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Electron Spin Resonance Study of Radical Formation in 
cis-Poly(phenylacety1ene) /Ferric 
Acetylacetonate-Triethylaluminum (PPA/Fe-Al). 2. Results and 
Interpretation 

A. Langner'*+ and P. Ehrlich 
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ABSTRACT: The line-shape and saturation analysis for inhomogeneously broadened ESR spectra, devel- 
oped in the previous paper, is used to study the change of the PPA/Fe-A1 resonance signal with tempera- 
ture and polymer aging. A mechanism for radical formation, involving backbone cyclization reactions, is 
proposed to interpret the irreversible increase in spin concentration observed above -70 "C. As before, the 
spectra of the soluble and insoluble fractions of the polymer are interpreted as arising largely from tri- 
phenylcyclohexadienyl radicals formed upon cyclization of a cis-cisoid hexatriene precursor. An analysis 
of the resonance signal of the catalyst revealed that a low A1:Fe ratio a t  the active polymerization site leads 
to a high concentration of the cis-cisoid conformation. The presence of oxygen-complexed radicals with 
shorter spin-lattice relaxation times is inferred from saturation experiments. 

Introduction 
A form of poly(phenylacety1ene) (PPA) that is rich in 

the cis isomer can be made in the presence of a ferric 
acetylacetonate/triethylaluminum catalyst (PPA/Fe- 
A1).'v2 It  contains a crystalline component that melts at  
about 120 "C and displays a distinct resonance Raman3 
and fluorescence4 spectrum that we have attributed to 
the cis-cisoid helical conformation.2 The crystalline frac- 
tion can be purified by treating the polymer with chlo- 
roform, which extracts the noncrystalline, soluble frac- 
tion of c~s-PPA.~ The two fractions display different ESR 
spectra, which also differ from spectra reported in ear- 
lier s t ~ d i e s . ~ ~ ~  Preliminary investigations, employing a 
line shape and saturation treatment for inhomoge- 
neously broadened spectra,' suggested that the source of 
these resonance signals was the triphenylcyclohexadien- 
yl (TPCH) radical,' formed in the course of backbone- 
cyclization  reaction^.^ Previous thermal stability stud- 
ies of the cis isomer had shown that the spin concentra- 
tion of the polymer increases irreversibly a t  elevated 
temperatures, peaking near 120 0C.5 Recently, it was 
shown that the polymer is also unstable at  room 
temperature." 

We have applied the line shape and saturation treat- 
ment of the previous paper, paper 1, to obtain a quanti- 
tative description of the temperature dependence and time 
evolution of the resonance signals of the various radical 
species found in this polymer. This enabled us to make 
a clearer separation and identification of the polymer and 
catalyst signals and to resolve a further component of 
the polymer signal, believed to be an oxygenated radi- 
cal. 

Experimental Procedure 
All ESR experiments were performed on a Varian E-104 spec- 

trometer with an E-231 multipurpose resonance cavity, oper- 
ated in the TElo2 mode. Operation was in the X-band, nomi- 
nally 9.07 GHz, with 100-kHz field modulation for phase-lock 
detection (Le., signals were recorded in the first-derivative mode). 
Sample tubes were placed into a quartz Dewar (11.5-mm o.d., 
6-mm i.d.), which occupied the central axis of the cavity, mutu- 
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ally perpendicular to the long axis and magnetic-field direc- 
tions of the cavity. The Dewar allowed the performance of vari- 
able-temperature experiments, which were executed with a Varian 
E-257 variable-temperature controller using prepurified-grade 
nitrogen as a carrier gas. 

The E-104 spectrometer has no facility for externally bias- 
ing the signal detector into the linear regime (i.e., signal inten- 
sity is proportional to  the square root of the incident power). 
Therefore, we had to  calibrate the spectrometer to account for 
detector nonlinearities and for the degree of undercoupling of 
the waveguide to the resonance cavity. The power-indepen- 
dent signal, I f R ,  was found to have the form 

(1) 

where y' is the recorded signal height, G, is the crystal detec- 
tor gain factor, P, is the power in the waveguide as measured 
by an HP-432A power meter connected to  an HP-X486A ther- 
mister, n (1 2 n 2 0.5) gives the dependence of the detector 
response on the incident power, r is the reflection coefficient 
of the cavity, and G, incorporates the effects of signal gain and 
field modulation amplitude. 

ESR spectra were recorded for absorption, x", signals. Great 
care was exercised to avoid modulation and fast-passage distor- 
tions to  the line shapes. 

To  obtain quantitative results from saturation experiments 
we had to determine the relation between the microwave power 
coupled into the resonance cavity, P,, and the power in the mag- 
netic component of the microwave field a t  the sample. Using 
the analysis of Poole" we have determined that (H,'), = 
2.6O2Pc = HlZma,/2, where the magnetic field, HI, is given in 
gauss and the power is given in watts. I t  has been shown by 
Singer et  a1." that  a quartz Dewar intensifies the field at the 
sample. We observed an enhancement of 3.4 times the empty 
cavity value, making the average power in the field a t  the sam- 
ple (H,'), = 8.85PC. We have assumed the relation between 
the sample-average and the maximum field, given above, to  hold. 

Absolute spin concentrations were determined by compari- 
son to  the Varian 0.170 strong pitch in a KC1 standard, rated 
a t  3 x 1015 spinfcm (&30%). g factors were determined by 
comparison to  polycrystalline diphenyl picrylhydrazyl (DPPH), 
g = 2.0036. The latter was also employed to  test the power 
calibration procedure. 

The samples investigated in this study were derived from 
three different polymerization batches, here indicated as M7, 
M8, and N1. All polymerizations were run a t  room tempera- 
ture in tetralin. The molar ratios of monomer to  triethylalu- 
minum to ferric acetylacetonate for the three batches were 

Y'G, 
p,++l)(l - r2G, 

I f ,  = 
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Figure 1. ESR spectra of the polymer radicals in cis-PPA/Fe- 
AI. (a) Soluble fraction, g = 2.0028; (b) unfractionated poly- 
mer, g = 2.0027; (c) insoluble fraction, g = 2.0026. Solid lines 
are experimental spectra. Dashed lines are best-fit theoretical 
curves (see text). 

81.86:2.49:1 (M7), 119.65:4.98:1 (Nl),  and 119.65:9.96:1 (M8). 
All samples were washed with methanol and 0.1 N HCl (1.0 N 
for Nl) .  Batch M7 was also left to sit in pure methanol for 2 
weeks after the initial washings. Batches M8 and N1 were brick 
red, coarse, granular powders. Batch M7 was bright red with 
finer granules. 

Each batch was separated into a chloroform-soluble and a 
chloroform-insoluble fraction by a procedure described 
e1~ewhere.l~ The latter fraction contained the insoluble crys- 
talline polymer referred to in the Introduction. All samples, 
from the onset of polymerization through the course of the ESR 
experiments, were stored in the dark, since light had been shown 
capable of increasing the spin c~ncentration.'~ Samples were 
stored and treated in air except when in evacuated sample tubes, 
where they were under 0.2 torr of nitrogen. 

ESR measurements were performed on powder samples of 
the soluble and insoluble fractions. The insoluble fraction, if 
very pure, was a deep maroon color and when containing resid- 
ual soluble polymer was brick red. The soluble fraction gave a 
yellow-brown, somewhat statically charged powder and yellow 
solutions. 

For both low- and high-temperature operation 10-20 min were 
allowed for thermal equilbration of the sample at a given tem- 
perature level. Temperatures for cooling runs were changed 
by 10 "C increments. For high-temperature experiments, sam- 
ples were annealed for 24-36 h in an oil bath prior to recording 
the ESR spectrum. 

Experimental  Results 

A. General Characterist ics of the Polymer Spec- 
t rum.  Representative room temperature spectra of 
CHC1,-soluble and CHC1,-insoluble fractions and of the 
unfractionated polymer are shown in Figure 1. Signals 
from the soluble fraction exhibit a single, slightly asym- 
metric line at  g = 2.0028 and line width AHpp = 8 G; 
those from the insoluble fraction give a partially resolved, 
slightly asymmetric quartet with the outer peaks sepa- 
rated by AH, = 18 G and the line center a t  g = 2.0026. 
The spectra from the unfractionated polymer5 can be 
deconvoluted into these two signal types, with ratios 2:3 
and 3:2 for batches M7 and M8, respectively. 

Figure 2 shows typical results for the time evolution 
of the spin concentration, N,, and of AH,, for CHC1,- 
insoluble (curve a) and CHC1,-soluble (curves b-d) sam- 
ples. The spin concentrations for the unfractionated poly- 
mers were (1.5-1.7) X 10l6 spins/g. The increase of N ,  
since the time at which the samples were dried ( t  = 0) is 
much greater for insoluble than soluble fractions; both 
experience a decrease in AH,, with time. Both of these 
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Figure 2. Time evolution of the spin concentration, N , and 
the line width, AH,,, for the polymer radicals of cis-PP&Fe- 
Al. The given line width is measured with respect to its long- 
time asymptotic limit AH,,". (a) Insoluble fraction from batch 
M7; (b) soluble fraction from batch M7; (c) soluble fraction from 
batch N1, stored in CHCI, solution; (d) soluble fraction from 
batch N1, stored as a powder. Dashed lines are added as a 
guide. Solid lines are best-fit curves for the kinetic model (see 
text). 
changes indicate a prolonged process of radical genera- 
tion at  room temperature in the solid state, a process 
that is most rapid in the freshly dried polymer but that 
still proceeds after several months. Figure 2 also con- 
trasts the time evolution of Ne for two freshly dried sam- 
ples of soluble polymer (curves c and d), one of which, c, 
had been kept in chloroform solution for several months 
prior to removal of the diluent and drying. The sample 
that had been kept in chloroform displays no increase in 
N ,  during that time, but, immediately after drying, N ,  
increases rapidly, overtaking that of the sample that had 
not experienced a prior prolonged exposure to chloro- 
form. Evidently the process of radical generation depicted 
by Figure 2 does not take place, or is greatly slowed, in 
chloroform solution, but this treatment conditions the 
polymer for rapid radical generation to a very high level 
after drying. We shall later suggest (see Discussion) that 
the precursor to radical formation is, in fact, the cis-ci- 
soidal helical conformer, and that it is generated in solu- 
tion. 

The low-temperature behavior (-128 to 22 O C )  of the 
signal intensity for freshly cast and aged films made from 
the insoluble fraction is depicted in Figure 3. Unlike the 
aged sample, the relatively unaged sample displays a 
marked non-Curie temperature dependence (x(T) # 
const-T') as well as an irreversible signal increase above 
-70 OC. Results for the CHC1,-soluble fraction are sim- 
ilar. 

The high-temperature behavior (22 to 200 "C) of N ,  
was qualitatively similar to that reported by Holob et  
al.5 for unfractionated polymer, showing an increase with 
increasing temperature up to 120 "C. Above this tem- 
perature, thought to be the melting point of the helix,4 
N ,  and AHpp decreased sharply for oxygen-doped mate- 
rial; however, they remain constant a t  N. = 10'' spins/ 
g and AH,, = 15 G for samples determined to have a 
very low oxygen content. The former behavior was 
observed in Holob's ~ t u d i e s . ~  

Representative saturation plots, for soluble and insol- 
uble fractions are given in Figures 4 and 5. We have 
plotted the power dependences of the signal height, V' 

where P is the incident power on the sample. I', should 
attain a constant value, ItRO, which is proportional to the 

the peak-to-peak width, and the quantity Z', = V',/P1 a, , 
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Figure 3. Low-temperature study of the signal intensity of 
the polymer radicals for the insoluble fraction. Solid symbols 
represent cooling. Open symbols represent heating: (a) fresh 
sample; (b) aged sample. 
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Figure 4. Experimental (upper) and theoretical (lower satu- 
ration curves for the soluble fraction. (a) V’, versus P’ for a 
low A1:Fe ratio sample (0 )  and a high A1:Fe ratio sample (m). 
(b) AH /AH versus for a low A1:Fe ratio sample (0) 
and a h?zh A1:K ratio sample (A). (c) Typical relation for ZfR/ 
I’ versus p1I2 (v). Theoretical curves are for an “oxy” rad]- 
cayfraction of 0.3 (-), 0.15 (-. -), and 0.03 (- - ). 

spin concentration, at  sufficiently low power levels. A 
common feature of all the saturation curves recorded is 
the failure to reach this limiting value as can be seen on 
Figure 4. Consequently we must resort to the methods 
of paper 1 to obtain reliable values of spin concentra- 
tions and characteristic spectral parameters. The results 
show that for samples with a large Al/Fe ratio the V’, 
curve is bimodal. In the low Al/Fe samples, the high- 
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Figure 5. Experimental (upper) and theoretical (lower) satu- 
ration curves for the insoluble fraction. (a) V‘, versus p1l2 for 
a low A1:Fe ratio sample (0) and a high A1:Fe ratio sample (A). 
(b) AHp /mppo for a low A1:Fe ratio sample (0) and a high 
A1:Fe ratio sample (m). Theoretical curves are for an “oxy“ rad- 
ical fraction of 0 (- - -), 0.03 (- - -), and 0.06 (-), 

power peak is replaced by a shoulder. Lastly, the line 
widths of the insoluble samples become narrower with 
increasing power, while the line widths of the soluble sam- 
ples broaden. 

B. Line-Shape and Saturation Analysis. Spectra 
and saturation curves, recorded over a broad range of 
temperatures and sample ages, were analyzed by the line- 
shape model and regression procedure described in paper 
1. To enable us to quantify the results of a large array 
of experiments, we restrict our analysis to testing the 
hypothesis that, aside from catalyst residues, which will 
be discussed in the next section, the polymer contains 
three different radical types: (1) triphenylcyclohexadi- 
enyl radicals (TPCH), (2) r-electron radicals delocalized 
over a segment of the conjugated polymer chain, to  be 
referred to as chain radicals, and (3) n-electron radicals 
complexed by either a hydroxy or a peroxy group, to be 
referred to as oxy radicals. All radical types are consid- 
ered to be nonmobile, although they are delocalized over 
several carbon centers. The spatial extent of the delo- 
calization, and consequently the line width, depends on 
the degree of planarity of the chain carbons with each 
other and with the cyclohexadienyl ring. The degree of 
planarity will be distributed over a range of values. As 
a result we anticipate an inhomogeneously broadened line 
with a Curie temperature dependence, resulting from mul- 
tiple hyperfine interactions. The experimental signa- 
tures for the three radical types can be seen in the spec- 
tra of the insoluble fraction and the soluble fraction and 
the high-power mode of the saturation curves, respec- 
tively. 

The chain radical is expected to give a featureless res- 
onance signal, which is characteristic of most conjugated 
polymers. It can be demonstrated by simple quantum 
chemical methods that the TPCH radical will exhibit two 
dominant hyperfine splittings, proportional to the ortho- 
and para-hydrogen splittings of the cyclohexadiene rad- 
ical, 9 and 13.4 G, re~pective1y.l~ These hyperfine cou- 



2206 Langner and Ehrlich Macromolecules, Vol. 23, No. 8, 1990 

Table I 
Regression Results for Soluble cis-PPA 

00, G T,, 10-4 ~ 2 , 1 0 - ~  WJT: 10’‘ N~=;/W.)T sample’ age,b days temp, K aToC 

8- 1 13 294 0.326 6.91 0.74 3.5 2.64 0.39 
8-1 19 294 0.517 6.78 0.58 2.3 2.97 0.18 
8-2 33 294 0.192 7.07 3.2 5.9 4.61 0.18 
8-2 49 294 0.310 7.14 3.2 3.6 7.51 0.30 
8-2 262 223 0.522 6.85 3.7 2.2 15.6 0.24 
8-2 267 294 0.618 6.43 3.2 2.0 13.5 0.23 
8- 2 263 173 0.670 6.70 1.6 1.8 27.0 0.21 
7-1 6 294 0.632 5.85 25. 2.2 9.97 0.07 
7-1 52 294 0.700 5.35 25. 2.1 15.6 0.05 
7- 1 52 133 0.557 5.36 35. 2.7 34.5 0.05 
1-1 3 294 0.312 6.46 2.4 4.0 4.82 0.37 
1-1 179 294 0.288 7.35 1.3 3.8 18.5 0.23 
1-1 954 294 0.140 8.21 1.8 7.0 25.6 0.20 
1-2 4 294 0.280 6.17 1.6 4.6 6.94 0.17 
1-2 30 294 0.420 5.70 1.6 3.4 18.8 0.07 

‘ The sample designation M-N refers to the Nth sample of polymerization batch M: M = 1, batch N1; M = 7, batch M7; M = 8, batch M8. 
*The sample is considered to be of 0 age at  the time the sample has been dried. C Y T ~  is the value for the unsaturated spectrum and not that 
obtained by regression of the line shape alone (refer to paper 1). Ns = total spin concentration in spins per gram. e Noly = spin concentra- 
tion in spins per gram for oxygen-trapped radicals. 

Table I1 
Regression Results for Insoluble cis-PPA. 

sample age, days temp, K a~~ uG, G A,,b G A,, G T,, s T,, 1O-’s (NJT, 10’‘ Nox,,/(N,)T 
oxyc 246 273 0.180 12.92 3.5 473.6 0.91 
8-3 6 294 0.256 5.62 5.41 7.92 10.0 5.6 18.4 0.12 
8-3 24 294 0.282 5.52 5.42 7.79 10.0 5.1 21.7 0.08 
8-3 104 294 0.285 5.60 5.37 7.77 10.0 5.0 26.3 0.09 
8-3 246 288 0.356 5.44 5.28 7.61 10.0 4.2 43.4 0.06 
8-3 134 130 0.286 5.42 5.31 7.52 29.0 5.2 59.7 0.09 
8-4 21 294 0.231 5.96 5.72 7.63 10.0 5.8 9.72 0.212 
8- 4 246 294 0.365 5.69 5.45 7.29 10.0 3.9 22.5 0.09 
8-4 267 294 0.354 5.69 5.46 7.36 10.0 4.0 21.7 0.11 
8-4 263 128 0.409 5.40 5.52 7.06 29.0 3.6 50.0 0.11 
7-2 I 294 0.168 6.19 5.86 7.59 6.0 7.7 20.7 0.04 
7-2 21 294 0.484 5.49 5.66 7.27 6.0 3.0 35.5 0.02 
7-2 54 294 0.442 5.49 5.53 7.31 6.0 3.2 69.9 0.01 
7-2 54 133 0.334 5.20 5.71 6.88 53.0 4.3 115.0 0.01 
’ Refer to Table I for definitions. A, and A, are the ortho- and para-hydrogen hyperfine coupling constants for the TPCH radical. In- 

soluble cis-PPA sample after oxygen doping. 
plings were included in the regression analysis of the spec- 
t ra  from samples of t h e  insoluble fraction. An 
approximation to the line shape of the oxygen-trapped 
radical was obtained from the spectrum of a heavily oxy- 
gen-doped sample; it is a nearly Gaussian line with AHpp 
= 13 gauss and g = 2.0029. Previous investigations of 
cis-PPA revealed similar ~ p e c t r a . ~ ’ ~  

Typical regression fits of the spectra of the soluble and 
insoluble fractions are given in Figure 1; agreement is 
very good. The spectra of the insoluble fraction was mod- 
eled by the superposition of resonance line shapes result- 
ing from two different hyperfine couplings, 5.5 and 7.5 
G. Inclusion of the “oxy” radical in the parameter set 
for the regression did not lead to a statistically signifi- 
cant improvement in the regression fit. The spectrum 
of the soluble fraction was modeled as the superposition 
of two resonance line shapes centered at  g = 2.0026 and 
2.0029. Only the line shape of the majority species, the 
chain radical, could be optimized, the regression analy- 
sis being very insensitive to small changes in the func- 
tionality of the signal of the oxy radical. 

Although the line-shape analysis was rather insensi- 
tive to the presence of the “oxy” radical, its concentra- 
tion could be determined quite accurately by analyzing 
the saturation curves. Theoretical curves corresponding 
to the experimental data presented in the previous sec- 
tion are given in Figures 4 and 5 for the soluble and insol- 
uble samples, respectively. I t  should be noted that the 
exclusion of the “oxy” signal in the analysis of signals of 
the insoluble fraction always leads to a line-width broad- 

ening at  high powers. Inclusion of a small percentage of 
“oxy“ signal, which saturates at  higher powers, models 
the observed narrowing quite well. The curves of signal 
height versus power, V’, versus P1/2, are extremely sen- 
sitive to the concentration of the “oxy” radical, particu- 
larly for the insoluble fraction, enabling us to make good 
estimates of its value. The results of the combined regres- 
sion and saturation analyses are given in Tables I and I1 
for the soluble and insoluble fractions, respectively. Aside 
from the obvious difference in the resolution of the hyper- 
fine splittings, the soluble fraction displays certain dif- 
ferences from the insoluble one: (1) Total spin concen- 
trations are three to four times smaller. (2) The ratio 
N o x y / N s  is larger, though Noxy is comparable in the two 
fractions. (3) Values of the Gaussian envelope width, 
oG, are 20-309’0 larger; they decrease with aging but 
increase at  higher temperatures. (4) The spin-lattice relax- 
ation time, T,, of the soluble fraction, (1-3) X lod4 s, is 
smaller than that of the insoluble fraction, (6-1) X 
s; due to approximations invoked in our analysis a simi- 
lar comparison cannot be made for T,  of the “oxy” rad- 
icals, which, however, can be estimated to be approxi- 
mately lo* s. For the insoluble fraction, the regressed 
hyperfine coupling constants decrease with sample aging. 
The soluble fraction which was stored in chloroform solu- 
tion exhibits behavior intermediate between that of the 
soluble and insoluble fractions. 

C. Analysis of the Catalyst Signal. The resonance 
lines of the polymer radicals are superimposed on a broad, 
unsaturable signal attributable to various Fe3+ species 
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Figure 7. Structures of the Fe(AcAc),/AIEta catalyst system. 
(a) Pure Fe(AcAc) . (b) Weak Fe-A1 coupling. (c) Strongly 
coupled axial compfex. (d) Strongly coupled orthorhombic com- 
plex. 

Figure 6. ESR spectra of the Fe-A1 catalyst system. Signals 
not attributable to the Fe-AI complex have been subtracted 
out. (a) Soluble fraction of batch M7; A1:Fe = 2.5:l. (b) Solu- 
ble fraction of batch M8; A1:Fe = 1O:l. (c) Insoluble fraction 
of batch M7. (d) Insoluble fraction of batch M8. (e) Reso- 
nance line shapes of which spectra a-d are a convolution. 

of the Fe(AcAc),/AlEt, catalyst system.' The strength 
and characteristics of the catalyst signal vary consider- 
ably between spectra of the soluble and the insoluble frac- 
tion of a given polymerization batch as well as among 
the three batches studied, with Al-to-Fe ratios of lO:l, 
51,  and 2.5:l respectively. In Ziegler-Natta polymeriza- 
tion the role of the group I11 metal, Al, is to reduce the 
transition metal, Fe, and regulate the rate and stereospec- 
ificity of the reaction.16 It  is therefore of interest to iden- 
tify the characteristics of the catalyst site that favor the 
formation of cis-cisoid, i.e., helical sequences. Since the 
focus of this paper is the chain radical and its precurser, 
we present only the results of our analysis. (For details 
see ref 10.) 

Representative powder spectra of the catalyst signal 
for the various polymer fractions are given on Figure 6. 
Modeling work, performed on spectra recorded between 
128 and 400 K, revealed that these resonance lines can 
be deconvoluted into the six line shape types designated 
on Figure 6e. Types I, 11, and V, centered at  g = 6,4.37, 
and 2.007, respectively, exhibit a nearly Curie (l/T) tem- 
perature dependence for T < 180 "C, indicative of iso- 
tropic transitions. The other signal types behave like pow- 
der spectra from orientation-dependent transitions among 
spin states whose energies are determined by local elec- 
tric fields (i.e., Stark effect)." The sextet signal set, type 
VI, observed only for the insoluble fraction of the poly- 
mer produced with a high Al-to-Fe ratio catalyst system, 
undergoes a large increase with increasing temperature 
up to 90 "C. However, it decreases rapidly and irrevers- 
ibly above 120 "C, the melting point of the crystalline 
form of the p01ymer.~ 

The various signal types depicted on Figure 6e are sig- 
natures for the different iron-aluminum complexes pre- 
sented in Figure 7. Pure ferric acetylacetonate (Figure 
7a) consists of three chelating acetylacetonate anions whose 
carbonyl oxygens are bonded to the central Fe3+ ion in 
an octahedral complex." The ESR spectrum of 
Fe(AcAc), is similar to signal type IV. For weakly bound 
aluminum, as is represented in Figure 7b, all five transi- 
tions between the pure spin states of the S = 5/2 ion are 
observable; however, only the -(1/2) to 1/2 transition is 
isotropic (type V) and consequently discernable from the 
powder spectra of the other four orientation-dependent 
transitions (type 111). For stronger complexation by alu- 
minum, either in an axial (Figure 7c) or an orthorhom- 
bic (Figure 7d) configuration, the S = 5/2 spin states 
mix. The resulting transitions, type I and 11, respec- 
tively, are very similar to those discussed by Sandslg and 
Castner et  a1." for Fe3+ in quartz glasses. The next level 
of interaction is a reduction of Fe3+ to Fe2+ by alumi- 
num, resulting in a loss of the ESR signal." This inter- 
action is probably the cause of the small catalyst signals 
for samples with a high A1:Fe ratio. If the iron and alu- 
minum centers are kept close together by steric hin- 
drances, only partial charge transfer from Fe to A1 will 
be possible. This will result in a strong hyperfine inter- 
action between the I = 5/2 nucleus of aluminum and the 
iron electronic spins. We propose that this is the origin 
of the sextet (type VI). This assignment is consistent 
with the observed signal decrease above 120 "Cl0 and 
the absence of hyperfine structure in the spectra of the 
soluble fraction and samples with a small A1:Fe ratio. 
An alternate explanation that attributes this spectral fea- 
ture to an Mn2+ ion seems invalid in light of this exper- 
imental evidence. Signal type VI represents the broad- 
est Fe-A1 hyperfine pattern recorded to date, being nearly 
80 times wider than that reported for the lanthanide 
alums.23 



2208 Langner and Ehrlich 

From this description of the variation of the catalyst 
signal with polymer fraction, one concludes that the poly- 
merization of phenylacetylene to  a cis-cisoid-rich poly- 
mer is favored by a low A1:Fe ratio. This is consistent 
with the observation that the percentage of insoluble frac- 
tion is larger for the polymer grown at  a low A1:Fe ratio. 
All the catalyst spectra from the soluble fractions were 
richer in signatures from a strongly complexed alumi- 
num structure than their insoluble counterparts. 
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Discussion 

We will propose a model for the microstructure of the 
polymer chain, the structure of the radical responsible 
for the main part of the polymer’s ESR spectrum, and a 
reaction mechanism that is capable of accounting for the 
time evolution of the ESR signal. 

The basic structure of PPA/Fe-A1 may be viewed as 
that of a copolymer of cis-transoid and cis-cisoid units. 
It is believed that the latter are capable of forming a 
helix, which has been proposed as the structure of the 
insoluble, crystalline fraction of PPA/Fe-Al.2,9v24 An exam- 
ination of the NMR and fluorescence spectra of the sol- 
uble fraction indicated that they contained disordered 
chain segments, rich in cis-transoid units, as well as cis- 
cisoidal segments that must be long enough to stabilize 
the helical structure. In addition, a study of the phase 
equilibra of the unfractionated polymer in chloroform or 
in carbon tetrachloride indicated that the soluble frac- 
tion of PPA/Fe-A1 is best described as a block copoly- 
mer of cis-transoid and cis-cisoid  unit^.^,'^ The insolu- 
ble, crystalline fraction is then to be denoted as a some- 
what impure homopolymer of cis-cisoid units containing 
cis-transoid impurities. At room temperature, in solu- 
tion, there is a certain degree of intechange among these 
structures; the formation of cis-cisoid helices being favored 
in chloroform as evidenced by the gelation of the poly- 
mer maintained in solution for long periods of time.” As 
has been pointed out by Percec and Simionescu? sequences 
of three connected cis-cisoid links can readily undergo 
cyclization reactions resulting in 1,3,5-triphenylcyclo- 
hexadienyl units in the chain. The cyclization reaction 
is quite facile in solution, having an activation energy, 
E,, of only 71 kJ/m01.~ As the polymer is dried, either 
from a swollen suspension or as an amorphous film, this 
cyclization is slowed considerably (E ,  - 126 kJ/m01).~ 

It is proposed that the cyclization proceeds via an elec- 
trocyclization reaction in which a cis-1,3,5-hexatriene is 
converted to a 2,4-cyclohexadienyl ring by way of a ben- 
zene-like transition state, as depicted in Figure 8. The 
energy barrier of the reaction depends on whether the 
transition state is disrotatory (Huckel state) or conrota- 
tory (Mobius state). The Huckel transition state has a 
lower energy than the Mobius state and should be the 
one participating in solution. Generation of the pro- 
posed 1,3,5-triphenylhexadienyl (TPCH) radical, which 
involves the loss of a hydrogen atom a t  the bonding car- 
bon, is likely to proceed through the Mobius state, how- 
ever. The solid polymer is conjectured to be subject to 
internal stresses caused by rapid solvent volatilization 
and can be thought of as being frozen into nonequilib- 
rium configurations. If a cis-cisoid sequence becomes 
locked into a strained configuration it may cyclize to relieve 
excess energy. Occasionally, this cyclization could well 
be accompanied by a loss of a hydrogen atom from the 
chain-closure site resulting in a TPCH radical (Figure 
8). We suggest that this is the major radical creation 
mechanism in the solid. In the soluble polymer fraction 
the highest TPCH radical concentration would then be 

\ 

k S  k s, k, s 
Figure 8. Electrocyclization reaction converts a cis-cisoid 1,3,5- 
hexatriene to a 2,4-cyclohexadiene. The reaction proceeds by 
either a low-energy, disrotary pathway with a Huckel transi- 
tion state, or by a high-energy, conrotary pathway with a Mob- 
ius transition state. A hydrogen atom can be more readily lost 
from the latter transition complex resulting in a cyclohexadie- 
nyl radical. 

generated by initial exposure of the polymer to chloro- 
form, thereby inducing the isomerization to cis-cisoidal 
segments, which are required for the subsequent cycliza- 
tion and associated radical formation. This is consis- 
tent with the experimental data (Figure 2). The pro- 
posed mechanism is also consistent with the higher rad- 
ical concentration in cis-cisoid-rich insoluble fractions, 
compared with soluble fractions, when both have been 
aged in the solid state. Clearly, the isomerization to the 
cis-cisoid structure will become increasingly difficult upon 
solvent evaporation and upon formation of an increasing 
amount of rigid cis-cisoidal segments. 

The physical picture given above has been formulated 
into a kinetic model to describe the evolution of N ,  with 
time. Assuming first-order kinetics for the stress- 
induced cyclization reaction, we can represent the time 
evolution of the radical concentration, Nm(t ) ,  resulting 
from all sites requiring an activation hE for cyclization 
bY 

(2) 
where the pre-exponential k ,  is assumed to be indepen- 
dent of A E  and T i s  the absolute temperature. The max- 
imum radical concentration N,” depends on the initial 
distribution of strained sites, S(hE), which we assume is 
of the form 

~ ~ ( t )  = ~ ~ ~ [ i  - e ~ p ( - k , t e - ~ ’ ~ ~ ) ]  

(3) 

where E is taken to be the activation energy of the 
unstrained cis-cisoid configuration and S ,  is the total 
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concentration of strained sites. The total spin concen- 
tration is then given by 

Best-fit curves of this function to the data of Figure 2 
are given by the solid lines; the agreement is quite good. 

The extent of delocalization of the cyclic *-radical, which 
must be considered in accounting for the partly resolved 
hyperfine structure of the ESR signal, depends on sev- 
eral factors. The most important of these is the degree 
of planarity of the chain in which the radical resides, the 
*-orbital overlap between adjacent monomer units being 
approximately proportional to cos2 6, where 6 is the dihe- 
dral angle between these units. For soluble samples con- 
taining a low concentration of long cis-cisoid sequences, 
the plane of the cyclohexadienyl ring is likely to be in 
coincidence with the plane of the continuing chain, thus 
enabling delocalization of the ring radical down the chain. 
The insoluble fraction would be expected to contain con- 
siderably more radicals that are trapped within the cyc- 
lohexadienyl ring, due to the lack of the planarity of the 
cis-cisoidal helical structure. Consequently, there is a large 
spin density at  the carbons bonded to the two ring hydro- 
gens. These hydrogens would be expected to be respon- 
sible for the two hyperfine splittings observed for the 
insoluble fractions. 

The hyperfine splittings obtained for the TPCH radi- 
cal are proportional to the para and ortho splittings, 13.4 
and 9.0 G, reported for the unphenylated cyclohexadi- 
enyl rad i~a1 . l~  The reduction in the values of the split- 
tings for the radicals in PPA can be accounted for by 
assuming a dihedral angle of 40" between the TPCH ring 
and the continuing chain.25 

It  is not difficult to visualize that within any given sam- 
ple there exists a distribution of planarity mismatches 
as well as of down-chain delocalization lengths. These 
distributions, however, are thought to be fairly narrow 
in the samples we have studied, since the delocalization 
lengths, as indicated by oG, are similar for soluble and 
insoluble samples. A random distribution of dihedral 
angles would result in a line width intermediate between 
those of the soluble and insoluble signals. Previous5s6 
and the high-temperature results meet this description. 

The next most important factor controlling the extent 
of delocalization of the *-radical is the presence of chemi- 
sorbed oxygen on the polymer. Oxygen localizes the chain 
radical. This imparts a small amount of s character to 
it. The extent to which oxygen can interact with the poly- 
mer is dependent on the factors of steric hindrance, con- 
centration of oxidizable sites, and acidity of the liquid 
media in which the polymer was dissolved. Oxygen may 
be bound to the polymer in the form of hydroxy or hydro- 
peroxy groups. The highest potential for reactions with 
oxygen occurs during the HCl/MeOH washing step of 
the polymerization workup. The higher concentration 
of "oxy" spins of the sample washed with 1 N HC1 in 
MeOH during polymer workup rather than the usual 0.1 
N HC1 solution is consistent with this hypothesis. These 
oxy sites may also trap the hydrogen atom liberated dur- 
ing the chain cyclization reaction. The greatest obstacle 
to oxygen chemisorption appears to be the steric hin- 
drance imposed by helical segments. This point is con- 
sistant with the low percentage of oxy spins observed in 
the insoluble fraction samples. 

The difference in the spatial distributions of oxy spins 
between the soluble and insoluble fractions also mani- 

fests itself in the spin relaxation rates. If the polymer 
were to possess only delocalized TPCH radicals the dom- 
inant spin-lattice relaxation mechanism would be an indi- 
rect, Raman interaction with the phonon distribution of 
the polymer, an inherently slow and ineffective 
process.17 Spin-spin interactions would be dominated 
by dipole-dipole interactions, which are concentration 
dependent. Heisenberg spin exchange becomes impor- 
tant at  large spin concentrations.26 If the wadical becomes 
trapped by oxygen it experiences a small increase in orbital 
angular momentum, resulting in a shift in the g factor, 
and it can therefore achieve a more intimate contact with 
the phonon bath.17 As a consequence a considerable 
increase in the spin-lattice relaxation rate is attained. If 
Heisenberg spin exchange becomes important, as is the 
case for p~lyace ty lene ,~~ only a single spin-lattice relax- 
ation time would be observed and consequently a unimo- 
dal saturation curve, since all the spins would be strongly 
coupled. For weak coupling the effects of both relax- 
ation processes should be observable, leading to a bimo- 
dal saturation curve. The insoluble polymer contains large 
regions of crystalline material that are devoid of oxygen- 
trapped spins. Consequently the two spin systems become 
decoupled. The two modes of the saturation curves for 
the insoluble fractions are generally more separated than 
for the soluble fractions, in agreement with a picture of 
more uniform spatial distribution of oxy radicals over 
the latter, quasi-planar polymer. 

As a sample ages the strained configurations decrease 
and radical formation slows due to a relaxation of the 
polymer chains into lower energy, stable configurations. 
The distribution of dihedral angles will broaden as struc- 
tures experiencing less stress, requiring larger activation 
energies for reaction, cyclize. The net result is a decrease 
in spin density in the TPCH rings of crystalline samples 
and a larger percentage of nonplanar radicals in amor- 
phous samples. As more spin density enters unhin- 
dered, quasi-planar chain segments, the probability of 
oxygen trapping increases. However, since there must 
be a fixed concentration of chemisorbed oxygen for a given 
evacuated sample, the fraction of oxygen-trapped radi- 
cals is expected to decrease. This whole process can be 
accelerated by heating the sample. The creation of rad- 
icals by chain cyclization ceases to occur a t  tempera- 
tures above 120 "C since cis-cisoid structures cannot sur- 
vive above this temperature. The latter result was dem- 
onstrated by a fluorescence spectroscopy s t ~ d y . ~  A t  high 
temperatures the presence of oxygen is thought to lead 
to sample degradation, possibly resulting in decreases in 
spin concentration. In the absence of appreciable quan- 
tities of oxygen the structure of the polymer just contin- 
ues to relax, resulting in a random distribution of pla- 
narities and delocalization lengths. 

Conclusions 
It  has been shown that PPA/Fe-A1 is a complex orga- 

nometallic system rich in a variety of paramagnetic ten- 
ters. The line-shape and saturation treatment of paper 
1 was effectively employed to deconvolute the ESR spec- 
tra of this polymer and to enable the identification of 
the major chain radical as a triphenylcyclohexadienyl rad- 
ical. The concentration of this species increases irrevers- 
ibly in the solid state due to cyclization reactions of strained 
cis-cisoid 1,3,5-hexatriene segments, which result from 
rapid diluent volatilization in films and powders cast from 
solution or suspension. In addition the concentration of 
chain radicals complexed by oxygen was determined. These 
are thought to play a role in the thermal degradation of 
the polymer a t  temperatures above 100 "C. 
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ABSTRACT: Poly(viny1 acetate) [PVAc] particles were prepared by dispersion polymerization in isooc- 
tane using a copolymer of 2-ethylhexyl methacrylate [EHMA] and 2-isocyanatoethyl methacrylate as a 
steric stabilizer. These reactive particles were treated with 2-( 1-naphthy1)ethanol and with 2-(9- 
anthry1)ethanol to  produce particles singly or doubly labeled specifically in the stabilizer phase. Energy 
transfer experiments were carried out first on the N-labeled particles doped with a hydrocarbon-soluble 
anthracene derivative which dissolved exclusively in the rubbery PEHMA phase and also on the doubly 
labeled particles. Donor fluorescence decay profiles were measured, and the data were fitted to the Kltfter- 
Blumen model for energy transfer on fractal surfaces. The finding that the effective dimensionally d = 2 
for this energy transfer process is interpreted in terms of a crossover in a restricted geometry: the PEHMA 
domains in this material are characterized by a t  least one linear dimension that is small and on the order 
of the R,  value (26-A) for the energy transfer. In support of this idea, we find that  swelling agents for 
PEHMA cause the d found in the experiments to increase systematically from 2 to 3. 

Introduction 
In a conventional chemical reaction, where mixing of 

the reactants is rap id  compared to the rate of reaction, 
the kinetic description of the system takes  a simple and 
familiar form.3 In rigid media  such as glasses, reaction 
kinetics a r e  more complicated, particularly if the rate of 
reaction between a n y  pair of reactants depends upon their  
separation ( r )  and mutua l  or ientat ion (0). Examples  of 

* To whom correspondence should be addressed. 

these types of reactions include nonradiative energy trans- 
fer [kET(r,O) = r4J and electron transfer  [k,, = exp(-ar)]. 
Nevertheless, when the space containing the reactants is 
very much larger than the dis tance over which the reac- 
t ion takes  place, the kinetics assume a familiar form, and 
the simplicity of the kinetic description derives f rom an 
integration of the reaction rate over the dis t r ibut ion of 
reactants  over all space, i.e. 0 5 r 5 m. These ideas have 
been extended to reactions in  two dimensions4 and, more 
recently, to reactions on fractal structures.' 
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