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The relaxation times Ti,,REV and Ti, of the crystalline 
fraction in the temperature region around 20 "C are gov- 
erned by the same motional process. However, the dom- 
inant interaction for these relaxation times is the dipolar 
interaction. Again, for this relaxation mechanism we have 
the two correlation times T~ = 1/D and T~ = 1/40, Since 
the main contribution to the fluctuating dipolar interaction 
comes from the two 19F nuclei within a CF2 group whose 
internuclear vector is nearly perpendicular to the axis of 
rotation, it is T~ that dominates TixzREV and Tip. In other 
words, TiZzm reaches a minimum when r2 = 0.6 X 3.6 pat3 
which corresponds to D = 18 kHz. Extrapolation of the 
data plotted in Figure 9 predicts that this would occur a t  
35 "C. Similarly, the Tip minimum is expected, where 
2 4 0 1 ~ 2  = 1 or D = l/2W1. For a spin-lock field of 60 kHz this 
would be a t  37 "C, where the diffusion rate is 30 kHz. 
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Time-Resolved Fluorescence Emission Spectroscopy of 
Poly (p hen ylacetylene) 
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ABSTRACT The fluorescence characteristics of a sample of poly(phenylacety1ene) are reported for solutions 
in fluid and solid matrices. It is proposed that two emitting states are responsible for the fluorescence, and 
variation with solvent depends more on the polarizability of the solvent than on its physical state. 

The photophysical behavior of polyenes has been the 
subject of much discussion, and anomalies still exist be- 
tween theoretical predictions and experimental observa- 
tiow2+ Recently, evidence has been presented illustrating 
corresponding trends among polymeric materials incor- 
porating polyene Some of the unusual 
spectroscopic properties of polyenes can be rationalized 
by postulating the existence of two excited singlet states, 
one with B, symmetry and the other with A symmetry. 
Transitions from the 'A: ground state are alfowed to the 
lB,* state, but dipole forbidden to the lA,* state. These 
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two excited states are separated by a small energy gap 
which varies with solvent polarizability.6 

There is a notable distinction between the charaderistia 
of polymeric systems which incorporate polyenes and those 
of small molecules, in that the polymeric chromophores 
apparently exhibit emission from two states.'OJ1 For ex- 
ample, it has been shown that the fluorescence emission 
spectrum of a styrene/phenylacetylene copolymer com- 
prises two bands, one centered at  420 nm and the other 
a t  490 nm." The higher energy component has a shorter 
lifetime than that a t  lower energy. Two possible mecha- 
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Wave length, nm 

Figure 1. Steady-state emission spectra of poly(phenylacety1ene) 
deposited as a thin film on a quartz plate, obtained by front-face 
viewing. Excitation wavelength (-) 290 nm; (---) 300 nm. 

Wavelength, nm 

Figure 3. Steady-state emission spectra of poly(phenylacety1ene) 
in degassed CH2C12 solution (1.7 X M in repeat unit). Ex- 
citation wavelengths: (-) 300 nm; (---) 390 nm; (.-.) 460 nm. 

Wavelength, nm 

Figure 2. Skady-state emission spectra of poly(phenylacety1ene) 
suspended in polystyrene film (0.1 wt %). Excitation wavelength 
(-) 280 nm; (- - -) 320 nm; ( - e  a) 350 nm. 

nisms have been proposed to account for this behavior: (1) 
extension of excited-chromophore sequence length by 
backbone rotation during the lifetime of the excited 
species, or (2) direct electronic energy transfer from the 
shorter to the longer polyenes which make up the poly- 
meric sample. The former mechanism may well predom- 
inate in fluid solution, the latter being more important in 
fixed environments such as polymer films. 

In this paper, investigation of the fluorescence of poly- 
meric polyenes has been extended to a homopolymer of 
phenylacetylene in which the polyene sequence lengths are 
longer than those of the copolymer examined in earlier 
work. 
Experimental Section 

The techniques used have already been described." The 
phenylacetylene homopolymer (PA) was synthesized by polym- 
erizing the purified, degassed monomer in a sealed tube at 150 
"C, using di-tert-butyl peroxide as initiator. The monomer was 
taken to about 15% conversion and the resultant polymer purified 
by multiple reprecipitation. The number-average molecular weight 
as measured by GPC was 6.2 X lo3, with a broad distribution. 
All spectroscopic observations were made at 25 f 2 "C. 

Results 
Steady-state fluorescence spectra of the PA polymer 

(PPA) are given in Figures 1-3. The comparative spectra 
with poly(styrene-co-phenylacetylene) (SPA)" show that 
the general shape of the fluorescence of the homopolymer 
is very similar to that of the copolymer. The excitation 
spectra shown in Figure 4 indicate a t  least two emitting 

Wavelength, nm 

Figure 4. Steady-state excitation spectra of poly(phenylacety1ene) 
suspended in polystyrene film (0.1 wt %). Emission wavelength 
(a) 460 nm; (b) 530 nm. 

Woveiength, nm 

Figure 5. Time-resolved fluorescence spectra of poly(pheny1- 
acetylene) dissolved in polystyrene fii. Excitation wavelength, 
313 nm. The lower and upper limits for the time-resolved spectra 
are given as the interval from the lamp maximum: (-) lower, 
0, upper, 1.6 ns; (---) lower, 1.8, upper, 4.4 ns; (..e) lower, 4.6, 
upper, 10.4 ns; ( a s - )  lower, 10.8, upper, 24.8 ns. 

states are responsible for the emission spectrum of the 
polymer. 

Time-resolved spectra (TRS) of PA dissolved in poly- 
styrene film are shown in Figure 5. At short times (<5 
ns) there appear to be two emission bands, the shorter- 
lived emission with a maximum around 420 nm and the 
other with the maximum at  approximately 490 nm. In 
methylene chloride solution the TRS show emission almost 
exclusively from the short-wavelength (high energy) state 
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Table I 
Lifetimes of Phenyl-Substituted Polymeric Polyenesa 

polymeric polyene r , ,  ns r 2 ,  ns conditions 

poly(phenylacety1ene) 1.8 5.5 methylene chloride 
solution, degassed 

poly(pheny1acetylene) 2.1 5.5 polystyrene film 
poly(styrene-co- 1.8 5.5 methylene chloride 

phenylacetylene ) solution, degassed 
poly(styrene-co- 2.3 5.5 polystyrene film 

p henylacetylene ) 
poly[ (p-methoxy- 1 .5  5.5 acetonitrile solution 

pheny1)acetylene ] 
a For the samples so far investigated, the emission can 

be described as the sum of two exponentials. 
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Table I1 
Polarization of Poly(phenylacety1ene) 

polystyrene film 320 420 0.25 
320 500 0.09 
420 500 0.22 

methylene chloride solution 320 400 0.05 
320 500 0.03 
430 500 0.07 

(Figure 6). It  is important to note that the solutions were 
degassed, whereas the films were measured in air. Decay 
curves for the emission in polystyrene films were nonex- 
ponential for filters with cutoffs a t  410 and 440 nm and 
essentially exponential for filters with cutoffs a t  520 and 
590 nm. The data for the nonexponential decays fitted 
almost perfectly to a rate law corresponding to a sum of 
two exponential decays. The lifetimes of the two states 
were determined from the decay curve and the results, 
along with data for similar polymeric polyenes are shown 
in Table I. 

Steady-state polarization of PPA in polystyrene films, 
and in solution, was measured at different excitation and 
emission wavelengths. The results are given in Table 11. 
Discussion 

The average sequence length of conjugated double bonds 
in this polymer is much greater than for the copolymer 
used in previous work,ll and yet the emission character- 
istics are very similar. The fluorescence appears to be 
made up of contributions from two states, one with a 
lifetime of 2 ns and maximum emission at 420 nm, the 
other with a lifetime of 5 115 and maximum at 490 nm. The 
relative contribution of the two depends on the solvent. 
In fluid solutions, the higher energy state is predominant 
whereas in solid polymer films either of PA itself or of PA 
in polystyrene, the lower energy level is the major emitting 
species. This observation may be complicated by the fact 
that oxygen was present in the films (concentration ca. 
MI-if the emission at  420 nm were preferentially 
quenched by 02, then the apparent differences might be 
reconciled. However, it  is most unlikely that this extent 
of preferential quenching could occur, particularly as the 
420-nm emission has a shorter lifetime, which, within ex- 
perimental error, is the same in the two solutions (see 
Table I). Furthermore, oxygen has little effect on states 
with lifetimes <10 ns. 

The polarization measurements can also be interpreted 
in terms of two principal emitting states. The polarization 
data obtained in films (Po) should correspond to Po values 
as defined by the Perrin equation12 but are somewhat lower 
than the value of 0.45 determined by Moore and Song13 
for diphenyloctatetraene. Determination of Po for a given 
state requires measurement of emission from that state 

Wavelength, nm 

Figure 6. Time-resolved fluorescence spectra of poly(pheny1- 
acetylene) dissolved in degassed CH2C12 (1.7 x M in repeat 
unit). Excitation wavelength, 313 nm. The lower and upper limit9 
for the time-resolved spectra are given as the interval from the 
lamp maximum: (-) lower, 0, upper, 0.23 ns; (---) lower, 0.46, 
upper, 6.4 ns; ( . e - )  lower, 6.6, upper, 18.4 ns. 

alone, and TRS indicate that the only conditions in which 
this requirement is fulfilled are the longer wavelength 
excitation and emission measurements. Substituting the 
Po values with those for polarization obtained in solution 
(P)  and the measured lifetime (7) in the Perrin equation 
results in a value of 8 ns for the depolarizing relaxation 
process in solution. Since the excited chromophore is part 
of the macromolecular backbone, this process is probably 
that of molecular tumbling. Furthermore, the smaller 
polarization measured by excitation at 320 nm and emis- 
sion at  500 nm suggests that some electronic energy 
transfer takes place from the higher to the lower energy 
state. 

Conclusion 
The fluorescence emission from PPA appears to result 

from the sum of contributions from two excited states. Its 
characteristics may depend upon the mobility of the 
chromophores, which is affected by both conformational 
restraints in the chain itself and the physical state of the 
polymer (i.e., solid or solution). For example, an excited 
polymeric polyene (SPA) dissolved in solid glassy poly- 
styrene contained a higher proportion of the lower energy 
emitting state than when methylene chloride was the 
solvent. In a previous paper" it was tentatively suggested 
that chain extension, favored by a good solvent, was the 
governing factor in determining the contribution of the two 
excited states. From data published in a number of papers 
reporting investigations on different polymeric polyenes 
it can be concluded that the preferred solvent for the lower 
energy state is polystyrene > poly(methy1 methacrylate) 
> methylene chloride > acetonitrile. One explanation of 
these results is that this sequence reflects the solvent/ 
polymer compatibility. 

Another possibility exists. In a recent paper, Andrews 
and Hudson6 derived a relationship which predicts quan- 
titatively the effect of solvent on the absorption/emission 
spectra of polyenes. The basis for the derivation is a model 
in which two singlet levels lie close together and the lower 
energy one is the emitting state. The difference in energy 
between the two states is governed by the polarizability 
of the solvent. It may be that the bulk of the photophysical 
properties of polymeric polyenes can be rationalized by a 
modification of the Andrews-Hudson model. In a previous 
paper it was proposed that the theory of convergence ap- 
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plies to polymeric polyenes resulting in a limit to the 
polychromatic range of the macromolecular chromophores. 
This conclusion is borne out by the very small difference 
in fluorescence behavior between the homopolymer and 
the copolymer, although there is a marked difference in 
the length of polyene sequences. Thus the two excited 
singlet levels, corresponding to lB,* and lA,* in small- 
molecule polyenes, will also converge to limiting energy 
levels. For the phenyl-substituted polyenes used in this 
work the two levels correspond to the emission at  420 and 
490 nm. It  is possible, therefore, that in these phenyl- 
substituted polyenes light is absorbed into, and emitted 
from, two states whose relative contribution is governed 
by the polarizability (a )  of the solvent. High values of CY 

favor absorption and emission from the lower energy state. 
Values of CY for the solvents used for polymeric polyenes 
are 0.34 for polystyrene, 0.29 for poly(methy1 meth- 
acrylate), 0.26 for methylene dichloride, 0.21 for and ace- 
tonitrile. The difference in the convergent energy levels 
is approximately 3400 cm-l, a value which is within the 
range reported for small-molecule p01yenes.l~ Further 
confirmation of this proposal must await additional ex- 
periments now under way in the laboratories. 
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ABSTRACT This paper describes the reaction of cyclic acyloxyphosphoranes 1 having a good leaving group, 
such as the phenoxyl group, with primary and secondary alcohols (“alcoholysis polymerization” of 1 or, 
alternatively, “polyphosphorylation of alcohol”). The reaction produces polyphosphate triesters 2a-g which 
have various incorporated alcohol components. Polymer 2g, derived from isopropyl alcohol, was found to 
contain diester-type unit 2h due to  the partial hydrolysis of 2g during the work-up procedure. The tertiary 
alcohol tert-butyl alcohol yielded diester-type polymer 2h with the evolution of isobutylene. A mechanism 
is proposed in which the replacement of the phenoxyl group with an alkoxy1 group and subsequent polymerization 
via zwitterion intermediates are involved. Acute toxicity tests of four polyphosphate triesters showed that 
they are quite nontoxic, and, therefore, the possibility of utilizing them for carriers of pharmacologically active 
components in polymeric drugs is suggested. 

Synthetic polyphosphates have been attracting in- 
creasing attention from the standpoint of providing a 
simple model for polynucleotides and because of their 
potential utility as useful biopolymers, such as pharma- 
cologically active ones. Various methods of preparing 
polyphosphates have been explored.’+ Very recently we 
disclosed new methods for preparing polyphosphates,’ 
polyphosphonates? and polypho~phinates~ by “thermally 
induced ionic polymerizations” of cyclic acyloxy- 
phosphoranes.l0‘l2 In the course of the studies on the 
reactions of cyclic acyloxyphosphoranes we have found that 
they are reactive amphiphiles; i.e., they react with both 
nucleophiles and ele~trophiles.’~ The present paper reports 
the reaction of cyclic acylpentaoxyphosphoranes 1 having 
a phenoxyl group with primary and secondary alcohols as 
nucleophiles to give polyphosphate triesters 2 containing 
incorporated components (eq 1). Phenol was liberated 
during the reaction.14 

In our previous studies 1 was obtained from 2-phen- 
oxy-l,3,2-dioxaphospholane and a-keto acids,1° and its 
polymerization afforded polyphosphate 3’ (eq 2). The 
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0 3  
1 /O 

PhO-P 

A& 0 R’  

l a ,  R’ = Me 
b, R’ = Ph 

+ ROH 

2a, R = R’ = Me 
b, R = Me; R‘ = Ph 
c ,  R = Et; R‘ = Me 
d, R = n-Pr; R’ = Me 
e ,  R = n-Bu; R‘ = Me 

f , R = w; R’ = Me 

g ,  R = i -Pr;  R’ = Me 

reaction (eq 1) in the present paper provides a new sin- 
gle-step process for preparing polyphosphate triesters 2 
having various alcohol components as pendant groups in 
the polymer. 
Results and Discussion 

Alcoholysis Polymerization of Spiroacylpentaoxy- 
phosphorane with Primary and Secondary Alcohols. 
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