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Con tem po rary prog ress re gard ing guest/host types of ex cited-state dou ble pro ton trans fer has been re -
viewed, among which are the biprotonic trans fer within dou bly H-bonded host/guest com plexes, the trans fer
through a sol vent bridge re lay, the intramolecular dou ble pro ton trans fer and sol va tion dy n am ics cou pled pro -
ton trans fer. Of par tic u lar em pha ses are the photophysical and pho to chem i cal prop er ties of ex cited-state dou -
ble pro ton trans fer (ESDPT) in 7-azaindole and its cor re spond ing an a logues. From the chem i cal as pect, two
types of ESDPT re ac tion, namely the cat a lytic and non-catalytic types of ESDPT, have been clas si fied and re -
viewed sep a rately. For the case of static host/guest hy dro gen-bonded com plexes both hy dro gen-bonding
strength and con fig u ra tion (i.e. ge om e try) play key roles in ac count ing for the re ac tion dy nam ics. In ad di tion
to the dy nam i cal con cern, ex cited-state ther mo dy nam ics are of im por tance to fine-tune the pro ton trans fer re -
ac tion in the non-catalytic host/guest type of ESDPT. The mech a nisms of protic sol vent as sisted ESDPT, de -
pend ing on host mol e cules and pro ton-transfer mod els, have been re viewed where the plau si ble res o lu tion is
de duced. Par tic u lar at ten tion has been given to the ex cited-state pro ton trans fer dy nam i cs in pure wa ter, aim -
ing at its fu ture per spec tive in bi o log i cal ap pli ca tions. Finally, the dif fer en ti a tion in mech a nism be tween sol -
vent dif fu sive re or ga ni za tion and sol vent re lax ation to af fect the host/guest ESPT dy nam ics is made and dis -
cussed in de tail.

I. IN TRO DUC TION

Pro ton trans fer rep re sents one of the most fun da men tal
pro cesses in volved in chem i cal re ac tions as well as in liv ing
sys tems.1 Vast num bers of re search pro jects have been pub -
lished re gard ing var i ous types of pro ton trans fer in ground as
well as in the ex cited states. In this re view ar ti cle the fo cus is
mainly lim ited to the sub ject re lated to the ex cited-state pro -
ton trans fer (ESPT2) pro cess, form ing a pro ton-transfer iso -
mer. Ac cord ingly, photoinduced pro cess in volv ing ex cited-
 state pro ton dis so ci a tion and/or protonation in bulk sol vents
or clus ter, which has also been an ac tive topic and has re -
ceived con sid er able at ten tion,3-12 was ex cluded. One who is
in ter ested in this topic can re fer to the re cent ar ti cle pub lished 
by Solntsev et al.12  In stead, our main goal aims at bifunc -
tional mol e cules pos sess ing a pro ton do nor group and a pro -
ton ac cep tor group so that ESPT takes place ei ther intra -
molecularly (i.e. in trin si cally) or through the as sis tance of
the guest mol e cules. 

Ia. Intramolecular type
The ex cited-state intramolecular pro ton trans fer (ESIPT)

gen er ally re quires hy dro gen-bonding for ma tion be tween the
vic i nal pro ton do nor and ac cep tor groups. Sem i nal stud ies on

the ESIPT phe nom e non were con ducted by Weller who re -
ported very large Stokes shifts in the flu o res cence spec tra of
sal i cylic acid and its methyl es ter.13,14  Nu mer ous ESIPT mol -
e cules have since been dis cov ered and in ves ti gated to shed
light on their cor re spond ing spec tros copy and dy nam ics. A
par tial roll of the key ESIPT mol e cules in clude sal i cylic acid
and its as so ci ated var i ous de riv a tives,13-17 2-hydroxy benzo -
phenone,18 3-hydroxyflavone,19,20  5-hydroxyflavone, 21,22

1,5-dihydroxyxanthraquinone, 23  2-hydroxy-4,5- naphtho -
tropone,24 2-(2’-hydroxphenyl)benzoxazole, 2-(2’-hydroxy -
phenyl)-benzothiazole25-27  and 2-(2’-hydroxy-5’- methyl -
phenyl)benzotriazole.28-31 Note that the cited ref er ences are
based mainly on sem i nal stud ies in volv ing ei ther the steady
state or dy nam i cal ap proach. An ear lier sum ma ri za tion of
ESIPT mol e cules fo cus ing on the steady-state spec tros copy,
ther mo dy nam ics of ESIPT based on the pKa of ex cited sin glet 
and trip let states as well as the nonradiative path ways of the
pro ton-transfer tau to mer have been re viewed by Klöpffer.32

In 1986 a re view writ ten by Kasha33 clas si fied var i ous types
of ESPT re ac tion in which sol vent per tur ba tion ma nip u lat ing
the pro ton trans fer dy nam ics was es pe cially em pha sized.
Sub se quently, in 1989 a fea ture ar ti cle re ported by Barbara et
al.34 re viewed the dy nam ics of ESIPT on the pi co sec ond time
scale as well as the pro ton tun nel ing ef fect on a sym met ri cal
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dou ble well po ten tial. One who is in ter ested in the col lec tion
of ESIPT re lated pa pers prior to 1992 could re fer to two
spe cial is sues pub lished in 198935  and 1991.36 In 1993 Arnaut 
and Formosinho8 re viewed sev eral bio-related ESIPT mol e -
cules with an em pha sis on their per spec tive of ap pli ca tion as
a flu o res cence probe. Femto second time-resolved spec tros -
copy has been em ployed since the be gin ning of the nine ties to 
in ves ti gate the early stage of the in trin sic ESIPT dy nam ics.
The re sults in di cated that for a highly un sym met ri cal, exer -
gonic type of intramolecular pro ton trans fer such as in 3-
 hydroxyflavone, 37  benzothiazole, 38  benzotriazole,39,40  10-
 hydroxybenzoquinoline41a and 5-hydroxyflavone,41b  the
ESIPT time scale was mea sured to be less than sev eral hun -
dred fs with a lack of deu te rium iso tope ef fect. One can also
re fer to the ar ti cle pub lished by Zewail and co-workers42 for a 
de tailed over view re gard ing this rel e vant sub ject be fore
1996. ESIPT with a highly un sym met ri cal po ten tial en ergy
sur face is gen er ally con ceived to be nearly barrierless. The
ultrafast re ac tion time scale may cor re spond to the pe riod of
cer tain low fre quency, large-amplitude mo tions in cor po rat -
ing the change in nu clear dis tance as so ci ated with the hy dro -
gen bond. This view point has been re cently con firmed by two 
ap proaches. On the one hand, based on an ultrashort (~ 20 fs)
stim u lated emis sion pump ing ex per i ment the vi bra tional co -
her ence in the ex cited state has been ob served for the ESIPT
mol e cule 2-(2’-hydroxy-5’-methylphenyl)benzotriazole. 43

The re sults con clude that an har mon ic cou pling be tween
modes in the fre quency range be low 500 cm -1  and some high
fre quency mo tion play a key role in pro ceed ing the pro ton
trans fer re ac tion. On the other hand, the pro ton-transfer pro -
mot ing modes in cor po rat ing low-frequency, large am pli tude
mo tion have been de duced from the anharmonicity ef fects of
over tone and com bi na tion bands, as well as the anom a lous in -
ten sity dis tri bu tion in the res o nance Raman spec tra of sev eral 
ESIPT mol e cules.44-47  Very re cently, a fea ture ar ti cle writ ten
by Scheiner48 re viewed the cur rent prog ress of ESIPT mol e -
cules on a the o ret i cal ap proach ba sis where the rel a tive en -
ergy lev els and their cor re spond ing ESIPT dy nam ics on *
and n * states are dis cussed in both sin glet and trip let man i -
folds. In an other ap proach, an in ter est ing the ory of the ESIPT 
re ac tion has been de vel oped by con sid er ing the nodal pat tern
of the wavefunction and the delocali zation of the lone elec -
trons in the ex cited-state. Ac cord ing to the “nodal plane”
model, the se lec tive re ac tion path way from var i ous states can 
be qual i ta tively de ter mined.49-53 Fo cus on the ap pli ca tion of
ESIPT mol e cules has also been vastly de vel oped. Pro to -
typical ex am ples in clude dye la sers, en ergy/ data stor age de -
vices and op ti cal switch ing,54-63 Raman fil ters,64a scin til la tion 
coun ters64b  and poly mer photo stabi lizers.25,29 Re cent ap pli ca -

tions of ESIPT mol e cules have cen tered on metal cat ion che -
lates65 and pro ton-transfer ma te ri als pos sess ing pho to chem i -
cal sta bil ity, re sis tance to ther mal deg ra da tion, and low
self-absorption of the tau to mer flu o res cence with fu ture per -
spec tives in elec tro lu mi nes cence.66 

Among the above men tioned mol e cules ESIPT nor -
mally takes place through a pre-existing strong intra mol ec -
ular hy dro gen bond in the gas phase as well as in nonpolar,
hy dro car bon sol vents where the en vi ron men tal per tur ba tion
is neg li gi ble. For mol e cules with a rel a tively weak intra -
molecular hy dro gen bond, per tur ba tion from po lar, es pe -
cially protic en vi ron ments may mod ify the ESIPT dy nam ics,
which may ei ther be pro hib ited within the ex cited-state life
span or pro ceed with a pre req ui site of (protic) sol vent re or ga -
ni za tion. A pro to type ex am ple is 3-hydroxyflavone (3HF)
pos sess ing a rel a tively weak 5-member-ring intramolecular
hy dro gen bond. Un der the pres ence of a trace of protic im pu -
rity such as wa ter con tam i na tion in methylcyclohexane,
ESIPT was pro hib ited by form ing the dom i nant 3HF/(wa ter)n

com plex (n pos si bly  2) at low tem per a ture (e.g. 77 K) hy -
dro car bon ma tri ces.67 Quan ti ta tive anal y ses of 3HF-Xn com -
plexes (X: al co hols or wa ter, n = stoichiometric num ber) in
Ar ma tri ces at 10 K have been re ported.68,69  The re sults in di -
cated the oc cur rence of a fast rate of ESIPT (<< 10 ps) in the
3HF-X com plex, while ESIPT is pro hib ited when n  2. The
rel a tively slow ESIPT of 3HF in al co hol,70,71  nitrile sol vents72

has been in ter preted in terms of sol vent-induced bar rier (see
sec tion V). In meth a nol sol vent, how ever, the pos si bil ity of
the ex is tence of a 1:1 3HF/mthanol cy clic hy dro gen-bonded
com plex in equi lib rium has been re ported in which the rate of
ESPT is >> 125 fs -1.37  A sig nif i cant po lar sol vent in duced
bar rier has been re ported in the case of 4’-(dialkylamino)-
 3-hydroxyflavones where the ex cited nor mal state un der goes
a large change of di pole mo ment (both in mag ni tude and di -
rec tion) due to the ex cited-state charge trans fer prop erty. As a 
re sult the spec tros copy and dy nam ics of sol va tion cou pled
ESIPT have been in ves ti gated.73-75 Brief re views re gard ing
protic sol vent per turbed ESIPT have been pub lished in ref er -
ences 33 and 34 while a re view fo cus ing on the sol vent po lar -
ity cou pled ESPT re ac tion in po lar, aprotic sol vents will be
pre sented in this ar ti cle (see sec tion V).

Ib. Host/guest type
Con versely, the for ma tion of an in trin sic (i.e. intra -

molecular) hy dro gen bond is in ac ces si ble in an other class of
bifunctional mol e cules where the con duc tion be tween pro ton 
do nat ing and ac cept ing sites might be ei ther geo met ri cally
hin dered or a far dis tance away from each other. These types
of bifunctional mol e cules may un dergo self or guest mol e -
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cule as sisted ESPT if this pro cess is both ther mo dy nam i cally
and dy nam i cally al lowed within the ex cited-state life time. In
their sem i nal study, Tay lor et al.76 found that the first ex cited
sin glet state of the 7-azaindole (7AI) dimer un der goes an ex -
cited-state dou ble pro ton trans fer (ESDPT), re sult ing in an
imine-like tau to mer emis sion. This re sult dem on strated the
first doc u mented ex am ple of ex cited-state biprotonic trans -
fer. An other early credit should also be given to Song and
co-workers who dis cov ered an other case in cor po rat ing dy -
namic ca tal y sis of phototautomerism of lumichrome by pyr -
idine and ace tic acid.77 Ow ing to the rec og ni tion of the mul ti -
ple hy dro gen-bonding sys tem as a sim pli fied model for the
DNA base pair as well as the struc tural sim i lar ity be tween
tryptophan and the 7AI de riv a tive, 7-azatryptophan, spec -
tros copy and dy nam ics of ESDPT in 7AI have re ceived con -
sid er able at ten tion. In 1997, a fea ture ar ti cle pub lished by
Petrich and co- workers78 fo cused on the photophysics of 7AI
and 7- aza tryptophan in aque ous so lu tion due to their po ten -
tial ap pli ca tion as an ideal noninvasive probe in the bi o log i -
cal sys tem. Spec tros copy and dy nam ics of other host/guest
hy dro gen- bonding (HB) type of ex cited-state pro ton trans fer
re ac tion have also re ceived con sid er able at ten tion. Pro to -
types in clude 7-hydroxyquinolines (vide in fra), 2-(2’- pyr -
idyl)indoles, 79-82 mono- and di-pyrido[2,3a] carbazoles83-87

and -car bo lines 88-98 where the ex cited-state pro ton-transfer
(ESPT) tau tom er ism is me di ated ei ther by self-association or
by add ing guest mol e cules (in clud ing sol vents) form ing
host/guest types of HB com plexes. From the struc tural view -
point the pro ton do nat ing and ac cept ing sites can be ad ja cent
to each other so that a com plex pos sess ing in tact dual hy dro -
gen bonds is formed through a per fect-fitted, 1:1 (host: guest) 
stoichiometric ra tio in the ground state. In con trast, for other
type of sys tems the pro ton do nat ing and ac cept ing sites may
be far sep a rated from each other. Thus the oc cur rence of
ESPT pos si bly in volves a pre req ui site struc ture in cor po rat -
ing n (n  2) guest mol e cule (vide in fra). In a re view Kasha33

sum ma rized var i ous types of host/guest ESPT re ac tions pub -
lished be fore 1986. How ever, de spite the dis cov ery of nu -
mer ous cases of guest mol e cules as sist ing ESPT re ac tions,
which pos sess in trigu ing photophysical and pho to chem i cal
per spec tives, a gen eral re view fo cus ing on the host/guest
type of ESPT re ac tion has un for tu nately been ob scured dur -
ing the past de cade. Hence, the goal of this re view ar ti cle is to
sys tem at i cally ex pli cate pro to type ex am ples for the host/
guest cou pled ESPT re ac tion from both fun da men tal and ap -
pli ca tion view points, among which the con tem po rary prog -
ress on 7AI and its cor re spond ing an a logues will re ceive spe -
cial at ten tion.

The fol low ing sec tions are or ga nized ac cord ing to a se -

quence of steps where we first re view the stud ies of ther mo -
dy nam ics in host/guest hy dro gen-bonded (HB) com plexes.
Sub se quently, pro ton-transfer tau tom er ism me di ated by the
rel a tive ex cited-state ther mo dy nam ics for cat a lytic ver sus
non-catalytic types of ESPT re ac tion is re viewed with em -
pha sis on their fun da men tal dif fer ences from chem i cal as -
pects. Through the mo lec u lar de sign and syn the sis, sev eral
in trigu ing pro to types are pre sented where the host and guest
mol e cules are linked through a co va lent bond. In these cases
dual hy dro gen bonds are formed in trin si cally so that a com -
par a tive study can be made with re spect to those host/guest
HB com plexes pro duced through ther mal equi lib rium. The
re sults ad dress the im por tance of the strength and ge om e try
(i.e. con fig u ra tion) for con ju gated dual hy dro gen bonds in
pro ceed ing ESPT, es pe cially when the re quir ing guest mol e -
cules are stoichiometrically  2. In ad di tion, cur rent prog ress
ap ply ing the con cept of cat a lytic pro cess to ward the bi o log i -
cal ap proach re lated to the mu ta tion of the DNA base pair will 
be briefly re viewed. To ap ply 7AI and its cor re spond ing de -
riv a tives as a noninvasive probe in the bi o log i cal sys tem,
photophysical stud ies of these mol e cules in aque ous so lu tion
are nec es sary. Un for tu nately, in ter pre ta tion re gard ing ESPT
dy nam ics of 7-azaindoles in pure wa ter has been a sub ject of
a long-standing con tro versy. Var i ous pro posed protic sol -
vent- catalyzed ESPT mech a nisms are re viewed on the ba sis
of re cent ex per i men tal and the o ret i cal pro gresses, from
which a plau si ble mech a nism is de duced. Finally, the dif fer -
en ti a tion in mech a nism be tween sol vent dif fu sive re or ga ni -
za tion and sol vent re lax ation to af fect the ESPT dy nam ics
will be dis cussed in de tail.

II. CAT A LYTIC AND NONCATALYTIC HOST/GUEST 
ESDPT PRO CESS

IIa. Con ju gated dual hy dro gen bond ing ef fect
In nonpolar sol vents such as cyc lo hex ane sig nif i cant

dimerization with a Ka value of 2.2  103  M-1 has been ob -
served in 7AI from the con cen tra tion-dependent elec tronic
ab sorp tion spec tra.99  Such a dual HB dimer has long been rec -
og nized as a sim pli fied model for the hy dro gen-bonded base
pair of DNA.76,100,101  Upon one-photon ex ci ta tion of the 7AI
dimer one part on 7-azaindoles is elec tron i cally ex cited,
while the other un ex cited mol e cule acts as a con duit so that
the dou ble pro ton trans fer pro ceeds through a pro ton-relay
con fig u ra tion, re sult ing in a large Stokes shifted tau to mer
emis sion ( max ~ 480 nm in cyc lo hex ane, see Fig. 1). At the
mo lec u lar level, such an ex cited-state dou ble pro ton trans fer
(ESDPT) pro cess pro vides one pos si ble mech a nism for the
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mu ta tion, which has been pro posed to be, in part, due to a
“mis print” in duced by the pro ton trans fer tau tom er ism of a
spe cific DNA base pair dur ing rep li ca tion. Con se quently an
er ror mes sage is re corded.101-103 From an other fun da men tal
view point, the sys tem es sen tially rep re sents a pro to type to in -
ves ti gate the ESDPT dy nam ics through the host/guest hy dro -
gen-bonded com plex. Guest mol e cules other than 7AI pos -
sess ing bifunctional HB sites might act as a “bridge” to as sist
the ESPT re ac tion in 7AI. A rep re sen ta tive case should be at -
trib uted to the 7AI/ace tic acid HB com plex where the car -
boxylic hy dro gen and car bonyl ox y gen form dual hy dro gen
bonds with re spect to the pyridinic ni tro gen and pyrrolic hy -
dro gen in 7AI. An as so ci a tion con stant (K a) as large as 2.0 
104  M-1 ( G ~ -5.8 kcal/mol) at am bi ent tem per a ture with an
as so ci a tion enthalpy of ~ -14 kcal/mol has been de duced for
the for ma tion of the 7AI/ace tic acid cy clic dual HB com plex
in cyc lo hex ane.104  The for ma tion con stant is much larger
than would be an tic i pated sim ply from the num ber and type
of hy dro gen bonds in volved. For ex am ple, Fritzche re ported

a value of G = 0.81 kcal/mol for the indole-pyridine com -
plex in CCl4 .105  The pyrrole-pyridine HB com plex is re ported 
to have G val ues of -0.54 and -1.8 kcal/mol in CCl4

106 and
cyc lo hex ane,107 re spec tively. Weak HB for ma tion is also ex -
pected be tween the pyrrolic hy dro gen of indole and car -
boxylic acid, as in di cated by the lack of indole/ace tic acid HB 
com plex for ma tion from the UV-Vis ab sorp tion ti tra tion ex -
per i ment.108  It is thus con cluded that the pyridinic ni tro gen
(7AI)/carboxylic hy dro gen (ace tic acid) HB for ma tion in -
duces a static charge in ter ac tion, si mul ta neously en hanc ing
the pyrrolic hy dro gen/car bonyl ox y gen HB strength in 7AI
(see Fig. 2). The in ter play be tween dual hy dro gen bonds and

 elec trons has been de fined as con ju gated dual hy dro gen
bond ing (CDHB) ef fect in which both pro ton do nat ing and
ac cept ing sites can be in duced res o nantly through the de -
localization of the elec trons. A the o ret i cal ap proach for the
CDHB ef fect can be re ferred to 2-hydroxypyridine.109 Stud -
ies based on an ab initio ap proach (e.g. the MP2/6-31G(d, p)
level) have re vealed that ground-state equi lib rium be tween
2-hydroxypyridine and 2-pyridone can be fine-tuned not only 
by self-association but also by as so ci a tion with other bi -
functional guest mol e cules through the CDHB for ma tion.
Ex per i mentally, 3-hydroxyisoquinoline suc cess fully dem on -
strates a pro to type ex am ple in which the CDHB for ma tion
and its rel a tive hy dro gen-bonding strength play a key role to
fine-tune the ground-state equi lib rium to ward the keto
form.110 Upon ex ci ta tion, ultrafast ESDPT takes place in the
enol dimeric form, re sult ing in an ex cited keto dimer (Fig. 3).
In ter est ingly, al though the steady-sate flu o res cence spec tral
fea tures of the keto dimer are es sen tially iden ti cal with that of 
the enol-keto com plex upon the di rect ex ci ta tion of the keto
chromo phore, the re lax ation dy nam ics are dras ti cally dif fer -
ent (see Fig. 3). As sup ported by the the o ret i cal ap proach, the
strength of dual hy dro gen bonds in the keto dimer is much
stron ger than that of the enol-keto com plex. The re sults
clearly dem on strate that the CDHB ef fect not only fine-tunes
the ground-state equi lib rium but also in duces a nonradiative
de ac ti va tion chan nel in cor po rat ing the HB strength in the ex -
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Fig. 1. A sim pli fied sche matic di a gram of the rel a tive
en ergy lev els among 7AI, 7AI-dimer and its
cor re spond ing imine-tautomer dimer in ground
as well as ex cited state. Note that the life time of
the monomeric flu o res cence is slightly con cen -
tra tion de pend ent and is taken to be 1.64 ns by
the av er age of 1.6150 and 1.67 ns165  in the di lute
cyc lo hex ane so lu tion (<10 -5 M), while the life -
time of the tau to meric flu o res cence shows less
con cen tra tion de pend ence and is taken to be
3.22 ns (~ 1.0  10-2 M).150,146, 165 All wave -
lengths de picted in this Fig ure are max i mum
val ues in ei ther ab sorp tion or flu o res cence in -
ten sity ex cept that 292 nm for the 7AI nor mal
dimer is ob tained from the ex ci ta tion spec trum.
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Fig. 2. The CDHB ef fect in cor po rates in ter play be -
tween dual hy dro gen bonds and  elec trons
delocalization in the 7AI/ace tic acid com plex,
re sult ing in a fur ther sta bi li za tion en ergy.



cited-state re lax ation dy nam ics.

IIb. Cat a lytic ver sus non-catalytic pro ton trans fer
Based on the con cept of CDHB ef fect sta ble HB com -

plexes have been ex per i men tally ob served among 7AI and
sev eral other guest mol e cules such as lactam and am ide pos -
sess ing bifunctional HB sites.111 It is then sub se quently rec -
og nized that de pend ing on the prop er ties of the guest mol e -
cules, ther mo dy nam ics and/or dy nam ics of ESDPT can vary
dras ti cally. We have re cently clas si fied the guest/host type of
com plexes into two cat e go ries based on their chem i cal as -
pects upon ESDPT.111 Ap plying 7AI as a host, on the one
hand, the acid, al co hol and H2O as sisted ESDPT have been
spec i fied as a cat a lytic pro cess since the mo lec u lar struc ture
of the guest spe cies re mains un changed dur ing the ESDPT re -
ac tion. Studies of 7AI complexed to cat a lytic types of sin gle
mol e cules such as var i ous car bon chain mono-carboxylic ac -
ids and phos pho ric ac ids have re vealed rapid ESDPT re ac -
tions based on ei ther the steady-state104  or time-resolved112

ap proach. On the other hand, ESDPT in 7AI dimer, 7AI/

lactam and 7AI/am ide HB com plexes re sults in 7AI(T)*/
7AI(T), 7AI(T)*/lactim and 7AI(T)*/imine forms, re spec -
tively (T* de notes the elec tron i cally ex cited tau to mer spe -
cies) where guest mol e cules have been tautomerized si mul ta -
neously. This type of re ac tion has been de fined as a non-
 catalytic pro cess (see Fig. 4). From an en er getic point of
view, the cat a lytic type of ESDPT re quires only the tauto -
merization of the host mol e cule, while the non-catalytic
ESDPT de pends not only on the 7AI*  7AI(T)* pro ton
trans fer but also on the tautomerization of the guest mol e -
cule. In the case of 7AI dimer the un ex cited 7AI can be
treated as a guest that does not act as a cat a lyst but rather as a
re ac tant. The tautomerization of the guest mol e cule should be 
an endergonic pro cess for 7AI (in the case of 7AI dimer), lac -
tams and amides. Ev i dently, the 7AI*  7AI(T)* pro ton-
 transfer re ac tion is highly exo ther mic and ren ders a driv ing
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force which leads to a si mul ta neous tautomerization of the
guest mol e cules. With the same host mol e cule (e.g. 7AI) the
noncatalytic type of ESDPT in 7AI HB com plexes is there -
fore less exegonic than that of the cat a lytic type of ESDPT.
Ac cord ingly, the rel a tive ther mo dy nam ics be tween nor mal
and tau to mer HB com plexes may be of im por tance in fine-
 tuning the dy nam ics of ESDPT.  By way of mod i fy ing var i -
ous lactam types of guest mol e cules dras ti cally dif fer ent
ESDPT dy nam ics have been dem on strated among 2- aza -
cyclohexanone (I), 4-azatricyclo[4.3.1.13.8]undecan-5-one
(II) and 3,4,5,6,7,8-hexahydro-2-(1H)-quinolinone ( III) (see 
Fig. 5). The for ma tion of  1:1 7AI/I, 7AI/II and 1:1 7AI/III
CDHB com plexes has been con firmed by a large as so ci a tion
con stant of 2.3  103 , 2.7  103  and 3.4  103 M- 1, re spec -
tively.111 The pro ton-transfer tau to mer emis sion, an in di ca -
tion of the oc cur rence of ESDPT, is sig nif i cant in 1:1 7AI/I

and 1:1 7AI/II com plexes, while it is not de tect able in the 1:1
7AI/III HB com plex through both steady state and dy nam i cal 
ap proaches. The re sults in com bi na tion with a the o ret i cal ap -
proach lead to a con clu sion that ESDPT is ther mo dy nam i -
cally pro hib ited due to the highly en do ther mic en ergy re -
quired for the tautomerization of III,111  sup port ing the con -
cept of the guest-molecule-tuning ther mo dy nam ics for the
non-catalytic type of ESDPT (Fig. 5).

From yet an other ap proach, on the ba sis of mo lec u lar
de sign, sev eral 7AI an a logues have been syn the sized. The re -
sults fur ther ver ify that ESDPT can be also fine-tuned by
vary ing the struc tures of the host mol e cules. Pro to types that
are of sig nif i cance re lated to the fun da men tal ba sis and bi o -
log i cal ap pli ca tion are re viewed with spe cific re marks de -
scribed as fol lows.

IIc. -elec tron con ju ga tion tun ing ESDPT
From the mo lec u lar struc ture view point, the re ac tion

cen ter of the ESDPT pro cess in 7AI and its cor re spond ing an -
a logues such as 1-azacarbazole, 113-117 dipyrido[2,3-a:3’,2’-
 i]carbazole83-8 7,118 and 1-H-pyrrolo[3,2-h]quinoline119 (Fig.
6) is es sen tially the amine/imine pro ton-transfer tau tom er ism 
in which a pro ton (or hy dro gen atom) in the pyrrolic ni tro gen
trans fers to the pyridinic ni tro gen, form ing an imine-like iso -
mer. Such a pro cess, in gen eral, is highly endergonic in the
ground state. For ex am ple, a the o ret i cal cal cu la tion es ti mates 
the 7AI dimer  7AI(T) dimer tau tom er ism to be ~ 23.5
kcal/mol.120  It thus be comes cru cial that the S0’  S1’ tran si -
tion gap of the tau to mer spe cies (prime de notes the imine tau -
to mer state) has to be sig nif i cantly smaller than that of the
nor mal spe cies (i.e. the S0  S1 gap) in or der to pro ceed as a
ther mally fa vor able ESDPT re ac tion. A sim ple and em pir i cal
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ap proach based on the  elec tron con ju ga tion pre dicts that
the C2-C3 dou ble bond (see Fig. 7) in the imine-like tau to mer
of 7AI should ac tively be in volved in the delocalization of 
elec trons and hence play a key role in de ter min ing the S’0-S’1

en ergy gap. Con versely, the o ret i cal ap proaches also in di cate
that the rel a tive ther mo dy nam ics be tween amino and imino
forms in the ground state de pend mainly on the destabiliza -
tion of the aro ma tici ty of the pyridine ring, and hence are less
af fected by the C 2-C3 dou ble bond in the pyrrolic ring. On this 
ba sis 7-azaindoline (7AZD, see Fig. 7) has been syn the sized
via the hy dro ge na tion of the C2-C3 dou ble bond in 7AI. On

the one hand, 7AZD is po ten tially ca pa ble of gen er al iz ing an
amine-imine type of pro ton-transfer tau tom er ism. On the
other hand, due to the lack of a C2-C3 dou ble bond, the
imine- like tau to mer of 7AZD ap par ently pos sesses a shorter
length of the  elec tron con ju ga tion than 7AI, and hence a
larger S0’-S1’ en ergy gap is ex pected. There fore, 7AZD
serves as an ideal model to ex am ine the cat a lytic- versus-
 noncatalytic ESDPT re ac tion fine tuned by the length of the 
elec tron con ju ga tion. The re sults show that for the cat a lytic
type of ESDPT such as the 1:1 7AZD/ace tic acid CDHB com -
plex the photoinduced dou ble pro ton trans fer is en er get i cally
fa vor able and may only re quire a small dis place ment of the
hy dro gen atom and/or mo lec u lar skel e ton, re sult ing in a neg -
li gi ble en ergy bar rier. The rate of such a co op er a tive pro -
ton-transfer re ac tion, which takes place ei ther step wise or
concertedly, is much faster than the spon ta ne ous de cay rate
of the elec tron i cally ex cited 7AZD/ace tic acid com plex, as
sup ported by the lack of a nor mal 7AZD/ace tic acid emis sion
and the un re solved rise time of the imine tau to mer flu o res -
cence ( rise < 3  10-11 s).121 In con trast, de spite the dual hy dro -
gen-bonding as so ci a tion, both ex per i men tal and the o ret i cal
ap proaches con clude that ESDPT is pro hib ited in the case of 
7AZD dimer and 7AZD/lactam com plex (Fig. 7), un am big u -
ously il lus trat ing the non-catalytic type of ESDPT able to be
me di ated by the  elec tron con ju ga tion length. The gen er al -
iza tion of amine-imine type of tautomerization can be fur ther
sup ported by re mov ing both C(2) and C(3) at oms, form ing
2-alkylamino pyridine in which the carboxylic acid cat a lyzed 
ESDPT has also been ob served, though quan ti ta tive stud ies
re gard ing ther mo dy nam ics of this com plex for ma tion were
not re ported.122

IId. Ring ni tro gen at oms tun ing ESDPT
Fo cus on the ESDPT re ac tion rel e vant to the mo lec u lar

na ture of mu ta tion has re cently been ex tended to the pro -
ton-transfer re ac tion in 7AI an a logues of bi o log i cal im por -
tance. Among which, pur ines pos sess ing a sim i lar struc tural
moi ety with re spect to 7AI are par tic u larly cru cial. Sys tem -
atic in ves ti ga tion of the ESDPT re ac tion on a mo lec u lar ba sis 
has been per formed in which a ni tro gen atom is first added to
the five mem ber ring of 7AI, form ing 4-azabenzimidazole
(4ABI). Sub se quently, 6-isobutylpurine (6IBP, Fig. 8) was
syn the sized to study the com par a tive pro ton-transfer tau tom -
er ism among 7AI, 4ABI and 6IBP.123 Large dimeric as so ci a -
tion con stants of 2.2  103, 3.0  103 and 4.2  103 M-1, re spec -
tively, were mea sured among 7AI, 4ABI and 6IBP in cyc lo -
hex ane. While ESDPT ap par ently oc curs in both dimeric
forms of 7AI and 4ABI, tau to mer emis sion can not be re -
solved from both the steady state and dy nam i cal ap proaches
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in the 6IBP CDHB dimer.123  The re sults also re veal an in -
trigu ing cor re la tion be tween the en ergy gap and the cor re -
spond ing num ber of ni tro gen at oms in the meth yl ated
tautomers of 7AI, 4ABI and 6IBP, in which a sig nif i cant blue
shift of the 0-0 onsets on the or der of N(7)-methyl-7
azaindole (7MAI, 21,834 cm-1) < 4MABI (27,200 cm-1) <
3MIBP (30,770 cm-1) was ob served. Adding elec tron-rich ni -
tro gen at oms in ei ther a five or six mem ber ring of 7AI al ters
the res o nance skel e ton in the tau to meric form (i.e. the imino
form) to ward a dras tic in crease of the  * en ergy gap. In
con trast, the dif fer ences in 0-0 onsets among 7AI, 4ABI and
6IBP nor mal dimers are rel a tively much smaller, be ing only
1460 and 3570 cm-1  higher in en ergy than that of the 7AI
dimer for 4ABI and 6IBP nor mal dimeric forms, re spec -
tively. Though not ex per i men tally ac ces si ble, ground-state
ther mo dy nam ics be tween nor mal and tau to meric spe cies
have been de duced via a the o ret i cal ap proach, which es ti -
mates the for ma tion free en ergy of 7AI, 4ABI and 6IBP tau -
to mer dimeric forms to be 22.3, 15.6 and 16.8 kcal/mol, re -
spec tively, rel a tive to their cor re spond ing nor mal dimers.123

Taking the ab sorp tion on set of their cor re spond ing meth yl -
ated tautomers to be the S0-S1 (0-0) tran si tion of the tau to mer
dimer rel a tive en ergy lev els in a pro ton-transfer cy cle for var -
i ous 7AI an a logues can thus be de duced and de picted in Fig.

8. ESDPT is cal cu lated to be -9.0 and -4.7 kcal/mol exer -
gonically for 7AI and 4ABI dimers, re spec tively. In con trast,
a large endergonic value of 11.4 kcal/mol was ob tained for
the case of the 6IBP dimer, in di cat ing that the ESDPT re ac -
tion is ther mally un fa vor able. The re sults dem on strate for the 
first time a mo lec u lar-basis tun ing ESDPT for var i ous 7AI
biorelated an a logues. Ev i dently, the en ergy gap be tween S’0

and S’1 states of the tau to meric form plays an im por tant role
in de ter min ing the host mo lec u lar-based tun ing non-catalytic 
types of ESDPT. It is there fore of great im por tance to probe
the pro ton-transfer tau tom er ism as a func tion of the rel a tive
ex cited-state ther mo dy nam ics for pu rine de riv a tives of
which the elec tronic prop er ties, de pend ing on the func tional
group as well as sub sti tuted po si tion, are al tered. Such fun da -
men tal is sues are be lieved to bring up a broad spec trum of in -
ter est in the field of pro ton-transfer stud ies.

IIe. Tau tom er ism in ad e nine an a logues
Al though 7-azaindoles HB dimers and com plexes have

long served as a model to study the fun da men tal mech a nism
for the mu ta tion due to a “mis print” in duced by the pro ton
trans fer of a spe cific DNA base pair, the re ac tion cen ter in -
cor po rat ing the pro ton mi gra tion from the N(1) to the N(7)
atom in 7AI and its pu rine an a logues un for tu nately can not
prac ti cally mimic the DNA base such as adenosine due to the
link age of the N(9) atom (see Fig. 9) in ad e nine with a sugar
moi ety. In stead, the pro posed pro ton-transfer in duc ing mu ta -
tion for the ad e nine (A)-thy mine (T) pair is based on the
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amino-imino tau tom er ism in cor po rat ing a shift of the N6 pro -
ton to the N(1) ni tro gen in ad e nine cou pled with a si mul ta -
neous keto-enol tau tom er ism of thy mine. Nu mer ous ex per i -
men tal and the o ret i cal ap proaches have drawn the con clu sion 
that the A(amino)-T(keto)  A(imino)-T(enol) tau tom er ism
is ther mally un fa vor able in the ground state.124-130  Like wise,
a re cent ab inito cal cu la tion also pre dicts a highly en do ther -
mic ESDPT of ~ 10 and 15 kcal/mol for the lo cally ex cited
A*(amino)-T(keto) and A(amino)-T*(keto) pairs, re spec -
tively.130 The the o ret i cal pre dic tion is in ac cor dance with ex -
per i men tal prog ress up to this stage, show ing no ev i dence of
dou ble pro ton trans fer for the A-T pair in the ex cited states.

The oc cur rence of ESDPT in the A-T pair form ing their
cor re spond ing imino and enol forms is spec i fied as a non -
catalytic type where mo lec u lar struc tures for both A and T al -
ter si mul ta neously. Such a pro cess should be en er get i cally
less fa vor able than a cat a lytic type of pro ton trans fer in cor po -
rat ing only the tau tom er ism of the host mol e cule (e.g. ad e -
nine), while the mo lec u lar struc ture of the guest spe cies (such 
as carboxylic ac ids) re mains un changed. Re cently, the cat a -
lytic type of ESDPT for var i ous ad e nine/guest HB com plexes 
has been in ves ti gated to ex plore the fun da men tal ba sis of the
photoinduced mu ta gen e sis. Var i ous N(9) alkyl and benzyl
sub sti tuted adenines have been syn the sized to sim u late the
link age of the deoxyribose site at the N(9) po si tion as well as
to in crease the sol u bil ity in nonpolar sol vents (e.g. cyc lo hex -
ane) so that stud ies of pro ton-transfer tau tom er ism can be
free from the sol vent per tur ba tion. Ap plying 9-cyclo hexyl -
methyl ad e nine (9CHA, see Fig. 9) as a pro to type, ev i dence
for the for ma tion of the 9CHA/ace tic acid HB com plex is
sup ported by the ace tic acid con cen tra tion-dependent red
shifted elec tronic ab sorp tion spec tra ac com pa nied by an ap -
pear ance of an isosbestic point at ca. 255 nm. Upon in creas -
ing the ace tic acid con cen tra tion, a unique flu o res cence max -
i mum at ca. 435 nm ( f  ~ 120 ps) grad u ally ap peared.131  A
com par a tive study of the methyl tau to mer an a logue of 9CHA,
1-methyl-9-cyclohexylmethyl ad e nine re veals a flu o res cence 
with sim i lar spec tral fea tures (410 nm) and re lax ation dy -
nam ics ( f ~ 115 ps, f ~ 2  10-3). Ac cord ingly, the 435 emis -
sion with fast rise ki net ics of > 3  1011  s-1 and a large Stokes
shift rel a tive to the ex ci ta tion max i mum (> 104 cm-1) is am -
big u ously as cribed to the imine-like tau to mer emis sion re -
sult ing from a fast ESDPT in the 9CHA/ace tic acid com plex.

An other im por tant re mark is that such a carboxylic acid 
cat a lyzed ESDPT re ac tion is se lec tive. When phos pho ric
acid re lated guest mol e cules such as bis(2-isopropyl)2 hy dro -
gen phos phate ((CH3)2CHO)2P(O)OH, BIHP) were added,
the for ma tion of a HB com plex was also ob served. How ever,

in stead of the oc cur rence of ESDPT, an ex cited-state pro -
tonation takes place pos si bly due to the much higher acid ity
in BIHP (pK a ~ 2.1), re sult ing in a cationic emis sion max i -
mized at 370 nm. The ESDPT prop erty was also ob served in
other ad e nine nu cle o tide an a logues such as 9-benzyladenine
(9BZA)/ace tic acid HB com plex (see Fig. 9). The re sults
dem on strate for the first time the fea si bil ity of an amino-
 imino tau tom er ism in the ad e nine an a logues through a cat a -
lytic type of ESDPT and thus pro vide a more plau si ble bi o -
log i cal model than 7AI to ex plore the ESDPT dy nam ics re -
lated to the mu ta tion. Many amino acid side chains have ab -
nor mal pKa val ues in pro teins.132  Un der phys i o log i cal con di -
tions un-ionized carboxylic ac ids might be in volved in the
hy dro gen bond in ter ac tion. For ma tion of cy clic dual hy dro -
gen bonds al lows an amino acid side chain in cor po rat ing
carboxylic acid to dis crim i nate be tween dif fer ent nu cleic
acid bases, which may serve as an im por tant role in one of the
in ter ac tions in volved in se lec tive rec og ni tion of nu cleic acid
bases by pro teins. Probing the spe cific pro tein-DNA in ter ac -
tion133 may be im por tant in fu ture per spec tives on the ex -
cited-state pro ton trans fer tau tom er ism.

IIf. Guest/Host link age through the co va lent bond
Most stud ies of guest mol e cules as sisted ESDPT re ac -

tions fo cus on the host/guest com plex ex ist ing in the ground-
 state equi lib rium through the static HB as so ci a tion. In an -
other ap proach, the study of in trin sic (or intramolecular) dou -
ble pro ton trans fer via the for ma tion of the guest/host HB
“com plex” where the guest and host mol e cules are de signed
to be co va lently linked is also of spe cial in ter est. Al though
such a con fig u ra tion may be treated as an intramolecular HB
type, it would rather be con sid ered a host/guest type of HB
com plex to dis tin guish it from the for ma tion of the host/guest 
HB com plex via the cor re spond ing par ent mol e cules through
the ther mal equi lib rium. A pro to type re ported early can be
as cribed to 7-hydroxy-8-(N-morpholinomethyl)quinoline
(HMMQ, see Fig. 10) re ported by Varma and co- workers.134-136

In HMMQ one end of a flex i ble alkyl chain car ries a pro ton
do nor, while the ac cep tor is lo cal ized on the other fixed end
of the par ent mol e cule 7-hydoxyquinoline. In the ground
state HMMQ ex ists pre dom i nantly in the enol form (E),
which pos sesses an intramolecular hy dro gen bond be tween
the hydroxyl group and the ni tro gen atom N(2). Upon ex ci ta -
tion the pro ton is ini tially trans ferred adi a bat i cally from the
hydroxyl to the morpholino group, re sult ing in a zwit teri on ic
struc ture (Z*). This step in the pro cess de pends sig nif i cantly
on the sol va tion of the re sult ing zwitterion, as sup ported by
the pro hi bi tion of the pro ton trans fer re ac tion in nonpolar sol -
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vents. Dur ing the life span of Z* the ro ta tion of the mor -
pholino group takes place, car ries and an chors the pro ton to
the N(1) ni tro gen, form ing a keto-like tau to mer form (K*).
The over all re ac tion can be treated as a pro ton crane in car ry -
ing out a long-range intramolecular pro ton trans fer. The
ESDPT dy nam ics of HMMQ thus shows sig nif i cant sol vent
vis cos ity and po lar ity de pend ence and has been suc cess fully
in ter preted through a the o ret i cal ap proach in cor po rat ing the
clas si cal ro ta tional Brownian mo tion. 136 It is thus con ceiv -
able to take ad van tage of the pro ton trans fer in HMMQ as a
means of the ini tial and fi nal con for ma tions to probe the sol -
va tion dy nam ics. Re cently, based on the par ent mol e cule
7-hydroxyquinoline (7HQ) we have de signed and syn the -
sized 7-hydroxy-8-carboxylicquinoline (7HCQ137) where the 
for ma tion of strong intramolecular dual hy dro gen bonds is
in di cated by two short HB dis tances of 1.713 (car bonyl-
 hydroxyl hy dro gen) and 1.769 Å (carboxylic hy dro gen-
 pyridinic ni tro gen, see Fig. 11a). Upon elec tronic ex ci ta tion
7HCQ un der goes an ultrafast rate of ESDPT (>> 3  1011 s-1),
re sult ing in a 520 nm keto-tautomer emis sion. The sub tlety of 
the in flu ence of the hy dro gen-bonding struc ture af fect ing the
pro ton-transfer dy nam ics can be dem on strated by an other ex -
am ple 1-carboxylic- -carboline (1CCB, see Fig. 11b). Al -
though 1CCB pos sesses pre dom i nantly a dual HB struc ture
ESDPT is pro hib ited as in di cated by the lack of tau to mer
emis sion through ei ther the steady state or dy nam i cal ap -
proach. Ev i dence of weaker hy dro gen-bonding strength in
1CCB is in dic a tive by a rel a tively much lon ger HB dis tance
of 2.285 Å be tween the car bonyl ox y gen and N(9) hy dro gen
in a ge om e try op ti mized struc ture (the HF/6-31G(d’, p’)

level). Thus, geo met ric ad just ment of the HB con fig u ra tion
to a “cor rect” struc ture might be re quired for the pro ton trans -
fer to pro ceed, which should in duce a high-energy bar rier due 
to the ri gid ity of the C1-C(1) bond. Ac cord ingly, the pro ton
trans fer dy nam ics is too slow to com pete with other ex -
cited-state re lax ation path ways in 1CCB. The co va lently
linked host/guest mol e cules un veil a re mark able re sem blance 
with re spect to their cor re spond ing par ent/ace tic acid HB
com plexes ex ist ing un der the ther mal equi lib rium. The 1:1
7HQ/ace tic acid HB com plex, dis re gard ing only a sin gle HB
for ma tion be tween pyridinic ni tro gen and carboxylic hy dro -
gen at oms, un der goes a ro ta tional dif fu sion in duced ESDPT, 138

while ESDPT is pro hib ited in the case of 1:1 -carboline/ace -
tic acid com plex due to the largely sep a rated dis tance be -
tween the do nor and ac cep tor sites where the for ma tion of a
pro ton con duit is in ac ces si ble. In stead, ESDPT takes place in
the case of 1:2 -carboline/ace tic HB com plex with a “cor -
rect” HB con fig u ra tion (see Fig. 11).

Sum ma rizing this sec tion, the noncatalytic pro cess is
sig nif i cant from the chem i cal as pect be cause it is plau si ble to
pro duce a chem i cally im por tant iso mer via the noncatalytic
ESDPT pro cess. For ex am ple, an exegonic en ergy of ~ 13-15
kcal/mol upon the 7AI(N)*  7AI(T)* pro ton trans fer tau -
tom er ism139 pro vides a sub stan tial driv ing force for the
tautomerization of the guest mol e cule in the noncatalytic
type of ESDPT, which is oth er wise ther mally in ac ces si ble. If
the tau to mer of the guest mol e cule can be sep a rated from the
host/guest com plex prior to its ex cited-state re lax ation path -
ways and if the ground- state re verse pro ton trans fer is quite
slow, it may be pos si ble to uti lize the la bile tau to mer from a
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chem i cal re ac tion stand point. This con cept be comes fea si ble
ac cord ing to re cent stud ies on the ground-state re verse pro ton 
trans fer in the 7AI dimer (see the fol low ing sec tion).120  From
the photophysical point of view, through fine tun ing the mo -
lec u lar struc ture for ei ther host or guest mol e cule, it is thus of
spe cial in ter est to in ves ti gate the guest/host type of ESDPT
where both nor mal and tau to meric host/guest com plexes
might be ac ci den tally de gen er ate in the ex cited state. Studies
of such an ex cited-state cou pling re ac tion should pro vide
valu able in for ma tion on both for ward and back ward pro -
ton-transfer dy nam ics.

III. DY NAM ICS OF PRO TON TRANS FER IN
HOST/GUEST HY DRO GEN-BONDED
COM PLEXES

Ex ten sive re search has fo cused on the dy nam ics of dou -
ble pro ton trans fer dur ing the past de cades. This sec tion first
em pha sizes the in trin sic pro ton trans fer dy nam ics in 7AI an a -
logues form ing a static, in tact CDHB com plex with guest
mol e cules, among which the dy nam ics of ESDPT in 7AI
dimer re cently re in ves ti gated with a femto second res o lu tion
will be dis cussed. Sub se quently, a re view re gard ing the un ex -
pect edly slow ground-state re verse pro ton trans fer in the 7AI
dimer is pre sented.

IIIa. ESDPT dy nam ics in the 7AI dimer
In jet-cooled iso lated gas, Fuke et al., con cluded that

the ESDPT re ac tion on the 7AI(N) dimer is barrierless since
it takes place from the zero vi bra tional level of the first ex -
cited-state.140,141  Re cently, Douhal et al.142  ap plied femto -
second mass spec tros copy to in ves ti gate the re ac tion dy nam -
ics of the 7AI dimer in an iso lated gas sys tem. The re sults led
to a con clu sion that ESDPT takes place through a se quen tial,
two-step pro ton-transfer pro cess in which the over all re ac -
tion time, de pend ing on the ex ci ta tion fre quency (i.e. vibro -
nic en ergy), ex hib its a large deu te rium iso tope ef fect (a fac tor 
of ~ 10) on the ob served biexponential de cay. Even near the
zero- point en ergy, the pro ton trans fer was still ob served. For
ex am ple when the E = Eh v - E0 ~ 0 cm-1 (E0  de notes the zero-
 point en ergy) biexponential de cay with  = 0.65 ps and 2 =
3.3 ps was ob served, while 1 = 200 fs, 2 = 1.6 ps was ob -
tained when E ~ 500 cm-1. It was there fore con cluded that a
global po ten tial en ergy sur face in cor po rat ing at least the N-H 
and N…N vi bra tional mo tions de scribes the nonconcerted
pro ton-transfer path way where the pro ton tun nel ing may be
dom i nant. Fur ther ex per i men tal sup port was ren dered by the
ar rest of a 7AI-dimer cationic spe cies with a rise time of 0.7
ps via a cou lomb ex plo sion tech nique.143 Sub se quently, the o -
ret i cal cal cu la tions based on the ab in itio ap proach144 and mo -
lec u lar dy nam ics sim u la tion145 of the re ac tion path qual i ta -
tively con firmed this se quen tial ESDPT mech a nism. On the
other hand, how ever, an other the o ret i cal ap proach based on
higher lev els of the ory ar gued that a re in ter pre ta tion of the
data leads to ward a con certed mech a nism.146 

In the con densed phase, early pi co sec ond stud ies at am -
bi ent tem per a ture have re vealed that the time scale of pro ton
trans fer is less than 5 ps.147 Ex per i ments with subpicosecond
res o lu tion fur ther re solved a time con stant of 1.4 ps -1  for the
rate of ESDPT of the 7AI dimer in nonpolar sol vents.148 Very
re cently, based on a femto second upconversion tech nique,

Host/Guest Type of Ex cited-State Pro ton Trans fer J. Chin. Chem. Soc., Vol. 48, No. 4, 2001     661

a'

1CCB

1

2
3

45
6

7

8 9

b

N

N

H
C

O
O

H N

N

H
C

O
O

Hhv
geometry coupled proton-transfer

2.29

b'

2.10

diffusive rotation

O3.86

proton transfer
hv

4.05

N

H

O

O

H

C

CH3

2.14

1.87

1.85

2.15

160

175

177

158

7HCQ

NO

H C
O O

H H
OO

CH

O N

a

hv
p roton-transfer

1.77

1.71

N

H

O

H

O
C

CH3

O

proton transfer

C

CH3

OO

HH

O N

CH3

O

OC
H

H

N

N
H

O
C

O

CH3

CH3

O

OC
H

H

N

N
H

O
C

O

CH3

-

+

geometry adjustment
coupled proton transfer

first-step proton tansfer

* *

*

CH3

O

OC
H

H

N

N

H

O
C

O

CH3

Fig. 11. Struc tures of var i ous co va lently linked host/
guest HB com plexes and their cor re spond ing
ESPT prop er ties with re spect to the par ent
host/guest HB com plexes pro duced from ther -
mal equi lib rium. The units of hy dro gen bond -
ing dis tances and some crit i cal an gles are in Å
and de grees, re spec tively.



Chachisvillis et al.149 re solved the de cay rate of ~ 1 ps-1  for
the nor mal tau to mer (i.e. 360 nm) emis sion, and a bi ex po -
nential rise of ~1 and ~ 12 ps-1 for the tau to mer emis sion (e.g.
480 nm). The nor mal de cay rate is sen si tive to the N-D iso -
tope sub sti tu tion (4.5 ps-1) while a much less deu te rium iso -
tope ef fect was ob served for the tau to mer rise ki net ics (1.6
and 12 ps -1), sug gest ing the lack of cor re spon dence be tween
the ini tial de cay of the nor mal and rise of the tau to mer emis -
sion. Con se quently, the re ac tion mech a nism has been de -
picted by the com bi na tion of di rect, re ac tive and in di rect pro -
ton trans fer path ways. As in the gas-phase re sult Chachisvillis
et al. be lieved that a step wise path way is sig nif i cant in the so -
lu tion phase, but on the global po ten tial en ergy sur face both
tra jec to ries of the sym met ric and asym met ric vi bra tional mo -
tion must be con sid ered for the pro ton-transfer re ac tion. Sub -
se quently, based on the flu o res cence upconversion tech nique 
Takeuchi and Tahara150  were able to re solve biexponential
com po nents ( 1 = 0.2 ps, 2  = 1.1 ps) as so ci ated with the nor -
mal emis sion where the de cay of the 1.1 ps com po nent is con -
sis tent with the rise of the tau to mer emis sion. Ac cord ingly,
they con cluded that a con certed ESDPT and the pro ton trans -
fer pro ceeds ex clu sively from the low est La ex cited state with 
a time con stant of 1.1 ps af ter the oc cur rence of the in ter nal
con ver sion ( 1 ~ 0.2 ps) from the ini tially pop u lated Lb state
to the La state. Al ter na tively, the pre vi ously ob served 12 ps
rise dy nam ics of the tau to mer emis sion has been re as signed
to the vi bra tional re lax ation of the tau to meric ex cited state
(Fig. 12a). Later, Zewail and co-workers151  re in ves ti gated the 
ESDPT dy nam ics of the 7AI dimer based on com ple men tary
meth ods com bin ing tran sient ab sorp tion and flu o res cence
upconversion tech niques. In ac cor dance with Takeuchi and
Tahara’s con clu sion they re in ter preted the slow-rise com po -
nent of 12 ps time con stant to the vi bra tional re lax ation of the
“hot” tau to mer spe cie. How ever, through a de tailed in ves ti -
ga tion of the deu te rium iso tope ef fect they also pointed out
that the re sults may be come com pli cated once the per cent age
of deu te rium ex change is low so that cor rect iso tope- de pen -
dent dy nam ics must be ex tracted from the com pli cated deu -
terated and undeuterated mix ture. Nev er the less, both tau to -
mer and nor mal spe cies were found to un dergo ex ci ta tion-
 wavelength de pend ent dy nam ics. When the ex ci ta tion fre -
quency is near ZPE, biexponential rise dy nam ics were ob -
served for the tau to mer spe cies, which was not pre vi ously
rec og nized since the ex ci ta tion en ergy is well above the
ZPE.150 Ac cord ingly, Zewail and co-workers con cluded that
the biprotonic trans fer takes place on a ~ 1 ps time scale in a
nonpolar sol vent when the in ter nal en ergy is near or above
the bar rier height. Only when the in ter nal en ergy is low such
as in a beam and pos si bly low tem per a ture ex per i ment can

one ex am ine the tun nel ing pro cesses and nonconcerted path -
ways (Fig. 12b).

It seems like the low-temperature dy nam i cal study in
con densed phase, as sug gested by Zewail and co-workers,151

may ren der a res o lu tion of ESDPT dy nam ics for the 7IA
dimer. Un for tu nately, most stud ies of ESDPT on 7AI hy dro -
gen-bonded com plexes in so lu tion phase are lim ited at am bi -
ent tem per a ture. De tailed tem per a ture-dependent stud ies on
the ESDPT dy nam ics of 7AI are scarce. The ma jor ob sta cle is 
due to the for ma tion of ther mo dy nam i cally more fa vor able
hy dro gen-bonded oli go mers at low tem per a ture in which the
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co op er a tive dou ble pro ton trans fer is pro hib ited. A dras tic
tem per a ture-dependent ef fect on ESDPT has been re ported
early by Ingham and El-Bayoumi.101 Upon ob serv ing a steady-
 state tau to mer like emis sion ( max ~ 460 nm) even in a 77 K
methylcyclohexane the dy nam ics of ESDPT are pro posed to
in cor po rate a pro ton tun nel ing mech a nism. How ever, the
well-resolved ”tau to mer” emis sion in the low-temperature
glassy form was sub se quently re in ter preted as the phos pho -
res cence re sult ing from the dom i nant 7AI ag gre gate spe cies
where pro ton trans fer is pro hib ited dur ing the ex cited-state
life time. 152

Re cently, ap ply ing mod er ate con cen tra tion of 7AI (~
10-4 M) in 2-methylbutane pure dimeric form with its cor re -
spond ing ESDPT dy nam ics was re solved at < 227 K.153 The
re sults of dras tic deu te rium iso tope ef fect for the tau to mer
emis sion in ten sity in di cate tun nel ing to be the prin ci pal
mech a nism for ESDPT at low tem per a ture. In a care fully pre -
pared nonpolar poly mer ma trix the oligomer for ma tion in
7AI may be dy nam i cally pro hib ited at the cryo genic tem per a -
ture since the rigid en vi ron ment pre vents the dif fu sive mo -
tion of the pre-existing 7AI dimer at am bi ent tem per a ture.154

How ever, such a prep a ra tion, to our ex pe ri ence, in volves sev -
eral sen si tive pa ram e ters, e.g. con cen tra tion (a pos si ble
microcrystalline for ma tion due to the low sol u bil ity), tem per -
a ture gra di ent, protic sol vents con tam i na tion, etc., and is thus 
dif fi cult to achieve an ideal 7AI dimeric for ma tion.

Al ter na tively, one might ex pect that a low tem per a ture
study of the crys tal form of 7AI may pro vide in dis put able in -
for ma tion on the in trin sic biprotonic-transfer dy nam ics155 if
the cy clic, dual hy dro gen-bonded dimeric struc ture per sists
in a per fect crys tal. Un for tu nately, the crys tal struc ture of
7AI re veals a very un usual hy dro gen-bonding con fig u ra tion,
con sist ing of a tetrameric unit of ap prox i mate S4 sym me try,
in which the mol e cules are as so ci ated through a four com ple -
men tary N-H…H hy dro gen bonds156 (see Fig. 13, top part).
The lack of a dual hy dro gen-bonded dimeric form makes the
study of in trin sic ESDPT dy nam ics in the 7AI sin gle crys tal
in fea si ble. Re cently, through the nucleophilic sub sti tu tion at
the C-3 po si tion by a bulky substituent, the crys tal pack ing of
7AI de riv a tives has been dras ti cally al tered. Fig. 13 re veals
the dras tic struc tural dif fer ences be tween 7AI and 3-iodo-
 7azaindole (3IAI). In stead of the tetrameric struc ture in the
case of 7AI, 3IAI pos sesses in tact, pla nar dual hy dro gen-
 bonded dimers, which are stacked via the in ter ac tion be tween 
their ring -sys tems to form al ter nat ing slabs.157  In con trast to 
a nor mal flu o res cence ( max ~ 350 nm) ob served in a sin gle
crys tal of 7AI, the 3IAI dimer in a sin gle crys tal ex hib its a
unique, large Stokes-shifted tau to mer flu o res cence ( max ~
520 nm), ac com pa nied by the res o lu tion of tau to mer phos -

pho res cence max i mized at ~ 600 nm (see Fig. 13). Through a
slight mod i fi ca tion of the geo met ri cal en vi ron ment, the 3IAI
sin gle crys tal un am big u ously dem on strates the oc cur rence of 
ESDPT in a per fect dimeric form as well as re solves for the
first time the heavy-atom-enhanced phos pho res cence orig i -
nat ing from the pro ton-transfer tau to mer. When the ex ci ta -
tion wave length is tuned near the on set of the S0-S1 tran si tion
(~ 350 nm) at 10 K a unique pro ton-transfer tau to mer flu o res -
cence is still re solv able, in di cat ing that the oc cur rence of
ESDPT is as so ci ated with a small en ergy bar rier where the
trans fer may in cor po rate a tun nel ing mech a nism. These re -
sults pro vide fu ture per spec tives to mimic the in trin sic
ESDPT dy nam ics of the 7AI-like dual hy dro gen-bonded
dimer in sin gle crys tal with com plete struc tural in for ma tion.
For in stance, a sin gle crys tal of N(1)-H deuterated 3IAI pro -
vides an ideal model to test the re mark able deu te rium iso tope
ef fect re ported in the low-temperature so lu tion phase.153

IIIb. ESDPT dy nam ics in 7AI CDHB com plexes
De spite pro found time-resolved data on the 7AI dimer,

de tailed ESDPT dy nam ics on other host/guest CDHB com -
plexes have not yet been ex plored. To our knowl edge, the
lack of dy nam i cal in for ma tion might be in part due to the
com pli ca tion in pre par ing an op ti mum con cen tra tion of
host/guest CDHB com plexes to per form the ultrafast time-
 resolved mea sure ments. Con cen trated 7AI (and its cor re -
spond ing an a logues) re sults in an ap pre cia ble dimeric for ma -
tion, which un der goes a com pet i tive equi lib rium with re spect 
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Fig. 13. top: Dis tinctly dif fer ent struc tures be tween
7AI and 3IAIn a sin gle crys tal, bot tom: (-----)
The ab sorp tion and flu o res cence ( ex = 315
nm) spec tra of the 7AI solid at room tem per a -
ture. (

_____
) The ab sorp tion, flu o res cence (F)

and phos pho res cence (P, 298K) of 3IAI in
which the flu o res cence was mon i tored as a
func tion of tem per a ture at a . 298 and b. 10 K.



to the host/guest com plex. One may con sider add ing ex cess
an ace tic acid con cen tra tion to shift the equi lib rium to ward
the com plex for ma tion. Un for tu nately, the ac cu mu la tion of a
lo cal po lar ity due to the ag gre ga tion of ace tic acid leads to the 
ex cited-state protonation rather than dou ble pro ton trans fer
re ac tion. Un der stand ing the dy nam ics of guest/host ESDPT
may be of im por tance to dif fer en ti ate the mech a nism for cat a -
lytic ver sus non-catalytic types of pro ton trans fer re ac tions.
In ad di tion, the un equal dual hy dro gen bond ing strength in
e.g. 7AI/carboxylic ac ids, 7AI/lac tams and 7AI/amides
CDHB com plexes may lead to a sig nif i cantly dif fer ent re ac -
tion mech a nism from that of the 7AI dimer pos sess ing sym -
met ri cal dual hy dro gen bonds. In other words, the un sym met -
ri cal hy dro gen bonds, and hence dif fer ent pKa* val ues on the
dual hy dro gen bond ing sites may play a key role in fine-
 tuning the ESDPT dy nam ics be tween con certed and step wise
path ways. To pre vent the in ter fer ence from the dimeric for -
ma tion mo lec u lar de sign on 7AI de riv a tives aim ing at the in -
hi bi tion of the self-association may ren der an al ter na tive, fea -
si ble re search ori en ta tion. One stra te gic ap proach is to in sert
a bulky substituent at ei ther the C(2) or C(6) po si tion of 7AI
so that the dimeric for ma tion is ther mo dy nam i cally un fa vor -
able due to the steric hin drance, while such a con fig u ra tion
in duces neg li gi ble steric ef fect for the guest mol e cule such as
ace tic acid upon form ing the 7AI/ace tic acid HB com plex.

IIIc. Dy nam ics of ground-state re verse pro ton trans fer
As men tioned in the pre vi ous sec tion, the noncatalytic

ESDPT ac com pa nied by the tau tom er ism of the guest mol e -
cule, form ing a la bile iso mer, may be of im por tance from the
syn thetic as pect. How ever, due to the fast ex cited-state re lax -
ation dy nam ics only when the ground-state re verse pro ton
trans fer (GSRPT) is rel a tively low can one po ten tially uti lize
the la bile tautomerized guest (or host) mol e cules and fur ther
pro ceed the chem i cal re ac tion. From this view point, the 7AI
dimer has been used as a pro to type to study the dy nam ics of
GSRPT for the past de cade. In con trast to the pico- femto -
second time scale of ESDPT, the dy nam ics of GSRPT for the
7AI(T) dimer are sur pris ingly slow. Ap plying tran sient ab -
sorp tion and two-step la ser-induced flu o res cence (TSLIF)
mea sure ments, Itoh et al. dem on strated GSRPT in cor po rat -
ing an un ex pect edly long-lived  (~ mi cro sec onds) tau to mer
spe cies at room tem per a ture.158,159  Re cently, based on a
time- resolved ther mal lensing tech nique Suzuki et al.160 ob -
served a slow ris ing ther mal lensing sig nal in which the re lax -
ation dy nam ics are in agree ment with those ob tained by Itoh
et al., con firm ing the ex is tence of the long-lived tau to mer
spe cies. Taking ad van tage that the ther mal lensing tech nique
es sen tially mea sures the heat dis si pa tion upon the radia tion -

less tran si tion, Suzuki et al. were able to ex tract the enthalpy
fac tor for the 7AI(T) dimer  7AI(N) dimer re verse pro -
ton-transfer re ac tion. Con se quently, a sur pris ingly small H
value of 0.97 kcal/mol was de duced, which is in gen eral
much smaller than other mol e cules ex hib it ing a pro ton-
 transfer re ac tion. For ex am ple, the enthalpy change in keto-
 enol tau tom er ism for 7-hydroxyquinoline in meth a nol was
re ported to be 9.76 kcal/mol.161 For the case of 2- methyl -
benzophenone, H was ob tained to be 27.6 kcal/mol for
cis-enol and 48.0 kcal/mol for trans-enol.162  As for 7AI, H
for the 7AI(N) dimer  7AI(T) dimer tau tom er ism in the
ground state has been the o ret i cally es ti mated to be 24.5163

and 22.3 kcal/mol 164  in the gas state, which is ap par ently
much larger than 0.97 kcal/mol ob tained from the ther mal
lensing ex per i ment. Such a sur pris ing dif fer ence has been
ten ta tively ex plained by a dras tic conformational change be -
tween the nor mal and tau to mer forms and/or the sol va tion ef -
fect of the sur round ing mol e cule.160 How ever, this pro posed
mech a nism can not be ra tio nal ized, at least, by ab in itio cal cu -
la tions in the gas phase, un less sol va tion plays a ma jor role
ac count ing for a sig nif i cant struc tural dis tor tion, hence sta bi -
liz ing the 7AI(T) dimer. On this ba sis, the GSRPT of the
7AI(T) dimer has been re cently re in ves ti gated us ing an
ultrasensitive nano sec ond pump-probe TSLIF tech nique. 120

Com pre hen sive anal y ses of the ground-state re verse pro ton
trans fer in 7AI re veal sev eral sig nif i cant re marks: (i) The
ground-state tran sient tau to mer spe cies un der goes sin gle ex -
po nen tial de cay dy nam ics, which upon sec ond la ser ex ci ta -
tion ex hib its a flu o res cence with the peak max i mum ~15 nm
red shifted with re spect to the steady-state tau to mer emis -
sion. (ii) A pre vi ously un rec og nized fi nite rise time (~ 20 ns,
de pend ing on sol vents) for the TSLIF was ob served. The
TSLIF spec trum ob tained at the rise com po nent is dif fer ent
from that of the de cay com po nent. (iii) The de cay dy nam ics
of TSLIF are de pend ent on the sol vent vis cos ity that mainly
af fects the fre quency fac tor of the re verse pro ton trans fer. 

These re sults lead to a con clu sion that the ground-state
long-lived tran sient spe cies orig i nates from the mono mer of
7AI pro ton-transfer tau to mer (7AI(T)) pro duced by a mi nor
dis so ci a tion chan nel (~ 4%) of the ex cited 7AI(T) dimer.
Sub se quently, the 7AI(T) mono mer un der goes a slow re verse 
pro ton trans fer via the for ma tion of a 7AI(T)/7AI(N) hy dro -
gen-bonded com plex. Whereas sim i lar to the ESDPT dy nam -
ics in the 7AI(N) dimer, the ma jor, undissociated 7AI(T)
dimer spe cies un dergo an ultrafast GSRPT and hence can not
be re solved since its rate-determined step es sen tially in cor -
po rates the de cay of the ex cited 7AI(T) dimer (see Fig. 14).
This pro posed mech a nism on the one hand ra tio nal izes the re -
cent ther mal lensing ex per i ment in which the 0.97 kcal/mol
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higher in en ergy than the 7AI(N) dimer de duced for the
7AI(T) dimer160  is pos si bly due to the er ro ne ous treat ment of
the en tire 7AI(T) dimer un der go ing slow GSRPT.

On the other hand, the en er getic ba sis of this pro posed
mech a nism is con sis tent with the the o ret i cal ap proaches153,163,164

con clud ing an en ergy dif fer ence of > 12 kcal/mol, de pend ing
on lev els of the ory, be tween 7AI(T) and 7AI(N) CDHB
dimers. It should be noted that a min i mum en ergy of 7AI(T)
dimer seems to ex ist the o ret i cally, as sup ported by the op ti -
mized struc ture pos sess ing all pos i tive vi bra tional fre quen -
cies in var i ous cal cu la tions. Based on the B3LYP/6-31G(d, p) 
method where the elec tron cor re la tion is in trin si cally in cor -
po rated Catalán and Kasha153 were able to re solve a small re -
verse pro ton-transfer bar rier for the 7AI(T) dimer (< 5
kcal/mol). Nev er the less, fur ther higher lev els of the ory as
well as the cal cu la tion of pro ton trans fer rate have to be per -
formed to re solve the in trin sic dy nam ics of GSRPT for the
7AI(T) dimer.

It is also of in ter est to in ves ti gate the GSRPT dy nam ics
of other host/guest types of pro ton trans fer mol e cules. The
cat a lytic type of 7AI HB com plexes such as 7AI/meth a nol
and/or 7AI/ace tic acid com plexes have been in ves ti gated.120

How ever, long-lived tran sient spe cies were not ob served by
ei ther tran sient ab sorp tion or TSLIF ex per i ments. For the
case of 7AI/ace tic acid com plex, the as so ci a tion con stant is at 
least one or der of the mag ni tude larger than that of the 7AI
dimer.104 As suming sim i lar hy dro gen bond ing strength in the
ex cited-state, the frac tion of dis so ci a tion for the 7AI(T)*/
ACID com plex, form ing 7AI(T), is then ex pected to be much
less than 4% and hence may not be de tect able. In meth a nol
so lu tion 7AI(T) pro duced from the dis so ci a tion of the 1:1

7AI(T)*/meth a nol cy clic HB com plex will be im me di ately
solvated, which then un der goes a fast rate of GSRPT (~ few
hun dred pi co sec onds) sim i lar to that of the meth a nol as sisted
ESDPT re viewed in sec tion IV. For this case the over all rate
of a pro ton trans fer cy cle should be lim ited by the de cay of
the 7AI(T)*/meth a nol com plex.

The slow dy nam ics of GSRPT have in deed been ob -
served in other host/guest ESPT sys tems in cor po rat ing
stoichiometrically  2 guest mol e cules. A pro to type wor thy
to be cited is 7-hydroxyquinoline (7HQ) in al co hols. By a flu -
o res cence ti tra tion study it has been con cluded that ESDPT
takes place through the for ma tion of a 1:2 7HQ/meth a nol
com plex. The rate of ESDPT was mea sured to be ~ 5.0  109

s -1 with a bar rier height of 0.54 kcal/mol.165 In con trast, the
rate of GSRPT is as low as ~ 2.8  105  s-1 with a sig nif i cantly
large bar rier of ~ 4.2 kcal/mol in neat meth a nol at room tem -
per a ture.165-168 The dif fer ence of more than four or ders of the
mag ni tude in re ac tion dy nam ics be tween the ground and ex -
cited states has been ra tio nal ized us ing a two-step sol va -
tion/pro ton tun nel ing cou pled GSRPT mech a nism. 166,168 A
de tailed re view re gard ing dy nam ics of ESDPT and GSRPT in 
7-hydroxyquinoline will be pre sented in the fol low ing sec -
tion.

IV. EX CITED-STATE BIPROTONIC TRANS FER IN
HYDROXYLIC SOL VENTS

In al co hols and wa ter the dy nam ics of ESDPT in 7AI
and its an a logue 7-azatryptophan have been suc cess fully ap -
plied to probe the sol va tion and/or pro tein dy nam ics. 169-181

Their bi o log i cal ap pli ca tion has been re cently re viewed by
Petrich and co-workers. 78  In this sec tion the fo cus will be
mainly on the ex cited-state pro ton trans fer dy nam ics for 7AI
and an other com par a tive mol e cule 7-hydroxyquinoline in
bulk protic sol vents. Of par tic u lar em pha sis is the long-
 standing con tro versy re gard ing the pro ton trans fer dy nam ics
of 7AI in aque ous so lu tions.

IVa. 7AIs In al co hols
The dy nam ics of ex cited-state pro ton trans fer of 7AI in

al co hols have re ceived con sid er able at ten tion. In a steady-
 state ap proach, dual emis sion max ima at ~ 370 and 500 nm
for 7AI in al co hols has long been rec og nized and has been as -
signed as the nor mal and tau to mer emis sions, re spec tively.76

Sem i nal stud ies re gard ing 7AI/sol vent cou pled ESDPT dy -
nam ics in al co hols were per formed by McMorrow and
Aartsma us ing a pi co sec ond Kerr-gating tech nique. 169  On the
ba sis of re solv ing dual rise com po nents for the tau to mer
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emis sion, they con cluded two types of solvated 7AI spe cies
ex ist in al co hols: the 1:1 7AI/al co hol cy clic HB com plex and
7AI solvated in ex tended ag gre gates of al co hol mol e cules in
the ground state. Upon elec tronic ex ci ta tion the 1:1 cy clic
com plex un der goes an ultrafast rate of pro ton trans fer (kpt >
20 ps -1), which is thought to be nearly barrierless, sim i lar to
that ob served in the case of the 7AI dimer.147-151 Whereas the
slow rise com po nent of sev eral hun dred pi co sec onds, de -
pend ing on types of al co hols, has orig i nally been pro posed to
be due to the slow sol vent re or ga ni za tion to an ap pro pri ate
pre cur sor (i.e. the 1:1 cy clic com plex) fa vor able for a re layed
type of dou ble pro ton trans fer. The slow rise com po nent has
been sub se quently re con firmed by Koijnenberg et al.171

through a more com pre hen sive study based on a streak cam -
era tech nique. In con trast, how ever, the pre vi ously re ported
fast rise com po nent (> 20 ps-1) was ob scured. Such a dis crep -
ancy has been sug gested to be partly due to the pe cu liar op ti -
cal prop er ties of the Kerr tech nique (such as ex tinc tion ra tio,
leak age of pump-probe light, etc.) in per form ing an ac cu rate
dy nam i cal study.171  Thor ough wave length-dependent dy -
nam i cal stud ies based on the time-correlated pho ton count ing 
tech nique have also been per formed.172-174  The re sults lead to
an al ter na tive sug ges tion that the fast rise com po nent ob -
tained by McMorrow and Aartsma169 plau si bly re sulted from
the in ter fer ence of the nor mal emis sion that over laps sig nif i -
cantly with the higher fre quency por tion of the tau to mer
emis sion. Only when the mon i tored emis sion is > 550 nm can
one ob tain a sin gle rise com po nent. Con se quently, it be comes 
un am big u ous that the en tire de cay time of the nor mal emis -
sion (e.g. 370 nm) is equal to the rise time of the tau to mer
emis sion. The re sults in com bi na tion with the iden ti cal ex ci -
ta tion spec trum mon i tored at nor mal and tau to mer emis sion
in the steady-state ap proach lead to the con clu sion that only
one type of 7AI solvated spe cies mainly ex ists in short car -
bon-chain al co hols.182 Upon elec tronic ex ci ta tion this prev a -
lent solvated spe cies gives rise to a nor mal flu o res cence at
370 nm, which is also the pre cur sor for the pro ton trans fer to
pro ceed, re sult ing in the tau to mer flu o res cence at ~ 500 nm.
Con se quently, a two-step sol va tion/pro ton trans fer dy nam ics 
cou pled mech a nism has been pro posed and de picted in Fig.
15a. The pre dom i nant spe cies ini tially pop u lated in the ex -
cited state is as cribed to an N* struc ture where there ex ists
dual hy dro gen bonds with re spect to the two al co hols, while
each al co hol is hy dro gen bonded by an ad di tional al co hol to
form a so called neigh bor bonded con fig u ra tion.181 The first
pro ton-transfer step in cor po rates a slow rate of sol vent re or -
ga ni za tion k1 to the C* struc ture which pos sesses a cor rect
geo met ric ar range ment of sol vent for the pro ton trans fer to
pro ceed, cou pled with a re verse rate of sol vent ran dom iza tion 

k- 1 to any com plex for ma tion un fa vor able for the pro ton
trans fer. Once in the C* state a com pet i tive rate of in trin sic
pro ton trans fer re ac tion kpt may take place, form ing the tau to -
mer spe cies. Al though the so lu tion for the cou pling ki netic
ex pres sion shown in Fig. 15a may not be straight for ward,
sim pli fi ca tion can be made by as sum ing the much slower sol -
vent re or ga ni za tion rate k1 rel a tive to k-1 and/or kpt. As a re -
sult, a steady-state ap proach can be made for the C* state, and 
the over all rate of the ex cited-state re lax ation dy nam ics, krxn,
in the N* state can be ex pressed as 

(3)

In the case of 7AI, the non-proton trans fer de cay rate kN is
much smaller than k1, k-1 and kpt, Con se quently, eq (3) is dom -
i nated by the over all rate of the pro ton-transfer pro cess,
which can be fur ther dis cussed based on two ex treme cases.
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Two lim its can be en vi sioned for how this sol vent- re organ -
ization step af fects the re ac tion and both lim its have been
used for in ter pret ing ex per i men tal data. When the in trin sic
pro ton trans fer rate kpt is much faster than k-1 , the over all pro -
ton trans fer rate can be ex pressed as

ktxn = k1   (mech a nism I) (4)

In this case the over all rate of the pro ton-transfer re ac tion is
de ter mined mainly by the slow sol vent re or ga ni za tion dy -
nam ics. Con versely, an op po site limit is reached when the
sol vent equil i bra tion is rapid rel a tive to kpt, i.e. kpt < k-1. In
this case the ob served rate is not solely re lated to the sol vent
re or ga ni za tion dy nam ics (i.e.  k1) but is con trolled by the sol -
va tion prop erty with an equi lib rium con stant ex pressed as K eq 

= k1/k-1. Con se quently, the over all re ac tion dy nam ics can be
de scribed by the sol va tion ther mo dy nam ics (i.e. Keq) cou pled 
with an in trin sic pro ton trans fer rate ex pressed in eq. (5)

                           (mech a nism  II) (5)

This ki net ics ex pres sion is es sen tially a ba sis of the pre-
 equilibrium re ac tion dy nam ics where

                                   = f kpt = kpt exp(- G /(kBT)) (6)

In this ex pres sion f is the frac tion of 7AI cor rectly
solvated for ex e cut ing the pro ton-transfer re ac tion, and G
is its free en ergy rel a tive to the more prev a lent non-reactive
forms. Re cently, the phys i cal prop er ties of k1 and k-1  have
been al ter na tively de scribed us ing a con tin u ous sol va tion po -
ten tial model shown in Fig. 15b181  rather than the two dis crete 
sol va tion steps de picted in Fig. 15a. Nev er the less, the gen -
eral ex pres sion in eq. (6) re mains un changed, and is in prin ci -
ple sim i lar to that de rived from the tran si tion state the ory.
How ever, as men tioned in Ref. 181, the G no ta tion dif fers
from that con ven tion ally used in the tran si tion-state the ory,
where G  in eq. (6) is in true equi lib rium and thus there is no 
kBT/h fac tor de duced from the tran si tion state the ory. The
der i va tion of (4)-(6) is based on the neg li gence of the non-
 proton-transfer de cay rate con stant kN in eq. (3). This as -
sump tion may be in valid once kN is com pa ra ble or even dom i -
nant in com par i son to k1. An ex am ple has been re cently dem -
on strated in the case of 3-formyl-7-azaindole where kN  is
dom i nated by the fast 1 *  1n * in ter nal con ver sion and is
thus >> k1. As a re sult eq. (3) can not be sim pli fied and the ex -
trac tion of ther mo dy namic and/or ki netic data be comes in -
fea si ble. 183

Both dy nam i cal (mech a nism I) and static (mech a nism

II) sol vent ef fects ra tio nal ize the slow sol vent-dependent
pro ton-transfer dy nam ics in var i ous al co hols. How ever,
more de tailed vis cos ity, deu te rium iso tope and sol vent po lar -
ity ex per i ments re vealed cer tain dis crep an cies be tween the
two pro posed mech a nisms. The vis cos ity ef fect on the pro ton 
trans fer dy nam ics of 7AI in al co hols has been ob served in
sev eral lab o ra to ries ei ther by steady state or by time-resolved 
ap proaches. 169-174,184,185 Varma and co-workers171 care fully
an a lyzed the rate of the pro ton trans fer as a func tion of sol -
vent vis cos ity ( ) and found a poor cor re la tion be tween the
rate of pro ton trans fer and sol vent vis cos ity, es pe cially in
sec ond ary, ter tiary and polyalcohols. Ap par ently  is not a
key pa ram e ter that con trols the re ac tion dy nam ics. In stead,
they pro posed that the dif fer ences in the pro ton-transfer rates
of 7AI in dif fer ent al co hols may be due to dif fer ences in acid -
ity of var i ous al co hols af fect ing the ac tual pro ton-transfer
step. Petrich and co-workers172,174 share a sim i lar view point
in in ter pret ing the re sults es pe cially in var i ous de grees of al -
co hols. In con trast, Mente and Maroncelli181 in a re cent re port 
ar gued that the fact that the iso tope ef fect does not vary sub -
stan tially over a range of al co hol sol vents makes this in ter -
pre ta tion seem un likely. A sig nif i cant deu te rium (O-D) iso -
tope ef fect on the rate of pro ton trans fer has been re ported in
time-resolved stud ies.172-174 For the case of meth a nol and eth -
a nol the ra tio of k krx n

H
rxn
D/  can be as large as ~ 3. The in ter pre ta -

tion of the tem per a ture-dependent iso tope ef fect, de pend ing
on the ex per i men tal data, re veals cer tain con tro ver sies. Ex -
per i ments per formed by Varma et al.171  showed that the
Arrhenius plot of lnkrxn ver sus the in verse of tem per a ture
gives the same slope be tween meth a nol (or eth a nol) and its
cor re spond ing deuterated O-D sol vent. For ex am ple, the ac ti -
va tion en ergy (Ea) ex tracted from the Arrhenius pa ram e ter is
~ 3.0 kcal/mol in both meth a nol and meth a nol-d. They ra tio -
nal ized such a tem per a ture-independent iso tope ef fect by the
dif fer ence in the pre-exponential fac tor, which de notes the
in trin sic pro ton trans fer (i.e. tun nel ing) rate. While the iso -
tope-independent ac ti va tion en ergy for the pro ton trans fer is
in fact the ac ti va tion en ergy for the for ma tion of the spe cific
cy clic com plex. The “ac ti va tion en ergy” ter mi nol ogy used
here is im plic itly equiv a lent to H  de rived from G  (see eq. 
(6)) where the en tropy term is fac tored out from G  due to
its tem per a ture in de pend ence in the Arrhenius plot. The re -
sult of tem per a ture-independent ki netic iso tope ef fect is dif -
fi cult to ra tio nal ize us ing mech a nism I un less the sol vent me -
chan i cal fric tion (i.e. the vis cos ity) dom i nates pro ceed ing the 
re or ga ni za tion, which has been shown to ex hibit a poor cor re -
la tion.171  It is also wor thy to point out that a re in ves ti ga tion of 
the tem per a ture-dependent ki netic iso tope ef fect by Moog
and Maroncelli173 has re vealed a slightly deu te rium- de pen -
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dent “ac ti va tion en ergy”. For ex am ple E a val ues ex tracted
from the Arrhenius pa ram e ter are 2.31 and 1.57 kcal/mol in
meth a nol and meth a nol-d, re spec tively. In eth a nol-d the
Arrhenius plot even re veals non lin ear (up ward cur va ture) be -
hav ior. They rec og nized that the ac ti va tion en er gies for the
pro ton trans fer re ac tion in meth a nol (2.31 kcal/mol) and eth -
a nol (3.02 kcal/mol) ac ci den tally cor re late well with the cor -
re spond ing vis cos ity ac ti va tion en er gies of 2.60 and 3.52
kcal/mol. How ever, a large de vi a tion from the lin ear cor re la -
tion was ob served in sec ond, ter tiary al co hols and poly -
alcohols. De spite the dif fer ence in the mea sured ac ti va tion
en ergy, Moog and Maroncelli173 also no ticed that the key dif -
fer ence in iso tope-dependent re ac tion dy nam ics is on its
pre-exponential fac tor, not on the ac ti va tion en ergy, and thus
share the same view point with Varma et al.171 We have also
made an at tempt to per form tem per a ture-dependent stud ies
of 7AI in var i ous al co hols.186 In our view point, the dis crep -
ancy in the ex per i men tal re sults may prob a bly be ra tio nal ized 
due to the as so ci ated small “ac ti va tion en ergy”. Thus, in ter -
fer ence such as the per cent age of deu te rium iso tope ex change 
and long-time sta bil ity of the ex per i men tal con di tion turns
out to be crit i cal. Es pe cially at lower tem per a tures the in ter -
pre ta tion of the dual emis sion may be com pli cated due to the
ex is tence of 7AI-alcohol ag gre gate that may par tially pro -
hibit the tautomerization dur ing the ex cited-state life time.
Nev er the less, in a small range of stud ied tem per a tures such
as 273-310 K our re sults seems to be in fa vor of a tem per a ture 
in de pend ent ki netic iso tope ef fect.

Ex cept for the vis cos ity and acid ity fac tors em pha sized
by most re search ers, Moog and Maroncelli173 also no ticed a
re mark ably good cor re la tion be tween the pro ton-transfer rate 
and em pir i cal equi lib rium sol va tion pa ram e ter ET(30) in var i -
ous de grees of al co hols. This leads to a com pli cated mech a -
nism in cor po rat ing com pet i tive k1 (and pos si bly k-1) and kpt .
k1 may be par tially re lated to the mi cro scopic fric tion that in -
creases more slowly with chain length and de gree of alkyl
sub sti tu tion for al co hols than does the bulk vis cos ity.187 Con -
versely, kpt prob a bly cor re lates with the hy dro gen-bond do -
nat ing abil ity of the al co hol in volved. In other words, the two
kinetically ex treme cases, namely mech a nisms I and II, pro -
posed above may break down so that the sep a rate ex trac tion
of the ki netic pa ram e ters is not straight for ward.

Al though ex per i men tal re sults and the con se quent in -
ter pre ta tion some what scat ter among var i ous re search groups,
sev eral re marks with sim i lar view points can still be sum ma -
rized. First, the large am pli tude mo tion qual i ta tively ex plains 
the re ac tion dy nam ics in sim ple pri mary al co hols. How ever,
it may not be the solely de ter min ing fac tor due to the lack of a
lin ear de pend ence of the pro ton trans fer rate on sol vent vis -

cos ity. Sec ond, the tem per a ture-dependent iso tope ef fect is
gov erned mainly by the pre-exponential fac tor, not the ac ti -
va tion en ergy (or enthalpy). The value of k krxn

H
rx n
D/  var ied only 

slightly among the dif fer ent types of al co hols stud ied.
Ap par ently, sim ple sol vent re or ga ni za tion be ing the

rate-determining step (mech a nism I) seems not ap pro pri ate
to de scribe the pro ton trans fer dy nam ics in al co hols. Al ter na -
tively, the ex per i men tal re sults gath ered up to this stage may
be more ap pro pri ately de scribed by a step wise two-step mech -
anism in cor po rat ing ei ther sol va tion equi lib rium (i.e. mech a -
nism II) or semi-equilibrium (i.e. com pet i tive k1 (or k-1) and
kpt rates, mech a nism I). Re cently, Mente and Maroncelli181

ap plied a com puter sim u la tion to the frac tional pop u la tion of
N and C states as well as the cor re spond ing mo lec u lar dy -
nam ics of sol va tion. The re sults con cluded that the re ac tion
rates of 7AI and its cor re spond ing fused ben zene de riv a tive
1-azacarbazole in hydroxylic sol vents could be well un der -
stood in terms of the geo met ric hy dro gen-bonding re quire -
ments be tween the sol ute and sol vent mol e cules. Such geo -
met ric con trol over the re ac tion is rather spe cific to par tic u lar 
sol utes and sol vents. For ex am ple, the cal cu la tion in di cates
the 7AI/ace tic acid CDHB com plex (see Fig. 2) to be the pre -
dom i nant HB spe cies for 7AI in nonpolar sol vent ti trated by
ace tic acid, and fast ESDPT takes place upon the ex ci ta tion of 
such a static, in tact cy clic HB struc ture. Con versely in bulk
al co hols neigh bor hy dro gen-bonded spe cies (i.e. struc ture N) 
pop u late pre dom i nantly where the in ter play be tween two hy -
dro gen-bonding sites in 7AI is ap par ently blocked. Based on
a con tin u ous sol va tion model, a fast sol vent re-equilibration
leads to the pop u la tion of a trace frac tion of cy clic pro ton re -
lay type of HB com plex (i.e. struc ture C), a pre cur sor to ex e -
cute the ESDPT. This view point has re cently been re con -
firmed by Waluk and co-workers via mo lec u lar dy nam ics in
com bi na tion with ab in itio/DFT stud ies.86 An other in dis put -
able con fir ma tion is that the sol va tion enthalpy en ergy cal cu -
lated for such equi lib rium ther mo dy nam ics is strik ingly com -
pa ra ble with the “ac ti va tion en ergy” ob tained from the tem -
per a ture- dependent study in var i ous stud ied al co hols. The re -
sults lead to a con clu sion to ward the sol va tion equi lib rium
con trolled mech a nism. From this view point, the mo lec u lar
dy nam ics ap proach shares a sim i lar con cept pro posed early
by Varma et al.171 but pro vides more ex plic itly a dy nam i cal
scheme of sol va tion ther mo dy nam ics cou pled pro ton- trans -
fer re ac tion. In con trast to a dom i nant noncyclic 1:1 HB com -
plex pro posed by Varma and co work ers171 neigh bor HB spe -
cies shown in Fig. 15 is cal cu lated to be the prev a lent struc -
ture in solvated 7AI. On the ba sis of cal cu lated sol va tion ther -
mo dy namic data in com bi na tion with the ex per i men tally ob -
tained re ac tion dy nam ics Mente and Maroncelli181 fur ther de -
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duce the in trin sic pro ton trans fer (or tun nel ing) rate kpt to be
ca. 0.3 ps-1 in meth a nol. In com par i son, the de duced kpt value
is on the same or der of the mag ni tude as the pro ton trans fer
rate ob tained ex per i men tally from the 7AI dimer pos sess ing
in tact dual hy dro gen bonds.147-151

Sum ma rizing this sec tion, it seems in dis put able that the 
pro ton trans fer dy nam ics of 7AI in short-carbon chain mono -
alcohols can be well in ter preted in terms of a two-step model
in cor po rat ing equi lib rium sol va tion fol lowed by a rapid pro -
ton trans fer which is pos si bly dom i nated by a tun nel ing
mech a nism. The tem per a ture-dependent re ac tion rate is
mainly de ter mined by the sol va tion equi lib rium fac tor, i.e.
k1/k-1, while the iso tope ef fect is re vealed in the pre- ex pon en -
tial fac tor and is in de pend ent of tem per a ture. Such a tem per a -
ture-independent ki netic iso tope ef fect on pro ton-transfer dy -
nam ics has been ob served in sev eral other sys tems as well.
For pro to types re fer to 3-hyroxyflavone in eth a nol,188 sol vent 
cat a lyzed ESDPT in the pyrichrominium cat ion189 and GSRPT
of 7-hydrodxyquinoline166,168 in meth a nol de scribed in the
fol low ing sec tion.

IVb. 7-Hydroxyquinoline in al co hols
An in trigu ing com par i son in pro ton trans fer dy nam ics

can be made be tween 7AI and 7-hydroxyquinoline (7HQ). In
the case of 7HQ, pro ton do nor (hydroxyl group) and ac cep tor
(pyridinic ni tro gen) are far apart from each other (see Fig.
16). Thus, un like the 1:1 7AI/guest cy clic HB com plex, a pro -

ton-relay sys tem bridged by sin gle meth a nol is not fea si ble in 
7HQ. Nev er the less, dual emis sion for 7HQ max ima at 375
nm (FN) and 520 nm (FT) was ob served in meth a nol. Early
stud ies re solved an ~ 200 ps slow rise com po nent for the tau -
to mer emis sion in meth a nol,165,166,190  in di cat ing that the ex -
cited-state pro ton trans fer must in cor po rate sol va tion dy nam -
ics as well. The tau to mer emis sion in ten sity was found to be
square pro por tional to the added meth a nol con cen tra tion in
n-hexane. Ac cord ingly, Itoh et al.165 con cluded that two al co -
hol mol e cules should par tic i pate for the ex cited-state tri ple
pro ton trans fer (ESTPT) to pro ceed. De tailed pi co sec ond
stud ies re vealed two dif fer ent ex cited-state tautomerization
pro cesses. A faster pro cess (  20 ps-1) in the case of 7HQ in
cyc lo hex ane con tain ing a small amount al co hol is at trib uted
to the ex cited 1:2 7HQ-alcohol cy clic com plex (see Fig. 16).
The ~ 200 ps slow pro ton-transfer pro cess in the bulk meth a -
nol is as so ci ated with tautomerization in the 7HQ-methanol
com plexes con tain ing two meth a nol mol e cules in two hy dro -
gen-bonding sites of 7HQ where the ad di tional meth a nol
mol e cules hin der the achieve ment of a cy clic pro ton-relay
form (i.e. struc ture Nnc). Thus, a sol va tion dy nam ics cou pled
ESTPT re ac tion is ex pected. It was also pro posed that a 2:1
7HQ/al co hol cy clic com plex (i.e. struc ture Nc) is pos si ble as
in di cated by a bi-exponential rise, con sist ing of a fast (< 20
ps) and a slow (~ few hun dred pi co sec onds) com po nent as the 
size in creases and a dif fer ent de gree of al co hol is sub sti -
tuted.166 The ra tio of the am pli tude for the fast ver sus slow
com po nent in creases as the num ber of car bon chains or de -
gree of al co hol in creases, in di cat ing that the steric ef fect may
hin der the pop u la tion of non-cyclic sol va tion struc tures and
in stead fa vor the 1:2 7HQ/al co hol cy clic struc ture (Nc). Un -
like 7AI in meth a nol where the de cay time of FN is equal to
the rise time of FT, the de cay of FN ex hib its bi-exponential be -
hav ior with a 200 ps de cay com po nent equal to the rise time
of FT. The other long-lived ( f ~ 2.5 ns) com po nent was due to 
a solvated 7HQ in which sol vent mol e cules form ag gre gates
to pre vent the ESTPT (see struc ture Nnc’ in Fig. 16). Sum ma -
rizing pre vi ous stud ies, equi lib rium among var i ous solvated
7HQ spe cies ex ists in al co hols: namely, the cy clic form ( Nc),
the par tially hin dered struc ture (Nnc) and spe cies sur rounded
by al co hol ag gre gates (Nnc’). Such a frame work is in con trast
to 7AI in monoalcohols where a neigh bor-bonded struc ture
(i.e. Nnc in the case of 7HQ) is the dom i nant spe cies that un -
der goes the sol va tion equi lib rium cou pled ESTPT (see Fig.
15). Ab in itio stud ies (CIS and CASSCF lev els) of the ESTPT 
re ac tion of 7HQ in meth a nol so lu tion have been re ported. To
avoid com pli ca tions the cal cu la tion is mainly based on the
1:2 7HQ/meth a nol cy clic com plex (i.e. the Nc struc ture) and
its in ter ac tion with sol vent via a con tin uum model.191 The re -
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sults es ti mate a very small en ergy bar rier of ~ 0.2 kcal/mol
for the ESTPT, con sis tent with the ex per i men tally ob served
fast rise com po nent (< 20 ps) of the tau to mer emis sion re sult -
ing from the ESTPT of the pro ton-relayed Nc con fig u ra tion.
This cal cu la tion and other sim i lar the o ret i cal ap proaches for
7HQ in vis cous hydroxylic me dia192 un for tu nately pro vide no 
fur ther in for ma tion on other types of HB struc tures.

In our opin ion, the o ret i cal ap proaches based on mo lec -
u lar dy namic sim u la tions are nec es sary to dif fer en ti ate the
dis crep ancy in the pop u la tion of var i ous solvated struc tures
be tween 7AI and 7HQ. Fur ther more, time-resolved ex per i -
ments with femto second res o lu tion may be cru cial to re solve
the in trin sic dy nam ics of ESTPT in the 1:2 cy clic 7HQ/al co -
hol com plex. The pro ton-tunneling rate is ex pected to be
slower than that in the 1:1 cy clic 7AI/al co hol HB com plex
due to the pre req ui site for two al co hols upon form ing the pro -
ton-transfer con duit. An other key is sue to be solved is the
tem per a ture-dependent iso tope ef fect on the N*

nc struc ture.
Are the pro ton trans fer dy nam ics in N*

nc in cor po rat ing a sol -
va tion equi lib rium cou pled pro ton tun nel ing as pro posed in
the case of 7AI-alcohol com plex? If the pro ton-tunneling
rate, as ex pected, is slow, it can thus be de coup led from the
sol va tion equi lib rium. Ac cord ingly, the over all rate of pro ton 
trans fer on N*

nc can be ac cu rately ex pressed by mech a nism
II.

In spite of the pi co sec ond dy nam ics in ESDPT, the re -
verse pro ton trans fer for 7HQ from a keto tau to mer back to
the enol form in the ground state is as slow as mi cro sec onds.
Sev eral stud ies on GSRPT of 7HQ in al co hol have re vealed a
tem per a ture-independent ki netic iso tope ef fect,166,168 in di cat -
ing that the mech a nism in GSRPT for 7HQ in al co hols may
in cor po rate sol va tion equi lib rium cou pled pro ton-tunneling
dy nam ics ex cept that it is op er a tive in the ground state. Ow -
ing to the rel a tively long life span, the struc ture of the ground
state tau to mer of 7HQ-14N and -15N in MeOH and MeOD has
been re solved by the pump-probe tran sient IR spec tros copy.
The 1644 (1628 cm-1) band in MeOH (MeOD) is as cribed to
the H(D)-bonded C=O stretch of the pro ton-transfer tau to mer 
in the S0’ state, sup port ing the pro posed keto-like struc ture
rather than a zwitterion form.193

The pre req ui site struc ture for the ESDPT re ac tion is a
1:2 7HQ(N)/al co hol cy clic HB con fig u ra tion. Thus, fol low -
ing adi a batic tautomerization the for ma tion of a 1:2 7HQ(T)/
al co hol cy clic com plex is ex pected, which is higher in en ergy 
than other solvated 7HQ(T) struc tures. It is thus rea son able to 
pro pose that dur ing the life span of the ex cited 1:2 7HQ(T)/
al co hol cy clic com plex (~ 2.5 ns) a com pet ing re-equilibrium 
pro cess takes place through the sol vent re or ga ni za tion, form -
ing solvated non-cyclic and ag gre gates struc tures de picted as

Tnc and Tnc’, re spec tively, in Fig. 17.168 On the one hand, sim -
i lar to the dy nam ics of ESPT in Nnc

* the ground-state re verse
pro ton trans fer in the neigh bor hy dro gen-bonded Tnc may oc -
cur within a time scale of sev eral hun dred pi co sec onds and
thus is un able to be re solved from the rel a tively much slower
ex cited-state de cay rate of ~ 2.5 ns-1. On the other hand, Tnc’

un der goes a two-step GSRPT in cor po rat ing sol va tion equi -
lib rium (ex po nen tial fac tor) cou pled with pro ton tun nel ing
(pre-exponential fac tor). Note that the “ac ti va tion en ergy”
(i.e. H ) of 21.3 kJ/mol ob tained from tem per a ture- depen -
dent GSRPT in 7HQ(T) is larger than that of 13 kJ/mol ex -
tracted from ESDPT in 7AI. This may be ra tio nal ized by the
dif fer ence in sol va tion en ergy be tween ag gre gate and neigh -
bor-bonded struc tures in 7HQ (struc ture Tnc’, Fig. 17) and
7AI (struc ture N, Fig. 15), re spec tively. More spe cif i cally,
dif fer ences in the hy dro gen-bonding strength be tween 7AI
(nor mal form) and 7HQ (tau to mer form) may also play a key
role. De tails have not yet been dis cussed. Fur ther more, in
meth a nol the pre-exponential fac tor of ~ 1.6  109  s-1  for
GSRPT in 7HQ(T)166,168 is smaller than that of 1.3  1012 s-1

de duced from ESDPT in 7AI by ~ 3 or ders of mag ni tude. The
re sult on the one hand may re flect a rel a tively large bar rier in -

670     J. Chin. Chem. Soc., Vol. 48, No. 4, 2001 Chou

NO

H
O H

R
O

H

R

NO

H

O H
R

O

H

R

k1

k-1

k1
*

k-1
*

Nc
Tc Tnc'

Nc

Tc
Tnc'

* *

O
R

OH
R

NO

H

O

R

H

O

H

H R
O R

O
HR

O
H

R

H

*

Fig. 17. The pro posed mech a nism of ground-state re -
verse pro ton trans fer for 7HQ in mono alcohols.
Sim i lar to Nnc’ (see Fig. 16), Tnc’ is a ten ta -
tively pro posed solvated struc ture where al co -
hol mol e cules are not nec es sary to be in the
same place in form ing ag gre gates. The re verse
pro ton trans fer rate (~ few hun dred pi co sec -
onds) for the solvated struc ture Tnc should be
faster than the de cay rate of the tau to mer emis -
sion and hence is not de picted here.



cor po rat ing a dual-solvent-molecule re lay type of pro ton
trans fer in the 1:2 cy clic 7HQ(T)/al co hol com plex. Whereas
a smaller bar rier is raised on the sin gle-solvent bridged sys -
tem such as the 1:1 cy clic 7AI/al co hol HB com plex, giv ing
rise to a faster pro ton tun nel ing rate. On the other hand, since
the pre-exponential fac tor im plic itly in volves the sol va tion
en tropy fac tor, the re sult may sim ply in di cate a more neg a -
tive change of the en tropy upon ag gre ga tion  cy clic (in the
case of 7HQ) than neigh bor-bonded  cy clic (in the case of
7AI) form in the geo met ri cal en vi ron ment. Both fac tors may
ac count for the low pre-exponential fac tor for GSRPT in
7HQ(T). It should be noted that the GSRPT en ergy bar rier for 
the 1:2 7HQ/meth a nol cy clic com plexes has been cal cu lated
(HF and MP2 lev els) to be as high as 41.6 kJ/mol.191 How -
ever, the au thor also pointed out the im por tant role played by
elec tron cor re la tion in the de scrip tion of the pro ton trans fer
re ac tion in 7HQ. The im por tance of in tro duc ing elec tron cor -
re la tion to ob tain a ra tio nal re ac tion bar rier has also been re -
ported in many other pro ton trans fer sys tems.48 Al though cur -
rent the o ret i cal ap proaches qual i ta tively pre dict a rel a tively
high bar rier, the most ac cu rate yet af ford able method by
which to in clude cor re la tion re mains an open ques tion. In ad -
di tion, fu ture stud ies may re quire the as sis tance of mo lec u lar
dy namic sim u la tions in or der to de cou ple the pa ram e ters as -
so ci ated with pro ton tun nel ing and sol va tion en tropy. For
7HQ (or 7HQ(T)), an ap pre cia ble amount of 7HQ/al co -
hol-aggregate struc ture Nnc’ (or Tnc’ in the case of 7HQ(T))
ex ist ing in equi lib rium may be ra tio nal ized by the far sep a ra -
tion be tween the pro ton do nat ing and ac cept ing sites. There -
fore, ad di tional sol vent mol e cules can ac com mo date the
space be tween the two hy dro gen-bonding sites, form ing an
ag gre gate struc ture. Such a sol va tion struc ture might be
sterically in hib ited in the case of 7AI due to its nearly ad ja -
cent hy dro gen bond ing sites. Ac cord ingly, sim i lar to the
GSRPT mech a nism ap plied in Tnc’ the ag gre gate, struc ture
N*nc’ is ex pected to un dergo a slow ESDPT pos si bly with a
time scale of mi cro sec onds. Such a pro cess is too slow to
com pete with the nonradiative de cay rate of N*nc’ of ~ 2.5
ns-1, re sult ing in a nor mal (FN) flu o res cence.

IVc. 7-Azaindoles in aque ous so lu tion
Photophysics of 7AI an a logues in pure wa ter has re -

ceived con sid er able at ten tion due to their ver sa tile ap pli ca -
tions in prob ing the pro tein dy nam ics.78 De pending on the in -
ter pre ta tion, the re lax ation dy nam ics of 7AI in wa ter is some -
what con fus ing and has been a sub ject of long-standing con -
tro versy. In con trast to its dual emis sion be hav ior in al co hol
sol vents, con sist ing of nor mal and tau to mer emis sion, 7AI in
pure wa ter ex hib its only a sin gle flu o res cence band max i -

mized at 385 nm. The peak rep re sents a red shift of ~ 4200
cm-1 with re spect to the nor mal emis sion max i mum in hy dro -
car bon sol vents. This emis sion band, ini tially as signed to a
strongly red-shifted nor mal emis sion,194 has been al ter na -
tively sug gested to re sult from an exciplex (7AI/wa ter) for -
ma tion.195 Later, Negrerie et al.174 re as signed the en tire 385
nm band to the tau to mer emis sion re sult ing from ESDPT.
Sub se quently, Chou and co-workers196 in ves ti gated 7AI in
ethers ti trated by wa ter and re solved a weak tau to mer emis -
sion max i mum at ~ 500 nm which was pro posed to orig i nate
from ESDPT of the 1:1 cy clic 7AI/wa ter HB com plex in the
di luted wa ter con cen tra tion. They fur ther sug gested that the
higher-order, polyhydrated 7AI, which is ex pected to be
prev a lent in pure wa ter, in hib its tautomerization dur ing the
ex cited-state life time. By an a lyz ing the re lax ation dy nam ics
of the en tire emis sion band Chap man and Maroncelli175 were
able to ex tract a non-negligible por tion of rapid rise com po -
nent at lon ger wave length re gion and con cluded that the en -
tire 7AI nor mal flu o res cence (385-nm band) life time of ~ 800 
ps is dom i nated by the ESDPT re ac tion. The rapid rise time is
as so ci ated with the fast, dom i nant nonradiative de cay rate of
the ex cited tau to mer. The much slower wa ter as sisted nor mal
(N*)  tau to mer (T*) ESDPT rate and rapid nonradiative de -
cay rate of T* ac count for the lack of the tau to mer emis sion in 
pure wa ter. Con versely, Petrich and co-workers78,177,197  in ter -
preted their ob ser va tions of the 7AI re ac tion in wa ter as in di -
cat ing that only a small frac tion (< 20%) of the 7AI re ac tion
in pure wa ter is cor rectly solvated to tautomerize rel a tively
rap idly (in < 80 ps), while most (> 80%) of the sol utes are in a
polysolvated con fig u ra tion that block tautomerization for
times much lon ger than the ~ 800 ps life time of the ex cited
nor mal state. They fur ther sug gested that the neg li gi ble tau to -
mer emis sion for 7AI in wa ter is due to the rapid protonation
of the tau to mer spe cies, re sult ing in a tau to mer cationic emis -
sion hid den in side the dom i nant 385-nm nor mal emis sion
band. The wa ter solvated 7AI has also re ceived con sid er able
at ten tion the o ret i cally. Based on a GAMESS elec tronic
struc ture pro gram Chaban and Gordon198 con cluded that the
pres ence of one wa ter mol e cule, form ing a 1:1 7AI/H2O HB
com plex, sig nif i cantly re duces the pro ton trans fer bar rier to < 
6 kcal/mol. Thus, the ad di tion of more than one wa ter mol e -
cule should re sult in a fur ther low er ing of the ac ti va tion en -
ergy for the pro ton trans fer so that tautomerization may be
fac ile in the pres ence of pure wa ter in the S1 state. Siebrand
and co-workers199,200 shared the same view point based on the
di rect-dynamics ap proach and sug gested that a the o ret i cal
model in volv ing more sol vent mol e cules is needed be fore
reach ing a ba sic un der stand ing of the pro ton trans fer pro cess
in bulk wa ter. It should be pointed out that the ex cited-state
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dou ble pro ton trans fer, re sult ing in a com plete tauto meriza -
tion of 7AI/wa ter com plexes in the jet-cooled beam, has not
yet been ob served within the flu o res cence life time,201,202 con -
sis tent with the the o ret i cal ap proach. In an other ap proach, a
com puter sim u la tion per formed by Mente and Maroncelli181

lead to a con clu sion in fa vor of the slow ESDPT re ac tion dy -
nam ics from the en tire 7AI solvated spe cies which ex ist pre -
dom i nantly as a “neigh bor-bonded” struc ture (e.g. struc ture
N in Fig. 15) in the ground state.

Ob vi ously, there is no con clu sive ex per i men tal data to
re solve the ESDPT mech a nism for 7AI in wa ter. The ma jor
ob sta cle is that the tau to mer emis sion of 7AI in pure wa ter, if
it ex ists, is too weak to be clearly re solved by ei ther the
steady state or time-resolved ap proach. Fur ther stud ies fo cus -
ing on de sign and syn the sis of 7AI de riv a tives may pro vide
an al ter na tive to re solve this is sue. Re cently, 3-cyano-7-
 azaindole (3CAI)203  has pro vided an ideal model to achieve
this goal. In stead of a sin gle flu o res cence for 7AI in pure wa -
ter, dual emis sion for 3CAI was ob served max ima at 350 (the
F1  band) and 472 nm (the F2 band, see Fig. 18). Sin gle ex po -
nen tial de cay ki net ics was re solved for the F 1 band with a life -
time fit ted to be 905 ps, while the F2 band is ap par ently com -
posed of rise and de cay com po nents, which are fit ted to be
900 ps and 3.25 ns, re spec tively. The rise time of 900 ps of the 
F2  band, within ex per i men tal er ror, is iden ti cal with the de cay 
time (905 ps) of the F1  band. A re mark able deu te rium iso tope
ef fect was ob served in D2O in which the ra tio for the pro ton
trans fer rate kPT

H  (in H2O) ver sus kPT
D  (in D 2O) was mea sured to 

be 3.8 by ei ther mon i tor ing the de cay time of the F1 band or
the rise time of the F2  band. In a com par a tive study the tau to -

mer an a logue 3-cyano-7-methyl-7H-pyrrolo[2,3-b]pyridine
(3CMPP, see Fig. 18) in wa ter re vealed a sin gle flu o res cence
max i mum at 475 nm of which the spec tral fea tures and dy -
nam ics ( f = 5.25 ns) were sim i lar to that of the F2 band of
3CAI. These re sults un am big u ously dem on strate for the first
time the re solv able tau to mer emis sion and have been ap plied
suc cess fully to ver ify the mech a nism of ex cited-state pro ton
trans fer re ac tion for 7AI an a logues in pure wa ter.

The steady-state ob ser va tion of the well-resolved tau -
to mer emis sion dis cards the pro posed mech a nism of the pro -
hi bi tion of ESDPT dur ing the life time of the ex cited 7AI in
pure wa ter.174,194-196 That the unique rise time of the tau to mer
emis sion cor re lated well with the en tire de cay of the nor mal
emis sion dis counts the pro posed mech a nism that only a mi -
nor part of the nearly cor rect 1:1 cy clic com plex un der goes
ESDPT, while the nor mal emis sion orig i nates from the
polysolvated 7AI.78,177,197 Al ter na tively, the ex per i men tal re -
sults can be more plau si bly ra tio nal ized by the mech a nism
pro posed by Maroncelli and co-workers181 that the dy nam ics
of ESDPT are as so ci ated with en tire solvated 7AI where the
ki netic scheme can be de scribed within the frame work of 7AI 
in al co hols (see Fig. 15). Un der the as sump tion of a fast ex -
cited-state equi lib rium be tween neigh bor-bonded 7AI (N*)
and 1:1 cy clic HB 7AI/H2O (C*), the over all rate (kPT) of

ESDPT in pure wa ter is de duced to be kPT = 
k
k

1

1

 k pt  = Keqkpt.

The equi lib rium fac tor 
k
k

1

1

 is in de pend ent of the deu te rium

iso tope sub sti tu tion, while kpt is iso tope de pend ent and may
be gov erned by a tun nel ing mech a nism. The deu te rium iso -

tope ef fect is thus de duced to be 
k
k

PT
H

PT
D

 ~ 
k

k
pt
H

pt
D

 = 3.8 for 3CAI at

298 K. The lack of tau to mer emis sion in 7AI is due to the
slow (~ 800 ps -1) ESDPT rate fol lowed by a much faster
nonradiative de cay rate of the ex cited tau to mer. Dif fer ent in -
ter pre ta tions re gard ing the re lax ation mech a nism of the ex -
cited 7AI tau to mer in wa ter have been pro posed. The main
con tro versy cen ters on the study of the syn the sized tau to mer
an a logue 7-methyl-7H-pyrrolo[2,3-b]pyridine (7MPP). Ac -
cord ing to pH de pend ent ab sorp tion and emis sion stud ies
Petrich and co-workers ob tained pKa of the protonated 7MPP
(N1H+) in ground and ex cited states to be ~ 8.9 and 10.3, re -
spec tively,177 in di cat ing a rel a tively strong ba sic ity of the N1

pro ton in 7MPP. Thus, in pure wa ter 7MPP ex ists mainly in
the cationic form which upon ex ci ta tion re sults in a 440-nm
cationic emis sion. As suming a sim i lar acid/base prop erty
with re spect to 7MPP, Petrich et al.177 con cluded that fol low -
ing ESDPT N(1) of the 7AI tau to mer is im me di ately pro -
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Fig. 18. The ab sorp tion and emis sion spec tra of 3CAI
(____) and 3CMPP (-----) in pure wa ter (pH =
7). F1  and F2 spec ify nor mal and tau to mer
emis sions for 3CAI, re spec tively. The ex ci ta -
tion wave length is 270 nm.



tonated, form ing the cationic spe cies hid den un der the
nor mal emis sion band. In con trast, the emis sion of 7MPP
in wa ter was re ported to be at ~ 510 nm by Chap man and
Maroncelli.175 In this lab o ra tory we have re in ves ti gated the
pH de pend ent ab sorp tion and flu o res cence life time of 7MPP
in wa ter.204 Our re sult re gard ing pK a and pKa

* of the N1H+ site 
for 7MPP is con sis tent with that ob tained by Petrich and co-
 workers.177  Ac cord ingly, >> 90% of the 7MPP in the ground
state should ex ist in a cationic form at pH = 7, of which the
ab sorp tion spec tral fea tures are dras ti cally dif fer ent from
those of the neu tral form. The neu tral form of 7MPP (e.g. at

pH ~ 10) ex hib its an S0  S1 ab sorp tion band max i mum at
350 nm where the cationic form has neg li gi ble ab sorp tivi ty. It 
is thus pos si ble that the 520 nm emis sion of 7MPP in wa ter
re ported by Chap man and Maroncelli175  was ob tained upon >
350 nm ex ci ta tion where a trace of neu tral tau to mer ex ists.
Nev er the less, since nei ther the cationic nor the neu tral emis -
sion of 7AI tau to mer has been re solved in the steady-state ap -
proach, or strictly speak ing has not been well re solved in a
time-resolved man ner as well, ac tual re lax ation path ways of
the ex cited tau to mer in wa ter still re main un known.

The com pli cated tau to mer re lax ation dy nam ics have
been sim pli fied and re solved in the case of 3CAI. pKa and
pKa

* of 3CAI tau to mer an a logue 3CMPP was de ter mined to
be as small as 4.3 and -0.2, re spec tively. The an oma lously
high acid ity can be ra tio nal ized by the strong elec tron with -
draw ing abil ity of the cyano-substituent at C(3) po si tion
which in duces a  elec tron res o nance ef fect, en hanc ing the
N1H+ acid ity. As suming sim i lar N1H+ acid ity be tween 3CMPP
and 3CAI(T), it is thus ex pected that fol low ing ESDPT
3CAI(T)* ex ists mainly as a neu tral spe cies, giv ing rise to a
472-nm emis sion. The rate of ESDPT is also slow  (~ 905
ps-1)203 in the case of 3CAI, in di cat ing that its HB struc ture in
wa ter is sim i lar to that of 7AI. How ever, the much lon ger tau -
to mer life time of 3.25 ns (i.e. small nonradiative de cay rate
and hence large quan tum yield) in com bi na tion with far sep a -
rated nor mal and tau to mer emis sions makes 3CAI a unique
model to re solve the ESDPT dy nam ics of 7-azaindoles in
pure wa ter.

It thus be comes clear that the dy nam ics of ESDPT in
7AI and its an a logues in wa ter is not ex cep tional among stud -
ied hydroxylic sol vents and can be well ex plained by a mech -
a nism in cor po rat ing sol va tion-equilibrium cou pled pro ton
tun nel ing de picted in Fig. 15. More spe cif i cally, how ever, a
dif fer ence wor thy to be pointed out is the much more neg a -
tive en tropy change in form ing the 1:1 7AI/H2O cy clic com -
plex than that of 1:1. 7AI/al co hols. For ex am ple, the the o ret i -
cal ap proach181 es ti mated a G  value of 15 and 18 kJ/mol,

while the H  was cal cu lated to be 13.4 and 11.3 kJ/mol in
meth a nol and H2O, re spec tively, de duc ing a larger neg a tive
change in en tropy in wa ter from the neigh bor-bonded struc -
ture to the cy clic form. Using 3CAI as a model, a pre lim i nary
study in this lab o ra tory es ti mated the ra tio for kobs  ver sus 
e E RTa /  to be ~ 1.3  1012 s-1 in meth a nol, which is ~ one or der
of mag ni tude larger than that of 5.5  1010  s-1 in wa ter.204 Such 
a dis crep ancy, in our opin ion, may in part cor re late with the
un usu ally high den sity of hy dro gen bonds, where as large as
four hy dro gen-bonding sites can be ac com mo dated for each
wa ter mol e cule, form ing a three di men sional build ing block.
There fore, for ma tion of the cy clic com plex re quires a more
spe cific hy dro gen-bonding con fig u ra tion to pre vent the per -
tur ba tion from neigh bor ing wa ter mol e cules, re sult ing in a
re duc tion of the en tropy fac tor. At the mo lec u lar level, one
in trigu ing ap proach is to probe the wa ter as sisted ESPT re ac -
tion in other host/guest sys tems where the geo met ri cal en vi -
ron ment of the host mol e cule can be spe cif i cally de signed
with its fea si bil ity in syn the ses. Such a con fig u ra tion might
pro hibit wa ter ag gre ga tion around the dual or even mul ti ple
hy dro gen bond ing sites, so that the sol va tion struc ture is in
fa vor of the cy clic wa ter for ma tion. For this case G  is ex -
pected to be lower and the over all rate of re ac tion is ac cel er -
ated. This con cep tion es sen tially mim ics the role of wa ter
mol e cules in the en zy matic sys tem in which a thresh old of
wa ter con cen tra tion is com monly ob served for en zy matic ac -
tiv ity to take place. Such a thresh old has been ten ta tively pro -
posed to cor re late with the num ber of wa ter mol e cules re -
quired to form a cy clic HB struc ture link ing the sub strate and
a spe cific ac tive site.205,206 The for ma tion of such a cy clic wa -
ter con fig u ra tion may be con sid ered as a pro ton wire, which
makes wa ter so unique in the bi o log i cal sys tem.

V. SOL VENT PO LAR ITY COU PLED PRO TON
TRANS FER RE AC TION

For the sol vent-assisted ESPT re ac tion de scribed above 
the ex plicit na ture of the sol vent re or ga ni za tion should be
quite dis tinct from the gen eral sol va tion en ergy re lax ation
that gives rise to the emis sion with a large Stokes shift when
mol e cules ex hibit sig nif i cant dipolar changes in the ex cited
state. In fact, the sol vent-dependent Stokes shift of a 7AI nor -
mal emis sion can be as cribed to this cat e gory, which ex hib its
a sig nif i cant sol vent po lar ity de pend ent Stokes shifted emis -
sion from 320 nm in n-hexane to ~ 390 nm in H2O. For 7AI in
short car bon-chains, monoalcohols, the time re quired for the
ad just ment of the sol vent mol e cules to a “cor rect” re ac tive
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con fig u ra tion is ~ sev eral hun dred ps which is much lon ger
than usu ally con sid ered as the “sol vent re lax ation time” of <
5 ps.207-209 The sol va tion re lax ation dy nam ics have been the o -
ret i cally and ex per i men tally con nected to the elec tron- trans -
fer re ac tion rates. Be cause the large dipolar change elec tron
trans fer in so lu tion is nor mally cou pled to sol vent po lar iza -
tion ef fects, the re lax ation pro cesses can con trib ute to, or in
many cases even con trol, the over all re ac tion dy nam ics.210-220

In com par i son, cases re gard ing sol vent dipolar re lax ation
cou pled ex cited-state intramolecular pro ton trans fer are
scarce. The dipolar change dur ing ESPT is in gen eral not as
dras tic as that of the elec tron trans fer un less the pro ton-
 transfer tau to mer is in a zwit teri on ic con fig u ra tion. It is how -
ever a long-standing de bate re gard ing the pro ton-transfer
tau to mer be ing in the zwit teri on ic form ver sus the neu tral
form.17  An other key ob sta cle is the per tur ba tion of the sol -
ute-solvent hy dro gen bond ing for ma tion, lead ing to more
com pli cated stud ies of sol vent po lar iza tion/pro ton trans fer
cou pling dy nam ics (for ex am ple, see Ref. 20). Con sidering
large dif fer ences in di pole mo ment (in terms of ori en ta tion

and/or mag ni tude) be tween ex cited nor mal ( N) and tau to mer 
spe cies ( T), the nor mal and tau to mer equi lib rium po lar iza -
tions de noted by PN and PT might be far sep a rated. Thus, the
rel a tive en er gies be tween nor mal and tau to mer are a func tion
of sol vent po lar iza tion co or di nate P de picted in Fig. 19. The
long-range po lar iza tion in ter ac tions may re sult in a sol vent
in duced bar rier cou pled with the pro ton trans fer re ac tion.
Sim i lar to the elec tron trans fer re ac tion in so lu tion the Marcus
the ory221-224  sim ply pre dicts that the sol vent in duced bar rier

G  for the ESPT re ac tion is re lated to the re ac tion exo ther -

micity G and the sol vent re or ga ni za tion en ergy , ex pressed 

as G  = 
4

 1
2

G
. may be ob tained from an Onsager

cav ity model de scribed as  = 
( )N T

a

2

0
3  0

0

1
2 1

1
2 1

where  is the high fre quency di elec tric con stant, which is

equiv a lent to the square of the re frac tion in dex n. 0 is the
static di elec tric con stant and can be ex per i men tally cal cu -
lated from the Classius-Mossotti equa tion.225 Con se quently,
a three di men sional plot of free en ergy for ESPT as a func tion 
of the sol vent co or di nate P and the pro ton- transfer re ac tion
co or di nate qH 

at sol va tion co or di nates of nor mal (PN), in ter -
me di ate (P ) and the pro ton-transfer tau to mer (PT) is de picted 
in Fig. 19. The re ac tion co or di nate q H may turn out to be com -
pli cated due to nu mer ous in ter nal mo tions that may mod u late
the height and width of the pro ton trans fer bar rier. The pop u -
la tion with en ergy be ing equal to the sol vent in duced bar rier

G  is given by the Boltzman fac tor un der the as sump tion
that sol vent re lax ation in the re ac tant well is quite fast. For
pro ton trans fer to oc cur, this pop u la tion must ad vance along
the sol vent co or di nate P and hop from the re ac tant to the
prod uct sur face. The lat ter pro cess nor mally cor re sponds to
tun nel ing through a bar rier along the pro ton mo tion co or di -
nate qH . Two ex treme lim its can be con sid ered to treat the
over all re ac tion dy nam ics. Con sider the first case where tun -
nel ing through the q H co or di nate at P = P  is as sumed to be rel -
a tively slow. In this case, cross ing from the nor mal to the pro -
ton-transfer tau to mer sur face is quite un likely. The rate of

pro ton trans fer is thus given by k = Aexp (- G /RT), where A
is equiv a lent to the in verse of the pro ton tun nel ing time.
Since the cou pling be tween the re ac tant and prod uct cou pling 
en ters di rectly into the ki netic model, this ex pres sion is es -
sen tially anal o gous to the nonadiabatic elec tron trans fer. 226

On the other hand, in the case where tun nel ing along the qH

co or di nate is very fast, pro ton trans fer from the nor mal to the
tau to mer spe cies along the ex cited-state po ten tial hyper sur -
face oc curs es sen tially ev ery time the P  sol vent con fig u ra -
tion is achieved. In this case the pre- ex ponen tial A fac tor is
ap prox i mately equal to the in verse of the sol vent lon gi tu di nal 

re lax ation time ( L
-1) and is in de pend ent of the re ac tant/prod -

uct cou pling. This ex pres sion is anal o gous to adi a batic elec -
tron trans fer.

Sem i nal stud ies on mol e cules ex hib it ing re mark able
sol vent po lar iza tion/ESPT cou pled re ac tion dy nam ics should 
be given to 3-hydroxyflavone and its 4’-dialkylamino de riv a -
tives. In con trast to a dom i nant tau to mer emis sion for 3-
 hydroxyflavone in aprotic sol vent, dual emis sions have been
ob served in 4’-N,N-dialkylamino-3-hydroxyflavones (Fig.

674     J. Chin. Chem. Soc., Vol. 48, No. 4, 2001 Chou

N
TN

T

qH (i.e. RC)

E

P

G

N T

vibration coupled proton tunneling

GPN

P

PT

Fig. 19. The hy po thet i cal po ten tial en ergy di a gram of
sol vent cou pled ex cited-state pro ton trans fer
re ac tion. P and qH de note the sol vent po lar ity
and pro ton-transfer co or di nates, re spec tively.



20),73-75,227,228 of which the over all re ac tion dy nam ics can be
well de scribed by a com bi na tion of sol vent po lar ity and pro -
ton-transfer re ac tion co or di nates.75 The re sults of pi co sec ond 
time-resolved study in 4’-N,N-dialkylamino-3- hydroxy -
flavones sup port the first case where the pro ton tun nel ing is
rel a tively slower than the sol vent re lax ation and a non-
 adiabatic re ac tion takes place where the re ac tion ki net ics can
be ex pressed as krxn = kpt exp (- G /RT). Whereas the vi bra -
tional modes in volv ing pro ton mo tion may not be di rectly in -
volved in the re ac tion dy nam ics as in di cated by the lack of
D/H ki netic iso tope ef fect. It has been pro posed75,228  that sim -
i lar to 4-(dimethylamino)benzonitrile, 229-231 the 4’-dialkyl -
aminophenyl sub sti tu tion may in duce the twist intra molecu -
lar charge trans fer (TICT) in the ex cited state227  and hence its
tor sional mo tion may al ter the na ture of the tun nel ing path on
the ex cited-state po ten tial sur face. Ac cord ingly, the tor sional 
mo tion mainly par tic i pates in the qH  co or di nate, while the
deuteration on hydroxyl group only re sults in a small frac -
tional in crease in the tun nel ing mass, ac count ing for the lack
of deu te rium iso tope ef fect. Fur ther more, large sol va tion sta -
bi li za tion takes place in the elec tron i cally ex cited nor mal
spe cie for 4’-N,N-dialkylamino-3-hydroxyflavones due to a

gi gan tic di pole cre ated from the ex cited-state charge trans fer. 
As a re sult, ex cited-state ther mal equi lib rium can be achieved 
be tween the charge-transfer and pro ton-transfer tau to mer
spe cies in aprotic, po lar sol vents where the re ac tion exo -
thermicity de creases upon in creas ing the sol vent po lar ity.75

On the other hand, stud ies of 3-hydroxyflavone in ace to ni -
trile re veal the other ex treme case where the pro ton-tunneling 
rate (i.e. kpt) is faster than the sol vent re lax ation. As a re sult,
the over all re ac tion dy nam ics es sen tially in volve the sol vent
in duced bar rier cou pled with sol vent re lax ation.232,233 In hy -
dro gen bond ing sol vents such as al co hols the per tur ba tion
caused by the sol ute-solvent ex ter nal hy dro gen-bonding for -
ma tion in 3-hydroxyflavones leads to a dif fer ent in ter pre ta -
tion re gard ing pro ton trans fer dy nam ics, which has been ex -
ten sively stud ied37,234-236 and hence is not the fo cus in this re -
view ar ti cle. In com par i son, in de pend ent of the sol vent po lar -
iza tion co or di nate, many elec tron-transfer re ac tions un dergo
highly exo ther mic, ultrafast re ac tion dy nam ics. 211-216  For
such cases, the over all re ac tion is gen er ally rate de ter mined
by the sol vent lon gi tu di nal re lax ation time. Of par tic u lar in -
ter est is the in verted re gion pro posed in the Marcus for mu la -
tion for the elec tron trans fer re ac tion in which the rate con -
stant de creases with in creas ing exothermicity. Pre dicted by
both semiclassical and quan tum me chan i cal mod els, the in -
verted re gion may be ex per i men tally in ves ti gated if the elec -
tron trans fer dy nam ics are cou pled with me dium or high fre -
quency vi bra tion. If the oc cur rence of ESPT is highly exer -
gonic with a gi gan tic dipolar change and its pro ton-transfer
dy nam ics cou ples in part with O-H (or N-H) high fre quency
stretch ing modes, such a sys tem may pro vide an ideal model
to test the in verted re gion in the Marcus for mu la tion. Of
course, it should be noted that the pro ton-tunneling can rarely 
be sat is fac to rily de scribed as a one-dimensional pro cess. Ev i -
dently the mo tion of the at oms, es pe cially those large am pli -
tude mo tions (e.g. ei ther in- or out-of-plane mo tions of the
skel e tal modes) be tween which the pro ton is be ing ex -
changed, will have a ma jor ef fect on the tun nel ing rate.237-242

This rec og ni tion has led to the in tro duc tion of two- dimen -
sional ap proaches in which the sec ond di men sion rep re sents
the ef fec tive mo tion of the other at oms dur ing the pro ton
trans fer. Re cently, more the o ret i cal ap proaches243-246 have re -
vealed that the KIE (ki netic iso tope ef fect) tem per a ture de -
pend ence may be caused by ther mally ex cited re ac tants (and
prod ucts) that mod u late the bar rier width and shape. On the
other hand the co her ency of the wavefunction that en ables the 
pro ton tun nel ing is de stroyed by en vi ron men tal sol va tion dy -
nam ics (or the ac tive site in the en zy matic re ac tion) which al -
ter the dou ble-well sys tem and con se quently trap the prod -
ucts. For this case the re ac tion dy nam ics may not fol low
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or di nates and hence is not spec i fied.



Marcus the ory type of pre dic tions.
In com par i son, the ex cited-state pro ton trans fer re ac -

tion of 7AI or 7HQ in al co hols pro vides a unique con trast to
the ubiq ui tously stud ied prob lem of dy nam i cal sol vent ef -
fects on elec tron-transfer and pro ton-transfer re ac tions. Sol -
vent re lax ation dy nam ics have been de-coupled from the
over all pro ton trans fer rate due to the much slower sol vent
“spe cific re or ga ni za tion” pro cess in the host/guest type of
pro ton trans fer re ac tion. In other words, it is im por tant to dis -
tin guish the time scales in cor po rat ing the re ori en ta tion dy -
nam ics of sol vent mol e cules, which should be ex tremely
rapid, from a rel a tively much slower “dif fu sive re dis tri bu -
tion” of sol vent. In par tic u lar, one must dis tin guish be tween
the kind of sol vent re ori en ta tion that is in duced by dipolar
changes in the ex cited state of a probe mol e cule and spe cific
re or ga ni za tion of the sol vent in volv ing the break age and for -
ma tion of hy dro gen bonds. Fur ther in ves ti ga tion on the
host/guest types of pro ton trans fer re ac tion may help to shed
light on what is con ceived to be “sol va tion dy nam ics” and
how such spe cific sol va tion dy nam ics may in flu ence the
chem i cal re ac tion in so lu tion phase.

VI. CON CLUDING RE MARKS

Host/guest types of ex cited-state pro ton trans fer pro -
cess in so lu tion phase have been re viewed. Among which the
intramolecular pro ton trans fer via H-bonded vic i nal groups,
con certed biprotonic trans fer within a dou bly H-bonded
dimer, re layed by a bridge of sol vent mol e cules be tween two
dis tinct groups and elec tron/pro ton cou pled trans fer re ac -
tions have re ceived spe cial at ten tion. For the case of static
host/guest hy dro gen-bonded com plexes, on the one hand, it is 
un am big u ous that the hy dro gen bond ing strength and con fig -
u ra tion play a key role in the pro ton-transfer dy nam ics. On
the other hand, for the non-catalytic host/guest type of ESDPT,
in ad di tion to the dy nam i cal con cern, ex cited-state ther mo dy -
nam ics might be of im por tance in de ter min ing the des tiny of
the pro ton trans fer re ac tion. Ev i dently, for the host/guest type 
of ex cited-state pro ton trans fer re ac tion an ad e quate de scrip -
tion of pro ton trans fer dy nam ics re quires elu ci da tion of var i -
ous mo tions which cou ple to the pro ton trans fer re ac tion.
Chem i cal per spec tives re gard ing the non-catalytic type of
host/guest pro ton trans fer have also been dis cussed. For the
noncatalytic type of ESDPT with rel a tively weak dual hy dro -
gen-bonding com plex the for ma tion of long-lived guest
tautomers is pos si ble through the dis so ci a tion of com plex in
the ex cited state and might be cru cial for the syn thetic ap pli -
ca tion, which is oth er wise ther mally in ac ces si ble. A pre lim i -

nary ex per i ment per formed in this lab o ra tory via photolyzing 
7AI/hemiacetals HB com plexes gen er ated al de hydes suc -
cess fully, though the yield was rather low due to other com -
pet i tive re lax ation pro cesses.247 In the ground state, this type
of bifunctional ca tal y sis pro cess has long been rec og nized in
the fields of or ganic and bi o log i cal syn the ses. In many or -
ganic re ac tions, mol e cules that can per mit con certed dual
pro ton trans fer may have ef fi cient cat a lytic prop er ties for
cer tain re ac tion. A pro to type is the cat a lytic ef fect that 2-
 pyridone has on the aminolysis of es ters. Al though nei ther a
strong base  (pKa of the protonated 2-pyridone = 0.75) nor a
strong acid (pKa = 11.6), 2-pyridone is an ef fec tive cat a lyst of 
the re ac tion of n-butylamine with 4-nitrophenyl ac e tate. The
over all rate is more than 500 times greater when 2-pyridone
acts as the cat a lyst than when a sec ond mol e cule of butyl -
amine acts as a gen eral base cat a lyst.248 In this case, 2- pyr -
idone has been called a bifunctional cat a lyst, since two at oms
in the mol e cule are in volved in the pro ton trans fer pro cess.
The bifunctional cat a lytic pro cess has also been widely found 
in bi o log i cal re ac tions. More and more ex per i men tal ev i -
dence has shown that many en zy matic re ac tions in volve bi -
functional even multifunctional pro ton trans fer pro cess.249,250

In com par i son, the CDHB for ma tion me di ated ESDPT of 7AI 
should be de fined as a bifunctional cat a lytic pro cess as well,
though it takes place in the ex cited state.

The re ac tion dy nam ics for 7AI, 7HQ and their cor re -
spond ing an a logues in hydroxylic sol vents can be ra tio nal -
ized in terms of spe cific geo met ric re quire ments of the HB
con fig u ra tion for the ESPT to pro ceed. Such a geo met ric con -
trol over the re ac tion is rather spe cific to par tic u lar sol utes
and sol vents. It is there fore of in ter est to ex am ine these same
types of re ac tions with the spe cific ge om e tries in volved to
for mu late a more com plete pic ture of the role of the sol va tion
struc ture and dy nam ics in sol vent cat a lyzed pro ton-transfer
pro cesses. Finally, fu ture ap pli ca tions of ESPT mol e cules fo -
cus ing on a sin gle-molecular based logic gate has been pro -
posed due to its four-level sys tem with ultrafast re ac tion time
scale.251 It is thus be lieved that through im prov ing de tect ing
tech niques in com bi na tion with ver sa tile mo lec u lar de sign
and syn the sis, ESPT mol e cules may cer tainly ren der ad van -
tages to per form log i cal op er a tions, even tu ally merg ing fun -
da men tal re search and ap pli ca tion strat egy.
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