment in  CCl4 solution, Dwyer et al. showed that 
the lifetime of N–H stretching fundamental of 
7-AI is dramatically reduced upon dimerization, 
from 10 ps for the monomer to 100 fs for dimer34, 
and this temporal behaviour is consistent with 
complementary spectral attributes presented 
here to show that the vibrational dynamics of the 
excited N–H stretching band are accelerated upon 
dimerization. Measurement of fluorescence spec-
trum of the matrix-isolated dimer also reveals 
a vital issue that has been discussed again and 
again concerning the dimensionality of proton 
exchange at the hydrogen-bonded cyclic interface 
of the dimer and thereof similar structural motifs 
upon electronic excitation. In a fluidic medium, 

such excitation of the dimer results to complete 
conversion of 7-AI from its normal to tautomeric 
form, which emits green tautomeric fluorescence 
in contrast to UV fluorescence of the normal 
form. For proton exchange to occur, large-ampli-
tude geometry reorganization at the cyclic inter-
face is expected to be essential. However, direct 
experimental evidence to this respect is rare. A 
comparison of the fluorescence spectra of the 
dimer recorded in  CCl4 solution and in matrix 
isolated condition is presented in Fig. 2.

While in the  CCl4 medium, the dimer emits 
exclusively the green tautomer fluorescence and 
the same also occurs in a supersonic jet expan-
sion, the process appears to be completely 
quenched in the argon (Ar) matrix as it emits 
only UV fluorescence from the locally excited 
state. Similar spectral features were observed for 

Figure 1: Infrared N–H stretching fundamen-
tals of 7-azaindole monomer (trace a) and dou-
bly hydrogen-bonded cyclic dimer (inset), both 
measured in an argon matrix (trace b), in  CCl4 
solution (trace c) and in a supersonic jet expan-
sion (trace d) as reported in Ref. [32].
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Figure 2: Fluorescence emission spectra of 
7-azaindole monomer (trace-A) and dimer (trace-
B) measured in an argon matrix. Trace-C depicts 
the emission spectrum of 7-azaindole dimer in 
 CCl4 solution measured by exciting the dimer at 
the same wavelength (310 nm) as that of matrix-
isolated dimer. The tautomeric emission is absent 
in the matrix-isolated spectrum. The narrow 
bands within 400–500 nm of trace-A are due to 
phosphorescence emission of 7-azaindole mono-
mer, which is quenched in the case of the dimer 
due to the hydrogen bond induced shift of the 
relative energies of the Franck–Condon active 
singlet  (S1) and nearby isoenergetic triplet states. 
The light-induced tautomeric conversion of the 
dimer is also shown.
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the nitrogen  (N2) matrix system33. The finding 
indicates that in the frozen inert gas matrix, tau-
tomerization is inhibited as a result of restrictions 
of the translational as well as rotational degrees 
of freedoms of the embedded molecular species. 
Thus, for inter-moiety proton exchange to occur 
along the two hydrogen bonds of the centrosym-
metric dimer, the large-amplitude vibrations that 
give rise to the reorganization of the dimer geom-
etry at the interface are essential. Electronic struc-
ture calculations predict that the tautomeric form 
of the dimer, in the excited state, is ~ 7 kcal mol−1 
more stable33, and this excess vibrational energy 
has to be redistributed via excitations of the 
large-amplitude vibrations in order for tau-
tomerization to occur, which is allowed in a flu-
idic medium but as said is inhibited in the rigid 
matrix. It has been demonstrated by Sekiya et al. 
that the proton exchange process is slowed down 
upon deuteration of the pyrrolic N–H, which 
indicates that the process occurs via tunnelling 
mechanism35.

3  Vibrational Dynamics 
in p‑Fluorophenol‑Water Dimeric 
Complex
Microsolvated complexes of phenol and its 

derivatives are regarded as suitable models to 
address the solvent effect on light-induced proton 
as well as H-atom transfer processes that are vital 
for many issues pertaining to photo-biology and 
artificial light-harvesting technologies36–41. Phe-
nol is the simplest prototype of photoacids. The 
phenolic residue is abundant in many important 
molecules in nature (e.g., tyrosine), and it plays 
vital role for the occurrence of many acid–base, 
redox reactions as the key steps of natural pro-
cesses, viz. photosynthesis (e.g., water splitting in 
PS II), antioxidant activities, and plant signaling 
etc.,42–47. Due to the presence of a polar O–H 
group, it can interact with its neighboring mole-
cules via different types of hydrogen bonding 
interactions like O–H···X, O–H···π , etc., where X 
is an electronegative atom or group belonging to 
other molecules48. The key issue that has been 
highlighted here is the promotional effect of a 
single O–H···O hydrogen bond on the vibrational 
dynamics in phenolic complexes, and the data 
presented here are obtained from dispersed fluo-
rescence (DF) spectroscopy measured upon exci-
tation to a single vibronic level of a dimeric 
complex between phenol and water49.

The DF spectral method has been used exten-
sively to demonstrate the phenomenon of vibra-
tional energy redistribution upon excitation to a 

Dispersed fluorescence 
(DF): In this type of spectral 
acquisition, the sample mol-
ecule is excited to a specific 
vibronic level of the  S1 state, 
and the fluorescence emission 
from this level is detected 
after dispersing through a 
monochromator. The bands 
in DF spectrum correspond 
to the vibrational levels in the 
ground electronic state  (S0) 
and the intensity patterns are 
primarily determined by the 
Franck–Condon factors of the 
vibrational level in  Sn with 
corresponding levels in  S0. 
Valuable information about 
the excited state molecular 
geometry and intermode 
coupling are obtained by 
analyzing the DF spectra.

single vibronic level in the excited state of a mol-
ecule50, 51. For the pFP–H2O binary complex, the 
spectrum recorded upon one quantum excitation 
of the ring breathing mode (822 cm−1) of pFP 
moiety in a cold supersonic jet expansion is pre-
sented in Fig. 3 (upper trace) and the lower trace 
corresponds to the spectrum recorded by excit-
ing the same mode of the monomer. It is seen 
that the contrast is remarkable. In the case of the 
complex, the spectrum is broad, shows only a few 
structures over the broad background and the 
resonance fluorescence band is negligibly small 
indicating occurrence of irreversible vibrational 
relaxation from the excited (10

1) vibronic level of 
the complex, and the broad red-shifted bands are 
due to emission from many of the relaxed lev-
els. In contrast, the DF spectrum of the mono-
mer shows only narrow band features, and there 
is an intense resonance fluorescence band of 10

1 
type transition at the excitation wavelength, and 
the vibronic band features are of a regular DF 
spectrum and show no indication of vibrational 
relaxation. Similar regular behaviour in the DF 
spectra has been observed for excitations with 
up to ~ 1000 cm−1 of vibronic energy in the  S1 
state of the monomer52. Thus, the single hydro-
gen bond of the complex obviously has an enor-
mous effect on the dynamics of the vibrational 
energy relaxation. The large density of states and 
strong intermode coupling have attributed to 
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Figure 3: The DF spectrum of the p-fluorophe-
nol–water binary complex (inset) (trace-a) meas-
ured upon one quantum excitation of the ring 
breathing mode (822 cm−1, 10

1) of phenolic moiety 
in the  S1 state. The spectrum measured by excit-
ing to the same level in  S1 of p-fluorophenol mon-
omer is shown in the lower panel. The complete 
broadening of the spectrum in the former case 
is the direct manifestation of hydrogen bond-
induced vibrational relaxation.
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the early onset of vibrational relaxation in the 
case of the complex. To depict the occurrence of 
hydrogen bond induced vibrational relaxation in 
the ground electronic state, Ebata et al. had used 
a multi-resonance time-resolved infrared spec-
troscopic method53. The authors suggested that 
the energy threshold for initiation of vibrational 
relaxation in the case of the parent phenol-water 
complex has a similar value as compared to that 
observed for pFP–H2O binary complex in the 
excited state53.

It has been suggested that the hydrogen 
bond promotes coupling between the vibronic 
level directly excited and some of the back-
ground levels that are Franck–Condon inac-
tive49. Restricted vibrational relaxations are 
observed when such coupling involves only a 
limited number of background levels. This phe-
nomenon is revealed in the DF spectrum when 
a ring distortion mode, with frequency as small 
as 422 cm−1, of pFP moiety of the complex 
under discussion, was excited. The DF spectra 
of both the binary complex and pFP monomer 
are shown in Fig. 4, and clearly the spectrum in 
the former case is more complex, which shows 
a number of new features that are absent in the 
spectrum of the monomer, and the most intense 
one is labeled with R, and the band appears as 
combination all through the spectrum. The 
emission spectral bands, in the case of pFP 
monomer, are only from the excited vibronic 

level. Whereas, in the case of the complex, the 
hydrogen bond promotes level mixing of the 
Franck–Condon level with a number of back-
ground levels that are not accessible for direct 
excitation from the ground electronic state of 
the complex.

A direct manifestation of intermode vibra-
tional coupling is the appearance of Fermi reso-
nance bands in the measured spectra. In present 
context, the aim is to demonstrate appearance of 
Fermi resonance transitions involving hydrogen 
bond modes. Although, the hydrogen bond 
stretching frequency of the same binary complex 
in the excited state is ~ 155 cm−1, and no other 
band is expected to appear in the same frequency 
region of the fluorescence excitation (FE)spectrum, 
which is equivalent to electronic absorption spec-
trum, the measured spectrum displays two adja-
cent features at 155 and 161 cm−149. On the other 
hand, the DF spectra recorded upon excitations at 
these two vibronic levels of the complex are found 
to look identical49, and which is possible only if the 
two levels have similar vibrational character as a 
result of Fermi resonance interaction. Further 
analysis reveals that the doublet band of the FE 
spectrum is due to Fermi resonance interaction of 
the hydrogen bond stretching fundamental with a 
low-frequency overtone of the out of plane bend-
ing vibration of the two para substituted groups of 
the aromatic ring.

Fluorescence excitation 
(FE): In this technique, total 
emission or a segment of the 
emission of sample is probed 
while scanning the excitation 
wavelength over the sample’s 
absorption spectral range. In 
FE spectrum, the vibrational 
band structures indicate 
allowed vibronic transitions 
corresponding to the  S1 ← S0, 
i.e., the vibrational levels 
in the  S1 state. Analysis of 
FE spectrum of a molecule 
provides information about 
the excited state nonradiative 
dynamics.
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Figure 4: The DF spectrum (trace-a) of the p-fluorophenol–water binary complex measured upon one 
quantum excitation of a ring distortion mode (422 cm−1, 6a0

1) in the  S1 state of phenolic moiety. The spec-
trum measured by exciting to the same level in  S1 of p-fluorophenol monomer is shown in the lower panel 
(trace-b). In the top panel, the additional intense band, labeled by R, is an indication of opening up of 
additional emission channel induced by hydrogen bonding. The emission occurs from a level in  S1 which 
is not accessible for direct excitation.
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4  Hydrogen Bonding Promotes 
Photochemical Reactivity by Lowering 
Energy Barrier

Although fluorine is the highest electronega-
tive element in the periodic table, a covalently 
bound F-atom in an organic molecule is known 
as a weak hydrogen bond acceptor. However, 
conclusive experimental evidence has been pro-
vided recently showing that intermolecular 
hydrogen bonding involving F as acceptors pro-
motes HF elimination reaction in electronically 
excited hydrogen-bonded dimeric complexes of 
2- and 3-fluorophenols (2- and 3-FP) in the gas 
phase. The reaction has been probed using the 
method of resonant two-photon ionization mass 
spectrometry54.

The simplest photochemistry that occurs 
upon the lowest ππ∗ excitation of phenol in the 
vapour phase is the dissociation of the O–H 
bond. The proposed dynamical mechanism for 
occurrence of this reaction is an interplay 
between  S1, the lowest ππ∗ (bound) and  S2, which 
is πσ∗ in nature (dissociative), and the detailed 
features of the reaction have been analyzed in 
recent years both by experimental and theoretical 
approaches55–60. The dynamics of photo-frag-
mentation of 2-, 3- and 4-chlorophenol mono-
mers have been investigated recently by Ashfold 
and co-workers, and it has been observed that the 
 S1 state lifetime of the syn conformer of 2-chloro-
phenol (2-CP) is much shorter, of the order of 
subpicosecond, in comparison to those of 3-, and 
4-chlorophenols (3- and 4-CP)61. However, no 
such lifetime shortening occurs in the case of 
2-FP as reported by Pino et al. by measuring the 
 S1 state lifetimes directly using picosecond 
pump–probe spectroscopy62. As an explanation it 
was suggested that in the case of 2-CP, intramo-
lecular O–H···Cl hydrogen bonding is the main 
promoting factor for breaking of the C–Cl bond 
and results to lifetime shortening54. The intramo-
lecular O–H···F hydrogen bonding in 2-FP being 
weaker and C–F bond energy is larger compared 
to that of C–Cl bond, its  S1 dynamics is similar to 
that of parent phenol63. In the case of fluorophe-
nols, it was proposed earlier by performing mass 
spectrometric analysis that upon resonant two-
photon ionization, 2-FP monomer undergoes HF 
elimination reaction to a little extent but the same 
does not occur at all in the case of 3-FP mono-
mer54. On the other hand, a resonant 2-photon 
(266 nm) ionization mass spectrometric analysis 
with the hydrogen-bonded dimer of 2-FP reveals 
that the HF loss tendency is so large that the mass 
spectrum shows only HF loss fragment ion mass 
peak (m/z = 204 amu) and no intact dimer cation 

Resonant two-photon ioniza-
tion: In this technique, the 
sample molecules are irradi-
ated by a laser with tunable 
wavelength range where the 
wavelength of the laser light 
is adjusted in such a way that 
the molecules are excited to 
an intermediate electronic 
state by absorbing one photon 
and absorption of a second 
photon leads to ionization. 
The rate of ionization is 
enhanced by several orders 
of magnitude due to excita-
tion to the electronic states 
resonant with the incident 
light energy.

survives, as shown in Fig. 5a. On the other hand, 
for 3-FP, the mass ion peak corresponding to HF 
loss from the monomer is absent (Fig. 5b) and 
the predominant photochemical channel is CO 
loss as happened from parent phenol cation. But 
the HF loss channel is opened up for 3-FP dimer, 
and the mass spectrum (inset) shows both the 
intact dimer cation as well as HF loss fragment 
ion signals.

Electronic structure theory calculation pre-
dicts that HF loss from the dimer is a barrierless 
process in the  S1 state but there is a small bar-
rier (~ 0.1 eV) in the case of the monomer54. The 
same reaction in the cationic ground state is a 
high barrier process, which is nearly 3.15 eV for 
2-FP monomer and 2.8 eV for the dimer. Thus, 
we suggest that the reaction takes place only in 
the  S1 state. The calculation at the same level pre-
dicts that for 3-FP monomer, CO loss is more 
favourable compared to HF loss54. However, in 
the hydrogen-bonded dimer, HF loss in the  S1 
state is still a high barrier process, although, the 
process is energetically favourable in the cationic 
ground state and as a result, both intact dimer 
and HF loss signals are observed in the mass 
spectrum.

5  Coupled Electron–Proton Transfer 
Reaction in 7‑Azaindole‑Phenol Binary 
Complex

Coupled electron–proton transfer reaction is 
a variant of H-atom transfer reaction, which 
can also take place as a proton-coupled electron 
transfer (PCET) reaction. The differences among 
the processes are the reaction sequences and 
types of molecular orbitals involved in the elec-
tron transfer step. It has been demonstrated that 
such reaction occurs very efficiently in a binary 
complex of phenol with 7-AI in a nonpolar liquid 
upon electronic excitation64. As a result of such 
reaction, the fluorescence signal of excited 7-AI is 
quenched. The study also revealed that although 
anisole is a more effective electron donor, it can-
not quench the 7-AI fluorescence at all. In the 
ground state, the binary complex between phenol 
and 7-AI assumes a planar cyclic structure, where 
phenol acts both as hydrogen bond donor as well 
as acceptor. Such hydrogen bonding network 
has been suggested to be the main factor for the 
occurrence of the coupled reaction as similar net-
work cannot be formed in the case of the com-
plex between anisole and 7-AI.

The complex formation was carried out by 
mixing 7-AI and phenol in different concen-
tration ratios in methylcyclohexane (MCH) 
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solution. Phenol preferentially forms 1:1 com-
plex with 7-AI, and calculation predicts that a 
cyclic doubly hydrogen-bonded geometry is the 
most suitable for this complex where each moiety 
simultaneously acts as hydrogen bond donor as 
well as acceptor (inset, Fig. 6).

The identity of the 1:1 nature of the binary 
complex was established analyzing the changes 
in intensity of the complex band in the UV–vis-
ible absorption spectra in terms of Benesi–Hilde-
brand plot64. In the absorption spectrum, the 
band for the complex appears with a redshift of 
a few nanometers with respect to that of 7-AI 
monomer. In the fluorescence spectra, the 7-AI 
monomer fluorescence is largely quenched in the 
presence of phenol as shown in Fig. 6. Mecha-
nistically the quenching has been proposed to be 
due to a coupled electron–proton transfer, where 
phenol is the donor for both the proton and elec-
tron. Furthermore, phenol being a weak acid, it 
is expected that it would act as a catalyst for the 
conversion of 7-AI from normal to tautomeric 
form. However, the observed quenching indi-
cates that electron–proton transfer involving the 
hydrogen-bonded network between pyridinic N 
and phenolic O–H (N∙∙∙O–H) is preferred over 
the competing tautomerization process.

0 50 100 150 200 250 300 350 400
m/z (amu)

200 205 210 215 220 225 230
m/z (amu)

(M2-HF)•+

O
H

F

2-FP

H
F 

 lo
ss

M.+

0 50 100 150 200 250 300 350 400

m/z (amu)

M2
•+

(M2-HF)•+

O
H

F

3-FP 200 205 210 215 220 225 230
m/z (amu)

C
O

 lo
ss

(b)

(a)

Figure 5: Time-of-flight (TOF) mass spectra recorded upon photoionization (266 nm) of 2- and 3-fluoro-
phenols (shown in the insets) (a, b, respectively) under supersonic jet expansion condition at laser energy 
of 32 μJ pulse−1 in each case. The supersonic jet expansion was carried out using argon backing pres-
sure of 0.5 atm to promote cluster formation. The expanded views of the dimer mass regions are dis-
played in the insets.

Figure 6: The quenching of the fluorescence of 
7-azaindole monomer upon mixing with phenol 
at different concentrations in methylcyclohex-
ane solutions at room temperature. Trace-1 for 
pure 7-azaindole solution in absence of phenol. 
Traces 2, 3 and 4 indicate occurrence of fluores-
cence quenching with increasing concentration 
of phenol in the solutions. Trace-5 is for pure sol-
vent indicating there is no fluorescence impurity. 
Trace-6 indicates that instead of phenol if etha-
nol is added, tautomerization is promoted. The 
observed quenching is interpreted in terms of 
PCET reaction.
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6  Perfluoro Effect on Emitting Behaviour 
of Phenol in Protic Solvents

Perfluoro effect refers to a significant change in 
electronic absorption spectral appearance and 
photophysical behaviour of an aromatic com-
pound occurring as a result of complete or nearly 
complete replacement of hydrogen atoms of the 
molecule by fluorine. The notable manifesta-
tions of perfluoro effect, from the viewpoint of 
electronic structure, is appearance of many low-
lying πσ∗ states, and in many cases one or more 
of such states are energetically below the low-
est ππ∗ states, where the latter are responsible 
for near UV absorption bands of small aromatic 
molecules. Direct electronic transitions from the 
ground state to these low-lying πσ∗ states are not 
Franck–Condon allowed, but due to strong cou-
pling with the nearly isoenergetic ππ∗ states, the 
electronic spectra are significantly distorted, and 
in many cases the sharp vibrational structures 
associated with the electronic transitions are lost 
and the spectra appear as a broad feature. The 
other notable effect is the much red-shifted emis-
sion spectra because the emission occurs from 
the low-lying πσ∗ states. In the context of the pre-
sent review, an interesting feature that has been 
observed is the effect of the hydrogen bonding 
protic solvents on the emission spectral charac-
teristics of such perfluorophenols as stated briefly 
in the following paragraph.

The protic solvents are known to have a 
remarkable effect on the fluorescence spectral 
properties of phenol65. While the fluorescence 
quantum yield of phenol in the vapour phase is 
very small with a lifetime as short as 2 ns66, the 
fluorescence yield is increased by about two 
orders of magnitude in the hydrogen-bonded 

liquid methanol. The common explanation that is 
given is that the shifting of the electronic energy 
levels by solvation process blocks the non-radia-
tive internal conversion process which is very effi-
cient for phenol in the vapour phase and also in 
non-protic liquids. Completely opposite behav-
iour is noted in the case of perfluorophenols. 
Upon hydrogen bonding with the protic solvent 
molecules, some of the dark πσ∗ states of per-
fluorophenols are lit up with appreciable inten-
sity and the new bands appear in the electronic 
absorption spectra but those are absent in the 
spectra of the vapour phase. Electronic structure 
theory calculations for size-specific clusters with 
water show that intensities of a number of πσ∗ 
states are enhanced with increase in cluster size, 
pentafluorophenol–(H2O)n, i.e., with increase in 
the value of n65. In contrast, the emission behav-
iour is totally opposite, and in protic solutions the 
fluorescence is completely quenched as shown 
below (Fig. 7). In the case of parent phenol, coni-
cal intersection of the lowest πσ∗ state (dissocia-
tive along O–H stretching coordinate) with the 
ground state is a major factor to determine its 
non-radiative electronic relaxation behaviour. 
As perfluorophenols have many such states, their 
relative positions and their interactions with the 
ground state by the protic liquids determine the 
emission behaviour.

7  Summary and Outlook
The large volume of literature accumulated over 
the past decades on hydrogen bonding has dealt 
with, nearly exclusively, the roles of this ubiqui-
tous non-covalent specific interaction on different 
issues pertaining to structure and physical prop-
erties of molecules, clusters, crystals, and liquids. 
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Figure 7: Solvent effects on fluorescence spectra of (a) phenol and (b) PFP. In each solution, the con-
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On the other hand, although limited in number, 
there are reports demonstrating conclusive evi-
dences that this interaction plays a vital role in 
chemical dynamics. Only a handful of illustra-
tions have been cited here, covering key issues of 
chemical dynamics, viz. vibrational relaxation, 
bond dissociation, and charge transfer. In every 
case, hydrogen bonding plays active role either 
by augmenting coupling of the molecular bond 
vibrational modes with the bath modes produced 
by low-frequency hydrogen bond vibrations or 
providing suitable orientations for occurrences of 
reactions involving H atoms. There are numerous 
examples in the literature showing that molecular 
complexes and materials with tailor-made designs 
involving hydrogen-bonded networks have been 
used to channelize photo-induced hydrogen or 
coupled electron proton transfer reactions in 
artificial light-harvesting systems. Much scope is 
there to explore fundamental issues of such reac-
tions with size-specific molecular complexes, and 
research activities in this direction are expected in 
the coming days.

Publisher’s Note 
Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and insti-
tutional affiliations.

Acknowledgements
The authors thank Drs. Deb Pratim Mukhopad-
hyay, Moitrayee Mukherjee, and Shreetama Kar-
makar to allow us using their reports to prepare 
this review.

Received: 24 October 2019   Accepted: 7 December 2019
Published online: 30 December 2019

References
 1. Stowell MHB, McPhillips TM, Rees DC, Soltis SM, Abresch 

E, Feher G (1997) Light-induced structural changes in pho-

tosynthetic reaction center: implications for mechanism of 

electron–proton transfer. Science 276:812–816

 2. Ghosh AK, Schuster GB (2006) Role of the guanine N1 

imino proton in the migration and reaction of radical cati-

ons in DNA oligomers. J Am Chem Soc 128:4172–4173

 3. Chatterjee P, Ghosh AK, Samanta M, Chakraborty T 

(2018) Barrierless proton transfer in the weak C–H···O 

hydrogen bonded methacrolein dimer upon nonresonant 

multiphoton ionization in the gas phase. J Phys Chem A 

122:5563–5573

 4. Pimentel GC, McClellan AL (1960) The hydrogen bond. W. 

H. Freeman and Company, San Francisco

 5. Desiraju GR, Steiner T (1999) The weak hydrogen bond. 

Oxford University Press, Oxford

 6. Arunan E, Desiraju GR, Klein RA, Sadlej J, Scheiner S, 

Alkorta I, Clary DC, Crabtree RH, Dannenberg JJ, Hobza P, 

Kjaergaard HG, Legon AC, Mennucci B, Nesbitt DJ (2011) 

Definition of the hydrogen bond: an account. Pure Appl 

Chem 83:1619–1636

 7. Kollman PA, Allen LC (1972) Theory of the hydrogen bond. 

Chem Rev 72:283–303

 8. Bondybey VE (1984) Relaxation and vibrational energy 

redistribution processes in polyatomic molecules. Annu 

Rev Phys Chem 35:591–612

 9. Nesbitt DJ, Field RW (1996) Vibrational energy flow in 

highly excited molecules: role of intramolecular vibrational 

redistribution. J Phys Chem 100:12735–12756

 10. Felker PM, Zewail AH (1985) Dynamics of intramolecu-

lar vibrational-energy redistribution (IVR). I. Coherence 

effects. J Chem Phys 82:2961–2974

 11. Reid KL (2008) Picosecond time-resolved photoelectron 

spectroscopy as a means of gaining insight into mecha-

nisms of intramolecular vibrational energy redistribution 

in excited states. Int Rev Phys Chem 27:607–628

 12. Boyall D, Reid KL (1997) Modern studies of intramo-

lecular vibrational energy redistribution. Chem Soc Rev 

26:223–232

 13. Tardy DC, Rabinovitch BS (1977) Intermolecular vibra-

tional energy transfer in thermal unimolecular systems. 

Chem Rev 77:369–408

 14. Klein IE, Rabinovitch BS, Jung KH (1977) Vibrational 

energy transfer by a competitive channel method in ther-

mal unimolecular systems. A definitive measurement of the 

temperature dependence of collisional efficiency. J Chem 

Phys 67:3833–3835

 15. Abe H, Mikami N, Ito M, Udagawa Y (1982) Vibrational 

energy redistribution in jet-cooled hydrogen-bonded phe-

nols. Chem Phys Lett 93:217–220

 16. Nibbering ET, Dreyer J, Kühn O, Bredenbeck J, Hamm 

P, Elsaesser T (2007) Vibrational dynamics of hydrogen 

bonds. In: Kühn O, Wöste L (eds) Analysis and control of 

ultrafast photoinduced reactions. Chemical physics, vol 87. 

Springer, Berlin, Heidelberg

 17. Nibbering ETJ, Elsaesser T (2004) Ultrafast vibrational 

dynamics of hydrogen bonds in the condensed phase. 

Chem Rev 104:1887–1914

 18. Kayano M, Ebata T, Yamada Y, Mikami N (2004) Pico-

second IR–UV pump–probe spectroscopic study of the 

dynamics of the vibrational relaxation of jet-cooled phenol. 

II. Intracluster vibrational energy redistribution of the OH 

stretching vibration of hydrogen-bonded clusters. J Chem 

Phys 120:7410–7417. https ://doi.org/10.1063/1.16686 41

 19. Banerjee P, Chakraborty T (2018) Weak hydrogen bonds: 

insights from vibrational spectroscopic studies. Int Rev 

Phys Chem 37:83–123

 20. Yamada Y, Katsumoto Y, Ebata T (2007) Picosecond IR–UV 

pump–probe spectroscopic study on the vibrational energy 

flow in isolated molecules and clusters. Phys Chem Chem 

Phys 9:1170–1185

https://doi.org/10.1063/1.1668641


164

P. Chatterjee et al.

1 3 J. Indian Inst. Sci.| VOL 100:1 | 155–165 January 2020 | journal.iisc.ernet.in

 21. Huse N, Bruner BD, Cowan ML, Dreyer J, Nibbering ETJ, 

Miller RJD, Elsaesser T (2005) Anharmonic couplings 

underlying the ultrafast vibrational dynamics of hydrogen 

bonds in liquids. Phys Rev Lett 95:147402–147404

 22. Mukhopadhyay DP, Biswas S, Chakraborty T (2017) 

Intermolecular vibrations and vibrational dynamics of a 

phenol···methanol binary complex studied by LIF spectros-

copy. Chem Phys Lett 674:71–76

 23. Eisenberg D, Kauzmann W (1969) The structure and prop-

erties of water. Oxford University Press, Oxford

 24. Falk M, Whalley E (1961) Infrared spectra of methanol 

and deuterated methanols in gas, liquid, and solid phases. J 

Chem Phys 34:1554–1568

 25. Ito F, Nakanaga T (2000) A jet-cooled infrared spectrum of 

the formic acid dimer by cavity ring-down spectroscopy. 

Chem Phys Lett 318:571–577

 26. Pandey P, Samanta AK, Bandyopadhyay B, Chakraborty 

T (2011) Infrared spectroscopy of 2-pyrrolidinone and its 

hydrogen bonded dimers in a cold (8 K) inert gas matrix. 

Vib Spec 55:126–131

 27. Pandey P, Samanta AK, Bandyopadhyay B, Chakraborty 

T (2010) Amide-I and amide-A bands of δ-valerolactam 

and its dimers: a combined matrix isolation—FTIR spec-

troscopy and quantum chemistry study. J Mol Struct 

975:343–348

 28. Dreyer J (2007) Unravelling the structure of hydrogen bond 

stretching mode infrared absorption bands: an anharmonic 

density functional theory study on 7-azaindole dimers. J 

Chem Phys 127:54309

 29. Taylor CA, El-Bayoumi MA, Kasha M (1969) Excited-state 

two-proton tautomerism in hydrogen-bonded N-heterocy-

clic base pairs. Proc Natl Acad Sci USA 63:253–260

 30. Abdoul-Carime H, Bouteiller Y, Desfrancois C, Philippe L, 

Schermann JP (1997) Excess electrons in polar cluster ani-

ons. Acta Chem Scand 51:145–150

 31. Folmer DE, Wisniewski ES, Hurley SM, Castleman AW 

(1999) Femtosecond cluster studies of the solvated 7-azain-

dole excited state double-proton transfer. Proc Natl Acad 

Sci USA 96:12980–12986

 32. Yokoyama H, Watanabe H, Omi T, Ishiuchi S, Fujii M 

(2001) Structure of hydrogen-bonded clusters of 7-azain-

dole studied by IR dip spectroscopy and ab initio molecular 

orbital calculation. J Phys Chem A 105:9366–9374

 33. Mukherjee M, Bandyopadhyay B, Chakraborty T (2012) 

Ultraviolet and infrared spectroscopy of matrix-isolated 

7-azaindole dimer: matrix effect on excited state tautomeri-

zation. Chem Phys Lett 546:74–79

 34. Dwyer JR, Dreyer J, Nibbering ETJ, Elsaesser T (2006) 

Ultrafast dynamics of vibrational N–H stretching exci-

tations in the 7-azaindole dimer. Chem Phys Lett 

432:146–151

 35. Sakota K, Sekiya H (2005) Excited-state double-proton 

transfer in the 7-azaindole dimer in the gas phase. 2. Coop-

erative nature of double-proton transfer revealed by H/D 

kinetic isotopic effects. J Phys Chem A 109:2722–2727

 36. David O, Dedonder-Lardeux C, Jouvet C (2002) Is there 

an excited state proton transfer in phenol (or 1-naphthol)-

ammonia clusters? Hydrogen detachment and transfer to 

solvent: a key for non-radiative processes in clusters. Int Rev 

Phys Chem 21:499–523

 37. Sato S, Mikami N (1996) Size dependence of intracluster 

proton transfer of phenol–(H2O)n (n = 1–4) cations. J Phys 

Chem 100:4765–4769

 38. Miyazaki M, Kawanishi A, Nielsen I, Alata I, Ishiuchi S, 

Dedonder C, Jouvet C, Fujii M (2013) Ground state pro-

ton transfer in phenol–(NH3)n (n ≤ 11) clusters studied 

by mid-IR spectroscopy in 3–10 μm range. J Phys Chem A 

117:1522–1530

 39. Pino GA, Dedonder-Lardeux C, Grégoire G, Jouvet C, Mar-

trenchard S, Solgadi D (1999) Intracluster hydrogen trans-

fer followed by dissociation in the phenol–(NH3)3 excited 

state: PhOH(S1)–(NH3)3 → PhO· + (NH4)(NH3)2. J Chem 

Phys 111:10747–10749

 40. Domcke W, Sobolewski AL (2003) Unraveling the molecu-

lar mechanisms of photoacidity. Science 302:1693–1694

 41. Ishiuchi S, Daigoku K, Saeki M, Sakai M, Hashimoto K, 

Fujii M (2002) Hydrogen transfer in photoexcited phenol/

ammonia clusters by UV–IR–UV ion dip spectroscopy and 

ab initio molecular orbital calculations. I. Electronic transi-

tions. J Chem Phys 117:7077–7082

 42. Rappoport Z (2003) The chemistry of phenols. Wiley, New 

York, p 129

 43. Barry BA, El-Deeb MK, Sandusky PO, Babcock GT (1990) 

Tyrosine radicals in photosystem II and related model com-

pounds. J Biol Chem 265:20139–20143

 44. Burton GW, Ingold KU (1986) Vitamin E: application 

of the principles of physical organic chemistry to the 

exploration of its structure and function. Acc Chem Res 

19:194–201

 45. Schink B, Philipp B, Müller J (2000) Anaerobic degradation 

of phenolic compounds. Naturwissenschaften 87:12–23

 46. Mandal SM, Chakraborty D, Dey S (2010) Phenolic acids 

act as signaling molecules in plant-microbe symbioses. 

Plant Signal Behav 5:359–368

 47. Feys BJ, Parker JE (2000) Interplay of signalling pathways in 

plant disease resistance. Trends Genet 16:449–455

 48. Dopfer O, Melf M, Müller-Dethlefs K (1996) Zero kinetic 

energy photoelectron (ZEKE) spectroscopy of the het-

erotrimer phenol–water–argon: interaction between a 

hydrogen bond and a van der Waals bond. Chem Phys 

207:437–449

 49. Mukhopadhyay DP, Biswas S, Chakraborty T (2016) LIF 

spectroscopy of p-fluorophenol···water complex: hydrogen 

bond vibrations, fermi resonance, and vibrational relaxa-

tion in the excited state. J Phys Chem A 120:9159–9169

 50. Nandi CK, Chakraborty T (2004) Hydrogen bond-induced 

vibronic mode mixing in benzoic acid dimer: a laser-

induced fluorescence study. J Chem Phys 120:8521–8527

 51. Feng K, Engler G, Seefeld K, Kleinermanns K (2009) Dis-

persed fluorescence and delayed ionization of jet-cooled 



165

Hydrogen Bonding Effects on Vibrational Dynamics and Photochemistry

1 3J. Indian Inst. Sci. | VOL 100:1 | 155–165 January 2020 | journal.iisc.ernet.in

2-aminopurine: relaxation to a dark state causes weak fluo-

rescence. ChemPhysChem 10:886–889

 52. Biswas P, Pandey P, Chakraborty T (2008) Dispersed fluo-

rescence spectroscopy of p-fluorophenol. Chem Phys Lett 

454:163–170

 53. Ebata T, Furukawa M, Suzuki T, Ito M (1990) Stimulated-

emission ion-dip spectra of phenol-H2O hydrogen-bonded 

complex: estimation of intramolecular vibrational redistri-

bution rates of ground-state vibrational levels. J Opt Soc 

Am B 7:1890–1897

 54. Chatterjee P, Ghosh AK, Chakraborty T (2017) Hydro-

gen bond induced HF elimination from photoion-

ized fluorophenol dimers in the gas phase. J Chem Phys 

146:084310–084311

 55. Xie C, Ma J, Zhu X, Yarkony DR, Xie D, Guo H (2016) Non-

adiabatic tunneling in photodissociation of phenol. J Am 

Chem Soc 138:7828–7831

 56. Sobolewski AL, Domcke W (2001) Photoinduced electron 

and proton transfer in phenol and its clusters with water 

and ammonia. J Phys Chem A 105:9275–9283

 57. Ashfold MNR, Devine AL, Dixon RN, King GA, Nix MGD, 

Oliver TAA (2008) Exploring nuclear motion through coni-

cal intersections in the UV photodissociation of phenols 

and thiophenol. Proc Natl Acad Sci USA 105:12701–12706

 58. Sobolewski AL, Domcke W, Dedonder-Lardeux C, Jouvet 

C (2002) Excited-state hydrogen detachment and hydrogen 

transfer driven by repulsive 1πσ∗ states: a new paradigm for 

nonradiative decay in aromatic biomolecules. Phys Chem 

Chem Phys 4:1093–1100

 59. Iqbal A, Stavros VG (2010) Active participation of 1
πσ

∗ 

states in the photodissociation of tyrosine and its subunits. 

J Phys Chem Lett 1:2274–2278

 60. Dixon RN, Oliver TAA, Ashfold MNR (2011) Tunnelling 

under a conical intersection: application to the product 

vibrational state distributions in the UV photodissociation 

of phenols. J Chem Phys 134:194303–194310

 61. Harris SJ, Karsili TNV, Murdock D, Oliver TAA, Wenge 

AM, Zaouris DK, Ashfold MNR, Harvey JN, Few JD, Gow-

rie S, Hancock G, Hadden DJ, Roberts GM, Stavros VG, 

Spighi G, Poisson L, Soep B (2015) A multipronged com-

parative study of the ultraviolet photochemistry of 2-, 

3-, and 4-chlorophenol in the gas phase. J Phys Chem A 

119:6045–6056

 62. Pino GA, Oldani AN, Marceca E, Fujii M, Ishiuchi S-I, 

Miyazaki M, Broquier M, Dedonder C, Jouvet C (2010) 

Excited state hydrogen transfer dynamics in substi-

tuted phenols and their complexes with ammonia: ππ∗

–πσ∗ energy gap propensity and ortho-substitution effect. J 

Chem Phys 133:124313

 63. Shin DN, Hahn JW, Jung K, Ha T (1998) Study of the cis 

and trans conformers of 2-halophenols using coherent 

anti-Stokes Raman spectroscopic and quantum chemical 

methods. J Raman Spectrosc 29:245–249

 64. Mukherjee M, Karmakar S, Chakraborty T (2011) Inhibi-

tion of light-induced tautomerization of 7-azaindole by 

phenol: indications of proton-coupled electron/energy 

transfer quenching. J Phys Chem A 115:1830–1836

 65. Karmakar S, Mukhopadhyay DP, Chakraborty T (2015) 

Electronic spectra and excited state dynamics of pen-

tafluorophenol: effects of lowlying πσ∗ states. J Chem Phys 

142:184303–184312

 66. Sur A, Johnson PM (1986) Radiationless transitions in gas 

phase phenol and the effects of hydrogen bonding. J Chem 

Phys 84:1206–1209

Dr. Piyali Chatterjee obtained her Ph.D. 
degree from Jadavpur University working at 
Indian Association for the Cultivation of 
Science, Kolkata, under the supervision of 
Prof. Tapas Chakraborty in 2019. Currently 
she is working as Research Associate under 

Prof. T. Chakraborty at IACS. Her research interest is mass 
spectrometric investigation of photochemical processes in 
molecules and small molecular clusters, particularly those 
involving proton or hydrogen transfers.

Mr. Souvick Biswas is currently pursuing 
Ph.D. and working as a Senior Research Fel-
low at Indian Association for the Cultiva-
tion of Science, Kolkata, under the supervi-
sion of Prof. Tapas Chakraborty. His 
research interests are spectroscopic identifi-

cation of short-lived isolated molecular complexes in the 
electronic excited state by laser-induced fluorescence and 
development of sensitive optical instruments to measure 
trace atmospheric gases.

Dr. Tapas Chakraborty is currently a Sen-
ior Professor of Physical Chemistry at 
Indian Association for the Cultivation of 
Science (IACS), Kolkata, since 2007. He was 
a member of the faculty of chemistry at IIT 
Kanpur during 1994–2007. His research 

interest is gas phase photochemistry relevant to atmospheric 
processes, LIF spectroscopy of molecular complexes, matrix 
isolation infrared spectroscopy and mass spectrometry. Dr. 
Chakraborty got his Ph.D. degree from Jadavpur University 
working at IACS under the supervision of Late Prof. Mihir 
Chowdhury, and he also worked as a postdoctoral researcher 
with Prof. Edward C Lim at the University of Akron, USA. 
He was a DAAD visiting Scholar at Technical University of 
Munich, Germany, during 1996–1997, and worked as visit-
ing Associate Professor at the Department of Physics and 
Astronomy, University of Aarhus, Denmark, in the year 
2005. Dr. Chakraborty is an elected fellow of the Indian 
Academy of Sciences, Bangalore.


	Hydrogen Bonding Effects on Vibrational Dynamics and Photochemistry in Selected Binary Molecular Complexes
	Abstract | 
	1 Introduction
	2 N–H···N Hydrogen Bonding: Cyclic Dimer of 7-Azaindole
	3 Vibrational Dynamics in p-Fluorophenol-Water Dimeric Complex
	4 Hydrogen Bonding Promotes Photochemical Reactivity by Lowering Energy Barrier
	5 Coupled Electron–Proton Transfer Reaction in 7-Azaindole-Phenol Binary Complex
	6 Perfluoro Effect on Emitting Behaviour of Phenol in Protic Solvents
	7 Summary and Outlook
	Acknowledgements
	References




