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magnitude is proportional to m - 1, the number of gauche 
C-C bonds: 

(4) 

We may assume that the links between the segments are 
completely free,14 so that 

MI,,, = (m - 1 ) ~ p  

(5) 

When N, and M11,,2 are eliminated from eq 5, 

(pIl2), = zp,2(1 - px)2C(px)m-'(m - 112 (6) 

or 
= pp2px(1 - px)2C(px)m-2(m - (7) 

With the aid of the binomial theorem, this simplifies to 

The reduced parallel component thus depends upon p 
and x according to 

( ( P , I 2 ) / d x  

((/.I12)/z)1 

(1 - p)(l + px) 
(1 + P)(l - P X )  

= X  (9) 

The curve in Figure 1 has p = 0.95 and gives a fairly 
good fit to the data. Suitable values of p range from 0.94 
to 0.96. The average number of olefin units in a segment 
is given by 

As z = CmN,, we obtain from eq 3 and 10 
(m)  = 1/(1- PX) (11) 

In poly(1-hexene sulfone), for which x = 1, (m)  is thus 
about 20. From eq 8, with x = 1 and ( ( j q 2 ) / z ) ,  = 3.772 D2, 
p p  = 0.62 D. Within this model of the poly(1-hexene 
sulfone) chain, the variations of (pIl2)/z with temperature 
and with solvent that have been observed's2 may be un- 
derstood as manifestations of variations of ft and conse- 
quent variations in (m)  ((m) = l/ft, when x = 1). 

Initially we cited evidence for the existence of a certain 
amount of kinetic flexibility in poly(o1efin sulfones) when 
C-C bonds are in the trans conformation. The success of 
the present treatment of the dependence upon x of the 
magnitude of the dipole relaxed a t  low frequencies in so- 
lutions of the terpolymers of cyclohexene, l-hexene, and 
SO2 in itself demonstrates that the terpolymers and 
poly(1-olefin sulfones) may be regarded as sequences of 
stiff helical segments joined by flexible links. I t  is grati- 
fying that Matsuo, Mansfield, and Stockmayer have in- 
dependently come to similar conclusions about the con- 
figuration of poly(1-olefin sulfone) chains on the basis of 
quite different methods of studying this pr0b1em.l~ 
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On the Possibility of Helical Structures in 
Olefin/S02 Copolymers 

In the accompanying Communication, Fawcett and Fee' 
propose that the unusual conformational and dynamical 
behavior of 1-olefin/S02 alternating copolymers in dilute 
solution is due to the presence of helical structures. Their 
conclusion is based on the dielectric response of a series 
of mixed copolymers containing varying relative quantities 
of 1-hexene and cyclohexene. We have independently 
come to the same conclusion, based on experiments with 
polysulfones bearing longer side chains (up to 18 C atoms) 
and reinforced by semiempirical conformational energy 
calculations. 

The historical background goes back to 1962, when Ivin, 
Ende, and MeyerhofP found that the intrinsic viscosities 
of a 1-hexene/S02 copolymer in two dissimilar 8 solvents 
differed by a factor of 1.5. Moreover, a small departure 
from random-coil behavior was suggested by a Mark- 
Houwink exponent of 0.55 under 0 conditions (A2 = 0) in 
1-chlorohexane. The former observation was attributed 
to solvent effects on conformation of such a highly polar 
chain (the dipole moment of a monomeric dialkyl sulfone 
being pl = 4.5 D), and the latter was attributed to ex- 
perimental uncertainty. A few years later Bates, Ivin, and 
Williams3 found a strong low-frequency dielectric disper- 
sion for dilute solutions of the same polymer in benzene, 
toluene, and dioxane. The mean dipole correlation time 
depended strongly on molecular weight, corresponding 
quite well to the formula r = M[?]q,/RT even up to M = 
lo6. This result means that overall rotatory diffusion 
("tumbling") of the macromolecules (Le., the terminal re- 
laxation mode) offers the dominant relaxation path, and 
it could be explained if the chains had a large longitudinal 
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with only transverse dipolar groups, for which figures less 
than unity are n0rma1.l~ For the same systems, the radii 
of gyration, as measured by light scattering or inferred 
from intrinsic viscosities, also suggest modest departures 
from Gaussian behavior in the observed range of chain 
lengths. (Recall also ref 2.) These results, and, of course, 
the low-frequency dielectric relaxation, which is found in 
all the 1-olefin  copolymer^,'^ can be explained by the ex- 
istence of helical sequences interrupted by shorter more 
random sections. The known head-to-tail primary struc- 
ture of the polymers16 ensures a head-to-tail sequence of 
electric dipoles, in the same direction whether the helix 
is right- or left-handed. 

Conformational energy calculations support the helical 
postulate. Both electrostatic and steric interactions con- 
tribute to helix stability, which increases as the side group 
is lengthened. The most likely helix has a rather high pitch 
of 8-9 8, per turn of about 6 repeat units and a longitudinal 
dipole moment of about 1 D per repeat unit. The latter 
figure is in satisfactory accord with our observed dipole 
moments and radii of gyration if the directional correlation 
between successive helical sequences is low and the average 
sequence length is of the order of 50. This figure has the 
same order of magnitude as that estimated by Fawcett and 
Feel from quite different observations and indicates that 
the stability of the helix is considerably lower than that 
found, for example, in poly(alky1 is~cyanates).'~ 

It should be mentioned that all the olefin/S02 co- 
polymers are now known18 to exhibit dielectric relaxation 
peaks in the 10-100-MHz region, whether or not they also 
have the low-frequency relaxation. This is the normal 
behavior expected of transverse dipoles and is presumably 
largely due to the nonhelical regions. The corresponding 
orientational correlation times are quite comparable to 
those obtained from the NMR data."-13 

Some fine points remain to be explored further, such as 
the possible effects of stereoregularity on helix stability 
and the knowna solvent effects on the dipole moments, but 
we believe that a consistent rational picture is now 
emerging. Full reports are in preparation. 
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Figure 1. Dipole moment ratios, D, (pz)/xp12 of l-olefin/S02 
copolymers, C,HZ,SO2),, in benzene a t  25 OC. The  measured 
mean-square moment per repeat unit is ( p Z ) / x  and the moment 
of a single dialkyl sulfone is pl = 4.5 D. 

head-to-tail dipole in each repeat unit," as, for example, 
in poly(~-~aprolactone);~ but it could also occur if the chains 
were dynamically rigid, whatever their conformations or 
whatever the orientation of the repeat-unit dipole with 
respect to the chain backbone. At  the time, the former 
of these alternatives was dismissed as unlikely in view of 
the primary chain structure' and of the very small ap- 
parent excluded volumea for the equilibrium dipole mo- 
ments. Thus the latter explanation (which has since 
proved to be correct for other systems at sufficiently low 
molecular weights, e.g., for polystyrenesg when M < lo4) 
was perforce adopted, implying the existence of very large 
barriers to internal rotation within the polysulfone chain. 
These supposed barriers appeared to be connected to the 
unusually large electrostatic interactions between neigh- 
boring sulfone dipoles, and this notion was strengthened 
by the observation that in a 2.3/1 styrene/S02 copolymer 
(with more widely separated sulfone groups) the low-fre- 
quency dielectric loss peak did not appear.1° 

A startling development came when 13C NMR relaxation 
m e a ~ u r e m e n t s ~ ~ - l ~  revealed the C-H orientational corre- 
lation times to be typically about 1 ns (4-5 orders of 
magnitude faster than the dielectric relaxation), inde- 
pendent of molecular weight. To rescue the existing model 
it then became necessary to postulate1'J3 some rather 
fanciful crankshaft processes capable of occurring at the 
high rates demanded by the NMR data but producing no 
change in the resultant electric dipole vector. 

We initiated studies of copolymers involving higher 
1-olefins in the hope of observing some departure from the 
supposed molecular rigidity. Instead, to our surprise, we 
have found behavior which points to the existence of 
structures, presumably helical, which can after all possess 
appreciable head-to-tail longitudinal dipole moments. 
Some of the measurements of equilibrium dipole moment 
are shown in Figure 1, where the dipole moment ratio, D, 

( p 2 ) / x y 1 2 ,  in benzene is plotted against degree of po- 
lymerization x for different l-olefin/S02 copolymers. I t  
is seen that the ratio tends to a Gaussian limit only at very 
high x ;  and the numerical value of the ratio (approaching 
3 for large x and long side chains) is not typical of polymers 
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and Kwei’s paper, has been overstated. If one were to 
curve resolve the spectra of the blend, the overall con- 
tribution from the lower frequency band would appear 
quite modest. This suggests that the majority of the 
carbonyl groups associated with PEMA are not associated 
with the novolac resin. Fahrenholtz and Kwei suggest that 
this is due to conformational reasons but this was not 
substantiated. We are perplexed that in a compatible 
blend containing a large excess (98%) of the novolac resin 
only a modest concentration of the carbonyl groups of the 
PEMA is accessible. 
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Comment on the Paper of Fahrenholtz and Kwei 
Concerning the Compatibility of Polymer 
Mixtures Containing Novolac Resins 

In a recent paper published in this journal,’ Fahrenholtz 
and Kwei report the results obtained from thermal and 
infrared spectroscopic studies of a number of polymer 
blends containing novolac resins. Whereas we believe the 
results are interesting and pertinent to the overall subject 
of compatible polymer blend systems, there are nonetheless 
several factors, primarily concerning the interpretation of 
the infrared spectra, that deserve comment. 

The authors show in Figure 4’ the infrared spectra of 
pure polycarbonate (PC), the novolac resin, and a 5% 
mixture of PC in novolac. In the text the authors state 
that “the entire carbonyl peak is shifted 20 cm-’, with no 
portion remaining at  the higher value” but upon exami- 
nation of Figure 4, it is evident this is an overstatement. 
The band is asymmetric and there is still an obvious 
contribution at 1770 cm-’. Additionally, Fahrenholtz and 
Kewi state at a later stage in their paper that “the reason 
the entire carbonyl peak is shifted in the polycarbonate 
but not in other cases is that the stringent geometric re- 
quirement for hydrogen bonding is more easily met in the 
relatively unhindered carbonate functional group”. While 
this is a reasonable suggestion it is purely speculative and 
there is a more obvious reason for the observed frequency 
shift and the overall shape of the band. PC is a polymer 
capable of crystallization under favorable conditions where 
the Tg is depressed by the presence of a plasticizer. We 
have recently published the results of an FT IR study of 
the polymer blend system PC-poly(e-caprolactone) 
(PCLI2J which shows the effect of polymer-induced (PCL) 
crystallization of PC. The carbonyl stretching frequencies 
associated with PC in amorphous and preferred 
(“crystalline”) conformations are well separated and occur 
at 1775 and 1768 cm-’, re~pectively.~” I t  is impossible to 
judge the frequency precision of the spectra shown in 
Figure 4 of Fahrenholtz and Kwei‘s paper as they are hand 
drawn and were obtained on a dispersive instrument but 
the general shape of the bands is almost identical with 
those we have observed in the PC-PCL blends. Fur- 
thermore, the experimental conditions of sample prepa- 
ration described by the authors would lead to amorphous 
PC in the pure state and a semicrystalline PC component 
in that of the blend.3 Accordingly, we believe the unique 
result observed by Fahrenholtz and Kwei for the 5% PC- 
novolac blend may be explained on the basis of plasticiz- 
er-induced crystallization of PC by the relatively low 
molecular weight novolac resin. 

We also believe that the description of the spectra of 
poly(ethy1 methacrylate) (PEMA) and the blend contain- 
ing 98% novovlac resin, shown in Figure 3 of Fahrenholtz 
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Reply to Comment on the Paper of Fahrenholtz 
and Kwei 

In our previous paper’ published in this journal, we 
reported the results of infrared studies of mixtures of 
novolac resins with several carbonyl-containing polymers. 
We observed a 20-cm-’ shift in the carbonyl stretching 
frequency of the blends’ spectra relative to the carbonyl 
frequency in the pure compound. This result was attrib- 
uted to hydrogen bonding between the carbonyl group and 
the phenolic OH of the novolac. Coleman and Varnel12 
have questioned the validity of this interpretation on two 
grounds: (i) the precision of the reported spectra and (ii) 
the possibility that a more obvious explanation involving 
crystallinity effects may exist, specifically in the case of 
the polycarbonate-novolac mixture. 

Our original spectra were obtained with a dispersive 
instrument which admittedly could have contributed to 
a degree of error in the absolute value of the peak positions 
and shifts. Subsequent to our publication, Coleman and 
Varnel12 found that plasticization of polycarbonate in 
blends with poly(ecapro1actam) induces crystallinity in 
the polycarbonate, which results in a lowering of the 
carbonyl stretching frequency by 7 cm-l. This raises the 
question of as to whether our reported shifts are indeed 
substantially larger than 7 cm-’, considering the possible 
errors in our previous measurements; i.e., Coleman and 
Varnell suggest that our shifts may be due to crystallinity 
effects and not hydrogen bonding. 

To confirm the validity of our data, we have reexamined 
several samples using a Digilab Model 15B FT IR spec- 
trometer operating at 2-cm-’ resolution (conditions similar 
to those used by Coleman and Varnell). The carbonyl 
region of the spectrum of a 2:98 polycarbonate-novolac 
blend (the novolac is the same as that used in Figure 4, 
ref 1) is shown in Figure 1. Also shown in Figure 1 is the 
spectrum of pure polycarbonate showing the carbonyl peak 
at  1774 cm-’. The absorption band of the blend is asym- 
metric and obviously includes a contribution from ab- 
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