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Abstract 

Intramolecular energy transfer (intraEET) in naphthalene-anthracene (I), naphthalene-acridine (II) and benzene-DANS (III) bichrom- 
ophoric compounds was investigated by stationary absorption and fluorescence measurements in solution. Computer simulations of confor- 
mational distributions of compounds I (with IZ = 1,3 and 6 methylene units as spacer groups) in the gas phase were performed and predict 
similar molecular structures for n = 3 and 6, which is consistent with previous observations in a supersonic jet expansion. In compounds I, 
fast intraEET (rate constant /cEET > 1 X 10” s ’ ) was observed upon electronic excitation of the naphthalene moieties, whereas in compound 
III with 6 methylene units and an amide group as molecular spacer, a significantly slower intraEET was found (,& = ( 1.0 0 f S) X 10’ 
s-l). The result is discussed within the framework of the Fermi Golden Rule expression. Differences in Franck-Condon weighted density of 
EET acceptor states and of the mutual orientation of the two chromophoric units were found to account for the different intraEET efficiencies. 
This work provides no evidence for intraEET in compounds III. 0 1998 Elsevier Science S.A. All rights reserved. 
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1. Introduction 

Photo-induced interactions between two chromophores 
incorporated in a single molecule have been of interest in 
photophysical research for the past three decades. These inter- 
actions are manifested in chemical reactions [ 1 ] intramolec- 
ular excimer and exciplex formation (intraEXF) [2], 
intramolecular electron transfer (intraELT) [ 3,4] and intra- 
molecular electronic energy transfer ( intraEET) [ 5 ] . Pho- 
toinduced IntraEET, intraELT and intraEXF between neutral 
chromophors are usually described by the following schemes: 

kmr 
D*-B-A --f D-B-A* 

km, 
D*-B-A + D*-B-A’ 

kExp 

(1) 

(2) 

D*-B-A -+ [D-B-A]**[D*-B-AT] (3) 

where D-B-A denotes a bichromophoric molecule consisting 
of the energy donor D, the molecular bridge B, and the energy 

* Corresponding author. 
’ Institute ftir Physikalische und Theoretische Chemie, Universitgt 

Erlangen-Ntimberg, Egerlandstr. 3, D-91058 Erlangen, Germany. 

lOlO-6030/98/$19.00 0 1998 Elsevier Science S.A. All rights reserved. 
H1SlOlO-6030(98)00253-6 

acceptor A. The asterisk denotes the electronically excited 
states. The electronic absorption spectrum of a bichromo- 
phoric molecule can be described as a simple superposition 
of the absorption spectra of the two moieties D and A. The 
molecular bridge B serves as a molecular spacer without 
influencing the basic electronic structure of the two 
chromophores. 

As both EET and ELT may be viewed as radiationless 
transitions between two electronic states, the rate constants k 
(km, kELT) have some features in common [6-81 and 
should obey, in weakly coupled systems, where the transfer 
is nonadiabatic, the Fermi Golden Rule: 

k=( 2dh)V 2FCWDS (4) 

where V is the electronic coupling matrix element and 
FCWDS is the Franck-Condon weighted density of states. 
Using an approach originally derived to describe ELT proc- 
esses, FCWDS depends among other parameters on the free 
energy change AG, on the internal and solvent reorganization 
energy, A, and A,, and (in the single mode approximation) 
on the characteristic frequency hv,, [ 9,101. Because of the 
small charge migration in EET, A, is much smaller and the 
solvent dependence of kEET is expected to be much smaller 
than that of kELT, in accordance with many experimental 
observations. 
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Scheme 1. The bichromophoric compounds investigated in the present study. 

The total electronic coupling matrix element for EET, 
V EETt can be partitioned into several contributions [ 1 l-131 : 

V EET=VCoulfVshort+Vrel+Vt-b (5) 

Vcou, denotes the direct coulombic contribution, which can 
be expressed in terms of dipole-dipole and higher multipole 
terms. It depends on the transition dipole moments of the 
involved transitions and on the mutual distance and the ori- 
entation of the transition dipole moments vectors. V,,,, 
accounts for the short-range contributions, which encom- 
passes penetration and exchange interactions and depends 
crucially on the overlap between donor and acceptor orbitals. 
V,, stands for coulombic contributions relayed by the con- 
necting bridge and V,, for through-bond mediated short- 
range contributions. Vcoul is generally assumed to be 
dominant at separation distances larger than 20 A, whereas 
at shorter distances, in principle, all contributions have to be 
considered [ 121. Because several contributions to EET can 
proceed simultaneously and competitively, model com- 
pounds in investigations of EET mechanisms are usually cho- 
sen so that one or more contributions to EET can be neglected. 
Where the dipole-dipole interaction is the dominant contri- 
bution to EET, the Fiirster formulation [ 141 can be obtained, 
whereas in cases where the exchange interaction is the most 
important contribution, the Dexter formulation [ 151 results 
from Eq. (4). 

Valuable information can be obtained in comprehensive 
studies of bichromophoric molecules, in which more than 
one type of interchromophoric interactions are observed. For 
instance, IntraEXF in such systems indicates that conforma- 

tions with close face-to-face orientations of the two chro- 
mophores exhibit high Boltzmann factors, which could 
provide valuable information for the interpretation of 
in&&ET processes in the same molecule. In bichromophoric 
molecules, in which intraEET and intraELT proceed com- 
petitively, the comparison of kEET and kELT within the frame- 
work of Eq. (4) can give insights into the parameters 
governing EET and ELT in the particular system [ 161. 

The first investigations of singlet-singlet intraEET were 
reported by Weber [ 17,18 1, Weber and Teale [ 193 and by 
Schnepp and Levy [ 201. Schnepp and Levy observed that in 
compounds Ia and Ib (see Scheme 1) , where a naphthalenic 
moiety serves as energy donor D and an anthracene unit as 
the acceptor A, only anthracene fluorescence was emitted 
irrespective of the excitation wavelength. Weber and Teale 
reported for IIIb and 111~ (see Scheme 1) only fluorescence 
of the DANS (5dimethylaminonaphthalene-1-sulfonamid) 
moiety after excitation of the benzene moiety. 

From these and many other studies, it was generally con- 
cluded that systems exhibiting good spectral overlap and a 
flexible bridge structure are not suitable model compounds 
for the elucidation of short range EET mechanisms because 
(i) several contributions to EET may occur simultaneously 
and competitively, and (ii) the flexible structure complicates 
investigations of distance dependence of EET processes. 
Consequently, semi-rigid structures with chromophores 
involving forbidden transitions, in which the dipole-dipole 
contribution to EET was negligible, were developed [21- 
231. The results showed good agreement with an exchange 
mechanism. Previously, rigid structures, in which the spatial 
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orientation of the two chromophores excludes any significant 
contribution of direct dipole-dipole interaction, were 
designed to elucidate the mechanisms of through-bond, 
bridge mediated contributions to the transfer process [ 111. 

Motivated by a number of reports, some of which are 
contradictory, about the photophysical processes in com- 
pounds I (vide infra) , and our previous studies of this system 
in a supersonic jet expansion [24], the present study 
addresses the following aspects. 

(i) Computer simulations of molecular conformations 
were carried out for compounds I in order to elucidate prob- 
ability distributions of interchromophore distances and 
molecular structures. 

(ii) IntraEET and intraEXF in Ia and Ib were reexamined, 
and Ic was synthesized to investigate the effect of a longer 
bridge on intraEET processes in this system. 

(iii) The reference compound IIa and compound IIb (see 
Scheme 1)) which exhibits a very similar donor moiety and 
a molecular bridge of similar length and flexibility as Ic, were 
synthesized to achieve a variation of the acceptor unit. The 
acridine-like acceptor moiety provides a different energy of 
the first excited singlet state and different redox properties as 
compared to the anthracence moiety in Ic. Energy gap effects 
on intraEET might be observable and intraEET and intraELT 
may act competitively in this compound. 

(iv) The fluorescence and absorption properties of the 
benzene-DANS compounds IIIb, 111~ and IIId (See Scheme 
1) were studied in polar and non-polar solvents. In extension 
of previous studies by Weber and Teale, we synthesized a 
reference compound IIIa and compound IIId to elucidate the 
effect of a longer bridge. 

2. Experimental details 

The compounds Ia, Ib, Ic [25], IIa, IIb (M.B. Rubin, 
unpublished results) and IIIa, IIIb, IIIc, IIId [ 26,271 were 
synthesized following literature procedures. The fluorescence 
spectra were measured with a Perkin Elmer LS 50 fluores- 
cence spectrometer. Absorption spectra were detected with a 
Hewlett-Packard HP 8452A diode array spectrometer. The 
measurements were performed in 1 X 1 cm cuvettes. The solu- 
tions were deoxygenated by bubbling purified nitrogen 
through the solution and sealed off. The concentration of the 
fluorophores was chosen so that the optical density was not 
higher than 0.3 at the excitation wavelength to avoid internal 
filter effects. Fluorescence quantum yields ( @+) were deter- 
mined against 9-methylanthracene and 1 -methylnaphthalene 
in methylcyclohexane ( @r = 0.33 and @r = 0.21, respec- 
tively [ 281) . 

For the estimation of structures of the energetically most 
stable conformations, a set of conformations were computer- 
generated for each compound Ia, Ib and Ic, and subsequently 
the energy was minimized employing an AMBER force field 
method [29,30]. For the generation of the initial sets of 
conformations, n + 1 rotational angles ‘p,, q*,. . . , pn + , were 

used to describe a given conformation of each compound, 
where rz is the number of methylene units in the molecular 
bridge. 40, and (pn+ , denote the angles for rotation around the 
C-C single bond attached to the anthracene and the naphtha- 
lene group, respectively, whereas (~2 . . ., (pn denote the angle 
for rotation around the single bonds within the chain. Three 
rotational isomers, trans, gauche+, and gauche-, were con- 
sidered for (~2, q,. . . (pn. The angles E, and qn + , rotate coin- 
cidentally with the angles of (~2 and 50,, respectively, taking 
the energy minima determined in a recent calculation for n- 
propylcarbazol and 2-propylnaphthalene [ 3 11. The adopted 
values for the p,/‘p2 pairs were: 90”/0”, lOO”/l lo”, 80”/ 
- 1 lo”, where 0” were taken at the truns conformation. The 
same values were employed for p,,+ , lcp, and in addition 
- 90"/0", - loo”/ 1 lo”, - 80”/ - 110” to account for the 
non-rotational symmetry of the 2-naphthyl group. For Ia, the 
quoted values for ‘pi and (pn+, were combined. In this way, 
2 X 3”- ’ conformations for Ib and Ic and 18 for Ia were 
generated and subsequently geometry-optimized. All com- 
putations were carried out on a personal computer (CPU 486/ 
66 MHz). 

3. Results and discussion 

3.1. Naphthalene-anthracene bichromophoric compounds 

3.1.1. Simulation of molecular conformations 
The flexible polymethylene chains incorporated as molec- 

ular spacers in compounds I allow formation of a number of 
molecular conformations so that these compounds should be 
described by distributions of conformations. These distribu- 
tions can be used to determine the parameters essential in 
evaluating through-space contributions to intraEET, such as 
mutual distances and orientations of the chromophoric units. 
The probability distribution of possible conformations is not 
known experimentally and is thus simulated. The primary 
objective of the computer simulation performed in this study 
is a comparison of the effect of the polymethylene chains in 
compounds I (i) on the gas phase structure of the energeti- 
cally most stable conformations, and (ii) on the relative prob- 
ability distribution of interchromophore distances. An 
ensemble of conformations were computer-generated for 
each compound Ia, Ib and Ic considering three rotational 
isomers for every C-C single bond within the chain and 
assuming plausible rotational angles. All structures were sub- 
sequently energy-minimized employing an AMBER force 
field method [ 301 (cf. Section 2). Thus, each molecular 
conformation obtained in this way corresponds to a minimum 
on the energy surface of the respective molecule. In order to 
save computing time, the relatively simple AMBER force 
field method was employed. Energy minimization of selected 
conformations with a method based on a MM2 force field 
gave similar results. Under the assumption that the distribu- 
tion obeys the Boltzmann relation, the probability p(i) of 
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finding a certain conformation i in the respective ensemble is 
given by 

p(i)=exp(-E,lkT)lCexp(-Ei/kT> (6) 
i 

( Ei is the AMBER energy for the energy minimized confor- 
mation i.) 

For each obtained conformation, the center-to-center dis- 
tance r,, between the two chromophoric units was calculated. 
The probability of finding a certain distance in the interval 
between r,, - Arc, and r,, is the sum of the probabilities of 
all m conformations whose center-to-center distances fall 
within in this interval. The distribution is 

pk,)= Cp(m> with r,, -A r,,<r,<r,, (7) 
m 

The r,, distributions obtained with T=293 K and 
Arc, = 0.1 A are depicted in Fig. 1. The simulations result in 
relatively narrow distance distributions between ca. 3 and 5 
A despite the fact that the flexibility of the methylene chain 
allows distances up to 7.7 A in Ib and 11.6 A in Ic. While 
for Ia and Ib the r,, distributions are narrow, and only few 
conformations exhibit significant Boltzmann factors, the dis- 
tribution for Ic is broader and exhibits several maxima. The 
structures of the conformations with the highest Boltzmann 
factors are depicted as insets in Fig. 1. The r,, of thete con- 
formations increases in the order Ib (r,, = 3.3 A), IC 
(r,, = 3.8 A) and Ia (r,, = 4.3 A). For Ib and Ic, the most 
stable conformations exhibit a sandwich-like orientation of 
the chromophoric units, while in Ia the single methylene 
group is not flexible enough to allow the two chromophores 
to attain close proximity. 

The observation of association of the end groups in the 
force field simulation can be qualitatively understood if one 
considers the energy gain of ca. 7 kcal/mole, which results 
from attractive forces between the two chromophores [ 3 1 I. 
This energy gain can be compared with the excess confor- 
mational energy of 0.5 kcal/mole for a truns-gauche, 1.4 
kcal/mole for a gauche*-gauche*, and 3.1 kcal/mole for a 
gauche&-gauche ’ conformation in n-pentane, where the 
energy was scaled so that the energy for the truns-truns 
conformation would be 0 [32]. The presented simulations 
are appropriate for conformation distributions of an isolated 
molecule in thermal equilibrium. In apparent consistency 
with the simulation results, the fluorescence excitation spectra 
of compounds I in an supersonic jet expansion show that the 
anthracene chromophores in lb and Ic under these conditions 
are in very similar molecular environments, which are dif- 
ferent from the environment of the anthracene chromophore 
in Ia [ 24,331. 

In solution, however, solvation competes with the intra- 
molecular association, the energy gain due to the attractive 
forces between the end-groups in folded conformations 
becomes less important, and broader r,, distributions shifted 
to larger distances can be expected. Werner and Staerk sim- 
ulated probability distributions of end-group distances in 

Fig. 1. Center-to-center distance ( rcc) distributions for Ia, Ib and Ic in the 
gas phase. The insets show calculated structures of the energetically most 
stable conformations. The simulations were performed with an AMBER 
force field method. 

pyrene- ( CH2) .-N&V-dimethylaniline compounds in solution 
and accounted for the weakening of the attractive forces by 
adjusting the parameters in the Lennard-Jones potential used 
to determine long-range energy terms [ 341. The authors 
obtained for the compound with n = 6, which has the same 
bridge as Ic, a r,, distribution between ca. 5 and 15 A with a 
maximum at ca. 13 A and several minor maxima, which 
means that stretched conformations are predicted to play a 
more important role than folded ones. X-ray structure analysis 
of Ib and Ic further support this view. Stretched structures 
with r,, = 7.0 and 11.3 A were observed in the crystal phase 
of Ib and Ic, respectively [ 351 (F. Schael, M. Kapon, M.B. 
Rubin, S. Speiser, unpublished results). 

NMR and single photon counting investigations of dias- 
tereomeres of 2,4-di (2-pyrenyl ) pentane by Reynders et al. 
showed (i) the presence of a number of conformations, where 
the conformation with sandwich-like orientation of the end 
groups was not the dominant one or even not detected at all 
in toluene-$ and chloroform-d between - 49” and 60°C and 
(ii) that rapid interconversion on a subnanosecond timescale 
takes place after photoexcitation of the pyrene moiety in 
toluene at 25°C [ 361. It appears that not only the conforma- 
tional distributions in the electronic ground states are impor- 
tant, but in addition, dynamic processes in the electronically 
excited states have to be considered in solution. 

3.1.2. Fluorescence and intraEET studies 
Fig. 2 shows the absorption and fluorescence spectra of 

compounds I in methylcyclohexane. The spectra were meas- 
ured with deoxygenated solutions. The absorption spectra of 
Ia, Ib and Ic, which are in agreement with the spectrareported 
by Rona and Feldman 1261 for Ia and Ib, can be described 
as simple superpositions of the absorption spectra of 9-meth- 
ylanthracene (9-MA) and of 1-methylnaphthalene (l-MN). 
The fluorescence emission spectra of compounds I are similar 
to the spectrum of 9-MA, except that the relative intensities 
of the fluorescence bands are different. The difference in the 
relative intensities of the fluorescence bands is most pro- 
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Fig. 2. Absorption and fluorescence spectra of Ia, Ib and Ic and of 9- 
methylantbracene (9-MA) in methylcyclohexane at room temperature. The 
maxima of the fluorescence spectra were normalized to the long-wavelength 
absorption maxima. 

nounced at the O-O fluorescence bands, probably due to dif- 
ferent electronic ground state geometries, which result in 
different Franck-Condon factors for the observed transitions. 
In Fig. 3, the fluorescence emission spectra of Ia, Ib and Ic 
normalized at the O-O fluorescence band are displayed. The 
fluorescence spectrum of Ib is red-shifted by about 1 nm and 
exhibits at long wavelengths slightly higher intensity than the 
spectra of the other compounds. The higher long-wavelength 
intensity can be simply due to different electronic ground- 
state geometries of the compounds or to an exciplex emission, 
which is more pronounced in the spectrum of Ib than in the 
spectra of Ia and Ic. But the difference spectrum between the 
spectrum of Ib and the spectrum of 9-MA is not structureless, 
and the same holds true for the difference between the Ib 
spectrum and the Ia spectrum. This seems to be in contradic- 
tion to any hypothesis that an exciplex emission contributes 
to the spectral shape of the Ib fluorescence spectrum. On the 
other hand, the possible distortion of the ground state geom- 
etries of Ia and Ic due to the substitution and its influence on 
the shape of the fluorescence spectra, puts doubt on the suit- 
ability of Ia and 9-MA as reference compounds for this pur- 
pose. However, Desvergne et al. [37] observed a weak, 

I ” ” 1, I 

- Ia 

-_----- Ic 

Fig. 3. Fluorescence emission spectra of Ia, Ib and Ic in methylcyclohexane 
at room temperature. The spectra were normalized at 405 nm. 

structureless difference spectrum between the fluorescence 
spectrum of Ib and the spectrum of 9-hexylanthracene in 
methylcyclohexane at room temperature, and interpreted this 
as emission of an intramolecular exciplex. Exciplex emission 
was also recorded by Ferguson et al. [38] at 293 K in a 
microcrystal and by Chandros in a matrix at 77 K after partial 
photocleavage of an photocyclomer of Ib [ 391. 

Under the conditions employed by Ferguson et al. and 
Chandros et al., Ib is chemically formed in a sandwich-like 
orientation of the two chromophores. The latter studies reveal 
that an intramolecular exciplex can be formed in Ib, whenever 
a suitable sandwich-like orientation of the chromophores is 
achieved. From excimer formation studies in solution, it is 
known that excimer formation between aromatic chromo- 
phores linked by polymethylene chains occurs almost exclu- 
sively with n = 3 [ 40,4 11. Since similar mutual orientations 
of the chromophores in excimers and exciplexes can be 
expected, it is more likely to observe exciplex emission in Ib 
than in any other compound of this series. However, from the 
absence of any pronounced exciplex emission, it can be con- 
cluded that under these conditions, intraEXF plays a minor 
role in compounds I following the excitation of the anthra- 
cene moiety. The fluorescence emission spectra of com- 
pounds I at room temperature and at 77 K are independent of 
the excitation wavelength and correspond to exclusively 
anthracene-like emission. Under the assumption that the 
absence of naphthalenic emission is due to an intramolecular 
quenching process, the rate constant of fluorescence quench- 
ing of the naphthalene moiety can be estimated with Eq. ( 8) : 

@;/@:*O=l+k,r,o (8) 

where $’ and TV’ denote the fluorescence quantum yield and 
lifetime of the naphthalene moiety in the absence of any 
interchromophoric interaction and GFzso the fluorescence 
quantum yield of the naphthalene moiety in the bichromo- 
phoric molecule. With the data for l-MN taken for $” and 
TV’ (i.e., QFo = 0.21 and rFo = 67 ns [ 28]), and an estimated 
upper limit for Qrzso < 0.0003, Eq. (8) yield kg > 1 X lo- lo 
S - ’ . The absence of any naphthalenic emission upon excita- 
tion of the naphthalene moiety in compounds I is in line with 
earlier reports by Schnepp and Levy [ 201, but in case of Ib 
in contrast to reports by Desvergne et al. [ 371 and Ferguson 
et al. [ 381 who observed very weak naphthalenic emission 
in Ib in methylcyclohexane at room temperature and at 77 K, 
respectively. 

The fluorescence quantum yields determined in this work 
are summarized in Table 1. The results obtained here for Ia 
and Ib are in agreement with the results reported by Schnepp 
and Levy (cf. Table 1). It is notable that Ic exhibits very 
similar fluorescence properties as Ib. The fluorescence quan- 
tum yields upon excitation of the anthracene moiety of Ib 
and Ic ( G$ = 0.52 f 0.06 and $ = 0.54 + 0.06, respectively) 
are slightly higher than the fluorescence quantum yields of 
Ia and 9-MA ( Q$ = 0.38 + 0.06 and @$ = 0.33 [ 281, respec- 
tively ) . The occurrence of singlet-singlet intraEET from the 
naphthalene to the anthracene moiety in compounds I is 
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Table 1 
Fluorescence quantum yields of Ia, Ib and Ic upon excitation of the anthra- 
cene unit at 340 nm ( Q+“‘) and upon excitation of the naphthalene group at 
280 nm ( (4;‘““) and EET efficiencies (en=) at room temperature 

4’*” @F’“” SET 

Ia 0.38 kO.06 0.33 f 0.06 0.87 i- 0.21 
(0.39 f 0.03) (0.41 f 0.07) (0.95 + 0.20) 

Ib 0.54 f 0.06 0.5 1 f 0.06 0.94+0.15 
(0.49 + 0.03) (0.51) (0.96) 

IC 0.52 f 0.06 0.48 f 0.06 0.92*0.16 

The values given in brackets are derived from the results reported by Schnepp 
and Levy [ 201 assuming Gr = 0.33 for 9-MA and Gras0 = 0.5 1 for Ic. 

proved by the fact that the fluorescence excitation spectra 
(not shown) monitored at the anthracene emission wave- 
lengths resemble the absorption spectra, and by the absence 
of any naphthalene-like emission upon excitation in the wave- 
length region around 280 nm, where most of the absorption 
stems from the naphthalene moiety. The EET efficiencies 
G&r determined for compound I are unity within experi- 
mental uncertainty. For Ia, a lower value of SET = 0.8 was 
reported by Farkas et al. without statement of experimental 
error [ 421. Because of this high observed intraEET effi- 
ciency, other non-radiative deactivation processes of the 
excited naphthalene moiety appear to be less important, and 
the rate constant of quenching of the naphthalenic fluores- 
cence provides a basis for estimation of the rate constant of 
intraEET. Thus, singlet-singlet intraEET in compounds I 
occurs with a rate constant of kEET > 1 X 10” s- ’ . No signif- 
icant temperature effect on singlet-singlet EET was observed 
as indicated by the absence of naphthalenic emission at room 
temperature and at 77 K. The observation of generally very 
high GEE= in compounds I, which was reported previously 
for II = 1, 2 and 3, appears to persist to at least n = 6. 

From the simulations and considerations in Section 3.1, it 
follows that Ib and Ic in the electronic ground state are likely 
to form conformational distributions in solution, in which 
stretched rather than folded conformations exhibit large 
Boltzmann factors. If no conformational changes occur after 
photoexcitation, all contributions to the electronic coupling 
matrix element V,,, can be expected to vary in the series Ia, 
Ib, 1~. Vcou, and Vs,,ort vary due to variations of the mutual 
distances and orientations of the end groups and V,, and V,, 
vary because of the variation of the bridge length. In general, 
a decrease of V,,, in the order Ia, Ib, Ic can be expected, 
whereas FCWDS is constant. It may therefore be concluded 
that kEET for compound I are very high, probably due to high 
FCWDS, so that the variations achieved in V,,, are not suf- 
ficient to let resulting variations in kEET become observable 
in the stationary measurements performed in this study. 

3.2. Naphthalene-acridine bichromophoric compound 

Fig. 4 shows the absorption and fluorescence spectrum of 
IIa and IIb in deoxygenated methanol/O.01 N NaOH. The 

9’ I 
. I A 

50 3cm 350 
Em 

450 500 558 

Fig. 4. Absorption and fluorescence spectra (upon excitation at 285 nm) of 
IIa and IIb in methanol/O.01 N NaOH at room temperature. The short- 
wavelength emission of IIb is multiplied by 10 and vertically displaced for 
clarity. In the inset, the relative fluorescence quantum yield v’ (see text 
for definition) is plotted vs. the excitation wavelength. 

spectra of both compounds are very similar, except that the 
absorption spectrum of IIb exhibits a shoulder at around 290 
nm, and in the fluorescence spectrum of IIb upon excitation 
at 280 nm, an additional emission between 3 10 and 360 nm 
is discernible. Both features can be identified as being due to 
absorption and emission from the naphtbalene moiety in IIb. 
The acridine chromophore has a considerable extinction coef- 
ficient at the wavelength of naphthalene absorption. Attempts 
to detect fluorescence of the acridine moiety in hydrocarbon 
solvents were not successful, presumably due to combination 
of low solubility and low fluorescence quantum yields. Thus, 
investigations were carried out with methanol and methanol/ 
0.01 N NaOH solutions. The absorption spectra of IIa and 
IIb are considerably different from the absorption spectrum 
of the parent chromophore 9arninoacridine (9-AA) in alka- 
line water, which exhibits a vibrational structure with a shoul- 
der at the long-wavelength edge at ca. 430 nm [ 43,441, 
whereas the fluorescence emission spectra are very similar to 
the spectrum of 9-AA with only slightly different relative 
intensities of the vibrational bands. The fluorescence excita- 
tion spectra of IIa and IIb monitored between 430 and 550 
nm correspond to the absorption spectra, while spectra mon- 
itored between 400 and 420 nm reveal the minor presence of 
a second fluorescent species. The excitation spectra moni- 
tored between 400 and 420 nm are independent of the pres- 
ence of NaOH, while this is not the case for spectramonitored 
between 430 and 550 nm. In methanol/O.01 N NaOH solu- 
tion, the fluorescence emission spectra and quantum yields 
of IIa and IIb are almost identical and independent of the 
excitation wavelength between 420 and 330 nm. It should be 
noted that the excited state properties of acridine and its 
derivatives were found to depend strongly on solvent, tem- 
perature and substitutions. Experimental observations were 
interpreted in terms of changes in nature, ordering and mixing 
of the two lowest excited singlet states [43,45]. Recently, 
tautomeric phenomena in 9-AA were investigated and the 
observations described above appear to be consistent with 
such processes, which are probably more complex in IIa and 
IIb due to the presence of the amide group [ 44,461. Further- 
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more, hydrogen abstraction after photoexcitation in hydrogen 
donating solvents [ 471 and protonation equilibria [ 48,491 
were observed. It was not the purpose of the present study to 
establish the origin of the observed solvent dependence of 
the fluorescence and absorption properties of IIa and IIb, 
which deserves a study on its own. However, we conclude 
that under our conditions IIa is a suitable reference compound 
for III>. 

The fluorescence quantum yields of both compounds 
excited between 430 and 330 nm are the same within exper- 
imental uncertainty ( @,=0.24 f0.04 for IIa and @= 
0.22 f 0.04 for IIb), while the fluorescence quantum yield 
of the naphthalenic emission upon excitation of IIb at 280 
nm is *“O= 0.006 f 0.002. According to Eq. (8)) the rate 
constant of fluorescence quenching of the naphthalene moiety 
is therefore k,=(6f2) X lo8 s-‘, where QiF”=0.21 and 
rFo = 59 ns of 2-methylnaphthalene [ 281 was assumed. The 
relative fluorescence quantum yield eFre’, defined as the ratio 
between the acridine-like fluorescence quantum yields of IIb 
and of IIa, exhibits a remarkable dependence on the excita- 
tion wavelength: GE’ decreases from 0.93 f 0.07 in the 430- 
330 nm region to 0.39 kO.02 in the 300-270 nm region, 
where the naphthalene chromophore absorbs (cf. Fig. 4). 
Occurrence of singlet-singlet intraEET from the naphthalene 
to the acridine chromophore in IIb is established by the flu- 
orescence excitation spectra monitored at 475 nm, which 
resembles the absorption spectrum. The excitation wave- 
length dependence of GFrn’ and the observation of residual 
naphthalenic emission is consistent with inefficient intraEET. 
After correction for direct absorption of the acridine-like 
chromophore in the short wavelength region, the EET effi- 
ciency Q&=0.17 + 0.02 was obtained. kEET can then be 
calculated with IQ. (9)) 

k am=@m(W’+kJ (9) 

from which kEET= (l.OfO.5) X 10’ s-’ is obtained. Thus, 
kEET for IIb is at least two orders of magnitude smaller than 
k uur for Ic (kEET > 1.0 X 10” s- ’ ), which exhibits a very 
similar donor moiety ( 1-naphthyl in Ic, 2-naphthyl in IIb) 
and a similar molecular bridge (6 methylene units in Ic, 6 
methylene units and an amide group in IIb) . 

kEET may be discussed in the framework of Eqs. (4) and 
(5). Vshort can be expected to play a minor role due to the 
relative large interchromophore distances expected for IIb 
and Ic in solution. V,, and V,+, are probably similar in both 
compounds, if not smaller in IIb than in Ic because of the 
longer bridge. VCOul depends on the transition dipole moments 
of the involved electronic transitions and on the probability 
distributions of mutual distances and orientations of the tran- 
sition dipole moment vectors [ 111. From molecular mechan- 
ics calculations, r,, = 12.7 A and 11.6 A, respectively, were 
obtained for IIb and Ic in all-Puns conformation. Due to the 
similar flexibility and length of the molecular bridges, the 
probability distributions of mutual distances in solution may 
therefore assumed to be similar in IIb and Ic, whereas appro- 
priate simulations are needed to describe distributions of the 

orientation factors. Examining the spectral overlap between 
the (normalized) donor fluorescence and the acceptor 
absorption (in 1 mol-’ cm-‘) spectra of both compounds, 
one finds Jda= 3.8 X lo-l5 and 1.6X lo-l5 cm6 mol-’ for 
Ic and IIb, respectively. The obtained values for JdAr which 
contain information about the transition dipole moments and 
FCWDS, indicate that dipole-dipole interaction is a major 
contribution to intraEET in both compounds. If the observed 
intraEET is purely due to dipole-dipole interaction, kEET is 
proportional to Jd-d [ 141. Thus, the observed Jd-d of Ic and 
IIb can account only for a ca. twofold increase of kEET in Ic 
compared to kEET in IIb and not only FCWDS but also V,,, 
appear to be different in both compounds. In V,,,, the most 
likely parameter, which is different for both compounds, is 
the mutual orientation of the two chromophoric units. Anthra- 
cene has a second transition below the naphthalene ‘Lb state 
[ 501 and so does 9-AA [ 5 11, which, lacking a better model, 
might be taken as a model for the acceptor states in IIb. In 
both anthracene and 9-AA, the lowest excited singlet state is 
long-axis polarized, while the second is short-axis polarized 
with respect to the aromatic plane. Thus, only the chemical 
difference of the bridge and the different substitution position 
of the naphthalene moiety is likely to contribute to possible 
different mutual orientations of the two chromophoric units 
in Ic and IIb. 

Interestingly, the different inn-r&ET behaviour of Ic and 
IIb is even more pronounced in a supersonic jet expansion. 
Under these conditions, very high intraEET efficiency upon 
excitation of the naphthalene moiety was observed for Ic 
[ 331, whereas no indication for intraEET at all was found in 
IIb [52]. 

The observation that kq is significantly higher than kEET 
implies that the electronically excited naphthalene moiety in 
IIb decays non-radiatively to the ground electronic state 
through a channel unavailable to the separate chromophore. 
The rate constant for the acceptor-induced non-radiative 
decay process is k,,, = kg - kEET = (5 + 2) X 10’ s- ’ . A pos- 
sible nonradiative decay channel to be considered is 
intraELT. Estimation of the standard free energy change for 
intraELT ( AGEL=) from the electronically excited naphtha- 
lene to the acridine moiety according to the Weller equation 
without work term yields AGELT = - 1.20 eV in acetonitrile 
solution. In the estimation, the halfwave reduction potential 
E red “2 = - 1.25 V of 9-AA [53], the halfwave oxidation 
potential E0X1’2 = 1.45 V [53] andE(S,) =3,90eV [28] of 
2-MN were employed (the quoted potentials were measured 
in polar solvents vs. SCE) . Although the estimated value for 
AGEL= might be subject to considerable error due to the uncer- 
tainties in the redox potential, it follows, however, that AGEL= 
is most probably exergonic, and thus intraELT is very likely 
to contribute to the non-radiative decay of the electronically 
excited naphthalene moiety in IIb. 

3.3. Benzene-DANS bichromophoric compounds 

Fig. 5 shows the absorption and fluorescence spectra of 
compounds III in methylcyclohexane and methanol. The 
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Fig. 5. Absorption and fluorescence spectra of IIIa, IIIb, 111~ and IIId in 
air-saturated methylcyclohexane (upper part) and methanol (lower part). 
The fluorescence spectra were normalized to the maxima of the long-wave- 
length absorption maxima. 

spectra were recorded with air-saturated solutions. Fluores- 
cence quenching effects due to oxygen can have only a minor 
effect on the fluorescence properties because of the relatively 
short fluorescence lifetime of the DANS chromophore in 
solution (for example, rF = 8.1 ns in n-hexane [ 541). The 
two apparent absorption bands of IIIa exhibit a 5-nm red shift 
compared to the absorption bands of compounds IIIa, 111~ 
and IIId. The maximum of the emission spectrum of IIIb is 
shifted by 8 + 2 nm with respect to the maxima of the emission 
spectra of IIIa, IIIc, and IIId. A similar shift of 10 nm 
between the maxima of the emission spectra of IIIb and 111~ 
in ethanol was reported previously [ 191. Thus, the electronic 
structure of the DANS chromophore in IIIb is influenced by 
the substitution to a somewhat higher degree than IIa, 111~ 
and IIId. The emission spectra exhibit a large spectral shift 
to the red with increasing solvent polarity, whereas the sol- 
vent shift of the absorption spectra is not dramatic. This 
behaviour is characteristic for the DANS chromophore and 
was established as being due to a solvent relaxation phenom- 
enon in combination with a change in the nature of the emit- 
ting state ( [55,56] and references therein). For the parent 
chromophore 1-aminonaphthalene, it was shown that the 
appropriate label for the emitting state is ‘L, and ‘LJCT in 
polarand non-polar solvents, respectively [ 561. 

It is clear from the spectra in Fig. 5 that a distinct absorption 
band due to the absorption of the benzene moiety in IIIb, 
111~ and IIId is discernible neither in polar nor in non-polar 
solvents. In the spectral region where the benzene chromo- 
phore is expected to absorb (240-260 nm) the DANS chro- 
mophore exhibits a strong absorption band. This band can be 
assigned as a transition into a ‘A,- state [ 571. The extinction 
coefficient (E,) of the reference compound IIIa at 260 nm 
was determined as 25,OOOf 2500 1 mol-’ cm-’ in methyl- 
cyclohexane. This value may be compared to .ss = 225 1 mol- ’ 
cm - ’ at 254 nm for toluene and to &s = 970 1 mol- ’ cm-’ at 
273 nm for aniline in cyclohexane solution [ 581. The differ- 
ence between the absorption spectra of IIIb-IIId and of IIIa 
reveal that the benzene-like absorption at 255 nm contributes 
not more than 10% to the total absorption at this wavelength. 

It is, thus, not surprising that the absorption of the benzene 
moiety is not discernible in the absorption spectra of IIIb- 
IIId, complicating distinct excitation of the benzene moiety 
and observation of subsequent intraEET. 

The relative fluorescence quantum yield upon excitation at 
340 nm, @Fre’*340, . m methylcyclohexane solution for all four 
compounds is the same within experimental uncertainty (cf. 
Table 2). This means that the benzene-like substitution does 
not change the deactivation of the first excited singlet state 
of the DANS chromophore to a significant degree. No ben- 
zene-like emission was observable upon excitation at 260 or 
shorter wavelength, where the benzene moiety is expected to 
absorb. w’ of IIIa and 111~ did not depend on the.excitation 
wavelength within experimental uncertainty. 111~ and IIId 
exhibit fluorescence properties very similar to the reference 
compound IIIa. For IIIb a decrease of GFre’ to approximately 
0.4 in methylcyclohexane upon excitation at 240 nm was 
observed. This behaviour is also reflected in the fluorescence 
excitation spectra (not shown). Our result is consistent with 
the decrease of GF of ca. 30% in IIIb in comparison to 111~ 
upon excitation at 260 nm in ethanol reported by Weber and 
Teale [ 191. This observation was interpreted in that work as 
the effect of intraEET being more efficient in 111~ as in IIIb. 
However, given the fact that the absorption at the excitation 
wavelength is almost exclusively due to absorption of the 
DANS moiety, it seems unlikely that non-radiative deacti- 
vation processes of the benzene moiety are responsible for 
the observed decrease in GFre’ in IIIb. The observed decrease 
of GFre’ in IIIb might be rather viewed as being due to the 
introduction of a non-radiative decay channel for the iA,- 
DANS state by the substitution in IIIb, which is not acces- 
sible in the other compounds IIIa, 111~ and IIId. 

We conclude from the results described above that com- 
pound III do not represent a suitable bichromophoric system 
for investigations of intrtiET upon excitation of the benzene- 
like chromophore. If anything, only the absence of benzene- 
like emission in IIIb, 111~ and IIId might be taken as a hint 
for the occurrence of interchromophoric interactions between 
the electronically excited benzene chromophore and the 
DANS moiety, but the absence of any distinct benzene-like 
absorption in the spectra of IIIb, 111~ and IIId prevents any 
further conclusions. We suspect that in the work of Weber 
and Teale, the comparison of IIIb with 111~ instead of com- 

Table 2 
Relative fluorescence quantum yields w’ (at the excitation wavelengths 
given in the superscripts) of IIIa, IIIb, 111~ and IIId and wavelength of 
maximum absorption Ama,*’ and fluorescence &,,.,e” in air-saturated meth- 
ylcyclohexane solution at room temperature 

@F rd. MO @F rd. 240 A maXabs/nm A ,,,R”/nm 
(kO.1) (YcO.1) (+2nm) (f2nm) 

IIIa 1.0 1.0 334 446 
IIIb 1.0 0.4 340 456 
IIIC 0.9 0.9 335 448 
IIId 1.0 0.7 334 450 
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parison to a suitable reference compound lead to the misin- 
terpretation, that intraEET is responsible for the observed less 
intensive DANS fluorescence in IIIb than in IIIc upon exci- 
tation in the ‘A,- absorption band. 

4. Summary 

The flexible polymethylene chains incorporated as molec- 
ular bridges in the bichromophoric compounds investigated 
in the present study allow formation of a number of molecular 
conformations, so that these compounds in solution should 
be described by distributions of conformations. Since the 
conformational distributions are not known experimentally, 
computer simulations were carried out on the basis of simple 
molecular mechanics calculations. Probability distributions 
of center-to-center distances for the naphthalene anthracene 
compounds I were obtained, in which the interchromophoric 
distances between the two chromophoric units fall in a rela- 
tively narrow region between ca. 3 and 5 A for Ia, Ib and Ic, 
despite the fact that the spacer group in Ib and Ic allows for 
much longer distances in stretched conformations. For Ib and 
Ic, structures for the energetically most stable conformations 
were obtained with sandwich-like orientation of the chro- 
mophoric units. Whereas these simulations provide an 
appropriate description of isolated molecules in thermal equi- 
librium, in solution, solvation competes with intramolecular 
association, and stretched rather than folded conformations 
can be expected to exhibit high Boltzmann factors [ 59,601. 

Compound I exhibit fast intramolecular electronic energy 
transfer (intraEET) upon excitation of naphthalene moiety. 
For the rate constant of intraEET, kEET, a lower limit of 
1 X 10” s- ’ was obtained. Thus, the intraEETprocess, which 
was observed previously by Schnepp and Levy in Ia and Ib, 
happens to be very fast even in Ic, which has a molecular 
bridge of 6 methylene units. Since the electronic coupling 
matrix element VEET is expected to change in the series of 
compounds I, due to the variation of the bridge length and 
because of different distance distributions in solution, the 
Franck-Condon weighted density of EET acceptor states in 
this system is presumably very high and does not allow any 
changes in V, to be discernible in the rate constants kEET 
determined in this study. 

In the naphthalene acridine bichromophoric compound 
IIb, intraEET (with kEET= (1.0+0.5) X 10’ SK’) and an 
acceptor-induced non-radiative decay process of the naph- 
thalene moiety (rate constant k,,= (5 f 3) X 10’ s- ’ ) was 
observed. The free energy change for intraELT from the 
excited naphthalene to the acridine moiety AGEL= = - 1.20 
eV was estimated from halfwave redox potentials of the par- 
ent chromophores. It is, therefore, very likely that intraELT 
contributes to the observed non-radiative decay of the naph- 
tbalene moiety in IIb. The decrease in kEET by at least two 
orders of magnitude in IIIb compared to kEET in Ic, which 
has a very similar donor moiety and a molecular spacer group 
of similar length and flexibility, is probably due to different 

Franck-Condon weighted density of acceptor states and due 
to different distributions of mutual orientations of the two 
chromophoric units. The latter effect is caused by the change 
in substitution in the naphthalene donor ( I-naphthyl in Ic, 2- 
naphthyl in IIb) and by the fact that the molecular bridges 
(6 methylene units in Ic, 6 methylene units and an amide 
group in Iib) are not completely identical. Further systematic 
studies with various acceptor units are needed in order to 
separate both effects. Work in this laboratory is now in pro- 
gress to obtain realistic probability distributions of mutual 
distances and orientations of the chromophoric units in 
solution. 

In the benzene-DANS bichromophoric compounds III, 
the high spectral overlap between the absorption spectra of 
the donor and the acceptor units prevents any reliable eval- 
uation of intraEET in these compounds. This is in contrast to 
earlier interpretations of fluorescence properties of IIIb and 
IIIc, no evidence for occurrence of intraEET in compounds 
III was found. 
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