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In thi s w or k w e present the results of semiempiri cal A M 1 calculati ons of

the energy of electron -donor- acceptor system of naphthalene- tricyano eth ylene
comple x in the ground and excited state w ith full optimi zation of the complex
geometry . I t w as found that a ground state of the complex under considera-

tion is sta bili zed almost exclusi vely by the electrostatic and Van der Waals
interactions (presumably w ithout charge- transf er resonance interaction ). I ts
optimized equilib riu m conÙguratio n has almost perp endicu lar head- to- face

orientation of comp onent molecules while in an excited state it is practi-
cally a charge- transf er electronic conÙguratio n with almost sandw ich- like
arrangement of both molecules. T he energies of vertical electronic transi-
tions betw een relevant ground and excited states and other spectroscopic

parameters for these transitions were calcula ted w ith the use of ZI N D O/ S
metho d and w ere compared w ith results of recent exp erimental observ ations
of naphthalene {tri cyano ethylene exciplex. T his comparison led to a satisf ac-

tory explanati on of the spectral prop erties and to a deep er insight into the
kinetic parameters of the electron- donor- acceptor system under study .

PACS numb ers: 82.30.Fi , 34.50.Gb

1. I n t rod uct io n

R ecently, in the course of emission studi es of photo induced charge-tra nsfer re-
acti ons [1] for a series of aromati c hydro carbon electron donors wi th tri cyanoethy-
lene (TR CNE), a strong electron acceptor from the fam il y of cyanoethyl enes [2],
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we have found tha t an electro n-donor-acceptor (ED A) system of naphtha lene (NP)
and TR CNE seems to be som ewhat peculiar am ong the other system s under study .
Simi larl y to other electron donors of m ethyla ted benzenes fami ly, NP form s rela-
ti vel y weak ground-state- stabl e charge-tra nsfer or ED A com plexes wi th TR CNE
[2, 3], f or whi ch a characteri sti c CT absorpti on band can be observed; in nonpolar
solvent di rect exci ta ti on wi thi n thi s band leads to a very weak CT Ûuorescence [1].
Furtherm ore, we have found tha t TR CNE acts as a strong quencher of molecular
Ûuorescence of NP , and tha t the m echanism of thi s bi molecul ar quenchi ng reacti on
inv olves (or proceeds vi a) the form atio n of exci ted CT state, or excipl ex. Fl uores-
cence of NP { TR CNE excipl ex di splays a huge red-shift upon an increase of solvent
polari ty (o f ca : 5 0 0 0 cm À 1 between n -hexane, | " = 1 : 8 9 , and dichl orometha ne
| " = 9 : 6 , soluti ons) thus evi dencing a large electri c di pole mom ent of exci ted
CT state. Bri eÛy speaki ng, NP{ TR CNE belongs to the wi de class of ED A sys-
tem s in whi ch an intera cti on between electron-donor (D ) and electron-acceptor
(A) molecules resul ts in a dyna m ic equi l ibri um , D + A *) (D A), of the form ati on
of ground- state stabl e ED A com plex (whi ch by Mul l iken' s deÙniti on is stabi l ized
due to the resonance intera cti on wi th i ts ioni c (D + A À ) charge-tra nsfer state [4]),
however, i ts exci ted CT state can be reached (or created) vi a two routes, either
up on di rect exci ta ti on of (D A) compl ex in i ts inherent CT absorpti on band:

( D A ) + h ¡ C T ! ( D + A À ) (1)

or vi a an exciplex form ati on route, i .e. an electro n tra nsfer between exci ted species
(ei ther D Ê or A Ê ) and its ED A counterpa rt in the ground state, in a di ˜usi on-
-contro l led bim olecul ar Ûuorescence quenchi ng reacti on:

D + h¡ D ! D Ê + A ! ( D + A À ) : (2)

D etai led steady- state and ti me-resolved emission studi es of m onom er-exciplex
equi l ibri um (2) perf orm ed f or NP{ TR CNE system in nonpolar solvent show tha t
thi s ED A system appro aches the ki neti c and therm odyna mic l im its under whi ch
excipl ex f orm ati on is contro lled exclusivel y by the di ˜usi on (wi tho ut contri buti on
of therm al dissociati on of excipl ex to the ki neti cs) and tha t the physi cal m eaning
of the decay param eters, tha t describe exciplex Ûuorescence, is reversed [1]. The
presence of both equi libri a (1) and (2) under condi ti ons of l iqui d soluti on for a
given ED A system, al tho ugh recognized at qui te earl y stages of excipl ex' inv esti -
gati ons [5], is sti l l far from being ful ly understo od, al tho ugh i ts ki neti cal aspects
of thei r competi ti on (som eti mes of importa nt impli cati ons) were inv estigated and
cl assiÙed to som e extent [6{ 8]. In the present case of NP{ TR CNE system , the
ground- state equi l ibri um has turned out to have no e˜ects on excited state equi -
l ibri a (whi ch in part is due to a large separati on between m olecular (naphtha lene)
Ûuorescence band and excipl ex (or CT) Ûuorescence band).
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2. Co m p ar at i ve r evi ew an d pr obl em for m ulat io n

W hen all the above-l isted experim enta l f acts for NP{ TR CNE system are
confronted wi th relevant data , available for i ts closest neighbors in the cyanoethy-
lene fam i ly of electro n-acceptors, i.e. wi th a rather ri ch bunch of data exi sting
for tetra cyanoethyl ene (TCNE) [9{ 14] and the only avai lable (but otherwi se rel i-
abl e) data for fum aronitri le ( t r an s-1,2-dicyanoethyl ene) [15, 16], then di ˜erences
between thi s ED A system and tho se wi th parti cipati on of either TCNE or fum a-
roni tri le (as an electron-accept ors) seem to be obvi ous and app eal ing.

TCNE is known to be the stro ngest organic electron-accept or molecule and
as such readi ly form s a vari ety of ground- state- stabl e ED A com plexes of rel ati vel y
hi gh stabi li ti es and high associati on constants (f or a revi ew see f or instance [17]).
Ho wever, none of its ED A com plexes is Ûuorescent in liqui d soluti on, even in non-
polar solvent, upon di rect exci ta ti on wi thi n the CT absorpti on band (up to now,
the onl y kno wn exampl e of such Ûuorescence is tha t of TCNE- hexam ethyl benzene
wi th a weak Ûuorescence in near- inf rared region [14]). On the other hand CT
Ûuorescence of TCNE ED A com plexes wi th various organic arom ati c donors in
low- temperature ri gid media [10{ 12] and under special condi ti ons of jet- cool ing in
supersoni c molecular beam [13] was found to be e£ cient. It seems to be wel l con-
Ùrmed tha t the lack of CT Ûuorescence of ED A com plexes of TCNE in nonpolar
l iqui d soluti ons is due to the very e£ cient non-radiati ve processes operati ng in
the course of relaxati on of exci ted Franck{Co ndon state of di ˜erent orienta ti onal
isom ers to ward equi l ibrated exci ted CT state [7, 11, 12], as wel l as, due to the in-
herent very high probabi l i t y of radi ati onless tra nsi ti ons operati ng in equi l ibrated
CT state in l iquid soluti on [12]. In polar solvents, solvent- assisted and very fast
form ati on of separated (solvated) ion pai rs of the donor and acceptor as well as the
charge recom binati on reacti on of the geminate ion pai rs, D +

S . . . A À

S , are the m ain
routes whi ch overwhel m radi ati ve decay of exci ted ED A com plex [18]. In Ûuores-
cence quenchi ng reacti ons TCNE acts as a very strong quencher of Ûuorescence of
al l arom ati c electron donors, wi tho ut exciplex Ûuorescence being detected even in
nonpolar solvents. Neverthel ess, the electron tra nsfer reacti on (and excipl ex m ech-
ani sm) between the donor and accepto r as an ini ti al step of Ûuorescence quenchi ng
reacti on seems to be wel l establ ished by various femto -pico second tra nsi ent absorp-
ti on exp eriments [19], al tho ugh deta i ls of the com peti ti on between photo induced
charge separati on, charge recombi natio n in geminate ion pairs and form ati on of
tra nsient nonÛuorescent exciplex state in solvents of di ˜erent polari ti essti l l rem ain
a subj ect to exam inatio n.

In the case of fum aroni tri le (di cyanoethyl ene) | the thi rd m ember in cya-
noethyl ene f ami ly | the steady- state emission studi es of i ts quenchi ng of Ûuo-
rescence of various polycondensed aromati c hydro carbons in solvents of di ˜erent
polari ti es, have clearly demonstra ted the form ati on of exciplex. The correla ti on
between the energy of excipl ex Ûuorescence m axi ma and the ionizati on potenti al
of the arom ati c hydro carb on donors, as well as the red-shift of exciplex Ûuores-
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cence m axi ma up on an increase of solvent polari ty have been observed [15]. Fur-
therm ore, in som e cases, at relati vel y high concentra ti ons of the components, a
weak charge-tra nsfer intera cti on in the ground state could have been also tra ced
and in the case of acenaphthene- fum aroni tri le an observati on of a very weak
charge-tra nsfer Ûuorescence (as a result of exci tati on wi thi n the CT absorpti on
band) have been reported. In the case of fum aroni tri le-hexam ethylb enzene ED A
compl ex the positi on of CT Ûuorescence and of i ts intensi ty (yi eld) are both very
stro ngly dependent on solvent polari ty [16]. W ehave exam ined quanti ta ti vely Ûuo-
rescence quenchi ng in the case of naphta lene-f umaronitri le exciplex in n -hexane at
di ˜erent tem peratures and com pared the data wi th relevant data for NP{ TR CNE
case. Such a com parison (cf . T able I in R ef. [1]) shows tha t the quenchi ng rate
constant, k q, of molecular Ûuorescence of naphtha lene by TR CNE, in n -hexane
soluti on at room temperature, is larger by the facto r of 2 from tha t for fum aroni -
tri le. Furtherm ore, k q for NP{ TR CNE is increasing wi th increasing tem perature,
whi le k q for naphtha lene-fum aronitri le system is decreasing wi th an increase of
tem perature (at 328 K they di ˜er by the factor of 4).

As a bri ef summary of thi s short revi ew of vi ta l (a l tho ugh selected) experi -
m enta l data on the intera cti on of TCNE, TR CNE, and fum aroni tri le electron-ac-
ceptor m olecules wi th arom ati c hydro carb on donors in l iqui d soluti on, we noti ce
tha t: (a) TCNE whi ch is the stro ngest electron acceptor in thi s homologous series
readi ly form s Ùrmly strong ground- state-stable ED A compl exes wi th a very di s-
ti nct CT absorpti on band, however, f or al l practi cal purp osesi ts CT exci ted state
is nonÛuorescent and the same is true when the excited CT state is form ed in the
course of photo induced charge-tra nsfer reacti on (reacti on scheme 2) | no exciplex
emission can be observed; (b) TR CNE form s weak ground- state ED A com plexes
wi th arom atic hydro carb ons and weak CT emission can be exci ted and observed at
least in nonp olar solvents (i t fades away fast wi th an increase of solvent polari ty);
in photo induced charge-tra nsfer reacti ons i t acts as a fai rly strong quencher of
m olecular donor' s Ûuorescence, but the exciplex emission is easily observed only in
nonpolar solvents (i n the case of NP{ TR CNE system the monomer-exciplex equi -
l ibri um fol lows two- state photo ki neti c scheme and di splays a peculiar ki neti c case
of the reversed physi cal m eaning of the decay parameters of excipl ex emission);
(c) Fum aronitri le form s very weak ED A com plexes and much easier detecta ble
excipl exes, but i ts Ûuorescence quenchi ng abi l i t y is clearl y smal ler tha n tha t of
TR CNE.

W e must stress, however, tha t al tho ugh at Ùrst glance these conclusi ons seem
to fol low the order of decreasing electron-accepti ng abi l i ty of m olecules under con-
siderati on, thi s is not com pletel y true. Thi s is revealed by a very simpl e test wi th
the use of semiempiri cal Mul liken' s relati on [20] between energy of CT tra nsi-
ti on, h¡ C T , the ionizati on potenti al of the donor, I D , and the electron a£ ni ty of
accepto r, E A :

h¡ C T = I D À E A + C ; (3)
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where the C term includes energy of interm olecular intera cti ons in the ground state
(V an der W aals, dipoleÀ dipole, etc. ) as wel l as in the excited state (i n thi s case
overwhel m ed by the energy of Coulombi c attra cti on); in derivi ng Eq. (3) it is also
assumed tha t both D and A m oleculesare neutra l in the ground state. Relati on (3)
shows tha t in the case of naphtha lene (I D = 8:18 eV [21]), expected energy di ˜er-
ence of CT tra nsiti ons for i ts compl exeswi th TCNE (E A = 2:88 eV [22]) and wi th
TR CNE (E A = 2:41 eV [23]), shoul d be of the order of ¿ 3 8 0 0 cm À 1 (wi th
the assumpti on tha t the C term in (3) is the sam e for both compl exes). Com bi-
nati ons of avai lable experim enta l data (not stri ctl y com parabl e, as the data for
NP{ TCNE are tho se in l iquid soluti on in CCl 4 [24] and in PMMA m atri x [25],
whi le NP{ TR CNE data are tho se for n -hexane soluti on [1]), lead to the value of
Â h¡ CT = h¡ C T ( NP À TR CNE ) À h¡ C T ( NP À TCNE ) ¤ 6000 cm À 1.

Such a bi g di ˜erence between energies of CT tra nsiti ons may indi cate tha t
the C term in (3) m ust be distinctl y di ˜erent in both com plexes. Thi s m ight be
due to the vi o lati on of the assumpti on tha t both molecules, D and A, are neutra l
in thei r ground states (whi ch wa s ta ken for granted in the above-m enti oned test),
but other causesof thi s di ˜erence are also possible. In any case, however, one could
exp ect tha t such big di ˜erence between CT tra nsiti on energies for thi s two com -
pl exeswoul d be reÛected by di ˜erences in thei r ground- state (and/ or exci ted- state)
structures . In accorda nce wi th the requi rem ents of Mul l iken's \ overlap and or ien-
t ation pr i nci ple" [20], m ost of the TCNE compl exes wi th aromati c hydro carbon
donors are kno wn to have sandwi ch-l ike structure wi th m olecular pl anes of the
donor and accepto r in para llel, al tho ugh not necessari ly in centra l arra ngement,
whi ch is also true for NP{ TCNE com pl ex [25, 26]. However, thi s not necessari ly
m ust be true for compl exes (and or exciplexes) of TR CNE m olecule whi ch has no
sym m etry elements (besides an identi ty) and presum ably m ust possessnon-zero
electri c dipole m oment in the ground state.

The present wo rk is aim ed at theoreti cal studi es of geom etri cal structure of
TR CNE m olecul e and of NP{ TR CNE compl ex in the ground and exci ted state.
The electronic structure of the com plex is also to be found. W e shal l calcul ate and
exam ine the energies of electro nic tra nsiti ons (rel evant to absorpti on and emission
of the com plex) for relevant opti mized ground and exci ted structures , as well as
the other spectra l characteri sti cs, whi ch are to be compared wi th exp erimenta l
observati ons. These results are also expected to give some insight into the ki neti c
parameters of exci ted com pl ex related either to relaxati on or decay of NP{ TR CNE
excipl ex.

3. Co m pu t at ion al m et h ods

The geom etri es of NP{ TR CNE com plex in the ground and excited states
(and separatel y of both isolated, non- intera cti ng m olecules) were opti m ized wi thi n
the framework of semiempiri cal AM1 m etho d [27], wi th conÙgurati on intera cti on
for m icrostates, C. I. = 2. Al l interna l coordi nates for the donor and acceptor
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m olecules and al l six interm olecular coordi nates of thei r ED A com plex were ta ken
into account in the pro cedure of geom etry opti mizatio ns.

The use of conÙgura ti on intera cti on in C. I. = 2 opti on is equivalent to Mul -
l iken' s theo ry of charge-tra nsfer state in i ts classical form of the \ whole-compl ex-
-mol ecul ar -orbi tal descr iption" [20], in whi ch conÙgurati on intera cti on includes
two orbi ta ls, i .e. HOMO and LUMO local ized on the donor and on the acceptor
m olecule, respectivel y. Thi s appro xi m atio n has been very successful ly used in the
descripti on of the properti es of m any ED A system s [20, 28], and in general i t can
be used for tho se system s, for whi ch HOMO and LUMO orbi ta ls are well separated
from the rest of m olecular orbi ta ls of the compl ex. Thi s is the case of NP{ TR CNE
system in whi ch the both, HOMO and LUMO, are separated from other molecular
orbi tals by m ore tha n 0.5 eV (as found either by AM1 or by ZIND O/ S m etho ds).

Ca lcul ati ons of spectra l properti es, i .e. of the verti cal tra nsiti on energies
(f rom ground- to -exci ted state and vi ce versa), the oscil lato r streng ths, and the
di po le m oments, for AM1 opti m ized structures of NP{ TR CNE system were per-
form ed wi th the use of ZIND O/ S m etho d incl udi ng 201 sing ly exci ted conÙgura-
ti ons. The choice of ZIND O/ S m etho d wa s due to the fact tha t it is much better
repro duci ng the HOMO{ LUMO energy gap of NP{ TR CNE compl ex tha n AM1
m etho d; wi thi n the fram ework of ZIND O/ S m etho d thi s gap is 5.7 eV, whi le the
correspondi ng value for AM1 is 6.9 eV (and both are to be compared to the di f-
ference between ionizati on potenti al of the donor [21] and electron a£ ni ty of the
accepto r [23]: I D À E A = 5:77 eV).

4. R esul t s of cal cu l at io ns an d d iscu ssio n

4.1. T r i cyanoethyl ene mol ecule

T ri cyanoethylene is chemicall y sim i lar to tetra cyanoethyl ene (TCNE), and
l ike TCNE i t is ¤ -acid, who se acid streng th as compared to TCNE is decreased in
correspondenc e to the change of relati ve electron-wi thdra wi ng character of cyano
and hydro gen [2], as reÛected by electro n a£ ni ti es of both molecules [22, 23] (and
in basic accordance wi th spectra l properti es of thei r ED A com plexes wi th arom ati c
hydro carb ons [1{ 4, 9, 10]; cf . Eq. (3) in Sec. 2).

Fi gure 1 shows the structure of TR CNE m olecule, whi ch is a pl anar structure
| the plane of m olecule conta ins all of i ts 8 chemical bonds: the centra l C = C
doubl e bond, three C { C single bonds, three C ² N tri ple bonds and one C { H
single bond. The lengths of these bonds, as they come from AM1 opti m ized ground
state structure of m olecule are also given in Fi g. 1. A substi tuti on of the fourth
cyano group in TR CNE molecule, whi ch tra nsform s i t into TCNE molecule, leads
to som e minor \ correcti ons" of the bond- lengths (e.g. C = C bond acqui res the
length of 1.36 ¡A as com pared to 1.35 ¡A in TR CNE, and the angle between C = C
bond and al l four C { C sing le bonds become equal to 1 2 2 £ , whi le in TR CNE these
angles vary f rom 1 2 4 £ to 1 2 1 £ in the case of C { H sing le bond).
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Fig. 1. Geometrical structure of tricyano ethylene (T RC N E) molecule. N umb ers are the

lengths of respective chemical bonds (in ¡A ).

Ho wever, there is a di ˜erence between TCNE and TR CNE m olecules, whi ch
m ight be of im porta nce f rom the point of vi ew of charge-tra nsfer reacti ons of both
typ es, either photo induced or due to the ED A com plex form ati on in the ground
state. TCNE m olecul e whi ch conta ins four cyano groups is hi ghly- symm etri c
(D 2 h point sym metry group) and is neutra l in i ts ground state wi th electri c di pole
m oment vi rtua l ly equal to zero. On the other hand, TR CNE molecule whi ch has no
sym m etry elements, is characteri zed by asym metri c distri buti on of the electro nic
charge over the m olecule, whi ch results in the net electri c dipole m oment. The
resul ts of the calculati ons of electrostati c potenti al Ùeld of TR CNE and i ts di pole
m oment are given in Fi g. 2. It is seen tha t the di pole m oment vecto r ñ T RC N E

(o f the magni tude of 2.37 D) l ies in the m olecular plane of TR CNE molecule and
is di rected across the centra l C = C bond, at an angle of 4 9 £ , to wards H ato m .

Fig. 2. Electrostatic potential Ùeld, pro duced by electronic charge distribu tion and nu-

clear charges (in e/ ¡A ) in T RC N E molecule in the ground state. Arrow represents the

vector of electric dip ole moment of the molecule (related to asymmetric electrostatic

Ùeld).
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4.2. Opt imi zed equi l ibr ium structures of N P{T RC NE elect ron- donor -acceptor
system

The equi l ibri um conÙgura ti ons of NP{ TR CNE com plex in the ground and
exci ted state were computed as quasi-adiabati c states whi ch resul t from the con-
Ùgurati on intera cti on between the ground (D A) and (D + A À ) electroni c conÙgu-
rati ons for AM1 opti m ized isolated donor and acceptor m olecule. The opti m ized
equi l ibri um structures in the ground (G eq) and exci ted (Eeq ) sta te of NP{ TR CNE
compl ex are sketched in Fi g. 3, and som e selected param eters of thei r geom etri es
are given in Tabl e I.

Fig. 3. The A M1 optimized geometries of equili bri um structures in the ground ( G eq )

and excited ( E eq ) states of N P{T RC N E electron- donor- acceptor system. (Black dot

indica tes the region w here the extension of direction of the single C { H bond of T RC N E

w ould intersect the molecula r plane of NP molecule).

T ABLE I

Selected structural parameters for A M1 optimized geometry of equilib riu m
conÙgurati ons of N P{T RC N E complex in the ground G eq and excited E e q

state, and of its comp onent molecules.

Structural parameters G eq E eq

A ngle b etw een N P and T RC N E molecular planes 88 £ 1 6 £

A ngle b etw een C = C bond direction of N P and 3 5 £

molecular plane of T RC N E molecule

Perp endicula r distance betw een H atom of T RC N E 2.58 ¡A 3.76 ¡A

and molecular plane of N P molecule

Length of C = C bond in TRC N E molecule 1.351 ¡A 1.394 ¡A

Length of central C = C bond in N P molecule 1.418 ¡A 1.434 ¡A

As we speculated in Sec. 2 | in vi ew of wha t is kno wn about the ground- state
structures of ED A com plexes of naptha lene wi th typi cal organi c accepto rs (and
thi s concerns as wel l the structures of most of ED A com plexes of typi cal organic
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electron-acceptors wi th other aromati c hydro carbon donors) | the geom etry of
G eq structure has turned out to be evi dentl y di ˜erent f rom general ly expected
sandwi ch- like arra ngement of donor, D, and acceptor, A, m olecules in the com plex
uni t (D A). Instea d, i t is a \ head- to -face" alm ost perpendicul ar arrangement of
m olecular planes of both molecules (wi th an angle of 8 8 £ between thei r molecular
pl anes, cf. Tab. I). C { H single bond of TR CNE m olecule is aim ed at molecular
pl ane of NP (or m ore preci sely at one of NP' s arom ati c ri ngs in a cl ose vi cini ty of
one of the C ato ms of the centra l bond of arom ati c skeleto n of NP, in the pl ace
indi cated by the bl ack dot). The closest di stance between both m olecules is tha t
of 2.58 ¡A between H ato m and m olecular pl ane of TR CNE (cf . Table I). Hence,
TR CNE m olecul e is inclined wi th an angle between i ts centra l C = C bond and
m olecular pl ane of NP equal to 3 5 £ (cf . T ab. I). W e shoul d noti ce also tha t the
bond- lengths of TR CNE molecul e in the opti mized ground state G eq structure
of NP{ TR CNE compl ex are not changed as com pared wi th the bond- lengths of
opti mized structure of a free, isolated m olecul e (cf . Fi g. 1 and Tab. I), and the
sam e is true f or NP m olecul es.

The bindi ng (or stabi l izati on) energy of G eq equi l ibri um structure, calcul ated
as a gain of energy relati ve to the sum of energies of isolated donor and acceptor
m olecule in thei r ground state, is E G = 480 cm1 ( ¤ 1:4 kcal/ mole). Thi s is a
smal l v alue, roughl y by one order of m agni tude smal ler tha n the bi ndi ng energies
(or stri ctl y speaki ng, kno wn heats of form atio n) of the ground state of TCNE
compl exeswi th aromati c hydro carb on donors in the gas phase[29, 30]). Hence, one
could arri ve at the concl usion tha t a NP{ TR CNE CT compl ex in i ts ground state
m ay not be stabi l ized by the \ charge-tra nsfer" contri buti on to i ts bi ndi ng energy.
Esp ecial ly as such CT contri buti on, due to resonance between (D A) and (D + A À )
electronic structures, has a m axi mum value f or a sandwi ch arra ngement of ED A
system s of acceptors and donors under considerati on. Since TR CNE m olecule, as
found in the course of thi s studi es, is a polar molecule wi th a relati vely large di pole
m oment (of 2.37 D ) and since in G eq equi l ibri um structure of NP{ TR CNE com plex
the vecto r of TR CNE dipole m oment points to wards the arom atic ¤ -electrons
system of NP m olecul e, the stabi l izati on of NP{ TR CNE compl ex in the ground
state can be assured predom inantl y by the electrostati c or Van der W aals typ e
of intera cti ons, wi th a m inor (or wi tho ut) resonance CT contri buti on (a l tho ugh i t
should beborn in m ind tha t the di stincti on, between the contri buti on of \ resonance
CT intera cti on" and of \ Van der W aals intera cti ons" to the bindi ng of very weak
compl ex, may be a ki nd of semanti c probl em, as pointed on m any occasions; see
for insta nce [31]). And on to p of tha t, one m ay not exclude the possibi l i t y of a
weak hydro gen-bond form ati on between H ato m of TR CNE and the ¤ -electrons
of aromatic skeleton system of NP m olecule.

Equa l ly importa nt, al tho ugh not ful ly unexp ected result of the opti m izati on
pro cedure is a huge change (or reorgani zati on) of geom etry of opti mized exci ted
state E eq equi l ibri um structure of NP{ TR CNE system (as compared to the geom -
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etry of ground state Geq equi l ibri um structure). As seen in Fi g. 3 and revealed by
the data of Tab. I, in exci ted state com plex acqui res an alm ost sandwi ch centra l
structure | molecular pl anes of both m olecul es devi ate from para l lel ori enta ti on
by 1 6 £ onl y and the centra l C = C bond of TR CNE is stri ctl y paral lel to the
NP molecular pl ane (or to i ts short m olecular axi s), tho ugh i t is slightly shifted
(i n i ts planar pro jection onto the m olecular plane of NP) to the positi on closer to
the center of the one of the two ri ngs of aromati c skeleton of NP . Perp endicul ar
separati on of C = C bond of TR CNE from the m olecular plane of NP is 3.50 ¡A,
but thi s ti me the closest distance between both molecules is tha t between N ato ms
of two C ² N term inal cyano groups whi ch equals 2.92 ¡A; the single C { H bond
points upwa rd and is far f rom the m olecular plane of naphtha lene.

Ano ther im porta nt point is tha t the opti mizati on pro cedure leaves in thi s
state both, D and A, molecules in geometri es corresp ondi ng to opti mized geome-
tri es of thei r radi cal ions. Thi s is seen when bond- lengths of the donor and acceptor
in the opti m ized Eeq structure are com pared to relevant bond- lengths of thei r ions.
Thus, the bond- length of the C = C doubl e bond of TR CNE of 1.394 ¡A is larger
tha n in the ground Geq structure (cf . Tab. I), but i t is fai rly close to 1.401 ¡A
obta ined for opti m ized TR CNE À anion. Sim i larly, the length of the centra l C = C
bond of NP arom ati c skeleton | 1.434 ¡A is longer in the exci ted Eeq structure
(cf . T ab. I), but is very cl ose to 1.436 ¡A obta ined for the opti m ized structure of
NP + cati on. Hence, the exci ted state of NP{ TR CNE ED A system has clearly an
ioni c electro nic structure of a (D + A À ) typ e, or in other wo rds i t is CT exci ted
state. Thi s is also indi cated by the com puted value of i ts dipole m oment whi ch
has a m agni tude of 15.94 D .

4.3. Compar ison of the calcul ated elect roni c t ransi tions and exper iment al
absorpti on and Ûuorescence spect ra of NP{T RC NE system

As concl uded j ust above, the Ùrst excited sing let sta te of ED A system of
NP{ TR CNE is the (D + A À ) CT exci ted state. However, thi s state cannot be
reached di rectl y by a verti cal electro nic tra nsiti on (exci ta ti on) from the G eq ground
state of the compl ex. The verti cal electronic tra nsi ti on f rom the ground state leads
to the exci ted Franck{Co ndon state (of the same geom etry as tha t of the ground
state G eq equi l ibri um structure) , whose electri c di pole mom ent, as deri ved f rom
these com puta ti ons, has a very large value of 23.73 D . In term s of multi di men-
sional potenti al energy surface (PES) of exci ted state of NP{ TR CNE com plex, the
exci ted Franck{ Condon state has an excessof energy of 5570 cm À 1 relati ve to the
PES mini mum, whi ch corresponds to the equi l ibri um exci ted state Eeq structure.
An inspecti on of the relaxati on pathway along the exci ted state PES, from the ex-
ci ted Franck À Condon state to ward the E eq m inimum , reveals no energy barri ers
for thi s relaxa ti on.

A verti cal electroni c tra nsiti on in opp osite di recti on, from the equi l ibrated
exci ted (D + A À ) CT state (reached as a term inal equi l ibrated state of the relax-
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ati on of Franck{Co ndon state) term inates in the ground state Franck{ Co ndon
state, who se energy is by 3675 cm À 1 hi gher tha n the energy m inimum of the
ground state PES (the energy of the ground state Geq equi l ibri um structure), or
ca: 3 2 0 0 cm À 1 above the di ssociati on l im it of the com plex in the ground state.
The com puted dipole m oment of the ground Franck{ Condon state is 2.06 D .

The calcul ated energies of both above-described verti cal electroni c tra nsi-
ti ons: ground- to -exci ted and exci ted- to -ground state, can be compared wi th ab-
sorpti on (or Ûuorescence exci ta ti on) and Ûuorescence spectra of NP{ TR CNE sys-
tem , respectivel y. Such com pari son is presented in Fi g. 4.

Fig. 4. (a) Exciplex Ûuorescence excitation spectrum of N P{T RC N E EDA system in

n -hexane solution (repro duced after [1]). Solid vertical lines are the calculated energies

of the two low est vertical electronic transitions from the ground S 0 state, dotted line is

the transition energy \corrected " for the inÛuence of solvent (see the text for details).

(b) Exciple x (and CT ) Ûuorescence spectrum of N P{T RC N E EDA system in n -hexane

solution (repro duced af ter [1]). Solid vertical line is the calculated energy of the verti-

cal electronic transitio n from the excited S 1 state, dotted line is the transition energy

\corrected" for the inÛuence of solvent (see the text for details).

A Ûuorescence exci ta ti on spectrum of NP{ TR CNE observed in n -hexane
soluti on at room tem perature is given in Fi g. 4a (f or deta ils of exci ta ti on and
of m oni tori ng of Ûuorescence and Ûuorescence exci ta ti on spectra see [1]). Thi s
spectrum consists of an intense m olecular NP absorpti on band wi th a maxi mum
at ca . 32200 cm À 1 and a very Ûat and m uch weaker CT absorpti on band wi th a
m axi mum located at 2 5 0 0 0 5 0 0 cm À 1 .

The energies of verti cal electro nic tra nsiti ons, calcul ated wi thi n the frame-
wo rk of ZIND O/ S m etho d, are represented by verti cal l ines and are col lected in
T able I I, to gether wi th corresp ondi ng tra nsiti on oscil lato r streng ths. It is seen
tha t the only one of the two calcul ated electro nic tra nsi ti ons, from the ground S 0

sing let sta te to the two lowest excited singlet sta tes (S 1 and S 2 ), has the energy
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whi ch is in f airl y good (ca: 2% di˜erence only) agreement wi th the exp erimenta l
spectrum . Thi s S 0 ! S 2 tra nsiti on leads to an excited S 2 sing let sta te, whi ch is
of a local ly exci ted (LE) character, or in other wo rds whi ch is an exci ted sing let
sta te of the donor m olecule, and as such, m ay be onl y very slightly or not at al l
m odi Ùed by the form ati on of ED A com plex (as i t happens in the case of TCNE
compl exes [32]).

T ABLE I I

Results of ZI N DO /S calculati ons of the energy
( Â E ) of the lowest electronic transitions from the
ground S 0 ( ² G e q ) and from the excited

E eq electronic states of N P{T RC N E and their os-
cillator strengths (f ). For comparison the energy
of maxima of observed [1] exciplex Ûuorescence
excitation bands and of maximum of exciplex Ûu-

orescence band are given in parenthesis.

Electronic transition (cm f

27790 0.003

(25000)

33010 0.029

(32200)

19560 0.0484

(19600)

There is, however, a relati vely large discrepancy between the exp erim ental ly
observed CT Ûuorescence exci ta ti on band in the region below 29000 cm 1 (whi ch is
ful ly equivalent to the CT absorpti on band) and the calcul ated energy of S 0 ! S 1

tra nsiti on (whi ch is a CT tra nsi ti on, characteri zed by the oscil lato r strength f or the
tra nsiti on tha t is by one order of magni tude smal ler tha n the oscil lato r strength
for the tra nsiti on to LE singlet sta te S 2 (cf . Tab. II)). The calculated energy of
the tra nsiti on is shifted toward hi gher energies by ca: 2 5 0 0 À 3000 cm 1 , relati ve
to the m axi mum of the CT absorpti on band located at 2 5 0 0 0 Ï 5 0 0 cm 1 (m ore
tha n 10% di ˜erence between exp eriment and calcula ti ons).

At thi s point we shoul d take into account the fact tha t the calcul ated energies
of the tra nsi ti ons are the \ gas phase" energies of isolated molecules (or compl ex),
whi le the experim enta l spectra ref er to the soluti on. Especially in the case where
the changes of the dipole m oment between the ground and excited state are large,
whi ch is the case under considerati on, the solvent- solute intera cti ons can appreci a-
bl y contri bute to the energies of both states and by the same to ken to the energies
of electroni c tra nsi ti ons. For the determ inati on of solvent e˜ects and calcul ati ons
of relevant solvent shi fts of the absorpti on and Ûuorescence tra nsiti ons we use the
Ma ta gaÀ W eller model [33, 34]. The energy of a m olecule (com plex) in the solvent
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is the sum of its energy in the gas phase (i .e. energy of free, isolated molecule |
whi ch actua l ly is tha t obta ined wi th AM1 metho d), and the energy of i ts solvatio n.
The solvatio n energy can be appro xi mated as a resul t of intera cti on between the
perm anent dipole of the com plex and surro undi ng dielectri c m edium . The solvent
shi fts of the absorpti on and of the Ûuorescence tra nsiti ons are given as:

Â E a = E sol
a À E gas

a = ñ g (ñ g À ñ e) f " À ñ e (ñ e À ñ g) f n ; (4)

Â E f = E so l
f À E gas

f = ñ e( ñ g À ñ e) f " + ñ e( ñ e À ñ g ) f n ; (5)

wi th

f " =
2

hca 3

" À 1

2 " + 1
and f n =

2

hca 3

n 2
À 1

2 n 2 + 1
;

where " and n are the solvent' s di electri c constant and index of refracti on, re-
spectivel y; ñ g and ñ e are the respective dipole m oments of the compl ex ground
and exci ted state, whi ch are actual ly combi ning in the tra nsi ti on under consid-
erati on (i .e. the ground, G eq, sta te and i ts Franck{ Condon exci ted state in the
case of S 0 ! S 1 tra nsiti on and the exci ted, Eeq, state and its Franck{ Co ndon
ground state, respecti vely). The parameter a in f " and f n functi ons is the radius
of Onsager sphere whi ch conta ins a com plex uni t, and these were estim ated in the
present calcul ati ons as 5.07 ¡A and 4.72 ¡A for G eq and E eq structures , respectively.

As seen in Fi g. 4a, such a trea tm ent of solvent e˜ects shi fts the energy of
S 0 ! S 1 verti cal electro nic tra nsi ti on to ward lower energies by ca: 1 4 0 0 cm À 1 ,
whi ch im proves agreement between the results of calcul ati ons and exp eriment.
Sti ll , however, thi s correcti on to the tra nsiti on energy is not large enough to ac-
count sati sfactori ly for the observed di ˜erence between the com puted and exper-
im enta l values. T o thi s end, tw o addi ti onal factors m ight pro babl y be ta ken into
account. Fi rst of al l , i t is possible tha t an opti m ized equi l ibri um structure (i n thi s
case the ground state G eq equi l ibri um structure), whi ch is a qui te loosely-bound
enti ty (cf . di scussion in Sec. 4.2), m ay be m uch m ore a˜ected by the intera cti on
wi th solvent molecules (whi ch m ay incl ude both, the di electri c shif t and the solvent
cage e˜ect [35]), and i ts geom etry woul d not be reta ined in a soluti on. The second
possibi l i ty is tha t, due to the weak bindi ng of the ground state com plex, instead of
one equi libri um conÙgura ti on there is a vari ety of di ˜erent ground state conform ers
(or ori enta ti onal isomers), of slightl y di ˜erent energies, and tho se are contri buti ng
to the observed wi de and Ûat CT Ûuorescence exci ta ti on band. However, up to
now, NP{ TR CNE ED A system is the Ùrst studi ed in detai ls and veri Ùcati on of
above-menti oned possibi l i ti es (and probably some others not yet real ized) m ust
awai t m ore results of experim ents to be carri ed out along tha t line.

Co ntra ry to the S 0 ! S 1 tra nsiti on, the calculated energy of S 1 ! S 0 verti cal
electronic tra nsiti on whi ch is to be com pared wi th the CT Ûuorescence spectrum
(or excipl ex Ûuorescence) Ùts closely the experim ental Ùndings. Thi s is i l lustra ted
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in Fi g. 4b, where the computed energy of thi s tra nsiti on is com pared wi th the
observed exciplex Ûuorescence band in n -hexane soluti on (whi ch, as previ ousl y
shown, is ful ly equivalent to CT Ûuorescence spectrum exci ted wi thi n the absorp-
ti on CT band | cf. Fi g. 7 in Ref. [1]). The m axi mum of the Ûuorescence band is
1 9 6 0 0 Ï 4 0 0 cm À 1 , wherea s the calcul ated energy of the tra nsiti on is 19560 cm À 1

(cf . Tab. II). Up on correcti on for solvent e˜ects thi s energy shifts to ward lower
energies by 400 cm À 1 and thus pra cti cal ly Ùts the error l im i t for the positi on of
the Ûuorescence band maxi mum . In vi ew of thi s excel lent agreement between the
exp erimenta l and calculated resul ts, we m ay concl ude tha t the equi l ibrated (rela-
ti ve to the solvent), exci ted (D + A À ) CT state of NP{ TR CNE system m ust have
the electroni c and geometri cal structure, whi ch in fact closely corresp onds to the
AM1 opti mized exci ted state equi l ibri um conÙgurati on Eeq .

The last concl usion can be consi dered as a stro ng supp ort of the rel iabi l it y
of other spectroscopi c param eters tha t were obta ined in the present com puta ti ons
(wi thi n the framework of ZIND O/ S metho d). Probably the m ost importa nt Ùnding
of these calcul ati ons is tha t concerni ng osci llato r strength of radiati ve S 1 ! S 0

tra nsiti on. Its relati vel y large value (cf . T ab. I I) is due to the devi ati on of the
sandwi ch- like Eeq equi libri um structure from stri ctl y para l lel orienta ti on of m olec-
ul ar planes of the donor and acceptor molecules (whi ch by vi rtue of Mul l iken' s
\ over lap and or ientat ion pr inci ple" [20] wo uld lead to the oscil la tor strength equal
to zero).

W e can try to use the obta ined value of the oscil lato r strength of radi ati ve
S 1 ! S 0 tra nsiti on for estim ati ons of ki neti c param eters of S 1 exci ted CT state.
W i th a semiempi rical f orm ula whi ch relates the oscillato r streng th f of a given
electronic tra nsiti on to the natura l radiati ve l i feti m e §0 of the ini ti al state [36]:

§ 0 ¤

1 : 5

¡ 2
ma x f

; (6)

where ¡ ma x i s the wavenum ber of the m axi mum of the Ûuorescence band. W ith
f = 0.0485 (cf . T ab. I I) we Ùnd tha t the rate constant k r (= 1=§0 ) of radi ati ve
tra nsiti on from S 1 i s k r = 1:24 È 107 sÀ 1. The experim enta lly determ ined rate
constant for the overal l decay (the sum of the rate constants for radiati ve, k r , and
nonradi ati ve, k nr , decay) of NP{ TR CNE exciplex is k

p
= k

r
+ k nr = 2:76 È 108 sÀ 1

(cf . T ab. I I I in R ef. [1]). No w combini ng these two values we Ùnd tha t the quantum
yi eld ¢ of exciplex Ûuorescence of NP{ TR CNE is: ¢ = k r =(k r + k nr ) = k r =k p ¤ 0:04.
Thi s value of Ûuorescence quantum yi elds pl aces NP{ TR CNE compl ex am ong
m oderatel y Ûuorescing ED A com plexes | much stronger tha n TCNE com plexes
for whi ch quantum yi eld of CT Ûuorescence at such exp erimenta l condi ti ons (non-
polar solvent at room temperature) vi rtua l ly equals to zero (and even in nonpolar
but highl y vi scous solvent at low tem perature, of the order of 100 K, quantum yi eld
of Ûuorescence of TCNE com plexes wi th arom ati c hydro carb on donors is sti l l by
one order of m agni tude smal ler [12] tha n the above-estim ated for NP{ TR CNE
system ).
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5. Co n cl u d i ng r em ar ks

The ground state of NP{ TR CNE com plex seems to be stabi l ized predom i-
nantl y by electro stati c and/ or Van der W aals typ e of intera cti ons, wi th a m inor
contri buti on of charge-tra nsfer resonance stabi l izati on. Thi s is due to the lack of
sym m etry of TR CNE m olecule, whi ch results in a perm anent electri c di pole m o-
m ent of thi s molecule. Thi s property seems to govern very speciÙc head- to- face
equi l ibri um geometry of the ground state ED A com pl ex of NP{ TR CNE, whi ch
pro babl y may be exp ected also as an equi l ibri um structure for TR CNE com plexes
wi th other arom atic hydro carb on donors. It is also probable tha t such structure
of the ground state m ay be the source of vari ety of ori enta ti onal isom ers. Since,
accordi ng to the results of the present calculati ons thi s typ e of structure seems to
be rather loosely- bound, thi s may be a signal tha t CT absorpti on of al l these com -
pl exes may exhi bi t a strong dependence on the solvent and/ or the tem perature.
Thi s, however, rem ains a subj ect to a further exp erimenta l veri Ùcati on.

On the other hand, the CT exci ted state of NP{ TR CNE system must be
considered as a relati vely ti ghtl y- bound and com pact structure, whi ch m eans tha t
i ts emission properti esin l iqui d soluti on can presumabl y be sati sfactori ly described
in term s of uni versal (non-speciÙc) intera cti ons wi th a di electri c medium , at least
as long as the solvent is nonpolar or of m edium polari ty . Thi s observati on is also
consistent wi th the previ ous studi es of the ki neti cs of monomer-exciplex equi l ib-
ri um [1], whi ch revealed tha t NP{ TR CNE exciplex in nonpolar n -hexane soluti on
fol lows a simpl e two- state photo ki neti c scheme, and al tho ugh i ts ki neti cs of f or-
m ati on and relaxati on di splays a peculiar case of reversed physi cal m eani ng of the
decay param eters of excipl ex Ûuorescence, i t is stra ightf orwa rd, as compared wi th
som eti m esvery com pl icated photo ki neti c schemes of m any other exciplexes in l iq-
ui d soluti on, or under jet- cooling condi ti ons in m olecular supersonic beam s [7, 8].
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