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Abstract 

h:tramolecular excimer fl)rnaation in symmetrical bichn mlophore compounds consisting of two benzene, anisolu, and 2,6-dimethylbenzene 
groups connected by a highly flexible ()-CH2-O chain has been evidenced from steady state and time resolved fluorescence studies. The 
thermodynamic and kinetic parameters have been determined in methanol and for one of them in methylcyclohexane as a function of 
temperature. While the activation energy for the conformational change required l\,r excimer formation is similar for both solvenls, the 
preexponential factors deduced from Arrhenius plots appear to be larger m methanol than in methylcyclohexane The parallel investigation 
of fluorescence excitation and dispersed emission spectra of bis-p-methoxy-phenoxymethane in supersonic expansion has shown that two 
conlormers coexist in the jet and that the intrinsic barrier for excimer formation in the isolated molecule is larger than 2.3 kcal tool ' 
© 1')98 Elsevier Science S.A. 

Key~ 'ords: Fluorescence emission; Symmetr ical  bisbenzenes:  Inl~amolecuhu" excimer  formation 

1. Introduct ion 

Fluorescing excimers have been shown to play a major role 
in the mechanism of  inter and intramolecular photocycload- 
dition [ 1-3] and to be an invaluable tool in the study of 
molecular dynamics in polymers [4-6]  or molecular assem- 
bile,  [7,8].  Thus, the polymethylene chains have been exten- 
sively investigated in many oe,~o-bisarylalkanes ( A r -  
(CI-12),,-Ar) [9 -14] .  From a study of oe,w-bisphenylalkanes, 
Hirayama [15] concluded that the (CH2)~ spacer was the 
most favorable to observe the benzene excimer: these: results, 
known as Hirayama'  s rule, suggest that three membered links 
are 1he most efficient to generate excimer type complexes. In 
such systems, linked by a polymethylene chain, excimer for- 
mat,on has also been shown to depend not only on the spacer 
geometry but also on its con formational mobility: as the bich- 
romophores are rather floppy molecules, several conforma- 
tion, are expected to coexist at room temperature. For 
example, time resolved fluorescence measurements on 
di(f aphthyl)propane in solution have been ratiom~lized in 
terms of a kinetic scheme involving two ground state confl~r- 
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mations [ 16]. In addition, it has been shown by jet experi- 
ments that four isomers of 1,3-diphenylpropane are cooled 

down in the jet  and that the barrier lbr intramolecular excimer 
formation is strongly dependent on the chain geometry I 17 I 
and is significantly lower for the omformat ion tentatively 
assigned to the gauche-gauche isomer. 

For bis-mto-9-anthrylalkanes, Hirayama's  rule does not 

apply, i.e., no excimer fluorescence has been detected for 
n - 3 ,  but the highest excimer emission intensity was 
observed for n = 5  and 6 [10l .  Hmvever. the trimethylene 
chain ( - (CHe)~-~  was found to be efficient for the photo- 
cycloisomerization ] 10]; an increase of the chain flexibility 
by using the CH~-O-CH~ link led lu a higher photoclosure 
efficiency whereas the highest pholoreactivity was observed 
for the ' - O  -CH.-O" (denoted 'acelal" ) spacer [ 18,19 ] For 

none of these three member spacers v, as gill excimer emission 
detected 118,191. This photoreacti~ ~ty could compete with 
the excimer radiative deactivatiolk. Less reactive bisaryls 
(such as phenyl, naphthyl, pyrenyi, etc.) obey Hirayama's  
rule. Therefore, it was anticipated to observe an excimer 
fluorescence for bisbenzenes when the two rings are con- 
nected together with the acetal link which was Rmnd to be so 
far the most flexible spacer fi)r bisanthracenes. Indeed, in 
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contrast to its anthracene analog, the excimer of 2 has been 
characterized by its spectrum in methanol 'at room tempera- 
ture [ 20 ]. 

In this paper, we present the results of a ~ystematic inves- 
tigation of the electronic absorption and emission spectros- 
copy of bisbenzenes 1-3 together with their reference 
monochromophoric derivatives 4-6  

[~CH;~~ CH~:H2cHs~~C:)~CH3 

Z Z 

We have recently studied, using the supersonic jet tech- 
nique, the laser induced excitation and emission spectra of 
compound 1 and 3 [21]. While no evidence for exc.imer 
formation has been found lkw 1 in the gas phase, at least when 
excited with less than 10(I0 cm ~ excess energy, there is an 
indication of the formation of a weakly fluorescent excimer 
in the case of sterically hindered compound 3 close to the 
absorption threshold, 

2. Experimental 

2. I .  Preparation ~?/'c¢m~p~,u,ul.s" 1-3 

Z=H I_ _3 

Z = OCH3 2 

CH3 C H3~HcH3 

Z 

Z=H _4 
Z = OCH3 5_ 

respectively, at different temperatures, in methanol and meth- 
ylcyclohexane solutions, in order to determine the kinetic 
parameters associated with the monomers (locally excited 
species) and excimers reactivity (Scheme I ). These results 
are compared with those of an investigation ol-the 2-6 deriv- 
atives, using the supersonic jet technique. 

The aim of the supersonic jet experimerJts is to compare 
the fluorescence properties of  the isolated bichromophore 
with those in condensed fluid solutions. ] he  excited state 
dynamics of jet-cooled bichromophores ar,: expected to be 
strongly dependent on the ground state geometry of the spacer 
and on its flexibility. When the 0-0  band ol the bichromop- 
hore is excited, no contormational relaxaticn can take place 
in the excited state. On the other hand, when exciting the 
system with some excess energy, intramolecular vibrational 
redistribution (IVR) takes place and ma)popu la te  chain 
modes which permit conformational changes in the excited 
state and give rise to excimer formation trader isolated 
conditions. 

*A~'O~/O'A~ - ~D 

' monomer ' excim~ F 

S c h e m e  l. kFM. kll). fluoreY;ct?nce t'il[e Colistall[~; o f  'I11t.1 IOlTlel "" find CXC'ilT]e1" 

emi s s ions ,  k~.~,,, and  k[)., n o n - r a d i a t i v e  d e a c t i v a t i o n  ra l t  ~ons tan t s  for  m o n  

o m e r  and  e x c i m e r ,  r e spec t ive ly .  

The bichromophore 2 was synthesized according to pub- 
lished procedures [ 21]. Bichromophore 1 was prepared using 
the Dehmlow method [ 22 I: the preparation of compound 3 
has been described in a pre~ ious paper [201. 

2.2. Solvents 

Solvents of spectrometric grade were purchased commer- 
cially and used without further purification. Methanol [ pur- 
chased from Solvants Documentation Syntheses (SDS) ] was 
careflflly distilled upon Mg turnings with a 1 m column prior 
to use. No fluorescent contaminants were detected upon exci- 
tation in the wavelength region of experimental interest. 

2./. 5"pectroscopic methodx 

UV spectra were recorded on a Hitachi U-3300 spectrom- 
eter, and fluorescence spectra with a Hitachi F-4500 instru- 
ment corrected for emission and excitation. The samples 
(concentration _< 10- 5 M ~ were degassed by freeze-pump- 
thaw cycles on a high vacuum line and sealed under vacuum. 
The fluorescence quantum yields were determined on 
degassed samples by comparison with 1,4-dimethoxyben- 
zene (4h: 0.21 cyclohexane) and anisole ( ~ :  0.29 cyclo- 
hexane) taking into account the refractive index influence fl)r 
methanol [ 231. 

The temperature dependent measurements ( UV and fluo- 
rescence ) were performed using a quartic cell. 1 cm optical 
pathlength, placed in a copper holder inside a quartz Dewar 
flushed by cold nitrogen ~as; the temperature (_+0.5°C) 
monitored by a platinum sensor was adjusted by the nitrogen 
flow. 

Fluorescence decay measurements were performed u:sing 
the single-photon timing technique (Applied Photophysics). 
The decay parameters were determined by a nonlinear least 
squares deconvolution method, the DECAN (l .0)  pro- 
gramme 124], kindly prox, ided by F. De Schryver. The suc- 
cess of the fits was evaluated by reduced X ~ (0.95-1.2),  the 
randomly distributed weighted residuals, the autocorrelation 
function of weighted residuals and the Durbin-Watson par- 
ameters. The kinetic paranwters were estimated to be dc'ter- 
mined with an accuracy ol  ca. 10,c/(. 
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A biexponential decay obeys the following equation: 

l r ( t ) = A l e x p ( - A t t ) +  A 2 e x p ( - A  2t) (1) 

A:; an example, the experimental data for the fluorescence 
decay of compound 2, in CH~OH (a  obs: 315 nm) were 
found to be the following: 
Temperature A, I/A, (ns} A, I/a~ Ins) V' 
62°C 1.81 (I.45 n.o17 7.5 ~.12 
20°C 1.58 0.59 0.n45 7.9 i. I I 
- 1()~ ~ 0.78 1.16 0.014 8.3 /.08 

43 ~ [ ? (I.76 1.9 ().0()6 9.(} i.02 

Kinetic parameters (kDM , kMD, kH) ,  k D . . . . .  see Scheme I) 
were evaluated from the following equations based on the 
Birk; model (fluorescence decay of a locally excited species 
and one excimer); then, the time evolution of the emission 
from the locally excited species IM( II and from the cxcimer 

I D ( t  can be expressed as follows 125]  

1~t( t I = k F M ( A 2 - X ) / ( a 2 - a , ) ( e x p ( - a , t ) + A e x p ( - , ~  , t  ) ). 

ID(t =kvDkDM/(A 2 - A  i )( e x p ( - A  i t ) - e x p ( - A  2t ) ). 

whmeAi.2 = 112{ ( X +  Y) ++_ [ (X--- Y)--t 4kr)MkMr~] l.': }: 
X =  l DM + kM corresponds to the deactivation channels of the 
locally excited monomer; Y= k,~u) + k~, = AI + A2 - A corre- 

sponds to the deactivation channels of the excimer state: 
A =Az/AI = ( X -  Ai ) / (  A2 - X ) ,  X and Ycan be expressed as 
a function of A, At, An and thus deduced from the experimental 

data: 

X = ( A A 2 + A , ) / ( A + I )  

Y = ( ,  +Aelt(A +1) 

kDM = ( A A e + A I - k M ( A + I ) ) / ( A + I )  

k D = { ( A A ~ + A e ) / ( A + I ) } - - k M D :  

kMt,=(X--AI)(A2--X)/kDM 

k MD =(k M +k DM - a  , )×{(a ~ - (k M + k ,~M)}lk,~l 

k FM =(/)FM/ZM; k M = 1/rM 

kFD ::qbFDxkFM( kD + kMD)Id)vMXh DM 

2.4. ,let exl~eriments 

The experimental setup has been described [ 21 ]. ]'he flee 
supersonic expansion is obtained by expanding the carrier 
gas I Helium at 2 atm backing pressure) saturated with the 
vapor of the compounds under study (from heated samples ) 
through a 200-b~m pinhole into a vacuum chamber. The chro- 
mop ~ores are excited in their first electronic transition 5 mm 
downstream by a frequency-doubled (BBO) dye lase, { Cou- 
marl1 540A or Rhodamine 590), pumped by the third or 
second harmonic of a YAG Laser ( BM lndustrie or Qtmntel ). 
Fluocescence was observed at right angle, either through fil- 
ters , WG 285, WG 320) or dispersed by a monochromator 
(60 ,:m length Jobin-Yvon) and detected by a phol,~multi- 

plier (Hamamatsu R2059). The signal from the photomul- 

tiplier is averaged and processed through gated detection 
electronics connected to a personal microcomputer. 

3 .  R e s u l t s  

3.1. Fluid solution studies 

The spectra were recorded in methanol (MeOH) and meth- 
ylcyclohexane (MCH) as a function of temperature. While 
the same behavior is qualitatively observed in both solvents, 
the fluorescence intensity and decay kinetics appear to be 
sensitive to the nature of the solvent. Most results are given 
for MeOH: some striking features in MCH are commented 
upon when necessary. 

3. I. l. UV absorption spectra 
Compound 2 has previously [201 been found to display, 

an hypsochromic shift ( A ~, = 510 cm ' ) and an hypochromic 
effect, in colnparison with the reference molecule 5; the same 
i s u - u e f o r l ( k p = 4 7 0 c m  ' ) a s c o m p a r e d w i t h 4 ( F i g .  l) .  

10-3 g 

// ,,;6_ 
//  3l V. 

2so 3;0 kz~= 

10-3 g 

I [ 

/ ! / ' I  
! 

I I 

250 300 k / n m  

10-3 

#q 
5 / , /  ' \ "  

l "  
/ /  \ ', 

0 
250 300 k / n m  

Fig. 1. UV absorption spectra of bichromophores I-3 and reference mole 
cules 4 - 6  (2 ,~') in CH~OH at RT (cone. ~ 10 '~. A clear hypsochromic 
shift is observed belween the bichmmophore:, and lhe reference compounds. 
Ap,,,,,~(takenattheintensitymaximum):l 4 47(Icm ~:2 5=510cm 
34 ~ 260 cm ' 
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Fig. 2. Corrected tluoresccnce emission spectra ( normalized ) in CHd)H of compounds I ( - - - )  ( bichromopholt :, and 4 (reference) { - - ) at 20~('; conc. 
<10 SM, X~.~c:270nm. Theexcimerspectrum(" • I was deduced by the differen~ e between land4. Similarsl:..e~trawereobtainedl',w2andSlshownin 
insert) as ,,,,ell as 3 and 6. 

The hypsochromic shift in the bichromopho] es is presulnably 

ascribable to a decrease in conjugat ion between the oxygen 

lone-pairs and the aromatic v-c louds  due to an enhanced 

steric hindrance between the groups in lhe Mchromophores;  

the hypochromic effect suggests some degree of superimpo- 

sition between the benzene rings [ 26-28  ]. Qualitatively, sim- 

ilar variations can be observed between conq3ound 3 and the 

reference molecule 6 (Fig. I) but at tenuated (Av~26{ )  
cm ~1 because, in the latter, the methoxy ?,roup interacts 

with the two methyl groups in positions 2 ;rod 6 adopting a 

nonplanar  conformation more similar to that of  O-CH_, in the 

bichromophore [ 2 1 1  Thus. the three bisben,tenes incorpo- 

rating an acetal link display a consistent pMure.  The better 

the conjugation,  the stronger the red shill ( 2 > 1 > 3 ) ( I:ig. 

1). 

3.1.2. Fluorescence emissioez spectra 
Although the fluorescence emission specl! a t cone. < 10 ' 

M ) of 1 -3  resemble those o14--6, they preseat some change~ 

in the long wavelength region ( Fig. 2 ). Sublract ion of spec- 

trum of 4 - 6  from that of 1-3 reveals a n e a ,  weak and non 

structured band assigned to an intramolecular  excimer emis- 

sion ( intermolecular  process is discarded as no concentrat ion 

effect has been noted) .  This assignment  is home out by the 

excitation spectra which match the absorption spectra and are 

independent  on the wavelength of  observalion; they prove 
the common origin of  lhe two emissions.  Finally, the exis- 

tence of the second component  of the fluore <:ence emission 

was fully confirmed by the fluorescence decLv profiles of l 

3 which are best fitted by a biexponential  function (vide 

infra) .  

3. t.3. Stevens--Ban I)lotv 
When the solutions were cooled (from 293 K down to ca. 

200 K) an increase of the Iotal fluorescence emission was 
observed (except for 3 for which 4~ remains approximately 
constant  and < 0.1()) accompanied with a change of the rel- 
ative contr ibut ion of excimer and "monomer ~ components  
( Fig. 3). The logarithms of the ratio of fluorescence quantum 
yield in excimer and "mon~.mer' part vs. I / T  gave the so- 
called S tevens -Ban  plots I291 ( Fig. 4) .  Provided there is an 
interconversion between "monomer" and excimer  species, it 
is possible to evaluate the acl ivation energy (At.,) tot  excimer  
lolmation and its enthalpy ol stabilization (AH)  from the 
tangents at the 'S tevens-Ban" curve in the low'- and high- 
lemperamre regions, respectively (however ,  5E tot 3 and 
All  for 2 could not be determined due to the scarcit5 ofp{fints 

~)F 

0.2 

0.1 

.! 

x'~... . .#. 2 

~, °•°, 
• "A 

\~, °°°%° 

Q,~. 0 %° . 

3 t~ [] . . . .  ~ . - - o  ......... "'A . . . . . . . . . . . . . .  A. .  

I I I ,~. I I I I I 

200 240 280 320 T (K) 
Fig. 3. l'enlr)erature dependence of :olal fluorescence quttl/Itlll/yields (d>~:) 
of Lompounds I 3 in degassed (Hd)H (1) (- -). (2) ( • -). (3) 
( --- -- }. hl tile same [empera[Llre il}Idl'Va] file relcrellce ¢OlllpOtlllds qtl~lllII_IIll 

~iehls ¢rG~) were found m display the foIIo~ing values al 340 K and 200 

K, respectively. 4:0.18 (}.36: 5: I> 12-0.24; 6:0.12 0.2~, 
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Fig. 4 Plots of the logarithm of the ratio of fluorescence quantum yields in 
excimer and 'monomer'  vs. I / T  in degassed CH~OH (Stevens Bm plots) 
for compounds 1-3; for AE and AH data, see Table 1. 

in the relevant regions the measurement domain being limited 
by the boiling [ 338 KI and freezing [ 179 K ] points of meth- 
anol I. Nevertheless, these values have to be taken w~th cau- 
tion because of the approximations related to the method 
( among the usual hypotheses, the radiative rate const~ nts kvM 
and k m for "monomer" and excimer, respectively, are :onsid- 
ered as independent on temperature~ they are in the salne 
order of magnitude as 1hose determined from fluorescence 
decays analysis (Table 1 ) and will be discussed in a fol lowing 

para:~raph. 

3.1.-~. Transient kinetic analys i s  

In contrast with the reference compounds 4-6,  which dis- 
play, at all temperatures, a single exponential fluorescence 
emission decay, the emission profile of bichromophores 1-3 
were best fitted with a linear combination of two exponentials 
whatever the observation wavelength considered. The study 
of the decays vs. temperature was only performed in the 

/%- l(ns) 

8 

6 

4 

2 

" ' ~  ~ A 2  
2 . , 7  

5 
. . . .  , . . . . . . .  , 

- ;0  -2tt 20 60 T (°C) 
Fig. 5. Fluorescence decay liletimes ( I/kmr o* compounds 2 ( . . . . . .  ) and 5 
( ) in degassed CH,OH recorded in lhc monomer region ( ~ 300 nm} 
vs temperature. At low temperature..a~ L ~m,:l k i (ref.) converge to th,: 
same value. Spectra of the same !ype have h:xm recorded for t ;:nRt 4 ) and 

( 3 and 61. 

'monomer '  region (/M(t) ) because ll3e excimer emission was 
nol intense enough to be measured under our experimental 
conditions; however, the few experiments carried out on the 
excimer region at room temperature gave kinetic parameters 
similar to those obtained on the 'monomer '  part; then the 
decays were adjusted with a difference of two exponentials 
on the excimer part whereas a sum ol two exponentials is 
necessary for the monomer region ( Scheme I ) ; these results 
indicate that the Birks kinetic schentc [ 25 ] applies for com- 
pounds 1 - 3  

T h e  f l u o r e s c e n c e  l i f e t i m e s ,  as  o b s e r v e d  w i t h  the  f l u o r e s -  

c e n c e  e m i s s i o n  q u a n t u m  y i e l d s ,  a rc  l e m p e r a t u r e  d e p e n d e n t  

( [Zig. 5 ) .  I n d e e d ,  w h e n  t e m p e r a t u r e  is d e c r e a s i n g ,  a m o n o b  

o n o u s  i n c r e a s e  o f  t h e  l i f e t i m e  o f  4 - 6  b, r e c o r d e d .  B e s i d e s ,  t he  

t w o  d e c a y  p a r a m e t e r s  f i )und  fo r  1 - 3  a re  s i m u l t a n e o u s  g r o w  

ing  w i t h  c o o l i n g  t h e  s o l u t i o n ;  t he  s m a l l e s t  k i n e t i c  p a r a m e t e !  

I / k ,  a n d  the  l i f e t i m e  o f  4 - 6  h a v e  a i c n d e n c y  to c o n v e r g e  at 

l o w  t e m p e n t t u r e :  c t m c o m i t a n t l y  the  ra t io  o f  t he  p r e e x p o n e n -  

tial f a c t o r s  A e / k ~  is s t r o n g l y  r e d u c e d .  

Table 1 
Fluon,scence quantum yields (&r), !hermodynamic and kinetic p~tramelcrs for compounds 1--3 and 4-6 in methanol at 20o( . 

( 'omF.und d~ A ~ (ns) km.~,~ k>,u~ ~/ ' , (kca l /mol)  All (kcal /moll  Ex~ liner amax AI,, 
(lt},~s I I (10.~; I) (nm?12, vcm ~) Ikcal/ 'mul) 

l 0.06 0.26 and 6.2 ( Ae/A =0.217) 31 (!.65 (2 .9) ' .4 .4  ~' i1.7~',3.1 t' ~,41~ 9~J 
4 0.22 7.5 ~ ; 55(~/ 
3 0.08 0.18 and 8.6 (A~_/A~ =0.109) 4.8 054  3.2 b t 3.5 '¢'. 3.2 ~' 3 4  117 
6 0.16 5.7 15 I!(H)) 
2 0.t)55 0.59 and 7.9 (A~,/A, =0.028) 13 =0.05 (4.0 ?', 4.7 h 38(t 
5 0.16 2.7 c:: ~3{~) 

3.E amt Z.'.'XH activation energy and enthalpy fl~r cxcimer formation. A ' was determined by single photon uming by analyzi,g the "monomer' fluorescence 

decay 
AU, intramolecular repulsive potenlial in the ground state betwem ~wo phenyls after radiative deactivation of the excimer. 
The a,'curacy of rate and thermodynamic constants was estimated la be ca. 15c/r. 
"Fron Stevens-Ban plots. 
bFrom single photon timing data. 
~Not ~ alculated due to the very low and no! accurate value of k\~). A, and Am are the preexponential factors in Eq. ( I ). 
These data (kl~M, kw), kE) compare well with those fbr 1.3-bisphenylpropane [ 5 l, dibenzylether [ 5 [, 1,3-di-oz-naphlhylpropane [ 13.23 I, di( c~-naphthylme 
thyl)clher 151. 1,3-di-/3-naphthylpropane l l3[ and bis(p-dipheuyhnethyl)ether 111]. Av=  u,, (onset of the fluorescence emission) - v ...... (excimer max 
emiss ion wavenumber ). 
For t. 4. 3.6: a.~ = 27(I nm and a,,h, = 300 nm: for 2, 8: k,.,~.,, = 2~9 nm and k,,,, - 315 nm. 
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This shows that the reference molecules chosen (4 -6 )  are 
pretty good models for the locally excited states ( 'mono-  
mers" ) despite the slight difference with the bichromophores 
shown at the onset of the fluorescence spectra (A~,, see Fig. 
2). Therefore, for the calculation of the rate constants of 
Scheme 1, kj=M was obtained from the quantum yields &~'v 
and lifetimes r,a of the reference compounds 4-6.  Using these 
values and the transient kinetics data. the rate constants were 
calculated (see Section 2). Some of these, particularly kD~.~ 
(excimer formation) and kMD (excimer dissociation) ( at 
room temperature),  are collected in Table 1. The kinetic 
analysis was conducted in the temperature interval - 8 0  ° lo 
+ 60°C in order to derive the activation energies for excimer 
formation (_ekE) and dissociation ( I AHI ÷ .3/:') (see Fig. 6) 
by plotting In (kDM) and In (k,aD) vs. I/T, respectively ( Fig. 
7a and Table 1). Similar experiments were performed in 
MCH for compound 2 ( see plotted data in f:ig. 7b).  

3.1.5. Repu ls ive  po ten t ia l  3 I Z  

The excimer emission is known to occm at longer wave- 
length ()t ...... ) than that of the locally excited emission /A,,: 
onset of the fluorescence spectra [see Fig. 2 ] ) .  The Stokes 
shift ,5 u=  v , , -  u, ..... has often been assumed to be an approx- 
imate measure of the excimer stabilization. But, when one 
considers an energy profile for excimer formation ( Fig. 6), 
it appears that this value also includes the ground state repul- 
sive potential 

h A I , = [ A H I + A U , .  

The determination of 5 H  for bichromophore 1 and 3 
( = - 3 kcal tool ~ ) allows the calculation of the repulsive 
energy ,'.SU, i,e., ca. 10 kcal tool ~ 1) and I 1.5 kcal mol J 

(3)  (Table 1). 

3.2. I so la ted  molecu les  in supersontc , je t  

The spectroscopic properties of jet cooled bichromophores 
1 and 3 have already been reported [20].  Therefore, we 
concentrate here to the laser induced fluorescence spectw- 

! Singletse;Cf~ted 
1~ s tate  _ .  _ ~  

 7,i-x4227 . . . . .  
,. Excimer 

'Ground state I 
] surface [ h9 ..... hv 0 

d(A....A) 
Fig. 6. Energy profile liar excimer formation betweel two aromatic I A} 
rings situated at the mutual distance d( A...A ). :kE and .XH are the activation 
energy and stabilization enthalpy, respectively, kL,', represents the ground 
state repulsive potential al lhe excimer eqtdlibrium distance. 
hu,, = I~HI +h<,,,,, + 3,U,. 

.2 

2 2  

2 0  

18 

16. 

"• ~ = 4 . 8  x I 0~'- s ~ 
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0.0'0:3 ~,.0'04 0.005 

bq' [ VK1 

20  
k o =  0 .79  x 1012s : 

19 

(b) 

000 0 

i r tl/KI 
Fig. 7. Plots of In k~v,l vs. I /T according to the equation In kDM--k,, exp 
( - AE/RT): kDM is the rate of inuamolecular excimer formation for com- 
pound 2; (a) in MeOH. r=099-~7 (b)inMCH, r=0.9991. 

scopic study of compound 2. Solution spectra have shown 
that this bichromophore gives rise to the largest excimer 
intensity and is thus more ~uitable to evidence the excimer 
formation under jet cooled conditions. 

3.2.1. F luorescence  excitatiot~ spectra 

The fluorescence excitation spectrum of l -4-dimethoxy- 
benzene 5 has been recorded for the sake of comparison and 
is the same as that published by Yamamoto et al. [30]. It 
displays two intense features located at 33.631 and 33.851 
cm '. attributed to the 11 4! transition of the trans and cis 

rotational isomers, respecfi \ely.  The main vibrational levels 
in the S~ state of the cis m~d l rans  isomers are reported in 
Table 2. 

The fluorescence intensity of the bichromophore is weak 
when compared to the monomer, which shows that an effi- 
cient nonradiative process takes place in the bichromophore. 

Tab le  2 

M a i n  v ib ra t iona l  l r e q u e n c i e s  / c m  : ) o b s e r v e d  in the relierence c o m p o u n d  

5 and  the b i c h r o m o p h o r e  2 

(7i~ i s o m e r  (o r ig in  l ) a n s  i s o m e r  (o r ig in  B i c h r o m o p h o r e  (o r i g in  
at 3 t ,851 on1 ~ ) at 33,(~3 t ~m i ) at 34 ,245  cm i ) 

S ,  S, S,, ";, S ,  S, 

316 ,  3711 405  386  3 7 2  

528  5{)5 551 - 5 3 0  5 1 0  

8 2 4  8t)8 821 81 t 824  805  

1330 I :,()tl 1275 1298 1330 
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Fig. {'; Fluorescence excitation spectrum of the bichromophore 2 in a ,,upersonic expansion obtained by collecting the total emission. (Temperature of the 
reser,'oir sample, T= 110°C.) The frequency scale is relative to the strongest 0-0 transition at 34.245 cm . The arrows indicate the bands pumped for dispersed 
emis.~ ion spectra of Fig. 9. 

This result is corroborated by decay measurements  which 

shows that the f luorescence l ifet ime of  2 is contained in the 

lasei pulse ( < 8  ns).  The excitat ion spectrum (Fig.  8) dis- 

plays a series of  bands centered around 34,200 cm ', i.e., 

blue shifted relat ive to the monomer .  It is compose~ of  two 

systems of  bands whose  origins are located at 34,1 [5 and 

34,245 cm ], respectively.  In the case of  1 only one system 

was observed at origin and the presence of  two systems in 2 

may be correlated with the existence of  different psomers 

corrcsponding to different  orientation of  the terminal OCH~ 

as observed in the m o n o m e r  5. Under  this assumptiom the 0 -  

0 baads of  the two forms of  2 are blue shifted by 484 and 394 

cm ~ with respect to the t rans  and cis  forms of  the monomer  

5. It should be noted besides that the energy gap between 

both isomers is reduced from 220 cm ~ in 5 to 130 crn ~ in 

2. The strongest band at 34,245 cm ~ is fo l lowed b,, a pro- 

gres:don of  40 cm ~ centered on the 0 - 0  transition. Each 

bane of  the progression is composed  of  a doublet  spliI by less 

than 5 c m - ] .  The same 40 cm ~ progression is observed 

from the 34,115 c m - ~  origin. This low-frequency mode is 

close to those observed in b isphenoxymethane  1 (42 and 48 

cm - ' )  and may be assigned to a torsion of  the acetal chain. 

Another  progression of  weaker  intensity built on the same 

low-frequency mode has its origin at 34,128 cm ~. 

H=gher vibronic levels  displaying a similar  low frequency 

structure appear with significant intensity at 510 and 805 

cm ' from the most intense origin at 34,245 cm ~ These 

mod,es correspond to those observed in c i s - 1 , 4 - d i m e t l l o x y -  

benzene at 505 and 808 cm ]. Similarly,  a series of  weaker  

bands is obtained to the red of  the intense 805 cm t leatures 

reprt ,ducing the structure observed at origin. Other  weaker  

bands at 290 and 370 cm l fi 'om the strongest origin are more 

difficult  to assign to either forms of  2. 

3.2.2.  Di , spersed  e m i s s i o n  s p e c t r a  

The emission spectrum resulting from the exci tat ion of  the 

b ichromophore  2 at 34,115 and 34,245 c m - ~  is presented on 

Fig. 9. Both emission spectra display the same vibrational 

r.~ 

> 

2-  

-500 
3 

500 1000 1500 2000 2500 3000 3500 4000 

I (a) 

0 
36000 34000 32000 30000 28000 26000 

t i n  - !  

Fi~. 9. Dispersed fluorescence spectra ot th~ bichromophore 2: upper part: 
0' level excitation at: (a) 34,115cm ,(b}34,245cm ~.Lowerpart:(a! 
excitation of the 805 cm ~ vibronic level at 35 050 cm ~, (b) 0" excitation 
at 14,245 cm ~ recorded under the same cor, ditkms shown for comparison. 
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structure with main bands tit 530. 825, and 1330 cm '. Sim- 
ilar frequencies are observed for the cis i s~mler of the mon- 
omer ( see Table 2). It is. however, difficult to conclude from 
this comparison that the excited subunit in the bichromophore 
has the c is  conformation. An out-of-plane gg geometry has 
been calculated for bisphenoxybenzene 1 20]. The substi- 
tution with OCH 3 groups in p a r a  position I'rom the chain is 
not expected to modify this conlk)rmation Jr. 2. In a nonplanar 
geometry, the distinction between cis and lran.v forms is not 
relevant. 

The dispersed fluorescence obtained by [,umping the main 
805 cm ~ feature shown on Fig. 9 is broad and slightly red 
shifted with respect to that originating from the 0" level. This 
behavior is characteristic of intramolecular vibrational redis- 
tribution ( IVR) .  There is no indication of a tail extending 
toward the red which may reveal the formation of an intra- 
molecular excimer as observed in solution. 

4. Discussion 

4.1. S o l u t i o n  e . r p e r i m e n l s  

The steady state fluorescence together with the detailed 
kinetic analysis of the decays of compounds l ,  2, 3 show 
unambiguously that the bisbenzene molecules linked with a 
O-CH=-O chain (acetal linkage) give rise a~ intramolecular 
excimer formation. The excimer formation process in bich- 
romophoric systems is supposed to be delermined by two 
factors. The first one concerns the resonance interaction 
energy gained in the parallel configuratio~ of the aromatic 
rings which stabilizes the excited complex in a potential 
energy minimum from which a radiative plocess toward the 
repulsive part of the ground state can take place. The second 
one deals with the rotational motion of  the chain needed to 
overcome the potential energy barrier and reach the best over- 
lapping arrangement of  the aromatic rings t Fig. 6). [t is the 
rate determining step. As mentioned in Section l, extensive 
studies have been performed on the mechanism of excimer 
formation on bichromophores including large polyaromatic 
moieties (naphthalene. anthracene, biphenyl, pyrene [9 -  
14] ) linked by a polymethylene chain. However, although a 
dual fluorescence emission has been obser~ ed in related bis- 
benzenes such as C~M,~-X- C,,Hs, where X -: I CHe)~ [ 15 I: 
C H : - O - C H ,  131 ] CH~-NHR-CH~ 132.531 or ( ) - P ( O  
O H - O  [341; there is a dearth of data on the kinetics and 
thermodynamics of  excimer formation: this is presumably 
connected to their nmch weaker and less shil'ted excimer 
fluorescence indicating smaller resonance stabilisation 
energy as expected from more limited overlap of the vr system 
and low transition moments of the interacting excited states. 

The present study brings quantitative new data on tile intra- 
molecular excimer energetics (AE and A l l  values) and 
dynamics (rate of formation koM and of  diss, ociation kMD) in 
the case of the flexible acetal linkage which may be compared 
with available results on similar systems. Tile AE values are 

in the same range as those found for 1,3-bis-diphenylpropane 
(3.9 kcal tool ~) and dibenzylether (3.7 kcal. mol ' )  in 
ethanol [ 5 I, as well as several other similar bisarenes [ 35 [. 
The stabilization enthalpies (AH) although weak are not very 
different from those of other bisarenes [ 35 I. The AU, w.flues 
are in the range of those found for other intramolecular exci- 
met systems bis( l-pyrenyl Ipropane (ca. 14 kcal~ in n-hep- 
tane [121] and a mixed 9-anlhryl- l -pyrenyl  ,nixed excime," 
(~a. 11.5 kcal in MeOH [36]) .  However, they are hi!gher 
than those reported fl)r intermolecular excimers of benzene 
derivatives: AU,/kcal  tool i: pure toluene (7.0),  pure mesit- 
ylene (8.0).  The interesting feature is that although both 
excimers 1 and 3 have the same AH values, the ground state 
repulsion energy of 3 is higher, presumably because of  the 
steric hindrance of the methyl derivatives in positions 2 and 
6. 

Regarding the kinetic data. one salient feature is the high 
wdues ofk~M ( 1.3 to 4 8  :< I(F s I) which are clearly larger 
than those of  other related bisarenes (2 to 7 x 10 s s ~), in 
line with a higher flexibility of the acetal link than those of 
other three member spacer~. AM 1 calculations on the con- 
formations of compounds 1 and 3 have been reported in the 
previous article. It has been shown that the O-CH:~-O link in 
1 can take either a gg or a lg conformation with similar heats 
of formation ( AH~ = -- 26~ kcal mol ', AH~ . . . .  25.4 kcal 
tool J ) while the tg configuration is the most stable in com- 
pound 3. A single ground s.tate species of 1 is stabilized in 
the conditions of the supersonic jet as deduced fl'om the laser 
induced fluorescence study of 1 and has been attributed to the 
,,,, conformation. However. the two different conformations 
of the bichromophores can be in equilibrium in solution at 
room temperature. The coexistence of multiple conformers 
would lead to deviation o1: the simple Birks kinetics and 
manifests itself by multie×ponential behavior in the decays 
[ 12 I. This deviation is nol observed experimentally. In addi- 
tion, it is interesting to now that the fastest rate is observed 
for the 2,6-dimethyl derisalive 3 which should have a trans 
gauche ground state geometry more conducive to that of the 
excimer. 

The reciprocal lifetimes k ,  of the intramolecular excimers 
( l / r D = k ~ = k F D + k ~ , , )  ~ e r e  found in the range 1.1 to 
1.7 X 10 s s ] and compare well to that given for benzene 
itself [251 in hexane ( / , ] ,=0 .83×  l0 s s ~). 

Another interesting resnh which should he stressed is the 
solvent effect observed m excimer formation efficiency. 
Steady state fluorescence at room temperature shows that the 
inlensity of the intramolccular excimer fluorescence is larger 
by a factor of 2-3 in methanol than in methylcyclohexane. 
Both the temperature dependence of the monomer to excimer 
fluorescence ratio and time constants deduced from monomer 
decays indicate that the thermodynamic values of AE and AH 
are only slightly modified by, the solvent. Thus, the static 
change of  the potential energy surface which could have 
resulted from specific sol~ent solute interactions (for exam- 
ple, polarity effect) is not inw)lved in the observed pher~om- 
enon. This can be understood if one considers Ihat the charge 
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transfer contribution should not play a significanl role in 
bisbenzene excimer stabilisation. 

The analysis of the fluorescence decays as a function of 
temperature shows that the preexponential factors of the 
Arrhenius equation for the barrier crossing are responsible 
for the different behavior obtained in MeOH vs. MCH. The 
preexponential factors decrease from 4.8 × 10 ~-' in MeOH to 
0.8 X 10 ~2 in MCH (Fig. 7). The process of excimer forma- 
tiorb has been largely used in the past to probe the role of the 
solvent on the dynamics of conformational changes through 
a barrier in flexible molecules in the fiame of the theoretical 
treatment developed by Kramers [361. This approach 
involves the description of solute solvent frictional coupling 
which is directly related to the solvent viscosity r/anti appears 
in the preexponential factor of the Arrhenius equation. In the 
high friction limit, the preexponential factor is sho~vn to be 
proportional to r / -  1. Under the assumption tt3at the lemper- 
atme dependence of the viscosity can be written as: 

rt ~=rhi lexp(-E,~/RT) 

the r/o ~ factors and E,~ values can be calculated from the 
tabies on viscosity temperature relationship [37]. 
"9o 1=23.5 cP-~ and 100 cP i and E,~= 1.7 and 2.4 kcal 
tool-~ for MCH and MeOH, respectively. From Ibis esti- 
mwion it can be deduced that the preexponential fact,~r should 
be larger by a factor of 4.25 in MeOH relative to MCH. 
Although the high friction limit may be too rough a~ approx- 
imation for the solvents used here and a more sxstematic 
invostigation of the role of the solvent viscosity should be 
required to confirm these results, this estimation compares 
sat~ sfactorily with the experimental value of 6. 

4.2 Jet experiments, comparison with solutiol~s 

,ks observed in solution, the origin of the So-S~ transition 
in isolated compound 2 exhibits an hypsochromic shift rela- 
tive to the monomer 5 (Ate= ~ 4 0 0  cm J). This effect has 
been previously observed in compound 1 and has been related 
to :he out-of-plane gg geometry of the O-CH2-O chain on 
the basis of quantum chemistry calculations. One can assume 
that the same geometry, of the chain is maintained i,'~ 2. How- 
e~.vr, while the excitation spectrum of 1 is relatively simple 
in ihe 0 -0  transition region (a single isomer, two low fre- 
quency modes at 42 and 48 cm ~ ). the spectrum of 2 appears 
much more complicated. As discussed before, the t,a o strong- 
est transitions at 34, 115 and 34.245 cln ~ can be as, igned to 
two rotamers which may correspond to different ori nmttions 
of the OCH~ substituent in para  position flom th,' link by 
analogy with reference compound 5. Howeve,-. one cannot 
exclude the presence of isomers due to different c,.mforma- 
tio~s of the O-CH2-O chain and the multiplet sm~clure of 
the bands may indicate a more complex behavior. }t is to be 
noled that four different conformers have been e~.idenced 
recently in the case of l-3-diphenylpropane in supersonic jet 
l i  71. 

The second point is relative t~, the absence of excimer 
formation in 2 at least for an excess energy of  2.3 kcal tool t 
Unfortunately, the weakness of the fluorescence signal pre- 
vents the exploring of the higher energy region. The barrier 
determined in solution is 4.7 kcal tnol 1 and 4.3 kcal tool 
in MeOH and MCH, respectively. By considering the vis- 
cosity term in the activation energy as previously discussed 
(2.4 and 1.7 kcal mol-~ for MeOH and MCH),  one may 
predict an intrinsic energy bamer  of about 2.6 kcal tool 
The lack of excimer fluorescence in jet conditions for similar 
excess energy may be related to a conformation dependence 
effect as recently reported in the case of I-3 diphenyl propane 
] 17 ]. In the isolated system, the excess vibrational energy in 
the optically prepared ring mode is subject to rapid internal 
redistribution ( 1VR ) which populates numerous isoenergetic 
levels. Some of them may give way to the reactive torsional 
inotions and subsequently to the excimer while the other 
nonreactive modes are responsible for the monomer like 
emission. I:or the gg conformation ~v hich has been calculated 
to be the most stable in 1 and is expected to be maintained in 
2, a large molecular rearrangement is required to achieve the 
parallel sandwich geometry arid the energy barrier needed for 
excimer fl)rmation may be higher than predicted on the basis 
of the mean distribution of conl'ormer~ at room temperature. 

5. Conclusions 

We have quantitatively studied the process of excimer for- 
mation by' spectroscopy and kinetic analysis in three flexible 
bisbenzene compounds connecteci by the O - C H : - O  chain. 
The experimental results obtained both in solution and in the 
supersonic jet  conditions allow to shed light on the energetics 
and dynanaics of the reaction and t,~ emphasize the following 
features: ~1) The fluorescence emission in the monomer 
region exhibits a biexponenlial behavior according to the 
simple kinetic scheme developed t,y Birks. The high value of 
the excimer formation rate ( 1-5 x I~f' s ~ ) is in line with the 
outstanding flexibility of the acetal link. (2)  The temperature 
dependence of the lluorescence time cvohition llas been used 
to extract the thermodynamic panm~elers in methanol and in 
methylcyclohexane for 2. It has been shown that, while the 
heights of the barrier are very close for both solvents, the 
preexponential factors in the Arrhenius expression of the 
excimer formation rate constants are clearly' affected by the 
viscosity of the solvents. ( 3 ) The molecular energy barrier 
for excimer formation in the isolated bichromophore 2 has 
been estimated to be larger than 2 3 kcal tool 
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