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ABSTRACT: The technique of frequency swept electron-electron double resonance (ELDOR) has been used to 
study polymer chain motions in dilute solutions. Optimum microwave power for the observing mode was determined 
from both the maximum ESR signal intensity and nearly constant ELDOR deenhancement. The latter was then 
measured as a function of microwave power for the pumping mode to obtain ELDOR deenhancement corresponding 
to infinite pumping power, R,. Values of R ,  for end-labeled poly(styrene) were obtained as a function of tempera- 
ture for different ELDOR transitions. The results were analyzed by the Hyde-Chien-Freed ELDOR theory. From 
the theory correlation times were calculated which agree well with that obtained by ESR line width analysis. Both 
the activation energy (12 kJ mol-’) and the correlation times of the motion were found to be significantly smaller 
than that obtained from other ESR and NMR studies on the aromatic substituted poly(styrene). The difference may 
be attributed to the smaller steric hindrance and less backbone coupling between neighboring bonds for the local mo- 
tions of the polymer chain ends. 

The technique of electron-electron double resonance 
(ELDORI), in which a paramagnetic sample is irradiated si- 
multaneously by two microwave frequencies differing in en- 
ergy equal to the hyperfine separations of the ESR lines while 
observing energy transfer between the two microwave modes, 
has found interesting applications. A complex overlapping 
multiradical ESR spectra can be resolved and the structures 
of the free radicals can thus be identified as well as the nature 
of the relaxation processes.2-4 Hyperfine couplings obscured 
by inhomogeneous broadening can also be determined with 
ELDOR.5 Conformational changes arising from intramolec- 
ular rotational or torsional oscillatory motion in a solid or a 
single crystale-9 can also be studied with the ELDOR tech- 
nique. For free radicals in solutions, it has been demonstrated 
that192J0-’3 the ELDOR technique is useful for the study of 
molecular motion with correlation times from 10-lo to 
s. Especially in the slow-motional region between lo-’ to 
s where ESR, NMR, and other techniques are insensitive to 
the motion, ELDOR offers a strong alternative means to 
characterize this molecular motion. 

In order to fully exploit the unique capability of ELDOR 
in investigating molecular motions with long correlation times, 
the contributions of various molecular motions to the overall 
correlation time must be understood a t  short correlation 
times. Earlier,’s we have presented ELDOR results on spin- 
labeled polymer samples. The purpose of the present work is 
to extend the measurements to allow extrapolation of ELDOR 
effects to infinite pump power and to analyze the data in terms 
of polymer chain dynamics. Yet another objective of this paper 
is to propose conditions for ELDOR experiments so that the 
results from different laboratories may be directly compared 
and related. 

Experimental Section 
Amorphous poly(styrene) (molecular weight 3 X lo4) with nitroxide 

spin labels a t  both chain ends was a gift from Dr. P. M. Smith14 of 
Aberdeen College. The synthesis and the characterization of this 
polymer has been given el~ewhere.’~J~ This material is referred to as 

0 

end-labeled poly(styrene). Also studied here are poly(styrene) labeled 
a t  the para position, heretofore referred to as ring-labeled poly(sty- 
rene). 

Sample solutions were prepared by dissolving 6 wt % of polymer 
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in tetrahydrofuran-da with spin concentration ca. 1.5 X M. 
Similar samples in protonated THF were also made. The solution was 
sealed in a quartz tube after a few freeze-pump-thaw cycle to remove 
oxygen from the solution. Both solutions give the same ELDOR effect 
in the temperature range studied. 

The ELDOR effect was measured with a Varian E-800 frequency 
sweep ELDOR spectrometer. The cavity is a rectangular bimodal 
type.1J7 A maximum of 1 W of klystron output can be delivered in the 
pump mode. ELDOR experiments were carried out by first turning 
off the pump mode and taking the ESR spectrum using the standard 
conditions. Then Ho was adjusted to the position of the maximum in 
the derivative of the low-field ESR hyperfine line (see arrow mark in 
Figure la).  The ELDOR bridge was then turned on with pump fre- 
quency, up, adjusted to 25 MHz lower than YO, the observing frequency. 
After carefully maximizing the isolation between the pumping and 
the observing modes of the cavity, the ELDOR spectrum was then 
recorded while sweeping v p  away from vo until Av = 98 MHz (see 
Figure Ib). In all experiments, the modulation amplitude was chosen 
a t  ca. 0.25 of half-width of the observing hyperfine line, i.e., in the 
linear response region. Though little modulation frequency depen- 
dence of the ELDOR effect has been observed in our experiments, the 
modulation frequency was selected a t  270 Hz in order to avoid the 
possible pseudorelaxation effect which arises when the modulation 
period is comparable to the electron spin-lattice relaxation time and 
artifacts due to rapid passage e f f e ~ t . ~ ~ J ~  The reference phase was 
determined by adjusting to the maximum ESR signal intensity. The 
same phase setting was used throughout the ELDOR experiments. 

The ELDOR effect is found to decrease to an asymptotic limit as 
the observing power is increased to saturate the ESR signal intensity 
(Figure 2). Therefore, the observing power was selected to obtain the 
maximum ESR signal (as indicated by the arrow in Figure 2). The 
ELDOR deenhancement value obtained under this condition is des- 
ignated as R,. It corresponds to a “saturation” condition as opposed 
to the condition of “no saturation” as reported in most of the ELDOR 
literature. The latter condition, being an ill-defined one, leads to re- 
sults impossible to reproduce from laboratory to laboratory, or for the 
comparison of ELDOR effects a t  different temperatures. The tem- 
perature was controlled by using a Varian variable temperature 
controller with cooled nitrogen gas passed through the sample Dewer. 
A digital multimeter with a thermocouple was used to monitor the 
temperature; it was accurate to 10.5 “C. In order to avoid an unde- 
sirable detector current drop in the low-temperature experiments a t  
high pump powers, dry nitrogen gas was flushed continuously through 
the wave guides. Whenever there is a change in the detector current, 
the data were discarded. 

The ELADOR effect is described by a reduction factor R as: 

R = 1 - I f l o  (1) 

where I and IO are the observed ESR intensities with and without 
pumping. 

Results and Discussion 
Correlation Time for Spin-Labeled Poly(styrene) by 

ESR. The correlation time, 7, can be obtained from the ESR 
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Figure 1. The ESR (top, a) and ELDOR (bottom, b) spectra of 
chain-end spin-labeled poly(styrene) in THF dilute solution a t  25 
“C.  

spectrum directly. The ESR spectrum of end labeled poly- 
(styrene) is shown in Figure la. The major hyperfine splitting 
is that with the 14N nucleus ( a N  = 41 MHz) and the minor 
splitting is that with the proton on the cy carbon ( a H  = 10 
MHz). Following the method of Bullock et al.,14J5 correlation 
times can be calculated from the relation: 

where S(&)  = [Y(0)/Y(f)]1/2, u is the peak-to-peak line width, 
d = 2/3[A - l/z(B + C)], A, B, and C are the principal values of 
the hyperfine tensor ( A  = 90.8 MHz, B = 14.6 MHz, and C = 
14.6 MHz), and Y is the peak-to-peak intensities of the rele- 
vant hyperfine line. The 14N nuclear spin angular momenta 
(mI) = +1,0, -1 are denoted by (t), (0) and (-),respectively. 
The values of 7 thus calculated are shown in Figure 2 as a 
function of temperature. By comparison, the end-labeled 
poly(styrene) has a much shorter correlation time than the 
ring-labeled specimen. They also differ in energies of activa- 
tion which are 12 kJ mol-l for end-labeled poly(styrene) and 
19 kJ mol-’ for ring-labeled poly(styrene). 

Effect of Microwave Power on ELDOR. The magnitude 
of the ELDOR effect is dependent on both the pumping and 
the observing microwave power. I t  will be very difficult to 
compare ELDOR results from different laboratories when the 
power levels are not specified. We propose here that all 
ELDOR deenhancements be extrapolated to infinite pump 
power with the strongly saturated observing mode as de- 
scribed below. 

Hyde, Chien, and Freedl had shown the dependence of the 
ELDOR effect on the saturation parameters and pump power: 
(i) when the observing mode is “unsaturated”:20 

- - _54e [ + 1 + Awp2Tp2] 
Ru Q0,p TPQPdP2 

(3) 

(ii) when the observing mode is “strongly saturated”: 

_ -  Q,(l + Aup2Tp2) 
R8 0 0 - p  + TP(Qo2 - Qo,p2d,2 

- ” + ””[ 
where R ,  and R ,  are the ELDOR deenhancement factors for 
unsaturated and strongly saturated observing mode, respec- 

l I I , I I , 1 1  
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Figure 2. Arrhenius plot of the correlation times T a t  various tem- 
peratures: (0) from ESR line-width analysis for end-labeled poly- 
(styrene); (@)  values derived from ELDOR experiments on end- 
labeled poly(styrene1. 

.3c 

i 
Figure 3. Dependences of ESR intensity (curve a, relative scale) and 
the ELDOR effect (curve b) on microwave power. 

tively; Q, and Q, are the saturation parameters for the ob- 
served line and pump line, respectively; Q,,, is the cross-sat- 
uration parameter which leads to observable ELDOR effect; 
Aw, is the frequency deviation from resonance of the pump 
line; T ,  is the transverse relaxation times for the pump mode; 
and dP2 = l/4yeBp2 (BP is the circularly rotating component 
of pumping microwave magnetic field, and ye is the magne- 
togyric ratio of the electron). Since Bp2 is proportional to P ,  
the power incident on the cavity in the pump mode, eq 3 and 
4, shows that 1/R follows a linear dependence upon 1/P. The 
intercept is 1/R, corresponding to infinite pump power. R, 
bears a simple relationship to the saturation parameters and 
is independent of microwave power.20 

For each experiment the optimum microwave power for the 
observing mode is determined. This is done first for the ESR 
signal as shown in curve a of Figure 3 where the arrow indi- 
cates the optimum power level. Curve a is typical for inho- 
mogeneously broadened ESR lines. Next the variation of 
ELDOR effect with observing power is determined. Figure l b  
shows a typical ELDOR spectrum. The dependence is shown 
in Figure 3, curve b. The value of R decreases with an increase 
of observing power to a nearly constant value for observing 
power equal to or greater than the optimum level. Finally, with 
the observing mode set at  this level, ELDOR spectra were 
obtained as a function of pump power. Figure 4 showed the 
linear dependence of 1/R vs. 1/P as required by eq 3 and 4. 

ELDOR Effect for End-Labeled Poly(styrene). In these 
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Figure 4. Dependence of the ELDOR effect on the pump power under 
a “strongly saturated” condition for end-labeled poly(styrene) in 
THF: 4.6 x 10-3 M, 43 o c .  

experiments the observing frequency always corresponds to 
that for the lowest field hyperfine line (as indicated by the 
arrow in Figure la). The ELDOR signals (Figure 1b) a t  Au = 
10,41,51,82, and 92 lMHz correspond to pumping the (mN, 

respectively. The largest ELDOR effect occurs at  Au = 41 
MHz as expected from the selection rules of Am, = f l ,  and 
Am, = 0 for electron-nuclear dipolar relaxation, END. In 
comparison, the ELDOR signal at  Au = 82 MHz corresponding 
to AmN = f 2  and Am11 = 0 has much smaller probability. The 
ELDOR signals at  Au =- 10,51, and 92 MHz all require flipping 
of the proton spin; the magnitudes of these signals are all very 
small and about equal within experimental accuracy. The 
effect is unlikely due to the END process between the proton 
and the electron on nitrogen because of the large separation 
and the r6 dependence for this process. More likely, relaxa- 
tion occurs from interaction of the proton nuclear spin and 
the electron spin on the proton; there is a small unpaired spin 
density on the proton from hyperconjugation similar to the 
mechanism proprosed! for @-proton coupling in proton mag- 
netic resonance. All the low-temperature ELDOR effects were 
measured with observiing power set for maximum ESR signal 
intensity. The temperature dependence of R ,  is shown in 
Figure 5; R ,  decreased to an asymptotic limit as the tem- 
perature decreases, and the differences for AmN = 1 and AmN 
= 2 ELDOR become less. 

Relaxation Mechanisms for  ELDOR Effect and  Cor- 
relation Time Determined by ELDOR. The saturation 
parameters contain information about the electron spin 
transition, We, and the nuclear spin transition, WN. At low 
temperatures WN has been shown to be attributable1 mainly 
to electron-nuclear dipolar interaction, W N ~ ~ ~ .  This inter- 
action is not the same for every hyperfine transition. The other 

m d  = (+I, -lM, (0 ,  +W, (0,  -%), (-1, +l/~), and (-1, - W ,  
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Figure 5. The temperature dependence of R,: (0) mN = +1 line 
being observed and m N  = 0 h e  being pumped; (0 )  mN = +1 line 
being observed and mN = -1 line being pumped. The experimental 
error is <&lo%. 

mechanism which is important at  the high-temperature region 
is the spin exchange (Heisenberg exchange, HE, and chemical 
exchange) with exchange frequency w proportional to the spin 
concentration and temperature and inversely proportional 
to the solution viscosity.’ This mechanism contributes ap- 
proximately equally to ELDOR intensity independent of the 
difference between mI of the pumped and the observed 
transitions. The transition probabilities WNEND and We can 
be written as1321-23 

Equation 6 is the expression for spin-lattice relaxation re- 
sulting from modulation of hyperfine anisotropy, g anisotropy, 
and spin rotation. In the above expressions D n m  = 0 for mI # 
0, and -yeu,hDno = ( 6 ~ ) ’ ’ ~  [A - a)/2, a = (A + B + C)/3,Z = 
2(A - B)/3, g, is the free electron g factor, g, = (g,, + g,, + 
gzz)/3, where g,, = 2.0089, g,, = 2.0061, g,, = 2.0027 for the 
di-tert- butyl nitroxide (DTBN) radical,24 and ON and wg are 
the nitrogen and the electron Zeeman frequencies, respec- 
tively. According to eq 3 and 4, R ,  is a function of the satu- 
ration parameters only and can be expressed in terms of re- 
laxation parameters b (= W N ~ ~ ~ I W , )  and b’ (=wHE/W~).’  
Table I summarizes these relations for the case where both 
exchange and END mechanisms are operative. 

The experimental ELDOR results for the “unsaturated” 
and “strongly saturated” observing conditions for the end- 
labeled poly(styrene) in T H F  solutions a t  25 “C are given in 
Table 11. The ELDOR effects can also be calculated from 
theory (Table I) if values of b and b’ are known. To obtain 
these values we refer to the curve for AmN = 2 ELDOR in 

Table I 
ELDOR effect, R,, under Various Observing Transition Conditions*.b 

Line - Line observed (+I)  
pumped Unsaturated Strongly saturated 

- ( b  + b’)(b + 3b‘ + 1) 
(1 t 3b’)(l  + b’) + b ( b  + 4b’ + 2) 

- (b2 + b’)(3b’ + 1) 
(1 + 3b’)(l + b’) + b(b  + 4b‘ + 3)  

( b  + b’)(b + 3b‘ +1) 
(1 + 36’)(1 + b’) + b ( b  + 4b’ + 3)  + ( b  + b’)(b + 3b’ + 1) 

( b 2  + b’)(3b’ + 1) 
(1 + 3b’)(l + b’) + b(b  + 4b’ + 3)  + (b2 + b‘)(3b’ + 1) 

0 

-1 

b = WnEND!We, b‘ = w/W,. For END only, let b’ = 0. For exchange only let b = 0. 
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Table I1 
Comparison between Experimental Data and Theoretical 
Calculations for the ELDOR Effect, R,, of Poly(styrene) 

in THF, 25 “C 

Exptl R,  Theoretical talc" 
Stronelv Stronelv 

Av, MHz Unsaturated saturated Unsaturated saturGld 

10, 51, 92 0.11 0.07 
41 ( A m n  = 0.38 0.25 0.43 0.27 

1) 
82 ( A m n  = 0.22 0.17 0.20 0.17 

2 )  

a Theoretical calculations based on b‘ = 0.26 and b = 0.5. 

Figure 5 .  The R, values approach a constant a t  high tem- 
peratures. According to theory, the dominant relaxation 
mechanism is via Heisenberg exchange and b = 0. Then from 
R m  = b’(3b’ + 1)/(1 + 2b’), b’ is found to be equal to 0.26, 
which is independent of temperature. Then for any other 
temperatures, the observed R ,  together with b’ = 0.26 enabled 
the calculation of b using the appropriate expression in Table 
I. For instance b = 0.5 a t  25 “C. Even though the values of b 
and b’ were obtained parametrically from one of the ELDOR 
transitions at  “strongly saturated” observing condition, cor- 
rect values of Rm can be calculated for the other transitions 
a t  both “strongly saturated” and “unsaturated” observing 
conditions. The agreement between theory and experiment 
is illustrated by the results a t  25 “C in Table 11. Equally sat- 
isfactory agreements were found for all other temperatures, 
demonstrating the capability of the HCF theory’ in predicting 
the ELDOR effect within experimental error. 

Calculation of r is achieved by solving eq 5 and 6 using the 
values of b and the known g and hyperfine anisotropies of the 
spin label (vide supra). This was done as a function of tem- 
perature and shown as filled circles in Figure 3. The correla- 
tion times obtained thusly are in good agreement with those 
obtained from ESR line width analysis. 

Molecular Chain Dynamics. Figure 2 showed that the 
end-labeled poly(styrene) has a shorter correlation time than 
the ring-labeled poly(styrene). For instance a t  room tem- 
perature, T is about 2.2 X 10-lo s for the end-labeled poly- 
(styrene) as compared to 5.5 x s for ring-labeled poly- 
mer. They also differ in activation energies; it is 12 and 19 kJ 
mol-’ for the end-labeled and ring-labeled poly(styrene), 
respectively. I t  is apparent that a spin label situated at  the 
chain end experiences less steric hindrance against rotation 
or other segmental motion; it is not strongly coupled to the 
motion of neighboring bonds. There have been reports on 
other studies of molecular motion of poly(styrene) and its 
derivatives. Earlier dielectric27~~~ and recent NMR relaxation 
studies29 on poly(p-fluorostyrene) and poly(pch1orostyrene) 
found an activation energy of about 22 kJ mol-’. Table I11 
summarizes some of the previous studies on local motion of 
poly(styrene) and compares them with our present results. A 
more complete review of the local motion of poly(styrene) is 
available.29 

The effect of molecular weight on the poly(styrene) chain 
motion has been explored in many previous s t ~ d i e s . ~ ~ ~ ~ ~ ~ ~ ~  
Briefly, two classes of polymer chain motion may be observed 
for a polymer dissolved in a dilute solution: (a) local segmental 
motion characterized by a correlation time T~ involving only 
a few neighboring repeating units and independent of polymer 
chain length; (b) rotational diffusion motion of the entire 
molecule which is strongly dependent on molecular weight and 
can be characterized by a correlation time T R  represented 
as1429 

Table I11 
Correlation Times and Activation Energies for Local 

Chain Motion in Poiy(styrene) 

Temp, Ea, 
Method “C Solvent T ,PS  kJ/mol 

ESR15 30 Toluene 550 18 
13C NMR29 42 C2Cl4 600 
Raman line 25 CC14 400 

19F NMR28 25 CDC13 240 22 

ESR“ 25 THF 35 12 
ELDOR” 25 THF 38 12 

shape analysis30 

a End-labeled poly(styrene). 

where M is the molecular weight, [q] is the intrinsic viscosity 
of the solution, and 70 is the viscosity of the solvent a t  tem- 
perature T .  These two types of motion are in competition with 
each other but only the resultant of them is observed. A simple 
way to represent this competing process is to let 

117 = l / T R  + 1 / T c  (8) 
where T is the correlation time obtained from experiments. At 
sufficiently low molecular weight such that T R  << T ~ ,  the mo- 
lecular tumbling motion dominates the relaxation process. At 
this limit, the activation energy obtained by plotting In T vs. 
1/T gives approximately the activation energy for viscous flow 
of the pure solvent which is 7.5 kJ mol-l for THF. As the 
molecular weight of the compound increases, the activation 
energy obtained by the same procedure will also increase 
reaching finally a limiting value when T R  >> rc. The activation 
energy at  this limit represents the barrier for local segmental 
motions described by the local correlation time. 

The intrinsic viscosity [q] of the chain-end labeled poly- 
(styrene) in THF solution a t  25 “C is 0.355 dL/g which does 
not vary significantly over the temperature range of our ex- 
periments. The rotational diffusion correlation time T R  cal- 
culated from eq 7 is equal to 5.64 X and 1.05 
X 10-7 s at  -56, -20, and 43 “C, respectively. These values 
are more than three orders of magnitude larger than T ob- 
tained from experiments. Thus, the difference between r and 
T ~ ,  the corrected correlation time for local motion, is negligible. 
Therefore, the activation energy of 12 kJ mol-’ must be the 
energy barrier for the local segmental motion. 
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Long-Range Steric Effects on the Carbon-13 Chemical 
Shift of Hydrocarbon Polymers 

L. Zetta, G. Gatti, and G. Audisio* 
Istituto di Chimica delle Macromolecole del CNR, Via Alfonso Corti 12, 
20133 Milano, Italy. Receiued September 13,1977 

ABSTRACT: High-resolution 13C NMR was used to determine the microstructure of polymers having monomer 
units with a length of four atoms by exploiting long-range steric effects. In  trans-1,4-polypentadiene the methyl ab- 
sorption is affected by the triad steric sequence and the CH by the diad sequence. In cis- 1,4-polypentadiene the mm 
and rr triads can be distinguished in the methyl absorption while the m and r diads are revealed by the CH and CH2 
signals. Finally the poly(1-methyltetramethylene) shows fine structure both in the methyl and in the @CH2 absorp- 
tion which is attributed to triads and possibly to higher sequences. 

I. Introduction 
In recent years 13C NMR spectroscopy has been largely 

applied to the study of the structure of both homo- and co- 
polymers of hydrocarbon type, with particular reference to 
the determination of stereoregularity and monomer unit se- 
quences. 

This method is especially powerful in the study of the sat- 
urated carbon region because of the high sensitivity of the 13C 
chemical shift to structural features. The correlation between 
chemical shift and chemical structure of the paraffinic hy- 
drocarbons has been observed and rationalized by Grant and 
Paul1 and later refined by Lindeman and Adams.2 Both these 
empirical schemes are based on the substituent effect which 
a carbon atom has on the shift of the observed carbon. This 
effect has been observed for carbons placed in position a, p ,  
y, 6,  and e relative to the observed carbon. Subsequently it has 
been reported that the substituent effect is also related to 
steric structure.3 

Correspondingly in the determination of microtacticity of 
polymers the 13C method has been applied only to polymers 
having monomer units with length of two atoms (e.g., vinyl 
 polymer^)^ or three atoms (e.g., polypropylene sulfide5 and 
oxide6). 

Of course the limitation of the method arises from the rapid 
attenuation of the substituent effect with distance, an effect 
which is of the 6 type in the vinyl polymers and of the e type 
in the other mentioned class of polymers. 

The present work was undertaken with the aim of using the 
13C technique for determining triad sequences of polymers 
having monomer units with a length of four atoms, Le., 
poly(1-methyltetramethylene) and 1,4-polypentadiene, ex- 
ploiting the long-range stereospecific effect of a { methyl 
substituent on the chemical shift of the methyl group: 

ci- 
I 

cr c 
cc=cccc=ccc I I ? 7 T* cc ccc cc ci c 
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The {effect shows up in the spectrum of polypropylene7,s 
in the fine structure of the methyl signal due to steric pentads. 
This spectrum has been assignedg with the aid of model 
compounds and rationalized’O in conformational terms. 

Considering that in the case of poly( l-methyltetrameth- 
ylene) the overall chain conformation could be different be- 
cause of the absence of the 6-methyl group, it seemed inter- 
esting to determine whether the {effect was observable even 
in this case. 

Concerning unsaturated polymers such as the 1,4-p0- 
lypentadienes there is not available in the literature any 
method for the quantitative evaluation of their tacticity index. 
For example X-ray and IR spectroscopy gave e~idencel’-’~ 
of the is0 or syndiotactic structure of 1,4-polypentadiene 
without providing a determination of the amount of stereo- 
regular structure. 

Moreover by 13C spectroscopy it was possible to characterize 
cis and trans stereoisomeric polypentadienes as well as 1,2 and 
1,4 structures but not is0 and syndiotactic stereoisomer in 1,4 
structures.14 

Thus the present investigation was undertaken also in view 
of the possible interest of quantitatively knowing the steric 
composition of substituted dienic polymers, which may be 
useful for studies of their polymerization mechanism. 

11. Experimental Section 
1. Materials. Isotactic trans-1,4-polypentadiene (I) was pre- 

paredl5 by y irradiation of the inclusion compound between deoxy- 
cholic acid and cis-1,3-pentadiene. The sample studied had an optical 
activity corresponding to [.]”D -21”. 

Isotactic trans-1,4-polypentadiene (11) was prepared16 by y 
irradiation of the inclusion compound between perhydrotriphenylene 
and trans- 1,3-pentadiene. 

Isotactic cis-l,4-polypentediene (111) was obtained by using the 
catalytic system:17 0.08 mL of titanium tetraisopropylate and 0.3 mL 
of (CzH&Al in 13.3 mL of dry benzene. The monomer was 2.5 mL of 
trans- 1,3-pentadiene. 

Syndiotactic cis-1,4-polypentadiene (IV) was prepared18 by 
adding to 10 mL of dry benzene, 0.002 mL of H20, 0.09 g of (C2Hs)z- 
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