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Abstract--Combining the measurement of fluorescence yield and decay-time as a function of tempera- 
ture, the activation energies and frequency factors corresponding to several photophysical processes 
have been determined for solutions of poly-l-vinylnaphthalene and its copolymers with methylmethacry- 
late. The results are discussed in relation to copolymer composition and compared with those reported 
in the literature for model compounds. Excimer dissociation is found to be unimportant in the polymeric 
systems. This is tentatively assigned to a lower value of the frequency factor corresponding to excimer 
dissociation. 

INTRODUCTION 

Photophysical  processes in polymer systems have 
been widely studied recently [1-10].  Most  of them are 
based on analysis of the emission spectra and  on 
measurement  of fluorescence and  phosphorescence in- 
tensities under  different conditions.  Life-time 
measurements  have been seldom performed. 

In the present work, measurement  of fluorescence 
intensity as a function of temperature  during steady 
i l luminat ion has been combined with determinat ion 
of the rate of decay of the emission under  flash condi- 
t ion for poly- l -v inylnaphthalene  (PVN) and  three co- 
polymers of different composi t ion of 1-vinylnaphtha- 
lene and  methylmethacrylate  in solution between 363 
and  77°K. Several elementary rate constants,  acti- 
vation energies and frequency factors have been deter- 
mined and compared  with those reported for 1- 
methylnaphtha lene  [11, 12] and ~,ct'-dinaphthylpro- 
pane [ 13]. 

EXPERIMENTAL 

Three copolymers were prepared by free radical reaction 
at 60°C using AIBN as initiator and limiting the conver- 
sion to less than 10%. Their molar compositions (% vinyl- 
naphthalene/% methylmethacrylate) were 5/95, 40/60 and 
65/35, as determined by u.v. absorption spectroscopy 
assuming that the molar extinction coefficient of naphtha- 
lene units in the copolymers is the same as in the homo- 
polymer. 

PVN was obtained by spontaneous polymerization of 
the purified monomer in the refrigerator. The polymer and 
copolymers were carefully purified by successive dissolu- 
tions and precipitations. 

Methyltetrahydrofurane (Fluka) was purified through 
alumina columns and distilled under nitrogen on LiH4A1. 
Its purity was tested by absorption spectroscopy and by 
fluophosphorimetry at 7T'K. 

The solutions (10 3 M in naphthalene units) were care- 
fully outgassed by the freez~thawing technique at a pres- 
sure of 10 -5 mm Hg and the cells sealed under vacuo 
before emission or decay time measurements. The emission 
spectra as a function of temperature were recorded using 
a laboratory built device previously described [9]. The 
decay times were measured using a TWR nanosecond 
decay time fluorometer (Deuterium lamp) connected to a 
Tektronix 547 oscilloscope. The following combinations of 
filters were used: 

(1) excimer fluorescence decay: u.v. D25 Hitachi-Perkin 
Elmer filter (excitation) + l cm of a 72% NaNO2 solution 
(analysis); 

(2) normal fluorescence decay: 4cm chlorine at a pres- 
sure of 510 torr (excitation) + a Corning CS760 + 2cm 
of a 15~, KCr (SO4)2. 12 H20 solution in H2SO 4 1 N 
(analysis). 

RESULTS AND DISCUSSION 

1. Fluorescence intensity as a function of temperature 

The fluorescence spectrum of P V N  and the copoly- 
mers 65/35 and 40/60 consists of normal  and  excimer 
fluorescence at  room temperature. The ratio of their 
intensities strongly depends on temperature  and, at 
a given temperature,  IM/ID increases with decreasing 
vinylnaphthalene content.  The values of log IM, log 
ID and log IM/ID as a function of 1/T are given in 
Fig. 1 for the copolymers. They have been published 
previously for the homopolymer  [14]. An isoemissive 
point  is observed for each copolymer in the tempera- 
ture ranges: 176-120°K for PVN,  155-121°K for co- 
polymer 65/35 and 211 l17°K for copolymer 40/60. 

The emission spectrum of copolymer 5/95 does not  
show any componen t  of excimer fluorescence. The 
value of log IM as a function of lIT is given in Fig. 
2. The envelope of the spectrum is independent  of 
temperature.  

* Part VII. C. David, N. Putman-de Lavareille and G. 
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Fig. 1. Fluorescence intensity as a function of 1000/T 

IM 
IM( x ) ID(O) ~D (O). 

relative arbitrary u n i t s - C =  10-3M in naphthalene 
units-solvent: MTHF. 

In the expression of the rate of excimer formation, 
kDMMM*, M is not the molar concentration in aro- 
matic groups since excimers are formed intramolecu- 
larly. It is a parameter related to the statistical com- 
position of copolymers [15, 16]. 

The experimental results can be interpreted accord- 
ing to these equations. Figure 1 shows that a linear 
relation with a negative slope separated by a mini- 
mum from a linear relation with a positive slope is 
observed for log IM/ID as a function of increasing I/T. 

For low molecular weight compounds, curves simi- 
lar to those given in Fig. 1 have often been observed 
for log 1M/ID as a function of 1/T [17]. In these cases, 
it was demonstrated that linearity is observed in the 
low temperature range because the condition 
kD > kMD prevails. In the high temperature region, the 
reverse condition kD < kMD is usually verified and 
dynamic equilibrium is attained: the excimer disso- 
ciates and this is accompanied by an increase of IM 
and the appearance of an isoemissive point. 

In the case of 1-vinylnaphthalene homopolymer 
and its copolymers with methylmethacrylate, such an 
increase of 1M in the high temperature region is not 
observed. A discontinuity in the decrease of IM with 
T has however been reported [14] and previously 
assigned to excimer dissociation. This leads us to 
assume that the condition kD < kMD is verified. The 
rate of normal and excimer fluorescence decay 
reported here however shows that dynamic equilib- 
rium is not obeyed in the high temperature range 
(see 2 below). 

We shall now demonstrate that for PVN and the 
copolymer, the reverse condition kMD < kD is compat- 
ible with the experimental results over the whole tem- 
perature range investigated if kD is of the form 

The usual sequence of photophysical processes is 
given in Scheme 1. 

ko = kFD Jr kiD = k~ Jr k~i)exp(-EID/RT) 

aM + hv --, aM* energy absorption Ia 
aM* -* aM + hVM fluorescence kFM ] 
1M* ---* aM !nternal conversi~.n "L k,M ~ kM 
IM* ----, aM* mtersystem crosslngJ 
3M* ----, aM + hvp phosphorescence ker ]? kT 
aM* ---* aM intersystem crossing koT ) 
aM* + aM ~ aM + aM* singlet migration kMM 
aM* + aM ---* aD* + aM singlet excimer formation kDM 
aD* ---* 1M* + aM excimer dissociation kMD 
aD* ~ aM + aM + hv o excimer fluorescence kvo ] 
ID* ~ 3D* intersystem crossing] ~ kD 
aD* ---* aM + aM dissociative internal ~ kiD J 

conversion J 

Assuming stationary state conditions for the excited 
states 

IM kFM (kD Jr kMo) 
ID kvD kDM M 

Ia(kD + kMD) 
IM = kFM (k M 4- koMM)k o 4- kMukM 

la kDM M 
ID = kFD (kM + kDMM)kD + kMDkM 

where k~ = kFD + k~D as usually reported for low 
molecular weight aromatic compounds [17]. Comple- 
mentary conditions are: 

(1) Condition 1. k~ < kiD exp(-EiD/RT) in the high 
temperature range, 

Condition 2. k~) > k'lo exp(-EID/RT) in the low 
temperature range. Derivation of Eqn. (1) gives: 

(2) ~i /'in IM'~ 1 
6[1 /T]~ To J =  

X ~ -EID'k'ID-e-Xp(-EID/RT)---E-MDkM° Jr- EDM } (4) 
(3) ( k~ + k ' ,oexp(-Em/RT) + kMo 
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Fig. 2. Copolymer VN-MMA 5/95. (O): normal fluorescence intensity in relative arbitrary units. 
( x ) :  kM. (o):/~M - k~. 

At the min imum of In IM/I D as a function of l/T, 
(4) is zero and:  

(Euo - -  EDM) kMD = (EDM - -  EID)  kD + EiDk~ (5) 

In a previous paper  [183 the term Eiok~ was omit ted 
by mistake. If excimer dissociation is negligible, (5) 
reduces to: 

(E l l )  - -  EDM ) k D = EID k ~  (6) 

Considering (5), EMD-  EoM is always > 0. As a 
consequence, the right-side member  of that  equat ion 
obeys the same condit ion:  

(EDM -- EID) kD + EID k~ > 0 

which rearranges to 

Taking into account  condit ions (1) and  (2), (7) is 
verified: 

in the low temperature  range, if EDM > 0 since 
k~/kD tends to 1. This is always the case. 

- - i n  the high temperature  range, if EDM > E m  since 
there k~/kD tends to zero. 

in the intermediate temperature  range providing 
Eqn. (7) is fulfilled as a whole, independently of the 
relative values of Elo and EDM. 

If dissociation is negligible and  condit ions (1) and  
(2) are taken into account, (6) is verified in the high 
temperature  range providing E,D = EDM. It is never 
obeyed in the low temperature  range where kD = k~. 
In the intermediate range, Em EDM > 0 is compulsory 
since EIDk~ is positive. 

This shows that  if dissociation of the excimer is 
negligible, a U-shaped curve is observed for log IM/ID 
as a function of I/T providing E,D = EDM. The mini- 
mum is then observed either in high temperature 
range where k{n exp(-ED/RT) is larger than k~, or 
in the intermediate range where the parameters  are 
of the same order of magnitude. This will be demon- 
strated to be the case for PVN and copolymers com- 
bining intensity and  decay rate measurements  as a 
function of temperature.  

By simplification of Eqn. (1) (kMo < ko and condi- 
tions 1 or 2 and derivation of log (IM/ID) as a func- 
t ion of (l /T),  EDM can be obtained from the positive 

Table 1. Photophysical parameters for I-PVN copolymers with methylmethacrylate and 1-methylnaphthalene 

kiD' 10 -a° (kt D + k~D)' 10 ~' (kiM + k~u)" 10 -~ klu" 10 -8 
E~'~M E~'~ E~ sec- ~ sec- 1 ElM sec 1 sec- 1 

PVN 2.7 6.3 6.0 57.7 10.9 12.2 
Cop. 65/35 2.2 5.3 5.3 8.2 9.3 12.6 
Cop. 40/60 1.6 5.2 4.8 2.8 8.7 11.5 
Cop. 5/95 . . . . .  1.4 c 0.9 b 12.0 0.6 
1 MeN [12] 3.0 y 4.0 0.25 0.79 0.83 
t MeN [11] 6.7 - -  32 5" - 

a kcal- mole- 
h intensity measurement 
c decay measurement 
e value for k~D 
f E~I~ = 7.7 kcal.mole-1 
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slope in the low temperature range in the vicinity ~o° 
of the isoemissive point while EID can be obtained 
in the high temperature range where the negative 
slope gives E~D-EDM. The results are given in Table 
1 for PVN and copolymers 65/35 and 40/60. 

The intensity of the normal fluorescence of copoly- 
mer 5/95 varies as a function of temperature accord- 
ing to: 

Io 
IM = kF M (8) 

kF M + ki~l -'F k~M exp(-E]M/RT) 

If krM + k~M < klM exp(-EtM/RT) at sufficiently high 
temperature, then a linear relation with slope E~M/R 
is calculated for log IM as a function of 1/T. A value 
of 0.9 kcal'mole -~ is obtained for IO00/T ~< 4 (Fig. 
3). 

2. Measurements of emission decay 

The decays of normal and excimer fluorescences 
are given by (17): 

~2- X) 
iM(t) = kFM ( 2 '~I) - -  {exp(-21t) + A exp(-22t)} 

(9) 

iD(t ) = kFD kDMM (22 _--~L--~I {exp(-  2,t) - exp( -  22t)} 

where. 

(10) 

2,.2 = ½[X + Y -T- {(Y - X) 2 + 4kMDkDMM} 1/2] 

(11) 

a - ( X  - 21) 
(22 - x )  

X =  kM + kDMM Y =  kD + kMD. 

Since, according to (11), the condition 21 < 22 is 
always satisfied, the term exp(-22t) is much smaller 
than exp(-2~t) at sufficiently long time. The decay 
of Io is then exponential and the measured parameter 
is 21. 
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Fig. 3. kD as a function of 1000/T for PVN (O); copolymer 
VN-MMA 65/35 (0); copolymer VN-MMA 40/60 (x). 
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Fig. 4. ,~2(kM + kbM M) as a function of 1000/T for copoly- 
mer VN-MMA 65/35 (0) and copolymer VN-MMA 40/60 

(×). 

If excimer dissociation is negligible, the term kMDD* 
can be suppressed in the expression of dM*/dt and 
dD*/dt obtained from scheme 1. After integration, this 
gives: 

iM(t) = kFM exp[--(kM + koMM)t] (12) 

kDMM 
iD(t) = {exp[-(k M + kDMM)t] 

[kD -- (kM + kDMM)] 

-- exp( -- k D t)} (13) 

At high temperature, the conditions kMD, 
kDM M >> kM, kD is verified if dynamic equilibrium is 
attained. Putting these conditions in (11) gives: 

22 = kMo + kDM [M] 

and exp(-22t  ) is negligible except at small t. Then 
iM(t) and io(t ) decay with a common life time: 

k FM kMD 
iM(t) -- kMD + kDM[M] exp(--2t) (14) 

kFDkDM M 
iD(t) ' kMu + kDM M-exp(-At) (15) 

where 

kDkDMM 
k M -]- _ _  

kMD 
2 -  

kDMM 
I + - -  

kMD 

The decay time of IM and ID being different over 
the whole temperature range for PVN and copoly- 
mers, Eqns. (14) and (15) are thus not verified and 
(12), (13) can be assumed to be valid in this case. 
The decay of IM gives (kM + kDM M) if exponential. 
The decay of ID gives kD at long times. These par- 
ameters have been measured as a function of tempera- 
ture for the series of copolymers and the homo- 
polymer. 

2.1 Decay oflo. The decay of Io is exponential at 
sufficiently long time. The value of log kD as a func- 
tion of 1/T is given in Fig. 4. At low temperature 
kD is independent of temperature and reduces to 
krD -I- k~). If log (ko - kFo -- k~) is plotted as a func- 
tion of log I/T, E~D and kiD are obtained. The values 
are given in Table 1. The agreement between the 
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values of E~o obtained from fluorescence yield and 
from emission decay is quite good. 

2.2 Decay oflM. For the copolymer 5/95, IM(t) = 10 
exp(-- t/zM) with 

1 
- -  = kvm + kl~M + k'lm exp(-Eim/RT) = kM. 
-c M 

The values of kM and kM -- (kvM + k~M) as a function 
of I/T are given in Fig. 2. Values of 12. l 0  6 sec-1, 
1.4 kcal. mole- ~ and 0.6.108 sec- 1 are obtained' :'re- 
spectively for kvM + k{M, EtM and k~M. The discrepancy 
between the values of EM obtained by intensity 
measurement and by fluorescence decay may be due 
to the fact that in the first case k~M + k~M is supposed 
to be much smaller than k~M exp(-E~M/RT). This is 
not the case, as shown by Fig. 2. IM(t) for PVN and 
copolymers 65/35 and 40/60 are given by (12). When 
excimer dissociation is negligible, 21 =ko  and 
22 = kM+ kDMM. While 21 is measured on the 
excimer emission at sufficiently long time, 22 corre- 
sponds to the decay of the normal fluorescence for 
the whole time scale. The values of 22 as a function 
of temperature are given in Fig. 4. When measured 
at 77°K, 22 is ktM + k~. The obtained values are 
identical to those measured for the copolymer 5/95. 
In a fluid medium, ,~2 clearly increases with vinyl- 
naphthalene content of the copolymer owing to the 
term koMM. This must be considered as a general 
trend of the dependence of 22 on composition. How- 
ever, a quantitative evaluation of the kinetic par- 
ameters is difficult since a plot of log IM as a function 
of t shows a small departure from linearity at long 
times. This means that kMn is not suffÉciently smaller 
than ko to verify Eqn. (12) exactly. This effect is larger 
for the homopolymer than for the copolymers. It is 
also revealed by measurements of IM as a function 
of T: a discontinuity of IM has been previously 
reported for PVN [14] and a small discrepancy is 
observed for this polymer between the experimental 
value of the temperature corresponding to the mini- 
mum of log IM/I o as  a function of 1/T and the value 
calculated using Eqn. (6). 

3. Comparison with photophysical parameters of model 
compounds 

Excimer formation of isolated chromophores is a 
diffusion limited process and EnM is thus usually close 
to the temperature coefficient of the viscosity of the 
solvent[17]. In polymers, excimers are formed 
between nearest neighbours or next-to-nearest neigh- 
bours in the same chain and EnM is related to internal 
rotation of the chromophores in a given solvent. This 
activation energy is thus expected to be different for 
polymers and for isolated model chromophores in the 
same solvent. Furthermore, in copolymers, it could 
be sensitive to interaction with the comonomer units. 
This is indeed observed in PVN and copolymers as 
shown by Table 1. 

The parameters ElM, (kvM + k{M) and (kv~ + k{o)Em 
and ki~ have the same order of magnitude for methyl- 
naphthalene (values of Cundall and Pereira) and for 
the polymers, but the last two show some dependence 
on copolymer composition. 

The most striking difference between models and 
polymers lies in the importance of excimer dissocia- 

tion. For 1-methylnaphthalene, it is more important 
than the other modes of deactivation of the excimer 
at temperatures as low as 230°K (11); for the polymer, 
this condition is not realized even at 350°K. For the 
bichromophoric compound :~j-dinaphthylpropane, a 
decrease of IM and ID similar to that observed in the 
present work has been reported to occur above 
273°K. This difference between 1-methylnaphthalene 
and the polymer must be assigned to either k~D or EMD 
since the other parameters are similar. For PVN, it 
can be calculated that EMD should have the value 
of 9.9 kcal. mole- 1 for kMD to be of the same order of 
magnitude as kD at 380°K, assuming that k;AD has 
the value of 1014 sec-i previously determined by Sel- 
inger for l-methylnaphthalene[12]. This order of 
magnitude of k~D has been observed for other inter- 
molecular excimers(17). The value of the binding 
energy of the excimer would then be 9.9 - 2.7 = 7.2 
kcal.mole 1 while it is 4.7 kcal.mole 1 for the 
l-methylnaphthalene. A more probable explanation 
would be that k~D is smaller for the polymer than 
for the model. Assuming that B the binding energy 
of the excimer is 4.7 kcal.mole 1 for the polymer, 
EMD would then be 7.4 kcal.mole i. In this case, kMD 
would be of the same order of magnitude as kD at 
380°K if k~D=4"1012 sec -1. A value of k~D of 
5" 1012 sec-1 has been reported for another intramo- 
lecular excimer (biscarbazolylpropane [20]), while this 
frequency factor is usually 1014 sec I or higher for 
intermolecular excimers [17]. Strong support for this 
low value of k~i~ for the polymer can be obtained 
by considering the frequency factors given in the 
literature for unimolecular reactions [19]. Dissocia- 
tion of intra- and intermolecular excimers can be re- 
spectively compared to isomerizations (A---~ A') and 
dissociation (A--~ B + C). Lower frequency factors 
are usually found for isomerizations. With this lower 
value of k'Mu would be associated a less negative value 
for the entropy of formation of the excimer. This is 
not unexpected since the loss in entropy associated 
with excimer formation between neighbouring groups 
in the same chain is lower than between independent 
molecules [17, 20]. 
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R6sum~-Les energies d'activation et les facteurs de fr6quence correspondant b, plusieurs processus 
photophysiques ont 6t6 mesur6s pour des solutions de poly-l-vinylnaphtal6ne et des copolym6res de 
l-vinylnaphtal6ne et de m6thacrylate de m6thyle, en combinant les mesures de dur6e de vie et de 
rendement de fluorescence en fonction de la temp6rature. Ces r6sultats sont discut6s en fonction de 
la composition du copolym~re et compar6s ~ ceux donn6s dans la litt6rature pour les mol6cules mod61es. 
La dissociation de l'excim6re est peu importante dans les syst6mes polym6riques. Ceci est attribu6 
• fi une plus faible valeur du facteur de fr6quence correspondant/l la dissociation de l'excim6re. 


