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Th e Ûuorescence quench in g of a series of aroma tic hydro carbon electron
donors by an electron acceptor tricyano ethylene has been observed . T he
quenching mechanism is consistent w ith the charge -transf er (or electron-

-transf er) mechanism , as indicated by the app earance of a new , broad, and
structureless exciplex emission band. Detailed, steady- state, and time- res-
olved emission studies of the kinetics and thermo dynami cs of exciplex forma-

tion and relaxation have been p erformed for naphthalene- tricyano eth ylene
system. It was found that the kinetics of monomer- excipl ex equili bri um for
this system, in a non- polar solvent (n -hexane), can be describ ed in terms
of a simple tw o-state photokin etic scheme. Within such a scheme, under

condition s of the present experiment, napthalene- tri cyano ethylene system
approaches the limits under w hich exciplex formation is very e˜ective | it
b ecomes exclusively di˜usi on-con trolled and at the same time a comp etitive

pro cess of thermal dissociati on of exciplex ceases to operate. This leads to
a very rarely observed reversal of physical meaning of the decay parameters
w hich are describin g the rise and the decay of exciplex Ûuorescence.
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1. I n t rod uct io n

The im porta nce of the pro cess of photoinduced tra nsfer of charge (or elec-
tro n) as an ini ti al step in quenchi ng of Ûuorescence of arom ati c hydro carbons by
vari ous organic electron acceptors in l iqui d soluti ons has been recogni zed at the
beginni ng of sixti es of last century [1, 2] and pretty soon the photo ki neti c scheme
of the form ati on of excited- state com plex | an exciplex has been proposed [3{ 5].
In such a di ˜usi on-contro l led (i n soluti on) bim olecular quenchi ng reacti on between
an electro n donor (D ) and electro n acceptor (A) :

D + h ¡ D ! D Ê + A ! ( D + A À ) Ê ; (1)

an encounter of a pri mari ly exci ted species (ei ther donor D Ê or accepto r A Ê ) wi th
i ts counterpa rt (o f a given electro n{ donor-acceptor system under consi derati on) in
the ground state (ei ther A or D ) leads to the tra nsfer of charge (electron) between
intera cti ng molecules and to the creati on of exci ted ( D + A À ) Ê chargetra nsfer (CT)
state | an exciplex.

The detai led studi es have since been m ade wi th the use of pra cti cal ly al l
exp erimenta l techni ques of emission spectroscopy whi ch were devel oped in the pe-
ri od of last forty years (f or a revi ew see [6{ 8]). In recent years the m ain e˜o rt has
been concentra ted on sophi sti cated ti m e-resolved femto second emission studi es of
the dyna m ics of electron tra nsfer pro cessesand relaxati on of exci ted CT state and
on elaborate theoreti cal interpreta ti ons of such exp eriments [9{ 13]. The m ain ob-
ject of these adv anced studi es was a ground- state-stable electron{ donor-acceptor
(ED A) compl ex form ed between tetra cyanoethl ene (TCNE) and hexa methyl ben-
zene (HMB). Thi s is not surpri sing, as TCNE is one of the stro ngest electron
accepto rs and i ts m olecular com plexes wi th electro n donors from the fam il y of
m ethyl -substi tuted deri vati ves of benzene (and wi th other arom atic hydro carb ons)
were known from the very beginni ng of studi es of ED A compl exes [14] | kno wn
also, after the form ulatio n by Mul liken of his resonance theory of CT state [15],
as the charge-tra nsfer, CT compl exes. Hence the param eters of the ground- state
equi l ibri a:

D + A *) ( D A ) (2)

of CT com plexes of TCNE, as wel l as thei r absorpti on spectra, connected wi th:

( D A ) + h¡ C T ! ( D + A À ) Ê (3)

electroni c tra nsiti on, were studi ed in great detai ls, cata logued (see for insta nce [16])
and often expl oi ted in the discussions of various aspects of CT intera cti ons.

Al most from the very beginni ng, the CT compl exes of TCNE were kno wn
as non-Ûuorescent in liqui d soluti ons, neither upon exci ta ti on wi thi n the char-
acteri stic absorpti on band (the charge-tra nsfer, CT, band) of CT compl ex, nor
up on exci tati on wi thi n the absorpti on bands of i ts m olecular com ponents (ei ther
D or A). And only recentl y a steady- state Ûuorescence spectrum of TCNE- HMB
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compl ex in liqui d soluti on in the near- inf rared has been reported [17]. On the other
hand, thei r CT Ûuorescence is very e£ ci ent in ri gid m edia [18{ 20] and can also be
observed in a supersonic jet expansi on [21]. It is ra ther wel l establ ished now tha t
the lack of CT Ûuorescence (Ûuorescence exci ted wi thi n the CT absorpti on band
of the compl ex) of TCNE com plexes is due to the e£ ci ent non-radiati ve pro cesses
connected wi th di ˜erent relaxa ti on pathw ays from exci ted Franck{Co ndon states
of di ˜erent ori entati onal isom ers to the equi l ibrated CT state [19, 22], whi le in
polar solvents exci tati on of the com plex results in e£ cient and very fast form ati on
of separated (solvated) ion pai rs: ( DA ) + h¡ C T ! D +

s . . . A À

s [23].
The e£ ciency of TCNE as a quencher of Ûuorescence of al l arom ati c elec-

tro n donors seems to be very hi gh, even when com pared wi th other stro ng electron
accepto rs (e.g. 1,2,4,5-tetra cyanobenzene, TCNB) and m ust be related to i ts high
chemical reacti vi ty as a stro ng electro phi l ic reagent and i ts earl y recogni zed versa-
ti le appl icati ons in cyanocarb on chemistry [24]. Contra ry to the very ri ch data base
avai lable for TCNE, a lm ost nothi ng, or very li ttl e is known about CT com plexes
and excipl exes of other m embers of cyanoethyl ene fam i ly, i .e.: mono-substi tuted
acryl oni tri le, tw o dicyanoethylenes (i .e. m aleoni tri le and f um aronitri le), and tri cya-
noethyl ene. Thi s is connected in part wi th the increasing order of the energy of the
Ùrst electro nic tra nsiti on in cyanoethyl enes fami ly, from tetra - to mono-substi tuted
cyanoethyl enes (and thus reversed order of abi l i ty to ward CT compl ex form ati on
wi th a given electron donor), whi ch m akes di £ cul t spectro scopic investigatio ns
(f rom near to far UV) of the ground state D + A *) ( DA ) associati on equi l ib-
ri a. Ano ther factor is connected wi th the fact tha t other electron acceptors of
cyanoethyl enes fam ily are consi derabl y less stable chemical ly (and photo chemi-
cal ly) tha n TCNE. The form ati on of excipl exes, as veri Ùed by the appearance
of exciplex Ûuorescence in various solvents, has been reported only for fum aroni -
tri le ( t r a n s-1,2-di cyanoethylene) and a series of polycondensed arom ati c hydro -
carbons [25]. In the case of tri cyanoethyl ene (T R CNE) the form atio n of i ts weak
CT com plexes wi th to luene and durene in CH 2 Cl 2 soluti on has been mentio ned
on the occasion of i ts Ùrst synthesi s [26].

In thi s paper we report Ùrst observati ons of Ûuorescence quenchi ng reac-
ti ons (1) of arom atic hydro carbon donors by TR CNE in soluti on and the form a-
ti on of relevant excipl exes. A detai led analysis of the resul ts of steady- state and
ti m e-resolved emission studi es were carri ed out for exciplex of naphtha lene wi th
TR CNE. Thi s system , as form erly inferred from inv estigati ons of the ground- state
associ ati on equi l ibri a is capable to form a weak ground- state-stable CT com -
pl ex [27]. Present studi esof i ts exci ta ti on spectra of exciplex Ûuorescence (cf . Sect. 4 .2)
are unequi vocal ly conÙrm ing thi s fact. Furtherm ore, investi gatio ns of the ki neti cs
of i ts to ta l (m onomer and exciplex) emission, show tha t the form atio n and re-
laxa ti on of naphtha lene-TRCNE exciplex fol lows a simpl e two- state photo ki neti c
scheme correspondi ng to di ˜usi on-contro l led bim olecular Ûuorescence quenchi ng
reacti on (1). W i thi n thi s photo ki neti c scheme, the ki neti cs of m onom er-exciplex
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equi l ibri um of naphtha lene-TR CNE system reaches the l imit at whi ch the physi cal
m eani ng of the decay parameters of excipl ex emission becom es reversed.

2. Ki net ic sch em e f or exci p l ex f or m at i on an d d eca y

An exciplex form ati on reacti on and i ts decay can be described by the fol low-
ing, sim pl iÙed photo ki neti c scheme [2]:

k 3
À !D Ê + A ( D + A À ) Ê
ê À

k 4
# k 0 # k p

(4)

provi ded tha t i ts natura l ly stepwi se character can be neglected (i n the Ùrst ap-
pro xi mati on), or in other words, tha t the di ˜usi on-contro l led close encounter of
D Ê and A in a soluti on [cf. reacti on scheme (1)] , whi ch results in the form ati on of
not wel l -deÙned tra nsient species [or encounter com plex (D Ê A)] has a probabi l i ty p

to ward f orm atio n of exciplex ( D+ A À ) Ê , and thus the rate constant (second order)
of exciplex form atio n is k 3 ² p Â k di ˜ .

The rates of other processes operati ng in photo ki neti c scheme (4) are fol low-
ing:

| k 0 = ( k 1 + k 2 ) is the sum of radiati ve (k 1 ) and radi ati onless(k 2 ) decay rate
constants of pri m ari ly exci ted m onom er (the donor),

| k 4 i s the rate constant of therm al di ssociati on of exciplex tha t regenerates
D Ê and A species (kno wn also as the \ feedback dissociati on" of exciplex),

| k p = ( k 5 + k 6 ) i s the sum of radi ati ve (k 5 ) and radiati onless(k 6 ) decay rate
constants of exciplex.

Observ ati ons of the concentra ti on and temperature behavi or of the Ûuores-
cence intensi ti es of both (and of the tw o only) emi tti ng species invol ved in such a
photo ki neti c scheme shoul d eventua l ly lead to determ inati on of the rate consta nts
of al l pro cess operati ng wi thi n the scheme. And thi s is an ul ti m ate test of val id-
i ty of any proposed photo ki neti c scheme in any parti cul ar case considered. The
changes of the concentra ti on of both exci ted species, [DÊ ] and [ ( D+ A À ) Ê ], whi ch
are coupled by the scheme (4), are given by the pai r of coupl ed ordi nary di ˜erenti al
equati ons [28]:

d [DÊ ] =dt = I a ( t ) + k 4 [ ( D + A
À

) Ê ] À ( k 1 + k 2 + k 3 [A ] )[ D Ê ] ;

d [ ( D+ A À ) Ê ] =d t = k 3 [A ] [D Ê ] À ( k 4 + k p )[ (D + A À ) Ê ] : (5)

Since, the pri mary exci ta ti on of D can be either ti m e-indep endent, I a , or
ti m e-dependent, I a ( t ), the photo ki neti c scheme can be investigated under both,
the steady- state (pho to stati onary) and ti me-resolved (tra nsient) experim enta l con-
di ti ons.
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In the pra cti cal analysis of experim enta l results i t m ust be ta ken care of
som e addi ti onal e˜ects not di rectl y incl uded into the photo ki neti c scheme (4), and
by the sam e to ken not included into the popul ati on equati ons (5). As we m en-
ti oned above in Sec. 1, m ost of ED A system s (and parti cularl y tho se wi th stro ng
electron acceptors) are capable of the form ati on of ground- state- stable CT com -
pl exes and hence an excited CT state can also be created up on excita ti on wi thi n
the CT absorpti on band [cf. reacti ons (2) and (3)] . If , in such a case, the absorp-
ti on bands of m onom er (h¡ D tra nsi ti on in donor m olecule) and of CT com plex
(h¡ C T tra nsi ti on in CT compl ex) are overl apping, then the ki neti c scheme (4) is
of lim i ted val idi t y (or not appl icabl e at al l ). Al tho ugh, in nonpolar (or of medium
polari ty) l iquid soluti ons, an equi l ibra ted ( D + A À ) Ê state is independent of the way
of its creati on [29], i ts dyna m ics of form atio n vi a both routes [reacti on schemes
(1) and (3), respectivel y] is essential ly di ˜erent. It shoul d also be ta ken care of
stati c quenchi ng of D Ê Ûuorescence, whi ch is connected wi th di rect exci ta ti on of
hi gher states of (D A) compl ex, i .e. wi th local exci tati on of D bound wi thi n the
CT com plex in i ts ground state.

3. Exp er i m ental p r oced u r es

T ri cyanoethylene was synthesi zed (at Uni versi ta degli Studi di Anco na) fol -
lowi ng the Ùve-step synthesi s pro cedure described in [25]. Af ter prel iminary pu-
ri Ùcati on (by chro m ato graphy and recrysta l l izati on) i t was stored at low tempera-
ture ( À 3 0 £ C). D i rectl y before the use TR CNE was subl imed in vacuo and i ts pale
orange-yel low crysta ls were used for sam ple prepa rati on (in n -hexane soluti on i t
wa s stable for several days, when kept in the dark). El ectron donors were puri -
Ùed by di sti l lati on (p -xyl ene), subl imati on in vacuo (hexa m ethyl benzene) or by
zone-reÙning (na phtha lene). Solvents from Merck (Uv asol for spectroscopy) were
used wi tho ut further puri Ùcati on. Al l l iquid sam ples were degassed by bubbl ing
wi th Ar gas (f or ¿ 3 0 m in pri or to the measurements).

For steady- state emission m easurem ents the home-com puteri zed comm ercial
Perki n-El mer 512 spectro Ûuori meter was used.

For ti m e-resolved and decays m easurements, a subtra cti ve double 0.25 m
m onochro mato r (CVI) wa s used. For exci ta ti on of Ûuorescence a doubl e-jet dye
laser (Co herent 702-CD ) tuna ble in 285{ 310 nm (SHG of Rhodamine 6G dye),
synchro nously pum ped by a m ode- locked, cavi ty dum ped Nd: YAG laser (Co herent
Anta res 76) was used. Fl uorescence was detected wi th the use of a ti me-correl ated
sing le photo n counti ng (TCSPC) equipped wi th XP 2020 Phi l l ips pho tom ulti -
pl ier wi th the e˜ecti ve tem poral resoluti on of ca: 2 0 0 ps. The decay param eters
were deconvo luted from the decay curves wi th the aid of hom e-wri tten softw are
(l east-square Ùtti ng) al lowing up to the three- exponenti al analysis.
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4 . Exp er im ent al r esu l t s: an al ys is an d d iscu ssio n

4.1. Steady-state Ûuorescence and Ûuorescence exci t ation spectra of
T RC NE- aromat ic hydro carbon systems

Abso rpti on of TR CNE in n -hexane soluti on starts in near UV range and,
as i l lustra ted in Fi g. 1, i ts Ùrst absorpti on band, wi th a m axi mum located at
¿ 2 4 0 nm , is pra cti cal ly lacki ng any vi bra ti onal structure (i t has a shoul der at ¿

2 5 5 nm ). As seen in Fi g. 1, an opti cal exci ta ti on wi thi n thi s absorpti on band leads
to the observati on of Ûuorescence of TR CNE. A very weak and wi de Ûuorescence
band of TR CNE is also lacki ng any vi bra ti onal features and has a m aximum at
ca: 2 8 5 Ï 3 nm .

Fig. 1. A bsorption and Ûuorescence spectra of T RC N E in n - hexane solution at ro om

temp erature.

Fi gures 2{ 4 are i l lustra ti ng the basic exp erimenta l fact of present studi es |
i t is found tha t in l iquid soluti on of n -hexane, Ûuorescence of three arom ati c hy-
dro carb on donors, i .e. of p -xyl ene, naphtha lene, and hexam ethyl benzen (exci ted in
thei r respective m olecular absorpti on bands) is being quenched upon an addi ti on
of TR CNE to thei r soluti ons. Furtherm ore i t is clearl y seen tha t the addi ti on of
TR CNE always results in the app earance of a new, bro ad, and structurel ess emis-
sion band located on the low-energy side of arom ati c hydro carbon Ûuorescence
band. In a m anner typi cal of bim olecul ar Ûuorescence quenchi ng reacti on (wi th an
excipl ex form ati on), the intensi t y of thi s new Ûuorescence band (a l tho ugh very low)
is increasing wi th increasing concentra ti on of quencher (TR CNE) at the expense
of intensi ty of quenched Ûuorescence of aromatic hydro carb on.

A spectra l positi on of thi s new Ûuorescence band (in n -hexane soluti on) is:
¿ 5 0 0 ; ¿ 5 1 0 , and ¿ 5 9 0 nm in the case of p -xyl ene, naphtha lene, and hexam ethyl -
benzen, respectivel y, and i t correl ates wi th the ionizati on potenti al of the arom ati c
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Fig. 2. C oncentration dep endence of the Ûuorescence spectrum of p -xylene | T RC N E

in n -hexane solution at room temp erature. Concentration of p-xylene is constant |

3 : 2 È 1 0
À 1 M. C oncentration of TRC N E is: 0 (T RC N E solution only , full squares),

3 È 10 À 4 M (circles) and 6 È 10 À 4 M (triangles). Fluorescence w as excited w ithin the

p -xylene absorption band at 280 nm.

Fig. 3. Concentration dependenc e of the Ûuorescence spectrum of naphthalene- T RC N E

in n - hexane solution at room temp erature. C oncentration of naphthalene is constant |

4 10 M. C oncentration of T RC N E is: 0 (T RC N E solution only , circles), 2 10 M

(squares), and 6 10 M (triangles) and 8 10 M (crosses). Fluorescence was excited

w ithin the naphthalene absorption band at 298 nm.

hydro carb on donor (whi ch decreasesf rom 8.4, 8.14, and 7.85 eV f or -xyl ene, naph-
tha lene, and hexamethylb enzen, respectivel y). Such a correl ati on serves as a Ùrst
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Fig. 4. C oncentration dependence of the Ûuorescence spectrum of hexamethyl-

b enzen-T RC N E in n -hexane solution at room temp erature. C oncentration of hexam-

ethylb enzene is constant | 4 È 10
À 3 M. C oncentration of T RC N E is: 0 (T RC N E solu-

tion only , full squares), 6 È 10 À 4 M (triangles), and 8 È 10 À 4 M (circles). Fluorescence

w as excited within the hexamethylb enzene absorption band at 275 nm.

Fig. 5. Fluorescence spectra of naphthalene- T RC N E in di˜erent solvents: n -hexane

(f ull squares) and dichloro ethane (triangles). Fluorescence was excited w ithin the naph-

thalene absorption band at 298 nm.

and Ùrm indicati on of the charge-tra nsfer character of excited state whi ch is ini ti al
for the new emission band observed in soluti ons of a series of electro n donors wi th
a given electro n acceptor (TR CNE in thi s case). Thi s Ûuorescence band shows
also a rem ark able sensiti vi ty to the solvent polari ty . As i llustra ted in Fi g. 5, for
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TR CNE- naptha lene system , upon going from non-polar solvent (n -hexa ne, wi th
di electri c constant " = 1 : 8 9 ) to polar solvent (1 ,2-di chl oroetane, wi th " = 9 : 6 ), a
huge shift of thi s band: from 510 nm in n -hexane to ¿ 6 8 0 nm in dichl oroetha ne
(wi th no change in the positi on of the monomer, donor Ûuorescence band in both
solvents) is observed. And thi s once again reveals stro ngly polar character of ex-
ci ted state of emitti ng species.

Al l l i sted-above observati ons lead to the conclusion tha t the new emission
band whi ch is observed in these system s must be attri buted to the Ûuorescence of
( D + A À ) Ê exciplex, form ed between electron accepto r (TR CNE) and exci ted aro-
m ati c hydro carb on donor, accordi ng to di ˜usi on- contro l led reacti on scheme (1).

An addi ti onal importa nt piece of inf orm ati on com es from investigati ons of
Ûuorescence exci ta ti on spectra of exciplex Ûuorescence. Thi s is dem onstra ted in
Fi g. 6, whi ch il lustra tes excipl ex Ûuorescence exci ta ti on spectrum of naphtha lene-
-TR CNE system (m oni to red at 510 nm , i.e. at the m aximum of excipl ex Ûuores-
cence band, cf. Fi g. 3). It is clearly seen tha t in thi s exci ta ti on spectrum , besides an
exp ected absorpti on band of naptha lene (do nor), another absorpti on band shows
up in the long-wavelength part of exci ta ti on spectrum . Thi s very weak and very

Fig. 6. Fluorescence excitation spectrum of naphthalene- T RC NE in n -hexane solutio n

at room temp erature, monitored at maximum of exciple x Ûuorescence band (510 nm).

bro ad absorpti on band, located at ca: 4 0 0 Ï 1 0 nm , whi ch gives ri se to the observa-
ti on of excipl ex-l ike Ûuorescence of naphtha lene-TRCNE electron{ donor-acceptor
system , is not connected wi th the Ûuorescence quenchi ng m echani sm described
wi thi n the fram ework of reacti on scheme (1). There is no doubt tha t thi s is an
inherent CT absorpti on band of CT com plex of naphtha lene-TR CNE form ed and
stable in the ground state and described in term s of ground- state equi l ibri um (2).
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D i rect exci ta ti on in thi s absorpti on band gives ri se to CT Ûuorescence from the
exci ted ( D+ A À ) Ê CT state. W e Ùnd once again tha t in thi s case, as for m any other
ED A system s, the exci ted (D + A À ) Ê state can be form ed vi a both routes, either
in Ûuorescence quenchi ng reacti on [vi a excipl ex form atio n, reacti on (1)] , or upon
exci ta ti on wi thi n the weak CT absorpti on band of the ground- state-stable CT
compl ex [scheme (3)]. And once again, as shown in Fi g. 7, in l iquid soluti on under
photo stati onary condi ti ons, CT Ûuorescence excited either vi a exciplex form ati on
reacti on or vi a di rect exci ta ti on of CT compl ex is always the same, in accordance
wi th the postul ate form ulated at an early stage of investigatio ns of excipl ex reac-
ti on [29] and in accorda nce wi th the observati ons of al l other kno wn excipl ex/ CT
compl exes studi ed so far. As mentio ned earl ier (cf . Sec. 1), the concl usion about

Fig. 7. C omparison of the Ûuorescence bands of naphthalene- T RC N E excited: in ab-

sorption band of naphthalene at 298 nm (circles), and C T absorption band of C T com-

plex at 390 nm (squares).

the form ati on of weak CT com plex between naphtha lene and TR CNE is also in
accordance wi th the results of investigati ons of associati on equi l ibri a of TR CNE
wi th vari ous electro n donors, accordi ng to whi ch naphtha lene-TR CNE system, in
CCl 4 soluti on at 2 0 £ C, is characteri zed by the very smal l (K as ¿ 3) associati on
constant [27]. W e shoul d m enti on, for the record, tha t in dichl oetha ne soluti on the
exci ta ti on spectrum of exciplex Ûuorescence does not conta in any addi ti onal CT
absorpti on band, whi ch is also consistent wi th the expectati on (cf . Sec. 1) tha t
in such polar solvent excita ti on of the compl ex resul ts in an e£ cient form ati on of
separated (solvated) ions of the donor and accepto r.

The presence of the ground- state-stable CT compl ex may indi cate tha t the
pro cess of form ati on of naphtha lene-TR CNE exciplex should not be considered
as a purel y dyna mical one. Ho wever, there is no overl ap between the Ûuores-
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cence band of naphtha lene and tha t of exciplex, and/ or of CT compl ex (an energy
shi ft of thei r m axi ma is Ñ 1 0 0 0 0 cm À 1 , cf. Fi g. 3), whi ch thus coul d obscure the
analysis perti nent to the photo ki neti c scheme (4). Furtherm ore, the ground- state
associ ati on of the donor and acceptor, whi ch could intro duce the problem of stati c
quenchi ng (cf . di scussion by the end of Sec. 2) can probably be excluded in vi ew
of the smal l associati on consta nt, and thi s is further veri Ùed by the l inear de-
pendence of quenchi ng of naphtha lene Ûuorescence on the concentra ti on of the
quencher (cf . Sec. 4.2). Hence the naphtha lene-TRCNE system can qui te safely
be trea ted as described by the photo ki neti c scheme (4). W ith thi s assumpti on,
ki neti cs of the f orm ati on and relaxati on of exciplex can be inv estigated by the
analysis of m onom er-exciplex equi l ibri a under steady- state (pho to stati onary) and
ti m e-resolved (tra nsi ent) exci ta ti on condi ti ons (cf . Sec. 2). The results of such
analysis are presented and di scussed thro ughout the fol lowi ng sections.

T o thi s end, however, we should m enti on tha t inv estigatio ns of exci ta ti on
spectra of excipl ex Ûuorescence for two other system s, i.e. for p -xyl ene-TR CNE
and hexam ethyl benzene-TR CNE, have brought about basical ly the same concl u-
sions as in the above-described case of naphtha lene-TR CNE system . But, in the
case of p -xyl ene-TR CNE exci ta ti on spectrum of exciplex Ûuorescence shows tha t
the CT absorpti on band is stro ngly overl appi ng wi th the m olecular absorpti on of
the donor. Very weak CT absorpti on can be tra ced (as an unusua l ly wi de and
presum ably m ul tipl e-band absorpti on) on a long-wavelength wi ng of the absorp-
ti on band of p -xyl ene, and onl y under condi ti ons of a very hi gh concentra ti on
of p -xyl ene in soluti on | thi s auto m atica l ly excludes the possibi l i ty of perfor-
m ance of any rel iable quanti ta ti ve analysis of Ûuorescence quenchi ng reacti on for
p -xyl ene by TR CNE under photo stati onary condi ti ons. On the other hand, i ts
tra nsient analysis was not possibl e f or the sam e reason as expl ained below for
hexam ethyl benzene-TR CNE system.

In the case of hexam ethyl benzene-TR CNE system the exci ta ti on spectrum
of exciplex also reveals the presence of CT absorpti on. A wi de and structure-
less CT absorpti on band has a m aximum at 4 0 0 Ï 1 0 nm , and is even m ore
separated from the absorpti on band of the donor as com pared wi th the case of
naphtha lene-TR CNE system . Accordi ng to the Ùndings cited above i ts CT com -
pl ex (i n CCl 4 soluti on at 20£ C) is twi ce as stro ng as CT com pl ex of naphtha -
lene-TR CNE [27]. However, due to the experim ental condi ti ons of the present
exp eriment we were not able to carry out the tra nsient analysis of thi s system ,
whi ch requi res laser pul sesof at least 275 nm wa velength | far outsi de the avai l -
abl e range of the tuni ng (285{ 310 nm ) of our doubl e-jet dye laser. The results of
analysis f or m onomer-excipl ex equi l ibri a for hexa methyl benzene-TR CNE system
wi l l be presented and discussed in the next papers of thi s series. In thi s paper we
l im it ourselves to the presenta ti on and detai led discussion of m onom er-exciplex
equi l ibri a f or naphta lene{ tri cyanoethy lene (NP{ TR CNE) system .
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4. 2. A nalysis of monomer -exciplex equi l ibr ium of N P{T RC NE system under
phot ostati onary condi tions

W estart our analysis of exciplex form atio n reacti on between NP and TR CNE
wi th checki ng the Stern{ Volm er quenchi ng law [28]:

( I 0 = I ) = 1 + k q§ 0 [A ] = 1+ K S V [A ] ; (6)
where I and I 0 are the intensi ti es of Ûuorescence of pri m ari ly exci ted m olecule
(NP m olecule in thi s study) in the presence of quencher (TR CNE) in soluti on
at a m olar concentra ti on [A] , and when i ts concentra ti on is [A] = 0, respectivel y;
k q | the quenchi ng rate constant; §0 | the Ûuorescence decay ti me of unquenched
m olecule; K SV | the Stern{ Volm er consta nt.

The pl ot of f ( I 0 = I ) À 1 g vs. concentra ti on [A] , given in Fi g. 8, is l inear in the
who le studi ed concentra ti on range of the quencher (and thi s observati on excludes
the contri buti on from the stati c quenchi ng). It yi elds the Stern{ Volmer constant
for quenchi ng NP Ûuorescence by TR CNE (in n -hexane soluti on at ro om tempera-
ture) of the valueK SV = 4:7È 103 M À 1. (As we wi l l see in Sec. 4.4, thi s high value of
the Stern{ Volmer consta nt, remains in very sati sfactory agreement wi th the corre-
spondi ng K SV value, determ ined from the tra nsient analysis of m onom er-exciplex
equi l ibri um , K SV ( t r ) = 4:1 È 103 M À 1 .) The decay ti me of unquenched Ûuorescence
of NP (i n n -hexane soluti on at room tem perature) m easured in thi s exp eriment,
wa s found to be § 0 = 6 3 : 8 ns. And thi s leads to the value of the quenchi ng rate
constant k q = ( K SV =§ 0) = 7:36 È 1010 M À 1 sÀ 1 . The quenchi ng rate constant k q

shows only a slight temperature dependence (i n the range of tem peratures l imi ted
by the boi l ing point of n -hexane), as shown by the data of Tabl e I.

Accordi ng to the resul ts of the Stern{ Volmer analysis, TR CNE m ust be con-
sidered as a very stro ng quencher of exci ted NP in non-polar l iqui d soluti ons.
Its intera cti on wi th exci ted donor leads e˜ecti vel y to the form ati on of ( D + A À ) Ê ,
NP{ TR CNE excipl ex. As we mentio ned in Sec. 1, there were earl ier reports on
excipl ex form ati on between a series of polycycl ic aromati c hydro carb on donors
and t rans-1,2-dicyanoeth yl ene (D CNE) | another electron acceptor f rom the cya-
noethyl enes fam i ly [25]. In thi s cited work, al l characteri sti cs perti nent to the Ûuo-
rescence quenchi ng reacti on wi th the form atio n of excipl ex have been observed in
a series of solvents of di ˜erent polari ti es, from benzene (" = 2 :2 7 ) to di chl oroetane
( " = 8 : 9 0 ). The Stern{ Volmer quenchi ng has also been analyzed, however, in the
case of NP{ DCNE system (NP wa s the donor of the highest ionizati on potenti al
in the investigated series) the Stern{ Volmer constant has not been determ ined.
For the sake of com pari son wi th the present results we have perf orm ed addi ti onal
m easurements for NP{ DCNE system in n -hexane soluti on. Thei r results in gen-
era l conform to earl ier observati ons reported in [25]. W e have determ ined the
Stern{ Volm er constant K SV whi ch in thi s case has a value of 1 : 3 9 È 1 0 3 M À 1 (and
the corresp ondi ng value of the quenchi ng rate constant is k q = 3:5È 1010 M À 1 sÀ 1).
D ata il lustra ti ng the temperature dependence of k q for NP{ DCNB system are also
col lected in T able I for com pari son.
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Fig. 8. Stern{ Volmer plot for quenching naphthalene Ûuorescence by T RC N E in

n -hexane solution at ro om temp erature.

T ABLE I
Temp erature changes of the quenching rate constant k q

of naphthalene (monomer) Ûuorescence by tricyano ethy-

lene (T RC N E) and t r an s -1, 2-dicyano ethylene (DC N E)
electron acceptors, in n -hexane solution.

Temp erature T RC N E DC N E

T (K ) k q ( 1010 M À 1 sÀ 1 ) k q ( 1010 M s )

298 7.36 3. 50

318 9.00 3. 10

328 9.30 2. 20

If we recal l tha t in l iqui d non-polar soluti ons tetra cyanoethyl ne (TCNE),
whi ch is the stro ngest electron acceptor in cyanoethyl eneseries, form sÙrmly stro ng
ground- state-stabl e ED A compl exes [14] wi th very di stinct CT absorpti on bands,
and at the sam e ti me com pletel y quenches donors' Ûuorescence wi th nei ther tra ces
of excipl ex Ûuorescence, nor CT Ûuorescence (di rectl y exci ted in CT absorpti on
band), then we arri ve at the concl usion tha t the observed e£ ciency of quenchi ng
of a given exci ted donor molecule by electron accepto rs from the series of cya-
noethyl enes fam il y fol lows thei r electro n-accepti ng abi l i t y (electron a£ ni ty). Thi s
of course does not m ean tha t one should expect tha t the ki neti cs of the form ati on
and relaxati on of thei r exciplexes (even wi th the sam e given donor) woul d change
in a sim ilar manner, as the ki neti cs (and dyna mics) is contro lled and governed
by the \ fragi le" balance and interpl ay between the rate constants (and by thei r
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di ˜erent sensiti vi ty to envi ronm enta l condi ti ons) of al l the pro cesses operati ng
wi thi n the photo ki neti c scheme (4). Thi s is very clearly demonstra ted by the f act
of com pletely reversed tem perature dependence of the quenchi ng rate constant k q

for both system s under consi derati on. T able I shows tha t, under the sam e exper-
im enta l condi ti ons, k q for NP{ TCNE is increasing wi th increasing tem perature,
whi le k q for NP{ D CNE system displays an opposite di recti on of changes.

Ki neti c coupl ing between the emissions of exci ted m onomer (D Ê ) and ex-
ci plex, (D + A À ) Ê , species wi thi n the fram ework of the photo ki neti c scheme (4),
pro vi des several routes of investigati ons of the sensiti vi ty of exciplex form ati on
and relaxa ti on processesto the envi ronm enta l condi ti ons (tem perature, polari ty ,
and vi scosity of solvents, etc.). Under photo stati onary condi ti ons, i .e. when the ex-
ci tati on functi on is ti me-independent [i .e. I a ( t ) = const in Eq. (5)] , the steady- state
analysis of the popul ati on equati ons (5) pro vi des the fol lowi ng expression for the
excipl ex-to -monomer intensi ty rati o:

I E

I M [A ]
=

k 5

k 1

k 3 [A ]

k 3 + k p
; (7)

where I E and I M are integ rated intensi ti es of Ûuorescence bands of the exci -
pl ex and monomer (do nor), respectivel y [al l the others ki neti c param eters have
thei r m eani ng as deÙned in the photo ki neti c scheme (4)] . The temperature de-
pendence of I E = I M ra ti o is mainly contro l led by the rates of excipl ex form ati on
(k 3 ) and i ts therm al (f eedback) dissociati on (k 4 ), whi ch are usual ly the most
tem perature- sensiti ve pro cesses of the reacti on (4). The Arrheni us-typ e plot of
ln ( I E = I M ) vs. (1 =T ), kno wn as the Stevens{ Ban plot [30] is parti cul arly useful ,
as it al lows us to determ ine f undam enta l therm odyna mics parameters (acti vati on
energies of exciplex form atio n and its f eedback dissociati on and the heat of the
form ati on of an excipl ex). The Stevens{ Ban plot has two l imi ts set by the compe-
ti ti on between the therm al di ssoci ati on (k 4 ) and the decay of excipl ex (k p ). These
l im its are reached either when k 4 ƒ k p (kno wn as high tem perature l imi t | HTL),
or when k 4 § k p (low tem perature l im it | LTL). Under LTL condi ti ons the slope
of the Stevens{ Ban pl ot yi elds the value of E 3 | an acti vati on energy for exci -
pl ex form ati on process. Under HTL condi ti ons the slope of the Stevens{ Ban plot
yi elds the value of the heat of the form ati on of exciplex, À Â H = ( E 4 À E 3 ), and
thus a com binati on of both, the results of HTL and LTL, yi elds also the value of
acti vati on energy for excipl ex therm al dissoci ati on, E 4 .

Fi gure 9 shows the Stevens{ Ban pl ot for NP{ TR CNE m onom er-exciplex
equi l ibri um in n -hexa ne soluti on. It is seen tha t under condi ti ons of the present
exp eriment, excipl ex-to -monomer Ûuorescence intensi ty rati o exhi bi t onl y LTL be-
havi or (k 4 § k p ), from whi ch one can extra ct onl y an acti vati on energy, E 3 .

The fact tha t the Stevens{ Ban plot for NP{ TR CNE m onom er-exciplex equi -
l ibri um fo llows, in n -hexane soluti on only a low- tem perature l im it, indi cates tha t
the form atio n of excipl ex is contro l led by the rate constant of di ˜usi on-contro l led
Ûuorescence quenchi ng, i .e. k 3 ¤ k q, whereas i ts relaxa ti on is practi cally governed
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Fig. 9. Stevens{ Ban plot for naphthalene- T RC N E system in n -hexane solution.

by i ts decay k p (= k 5 + k 6 ). However, such concl usions based on observati ons
for LTL onl y may be of a very l imi ted accuracy, unl ess the tem perature depen-
dence of radiati ve rate constants of exciplex (k 5 ) and monomer (k 1 ), as well as
of k 3 , is determ ined. On the other hand, an acti vatio n energy for NP{ TR CNE
excipl ex form atio n, extra cted from the slope of the Stevens{ Ban pl ot in Fi g. 9, is
E 3 = 4 :8 kJ Â M À 1. Such a very smal l value for the energy of exciplex form ati on (at
least two or three ti mes smal ler tha n for typi cal excipl ex systems [31]) might indi -
cate tha t there is no energy barri er for NP{ TR CNE excipl ex form ati on in such a
solvent as n -hexane (m ay be except for a vi scous Ûow). However, thi s system is not
an excepti onal one, for insta nce very low energy of exciplex form ati on has al ready
been observed for dicyanobenzene-to luene exciplex [32]). We wi l l di scusspossible
causes, whi ch m ake the form ati on process of NP{ TR CNE exciplex so e˜ecti ve,
later on.

4.3. T ime- resolved Ûuorescence spect ra of NP{T RCN E system

Ti m e-resolved Ûuorescence spectra of NP{ TR CNE system , shown in Fi g. 10,
are di rectl y conÙrming an excipl ex m echanism of bi molecular Ûuorescence quench-
ing wi th a form ati on of (D + A À ) Ê exci ted CT state. Li ke in the case of steady- state
Ûuorescence spectra (cf . Fi g. 3), also ti m e-resolved spectra consist of two di ˜erent
and spectra l ly wel l -separated Ûuorescence bands, a m onom er (pri mari ly exci ted
NP m olecular Ûuorescence) and an excipl ex Ûuorescence band. Both, m onom er
and exciplex Ûuorescence bands, do not underg o any spectra l changes (ba nd po-
siti on and shape) duri ng thei r ti me evoluti on, but the rati o of thei r intensi ti es,
I E = I M , underg oes changes (or vari ati ons) for di ˜erent delay ti m es of thei r regis-
tra ti on (m easured from an ini ti al exci tati on pul se). W i th the ti m e elapse, intensi ty
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Fig. 10. T ime- resolved Ûuorescence spectra of naphthalene- T RC N E EDA system in

n -hexane solution at room temp erature recorded after di˜erent delay times as indica ted

in top right corner.

of monomer Ûuorescence band, I M , is conti nuously decreasing, whi le the intensi ty
of excipl ex Ûuorescence band, I E , is increasing duri ng the Ùrst steps of observa-
ti ons and reaches i ts m axi mum after 7 : 5 Ë 1 0 ns ti me period, after whi ch i t is
conti nuously decreasing. These qual i ta ti ve observati ons seem to indi cate tha t the
photo ki neti c scheme (4) is appl icable for the descripti on of the tra nsient analysis
of monomer- exciplex equi l ibri um under considerati on.

4.4. T ransient analysis of monomer -exciplex equi libr ium of NP{T RCN E system

W e assume tha t the ti m e-dependent exci ta ti on functi on I a ( t ) is of £ -pul se
typ e (whi ch is a safe assumpti on for short- pul sed laser exci ta ti on used in our
exp eriments), and tha t at ti me t = 0 i t pro duces an ini ti al concentra ti on [D Ê ]0

of exci ted m onom er (whi le at the sam e ti m e, t = 0 , the concentra ti on of exciplex
equals 0). W i th these assumpti ons the populati on equati ons (5) can be combi ned
and qui te easily solved, yi elding the well -known soluti ons whi ch describe tempora l
evoluti on of intensi ty of m onomer and exciplex Ûuorescence (or thei r so-cal led
Ûuorescence response functi ons) [28]:

I M ( t ) = k 1

Ñ 2 À X

Ñ2 À Ñ 1

[exp( À Ñ 1 t ) + A exp( À Ñ2 t )] ; (8)

I E ( t ) =
k 5 k 3 [A ]

Ñ 2 À Ñ1

[exp ( À Ñ 1 t ) À exp( À Ñ 2 t )] ; (9)

where the decay parameters Ñ 1 and Ñ 2 are deÙned as:
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Ñ 1 ; 2 = (1 =2 )[ X + Y ´ f ( Y À X ) 2 + 4 k 4 k 3 [A ] g
1= 2 ]; (10)

and suppl ementa ry param eters (i ntro duced in order to sim pl if y the analysis) were
deÙned as:

X = k 0 + k 3 [A ] ; (11)

Y = k p + k4 ; (12)

A = ( X À Ñ 1 ) = ( Ñ 2 À X ): (13)

Equa ti ons (8) and (9) predi ct two- component decay curves (or Ûuorescence
ti m epro Ùles) for the m onomer and exciplex Ûuorescence. It is a doubl e-exponenti al
decay curve for monomer (as the concentra ti on of ini ti ally exci ted monomer mole-
cul es [D Ê ] 0 decreasesvi a i ts interna l decay channel s (k 0 ) | \ unquenched" m onomer
m olecules, as wel l as vi a excipl ex form atio n (k 3 [A] ) | \ quenched" m onom er
m olecules). The decay curve for exciplex Ûuorescence com pri ses, however, the rise
component and the decay component. W e note tha t the ampl itudes (preexp onen-
ti al factors) of both decay param eters in Eq. (9) are equal and of opp osite sign
(thei r ra ti o equals { 1), and hence the rise component of exciplex Ûuorescence (a
growi ng-in of exciplex Ûuorescence) is always described by Ñ2 decay parameter
(of negati ve am pl itude, as the exciplex concentra ti on, [ ( D + A À ) Ê ], can never be
negati ve), whi ch is the fastest pro cess, since Ñ 2 > Ñ1 accordi ng to Eq. (10). For-
m al ly, one m ight also expect tw o sets of identi cal decay param eters for m onom er
and excipl ex Ûuorescence decay curves (at least, as long as there is no overl ap be-
tween m onom er and exciplex emissions, and i f the form ati on of the ground- state
stable CT com plex can be neglected, whi ch is the case of NP{ TR CNE system, cf .
di scussions in Secs. 2 and 4.1).

Typi cal decay curves (ti m e proÙles) of monomer and excipl ex Ûuorescence
of NP{ TR CNE system , in n -hexane soluti on, for tw o di ˜erent quencher concen-
tra ti ons and at di ˜erent tem peratures, are given in Fi gs. 11 and 12. The decay
parameters Ñ 1 and Ñ 2 , retri eved from all measured decay curves are col lected in
T able I I (cf . also capti ons to Fi gs. 11 and 12). They show quanti ta ti ve di ˜erences
under di ˜erent experim enta l condi ti ons (concentra ti on of quencher [A] and tem -
perature), but general characteri sti cs of the observed decays and thei r relati onship
rem ain always the same, altho ugh they do not com ply ful ly wi th the exp ectati ons
outl ined by Eqs. (8) and (9). Fi rst of al l , the observed decay curves of m onom er
Ûuorescence are always single-exponenti a l. The decay curves of exciplex Ûuores-
cence, as exp ected, show the rise component (exci plex growi ng-in) and the decay
component, however, the ri se component is much shorter tha n single-exponenti al
m onomer decay (f or any given concentra ti on of the acceptor [A] ), whi ch in turn
seems to correl ate rather to the decay of excipl ex Ûuorescence.

The observati on of stri ctl y sing le-exponenti al decay of monomer Ûuores-
cence indicates tha t feedback dissociati on of exciplex (k 4 ) is negl igible, whi ch is
in agreement wi th the earl ier conclusion, whi ch we arri ved at in the course of the
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Fig. 11. Decay curves of the monomer and excipl ex Ûuorescence of naphthalene-

T RC N E EDA system in n -hexane solution monitored for maximum of monomer (naptha-

lene) Ûuorescence at 330 nm (top) and for maximum of exciplex Ûuorescence at 520 nm

(b ottom) at the temp erature of: 298 K (lef t panel) and 323 K (right panel). C oncentra-

tion of N P is 4 È 10
À 3 M and that of T RC NE | 6 È 10

À 4 M. Fluorescence excitation

w ithin the naphthalene absorption band at 298 nm. Intensity scale on the abscissas

is logarithmi c; the ordinates are scaled 0.155 ns per channel. Decay times ( § i = 1= Ñ i ,

cf . Eqs. (8{13)), determined from the analysi s are: (top left) §
M
1 = 6: 11 ns; (b ottom

lef t) § = 20: 17 ns, § = 3: 61 ns (w ith amplitudes ratio A = A = 1 : 03); (top right)

§ = 14: 40 ns; (b ottom right) § = 17:82 ns, § = 3 :56 ns (w ith amplitud es ratio

A =A = 1: 02).

steady- state analysis (cf . Sec. 4.2). If one assumes tha t , then f rom
the inspection of Eqs. (10) thro ugh (13), f ollowing the l imi ts for decay param eters
and thei r ampl itudes i t can be f ound:

A wi th ul ti mate lim i t when A 0 (14)

(15)

(16)

It im mediatel y comes from the inspecti on of Eqs. (8) and (9) tha t under such
l im its:
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Fig. 12. Decay curves of the monomer and excipl ex Ûuorescence of naphthalene-

T RC N E EDA system in n -hexane solution monitored for maximum of monomer (naptha-

lene) Ûuorescence at 330 nm (top) and for maximum of exciplex Ûuorescence at 520 nm

(b ottom) at the temp erature of: 298 K (lef t panel) and 323 K (right panel). C oncentra-

tion of N P is 4 È 10
À 3 M and that of T RC NE | 8 È 10

À 4 M. Fluorescence excitation

w ithin the naphthalene absorption band at 298 nm. Intensity scale on the abscissas

is logarithmi c; the ordinates are scaled 0.155 ns per channel. Decay times ( § i = 1=Ñ i ,

cf . Eqs. (8{13)), determined from analysi s are: (top left) §
M

= 15:1 ns; (b ottom left)

§ = 15:43 ns, § = 3: 32 ns (w ith amplitu des ratio A =A = 0 :98); (top right)

§ = 12: 54 ns; (b ottom right) § = 14: 0 ns, § = 3 :18 ns (w ith amplitud es ratio

A =A = 1: 04).

The decay of m onomer Ûuorescence must becom e stri ctl y single-exponenti al
(as for = 0 (cf . (16)) the second exponent term in Eq. (8) is vani shing).
Thus, the decay param eter of monomer Ûuorescence woul d be , whi ch ac-
cordi ng to (14) is determ ined by the excipl ex form ati on process (i t should
reach the value of rate constant of m onomer decay, when the exciplex
form ati on process becom es negl igible), and one shoul d expect tha t the ob-
served decay ti me of m onomer Ûuorescence should becom e shorter upon the
increase of quencher concentra ti on [A] . Ho wever, i t is im porta nt to real ize
tha t even when the form atio n process of exciplex is al l the ti me e˜ecti ve, the
decay of m onomer Ûuorescence woul d be stri ctl y sing le-exp onenti al ;
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T ABLE II

Temp erature dependence of decay times of monomer ( §
M
1 ) and exci-

plex (§
E
1 ; §

E
2 ) Ûuorescence of naphthalene- tri cyano ethylene system

in n -hexane solution s containing di˜erent concentrations [T RC N E]
of the quencher (concentration of naphthalene is constant, [N P] =

4 È 10
À 3 M).

[TRC N E] = 3 È 10
À 4 M [T RC N E] = 8 10 M

T (K ) § (ns) § ( ns) § (ns) § (ns) § (ns) § (ns)

298 30.70 27.23 3.37 15.09 15.43 3.32

303 29.11 18.61 3.80 14.15 15.54 3.27

313 25.86 16.88 3.92 13.44 14.09 3.22

323 24.48 15.92 3.86 12.54 14.05 3.19

[TRC N E] = 6 10 M [TRC N E] = 3 : 0 10 M

T (K ) § (ns) § (ns) § (ns) § (ns) § (ns) § (ns)

298 16.11 20.17 3.61 8.03 7.90 2.87

303 16.00 20.41 3.59 7.63 7.60 2.84

313 14.99 18.64 3.57 7.16 7.10 2.83

323 14.40 17.82 3.57 6.76 6.83 2.70

The decay curve of exciplex, as described by Eq. (9), sti ll rem ains doubl e-ex-
ponenti al . Its decay com ponent woul d be determ ined by decay param eter,
whi ch, as in the case discussedj ust above, is determ ined by the exciplex f or-
m ati on process. It should also appro ach an ul ti m ate l im it of ra te constant
of monomer decay and should be dependent on quencher concentra ti on [A] .
W e note tha t both, the decay of m onom er and of exciplex Ûuorescence, are
exp ected to correl ate one to each other;

The ri se com ponent of excipl ex Ûuorescence (as m enti oned earl ier, always
determ ined by the decay parameter) wo uld corresp ond to the rate con-
stant of exciplex Ûuorescence decay (cf . (15)) | the observed ri se ti m e of
exciplex Ûuorescence is expected to be independent on the quencher concen-
tra ti on [A] . It is im porta nt to stress tha t, contra ry to com m on expectati ons,
the ri se (growi ng- in) of excipl ex Ûuorescence is not connected to the decay
of monomer Ûuorescence, and thus i t wo uld not conta in any inf orm ati on on
the exciplex f orm ati on, instead i t wo uld be determ ined by the exciplex de-
cay ti m e (thi s im pl ies tha t k , as the rate constant for exciplex
feedback dissoci ati on ).

Let us com pare now, once again, experim ental decay curves (Fi gs. 11, 12
and Tabl e II) wi th the above predi cti ons. Bri eÛy, we can summari ze exp erimenta l
observati ons as f ollows:

For the who le range of investi gated concentra ti ons (of TR CNE) and of tem -
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peratures, the decays of monomer Ûuorescence are always single-exponenti a l,
whi le the decay curves of exciplex Ûuorescence conta in both, the ri se and the
decay com ponents.

¯ The observed decays of m onom er Ûuorescence and of exciplex Ûuorescence,
al tho ugh not stri ctl y para l lel, are always close one to each other (wi thi n
Ï 1 0% di ˜erence f or the values of the decay ti mes, and only for the lowest
concentra ti on of TR CNE they di ˜er by more tha n Ï 2 0%). Both of them
are showi ng a qui te rem ark able shorteni ng wi th increasing concentra ti on of
TR CNE (by the factor of 4 f or the change of concentra ti on by one order of
m agni tude). But even at the lowest concentra ti on of TR CNE they are sti l l
far from the l im i t set by the rate constant of monomer decay k 0 (i .e. k 0 =

1 =§ 0 = 1 : 5 7 È 1 0 7 sÀ 1 for \ unquenched" naphtha lene Ûuorescence at 298 K;
cf . Tabl e I I I). They also show temperature dependence whi ch is getti ng less
pro nounced wi th an increa se in the TR CNE concentra ti on (a lm ost negl igibl e
at the highest concentra ti on, cf . Tabl e I I).

¯ The observed growi ng-in (the ri se component) of exciplex Ûuorescence has
the ri se ti m e whi ch is always much shorter tha n the decay ti m e of m onom er
and/ or excipl ex Ûuorescence. Its value of 3 : 6 Ï 0 : 3 ns does not depend on
the concentra ti on of TR CNE and onl y for the highest concentra ti on it be-
comes clearl y shorter. Up on an increase in tem perature the rise ti me is very
m oderatel y shorteni ng (cf . Tabl e I I).

T ABLE I I I

Temp erature dependenc e of kinetic rate constants of
N P{T RC N E system and the activ ation energy of

N P{T RC N E exciplex formation ( E 3 ).

T k 0 k 3 k p E 3

(K ) ( 10
7 s ) ( 10 M s ) ( 10 s ) ( kJ /M)

298 1. 57 6.38 2.76 {

303 1. 71 7.32 2.85 {

313 1. 80 7.43 2.80 {

323 1. 82 7.92 2.82 {

{ { { { 5.4

In vi ew of these observati ons we m ay safely conclude tha t, in pri nci ple the
decay curves for both, the m onom er and excipl ex Ûuorescence of NP{ TR CNE sys-
tem , are in qui te sati sfactory agreement wi th earl ier-di scussedpredi cti ons, deri ved
from Eqs. (8) thro ugh (13) under condi ti ons set by l im its (14) thro ugh (16). Hence,
the analysis of the ki neti cs of monomer- excipl ex equi l ibri um of NP{ TR CNE can
be perform ed wi thi n the fram ework of the photo ki neti c scheme (4). At thi s point,
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however, we should stress the fact tha t under condi ti ons of the present experi -
m ent, NP{ TR CNE system presents i tsel f as a very interesti ng al tho ugh peculiar
case. As was m enti oned earl ier in thi s Section, the ri se (growi ng- in) of exciplex Ûu-
orescence is determ ined by the exciplex decay ti m e, and as such does not carry any
inf orm ati on on the exciplex form ati on pro cess(contra ry to the prev ai ling m ajori t y
of studi ed exciplexes). For such an inf orm atio n one shoul d address the decay of
Ûuorescence of the m onom er (and/ or of excipl ex). Theref ore, we are deal ing wi th
the case where com mon physical meani ng of the decay paramet ers Ñ 1 and Ñ 2 i s
rever sed. Such ki neti cs of form atio n and real izati on is rarely displ ayed by (or ob-
served for) exciplexes, tho ugh i t has been clearl y demonstra ted and discussed in
the case of m olecular excim ers [33].

Once, the decay parameters were retri eved, wi th the use of doubl e-exponenti al -
-Ùtti ng pro cedures (cf . Sec. 3), from the observed ti m e proÙles of m onomer and
excipl ex Ûuorescence, one can try to determ ine the rate constants of other indi vi d-
ual pro cesses involved in photo ki neti c scheme (4), appl icabl e to the present case
of NP{ TR CNE system . In order to execute thi s ta sk, one can fol low any one of
the well -kno wn and checked recipes (see for instance [28, 31, 32]). In the case un-
der considerati on, the fol lowing rela ti ons between decay param eters and the rate
constants are val id (accordi ng to relati ons (10) thro ugh (16)):

Ñ 1 + Ñ 2 = k 3 [A ] + k 0 + k p ; (17)

Ñ 1 Â Ñ 2 = k p k 3 [A ] + k 0 k p ; (18)

and from thei r concentra ti on (of the quencher, TR CNE) and tem perature depen-
dence, al l other (e. g. k 3 and k p ) ra te constants of indi vi dual pro cessescan be found
(k 0 | the rate consta nt of the decay of \ unquenched" naphtha lenem olecule, being
accessible from di rect m easurements). W i th the assumpti on of the Arrheni us-typ e
acti vati on of the exciplex form ati on pro cess, i ts acti vati on energy E 3 (as deÙned
in Sec. 4.2) can also be determ ined f rom the tem perature dependence of k 3 rate
constant. The results of such analysis are col lected in T able I I I.

The inspection of data in T able I I I shows tha t the rate constant of exci -
pl ex f orm ati on, k 3 , underg oes the stro ngest temperature dependence am ong the
rate constants determ ined, altho ugh i ts increase is rather m oderate (by ca: 2 5%)
wi thi n the l im i ted range of inv estigated tem peratures (25 K). If we com pare a
value of k 3 and i ts tem perature dependence wi th the relevant data gathered in the
course of the photo stati onary analysis (cf . Sec. 4.2, and Tabl e I) for the quench-
ing rate constant k q, then we see tha t al tho ugh these latter values are som ewhat
larger (in an acceptabl e 15% range) at correspondi ng tem peratures, the tempera-
ture dependence of k q i s accuratel y the sam e as the one observed in the course of
the tra nsient analysis. The tra nsient analysis del ivers also the quenchi ng constant
K SV ( tr ) = k 3 =k 0 (analogous to the Stern{ Volm er constant K SV under photo sta-
ti onary condi ti ons), and i ts value K SV ( tr ) = 4:07 È 103 M À 1 at 298 K is, wi thi n the
error l imi ts of analysis, in good agreement wi th K SV value determ ined wi thi n the
fram ework of photo stati onary analysis of the Stern{ Volmer plots (cf . Sec. 4.2).
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An acti vati on energy for exciplex form ati on, extra cted from the tem perature
dependence of the k 3 ra te constant, is E 3 = 5 :4 kJ/ M and very reasonabl y agrees
wi th the value (of 4.8 kJ/ M) del ivered by the analysis of the Stevens{ Ban plots
for LTL l im it (cf . Sec. 4.2). Once again i t points out tha t, in pra cti ce, there is
no energy barri er for the form ati on pro cess of NP{ TR CNE excipl ex in n -hexane
soluti on. W i th a very large rate constant of exciplex form ati on, even as for the
di ˜usi on-contro l led pro cess, one coul d speculate about addi ti onal factors and/ or
m echani sms tha t supp ort the very e£ ci ent exciplex form ati on pro cess (ho wever,
we probably shoul d exclude any long-range m echanism of electron tra nsfer f rom
the donor to acceptor in such solvent of low polari ty as n -hexane [34], al tho ugh
on the other hand one should bear in m ind tha t TCNE | the strongest electron
accepto r in cyanoethyl enes famil y | quenches vi rtua l ly every m olecul ar emission,
even in nonpolar solvents and wi tho ut m easurabl e tra ces of exciplex form ati on
(as discussed in Sec. 1). Thi s pro blem m ust rem ain open for further studi es of
NP{ TR CNE system in di ˜erent solvents.

The rate constant of m onom er Ûuorescence decay k 0 was determ ined by di -
rect measurements of decay ti mes of (\ unquenched" ) Ûuorescence of naptha lene in
n -hexane soluti ons at di ˜erent tem peratures, and wi th the assumpti on tha t naph-
tha lene Ûuorescence quantum yi eld (whi ch is ` = 0 : 2 3 [35] at room tem perature)
does not changewi thi n the inv estigated tem perature range. Thi s may intro duce an
error in the estim ati ons of the rate constant of excipl ex Ûuorescence decay k p (an
\ intri nsi c" decay of exci ted exciplex). Ho wever, in vi ew of the fact tha t at room
tem perature, at whi ch both rate constants are determ ined \ accuratel y" , k p i s al -
m ost 20 ti m es as large as k 0 (cf . T abl e I I I), we believe tha t the error intro duced
by the assumpti on of the tem perature- independent (in a very narrow tem perature
range of 2 5 £ C above room temperature) quantum yi eld of naphtha lene Ûuores-
cence, shoul d not exceed l imi ts of the accuracy of the tra nsient analysis.

The rate consta nt of exciplex decay, k p, whi ch for thi s parti cul ar exciplex
determ ines i ts observed rise ti m e was found to be, wi thi n the accura cy of the
analysis, tem perature- independent (cf . T able I I I). Thi s, to gether wi th the vi r-
tua l independence of k p of the concentra ti on of TR CNE, reasonably agrees wi th
the lack of exciplex feedback dissociati on (k 4 ¤ 0 ), as inferred in the course of
both, the photo stati onary and the tra nsient analysis of monomer- exciplex equi l ib-
ri um . It seems obvi ous now tha t only under such circum stances (and only in the
low- temperature- l imi t), NP{ TR CNE monomer-excipl ex equi l ibri um coul d di splay
ki neti cs wi th the reversed physi cal meaning of the decay param eters.

5. Su m m ar y an d co ncl ud in g rem ar ks

The results of the m easurements and analysis perform ed wi thi n thi s work
has clearly shown tha t tri cyanoethyl ene, new electro n acceptor from the f ami ly of
cyano-substi tuted ethyl enes m ust be considered as a very stro ng electro n accep-
to r. In photo induced reacti ons wi th typi cal arom ati c hydro carbon electron donors
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(p -xyl ene, hexam ethylb enzene, and naphtha lene) tri cyanoethyl ene acts as a very
stro ng quencher of the Ûuorescence of donor m olecules. Bim olecular Ûuorescence
quenchi ng reacti on leads to the form atio n of exciplexes.

For naphtha lene-tri cyanoethylene exciplex, the deta i led and com plete anal -
ysis of m onomer-excipl ex equi l ibri um has been perf orm ed in n -hexane soluti on
under photo stati onery and tra nsient condi ti ons, wi thi n the framework of a simpl e
two -state photoki neti c scheme, whi ch has turned out to be appl icable to thi s case
wi th a very sati sfacto ry accuracy. Mo st im porta nt observati ons and concl usions
whi ch com e from the resul ts of thi s analysis can be summari zed as fol lows:

{ the exciplex form ati on reacti on in nonpolar soluti on of n -hexa ne is ful ly
di ˜usi on-contro l led, barri erless reacti on and there is no parti ci pati on of exciplex
feedback di ssoci ati on pro cess in relaxati on (depl eti on) channels of the exciplex,

{ the observed ki neti cs of the monomer-exciplex equi l ibri um di splays a very
peculiar case of the reversed physi cal m eani ng of the decay parameters for exciplex
Ûuorescence | the ri se ti me (or growi ng-in) of exciplex emission is contro l led by
the exciplex decay ti m e, whi le the exciplex form ati on pro cess corresponds to the
decay ti m e of m onom er Ûuorescence.

Al tho ugh such ki neti cs of excipl ex form ati on and relaxati on is not comm only
encountered, i t by no m eans should be considered as a very unique case. The pho-
to induced reacti on of exciplex form ati on is always governed and contro l led by the
rate consta nts (Ùrst and second-order) of a ll radi ati ve and nonradi ati ve pro cesses
perti nent to a given electron-donor{ acceptor system under a parti cul ar set of en-
vi ronem enta l (exp erim ental ) condi ti ons. As the rate constants of di ˜erent indi vi d-
ual pro cesses may di splay very di ˜erent sensiti vi ty to experim ental condi ti ons, i t
is obvi ous tha t the condi ti ons of the present experim ent (the non-polar solvent,
the narro w range of the tem peratures, the low concentra ti ons of acceptor) were
the main factor whi ch al lowed (or forced) thi s electro n-donor{ acceptor system to
di splay ki neti cs wi th the reversed m eani ng of decay parameters.

Fi nal ly, we should menti on tha t NP{ TR CNE system is capable to f orm
ground- state-stabl e CT compl exes(and the same is true for TR CNE system s wi th
two other electron donors, i .e p -xyl ene and hexam ethyl benzen). Appa rentl y, the
form ati on of CT com plexes of NP{ TR CNE does not interf ere, under the con-
di ti ons of the present experim ent, wi th the ki neti cs of photo induced reacti on
of exciplex form ati on, but thi s m ay drasti cal ly change wi th the change of sol-
vent, quencher concentra ti on, and at higher tem peratures. It is also signal led
by the observati ons of exci ta ti on spectra of p -xyl ene-TR CNE exciplex Ûuores-
cence (cf . di scussion in Sec. 4.1) tha t the possibi l i ty of the exi stence of di ˜er-
ent ori enta ti onal isomers of CT com plex can be exp ected | a situa ti on rather
comm on for m any ED A systems, in whi ch both ways of creati on of excited CT
state, (D + A À ) Ê , are possible and observed in l iquid soluti on (and/ or in the gas
phase). Thei r presence is usual ly of im porta nce in the ki neti cs and dyna m ics of
relaxa ti on of exci ted Franck{ Condon states of the system , di ˜erent for di ˜erent
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m odes of excita ti ons [19, 22, 36{ 39]. Thi s aspect of the ki neti cs of ED A system s of
TR CNE wi th arom ati c hydro carbon electron donors, whi ch requi res calcul ati ons
of opti mized structures for the ground- and excited- states orienta ti onal isomers,
reÙnement of thei r electro nic character and energeti cs, as well as the constructi on
of relevant potenti al energy surfaces f or the ground- and exci ted- states, is now
under study .
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