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Contemporary progressregarding guest/host typesof ex cited-statedou bleprotontransferhas been re-
viewed, among which are the bi protonic transfer within dou bly H-bonded host/guest com plexes, thetransfer
throughasol vent bridgerelay, theintramol ecular doubleprotontransfer and sol vationdy n amicscou pled pro-
tontransfer. Of particular emphasesarethephotophysical and photochemi cal propertiesof ex cited-state dou-
bleprotontransfer (ESDPT) in 7-azaindoleanditscor respond ing an alogues. From the chem ical as pect, two
typesof ESDPT reaction, namely thecat alytic and non-catal ytic typesof ESDPT, havebeenclassi fiedand re-
viewed sep arately. For the case of static host/guest hy dro gen-bonded com plexes both hy dro gen-bonding
strengthandconfiguration (i.e.geometry) play key rolesinaccountingfor thereactiondy namics. Inaddition
tothedy nami cal concern, ex cited-statether mody namicsareof impor tancetofine-tunetheprotontransfer re-
actioninthenon-catalytic host/guest typeof ESDPT. Themech anismsof protic sol vent assisted ESDPT, de-
pendingonhost mol eculesand proton-transfer mod els, havebeenreviewedwheretheplausi bl eresolutionis
deduced. Particular attention hasbeengiventotheex cited-stateprotontransfer dy nami csin purewater, aim-
ingatitsfutureper spectiveinbiologi cal appli cations. Finally, thedif fer enti ationin mech anism between sol-
ventdif fusivereor gani zationand sol ventrelax ationto af fect thehost/guest ESPT dy nam icsismade and dis-
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cussedindetail.

I. INTRODUCTION

Protontransfer representsoneof themost fundamental
processesinvolvedinchemi cal reactionsaswell asinliving
systems.* Vast num bers of re search pro jects have been pub-
lishedregardingvari oustypesof protontransferingroundas
well asintheex cited states. Inthisreview ar ti clethefocusis
mainly limitedtothesubject related to the ex cited-state pro-
ton transfer (ESPT?) pro cess, forming apro ton-transfer iso-
mer. Accordingly, photoinduced processinvolvingex cited-
stateprotondisso ci ationand/or protonationinbulk sol vents
or cluster, which has also been an ac tive topic and hasre-
ceivedconsiderableattention,®**was ex cluded. Onewho is
inter estedinthistopiccanrefertotherecentarti clepublished
by Solntsev et al.* In stead, our main goal aims at bifunc-
tional mol e culespossessing apro ton do nor group and apro-
ton ac cep tor group so that ESPT takes place ei ther intra-
molecularly (i.e.intrinsi cally) or through the assistance of
theguest mol ecules.

la. Intramolecular type

Theex cited-stateintramol ecular protontransfer (ESIPT)
generallyrequireshy drogen-bondingfor mationbetweenthe
vici nal protondonorandacceptor groups. Semi nal studieson

the ESIPT phe nom e non were con ducted by Weller whore
ported very large Stokes shiftsin theflu o res cence spec traof
sal i cylicacidanditsmethyl ester.**** Numer ousESIPT mok
eculeshavesincebeendiscov ered andinvesti gated to shed
light ontheir cor responding spectroscopy anddy namics. A
par tial roll of thekey ESIPT mol eculesincludesal i cylicacid
anditsassoci atedvariousderiv atives, **7 2-hydroxy benzo-
phenone,*® 3-hydroxyflavone,* 5-hydroxyflavone,®*?**
1,5-dihydroxyxanthraquinone,® 2-hydroxy-4,5- naphthe
tropone,?* 2-(2' -hydroxpheny!)benzoxazole, 2-(2’ -hydroxy-
phenyl)-benzothiazole™?" and 2-(2’-hydroxy-5’ - methykt
phenyl)benzotriazole. 283! Note that the cited ref er encesare
based mainly onsemi nal studiesinvolv ing ei ther the steady
stateor dy nami cal approach. Anear lier summari zation of
ESIPT mol eculesfo cusing onthesteady-state spectroscopy,
ther mody namicsof ESIPT based onthepK »of ex cited singlet
and trip let states aswell asthe nonradiative path ways of the
proton-transfer tauto mer have beenreviewed by Klépffer >
In 1986 are view writ ten by Kasha®classi fiedvari oustypes
of ESPT reactioninwhichsol vent per tur bationmanipulating
theprotontransfer dy namicswasespecially em phasized.
Subsequently,in1989afeaturearti clereported by Barbaraet
al **reviewedthedy namicsof ESIPT onthepi cosecondtime
scaleaswell astheprotontunnel ing ef fect onasymmetri cal
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doublewell potential. Onewhoisinter estedinthecol lection
of ESIPT related papers prior to 1992 could re fer to two
special issuespublishedin1989* and 1991.% In 1993 Arnauit
and Formosinho® reviewed sev eral bio-related ESIPT mol e-
culeswithanem phasisontheir per spectiveof appli cationas
afluorescenceprobe. Femto second time-resolved spectros
copy hasbeen em ployed sincethebegin ning of theninetiesto
investi gatetheearly stageof theintrinsic ESIPT dy namics.
Theresultsindi cated that for ahighly unsymmetri cal, exer-
gonic type of intramolecular pro ton transfer such asin 3-
hydroxyflavone,® benzothiazole,® benzotriazole*4° 10-
hydroxybenzoquinoline*** and 5-hydroxyflavone*® the
ESIPT time scale was mea sured to be lessthan sev eral hun-
dred fswith alack of deuteriumiso topeef fect. One can also
refertothear ti clepublished by Zewail and co-workers” for a
detailed overview regarding this relevant subject before
1996. ESIPT withahighly unsymmetri cal potential energy
sur faceisgen er ally con ceived to be nearly barrierless. The
ultrafast re ac tion time scale may cor re spond to the period of
certainlow frequency, large-amplitudemotionsincor porat-
ingthechangeinnuclear distanceassoci ated withthehy dro-
genbond. Thisview point hasbeenrecently confirmedby two
ap proaches. On the one hand, based on an ultrashort (~ 20 fs)
stimulated emissionpumpingex peri mentthevi brational co-
her encein the ex cited state hasbeen ob served for the ESIPT
mol ecule2-(2’ -hydroxy-5’-methylphenyl)benzotriazole.®
The results conclude that anharmonic coupling between
modesin thefre quency range below 500 cm™ and some high
frequency motionplay akey rolein proceedingtheproton
transfer reaction. Onthe other hand, the pro ton-transfer pro-
motingmodesincor poratinglow-frequency, largeampli tude
mo tion have been de duced from the anharmonicity ef fectsof
over toneand combi nationbands, aswell astheanomalousin
tensity distri butionintheresonanceRamanspectraof sev eral
ESIPTmol ecules.** Very recently, afeaturearti clewritten
by Scheiner® reviewed the cur rent prog ressof ESIPT mol e-
culesonatheoreti cal ap proach basiswheretherel ativeen
ergy lev elsandtheir cor responding ESIPT dy namicsonftt*
and nr* statesarediscussed inbothsinglet andtrip let mani-
folds. Inanother ap proach, aninter estingtheory of theESIPT
reactionhasbeendevel opedby consideringthenodal pattern
of the wavefunction and the delocali zation of the lone elec-
tronsinthe ex cited-state. Ac cord ing to the “nodal plane”
model, theselectivereactionpathway fromvari ousstatescan
bequal i tatively deter mined.**-5% Fo cusontheap pli cation of
ESIPT mol eculeshasalso been vastly de vel oped. Pro to-
typical examplesincludedyelasers, energy/ datastor agede-
vicesandopti cal switching,** **Ramanfil ters,***scintil lation
counters™ andpoly mer photostabi lizers. >*’Recentappli ca
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tionsof ESIPT mol eculeshavecentered on metal cation che-
lates™and proton-transfer materi al spossessingphotochemi
cal stability, resistance to thermal degradation, and low
self-absorption of thetauto mer fluorescencewithfuture per
spectivesinel ectroluminescence.®

Among the above men tioned mol e cules ESIPT nor
mally takes place through a pre-existing strong intramol ec-
ular hy dro gen bond in the gas phase as well asin nonpolar,
hy drocar bonsol ventswheretheenvi ronmental pertur bation
isnegli gi ble. For mol eculeswith arel atively weak intra
molecular hy drogenbond, per tur bationfrompolar, espe
cially proticenvi ronmentsmay modify theESIPT dy namics,
which may ei ther be pro hib ited withinthe ex cited-statelife
spanor proceedwithaprerequi siteof (protic) sol ventreor ga
ni zation. A prototypeex am pleis3-hydroxyflavone (3HF)
possessing arel atively weak 5-member-ring intramol ecul ar
hy dro genbond. Under the presenceof atraceof proticim pu
rity such as water contamination in methylcyclohexane,
ESIPT wasprohibited by formingthedomi nant 3SHF/(water),,
complex (npossi bly= 2) at low tem per ature(e.g. 77 K) hy-
drocarbonmatri ces®’ Quanti tativeanal y sesof 3HF-X , com-
plexes(X: a co holsor water, n = stoichiometric number) in
Armatri cesat 10K havebeenreported.®® Theresultsindi-
cated the oc cur rence of afast rate of ESIPT (<< 10 ps) inthe
3HF-X complex, while ESIPT isprohibitedwhennz2. The
rel atively slow ESIPT of 3HFinal cohol,”™ nitrilesol vents'?
hasbeeninter pretedintermsof sol vent-induced bar rier (see
section V). Inmethanol sol vent, how ever, thepossi bil ity of
theexistenceof al:1 3HF/mthanol cy clichy dro gen-bonded
complexinequi librium hasbeenreportedinwhichtherateof
ESPT is>> 125 fs'*.¥ Asignifi cant polar sol ventinduced
bar rier hasbeen re ported in the case of 4’ -(dialkylamino)-
3-hydroxyflavoneswheretheex cited nor mal stateun der goes
alarge change of di pole mo ment (both in mag ni tude and di-
rection) duetotheex cited-statechargetransfer property. Asa
resultthespectroscopy and dy namicsof sol vationcoupled
ESIPT havebeeninvesti gated. " Brief reviewsregarding
protic sol vent per turbed ESIPT havebeen publishedinref er
ences33and 34whileareview focusingonthesol vent polar
ity cou pled ESPT reactioninpo lar, aprotic sol ventswill be
presentedinthisarti cle(seesectionV).

Ib. Host/guest type

Conversely, thefor mationof anintrinsic(i.e. intra
molecular) hy drogenbondisinaccessi bleinanother classof
bifunctional mol eculeswheretheconductionbetweenproton
donatingandac ceptingsitesmight beei ther geometri cally
hin dered or afar distance away from each other. Thesetypes
of bifunctional mol e cules may un dergo self or guest mol e
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culeassisted ESPT if thispro cessisbothther mody nami cally
anddy nami cally al lowedwithintheex cited-statelifetime. In
their semi nal study, Tay lor etal.”® found that thefirst ex cited
singlet state of the 7-azaindole (7Al) dimer un der goesan ex-
cited-statedou bleprotontransfer (ESDPT), resultinginan
imine-liketautomer emission. Thisresultdemonstratedthe
first doc u mented ex am ple of ex cited-state biprotonictrans
fer. An other early credit should also be given to Song and
co-workerswhodiscov ered another caseincor porating dy-
namic catal y sisof phototautomerism of lumichrome by pyr-
idineand aceticacid.” Owingtotherecogni tionof themul ti-
plehy dro gen-bonding system asasim pli fied model for the
DNA basepair aswell asthestructural simi lar ity between
tryptophan andthe 7Al deriv ative, 7-azatryptophan, spec-
tros copy and dy namicsof ESDPT in 7Al havereceived con-
sider ableattention. In1997, afeaturearti clepublished by
Petrichand co- workers® fo cused on the photophysics of 7Al
and 7- azatryptophaninagueousso lution duetotheir poten-
tial appli cationasanideal noninvasiveprobeinthebi ologi-
cal system. Spectroscopy and dy namicsof other host/guest
hy drogen- bonding (HB) typeof ex cited-stateprotontransfer
reactionhavealsoreceivedconsider ableattention. Proto-
typesin clude 7-hydroxyquinolines (videinfra), 2-(2' - pyr-
idyl)indoles, ”®-#2 mono- and di-pyrido[2,3a] carbazoles®*-87
and B-carbolines®*® where the ex cited-state pro ton-transfer
(ESPT) tautomerismismedi atedei ther by self-associationor
by adding guest molecules (including solvents) forming
host/guest types of HB com plexes. From the struc tural view-
pointtheprotondo natingand ac cepting sitescanbeadjacent
to each other so that acom plex possessingintact dual hy dro-
gen bondsisformed through aper fect-fitted, 1:1 (host: guest)
stoichiometric ratiointhe ground state. In con trast, for other
typeof systemsthe proton do natingand ac cepting sitesmay
be far sep arated from each other. Thusthe oc cur rence of
ESPT possi blyinvolvesaprerequi sitestructureincor porat-
ing n (n=2) guest mol ecule(videinfra). Inareview Kasha®
summarizedvari oustypesof host/guest ESPT reactionspub-
lished before 1986. How ever, de spitethediscov ery of nu-
mer ouscasesof guest mol eculesassisting ESPT reactions,
whichpossessintriguing photophysical and photochemi cal
per spectives, agen eral review fo cusing on the host/guest
typeof ESPT reaction hasunfor tu nately been ob scured dur-
ingthepast decade. Hence, thegoal of thisreview arti cleisto
systemati cally ex pli cateprototypeex amplesfor thehost/
guest cou pled ESPT reactionfrombothfundamental and ap-
pli cationview points, among whichthecontemporary prog-
resson 7Al anditscor respondinganalogueswill receivespe-
cial attention.

Thefol lowingsectionsareor ganizedaccordingtoase-
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guence of stepswherewefirst re view the stud ies of ther mo-
dy namicsinhost/guest hy drogen-bonded (HB) complexes.

Subsequently, proton-transfer tautomerismmedi ated by the
rel ativeex cited-statether mody namicsfor catalyticver sus
non-catalytic types of ESPT reactionisreviewed with em
phasisontheir fundamental dif fer encesfromchemi cal as
pects. Throughthemolecular designand synthesis, sev eral

intriguing prototypesarepresented wherethe host and guest
mol eculesarelinked through acovalent bond. Inthese cases
dual hy drogen bondsareformedintrinsi cally sothat acom
par ative study can be made with re spect to those host/guest
HB com plexespro duced through ther mal equi librium. The
resultsad dresstheim por tance of thestrength and geom etry
(i.e.configuration) for conjugated dual hy drogenbondsin
proceeding ESPT, especially whentherequiringguest mol e
cules are stoichiometrically= 2. Inad di tion, cur rent prog ress
applyingtheconcept of cat alytic processtowardthebi ologi
cal approachrelatedtothemutation of theDNA basepair will
bebriefly reviewed. Toap ply 7Al anditscor responding de-
rivativesasanoninvasiveprobeinthebi ologi cal system,

photophysical studiesof thesemol eculesinaqueoussolution

arenecessary.Unfortunately,inter pretationregarding ESPT
dy namicsof 7-azaindolesin purewater hasbeen asubject of

along-standing controversy. Var i ouspro posed protic sok

vent- catalyzed ESPT mechanismsarereviewed onthebasis
of recent experimental and theoretical progresses, from
whichaplausi blemechanismisdeduced. Finally, thedif fer
enti ationinmechanismbetweensol ventdif fusivereor gank
zationandsol ventrelax ationto af fect the ESPT dy namics
will bediscussedindetail.

1. CATALYTIC AND NONCATALYTIC HOST/GUEST
ESDPT PROCESS

Ila.Conjugated dual hy drogen bondingef fect
Innonpolar sol ventssuchascyclohexanesignifi cant
dimerization with a K, value of 2.2 % 10° M™* has been ob-
servedin7Al fromthecon centration-dependent electronic
absorptionspectra.® Such adual HB dimer haslong been rec-
og nized asasimpli fied model for the hy dro gen-bonded base
pair of DNA.81%1%1 Upon one-photon ex ci tation of the 7Al
dimer one part on 7-azaindoles is electronicallyexcited,
whilethe other un ex cited mol e culeactsasacon duit so that
thedoubleprotontransfer pro ceedsthrough aproton-relay
configuration, resultinginalarge Stokesshiftedtauto mer
emission (A ~480 nmin cyclo hex ane, seeFig. 1). At the
molecularlevel, suchanex cited-statedoubleprotontransfer
(ESDPT) processprovidesonepossi blemechanismforthe
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mu tation, which has been pro posed to be, in part, dueto a
“misprint” induced by theprotontransfer tautomerismof a
specific DNA basepair duringrepli cation. Con sequently an
er ror messageisrecorded. '*****Froman other fundamental
view point, thesystemessentially representsaprototypetoin
vesti gatetheESDPT dy namicsthroughthehost/guest hy dro-
gen-bonded com plex. Guest mol e cules other than 7Al pos-
sessing bifunctional HB sitesmight act asa*“ bridge” to assist
theESPT reactionin 7Al. A representativecaseshould beat-
trib uted to the 7Al/acetic acid HB com plex where the car-
boxylichy drogenand car bonyl ox y genformdual hy drogen
bondswith re spect to the pyridinic ni tro gen and pyrrolic hy-
drogenin7Al.Anassociationconstant (K ») aslargeas 2.0 x
10* M (4G ~-5.8kcal/mol) at am bi ent tem per aturewithan
asso ci ation enthal py of ~-14 kcal/mol hasbeen deduced for
thefor mation of the 7Al/aceticacid cy clicdual HB com plex
incyclohexane.'® Thefor mation con stant ismuch larger
thanwould beantici pated sim ply from the num ber and type
of hy drogenbondsinvolved. For example, Fritzchereported
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Fig. 1. Asimplifiedschematicdi agramof therel ative
en ergy lev elsamong 7Al, 7Al-dimer and its
cor respondingimine-tautomer dimeringround
aswell asex cited state. Notethat thelifetime of
themonomericfluorescenceisslightly concen
tration de pend ent and istaken to be 1.64 nsby
theav er ageof 1.6'°° and 1.67 ns'® inthedi lute
cyclohexanesolution(<10-> M), while the life-
timeof thetauto mericflu orescenceshowsless
con centration de pend enceand istaken to be
3.22 ns (~ 1.0 = 102 M) 150146,165 A || wave-
lengthsdepictedinthisFigurearemax i mum
val uesinei ther ab sorptionor fluorescencein
ten sity ex cept that 292 nm for the 7Al nor mal
dimerisobtainedfromtheex ci tationspectrum.
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avaue of 4G = 0.81 kcal/mol for the indole-pyridine com-
plex in CCls."® Thepyrrole-pyridineHB com plex isre ported
to have £G val uesof -0.54 and -1.8 kcal/mol in CCl,'* and
cyclohexane, ™ respectively. Weak HB for mationisalso ex
pected between the pyrrolic hy dro gen of indole and car-
boxylicacid, asindi cated by thelack of indole/aceticacid HB
complexformationfromtheUV-Visabsorptionti trationex
periment.’® It isthus con cluded that the pyridinic ni tro gen
(7Al)/carboxylic hy drogen (aceticacid) HB for mationin
ducesastaticchargeinter action, si mul taneously enhancing
thepyrrolichy dro gen/car bonyl ox y gen HB strengthin 7Al

(seeFig. 2). Theinter play between dual hy drogenbondsand
m electronshasbeendefined asconjugated dual hy drogen
bonding (CDHB) ef fect in which both pro tondo nat ing and
ac cept ing sites can bein duced res o nantly through the de
localization of the electrons. A theoreti cal approachforthe
CDHB ef fect can bere ferred to 2-hydroxypyridine.**® Stud-
ies based on an ab initio ap proach (e.g. the MP2/6-31G(d, p)

level) havereveal ed that ground-state equi lib riumbetween
2-hydroxypyridine and 2-pyridone can be fine-tuned not only
by self-association but also by associ ationwith other b
functional guest mol e culesthroughthe CDHB for mation.

Ex peri mentally, 3-hydroxyisoquinolinesuccessfully demon
stratesaprototypeex ampleinwhichthe CDHB for mation
anditsrel ativehy dro gen-bonding strength play akey roleto
fine-tune the ground-state equilibrium toward the keto
form.*1°Upon ex ci tation, ultrafast ESDPT takes placein the
enol dimericform, resultinginanex citedketodimer (Fig. 3).

Interestingly, al thoughthesteady-satefluorescencespectral

featuresof theketodimer areessentially identi cal withthat of
the enol-keto com plex upon thedi rect ex ci tation of theketo
chromo phore, therelax ationdy namicsaredrasti cally dif fer
ent (seeFig. 3). Assup ported by thetheoreti cal ap proach, the
strength of dual hy dro gen bondsin the keto dimer is much
stronger than that of the enol-keto complex. The results
clearly dem on stratethat the CDHB ef fect not only fine-tunes
the ground-state equi lib rium but also in ducesanonradiative
deacti vationchannel incor poratingtheHB strengthintheex

o)
N
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Ka~20x 10° =~
CH,COOH + 7TAl <=—"—~
&H ~-14ked/mol  H

‘ - E

o{‘(;o

Fig. 2. TheCDHB ef fectincor poratesinter play be-
tween dual hydrogen bonds and melectrons

delocalizationinthe 7Al/acetic acid com plex,
resultinginafurtherstabili zationenergy.
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cited-staterelaxationdy namics.

I1b. Catalytic versus non-catalytic proton transfer

Based on the con cept of CDHB ef fect stable HB com-
plexeshavebeen ex peri mentally ob served among 7Al and
sev eral other guest mol e culessuch aslactam and amide pos
sessing bifunctional HB sites.™™ Itisthen sub sequently rec-
og nized that de pending onthe prop er tiesof the guest mol e-
cules, ther mody namicsand/or dy namicsof ESDPT canvary
drasti cally. Wehaverecently classi fied theguest/host type of
com plexesintotwo cat ego riesbased ontheir chemi cal as
pects upon ESDPT.*! Ap plying 7Al as a host, on the one
hand, theacid, al co hol and H2O as sisted ESDPT have been
speci fied asacatal ytic processsincethemolecular structure
of theguest speciesremainsun changed dur ingthe ESDPT re-
action. Studiesof 7Al complexedto cat alytictypesof single
mol eculessuchasvar i ouscar bon chainmono-carboxylicac-
idsand phosphoricacidshavereveaedrapid ESDPT reac-
tions based on ei ther the steady-state'™ or time-resolved!*?
ap proach. On the other hand, ESDPT in 7Al dimer, 7Al/

A ;é ——— . PrOtoN trarsf er proton(orerergy),x‘{c
- trander ;\*
TKeey ¥
S
A
350nm
340 nm | 370 nm ~490 nm
(6.62 ns) O8m ~490 nm 50w
(6.34 ns)
420 nm
+
——‘— Ka Kb
-~ T —— - >
H  85x103 0.021
Q 4
) N 4 \>
7 = N\
2= &y Y )
\ / ERR PN NG
HoH Ho Y Ho
3HIQenol form  Q  : 6 H H
)N N NS
/ \/ L/
enol-enol keto-keto enol-keto

Fig. 3. Theproposedprotontransfertautomerismfor
3HIQ through CDHB ef fect in both ground and
excited states. Reproduced with permission
from: Wei, C.Y.; Yu,W. S,; Chou, P. T.; Hung,
F.T.; Chang, C. P.; Lin, T. C. J. Phys. Chem. B
1998, 102, 1053. Copyright 1998 American
Chemical Soci ety.
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lactam and 7Al/am ide HB com plexesre sultsin 7AI(T)*/
TAI(T), TAI(T)*/lactim and 7AI(T)*/imine forms, re spec-
tively (T* denotestheelectroni cally ex cited tauto mer spe
cies) whereguest mol eculeshavebeentautomerizedsi mul ta
neously. Thistype 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 alytic type of ESDPT re quiresonly the tautoc
merization of the host molecule, while the non-catalytic
ESDPT de pends not only on the 7Al* — 7AI(T)* proton
transfer but also on the tautomerization of the guest mol e
cule. In the case of 7Al dimer the unexcited 7Al can be
treated asaguest that doesnot act asacat alyst but rather asa
reactant. Thetautomeri zation of theguest mol eculeshouldbe
anendergonic processfor 7Al (inthecaseof 7Al dimer), lac-
tamsand amides. Ev i dently, the 7Al* — 7AI(T)* proton-
transfer reactionishighly exother micandrendersadriving
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N Y e N=(
H R H R

Fig. 4. Various guest molecules assisted types of
ESDPT hosted by 7Al, wherea and b are de-
finedasacat alytictype,c-eareascribedtobea
non-catalytic type dueto the si mul taneousta-
tomerismon the guest mol eculesdur ing ESDPT.
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forcewhich leadsto asi mul taneous tautomerization of the
guest mol ecules. Withthe same host mol ecule(e.g. 7Al) the
noncatalytic type of ESDPT in 7Al HB com plexesisthere-
foreless exegonic than that of the cat alytic type of ESDPT.
Accordingly,therel ativether mody namicsbetweennor mal
andtauto mer HB com plexesmay be of im por tanceinfine-
tuning thedy namicsof ESDPT. By way of modi fy ing var i-
ous lactam types of guest molecules drasticallydifferent
ESDPT dynamics have been demon strated among 2- aza
cyclohexanone (1), 4-azatricyclo[4.3.1.13.8]undecan-5-one
(11) and 3,4,5,6,7,8-hexahydro-2-(1H)-quinolinone (1 11) (see
Fig. 5). Thefor mationof 1:1 7Al/l, 7Al/ll and 1:1 7Al/111

CDHB com plexeshasbeen confirmedby alargeassoci ation
con stant of 2.3 103, 2.7 % 10% and 3.4 10° M'%, respec-
tively *** Theproton-transfer tauto mer emission, anindi ca
tion of the oc cur renceof ESDPT, issignifi cantin1:1 7Al/l
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X EKcaI/mol |
S —
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Fig. 5. a. Structuresof lactams |, 11 and |11 appliedas
guest mol ecules, b. Therel ativeenergy lev els
for the 7Al/111 anditsassoci atedproton-transfer
tautomer com plexesesti mated fromei ther ex-
peri mental results(S-S; and Sy’ -S;’ energy
gaps) ortheoreti cal ap proaches(theSy-Sy' en-
ergy gap) (see Ref. 111).

Chou

and 1:1 7Al/l | complexes, whileitisnot detectableinthel:1
7AIN11 HB com plex through both steady stateand dy nami cal
approaches. Theresultsincombi nationwithatheoreti cal ap
proach lead toacon clusionthat ESDPT isther mody nam i
cally prohibited duetothehighly endother micenergy re
quired for the tautomerization of 111, sup porting the con-
cept of the guest-mol ecul e-tuning ther mo dy namicsfor the
non-catalytic type of ESDPT (Fig. 5).

Fromyet an other ap proach, onthebasisof molecular
design, several 7Al analogueshavebeensynthesized. There
sults fur ther ver ify that ESDPT can be al so fine-tuned by
vary ingthestructuresof the host mol ecules. Prototypesthat
areof signif i cancerelatedtothefundamental basisandbi o
logi cal appli cationarereviewedwithspecificremarksde
scribed asfol lows.

Ilc. m-electronconjugation tuning ESDPT
Fromthemolecular structureview point, thereaction
center of theESDPT processin7Al anditscor respondingarn
aloguessuch as 1-azacarbazole,"****' dipyrido[2,3-a:3',2' -
i]carbazole®®"*8 and 1-H-pyrrolo[3,2-h] quinoline™® (Fig.
6) isessentially theamine/imineproton-transfer tautomerism
inwhichaproton (or hy drogenatom) inthepyrrolicni trogen
transferstothe pyridinicni trogen, forminganimine-likeiso
mer. Such apro cess, in gen eral, ishighly endergonic in the
groundstate. Forexampl e, atheoreti cal cal culationesti mates
the 7Al dimer — 7AI(T) dimer tau tom er ism to be ~ 23.5
kcal/mol.* Itthusbecomescrucial thatthe Sy’ — Sy’ tran si-
tiongap of thetauto mer species(primedenotestheiminetau
to mer state) hasto besig nif i cantly smaller than that of the
nor mal species(i.e.theS, — S; gap) in or der to pro ceed asa
ther mallyfavor ableESDPT reaction. A simpleandempirical
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Fig. 6. Structuresof 7Al derivativesand/orrel ativean
aloguesrecently studiedinvariouslaboratories
(seetext) asfor theex cited-stateprotontransfer
properties.
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ap proach based on the melectronconjugation predictsthat
the C,-Cs dou blebond (see Fig. 7) intheimine-liketau to mer
of 7Al should ac tively beinvolved in the del ocalization of
electronsand henceplay akey roleindeter miningtheS'o-S'1
energy gap. Conversely, theoreti cal approachesal soindi cate
that therel ativether mody namicsbetweenaminoandimino
formsin the ground state de pend mainly on the destabiliza-
tion of thearomatici ty of thepyridinering, and henceareless
af fected by theC ,-C; dou blebond inthe pyrrolicring. Onthis
basis7-azaindoline (7AZD, seeFig. 7) hasbeen synthesized
viathehy dro genation of the C,-C; dou ble bond in 7Al. On
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Fig. 7. a. Thegener al ization of amino-imino type of
protontransferin7Al analogues. b. The ex-
cited-state protontransfertautomerismof 7AZD
CDHB complexestuned by therel ativether mo-
dy namics. The S state has been nor mal ized to
an equivalent level. The energy level is in
kcal/mol withitscor respondingwavelength(in
parentheses) innm. Schemeb isreproduced
with per mission from: Chou, P. T.; Wu, G. R.;
Wei, C. Y.; Cheng, C. C.; Chang, C. P.; Hung,
F. T. J. Phys. Chem. B 2000, 104, 7818. Copy-
right 2000 Ameri canChemi cal Soci ety.
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theonehand, 7AZD ispotentially capableof generalizingan
amine-imine type of proton-transfertautomerism. Onthe
other hand, due to the lack of a C,-C; double bond, the
imine- liketautomer of 7AZD ap par ently possessesashorter

length of the T electron conjugationthan 7Al, and hencea
larger §'-S," energy gap is expected. Therefore, 7AZD

servesasanideal model to ex aminethecat alytic- versus-

noncatalytic ESDPT reactionfinetuned by thelength of them
electronconjugation. Theresultsshow that for thecat alytic
typeof ESDPT suchasthe 1:1 7AZD/acetic acid CDHB com-

plexthephotoinduceddoubleprotontransferisener geti cally

favor ableand may only requireasmall dis place ment of the
hy drogenatomand/or molecular skel eton, resultinginaneg

li gi bleenergy barrier. Therateof suchacooper ativepro

ton-transfer reaction, which takes place ei ther step wise or

concertedly, ismuch faster than the spon tane ousde cay rate
of theelectroni cally ex cited 7AZD/aceticacid complex, as
sup ported by thelack of anor mal 7AZD/aceticacidemission

andtheunresolvedrisetimeof theiminetauto mer fluores

cence (Trie< 3% 10™'s).** Incontrast, despitethedual hy dro

gen-bondingassoci ation, bothex peri mental andtheoreti cal

ap proachescon cludethat ESDPT ispro hibitedinthe case of

7AZD dimer and 7AZD/lactam complex (Fig. 7), unambig u

ously il lustrat ing the non-catal ytic type of ESDPT ableto be
medi ated by them electron conjugationlength. Thegener a-

ization of amine-iminetype of tautomerization can befur ther

sup ported by remov ing both C(2) and C(3) at oms, forming

2-alkylamino pyridineinwhichthecarboxylicacid cat alyzed
ESDPT hasalso been ob served, though quanti tativestudies
regardingther mody namicsof thiscomplex for mationwere
not reported.*?

I1d. Ring nitrogen at omstuning ESDPT
FocusontheESDPT reactionrel evanttothemolecular
nature of mutation hasre cently been ex tended to the pro
ton-transferreactionin 7Al analoguesof bi ologi cal impor
tance. Among which, purinespossessingasimi lar structural
moi ety with respectto 7Al arepar ticularly crucial. System
aticinvesti gationof theESDPT reactiononamolecularbasis
has been per formed inwhich ani tro genatomisfirst added to
the five mem ber ring of 7Al, form ing 4-azabenzimidazole
(4ABI). Sub se quently, 6-isobutylpurine (61 BP, Fig. 8) was
synthesizedtostudy thecom par ativeproton-transfer tautom
er ismamong 7Al, 4ABI and 61BP.***Largedimericassoci a
tionconstantsof 2.2:< 10% 3.0:<10° and 4.2 10° M2, respec-
tively, were mea sured among 7Al, 4ABI and 6IBP in cyclo-
hex ane. While ESDPT ap par ently oc cursin both dimeric
forms of 7Al and 4ABI, tau to mer emis sion can not bere
solved from both the steady state and dy nami cal ap proaches
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in the 6|BP CDHB dimer.!?® Theresultsalsoreveal anin-
triguing cor relation betweentheenergy gap andthecor re-
sponding number of nitrogen atoms in the methylated
tautomersof 7Al, 4ABI and 61BP, inwhichasignif i cant blue
shift of the 0-0 onsets on the order of N(7)-methyl-7
azaindole (7TMAI, 21,834 cm™) < 4MABI (27,200 cm?) <
3MIBP (30,770 cm™) wasob served. Adding el ec tron-rich ni-
trogenatomsinei ther afiveor six member ring of 7Al al ters
theresonanceskel etoninthetautomericform (i.e.theimino
form) toward adrasticin creaseof thetm — * energy gap. In
contrast, the dif fer encesin 0-0 onsetsamong 7Al, 4ABI and
6l1BP nor mal dimersarerel atively much smaller, being only
1460 and 3570 cm™ higher in en ergy than that of the 7Al

dimer for 4ABI and 6IBP normal dimeric forms, respec
tively. Thoughnot ex peri mentally accessi ble, ground-state
thermodynamics between nor mal and tauto meric species
havebeen deducedviaatheoreti cal ap proach, which esti-
mates the for mation free en ergy of 7Al, 4ABI and 61 BP tau-
to mer dimeric formsto be 22.3, 15.6 and 16.8 kcal/moal, re-
spectively, rel ativetotheir cor responding nor mal dimers.*®
Takingtheab sorptiononset of their cor responding methyl-
ated tautomers to be the So-S; (0-0) transi tion of thetautomer
dimerrel ativeenergy lev elsinaproton-transfer cy clefor var
i ous 7Al analoguescan thusbede duced anddepictedin Fig.
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Fig. 8. Thering ni tro gen-atomtuning ESDPT in 7Al,
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8. ESDPT iscal culated to be-9.0 and -4.7 kcal/mol exer-
gonically for 7Al and4ABI dimers, respectively. Incontrast,
alarge endergonic value of 11.4 kcal/mol was ob tained for
the case of the 61 BP dimer, in di cat ing that the ESDPT re ac-
tionisther mally unfavor able. Theresultsdemonstratefor the
firsttimeamolecular-basistuning ESDPT for vari ous 7Al
biorelated analogues. Evi dently, theenergy gapbetweenS o
and S'; states of thetau to meric form playsanim por tant role
indeterminingthehostmolecular-basedtuningnon-catalytic
typesof ESDPT. Itistherefore of great im por tanceto probe
theproton-transfer tautomerismasafunctionof therel ative
excited-state thermodynamics for purine derivatives of
whichtheelectronicproperties, depending onthefunctional
groupaswell assub sti tuted posi tion, areal tered. Suchfunda
mental issuesarebelieved to bring up abroad spectrumof int
terestinthefield of proton-transfer studies.

Ile. Tautomerism in adenine analogues

Al though 7-azaindolesHB dimersand com plexeshave
long served asamodel to study thefun damental mechanism
for themutationduetoa“misprint” in duced by the proton
transfer of aspecific DNA basepair, thereactioncenterin
cor porat ing the pro ton mi gration from the N(1) to the N(7)
atomin7Al anditspurineanaloguesunfor tu nately can not
practi cally mimicthe DNA base such asadenosine dueto the
link age of the N(9) atom (see Fig. 9) in ad e ninewith asugar
moi ety. Instead, theproposedproton-transferinducingmuta
tion for the ad e nine (A)-thy mine (T) pair is based on the
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Fig. 9. Theground-stateadeninenucleotides- carbox-
ylicacidsequi lib rium and ex cited state pro-
ton-transfer tautomerismfor 1:1ad eninenu-
cleotides/carboxylicacidsCDHB com plexes.
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amino-iminotautomerismincor poratingashift of theN® pro-
tontotheN(1) ni trogeninadeninecou pledwithasi mul ta-
neousketo-enol tautomer ismof thy mine. Numer ousex per i-
mental andtheoreti cal ap proacheshavedrawntheconclusion
that the A(amino)-T(keto) —A (imino)-T(enol) tautomerism
isther mally unfavor ableintheground state.***** Likewise,
arecentab inito cal culationalsopredictsahighly endother-
mic ESDPT of ~ 10 and 15 kcal/mol for thelo cally ex cited
A*(amino)-T(keto) and A(amino)-T* (keto) pairs, re spec-
tively.** Thetheoreti cal predictionisinaccor dancewithex-
per i mental prog ressuptothisstage, showingnoev i denceof
doubleprotontransfer forthe A-T pair intheex cited states.
Theoccurrenceof ESDPT inthe A-T pair formingtheir
cor respond ingimino and enol formsisspeci fied asanon-
catalytictypewheremolecular structuresforbothAand T al-
ter simul taneously. Suchaprocessshouldbeener geti cally
lessfavor ablethanacat alytictypeof protontransferincor po
ratingonly thetautom er ism of thehost mol ecule(e.g.ade-
nine), whilethemolecular structureof theguest species(such
ascarboxylicacids) remainsun changed. Recently, thecat a
lytictypeof ESDPT for var i ousad enine/guest HB complexes
hasbeeninvesti gatedtoex plorethefundamental basisof the
photoinduced mutagenesis. Vari ousN(9) alkyl and benzyl
sub sti tuted adenineshavebeensynthesizedtosimulatethe
link age of thedeoxyribosesite at theN(9) po si tionaswell as
toincreasethesol ubil ity innonpolar sol vents(e.g. cyclohex-
ane) so that stud iesof proton-transfer tau tom er ism canbe
freefromthesol vent per tur bation. Ap plying 9-cyclohexyl-
methyl ad enine (9CHA, seeFig. 9) asaprototype, evi dence
for the for mation of the 9CHA/acetic acid HB com plex is
sup ported by the acetic acid con cen tration-dependent red
shifted electronic ab sorption spectraac companied by anap-
pear ance of an isosbestic point at ca. 255 nm. Upon in creas-
ingtheaceticacid concentration, auniquefluorescencemax-
i mum at ca. 435 nm (t¢ ~ 120 ps) grad u aly ap peared.” A
com par ativestudy of themethyl tautomer analogueof 9CHA,
1-methyl-9-cyclohexylmethyl adeninereveal safluorescence
withsimi lar spectral features (410 nm) and relax ation dy-
namics(ts ~ 115 ps, & ~ 2 10°%). Accordingly, the435emis-
sionwithfast riseki neticsof >3 10" s* and alarge Stokes
shiftrel ativetotheex ci tationmaxi mum (> 10* cm) is am-
biguously ascribedtotheimine-liketauto mer emissionre-
sultingfromafast ESDPT inthe9CHA /aceticacid complex.
Anotherimpor tantremark isthat suchacarboxylicacid
catalyzed ESDPT reactionisselective. When phosphoric
acidrelated guest mol e culessuch ashis(2-isopropyl) 2 hy dro-
gen phosphate ((CH3;),CHO),P(O)OH, BIHP) were added,
thefor mation of aHB com plex wasal so ob served. How ever,
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in stead of the oc cur rence of ESDPT, an ex cited-state pro
tonation takes place possi bly dueto the much higher acid ity
in BIHP (pK ,~2.1), resulting in acationic emission max i
mized at 370 nm. The ESDPT prop erty wasalso ob servedin
other adeninenucleotideanal oguessuchas9-benzyladenine
(9BZA)/acetic acid HB com plex (see Fig. 9). There sults
demonstratefor thefirst timethefeasi bil ity of an amino-
iminotautomerisminthead enineanaloguesthroughacat a
Iytic type of ESDPT and thus pro videamore plau si ble bi o-
logi cal model than 7Al to ex plorethe ESDPT dy namicsre-
lated to the mu tation. Many amino acid side chains have ab>
normal pKaval uesin proteins** Under physi ologi cal condi
tionsun-ionized carboxylic acidsmight bein volvedinthe
hy drogenbondinter action. For mationof cy clicdual hy dro
genbondsal lowsan amino acid sidechainin cor porating
carboxylicacidtodiscrimi natebetweendif ferentnucleic
acid bases, which may serveasanim por tant rolein oneof the
interactionsinvolvedinselectiverecognitionof nucleicacid
basesby proteins. Probingthespecificprotein-DNA inter ac-
tion***may beim por tant in fu ture per spec tives on the ex-
cited-stateprotontransfertautomerism.

[If. Guest/Host linkage through the covalent bond

Most stud iesof guest mol eculesassisted ESDPT reac
tionsfo cusonthehost/guest com plex ex istingintheground-
stateequi lib riumthroughthestaticHB associ ation. Inan
other ap proach, thestudy of intrinsic (or intramolecul ar) dou
bleprotontransfer viathefor mation of the guest/host HB
“com plex” wherethe guest and host mol e culesare de signed
tobecovalently linkedisalso of special inter est. Al though
suchaconfiguration may betreated asanintramolecular HB
type, it would rather be con sid ered ahost/guest type of HB
complextodistinguishitfromthefor mationof thehost/guest
HB complex viathecor responding par ent mol eculesthrough
thether mal equi librium. A prototypereported early can be
ascribed to 7-hydroxy-8-(N-morpholinomethyl)quinoline
(HMMQ, seeFig. 10) re ported by Varmaand co- workers.13+1%
INnHMMQ oneend of aflex i blealkyl chain car riesaproton
do nor, whiletheac ceptorislo cal ized onthe other fixed end
of the par ent mol e cule 7-hydoxyquinoline. In the ground
state HMMQ exists predominantly in the enol form (E),
which possessesanintramol ecul ar hy dro gen bond between
the hydroxyl group and theni trogenatom N(2). Upon ex ci ta
tiontheprotonisinitially transferred adi abati cally fromthe
hydroxyl tothemorpholinogroup, resultinginazwit teri onic
structure(Z*). Thisstepintheprocessdependssignif i cantly
onthesol vation of theresulting zwitterion, assup ported by
theprohi bi tionof theprotontransfer reactioninnonpolar sok
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vents. Dur ing the life span of Z* the ro tation of the mor-
pholino group takes place, car riesand an chorsthe pro ton to
theN(1) ni trogen, forming aketo-liketauto mer form (K*).
Theover all reaction canbetreated asaproton craneincar ry-
ing out a long-range intramolecular proton transfer. The
ESDPT dy namicsof HMM Q thusshowssignif i cant sol vent
viscosity and polar ity dependenceand hasbeensuccessfully
inter pretedthroughatheoreti cal approachincor poratingthe
classi cal rotational Brownianmotion.**® It is thus con ceiv-
ableto take ad van tage of the protontransferinHMMQ asa
meansof theini tial andfi nal confor mationsto probethe sol-
vationdy namics. Recently, based on the par ent mol ecule
7-hydroxyquinoline (7HQ) we have de signed and syn the-
sized 7-hydroxy-8-carboxylicquinoline (THCQ®") wherethe
for mation of strongintramolecular dual hy dro gen bondsis
in di cated by two short HB dis tances of 1.713 (car bonyl-
hydroxyl hydrogen) and 1.769 A (carboxylic hydrogen-
pyridinicni trogen, seeFig. 11a). Uponelectronicex ci tation
7HCQunder goesan ultrafast rateof ESDPT (>> 3 10 s1),
resultingina520 nm keto-tautomer emission. Thesubtlety of
theinfluenceof thehy drogen-bondingstructureaf fectingthe
proton-transfer dy namicscanbedemonstrated by another ex-
am ple 1-carboxylic-F-carboline (1CCB, see Fig. 11b). Al-
though 1CCB possessespredomi nantly adual HB structure
ESDPT isprohibited asin di cated by the lack of tauto mer
emission through ei ther the steady state or dy nami cal ap-
proach. Ev i dence of weaker hy dro gen-bonding strengthin
1CCBisindicativeby arel atively muchlonger HB distance
of 2.285 A betweenthecar bonyl ox y genand N(9) hy drogen
in a geometryoptimized struc ture (the HF/6-31G(d’, p’)
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level). Thus, geo metricadjust ment of theHB configuration

toa“correct” structuremight berequiredfor theprotontrans
fertopro ceed, which shouldinduceahigh-energy bar rier due
totheri gidity of the C'-C(1) bond. Accordingly, theproton

transfer dynamics is too slow to com pete with other ex-

cited-staterelax ation pathwaysin 1CCB. Thecovalently

linked host/guest mol eculesunveil aremark ableresemblance
with respect totheir cor responding par ent/aceticacid HB

complexesex istingunderthether mal equi librium. Thel:1
THQ/aceticacidHB complex, disregardingonly asingleHB

for mationbetween pyridinicni trogenand carboxylichy dro
genatoms, under goesarotational dif fusioninduced ESDPT, **
whileESDPT isprohibitedinthecaseof 1:1-carboline/ace-
tic acid com plex due to thelargely sep arated distance be

tween the do nor and ac cep tor siteswherethefor mation of a
protonconduitisinaccessi ble. Instead, ESDPT takesplacein

the case of 1:2 B-carboline/acetic HB com plex with a“cor-

rect” HB configuration(seeFig. 11).

Sum marizing thissection, the noncatal ytic pro cessis
signifi cantfromthechemi cal aspect becauseitisplausi bleto
produceachemi cally im por tantiso mer viathe noncatalytic
ESDPT pro cess. For ex am ple, an exegonic energy of ~13-15
kcal/mol upon the 7AI(N)* — 7AI(T)* protontransfer tau
tomerism™® provides a substantial driving force for the
tautomerization of the guest mol e culein the noncatalytic
typeof ESDPT, whichisotherwisethermallyinaccessible. If
thetautomer of theguest mol eculecanbeseparatedfromthe
host/guest com plex prior toitsex cited-staterelax ation path
waysand if the ground- statere verse pro ton transfer isquite
slow, it may bepossi bleto uti lizethelabiletautomer froma
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Fig. 10. Theproposedrotational dy namicscoupled protontransfer reactionfor 7-hydroxy-8- (N- morpholinomethyl)-

quinolineinpo lar sol ventssuch asacetonitrile, 134-136
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chemi cal reactionstand point. Thisconceptbecomesfeasi ble
accordingtorecent studiesontheground-statereverseproton
transferinthe 7Al dimer (seethefol low ing section).*® From
the photophysical point of view, through fine tun ing the mo-

lecular structurefor ei ther host or guest mol ecule, itisthusof

specia inter esttoin vesti gatethe guest/host type of ESDPT
where both nor mal and tau to meric host/guest com plexes
mightbeacci dentally degener ateintheex cited state. Studies
of such an ex cited-state cou pling reac tion should provide
valu ableinfor mation on both for ward and back ward pro-

ton-transfer dy namics.
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[11. DY NAM ICSOF PROTON TRANSFERIN
HOST/GUEST HY DROGEN-BONDED
COMPLEXES

Extensiveresearchhasfocused onthedy namicsof dou
bleprotontransfer duringthe past decades. Thissectionfirst
emphasizestheintrinsicprotontransfer dy namicsin7Al ana
loguesforming astatic, in tact CDHB com plex with guest
mol e cules, among which the dy namics of ESDPT in 7Al
dimerrecentlyreinvesti gatedwithafemtosecondresolution
will bediscussed. Subsequently, areview regardingtheunex
pect edly slow ground-statereverseprotontransferinthe7Al
dimer ispresented.

Illa. ESDPT dynamics in the 7Al dimer
Injet-cooledisolated gas, Fukeet al., con cluded that
the ESDPT reaction onthe 7AI(N) dimer isbarrierless since
it takes place from the zero vi brational level of thefirst ex-
cited-state.1**14! Re cently, Douhal et al.**? ap plied femto
second massspectroscopy toinvesti gatethereactiondy nam
icsof the7Al dimerinanisolated gassystem. Theresultsled
toaconclusionthat ESDPT takesplacethrough asequential,
two-step proton-transfer pro cessinwhichtheover all reac
tiontime, depending ontheex ci tationfrequency (i.e. vibro
nicenergy), ex hibitsalargedeuteriumisotopeef fect (afactor
of ~ 10) on the ob served hiexponential de cay. Even near the
zero- point energy, theprotontransfer wasstill ob served. For
examplewhenthe AE=Ep, - Eo~0cm™ (Eo denotesthezero-
point energy) biexponential decay witht, = 0.65 psandt, =
3.3 pswasob served, while T, = 200 fs, 7> = 1.6 ps was ob-
tained when AE ~ 500 cm™. It wastherefore con cluded that a
global potential energy surfaceincor poratingatleasttheN-H
and N ---N vi brational motionsdescribesthenonconcerted
proton-transfer path way wherethepro tontun nel ing may be
domi nant. Further ex peri mental sup portwasrenderedby the
ar rest of a7Al-dimer cationic spe cieswith arisetime of 0.7
psviaacoulombex plosiontechnique.’** Subsequently, theo
reti cal cal culationsbasedontheabinitioapproach* and mo-
leculardy namicssimulation*®of thereaction pathqual i ta
tively confirmed thissequential ESDPT mechanism. Onthe
other hand, how ever, another theoret i cal ap proach based on
higher lev el sof theory ar guedthat areinter pretationof the
dataleadstowardacon certed mechanism.**
Inthecondensed phase, early pi co second studiesat am
bi ent tem per aturehavereveal ed that thetimescaleof proton
transfer islessthan 5 ps. ™’ Ex peri mentswith subpicosecond
resolutionfur ther resolved atimecon stant of 1.4ps™ for the
rate of ESDPT of the 7Al dimer in nonpolar sol vents.**® Very
re cently, based on afemto second upconversion tech nique,
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Chachisvillis et al.»*° re solved the de cay rate of ~ 1 ps? for
thenor mal tauto mer (i.e. 360 nm) emission, and abi ex po-
nential rise of ~1 and ~ 12 ps*for thetautomer emission (e.g.
480 nm). Thenor mal de cay rateissensi tivetotheN-D iso-
topesubsti tution (4.5ps*) while amuch less deu te rium iso-
topeef fect wasob served for thetauto mer riseki netics(1.6
and 12 ps™), suggesting thelack of cor respon dencebetween
theini tial decay of thenor mal andriseof thetauto mer emis
sion. Con sequently, thereaction mech anism hasbeen de-
pictedby thecombi nationof di rect, reactiveandindi rect pro-
ton transfer path ways. Asin the gas-phasere sult Chachisvillis
etal. believedthat astepwisepathway issignif i cantintheso-
lution phase, but ontheglobal potential en ergy sur faceboth
trajectoriesof thesymmetricandasymmetricvi brational mo-
tionmust beconsideredfortheproton-transfer reaction. Sub-
sequently, based onthefluorescenceupconversiontechnique
Takeuchi and Tahara'® were able to re solve biexponential
components(t: = 0.2 ps, T. = 1.1 ps) asso ¢i ated with the nor-
mal emissionwherethedecay of the1l.1pscomponentiscon
sistent withtheriseof thetauto mer emission. Accordingly,
they con cluded that acon certed ESDPT and the proton trans-
fer proceedsex clusively fromthelow est L aex cited statewith
atimecon stant of 1.1 psaf ter the oc cur rence of thein ter nal
conversion(t, ~ 0.2 ps) fromtheini tially pop u lated L, state
to the Lastate. Al ter natively, theprevi ously ob served 12 ps
risedy namicsof thetauto mer emissionhasbeenreassigned
tothevi brational relax ation of thetauto meric ex cited state
(Fig. 12a). Later, Zewail and co-workers™ reinvesti gatedthe
ESDPT dy namicsof the7Al dimer based on com plementary
methodscombiningtransientabsorptionandfluorescence
upconversion tech niques. In ac cor dance with Takeuchi and
Tahara sconclusionthey reinter pretedtheslow-risecompo-
nent of 12 pstimecon stant tothevi brational relax ation of the
“hot” tauto mer specie. How ever, through adetailedinvesti-
gation of thedeuteriumisotope ef fect they al so pointed out
that theresultsmay becomecom pli cated oncetheper cent age
of deuteriumex changeislow sothat cor rect isotope- depen
dent dy namicsmust beex tracted from the com pli cated deu-
terated and undeuterated mix ture. Nev er theless, both tau to-
mer and nor mal specieswerefoundtoundergoex ci tation-
wavelengthdependent dy namics. Whentheex ci tationfre
quency is near ZPE, biexponential rise dy nam icswere ob-
served for thetauto mer species, whichwasnot previ ously
rec og hized sincethe ex ci tation en ergy iswell abovethe
ZPE.®™ Ac cordingly, Zewail and co-workers con cluded that
the biprotonic transfer takes placeon a~ 1 pstimescaleina
nonpolar sol vent when thein ter nal en ergy isnear or above
thebar rier height. Only whentheinter nal energy islow such
asinabeamand possi bly low tem per atureex peri ment can
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oneex aminethetun nel ing pro cessesand nonconcerted path
ways (Fig. 12b).

It seemslikethe low-temperature dy nami cal study in
con densed phase, as sug gested by Zewail and co-workers,***
may ren der aresolution of ESDPT dy namicsfor the 71A
dimer. Unfor tu nately, most studiesof ESDPT on 7Al hy dro-
gen-bonded com plexesinsolution phasearelimited at am bi-
enttemper ature. Detailedtem per ature-dependent studieson
theESDPT dy namicsof 7Al arescarce. Themajor obstacleis
duetothefor mationof ther mody nami cally morefavor able
hy drogen-bonded oli gomersat |ow tem per atureinwhichthe
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Fig. 12. Twocontemporarily proposed ESDPT mecha
nisms of the 7Al dimer based on femto second
time-resolved measure ments. Notethat thede-
piction of potential energy sur face (PES) is
qual i tative. Theenergy scale, especially those
fortheenergy barrier,isinanar bi trary unit.
One also has to keep in mind that the ac tual
landscape of the PES should be mul ti di men-
sional.
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cooperativedoubleprotontransferisprohibited. A drastic
tem per ature-dependent ef fect on ESDPT hasbeenreported
early by Ingham and El-Bayoumi.*®* Upon ob serv ing asteady-
statetautomer likeemission (Amax ~ 460 nm) evenina 77 K
methylcyclohexanethedy namicsof ESDPT are pro posed to
incor porateaprotontunnel ingmechanism. How ever, the
well-resolved "tau to mer” emission in thelow-temperature
glassy formwassub sequently reinter preted asthe phos pho-
rescenceresultingfromthedomi nant 7Al ag gregatespecies
whereprotontransferisprohibited duringtheex cited-state
lifetime. 152

Recently, apply ingmoder ateconcentrationof 7Al (~
10“* M) in 2-methylbutane pure dimeric form with its cor re-
sponding ESDPT dy namicswasresolved at < 227 K 1*3 The
resultsof drasticdeuteriumisotopeef fect for thetauto mer
emission intensity indicate tunneling to be the principal
mechanismfor ESDPT atlowtemper ature. Inacarefully pre-
pared nonpolar poly mer matrix the oligomer for mationin
7A1 may bedy nami cally prohibitedat thecryogenictempera
turesincetherigid envi ron ment preventsthedif fu sivemo-
tion of thepre-existing 7Al dimer at am bi ent tem per ature.™
How ever, suchapreparation,toour ex peri ence, involvessev-
eral sensitive parameters, e.g. concentration (a possible
microcrystallinefor mationduetothelow sol ubil ity), tem per-
aturegradi ent, proticsol ventscontami nation, etc., andisthus
dif fi culttoachieveanideal 7Al dimericfor mation.

Al ter natively, onemight ex pect that alow tem per ature
study of thecrystal formof 7Al may provideindisput ablein-
for mationontheintrinsicbiprotonic-transfer dy namics'® if
thecy clic, dual hy dro gen-bonded dimeric structureper sists
inaperfectcrystal. Unfortunately, thecrystal structureof
7Al reveal savery unusual hy drogen-bondingconfiguration,
consisting of atetrameric unit of ap prox i mate Sssymmetry,
inwhichthemol eculesareasso ci ated throughafour comple-
mentary N-H ---H hy drogen bonds"® (see Fig. 13, top part).
Thelack of adual hy dro gen-bonded dimeric form makesthe
study of intrinsicESDPT dy namicsinthe7Al singlecrystal
infeasi ble. Recently, throughthenucleophilicsubsti tutionat
the C-3posi tion by abulky substituent, thecrystal pack ing of
7Al deriv ativeshasbeendrasti cally al tered. Fig. 13reveals
thedrasticstructural dif fer encesbetween 7Al and 3-iodo-

7azaindole (31Al). In stead of thetetrameric struc tureinthe
caseof 7Al, 3lAl possessesintact, planar dual hy dro gen-
bonded dimers, whicharestacked viatheinter action between
their ringm-systemstoformal ter natingslabs*” In contrast to
anor mal fluorescence (Ama ~ 350 nm) ob served inasin gle
crystal of 7Al, the 3lAl dimerinasinglecrystal ex hibitsa
unique, large Stokes-shifted tautomer fluorescence (Amax ~
520nm), ac com panied by theresolution of tauto mer phos
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phorescencemax i mized at ~600 nm (seeFig. 13). Througha
slightmodi fi cationof thegeometri cal envi ronment, the3I Al

singlecrystal unambiguously demonstratestheoccur renceof
ESDPT in aper fect dimeric form aswell asre solvesfor the
first timethe heavy-atom-enhanced phos pho rescenceorigi-
nat ing fromtheproton-transfer tauto mer. Whentheex ci ta

tionwavelengthistuned near theon set of the So-Sitransition

(~350nm) at 10K auniqueproton-transfer tautomer fluores
cenceisstill resolv able, indi cating that the oc cur rence of

ESDPT isasso ci ated with asmall en ergy bar rier wherethe
transfer may incor porateatunnel ingmechanism. Thesere

sults provide future perspectives to mimic the intrinsic
ESDPT dy namicsof the 7Al-likedual hy dro gen-bonded
dimerinsinglecrysta withcompletestructural infor mation.

For instance, asinglecrystal of N(1)-H deuterated 3IAl pro-
videsanideal model totest theremark abledeuteriumisotope
ef fect reportedinthel ow-temperaturesolutionphase.**®

II1b. ESDPT dynamics in 7Al CDHB complexes

De spite pro found time-resolved dataon the 7Al dimer,
detailed ESDPT dy namicson other host/guest CDHB com:
plexes have not yet been ex plored. To our know! edge, the
lack of dy nami cal infor mation might bein part duetothe
complication in preparing an optimum concentration of
host/guest CDHB com plexesto per form the ultrafast time-
resolved measurements. Con centrated 7Al (anditscorre
spondinganalogues) resultsinanappreciabledimericfor ma
tion, whichunder goesacom peti tiveequi libriumwithrespect
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Fig. 13. top: Distinctly different structuresbetween
7Al and 3lAInasinglecrystal, bot tom: (-----)
Theabsorptionandfluorescence (f.ex = 315
nm) spec tra of the 7Al solid at room tem per &
ture. ( ) Theabsorption, fluorescence(F)
and phosphorescence (P, 298K) of 3IAl in
which the fluorescencewasmoni toredasa
functionof temper atureata. 298 and b. 10K.
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to the host/guest com plex. Onemay con sider adding ex cess
an aceticacidconcentrationtoshifttheequi libriumtoward
thecomplexformation. Unfortunately, theaccumulationof a
local polarity duetotheaggregationof aceticacidleadstothe
ex cited-state protonation rather than dou ble pro ton transfer
reaction. Under standingthedy namicsof guest/host ESDPT
may beof importancetodif ferenti atethemechanismforcata
lyticver susnon-catalytic typesof protontransfer reactions.
Inaddi tion, theunequal dual hy drogenbonding strengthin
e.g. 7Al/carboxylic acids, 7Al/lactams and 7Al/amides
CDHB complexesmay leadtoasignifi cantly dif fer entreac-
tion mech anism from that of the 7Al dimer pos sessing sym-
metri cal dual hy drogenbonds. Inother words, theunsymmet-
ri cal hy drogenbonds, and hencedif fer ent pK,* val uesonthe
dual hy dro gen bond ing sites may play akey rolein fine-
tuningtheESDPT dy namicsbetweenconcertedandstepwise
pathways. To prevent theinter fer encefromthedimericfor-
mationmolecular designon7Al derivativesaimingatthein
hi bi tion of thesel f-associationmay render anal ter native, fea-
si bleresearchori entation. Onestrategicapproachistoinsert
abulky substituent at ei ther the C(2) or C(6) po si tion of 7Al
sothat thedimericfor mationisther mody nami cally unfavor-
ableduetothesteric hindrance, whilesuchaconfiguration
inducesnegli gi blestericef fect for theguest mol eculesuchas
aceticacid uponformingthe7Al/aceticacid HB complex.

I11c. Dynamics of ground-state reverse proton transfer
Asmentionedintheprevi oussection, thenoncatal ytic
ESDPT ac com panied by thetautom er ism of theguest mol e-
cule, formingalabileisomer, may beof impor tancefromthe
syntheticaspect. How ever, duetothefast ex cited-staterelax-
ation dy namicsonly when theground-statereverseproton
transfer (GSRPT)isrel ativelylow canonepotentially utilize
thelabiletautomerized guest (or host) mol eculesand fur ther
pro ceed thechemi cal reaction. Fromthisview point, the 7Al
dimer hasbeen used asapro to typeto study the dy namics of
GSRPT for the past de cade. In con trast to the pico- femto-
second time scale of ESDPT, thedy namicsof GSRPT for the
7AI(T) dimer aresur prisingly slow. Ap plying tran sient ab-
sorptionandtwo-step laser-induced fluorescence (TSLIF)
measurements, Itohet al. demonstrated GSRPT incor porat-
inganunex pect edly long-lived (~mi cro sec onds) tautomer
species at room temperature.™®**° Recently, based on a
time- resolved ther mal lensing tech nique Suzuki et al **° ob-
served aslow risingther mal lensingsig nal inwhichtherelax-
ationdy namicsarein agree ment with those ob tained by Itoh
etal., confirmingtheexistenceof thelong-livedtautomer
species. Taking ad vantagethat thether mal lensingtech nique
essentially measurestheheat dissi pationupontheradiation
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lesstran si tion, Suzuki et a. were ableto ex tract the enthal py
fac tor for the 7AI(T) dimer — 7AI(N) dimer re verse pro-
ton-transfer reaction. Consequently, asur prisingly small 4H
value of 0.97 kcal/mol was deduced, which isin general
much smaller than other molecules exhibiting a proton-
transfer reaction. For ex am ple, theenthal py changein keto-
enol tautomerismfor 7-hydroxyquinolineinmeth anol was
re ported to be 9.76 kcal/mol.*®* For the case of 2- methy!-
benzophenone, 4H was obtained to be 27.6 kcal/mol for
cis-enol and 48.0 kcal/mol for trans-enol ** Asfor 7Al, AH
for the 7AI(N) dimer — 7AI(T) dimer tautomerisminthe
ground statehasbeentheoreti cally esti mated to be 24.5'%
and 22.3 kcal/mol*** in the gas state, which is ap par ently
much larger than 0.97 kcal/mol ob tained from the ther mal
lensing ex peri ment. Suchasur prisingdif fer encehasbeen
tentatively ex plained by adrastic conformational changebe-
tween thenor mal andtauto mer formsand/or thesol vation ef-
fect of thesur rounding mol ecule.**°How ever, thispro posed
mechanismcannot berational ized, atleast, byabinitiocal cu-
lationsinthe gasphase, unlesssol vation playsamajor role
accountingforasignifi cantstructural distortion, hencestabr
lizing the 7AI(T) dimer. On this basis, the GSRPT of the
7AI(T) dimer has been recently reinvestigated using an
ultrasensitive nano sec ond pump-probe TSL I F tech nique. 1%°
Comprehensiveanal y sesof theground-statereverseproton
transferin7Al reveal sev eral sig nif i cantremarks: (i) The
ground-statetransient tautomer speciesunder goessingleex
ponential decay dy namics, whichuponsecondlaser ex ci ta
tionex hibitsafluorescencewiththepeak maxi mum~15nm
red shifted with re spect to the steady-state tau to mer emis
sion. (ii) A previ ously unrecog nizedfi niterisetime (~ 20 ns,
de pend ing on sol vents) for the TSLIF was ob served. The
TSLIF spectrum obtained at therisecom po nentisdif fer ent
fromthat of the de cay com po nent. (iii) Thedecay dy namics
of TSLIF arede pend ent onthesol vent viscosity that mainly
af fectsthefrequency factor of thereverseprotontransfer.
Theseresultslead to acon clu sionthat the ground-state
long-livedtran sient speciesorigi natesfrom the mono mer of
7Al proton-transfer tautomer (7AI(T)) pro duced by ami nor
disso ci ation chan nel (~4%) of theex cited 7AI(T) dimer.
Subsequently, the7Al(T) monomer under goesasiowreverse
protontransfer viathefor mationof a7Al(T)/7AI(N) hy dro
gen-bonded com plex. Whereassimi lar tothe ESDPT dy nam+
ics in the 7AI(N) dimer, the major, undissociated 7AI(T)
dimer speciesun dergo an ultrafast GSRPT and hence can not
beresolved sinceitsrate-determined step essentially in cor-
po ratesthe de cay of theex cited 7AI(T) dimer (seeFig. 14).
Thisproposed mechanismontheonehandrational izesthere
cent ther mal lensing ex per i mentinwhichthe 0.97 kcal/mol
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higher in energy than the 7AI(N) dimer deduced for the
7A1(T) dimer*® ispossi bly duetotheer roneoustreat ment of
theentire7AI(T) dimer under going slow GSRPT.

Ontheother hand, the en er getic basisof thispro posad
mechanismisconsistentwiththetheoreti ca approaches''**%
concludinganenergy dif fer enceof >12kcal/mol, depending
on levels of theory, between 7AI(T) and 7AI(N) CDHB
dimers. It should be noted that amini mum en ergy of 7AI(T)
dimer seemstoexisttheoreti caly, assup ported by theop ti-
mizedstructurepossessingall posi tivevi brational frequen
ciesinvariouscal culations. BasedontheB3LY P/6-31G(d, p)
method wheretheelectroncor relationisintrinsi cally incor-
porated Catal &n and K asha'*® were ableto re solve asmall re-
verse proton-transfer barrier for the 7AI(T) dimer (< 5
kcal/mol). Nev er theless, fur ther higher lev el sof theory as
well asthecal culation of protontransfer rate haveto be per-
formedtoresolvetheintrinsicdy namicsof GSRPT for the
TAI(T) dimer.

Itisalsoof inter esttoinvesti gatetheGSRPT dy namics
of other host/guest typesof pro tontransfer mol ecules. The
cat alytictypeof 7AlI HB com plexessuchas7Al/methanol
and/or 7Al/acetic acid com plexeshavebeeninvesti gated.”
How ever, long-lived tran sient spe cieswere not ob served by
ei ther transient ab sorption or TSLIF ex per i ments. For the
caseof 7Al/aceticacidcomplex, theassoci ationconstantisat
|east one or der of the mag ni tude larger than that of the 7Al
dimer.’® Assumingsimi lar hy drogenbonding strengthinthe
ex cited-state, thefraction of dissoci ationfor the 7AI(T)*/
ACID complex, forming 7AI(T), isthen ex pected to bemuch
lessthan 4% and hence may not be detect able. In meth anol
solution 7AI(T) produced fromthedissoci ationof thel:1

~ 4%
~ESDPT(>3 ps™Y) disociation
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Fig. 14. Thepro posed proton-transfer mech anism of
the 7Al tau to mer (i.e. 7AI(T)) in the ground
statewhere 7AI(T) is pro duced from ami nor
dissoci ation (~4%) of the 7AI(T) dimer inthe
ex cited state.

J. Chin. Chem. Soc., Vol. 48, No. 4, 2001 665

7A1(T)*/methanol cy clicHB complexwill beimmedi ately
solvated, which then un der goes afast rate of GSRPT (~ few
hundred pi coseconds) simi lar tothat of themethanol assisted
ESDPT reviewedinsection V. For thiscasetheover all rate
of aprotontransfer cy cleshould belimited by the de cay of
the7Al(T)*/methanol complex.

The slow dy namics of GSRPT havein deed been ob
served in other host/guest ESPT systems incorporating
stoichiometrically =2 guest mol ecules. A prototypewor thy
tobecitedis 7-hydroxyquinoline (7HQ) inal co hols. By aflu
orescenceti tration study it hasbeen con cluded that ESDPT
takes place through the for mation of al:2 7HQ/meth anol
com plex. Therate of ESDPT was measured to be~ 5.0 10°
st with abar rier height of 0.54 kcal/mol.*%°1n contrast, the
rate of GSRPT isaslow as~ 2.8x 10° s*withasignifi cantly
largebar rier of ~ 4.2 kcal/mol in neat meth anol at room tem-
perature.'®**%® Thedif fer ence of morethan four or dersof the
mag ni tudeinreactiondy namicsbetweentheground and ex
cited stateshasbeenratio nal ized using atwo-step sol va
tion/protontunnel ingcou pled GSRPT mechanism. *°°1% A
detailedreviewregardingdy namicsof ESDPT and GSRPT in
7-hydroxyquinolinewill be pre sented in thefol low ing sec-
tion.

IV. EXCITED-STATE BIPROTONIC TRANSFER IN
HYDROXYLIC SOLVENTS

Inal coholsand water thedy namicsof ESDPT in 7Al
anditsan alogue 7-azatryptophan have been suc cessfully ap-
pliedto probethesol vationand/or proteindy namics, *%98*
Theirbiologi cal appli cationhasbeenrecently reviewed by
Petrich and co-workers. " Inthis sec tion thefo cuswill be
mainly ontheex cited-state protontransfer dy namicsfor 7Al
and an other com par ativemol ecule7-hydroxyquinolinein
bulk protic sol vents. Of particular em phasisisthelong-
standingcontroversy regardingtheprotontransfer dy namics
of 7Al inaqueoussolutions.

IVa. 7Als In alcohols

Thedy namicsof ex cited-stateprotontransfer of 7Al in
al coholshavereceivedconsider ableattention. Inasteady-
state ap proach, dual emission max imaat ~ 370 and 500 nm
for 7Al inal coholshaslong beenrec og nized and hasbeenas
signed asthenor mal and tauto mer emissions, respectively.”®
Semi nal studiesregarding 7Al/sol vent cou pled ESDPT dy-
namics in acohols were performed by McMorrow and
Aartsmausingapi cosecondK err-gatingtechnique. ** On the
basisof resolvingdual risecom po nentsfor thetau to mer
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emission, they con cluded two types of solvated 7Al species
existina cohols:thel:17Al/a cohol cy clicHB complex and
7Al solvatedinex tended ag gregatesof a cohol mol eculesin
theground state. Upon electronicex ci tationthel:1cyclic
com plex un der goesan ultrafast rate of proton transfer (ky >
20 ps*), which isthought to be nearly barrierless, simi lar to
that ob served in the case of the 7Al dimer.**" > Whereas the
slow risecom po nent of sev eral hundred pi co sec onds, de-
pendingontypesof al cohols, hasorigi nally beenproposedto
beduetotheslow sol ventreor gani zationtoanap propri ate
precur sor (i.e.the1:1cy cliccomplex) favor ablefor arelayed
typeof dou ble protontransfer. The slow risecom po nent has
been subsequently reconfirmed by Koijnenberg et al.*’™
through amore com pre hen sive study based on astreak cam-
eratechnique. Incontrast, how ever, theprevi ously reported
fast risecom po nent (> 20 ps*) wasob scured. Such adiscrep-
ancy hasbeen sug gested to be partly duetothepeculiar op ti-
cal prop ertiesof theK err tech nique(such asex tinctionratio,
|eak age of pump-probelight, etc.) inper forminganaccurate
dynamical study.'”* Thor ough wave length-dependent dy-
nami cal studiesbased onthetime-correlated photoncounting
tech nique have also been per formed.' " Theresultsleadto
anal ter nativesug gestionthat thefast rise com po nent ob-
tained by McMorrow and Aartsma® plausi bly resultedfrom
theinter fer enceof thenor mal emissionthat overlapssignif i-
cantly with the higher frequency portion of the tautomer
emission. Only whenthemoni tored emissionis>550nmcan
oneabtainasinglerisecomponent. Consequently,itbecomes
unam biguousthat theentiredecay time of thenor mal emis
sion (e.g. 370 nm) isequal to therise time of the tau to mer
emission. Theresultsincombi nationwiththeidenti cal ex ci-
tationspectrummoni tored at nor mal andtautomer emission
in the steady-state ap proach lead to the con clu sion that only
onetype of 7Al solvated spe cies mainly ex istsin short car-
bon-chainal cohols.*® Uponelectronicex ci tationthisprev a
lent solvated speciesgivesrisetoanor mal fluorescenceat
370 nm, whichisalsotheprecur sor for theprotontransfer to
proceed, resultinginthetautomer fluorescenceat ~500 nm.
Consequently, atwo-stepsol vation/protontransfer dy namics
cou pled mech anism has been pro posed and depictedin Fig.
15a. Thepredomi nant speciesini tially pop ulatedintheex-
cited stateis as cribed to an N* structurewherethereexists
dual hy dro gen bondswithrespecttothetwo al co hols, while
eachal cohol ishy drogenbonded by anad di tional al cohol to
formaso called neigh bor bonded configuration.!® The first
proton-transfer stepincor poratesaslow rate of sol vent reor-
gani zationk; to the C* struc ture which pos sessesacor rect
geometricar rangement of sol vent for theprotontransferto
proceed, coupledwithareverserateof sol ventrandomization
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k ; to any complexfor mationunfavor ablefortheproton
transfer. Onceinthe C* stateacom peti tiverateof intrinsic
protontransfer reactionk, may takeplace, formingthetauto
mer species. Al thoughthesolutionfor thecou plingki netic
ex pression shownin Fig. 15amay not be straight for ward,
simpli fi cationcanbemadeby assumingthemuchslower sok
ventreor gani zationratek rel ativetok., and/or ky. Asare-
sult, asteady-state ap proach can bemadefor the C* state, and
theover all rateof theex cited-staterel ax ation dy namics, Ky,
inthe N* state can be ex pressed as

KoK + KKy + KKy

nn T k—1+ kp[
Inthe case of 7Al, the non-proton transfer de cay rateky is
much smaller thanka, k1 and ky, Consequently, eq(3) isdom:

inated by the overall rate of the proton-transfer process,
which can be fur ther dis cussed based on two ex treme cases.
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Fig. 15. Stepwise(a) and continuous(b) mod elsfor
solvent catalyzed tautomerism of 7Al ana
loguesinal co hols(or water). Thisschemeisa
modi fi cation of Fig. 1 reported by Menteand
Maroncelli (see Ref. 181).
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Twolimitscan beenvi sioned for how thissol vent- reorgan
i zation step af fectsthereaction and both limitshave been
usedforinter pretingex peri mental data. Whentheintrinsic
protontransferrateky is much faster than k.1, the over all pro-
tontransfer rate can beex pressed as

Kixn = ki (mechanisml) (4)

Inthiscasetheover all rate of the proton-transfer reactionis
deter mined mainly by the slow sol vent reor gani zation dy-
namics. Conversely, an op po sitelimit isreached when the
sol vent equil i brationisrapidrel ativetokp, i.e. kp <kai. In
thiscasethe ob served rateisnot solely related to the sol vent
reorgani zationdynamics(i.e. k;) but iscon trolled by the sol-
vationproperty withanequi libriumconstantex pressedasK o
= ky/k ;. Consequently, theover all reactiondy namicscanbe
describedby thesol vationther mody namics(i.e. Keq) coupled
withanintrinsicprotontransfer rateex pressedineg. (5)

k., = kkl k. (mechanism11) ©)

Thiski neticsex pressionisessentially abasisof the pre-
equilibriumreactiondy namicswhere

o = K= Py =k XD(-AG (ko)) ©
-1

Inthisex pression f* isthefrac tion of 7Al cor rectly
solvated for ex ecutingtheproton-transfer reaction, and AG™
isitsfreeen ergy rel ativeto themore prev alent non-reactive
forms. Recently, thephysi cal proper tiesof ki and k1 have
beenal ter natively describedusingacontinuoussol vationpo
tential model showninFig. 15b* rather thanthetwo discrete
sol vation stepsdepictedin Fig. 15a. Nev er theless, thegen
eral ex pressionineq. (6) remainsunchanged, andisinprinci-
plesimilartothat derivedfromthetransi tionstatetheory.
How ever, asmen tioned in Ref. 181, the AG™ notationdiffers
fromthat conventionally usedinthetransi tion-statetheory,
where AGTineg. (6) isin trueequi lib rium and thusthereisno
ksT/hfactor deduced fromthetransi tion statethe ory. The
der i vation of (4)-(6) isbased on the neg li gence of the non-
proton-transfer decay rate con stantky in eg. (3). This as-
sumptionmay beinvalid onceky iscomparableor evendomi-
nantincom par i sontoki;. Anex amplehasbeenrecently dem-
on strated in the case of 3-formyl-7-azaindole where ky is
domi nated by thefastmm* — Inm* inter nal conver sionandis
thus >> k;. Asaresult eg. (3) can not besim pli fied and the ex-
traction of ther mo dy namic and/or ki netic databe comesin
feasible.'®

Bothdy nami cal (mechanism 1) and static (mechanism
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I') sol vent ef fectsrational izetheslow sol vent-dependent
proton-transfer dynamics in various al cohols. However,

moredetailedviscosity, deuteriumisotopeandsol ventpolar
ity ex peri mentsreveal ed certaindiscrepanciesbetweenthe
two proposed mechanisms. Theviscosity ef fect ontheproton
transfer dy namicsof 7Al inal co holshasbeenob servedin
sev eral laboratoriesei ther by steady stateor by time-resolved
approaches. 14174184185 \/arma and co-workers'*carefully
an alyzed therate of the proton transfer asafunction of sol-
ventviscosity (1) and found apoor cor relation between the
rateof protontransfer and sol ventviscosity, especiallyin
secondary, ter tiary and polyal cohols. Ap par ently1 is not a
key parameter that controlsthereactiondy namics. Instead,

they pro posedthat thedif fer encesintheproton-transfer rates
of 7Al indif fer ental coholsmay beduetodif fer encesinacid
ity of variousal coholsaf fectingtheactual proton-transfer

step. Petrich and co-workers "**"*shareasimi lar view point
ininter pretingtheresultsespecialyinvariousdegreesof a-
cohols. Incontrast, Menteand Maroncel li 18 in are cent re port
ar gued that the fact that the iso tope ef fect does not vary sub-
stantially over arangeof al co hol sol vents makesthisinter-
pretationseemunlikely. A signifi cantdeuterium(O-D)isc
topeef fect ontherate of protontransfer hasbeenreportedin

time-resolvedstudies.*>*"*For the case of meth anol and eth-
anol theratioof ki / k° canbeaslargeas~3. Theinter preta:
tion of thetem per ature-dependent isotopeef fect, depending

ontheex peri mental data, revealscertaincontrover sies. Ex
periments per formed by Varma et al."™ showed that the
Arrhenius plot of Ink,,,Vver sustheinverseof tem per ature
givesthe same slope between meth anol (or ethanol) andits
cor respondingdeuterated O-D sol vent. Forexample, theact
vationenergy (E) ex tractedfromthe Arrheniusparameteris
~3.0kcal/mol inboth meth anol and methanol-d. They ratic
nal ized suchatem per ature-independentisotopeef fect by the
dif fer encein the pre-exponential fac tor, which de notesthe
intrinsic protontransfer (i.e. tun nel ing) rate. Whiletheiso

tope-independent acti vationenergy for theprotontransferis
infacttheacti vationenergy for thefor mation of thespecific
cycliccomplex. The"acti vationenergy” ter mi nol ogy used
hereisimplicitly equivalenttoAH*derived from4AG* (see eq.
(6)) where the en tropy term isfac tored out from AG* due to
itstem per atureindependenceintheArrheniusplot. There-
sult of tem per ature-independent ki neticisotopeef fectisdif-
fi culttorational izeusingmechanisml unlessthesol vent me-
chani cal friction(i.e.theviscosity) domi natesproceedingthe
reor gani zation, whichhasbeenshowntoex hibitapoor corre
lation.'"* Itisalsowor thy topoint out that areinvesti gation of
thetem per ature-dependent ki neticisotopeef fect by Moog
and Maroncelli'”*hasrevealed aslightly deuterium- depen
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dent“activationenergy”. ForexampleE,val uesextracted
fromthe Arrheniusparam eter are 2.31 and 1.57 kcal/mol in
methanol and methanol-d, respectively. In ethanol-d the
Arrheniusplotevenrevealsnonlinear (upwardcur vature) be-

havior. They recognizedthat theacti vationener giesfor the
protontransfer reactioninmethanol (2.31kcal/mol) and eth-

anol (3.02kcal/mol) acci dentally cor relatewell withthecor-

respondingviscosity acti vationener giesof 2.60and 3.52
kcal/mol.How ever, alargedevi ationfromthelinear cor rela

tion was observed in second, tertiary alcohols and poly-

alcohols. Despitethedif fer enceinthemeasured acti vation
energy, Moog and Maroncelli*"®al so noticed that the key dif-

fer enceiniso tope-dependent reaction dy nhamicsisonits
pre-exponential factor, not ontheacti vationenergy, andthus
share the same view point with Varmaet al.!"* We have also

madean at tempt to per formtem per ature-dependent studies

of 7Alinvari ousal cohols®®In our view point, the dis crep-

ancyintheex peri mental resultsmay probably berational ized
duetotheassoci atedsmall “acti vationenergy”. Thus, inter-

ferencesuchastheper cent ageof deuteriumisotopeex change
andlong-timestabil ity of theex peri mental condi tionturns
outtobecriti cal. Especially at lower tem per aturestheinter-

pretation of thedual emissionmay becompli cated duetothe
existenceof 7Al-alcohol ag gregatethat may par tially pro-

hibit thetautomerization dur ing the ex cited-statelifetime.

Nev ertheless,inasmall rangeof studiedtem per aturessuch
as273-310K our resultsseemstobeinfavor of atem per ature
independentki neticisotopeeffect.

Ex ceptfortheviscosity andacidity factorsemphasized
by most re search ers, Moog and Maroncelli "* also noticed a
remark ably goodcor relationbetweentheproton-transferrate
andempirical equilibriumsol vationparameterE+(30) invar i-
ousdegreesof a cohols. Thisleadstoacom pli cated mech a-
nismincorporatingcompetitivek; (and possi bly k.1) and Kp: .
kimay bepartialy relatedtothemi croscopicfrictionthatin
creases more slowly with chain length and de gree of alkyl
substi tutionfor al co holsthandoesthebulk viscosity.*®” Con-
versely, ky probably cor relateswiththehy dro gen-bond do-
natingabil ity of theal cohol involved. Inother words, thetwo
kinetically ex tremecases, namely mechanismsl and |1, pro-
posed above may break down so that the sep arateex traction
of theki neticparametersisnot straight for ward.

Al thoughex peri mental resultsandtheconsequentin
terpretationsomewhat scat ter amongvar i ousresearchgroups,
sev eral remarkswith simi lar view pointscan still be summa-
rized. First, thelargeampli tudemotionqual i tatively ex plains
thereactiondy namicsinsimplepri mary al cohols. How ever,
it may not bethesolely deter mining factor duetothelack of a
lin ear de pend ence of thepro ton transfer rateon sol vent vis
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cosity. Second, thetem per ature-dependent isotopeef fectis
gov erned mainly by the pre-exponential fac tor, not the ac ti-
vationenergy (or enthalpy). Thevalueofk', / k> variedonly
dlightly amongthedif fer enttypesof al coholsstudied.
Apparently, simplesol ventreor gani zationbeingthe
rate-determining step (mechanism |) seemsnot ap pro pri ate
todescribetheprotontransferdy namicsinal cohols. Al ter na
tively, theex peri mental resultsgath ered upto thisstagemay
bemoreap propri ately described by astep wisetwo-step mech-
anismincorporatingei ther sol vationequilibrium(i.e.mecha
nism 1) or semi-equilibrium (i.e. competi tive k; (or k ;) and
kot rates, mech anisml). Re cently, Mente and Maroncelli**
appliedacomputer simulationtothefractional populationof
N and C statesaswell asthecor responding molec ular dy
namicsof sol vation. Theresultscon cluded that thereaction
ratesof 7Al anditscor responding fused ben zenederiv ative
1-azacarbazole in hydroxylic sol vents could be well un der-
stoodintermsof thegeo met ric hy drogen-bonding require
ments between the sol uteand sol vent mol ecules. Such geo
metriccontrol overthereactionisrather specifictoparticular
sol utesand sol vents. For example, thecal culationindi cates
the 7Al/acetic acid CDHB com plex (seeFig. 2) to bethe pre-
domi nant HB speciesfor 7Al in nonpolar sol vent ti trated by
aceticacid, andfast ESDPT takesplaceupontheex ci tation of
such astatic, intact cy clic HB struc ture. Conversely in bulk
al coholsneighbor hy drogen-bondedspecies(i.e. structure N)
pop ulatepredomi nantly wheretheinter play betweentwo hy
dro gen-bondingsitesin 7Al isap par ently blocked. Based on
acontinuoussol vation model, afast sol vent re-equilibration
leadstothepop ulation of atracefraction of cy clicprotonre-
lay type of HB complex (i.e. structure C), aprecur sortoex e
cute the ESDPT. Thisview point has re cently been re con
firmed by Waluk and co-workersviamo lec ular dy namicsin
combi nationwithabinitio/DFT studies.*® Anotherindisput
ableconfirmationisthat thesol vationenthal py energy cal cu
latedfor suchequi libriumther mody namicsisstrikingly com:
parablewiththe“acti vationenergy” obtained fromthetem
per ature- dependent studyinvariousstudiedal cohols. There
sultslead toacon clusiontowardthesol vation equi librium
controlled mechanism. Fromthisview point,themolecular
dy namicsap proach sharesasimi lar con cept pro posed early
by Varmaet al.** but providesmoreex plicitly ady nami cal
schemeof sol vationther mody namicscoupled proton- trans
ferreaction. Incontrasttoadomi nant noncyclic 1:1HB com+
plex pro posed by Varmaand cowork erst”™ neigh bor HB spe-
ciesshowninFig. 15iscal culated to bethe prev alent struc-
tureinsolvated 7Al. Onthebasisof cal culated sol vationther
mody namicdataincombi nationwiththeex peri mentally ob
tainedreactiondy namicsMenteand Maroncel li *** fur ther de-
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ducetheintrinsic protontransfer (or tunnel ing) ratek,, to be
ca. 0.3 pstinmethanol.ncompari son, thededucedky value
isonthe same or der of the mag ni tude asthe pro ton transfer
rateobtainedex peri mentally fromthe7Al dimer possessing
intact dual hy drogenbonds.**"***

Summarizingthissection, it seemsindisput ablethat the
protontransfer dy namicsof 7Al inshort-carbon chainmono-
acoholscan bewell inter preted in terms of atwo-step model
incor poratingequi libriumsol vationfol lowedby arapidpro-
ton transfer which is possibly dominated by a tunneling
mechanism. The temperature-dependent reaction rate is
mainly deter mined by thesol vationequi libriumfactor,i.e.
ki/k 1, whiletheisotopeef fectisrevealedinthepre- ex ponen
tial factorandisindependent of temper ature. Suchatempera
ture-independentki neticisotopeef fect onproton-transfer dy-
namics has been ob served in sev eral other systemsaswell.
For prototypesreferto3-hyroxyflavoneinethanol **®sol vent
catalyzed ESDPT inthepyrichrominiumcation*®® and GSRPT
of 7-hydrodxyquinoline'®-1%8in meth anol de scribedinthe
followingsection.

IVDb. 7-Hydroxyquinaline in alcohols
Anintriguingcompari soninprotontransfer dy namics
can be made between 7Al and 7-hydroxyquinoline (7HQ). In
thecaseof 7HQ, proton do nor (hydroxyl group) and ac ceptor
(pyridinic ni tro gen) are far apart from each other (see Fig.
16). Thus, unlikethe1:17Al/guest cy clicHB complex, apro-
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Fig. 16. The pro posed mech anism of ground-state equi-
libriumandex cited-statesol vent assisted proton
transfer reaction for 7HQ in alcohols. Note
structureNne isatentatively pro posed solvated
configurationwhereal cohol mol eculesarenot
necessarily inthesameplaceinformingaggre
gates.
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ton-relay systembridged by singlemethanol isnot feasi blein
7HQ. Nev er theless, dual emissionfor 7THQ max imaat 375
nm (Fy) and 520 nm (F;) wasob served inmeth anol. Early
studiesresolved an~ 200 psslow risecom po nent for thetau
tomer emissioninmethanol **>*****° indi cating that the ex-
cited-stateprotontransfer mustincor poratesol vationdy nam
icsaswell. Thetauto mer emissionintensity wasfoundto be
squarepro por tional totheadded meth anol concentrationin
n-hexane. Accordingly, Itohet al 1%°con cludedthat two al co-
hol mol eculesshould par tici patefor theex cited-statetri ple
protontransfer (ESTPT) to pro ceed. Detailed pi cosecond
studiesrevealedtwodif fer ent ex cited-statetautomerization
pro cesses. A faster pro cess (= 20 ps?) in the case of 7HQ in
cyclohexanecontainingasmall amountal cohol isat trib uted
totheex cited 1:2 7HQ-alcohol cy clic com plex (seeFig. 16).
The~ 200 psslow pro ton-transfer pro cessinthe bulk meth a
nol isasso ci ated with tautomerization in the 7HQ-methanol
complexescontainingtwomethanol mol eculesintwohy dre
gen-bonding sites of 7HQ where the additional methanol
mol eculeshinder theachievement of acy clic proton-relay
form (i.e. structure Nrc). Thus, asol vationdy namicscoupled
ESTPT reactionisex pected. It wasalso pro posed that a2:1
7HQ/a cohol cy cliccomplex (i.e. structureNc) ispossi bleas
in di cated by abi-exponential rise, consisting of afast (<20
ps) and aslow (~few hundred pi co seconds) com ponent asthe
sizein creasesand adif fer ent de gree of al co hol issub sti
tuted. 1% Theratio of the am pli tudefor the fast ver susslow
com po nent in creasesas the num ber of car bon chainsor de-
greeof a cohol increases,indi catingthat thestericef fectmay
hin der thepop ulation of non-cyclic sol vation structuresand
insteadfavorthe1:2 7HQ/al cohol cy clicstructure(N). Un-
like 7Al in meth anol wherethe de cay time of R is equal to
therisetime of Fr, thedecay of Fy ex hibitsbi-exponential be
hav ior with 2200 psde cay com po nent equal totherisetime
of Fr. Theother long-lived (T ~ 2.5 ns) com po nent wasdueto
asolvated 7HQinwhichsol vent mol eculesform ag gregates
topreventthe ESTPT (seestructureN, inFig. 16). Sum ma
rizingprevi ousstudies, equi libriumamongvar i oussolvated
THQspeciesexistsinal cohols: namely, thecy clicform( Nc),
thepar tially hindered structure (N,,) and speciessur rounded
by al cohol aggregates(Nnc ). Suchaframework isin contrast
to 7Al in monoal cohols where a neigh bor-bonded struc ture
(i.e. Nncinthe case of 7THQ) isthedom i nant spe ciesthat ur
der goesthesol vation equi libriumcoupled ESTPT (seeFig.
15). Abinitiostudies(ClSand CASSCF lev els) of theESTPT
reactionof 7HQinmethanol solutionhavebeenreported. To
avoidcompli cationsthecal culationismainly based onthe
1:27HQ/meth anol cy cliccomplex (i.e. theN. struc ture) and
itsinter actionwithsol ventviaacontinuummodel. ™! There-
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sultsesti mateavery small en ergy bar rier of ~0.2 kcal/mol

fortheESTPT, consistentwiththeex peri mentally ob served
fast risecom po nent (< 20 ps) of thetautomer emissionresult

ing from the ESTPT of the pro ton-relayed N. configuration.

Thiscal culationandother simi lartheoreti cal approachesfor

7HQinviscoushydroxylicmediat®?unfortunately provideno
furtherinfor mationonother typesof HB structures.

Inour opinion, theoreti cal ap proachesbasedonmolec-
ulardy namicsimulationsarenecessary todif ferenti atethe
discrepancyinthepopulationof vari oussolvated structures
between7Al and 7HQ. Fur ther more, time-resol ved ex per i-
mentswithfemtosecondresolutionmay becrucial toresolve
theintrinsicdy namicsof ESTPT inthe1:2cy clic 7HQ/al co-
hol com plex. The pro ton-tunneling rateis ex pected to be
slower thanthat inthe 1:1 cy clic 7Al/al co hol HB com plex
duetotheprerequi sitefor twoal coholsuponformingthepro-
ton-transfer con duit. An other key issueto besolvedisthe
tem per ature-dependentisotopeef fect onthe N e struc ture.
Aretheprotontransfer dy namicsinN",.incor poratingasol-
vationequi libriumcou pled protontunnel ingasproposedin
the case of 7Al-alcohol com plex? If the pro ton-tunneling
rate, as ex pected, isslow, it can thus be de coup led from the
sol vationequi librium. Accordingly, theover all rateof proton
transfer on N',. canbeaccurately ex pressed by mechanism
1.

In spite of thepi co second dy namicsin ESDPT, there-
verse pro ton transfer for 7HQ from aketo tau to mer back to
theenol formintheground stateisasslow asmi cro sec onds.
Sev eral studieson GSRPT of 7HQinal cohol haverevealeda
temper ature-independentki neticisotopeef fect,'****indi cat-
ing that themech anismin GSRPT for 7HQ in a co hols may
incor poratesol vationequi libriumcoupledproton-tunneling
dy namicsex cept thatitisop er ativein theground state. Ow-
ingtotherel atively longlifespan, thestructureof theground
statetautomer of 7HQ-"*N and -**N in MeOH and MeOD has
been re solved by the pump-probetran sient | R spec tros copy.
The 1644 (1628 cm*) band in MeOH (MeOD) is as cribed to
theH(D)-bonded C=0 stretch of the proton-transfer tauto mer
inthe S’ state, sup port ing the pro posed keto-likestruc ture
rather than a zwitterion form. %

Theprerequi sitestructurefor theESDPT reactionisa
1:27HQ(N)/a cohol cy clicHB configuration. Thus, fol low-
ing adi abati ctautomerizationthefor mationof al:2 7HQ(T)/
a cohol cy cliccomplexisex pected, whichishigherinenergy
than other solvated 7HQ(T) structures. Itisthusreason ableto
pro pose that dur ing the life span of the ex cited 1:2 7THQ(T)/
al cohol cy cliccomplex (~2.5ns) acompetingre-equilibrium
processtakesplacethroughthesol ventreor gani zation, form
ingsolvated non-cyclicandag gregatesstructuresdepicted as
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Tncand Ty, respectively, inFig. 17.2% On the one hand, sim-
i lar tothedy namicsof ESPT inNn. theground-statereverse
protontransferintheneighbor hy drogen-bondedT,,. may oc-
cur within atime scale of sev eral hun dred pi co sec ondsand
thusisun ableto beresolved fromtherel atively much slower
ex cited-state de cay rate of ~ 2.5 ns™. On the other hand, T
under goesatwo-step GSRPT incor porating sol vation equi-
librium (ex ponential factor) coupledwithprotontunnel ing
(pre-exponential factor). Notethat the“ acti vationen ergy”

(i.e. AH) of 21.3kJmol ob tained from tem per ature- depen
dent GSRPT in 7HQ(T) is larger than that of 13 kJ/mol ex-
tracted from ESDPT in 7Al. Thismay beratio nal ized by the
dif fer enceinsol vationenergy betweenaggregateand neigh
bor-bonded struc turesin 7HQ (struc ture T, Fig. 17) and
7Al (structureN, Fig. 15), respectively. Morespecifi cally,

dif fer encesinthehy dro gen-bonding strength between 7Al

(nor mal form) and 7HQ (tau to mer form) may also play akey
role. Detailshavenot yet been discussed. Fur ther more, in
meth anol the pre-exponential fac tor of ~ 1.6 % 10° s? for
GSRPT in 7THQ(T)*®***® s smaller than that of 1.3 » 10* s*
deduced from ESDPT in 7Al by ~ 3 or dersof mag ni tude. The
resultontheonehand may reflectarel atively largebarrierin
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Fig. 17. Thepro posed mech anism of ground-statere-
verse protontransfer for 7HQin mono alcohols.
SimilartoNne (see Fig. 16), Tne isatenta
tively pro posed solvated struc turewhereal co-
hol mol e cules are not nec es sary to bein the
sameplaceinformingaggregates. Thereverse
protontransfer rate (~few hundred pi co sec-
onds) for the solvated struc ture Tnc should be
faster thanthedecay rate of thetauto mer emis-
sion and henceisnot de picted here.
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cor porating adual-solvent-moleculerelay typeof proton
transferinthel:2cy clic 7HQ(T)/al cohol com plex. Whereas
asmaller bar rier israised on the sin gle-solvent bridged sys-

temsuchasthel:1cy clic 7Al/al co hol HB com plex, giving
riseto afaster protontun nel ing rate. On the other hand, since
thepre-exponential factorimplicitlyinvolvesthesol vation
entropy factor, theresultmay simply indi cateamorenega-

tivechangeof theentropy upon aggregation—cy clic(inthe
case of 7HQ) than neigh bor-bonded —cy clic (in the case of

7Al) forminthegeometri cal envi ronment. Bothfactorsmay
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
the1:2 7HQ/meth anoal cy cliccom plexeshasbeen cal culated
(HF and MP2 lev els) to be as high as 41.6 kJ/mol *** How-

ever, theauthor al so pointed out theim por tant role played by

electroncorrelationinthedescription of theprotontransfer
reactionin7HQ. Theimpor tanceof introducingelectroncor-

relationtoobtainarational reactionbar rier hasalsobeenre-

portedinmany other protontransfer systems.* Al though cur-

renttheoreti cal approachesqual i tatively predictarel atively
high bar rier, the most ac cu rate yet af ford able method by

whichtoincludecor relation remainsan openquestion. Inad-

dition, futurestudiesmay requiretheassistanceof molecular
dy namicsimulationsinor dertodecoupletheparametersas

soci atedwithprotontunnel ingandsol vationentropy. For

7HQ (or 7HQ(T)), an appreciable amount of 7HQ/al co

hol-aggregatestructure N, (or T, inthe case of 7THQ(T))

existinginequi libriummay berational ized by thefar separa

tionbetweentheprotondonating and ac ceptingsites. There-

fore, additional solvent molecules can accommodate the
space between thetwo hy dro gen-bonding sites, forming an

aggregate structure. Such a solvation structure might be
sterically in hibited inthe case of 7Al duetoitsnearly ad ja-

cent hydrogen bonding sites. Accordingly, simi lar tothe
GSRPT mechanismap pliedin T,c theag gregate, structure
N*,c isex pected to un dergo aslow ESDPT possi bly with a
time scal e of mi cro sec onds. Such apro cessistoo slow to
com pete with the nonradiative de cay rate of N*,¢ of ~ 2.5
ns*, resultinginanor mal (Fy)fluorescence.

IVc. 7-Azaindoles in aqueous solution

Photophysicsof 7Al an aloguesin purewater hasre-
ceivedconsider ableattentionduetotheir ver satileappli ca
tionsinprobingtheproteindy namics.”® Depending onthein-
ter pretation, therelax ationdy namicsof 7Al inwaterissome-
what con fusing and has been asub ject of long-standing con-
troversy.Incontrasttoitsdual emissionbehaviorinal cohol
sol vents, consistingof nor mal andtautomeremission, 7Al in
purewater ex hibitsonly asinglefluorescenceband max i-
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mized at 385 nm. The peak rep re sents ared shift of ~4200
cm™ with respect tothenor mal emissionmax i mumin hy dro
car bon sol vents. Thisemission band, ini tially assignedtoa
strongly red-shifted nor mal emission,** hasbeen al ter na
tively sug gested to re sult from an exciplex (7Al/water) for-
mation.’* Later, Negrerie et al *"*reassignedtheentire385
nm band to thetau to mer emissionresulting from ESDPT.
Sub se quently, Chou and co-workers®investi gated 7Al in
ethersti trated by water and re solved aweak tau to mer emis
sion max i mum at ~ 500 nmwhichwaspro posedto origi nate
from ESDPT of the 1:1 cy clic 7Al/water HB com plex inthe
di luted water con centration. They fur ther sug gested that the
higher-order, polyhydrated 7Al, which is expected to be
prev alentinpurewater, inhibitstautomerizationdur ingthe
ex cited-statelifetime. By analyzingtherelax ationdy namics
of theen tireemission band Chap man and Maroncelli*” were
ableto ex tract anon-negligible por tion of rapid rise com po-
nent at lon ger wave length re gion and con cluded that the en-
tire7Al nor mal fluorescence(385-nmband) lifetimeof ~800
psisdomi nated by theESDPT reaction. Therapidrisetimeis
asso ci atedwiththefast, domi nant nonradiativedecay rateof
theex citedtautomer. Themuch slower water assisted nor mal
(N*) —tautomer (T*) ESDPT rate and rapid nonradiative de-
cay rateof T* ac count for thelack of thetautomer emissionin
purewater. Conversely, Petrich and co-workers®*""**" inter-
pretedtheir ob ser vationsof the 7Al reactioninwater asin di-
cat ing that only asmall fraction (< 20%) of the 7Al reaction
inpurewater iscor rectly solvated to tautomerizerel atively
rapidly (in<80 ps), whilemost (>80%) of thesol utesareina
polysolvated config urationthat block tautomerization for
times much lon ger than the ~ 800 pslifetime of the ex cited
nor mal state. They fur ther suggestedthatthenegli gi bletaute
mer emissionfor 7Al inwater isdueto therapid protonation
of thetautomer species, resultinginatautomer cationicemis
sionhiddenin sidethedomi nant 385-nm nor mal emission
band. Thewater solvated 7Al hasalsoreceived consider able
attention theoretically. Based on a GAMESS electronic
struc ture pro gram Chaban and Gordon*®® con cluded that the
presenceof onewater mol ecule, formingal:17AI1/H.O HB
complex,significantly reducestheprotontransfer barrierto<
6 kcal/mol. Thus, thead di tion of morethan onewater mol e-
culeshouldresultinafurther low er ing of theacti vation en
ergy for the pro ton transfer so that tautomerization may be
facileinthepresenceof purewater inthe S, state. Siebrand
and co-workers'®®-2%° shared the same view point based on the
di rect-dynamicsap proach and sug gested that atheoreti cal
model involving moresol vent mol eculesisneeded before
reachingabasicunder standing of theprotontransfer process
in bulk water. It should be pointed out that the ex cited-state
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doubleprotontransfer, resultinginacom pletetauto meriza-
tion of 7Al/water com plexesin the jet-cooled beam, has not
yet beenobservedwithinthefluorescencelifetime,**** con-
sistentwiththetheoreti cal ap proach. Inanother ap proach, a
com puter simu lation per formed by Menteand Maroncel i ***
leadtoaconclusioninfavor of theslow ESDPT reaction dy-
namicsfromtheentire 7Al solvated specieswhichexist pre-
domi nantly asa“ neigh bor-bonded” structure(e.g. structure
N inFig. 15) inthe ground state.

Obvi ously, thereisnoconclusiveex peri mental datato
resolvethe ESDPT mech anismfor 7Al inwater. Themajor
obstacleisthat thetautomer emissionof 7Al inpurewater, if
it exists, istoo weak to be clearly re solved by ei ther the
steady stateor time-resolved ap proach. Fur ther studiesfocus
ingondesignandsynthesisof 7Al deriv ativesmay provide
an alternative to resolve this issue. Recently, 3-cyano-7-
azaindole (3CAI)*® has pro vided an ideal model to achieve
thisgoal. Instead of asinglefluorescencefor 7Al inpurewa
ter, dual emissionfor 3CAIl wasob served max imaat 350 (the
F. band) and 472 nm (the F, band, seeFig. 18). Singleex po-
nential decay ki neticswasresolvedfortheF 1 band with alife-
timefit ted to be 905 ps, whilethe F; band isap par ently com-
posed of rise and de cay com po nents, which arefit ted to be
900 psand 3.25 ns, respectively. Therisetimeof 900 psof the
F> band, withinex peri mental error,isidenti cal withthedecay
time (905 ps) of the F1 band. A remark abledeuteriumisotope
ef fect wasob servedin D,O inwhich theratio for the pro ton
transfer rateky, (inH-0) ver susky, (inD 20) wasmeasuredto
be 3.8 by ei ther moni tor ing the de cay time of the F, band or
the rise time of the F, band. Inacom par ativestudy thetauto-
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Fig. 18. Theab sorptionand emission spectraof 3CAI
(—) and 3CMPP (-----) in pure water (pH =
7). F1 and F2 specify nor mal and tauto mer
emissionsfor 3CAI, respectively. Theex ci ta
tionwavelengthis270 nm.
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mer analogue3-cyano-7-methyl-7H-pyrrol o[ 2,3-b] pyridine
(3CMPP, seeFig. 18)inwaterrevealedasinglefluorescence
max i mum at 475 nm of which the spec tral features and dy-
namics(t: = 5.25 ns) weresimi lar to that of the K band of
3CAl. Theseresultsunambiguously demonstratefor thefirst
timetheresolv abletautomer emissionand havebeenapplied
successfully toverify themechanismof ex cited-stateproton
transferreactionfor 7Al analoguesinpurewater.

The steady-state ob ser vation of thewell-resolved tau
tomer emission discardsthe pro posed mech anismof thepro
hi bi tion of ESDPT dur ing thelifetimeof theex cited 7Al in
purewater.'"****1% That the unique rise time of the tau to mer
emission cor related well withtheentire de cay of thenor mal
emission discountsthe pro posed mech anism that only ami-
nor part of thenearly cor rect 1:1 cy clic com plex un der goes
ESDPT, while the normal emission originates from the
polysolvated 7Al."8""19 Al ter natively, theex peri mental re
sultscanbemoreplausi bly ratio nal ized by themech anism
pro posed by Maroncelli and co-workers'® that thedy namics
of ESDPT areasso ci ated with entire solvated 7A| wherethe
ki netic scheme can bede scribed withintheframework of 7Al
inal co hols(seeFig. 15). Un der the as sump tion of afast ex-
cited-stateequi lib rium between neigh bor-bonded 7AI (N*)
and 1:1 cy clic HB 7AIl/H,0 (C*), the over all rate (kpr) of

ESDPT in purewater isdeduced to beker {kﬁ Ky = KeaKpt.
—1
K
-1

isotopesubsti tution, whil ek isiso tope de pend ent and may
begov erned by atun nel ing mech anism. Thedeuteriumiso

Theequi libriumfactor *isindependentof thedeuterium

H

kH
tope ef fect isthus de duced to be ker _ kat =3.8for 3CAIl at

D
PT pt

298 K. Thelack of tau to mer emissionin 7Al isdueto the
slow (~ 800 ps™) ESDPT rate fol lowed by a much faster
nonradiativedecay rateof theex citedtautomer. Dif ferentin
ter pretationsregardingtherelax ation mech anismof theex
cited 7Al tauto mer in water have been pro posed. Themain
controversy centersonthestudy of thesynthesizedtautomer
analogue7-methyl-7H-pyrrolo[2,3-b] pyridine (TMPP). Ac-
cordingto pH depend ent ab sorptionand emissionstudies
Petrich and co-workersob tained pK » of the protonated 7M PP
(N;H") in ground and ex cited statesto be ~ 8.9 and 10.3, re-
spectively, " indi catingarel atively strongbasicity of theN
protonin 7MPP. Thus, in purewater TMPPex istsmainlyin
the cationic form which upon ex ci tation re sultsin a440-nm
cationicemission. Assumingasimi lar acid/base prop erty
with re spect to 7TMPP, Petrich et al.*”" con cluded that fol low-
ing ESDPT N(1) of the 7Al tau to mer isim medi ately pro
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tonated, forming the cationic spe cies hid den un der the

nor mal emission band. Incontrast, theemission of 7M PP
inwater wasre ported to be at ~ 510 nm by Chap man and

Maroncelli.*”® Inthislaboratory wehavereinvesti gated the
pH dependentabsorptionandfluorescencelifetimeof 7M PP
inwater.2*QurresultregardingpK ,and pK," of theN,H* site
for 7TMPPis con sistent with that ob tained by Petrich and co-

workers!”” Ac cordingly, >> 90% of the 7MPPin the ground

state should ex ist in acationic form at pH = 7, of which the
absorptionspectral featuresaredrasti cally dif fer entfrom
those of the neu tral form. The neu tral form of 7MPP (e.g. at
pH ~10) ex hibitsan So — S ab sorption band max i mum at
350nmwherethecationicformhasnegli gi bleabsorptivity. It
isthuspossi blethat the 520 nm emission of 7MPPinwater
reported by Chap man and Maroncelli'™ wasobtained upon>

350 nmex ci tationwhereatraceof neutral tauto mer exists.

Nev er theless, sincenei ther thecationic nor theneutral emis

sionof 7Al tauto mer hasbeenresolvedinthesteady-state ap-

proach, or strictly speak ing has not been well re solved in a
time-resolved man ner aswell, actual relax ation path ways of

theex citedtautomerinwater still remainunknown.

Thecompli catedtautomer relax ationdy namicshave
been sim pli fied and re solved in the case of 3CAI. pK, and
pKa of 3CAI tauto mer an alogue 3CMPPwasdeter minedto
beassmall as4.3and-0.2, re spectively. Thean omalously
high acidity can berational ized by the strong elec tron with-
drawing ability of the cyano-substituent at C(3) position
whichinducesar electronresonanceef fect, enhancingthe
N:H"acidity. Assumingsimilar NiH" acidity between3CM PP
and 3CAI(T), it is thus expected that following ESDPT
3CAI(T)* existsmainly asaneutral species, givingrisetoa
472-nm emission. Therate of ESDPT isalso slow (~ 905
psh*®inthecaseof 3CAl, indi catingthatitsHB structurein
waterissimilartothat of 7Al. How ever, themuchlonger tau
to mer lifetime of 3.25 ns(i.e. small nonradiative de cay rate
and hencelargequantumyield) incombi nationwithfar sepa
rated nor mal and tau to mer emissions makes 3CAl aunique
model to re solvethe ESDPT dy namics of 7-azaindolesin
purewater.

It thusbe comesclear that the dy namicsof ESDPT in
7Al anditsanaloguesinwaterisnot ex ceptional among stud
ied hydroxylic sol ventsand can bewell ex plained by amech-
anismincor poratingsol vation-equilibriumcoupledproton
tunnel ingdepictedinFig. 15. Morespecif i cally, how ever, a
dif fer ence wor thy to be pointed out isthe much more neg a-
tiveentropy changeinformingthe1:17Al/H,O cy cliccom-
plexthanthat of 1:1. 7Al/a cohols. Forex ample, thetheoreti-
cal approach'® esti mated a AG* value of 15 and 18 kJ/mol,

J. Chin. Chem. Soc., Vol. 48, No. 4, 2001 673

while the AH* was cal cu lated to be 13.4 and 11.3 kJ/mol in
methanol and H-O, respectively, deducingalarger neg ative
changein en tropy in water from the neigh bor-bonded struc-
turetothecy clicform. Using 3CAIl asamodel, aprelimi nary
study inthislab oratory esti mated theratio for kows Ver sus
e %/"" to be ~ 1.3x 10* s*inmethanol, whichis~oneor der
of mag ni tudelarger than that of 5.5 10 s*inwater.?® Such
adiscrepancy, inour opinion, may in part cor relatewiththe
unusually highdensity of hy dro genbonds, whereaslargeas
four hy dro gen-bonding sites can be ac com mo dated for each
water mol ecule, formingathreedi mensional buildingblock.
Therefore, for mation of thecy clic com plex requiresamore
specifichy drogen-bonding configurationtoprevent the per
tur bationfromneighboringwater mol ecules, resultingina
reductionof theentropy factor. Atthemolecularlevel, one
intriguingap proachistoprobethewater assisted ESPT reac
tionin other host/guest systemswherethegeo metri cal envi-
ron ment of thehost mol e cule can be specif i cally designed
withitsfeasi bil ity insyntheses. Suchaconfigurationmight
pro hibit water ag gre gation around thedual or even mul ti ple
hy dro gen bonding sites, sothat the sol vation structureisin
favor of thecy clicwater for mation. For thiscase 4G™ is ex-
pected to belower and theover all rate of reactionisac cel er
ated. Thiscon ceptionessentially mimicstheroleof water
mol e culesintheen zy matic systeminwhich athresh old of
water concentrationiscommonly observedforenzy maticac
tivity totakeplace. Such athresh old hasbeententatively pro
posed to cor relate with the num ber of water mol eculesre
quiredtoformacy clicHB structurelink ing thesub strateand
aspecificactivesite. > Thefor mationof suchacy clicwa
ter configuration may beconsid ered asaprotonwire, which
makeswater souniqueinthebi ologi cal system.

V. SOLVENT POLARITY COUPLEDPROTON
TRANSFERREACTION

For thesol vent-assisted ESPT reactiondescribed above
theex plicit natureof thesol vent reor gani zationshould be
quitedistinctfromthegeneral sol vationenergy relax ation
that givesriseto the emis sion with alarge Stokes shift when
mol eculesex hibit signif i cant dipolar changesintheex cited
state. Infact, the sol vent-dependent Stokes shift of a7Al nor-
mal emissioncanbeascribedtothiscategory, whichexhibits
asignificantsol vent polarity dependent Stokesshiftedemis
sion from 320 nmin n-hexaneto ~ 390 nmin H»O. For 7Al in
short car bon-chains, monoal cohols, thetimere quired for the
ad just ment of thesol vent mol eculestoa“ cor rect” reactive
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configurationis~sev eral hundred pswhichismuchlonger
thanusually considered asthe” sol ventrelax ationtime” of <
5ps.”"* Thesol vationrelax ationdy namicshavebeentheo-
reti cally andex peri mentally connectedtotheelectron-trans
ferreactionrates. Be causethelargedipolar changeelectron
transferinsolutionisnor mally coupledtosol ventpolariza
tion ef fects, therelax ation pro cessescan contrib uteto, orin
many casesevencontrol, theover all reactiondy namics. 2%%°
Incompari son, casesregardingsol vent dipolar relax ation
coupled excited-state intramolecular proton transfer are
scarce. The dipolar change dur ing ESPT isin gen era not as
drastic as that of the electron transfer unless the proton-
transfertautomerisinazwitteri onicconfiguration. Itishow
ever along-standing de bateregard ing the pro ton-transfer
tautomer beinginthezwitteri onicformver sustheneutral
form.*” An other key ob stacleisthe per tur bation of the sol-
ute-solvent hy drogenbondingfor mation, leadingtomore
compli catedstudiesof sol vent polarization/protontransfer
couplingdy namics(forexample, seeRef. 20). Considering
largedif fer encesindi polemoment (intermsof ori entation
and/or magni tude) betweenex cited nor mal (1) and tauto mer
species(|L,), thenor mal and tauto mer equi libriumpolariza-
tionsde noted by Py and Pr might be far sep arated. Thus, the
rel ativeener gieshetweennor mal andtautomer areafunction
of sol ventpolarizationcoor di natePdepictedinFig. 19. The
long-rangepolarizationinter actionsmay resultinasol vent
induced bar rier cou pledwiththeprotontransfer reaction.
SimilartotheelectrontransferreactioninsolutiontheMarcus
theory?#* sim ply predictsthat the sol vent in duced bar rier
AG™for the ESPT reactionisrelated tothereaction exother-
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Fig. 19. Thehy pothetical potential energy di agramof
sol vent coupledex cited-stateprotontransfer
reaction. Pand gy denotethesol vent polarity
andproton-transfer coor di nates, respectively.
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micity AGandthesol ventreor gani zationenergy#, ex pressed

. A AGTY .
as AG =2 1+T . ‘h.may be ob tained from an Onsager

2

cav ity model describedas®. = (b _3”7 ) { o=l _g.-1 J

2,41 2, +1
where &« isthe high fre quency di elec tric con stant, whichis
equiv alent to the square of therefractionindex n. soisthe
staticdi electricconstant and canbeex peri mentally cal cu
lated from the Classius-Mossotti equation.?Consequently,
athreedi mensional plot of freeenergy for ESPT asafunction
of thesol vent co or di nate Pand theproton- transfer reaction
coordinateg at sol vationcoor di natesof normal (R), inter-
medi ate(P*) andtheproton-transfer tautomer (Pr) is de picted
inFig.19. Thereactioncoor di nateqx may turn out to be com-
pli catedduetonumer ousinter nal motionsthat may modulate
the height and width of theprotontransfer bar rier. Thepop u
lationwithenergy beingequal tothesol ventinduced bar rier
A G isgiven by the Boltzman fac tor un der theassump tion
that sol vent relax ationinthereactant well isquitefast. For
protontransfertooccur, thispop ulation must ad vanceal ong
the sol vent co or di nate P and hop from there ac tant to the
prod uct sur face. Thelat ter pro cessnor mally cor respondsto
tunnel ing through abar rier along the proton motion co or di
nate g+. Two ex tremelimitscan be con sid ered to treat the
over al reactiondy namics. Consider thefirst casewheretun
nel ingthroughtheqw coordinateat P= P*isas sumed to berel-
atively slow. Inthiscase, crossing fromthenor mal tothepro
ton-transfer tau to mer sur faceisquiteunlikely. Therate of
protontransferisthusgivenby k = Aexp ((4G*/RT), where A
isequiv alent tothein verse of the proton tun nel ingtime.
Sincethecou pling betweenthereactant and product coupling
entersdi rectly into theki netic model, thisex pressionises
sentially anal o goustothenonadiabaticelectrontransfer.?%
On the other hand, in the case where tun nel ing along the gy
coordi nateisvery fast, protontransfer fromthenor mal tothe
tauto mer speciesalongtheex cited-state potential hyper sur
faceoc cursessentially ev ery timethe P sol ventconfigura
tionisachieved. Inthiscasethepre- ex ponential Afactoris
approxi mately equal totheinverseof thesol ventlongi tudi nal
relax ationtime(t, ") andisindependent of thereactant/prod
uct coupling. Thisex pressionisanal o gousto adi abaticelec-
trontransfer.

Semi nal studiesonmol eculesex hibitingremark able
sol vent polarization/ESPT coupledreactiondy namicsshould
begivento 3-hydroxyflavoneandits4’ -dialkylamino deriv &
tives. In contrast to a domi nanttautomer emissionfor 3-
hydroxyflavonein aprotic sol vent, dual emissionshave been
ob served in 4’ -N,N-dial kylamino-3-hydroxyflavones (Fig.
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20),7375:221.228 of which the over all reaction dy namicscan be
well described by acom bi nation of sol vent polarity and pro-
ton-transferreactioncoordi nates.  Theresultsof pi cosecond
time-resolved study in 4'-N,N-dialkylamino-3- hydroxy-
flavones sup port thefirst casewheretheprotontunnel ingis
relatively slower than the solvent relaxation and a non-
adiabati creactiontakesplacewherethereactionki neticscan
be ex pressed as kin = kot exp (-AG/RT). Whereasthevi bra-
tional modesinvolving protonmotionmay not bedi rectly in-
volvedinthereactiondy namicsasindi cated by thelack of
D/H ki neticisotopeef fect. It hasbeen pro posed™?? that sim-
i lar to 4-(dimethylamino)benzonitrile, 2% the 4’ -dialky! -
aminophenyl sub sti tutionmay in ducethetwist intramol ecu-
lar chargetransfer (TICT) intheex cited state®” and henceits
tor sional motionmay al ter thenatureof thetunnel ing pathon
theex cited-statepotential surface. Accordingly, thetor sional
motion mainly partici patesintheagy coor di nate, whilethe
deuteration on hydroxyl group only re sultsin asmall frac-
tional increaseinthetun nel ing mass, ac counting for thelack
of deuteriumisotopeef fect. Further more, largesol vationsta:
bi li zationtakesplaceintheelectroni cally ex cited nor mal
spe ciefor 4'-N,N-dialkylamino-3-hydroxyflavones due to a

solvation
relaxation

PT/CT coupled reaction
(torsional mationinvaved

Energ

proton-transfer
emission

charge-transfer
emission

Fig. 20. The proposed solvent relaxation dynamics
cou pled ESIPT for 4'-N,N- dialkylamino- 3-
hydroxyflavoneswherethedi poleori entation
betweenSo and Sy is taken to be 55 * and the
di poleori entationoftheS;’ stateisassumedto
bepar a lel tothe Sp state. Notetheab scissaisa
mix of sol vent polar ity and protontransfer co-
or di natesand henceisnot speci fied.
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gi ganticdi polecreatedfromtheex cited-statechargetransfer.
Asaresult, ex cited-statether mal equi libriumcanbeachieved
between the charge-transfer and pro ton-transfer tau to mer
speciesin aprotic, po lar sol ventswherethere ac tion exo
thermicity decreasesuponin creasing thesol vent polarity.”
Onthe other hand, stud ies of 3-hydroxyflavonein aceto ni
trilereveal the other ex tremecasewheretheproton-tunneling
rate (i.e. ky) isfaster thanthe sol vent relax ation. Asaresuilt,
theoverall reactiondy namicsessentially involvethesol vent
induced bar rier cou pledwithsol ventrelax ation. 2% In hy-
drogenbonding sol ventssuchasal coholstheper tur bation
caused by thesol ute-solvent ex ter nal hy dro gen-bonding for
mationin 3-hydroxyflavonesleadstoadif fer entinter preta
tionregarding protontransfer dy namics, which hasbeen ex
tensively studied®***?* and henceis not thefo cusin thisre-
viewarti cle.Incompari son,independentof thesol vent polar
izationcoordi nate, many electron-transferreactionsundergo
highly exother mic, ultrafast reactiondy namics. ' For
such cases, theover al reactionisgener aly ratedeter mined
by thesol ventlongi tudi nal relax ationtime. Of particularin
ter estistheinvertedregion pro posedintheMarcusfor mula
tionfor theelec trontransfer re ac tionin which therate con
stant de creaseswithin creasing exothermicity. Pre dicted by
both semiclassical and quantummechani cal mod els, thein
vertedregionmay beex peri mentally investi gatedif theelec
trontransfer dy namicsarecou pledwithmediumor highfre-
guency vi bration. If the oc cur rence of ESPT ishighly exer-
gonicwith agi gantic dipolar change and its pro ton-transfer
dy namicscou plesin part with O-H (or N-H) high fre quency
stretching modes, such asystem may pro vide an ideal model
totest theinverted regioninthe Marcusfor mu lation. Of
course, it should be noted that the pro ton-tunneling can rarely
besatisfactorily describedasaone-dimensional process. Evi
dently themotion of theat oms, especially thoselargeam pli-
tude mo tions (e.g. ei ther in- or out-of-plane mo tions of the
skeletal modes) between which the proton is being ex-
changed, will haveamajor ef fect onthetun nel ing rate. 237242
Thisrecogni tionhasledtotheintroduction of two- dimen
sional ap proachesinwhichtheseconddi mensionrepresents
the ef fec tive mo tion of the other at omsdur ing the pro ton
transfer.Recently, moretheoreti cal approaches™***® havere-
veal ed that the KIE (ki neticisotopeef fect) tem per aturede-
pend encemay be caused by ther mally ex cited reactants(and
prod ucts) that mod u late the bar rier width and shape. On the
other handtheco her ency of thewavefunctionthat en ablesthe
protontunnel ingisdestroyedby envi ronmental sol vationdy
namics(or theactivesiteintheenzy maticreaction) whicha
ter the dou ble-well system and con se quently trap the prod
ucts. For this case the reactiondy namicsmay notfol low
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Marcustheory typeof predictions.

Incompari son, theex cited-stateprotontransfer reac
tionof 7Al or 7HQina co holsprovidesaunique contrast to
theubiqui tously studied prob lem of dy nami cal sol vent ef-
fectson electron-transfer and pro ton-transfer re ac tions. Sol-
vent relax ation dy nam ics have been de-coupled from the
over all protontransfer rate dueto the much slower sol vent
“specificreor gani zation” pro cessinthehost/guest typeof
protontransferreaction. Inother words, itisimpor tanttodis
tinguishthetimescalesincor poratingthereori entationdy-
nam ics of sol vent mol e cules, which should be ex tremely
rapid, fromarel atively much slower “ dif fusiveredistri bu-
tion” of sol vent. Inparticular, onemust distinguish between
thekind of sol ventreori entationthatisin duced by dipolar
changesintheex cited state of aprobemol eculeand specific
reor gani zationof thesol ventinvolvingthebreak ageandfor-
mation of hydrogen bonds. Further investigation on the
host/guest typesof protontransfer reaction may help to shed
light onwhat iscon ceived to be*sol vationdy namics’ and
how such specificsol vationdy namicsmay influencethe
chemi cal reactioninsolutionphase.

V1. CONCLUDING REMARKS

Host/guest types of ex cited-state pro tontransfer pro-
cessinsolution phase havebeenreviewed. Amongwhichthe
intramolecular pro tontransfer viaH-bonded vici nal groups,
concerted biprotonic transfer within a doubly H-bonded
dimer, relayed by abridgeof sol vent mol eculesbetweentwo
distinct groupsand electron/proton cou pledtransfer reac
tionshavereceived special at tention. For the case of static
host/guest hy dro gen-bonded com plexes, ontheonehand, itis
unambiguousthat thehy drogenbondingstrengthand config
urationplay akey roleintheproton-transfer dy namics. On
the other hand, for the non-catal ytic host/guest type of ESDPT,
inaddi tiontothedy nami cal concern, ex cited-statether mody-
namicsmight beof im por tanceindeter miningthedestiny of
theprotontransferreaction. Evi dently, for thehost/guesttype
of ex cited-stateprotontransfer reactionanadequatedescrip-
tionof protontransfer dy namicsrequireseluci dationof vari-
ousmo tionswhich cou pletotheprotontransferreaction.
Chemi cal per spectivesregardingthenon-catal ytictypeof
host/guest pro ton transfer have also been dis cussed. For the
noncatalytictypeof ESDPT withrel atively weak dual hy dro-
gen-bonding complex the formation of long-lived guest
tautomersispossi blethroughthedissoci ationof complexin
theex cited stateand might becru cial for the synthetic ap pli-
cation,whichisotherwisethermallyinaccessi ble. A prelimi-

Chou

nary ex per i ment per formedinthislaboratory viaphotolyzing
7Al/hemiacetalsHB com plexesgen er ated al dehydessue

cess fully, though the yield was rather low due to other com-
petitiverelaxationprocesses.”*’ In the ground state, this type
of bifunctional catal y sispro cesshaslongbeenrecognizedin

thefieldsof or ganicand bi ologi cal syntheses. Inmany or

ganicreactions, mol eculesthat can per mit con certed dual

protontransfer may haveef fi cient cat alytic proper tiesfor

certainreaction. A prototypeisthecat alytic ef fect that 2-

pyridone hasontheaminolysisof esters. Al though nei ther a
strong base (pK, of the protonated 2-pyridone = 0.75) nor a
strong acid (pKa=11.6), 2-pyridoneisanef fectivecat alyst of
thereactionof n-butylaminewith 4-nitrophenyl acetate. The
over al rate is more than 500 times greater when 2-pyridone
actsasthecat alyst than when asec ond mol e cule of butyt

amineactsasagen eral basecat alyst** In this case, 2- pyr-
idonehasbeen called abifunctional cat alyst, sincetwoat oms
inthemol eculeareinvolvedintheprotontransfer pro cess.

Thebifunctional cat alyticpro cesshasalsobeenwidely found
inbi ologi cal reactions. Moreand moreex peri mental ev

dence has shown that many en zy matic reactionsin volve bi-
functional evenmultifunctional protontransfer process.*****°
Incompari son,theCDHB for mationmedi ated ESDPT of 7Al
should bedefined asabifunctional cat alytic pro cessaswell,

thoughit takes place in the ex cited state.

Thereactiondy namicsfor 7Al, 7THQ and their cor re
spondinganaloguesinhydroxylic sol ventscanberatio nat
izedintermsof specific geo met ric re quire mentsof theHB
configurationfortheESPT to proceed. Suchageometriccon
trol overthereactionisrather specifictoparticular sol utes
andsol vents. Itisthereforeof inter estto ex aminethesesame
typesof reactionswiththespecificgeometriesinvolvedto
for mulateamorecom pletepictureof therol eof thesol vation
structureand dy namicsinsol vent cat alyzed proton-transfer
processes. Finaly, futureappli cationsof ESPT mol eculesfa
cusing on asin gle-molecular based logic gate has been pro-
posed duetoitsfour-level systemwith ultrafast reactiontime
scale.?*! Itisthusbelieved that throughim prov ing detecting
techniquesincombi nationwithver satilemoleculardesign
and synthesis, ESPT mol eculesmay cer tainly render ad van
tagestoper formlogi cal operations, eventually mergingfun
damental researchandappli cationstrategy.
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Upondimerization of 7Al innonpolar sol vents, asig nif-

i cant changein the ab sorp tion spec trum near the red

edge of the Sp — S; ab sorptionwasob served, whichis

nor mally used asaref er enceto cal culatethedimeriza-

tion con stant. Assuming that at wave lengths of e.g. >

310 nm the absorbance at trib uted to the mono mer ab-

sorptionisnegli gi ble, eqg. (1) ex pressed asCO -1

A\ 2
1 1,1 ' S

— . — +—canbeobtained based on theequi librium
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be tween mono mer and dual HB dimer. Ineq. (1) Co and
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A denotetheini tially pre pared 7Al concentration and
theabsorbance at aselected wavelength, respectively.
gpisthemolar ex tinction co ef fi cient of one 7Al mol e
culeinthedimer at the selected wavelength. Ac cording

to the plot of % asafunction of \/% , Ka can then be de-

duced by theratiofor thein ter cept ver susthe square of
theslope. Recently, itwasfoundthat for sev eral 7Al an
aloguesthecontri bution of themono mer ab sorption
could n't be neglected through out theentireti tration
spectrum. Accordingly, amodi fi cation of equation (1)
withar bi trary cell length ¢ was de duced and ex pressed
as

G/ =J ‘ JIJ 1, 2,
A-5,Cl \zp,-25, \K, VA-5,C/l =&,-25,
Noassumptionismadeineq. (1') ex cept that the value
of molar extinction coef fi cient of monomer,zw, at the
an alyzed wavelength needsto be ob tained prior tothe
deductionof K, value. Infact, by know ing the pro por-
tional ity of thedi lutioneq. (1') canbefur ther simpli fied

to
= T [1 2

Aﬁ)/sf\}s fgﬁ '\/K_'\}A—A)J’s —Ehzﬂs @
D M a D M

where Ayinequation (2) simply de notesthe absorbance
of themono mer assuming that no dimer isformed at the
preparedconcentration. A , can be ob tained by per form-
ingthecon centrationdepend ent study at asuf fi ciently
low con centration sothat only mono mer mainly exists.
By knowingtheproportional ity of thedi lutionA val ues
canthusbeobtainedineach prepared concentration.
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