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TMPI is known to be formed in the acid-catalyzed dimer- 
ization of a-methylstyrene together with linear  dimer^.^ I t  has 
also been reported that in the cationic polymerization of a- 
methylstyrene by catalyst a 1,3-dimethyl-3-phenylindanyl 
end group is formed by the electrophilic substitution of the 
penultimate benzene ring by the propagating ~ a t i o n . ~  These 
facts suggest that the dimer is formed by the reaction of the 
carbonium ion produced by irradiation. 

Usually, in the radiolysis of hydrocarbons the effect of the 
addition of a cation scavenger such as ammonia, alcohol, or 
ether on product yields is examined in order to obtain evidence 
for the cationic processes of product formations. In the present 
investigation poly(isobuty1 vinyl ether) was used as a cation 
scavenger because any volatile additive is not suitable for the 
reaction a t  high temperature under vacuum. The yield of the 
dimer was reduced to less than one-third by the addition of 
about 3 wt % of poly(isobuty1 vinyl ether).5 The incomplete 
inhibition of the dimer formation is probably due to the low 
mobility of the reaction sites in the solid polymer. Thus, it can 
be concluded that the dimer is formed via a cationic process. 
The proposed mechanism is as follows: 

p - p ? +  e 

FH3 CH, 
I “  - T M P I  + M,-~cH~x+ 

b 
(111) 

where P and M denote a polymer chain and a monomer unit, 
respectively. The stable tertiary carbonium ion (I) is produced 
from the polymer cation, Pa+, and the chain end cyclizes by 
the carbonium ion substituting the penultimate phenyl ring 
to give I1 analogously to the propagating chain end in the 
cationic p~lymerization.~ The carbonium ion I11 produced by 
the last step again yields the dimer similarly to  I. 

The last step of the scheme, which is regarded as an intra- 
molecular protolysis of the C- bond by the proton derived 
from the aromatic ring, should require a high activation en- 
ergy. The protolysis of a C-C bond has recently been reported 
in the study using superacid.6 The result of the present study 
seems to suggest that a t  high temperiture the protolysis of the 
weak C-C bond generating the stable tertiary carbonium ion 
occurs by such a weak acid as the benzenium 

Cationic chain reactions occurring in the radiation-induced 
pyrolysis have been reported in the ether formations from 
alcoholss and the decomposition of n - b ~ t a n e . ~  The dimer 
formation from poly(a-methylstyrene) should be one of the 
examples of such ionic chain reactions occurring a t  high 
temperature. 
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Phosphorescence Quenching in  the Photoreaction of 
Benzophenone with the n-Alkanes. A Model for  t he  
Interaction of Small  Molecules with Polymers 

When a small molecule reacts with a polymer, the kinetics 
of that reaction can reveal details of the interaction between 
the two species. In enzyme kinetics, the apparent binding 
constant of a substrate to the active site can be inferred from 
a proper treatment of the rate data.’ In the reaction of -OH 
radicals with various polymers, the chain length dependence 
of the second order rate constant has been related to the chain 
length dependence of the end-to-end distance of the polymer.2 
When the small molecule is sufficiently reactive that it reacts 
with the polymer on virtually every collision, the corre- 
sponding second order rate constant is sensitive primarily to 
the shape of the polymer.2 If the small molecule is sufficiently 
unreactive that it reacts only once every 1000 or more colli- 
sions, other facets of the polymer-small molecule interaction 
are probed. 

In this paper we present results of a kinetic study of the 
reaction between photoexcited benzophenone and a series of 
n -alkanes, examined in dilute carbon tetrachloride solution. 
Values of the second order rate constants kobsd(n) are reported 
as a function of the alkane chain length. These values provide 
a unique insight into the nature of encounter complexes in- 
volving randomly coiled alkane polymers. 

The power of this reaction to provide a glimpse at  details 
of a polymer-small molecule interaction derives from three 
facets of hydrogen abstraction reactions: (a) each of the CH2 
groups in the alkanes are equally reactive toward benzophe- 
none  triplet^;^ (b) the methyl groups are relatively unreactive; 
and (c) rate constants for reaction of benzophenone triplets 
with alkanes are four orders of magnitude slower than the 
diffusion limit. These factors permit the excited benzophe- 
none (i) to undergo collisions with thousands of alkane mol- 
ecules before reacting and (ii) to encounter many CH2 groups 
in an alkane within one collision complex. The latter factor 
leads to  the prediction that the second order rate constant 
should increase with increasing chain length of the alkane 
“polymer”. 

Benzophenone triplets react with alkanes by hydrogen 
abstraction to yield a pair of radicals. This reaction is closely 
related to hydrogen abstraction reactions of tert-butyl-0; CL, 
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Figure 1. Plot of the second order rate constant k&,d(n) vs. n for the 
reaction of benzophenone in its excited triplet state with 
CH3(CHz),CH3. The two points for n = 18 refer to experiments with 
samples of n-eicosane purified by two different methods. 

and HO-, each giving products typical of radical p roce~ses .~  
These reactions are all of the form 

RH + B . * R . + H B  

If RH is an n-alkane, one might expect that kobsd would in- 
crease with the number of methylenes in the alkane. The de- 
tails of the dependence of kobsd on n are difficult to predict. 
These details hold the key to insights into the nature of the 
encounter complex between the reactant and the alkane 
polymer. 

Scheme I 

0 * 3  OH 

III 

In the case reported here, the alkyl radicals are trapped by 
reaction with solvent. The CC13 radicals and the ketyl radicals 
I11 selectively dimerize5 [Scheme I]. These reactions are 
clean596 and rather well understood from a kinetic point of 
~ i ew.5 -~  Benzophenone photoreactions are particularly at- 
tractive for probing alkane-small molecule interactions. 
Values of k&sd(n )  are easily obtained with high precision 
(better than f5%) from flash photolysis  experiment^.^,^ 

We have examined the interaction of benzophenone, in its 
excited triplet state, with a series of n-alkanes, from pentane 
to hexacosane. For each alkane, six sample tubes were pre- 
pared. All contained 1 X 10-3 M benzophenone in carbon 
tetrachloride, and five contained various concentrations of 
the alkane. Alkane concentrations covered the range 5 X 
to 1 X M. For any one alkane, five samples spanned an 
order of magnitude in concentration.13 The sample tubes were 
rigorously outgassed8 on a vacuum line and sealed. Triplet 
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Figure 2. Plot of In k,b,d(n) vs. n for the reaction of benzophenone 
in its excited triplet state with CH~(CHZ),CH~. 

lifetimes 7 were obtained by flash emission studies.8 Decays 
were exponential. Lifetimes were obtained by fitting the decay 
traces nonlinearly. Precision in 7 measurements was typically 
f 3-4%. 

Second order rate constants, hob&), were obtained by 
fitting the data to the Stern-Volmer equation (eq l), where 
70 is the triplet lifetime in the absence of alkane quencher. 
These plots were strictly linear. They gave excellent correla- 
tion coefficients (>0.98), and standard deviations in the slope 
were never more than f5%. Values of hobs&) were insensitive 
to large changes in benzophenone concentration; duplicate 
determinations of kobsd(n)  always gave values within f5%. I t  
is important to note that the rate “constants” kobsd(n )  are 
phenomenologic constants defined by d[excited statelldt = 
-kobsd(n)  [I*3] [RH]. 

Values for kobsd(n)  are presented in Figure 1 as a function 
of n. These values are extremely sensitive to the presence of 
olefinic impurities in the alkanes and very careful precautions 
were taken to ensure their purity. Standard techniques suffice 
for purifying liquid samples of the n-alkane~.~,s We developed 
new methods for solid samples of alkanes. For n-eicosane, 
where both methods could be used, kobsd(n )  values agreed 
within 3%. Impurities can cause kobsd(n)  values to be too large. 
Thus n -eicosane, partially purified by repeated crystallization 
and sublimation, gave a kobsd(n )  value too high by 10%. 

Many aspects of Figure 1 are surprising. First of all, at short 
chain lengths, kobsd(n)  increases faster than the number of 
CH2 groups. A plot of In Kobsd(n )  vs. n is linear (Figure 2) 
suggesting that kobsd( n )  increases exponentially rather than 
linearly with n. Second, for sufficiently long chains, kobsd(n )  
abruptly begins to level off. The sigmoidal nature of the curve 
of Figure 1 is most disturbing. A titration-like curve implies 
a saturation effect; it is not immediately apparent what, in the 
interaction of benzophenone and the alkane polymer, is sat- 
urating. 

We base our interpretation of these results on recent evi- 
dence that hydrocarbon chains are randomly oriented in dilute 
solution in carbon tetrachloride.9 We specifically ignore 
aggregation, which has been inferred for concentrated solu- 
tions.IO More peculiar explanations which require severe de- 
viations from ideal solution behavior (like hairpin configu- 
rations”) are not applicable here. 

North12 has treated the kinetics of the interaction of two 
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reactive polymers each containing a reactive functional group. 
This treatment can be applied to the interaction of a small 
molecule with a polymer. North envisions the encounter 
phenomena as three consecutive processes. These are: (a) 
diffusion together of the two reactants from some random 
position in solution so that they are no longer separated by a 
solvent molecule; (b) rearrangement or rotation of the mac- 
romolecular encounter pair so that the reactive portions of the 
molecules collide and so that these groups are correctly ori- 
ented for chemical reaction to take place; and (c) chemical 
reaction of the active groups. These three stages can be rep- 
resented in a kinetic scheme as 

ki 

k - ,  
.4 + B * (.AB) (2) 

(A . .B)  ( 4 )  

(-AB.) represents macromolecular encounter pairs with the 
reactive groups in positions which are unfavorable for chem- 
ical reaction and (A. -B) represents those with the groups fa- 
vorably oriented for reaction. We will call the former kind of 
encounter pairs “unreactive complexes” and the latter “re- 
active complexes” and note that there need not be an enthalpy 
of binding in the complexes beyond that holding molecules 
together in a solvent cage. 

Equations 2-4 predict that  kohsd is described by eq 5 when 
the chemical reaction is much slower both than diffusion 
controlled (kI,bsd << kl) and molecular reorientation (kc  << 
k-2) .  The terms K1 == h l /kk1  and K2 = k2/k-* represent the 
equilibrium constants for formation of the two kinds of in- 
termediate pairs. 

In the reaction of an alkane with benzophenone in its ex- 
cited state, there are many reactive and unreactive confor- 
mations within the encounter pair. If the results we observe 
depend upon the equilibrium between reactive and unreactive 
conformations, then the interesting features of the mechanism 
would be contained in the K2 term in eq 5. This presumes that 
the encounter pair reaches the equilibrium described by K P .  
In fact the situation is more complicated. This equilibrium 
may be reached when the chain is short. One would then ex- 
pect that K 2  would increase with increasing n,  and the fraction 
of reactive conformations would increase as the number of 
CH2 groups increases. For long chains, equilibrium is not es- 
tablished. The lifetime of an encounter pair is limited by the 
rate a t  which the two species diffuse apart. There is not suf- 
ficient time, within one encounter complex, for the excited 
benzophenone and the alkane to sample all possible reactive 
and unreactive configurations. Under these conditions, the 
assumptions necessary to derive ( 5 )  no longer hold. 

We propose a dynamic aspect to the reactant-polymer in- 
teraction to explain the curve shapes in Figures 1 and 2.  We 
attribute the leveling of the curves in Figures 1 and 2 a t  large 
n to limitations in the number of CH2 groups which the ex- 
cited benzophenone can visit during the lifetime of an en- 
counter complex. Only a fraction of the reactive configurations 
contribute to the magnitude of h & s d ( n )  because the rate of 
diffusion out of the encounter pair is competitive with the rate 
of conformational change within the encounter pair. The rate 
constant h-1 acts as a clock: k-1-I determines the lifetime of 
the encounter complex; it limits the number of reactive sites 
and reactive conformations accessible to the reactants within 
an encounter pair. Since hydrogen abstraction is very slow 
relative to the rates of rotation and molecular diffusion, the 

triplet state of benzophenone must be involved in thousands 
of different encounter complexes during its (many microsec- 
ond) lifetime. On a time average, all reactive and unreactive 
configurations of the polymer-reactant pairs will be visit- 
ed. 

While the change from equilibrium control to dynamic 
control explains the rapid increase in k ,  ,d(n) a t  low n ,  and 
a t  large n its subsequent leveling off, thio explanation is not 
complete. Some clearly important factors have been ignored 
and features of the reaction remain unexplained. The diffusion 
constants, for example, of the alkanes change significantly for 
these values of n,  affecting both the lifetimes of the encounter 
pairs and the number of complexes experienced by each ex- 
cited benzophenone. The relative insensitivity of benzophe- 
none triplets to changes from chains of 5 to 8 carbons suggests 
that more factors are involved than just the number of CH2 
groups. Details of the geometry of the encounter pair, and the 
accessibility of conformers with the unreactive methyl groups 
away from the ketone oxygen, must play an important role in 
determining the magnitude of k & d ( n ) .  

Modeling the dynamic competition, in mathematical terms, 
between k-1 and the rate constant for conformational change 
in the encounter complex is very difficult. Efforts to that end 
are underway. 

In summary, it appears that when benzophenone interacts 
with an alkane polymer, the lifetime of the interaction is de- 
termined by the rate of diffusion away from the encounter 
pair. Within the encounter complex, benzophenone triplets 
can, on the average, come in contact with approximately 14 
CHp groups. 
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