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Dilute Solution Properties and 
Conformation of Polyacenap ht hylene * 

J. MOACANIN, A. REMBAUM, R. K. LAUDENSLAGER, 

and R. ADLER 
JET PROPULSION LABORATORY 
CALIFORNIA INSTITUTE OF TECHNOLOGY 
PASADENA, CALIFORNIA 

Summary 

Several polymerization techniques were investigated to obtain high molec- 
ular weight polyacenaphthylene. Thermal polymerization was found to 
yield molecular weights of over 2,000,000. 

A number of polyacenaphthylene fractions were characterized by means 
of light scattering, osmotic pressure, and viscosity determinations in a 
theta solvent and in benzene. The following intrinsic viscosity, molecular 
weight relationships were established: 

[q] = 0.72 x lo-‘ x Mk7* 
[q] = 4.56 x lo-‘ x MO;50 

in benzene at 25” 
in 1,2-dichloroethane at 35°C 

Although considerable hindrance to rotational motion of chain segments 
should be expected, the solution behavior could be interpreted in terms of 
current two-parameter theories for flexible chains. The theta dimensions 
determined by light scattering were in agreement with those estimated 
from intrinsic viscosity, and were found to be comparable to those for poly- 
styrene. Also, application of first-order perturbation theory to second virial 
coefficient data yielded reasonable estimates of the radius of gyration. The 
high degree of internal consistency among the various measurements rules 
out the occurrence to any significant extent of branching reactions during 
thermal polymerization. 

Examination of molecular models indicates that threodiisotactic is by 
far the most probable of the four possible stereoconfigurations. Thus steric 
considerations along with crystallinity which was observed in all samples 
suggest considerable stereoregularity. 

* This paper represents one phase of research performed by the Jet Propulsion 
Laboratory, California Institute of Technology, sponsored by the National Aero- 
nautics and Space Administration, Contract NAS7-100. 
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1498 J. MOACANIN, A. REMBAUM, R. K. LAUDENSLAGER, AND R. ADLER 

TABLE 1 

Anionic Polymerization of Acenaphthylene (9) 

Initiator Yield after 
concn., Temp., Time, Yield, reprecipi- 

Sample Initiator wt. % "C hr % tation, % M, 

AC- 1" Na Excess 25 3.5 8.0 - - 
AC-2 Na 1.0 25 3.5 1.0 - - 
AC-3 Li 0.3 25 3.5 17.6 - - 
AC-4 Li 0.7 25 3.5 23.2 15.0 2,500 
AC-9 Li 9.7 25 3.5 80.4 57.2 2,500 
AC-10 Li 0.7 25 21.0 84.3 75.7 - 
SPA-2" Li 0.7 95 21.0 96.0 88.0 14,500 

a Carried out in high vacuum. 

Low molecular weight polymers of acenaphthylene were first 
obtained about 40 years ago (1). Few studies of this system have 
been described since that time ( 2 4 ,  and scanty information is 
available on the fundamental nature and mechanism of the polym- 
erization process. Our investigations of the anionic polymerization 
of acenaphthylene (Table 1) showed that this monomer may be 
reacted with alkali metals at room temperature to give a good yield 
of low molecular weight polymer, but by means of free-radical 
techniques we were able to synthesize polyacenaphthylene (PAcN) 
of weight-average molecular weight (M,) over 500,000 and isolate 
fractions of M, as high as 3,000,000. 

The earliest published studies on dilute solution properties are 
by Mohorcic and Vene (5,6), who investigated the viscosity and 
light scattering behavior in tetrahydrofuran solution. Our prelimi- 
nary results included molecular weight-intrinsic viscosity correla- 
tions in benzene and a theta solvent (7). During the preparation 
of this manuscript a paper by Springer et al. (8) appeared which 
confirmed our results on solution properties in benzene. During 
the present investigations PAcN fractions were characterized by 
means of light scattering, osmotic pressure, and viscosity deter- 
minations in a theta solvent and in benzene. The results of the di- 
lute solution studies show that the theta radius of gyration for PAcN 
is comparable to that for polystyrene of equal degree of polymeri- 
zation. Calculations show, however, that free rotation dimensions 
for the threo and erythro, the two possible PAcN isomers, differ by 
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SOLUTION PROPERTIES OF POLYACENAPHTHYLENE 1499 

a factor of two. However, since direct information on stereose- 
quences in the chain is not available, a quantitative analysis of the 
chain conformation could not be carried out. But examination of 
molecular models indicates that because of steric considerations 
the threo configuration is more likely. Also, the observation of 
crystalline X-ray patterns for the polymer suggests a considerable 
degree of stereoregularity. 

FREE-RADICAL POLYMERIZATION 

All polymerization runs described below were carried out in 
sealed flasks and under high vacuum. A summary of the results 
obtained by benzoyl peroxide initiation and bulk polymerization 
is shown in Table 2. 

The polymers were obtained as white to pale-yellow powders 
by precipitation from methanol. An analysis of the results presented 
in Table 2 leads to the following conclusions: 

1. Higher conversions are obtained at higher temperatures, 
longer reaction times, and in the presence of peroxides. 

2. Bulk polymerization yields the same amount of polymer with 

TABLE 2 

Free-Radical Polymerization of Acenaphthylene 

Initiator Yield after 
Time, Temp., concn., wt. % Yield, reprecipi- 

Sample hr "C Solvent x % tation, % M, 

BPA-1 72 100 - - 37.0 - - 
BPA-2 72 150 - - 83.3 - - 
BPA-3 12 125 - - 79.5 - - 
BPA-4 24 100 - 2.5 67.5 66.2 285,000 
BPAd 24 125 - 2.5 74.3 73.5 335.000 
BPA-6 24 150 - 2.5 86.0 83.0 180,000 
SPA-1 24 100 T H F  2.5 46.0 42.8 160,000 
SPA-4 24 100 THF - 9.6 

- - 15.1 - - BPA-I 24 100 
BPA-8 24 100 - 2.5 66.6 - - 
BPA-9 24 125 - - 71.5 - - 
BPA-10 24 150 - - 85.5 - 215,000 
BPA-11 72 100 - 2.5 68.0 - - 
JN-5 120 125 - - 72.7 - 820,000 

- - 
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1500 J. MOACANIN, A. REMBAUM, R. K. LAUDENSLAGER, AND R. ADLER 

WAVELENGTH, m p  
FIG. 1 .  Ultraviolet spectra of polymer, acenaphthylene, and acenaphthene. 

or without the peroxide initiator at 150°C; however, at lower tem- 
perature, 100°C, the yield is considerably enhanced by means of 
benzoyl peroxide initiation. 

3. The loss of polymer on precipitation is of the order of 4% in 
the case of free radical and 16% in the case of Li-initiated polym- 
erization. The molecular weights are distinctly different for the two 
types of polymerization. 

SPECTROPHOTOMETRIC RESULTS 

The UV spectra of polymers prepared by alkali metal initiation 
were practically identical with those obtained by bulk or benzoyl 
peroxide-initiated polymerization. The same does not hold true, 
however, for the IR spectra. 

In Fig. 1 are shown the UV spectra of the polymer together with 
those of acenaphthylene and acenaphthene. In Table 3 their ex- 
tinction coefficients are recorded at 296,309, and 322 mk. 

In Fig. 2, the IR spectra of the polymer (BPA-11) and of the mono- 
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1502 J. MOACANIN, A. REMBAUM, R. K. LAUDENSALGER, AND R. ADLER 

TABLE 3 

Extinction Coefficients of Poly- and Monoacenaphthylene 

Extinction coefficients, 
1 g%m, at 

Sample 296mp 309mp 322mp 

AC-9 42.8 30.6 - 
BPA-11 44.8 - 10.5 
BPA-ll/Fl 37.3 - 8.0 
BPA-ll/Fl2 37.6 - 8.1 
Acenaphthylene - 54.6 71.8 

mer are compared. PAcN prepared by anionic polymerization ex- 
hibited IR absorption peaks at 12.7, 13.1, and 14.7 p not found in 
the peroxide-initiated polymers. Changes in aromatic substitution 
are normally observed in this as well as in the 5-6 p wavelength 
range. Considering, however, that in the region between 5 and 6 p 
both polymers (i.e., those prepared by Li and benzoyl peroxide 
initiation) are found to have an identical absorption and also in 
view of the fact that the UV absorption spectrum is the same for 
both types of polymers, one may conclude that in the polyace- 
naphthylene prepared by Li initiation, the extra absorption peaks 
in the IR spectrum must be due to polymerization by-products, 
in agreement with previous results (2-4). The same reason may ac- 

FIG. 3. X-ray diffraction pattern for BPA-5 (Table 2). 
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SOLUTION PROPERTIES OF POLYACENAPHTHYLENE 1503 

count for the fact that the UV absorption spectrum of the polymer 
differs from that of acenaphthene. 

X-RAYS 

Powder X-ray patterns were obtained on a number of fractions 
purified by reprecipitation. All samples exhibited a crystalline 
pattern and a typical result is shown in Fig. 3. The presence of crys- 
tallinity does not appear to depend on polymerization conditions. 
It seems surprising therefore that polymerization of acenapthy- 
lene in the solid state was reported to yield amorphous poly- 
mers (10). 

SOLUTION PROPERTIES 

Experimental 

Fractions for the study were obtained by fractional precipitation 
from benzene using methanol as the precipitant. The following 
fractions from preparations obtained by free-radical polymerization 
in solution were used: FR-I fractions were obtained from polymer 
BPA-11 (Table 2); FR-I1 fractions were obtained from polymer 
BPA-5 (Table 2). The preparation JN-5 obtained by thermal polym- 
erization in bulk was separated into four fractions, and the first 
fraction was then refractionated into four fractions designated 

For the study of solution properties benzene and toluene were 
used as solvents. The theta solvent was 1,2-dichloroethane at 35°C. 
The first series of measurements were carried out at 30"C, but light- 
scattering plots exhibited a slightly negative slope. The 5°C change 
in temperature, however, did not markedly affect [q] . 

Light-scattering measurements were made with a Brice-Phoenix 
photometer. Refractive index increments, dn/dc, determined with 
a Brice-Phoenix differential refractometer, were observed to be as 
follows: in benzene at 25"C, 0.225 for 436 mp and 0.119 for 546 mp; 
in 1,2-dichloroethane at 35"C, 0.264 for 436 mp and 0.238 for 
546 mp. 

Osmotic-pressure measurements on FR-I fractions were carried 
out at 30°C in toluene using static osmometers with No. 600 cello- 
phane membranes (Stabin, Inc., New York). Some difFusion through 

FR-IV. 
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1504 J. MOACANIN,  A. REMBAUM, R. K. LAUDENSLAGER, A N D  R. ADLER 

TABLE 4 

Partial Specific Volumes at 25°C 

U I ?  V1, ml/mole 
Polymer Solvent ml/g monomer 

Polystyrene Benzene 0.92 93 
Poly(4-vinylbiphenyl) DME 0.82 148 
Polyacenaphthylene Benzene 0.77 117 
Poly( 1-vin ylnaphthalene) Toluene 0.82 126 
Poly(2-vinylnaphthalene) Toluene 0.84 134 

the membranes of low molecular weight species was observed. For 
FR-I1 fractions, osmotic pressure determinations were made in 
toluene solutions at 37°C using a Mechrolab High-speed Osmom- 
eter, Model 501 (Mechrolab Inc., Mountainview, California). No 
drift was observed during these measurements, which take only a 
few minutes as compared to 2 or 3 days for those with the static 
osmometers. The drift observed with the latter was doubtless 
caused by the slow degradation of the polymers in solution (see 
below). 

Solution viscosities were determined with Cannon-Ubbelohde 
suspended level dilution viscometers. The kinetic energy correc- 
tion was negligible; solvent efflux times were 230 to 370 seconds. 

TABLE 5 

Light-Scattering and Viscosity Data on FR-I Fractions in Benzene at 25°C 

Cumulative 
Fraction wt. % M x Az x 104 [TI, dl/g ki 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

100 
91.3 
85.1 
75.5 
66.7 
62.6 
54.1 
49.0 
43.0 
36.2 
32.2 
26.2 

607 
781 
500 
- 
- 

272 
- 
- 
147 
- 
- 
73 

0.98 
0.98 
1.03 
- 
- 

1.00 
- 
- 

1.21 - 
- 

1.36 

0.73 
0.64 
0.50 

- 
0.35 

0.28 
0.22 

0.17 
0.13 

- 

- 

0.50 
0.46 
0.46 

- 
0.51 

0.57 
0.61 

- 

0.57 
0.69 
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SOLUTION PROPERTIES OF POLYACENAPHTHYLENE 1505 

TABLE 6 

Viscosity Data on FR-I1 Fractions 

1,2-Dichloro- 
ethane Benzene Toluene 
at 30°C at 25°C at 25°C 

Cumula- 
tive [?I. [?I. [?I 9 

Fraction wt. % dl/g ki dl/g k, dl/g k, 

(Unfrac- 
tionated 
polymer) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

97.5 
80.8 
73.8 
67.3 
59.3 
52.3 
45.6 
40.8 
34.9 
29.7 
27.0 
22.8 

- - 0.27 0.56 0.39 0.65 

0.31 0.70 0.47 0.66 0.39 0.65 

0.24 0.69 0.35 0.56 0.31 0.58 

0.19 0.69 0.26 0.49 

0.18 0.73 0.23 0.62 

0.15 1.02 0.20 0.36 

0.13 0.66 
0.07 1.33 0.09 0.78 

Partial specific volumes in benzene were determined from den- 
sity measurements on polymer solutions and were accurate to 
k0.005 ml/g. The results along with data on some vinylaromatic 
polymers are given in Table 4. 

Results 

Results on fractions FR-I are summarized in Table 5 along with 
light-scattering and viscosity data in benzene at 25°C. Results on 
fractions FR-I1 are summarized in Table 6 along with viscosity 
data in benzene and toluene, both at 25", and 1,2-dichloroethane at 
30°C; light-scattering results are given in Table 7. Results on frac- 
tions FR-IV are given in Table 8; for these M, and radii of gyration 
were obtained from Zimm plots. 

A double logarithmic plot of [q] vs. M, for benzene solutions at 
25°C is shown in Fig. 4. For the theta solvent the plot of [q] vs. 
M1/* was found to be linear (Fig. 5) ,  in agreement with theory. The 
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1506 J. MOACANIN, A. REMBAUM, R. K. LAUDENSLAGER, AND R. ADLER 

TABLE 7 

Molecular Weights and Second Virial Coefficients for FR-I1 Fractions 

1,2-Dichloro- 
ethane 

Benzene at 25°C at 0 = 30°C Toluene at 30°C 

Fraction M ,  X Az X l W  M w  X A2 X lo4 M n  X A2 X lo4 

(Unfrac- 
tionated 
polymer)” 

1 
2 
3 
5 
7 
9 

11 
12 

174 

403 

269 
195 
126 
94 

36 

- 

- 

0.46 

1.10 

1.21 
0.99 
1.52 
1.55 

- 

2.01 

149 

407 

254 
190 

101 

- 

- 

0.00 56 

0.00 250 
- 216 
0.00 181 
0.00 - 
0.00 - 
- 54 

- - 

0.44 

1.21 
1.37 
1.61 

- 
- 
2.01 

a Polymer BPA-5, Table 2. 

Mark-Houwink parameters are listed in Table 9 along with litera- 
ture results on polystyrene, poly(a-methylstyrene), and poly(2- 
vinylnaphthalene). 

It was observed that PAcN solutions undergo slow degradation 
on standing. Gradual changes in viscosity took place over a 1-week 
period even when the experiment was carried out in an evacuated 

TABLE 8 

Solution Properties Data for FR-IV 

Viscosities 
Osmotic 

Benzene Theta sol- Light scattering pressure 
(25°C) vent (35°C) in theta solvent in theta 

solvent 
Fraction [q] h [ q l e  k~ Mw ( h W ,  li Mn 

~~~ ~ 

F1 1.50 0.39 0.53 0.59 2,310,000 930 1,870,000 
F2 1.10 0.43 0.52 1.08 1,220,000 780 1,140,000 
F3 0.71 0.41 0.38 0.59 650,000 560 380,m 
F4 0.37 0.28 - - - - - 
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SOLUTION PROPERTIES OF POLYACENAPHTHYLENE 

10.00 

104 103 I06 10 

MOLECULAR WEIGHT 

FIG. 4. Log [q] vs. log M, plot for benzene solution at 25°C. 

TABLE 9 

Mark-Houwink Parameters for PAcN and Some Vinylaromatic Polymers 

1507 

Polymer 
Temp., k, 112 

Solvent "C X lo4 a (&) Ref. 

Polystyrene 
Pol y(a-methylstyrene 
Poly(4-vinylbiphenyl) 
Poly(4-vinylbiphenyl) 
Poly(4-vinylbiphenyl) 

PAcN 
PAcN 
PAcN 
Poly(2-vinyl- 

naphthalene) 

Cyclohexane 
Cyclohexane 
DME 
Benzene 
2-Methoxyethanol/ 

dimethoxyethane 
Benzene 
1,2-Dichloroethane 
Tetrahydrofurane 
Benzene 

Decalinltoluene 

34 8.20 0.50 1.00 24 
38 7.50 0.50 1.02 24 
25 3.70 0.53 7 
25 0.92 0.69 7 
30 4.40 0.50 1.10 7 

25 0.72 0.67 7 
30 4.56 0.50 1.04 7 
20 9.66 0.87 6 
20 0.66 0.71 25 

30.2 5.20 0.50 1.05 25 
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' 0 F R I I  
I O F R I P  

MI/2 

FIG. 5. [ 7 ] 8  VS. M$*. 

sealed viscometer to eliminate the possible effect of air. The degra- 
dation of polyacenaphthylene in solution was investigated in more 
detail by Utracki et al. (11). The mechanism of degradation is not 
understood, but appears to be promoted by absorption of light (12). 

For each experiment, solutions were freshly prepared and mea- 
surements carried out within 24 hr. Although following this proce- 
dure and working in dilute solutions (11) the effect of degradation 
on the results was minimized, the possibility of some additional 
scatter in correlations of results from different measurements can- 
not be discounted. 

DISCUSSION 

In PAcN every other backbone C-C bond is part of the cyclic 
repeating unit: 
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SOLUTION PROPERTIES OF POLYACENAPHTHYLENE 1509 

Therefore, in contrast to polystyrene or other vinylaromatic poly- 
mers, only one-half of the backbone bonds can rotate. This struc- 
tural feature, along with the bulkiness of the substituent, should 
impart considerable stiffness to the polymer chain and lead to an 
expanded coil conformation in solution. The high glass transition 
temperature, Tg=260"C (13), for this polymer, as compared to 
100°C for polystyrene, is an expected consequence of greatly 
hindered bond rotation (14). Another feature is that in each repeat- 
ing unit both carbons are asymmetric, which leads to four possible 
stereoconfigurations: threo and erythro, each configuration being 
either diiso- or disyndiotactic (15). The importance of this feature 
to conformation is discussed below. 

Turning our attention to the question of stiffness, it is surprising 
to find that in dilute solution this polymer appears to behave in a 
manner expected for flexible chains. Thus Fig. 4 shows that the 
Mark-Houwink relationship is obeyed over a wide molecular wight 
range with an exponent in benzene of 0.67; also, the theta intrinsic 
viscosity is proportional to M1I2 (Fig. 5).  

To further test for the internal consistency of the data we use the 

N 
0 
X 

I .5 

0- THETA SOLVENT 

I .o 

0.5 
0 0.5 1.0 1.5 2.0 

FIG. 6. Viscosity plot according to Eq. (1). 
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1510 J. MOACANIN, A. REMBAUM, R. K. LAUDENSLAGER, AND R. ADLER 

following equation from the Kurata-Stockmayer-Roig theory (1 6): 

(1) [q]2/3/M1’3 = K2I3 + 0.363+0B[g(av)M2/3/[q]1/3] 
where 

x is Flory’s interaction parameter, Vl the solvent molecular volume, 
c the chain constant of the order of unity, and m the molecular 
weight. Plots of the above function are reasonably linear for both 
benzene and 172-dichloroethane solutions (Fig. 6). The common 
intercept for the two solvents of about 0.58 yields K = 4.6 X 
in agreement with 4.56 X given by the slope of the [ q ] o  vs. 
M1’2 plot (Table 9). Data from Vene and Mohorcic (6) for solutions 
in THF at 20°C also give a linear plot, but with an intercept at about 
0.72. The reason for this discrepancy is not understood, but it may 
be caused in part by differences in polydispersity between the 
fractions of these authors and ours; they find experimentally that + = 2.0 x lP1, as compared to our value of 1.4 x 102, (see below). 

(Fig. 
6) as compared to 1.05 X for polystyrene in toluene. With 
appropriate numerical substitutions, and assuming c to have the 
same value for both polymers, the results offer the following 
comparison: 

(+ - X P A ~ N )  = (0.63) (+ - xps) 

Taking xps = 0.44 (17), we get xPAeN = 0.46, a value which seems 
to be reasonable and is also consistent with the slightly lower Mark- 
Houwink exponent for PAcN: 0.67 vs. 0.70 for PS. 

Although originally assumed constant, the Huggins parameter 
k, was shown recently to be a slowly varying function of molecular 
weight (18,19). This is confirmed for PAcN by the plot of k, vs. M 
shown in Fig. 7. There is a definite increase in k, as M is decreased 
below 100,000. The same trend was observed with polystyrene, but 
the significant change occurred at somewhat lower molecular 
weights (= 50,000). This may not be surprising, since the monomer 

The slope of the benzene straight line gives B = 0.25 X 
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0.4 

0.2 

0.1 

0 

’ 

molecular weight for PS is about two-thirds that of PAcN (104 vs. 
152). 

To discuss the unperturbed dimensions obtained from Zimm’s 
plots, we use Flory’s relationship (see, for example, Ref. 16): 

where K is the Mark-Houwink empirical constant, + Flory’s nearly 
universal parameter, and hg the unperturbed mean-square end-to- 
end distance. For a given polymer (hZ,/M)1’2 should be a constant, 
independent of molecular weight. The values for this ratio given 
in Table 10 were calculated from hg and M, data, both obtained 
from light-scattering measurements. Reasonable agreement is 
observed for the three fractions. Using these data along with [qIe 

TABLE 10 

Poly(acenaphthy1ene) Parameters Corrected for Heterogeneity 

IV-FI 1.24 1.2 610 1.54 2.02 560 
IV-F2 1.04 1.04 710 1.34 1.42 690 
1V-F3 1.70 1.4 690 1.43 2.38 580 
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and Eq. (2), we obtain for 4 about 1.4 X loz1 (Table lo), a value 
which is considerably lower than the 2.1-2.8 X 102l range usually 
observed for linear polymers. However, the effect of polymer 
heterogeneity on this value has to be estimated because the ex- 
periments yield weight averages for [q] and M, and a z average 
for hi. 

A reasonable estimate of the correct value o f4  can be made using 
the Schulz exponential distribution, which yields the following 
relationships for the weight and z averages for (16): 

+,=q,+ q w = T ( k + 1 . 5 ) / [ ( k +  l ) l T ( k + l ) ]  (3) 
4% = qz4 9% = [(k + l ) / (k  + 2)13'24, 

where r represents the gamma function and the heterogeneity 
parameter k is calculated from experimental M, and M, along with 

k/Mn= ( k +  l ) /M,= (k+2) /M,  (4) 
Deviations from unity for 9, can be neglected, since they usually 
are well within experimental uncertainties; e.g., 9, = 0.94 for 
M,/Mn = 2. Hence in practice it is sufficient to consider only the 
factor [ (k + 1)/( k + 2)] 3/2. Data corrected for heterogeneity follow- 
ing this procedure are included in Table 10. 

The corrected 4 for fractions 1 and 3 are within the expected 
range. The relatively large uncertainty in osmotic-pressure mea- 
surements on high molecular weight polymers may account for 
the low value for fraction 2; its 4 could be brought in the normal 
range with M,/M, = 1.3, a more reasonable value than the excep- 
tionally low observed value. 

Giving more weight to fractions 1 and 3, the reduced root-mean- 
square end-to-end distance [(&),/M,] ll2 is about 600 X lo-" a value 
to be compared with 670 X loo-" for polystyrene (PS). For an equal 
degree of polymerization we have 

(h;,p~,~/h;,,) 'I2 = ( MAcN/MS) '/'(600/670) = 1.08 
in reasonable agreement with 1.04, estimated from theta viscosity 
measurements (Table 9). 

To calculate the dimensions of PAcN we followed a procedure 
described by Volkenstein (20) to derive an expression for the mean- 
square end-to-end distance hz. The model for the chain consists 
of two alternating bonds, the rotational potentials for one bond 
being characterized by ql = cos c # ~ ~  and E = sin 41, and for the other 
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by q2 = cos 4z and sin dZ = 0. The expression is 

hz - N P  1 + cos a 1 - q1q.2 
1 - cos a! (1 - 71) (1 - q2) 

where N is the number of bonds, 1 the bond length, and a = 7~ - 8, 
8 being the bond angle; this expression is valid for N * 1. 

To calculate the dimensions for free rotation about the bonds 
connecting the monomeric units, let q2 = 0, and assigning the tetra- 
hedral angle value to a, the equation reduces to 

h' = 2N12/1 - 71 

The fixed rotation angle about the bond of the monomer unit can 
assume either of two values, corresponding to the two possible 
stereoisomers which are represented in the following projection 
(for nomenclature see Ref. 15): 

\ /R 
H H 

R 'R R P-- 'H 
:.-.'" 

Erythro Threo 

where the heavy line represents the acenapthylene ring in a posi- 
tion perpendicular to the plane of the paper, the backbone carbons 
being in the plane and the four bonds above the plane; R repre- 
sents adjacent monomer units. The respective values of q1 for 
erythro and threo are -1 and 3, and for E, zero and (by conven- 
tion 4 = 0 for trans). Note that although E = 0 for threo, it does not 
affect the free-rotation dimensions. Thus we have 

N P  for erythro 
h z  = { 4N12 for threo 

The corresponding well-known result for a paraffinic chain is 2NP.  
Using these results we calculate free-rotation values for (h2/M)1'2 

of 180 x lo-" for erythro and 360 X lo-" for threo; these, along 
with the experimental results, yield theta-to-free-rotation ratios 
u = 3.3 and 1.65, respectively. 

By appropriate substitutions in Eq. (5 )  we get qz=0.83 for 
erythro and 0.80 for threo. On the basis of these results alone, one 
cannot favor either of the two isomers, although steric considera- 
tions make threo much more likely. 
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0 

I I 

FIG. 8. Second virial coefficient plot according to Eq. (6). 

To examine the behavior of PAcN in a good solvent, we use the 
second virial coefficient, A2, data in benzene at 25°C. Recently 
Berry (21) showed that the first-order perturbation theory leads to 
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where N A  is Avogadro’s number, a, = W, and 3 is the unperturbed 
mean-square radius of gyration. Data for polystyrene obtained over 
a wide range of a2 could be represented using only the first term of 
Eq. (6) [see Berry (21)] i.e., A 2 W 2  vs. (a2 - 1) yields a straight 
line. We observe that the PAcN data shown in Fig. 8 are also linear. 
The expansion coefficient was estimated from [q]/[qIe = a: = 
Light-scattering measurements on the two high molecular weight 
polymers (filled symbols) gave an a2 value 5-10% higher than those 
estimated from [ q ]  data; this discrepancy is within the accuracy of 
the experiments. The slope of the striaght line gives 

(@/M) = 6lI2 (g/M) l I 2  = 638 x lo-” 

in good agreement with the experimental values shown in Table 10. 
Occurrence of branching during the thermal polymerization of 

acenaphthylene was suggested (11). Our results strongly suggest, 
however, that branching, if it occurs at all, cannot be extensive. The 
plot of [q] vs. M, (Fig. 4) is linear over a range of molecular weight 
from about 10,000 to 3,000,000. Moreover, the data shown in this 
figure were obtained on polymers prepared both in bulk and solu- 
tion, with and without peroxide catalysts, and both low and high 
conversion. There is no trend which could be assigned to differ- 
ences in polymerization conditions. Also all the results discussed 
above could be interpreted in terms of the behavior expected of 
linear polymers. 

One exception was observed for a polymer prepared anionically 
whose M, from light scattering was 3500 and M, from Fig. 4 about 
10,000. In spite of the difficulties with light scattering on low 
molecular weight polymers, this discrepancy seems to be beyond 
the probable experimental error. This difference may be caused by 
the erythro form being favored for ionic polymerization as sug- 
gested by Story and Canty (22); erythro would lead to dimensions 
about twice that of threo, as shown above. 

CONCLUSIONS 

One of the main conclusions of this work is that PAcN apparently 
exhibits considerable flexibility in solution. This is contrary to the 
extremely high degree of hindrance to rotation as indicated by 
examination of molecular models. The only plausible explanation 
is that even in solution PAcN must exhibit a considerable degree 
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of short-range order. Thus it is meaningless to speak of rotational 
potential about single bonds without considering nearest(and 
higher)-neighbor interactions. But for sufficiently long distances 
there are still enough degrees of freedom left for the chain to be- 
have as a statistical coil. Short-range conformational order for poly- 
mers in solution seems more and more recognized to be as the rule 
rather than the exception (see, for example, Ref. 23). Thus, instead 
of saying that PAcN is more flexible than we expected, it may be 
more appropriate to conclude that other polymers are less flexible 
than previously thought. 

The apparent stereoregularity for PAcN suggests that the place- 
ment of a monomer unit during polymerization can be dictated by 
steric factors even in the absence of stereo specific catalysts. The 
probable predominance of threo sequences was pointed out, but 
only more direct measurements, preferably on low molecular 
weight polymers, can resolve this question. 
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Zurammenfassung 

Mehrere Polymerisationstechniken wurden untersucht, um hochmoleku- 
lare Polyacenaphtylene herzustellen. Thermische Polymerisation ergab 
Molekulargewichte von iiber 2,000,000. 

Eine Anzahl von Polyacenaphtenfraktionen wurden durch Lichtstreuung, 
Osmotischen Druck und Viskositat in einem Theta-Losungsmittel und in 
Benzol charakterisiert. Die folgenden Beziehungen zwischen grund- 
molarer Viskositat und Molekulargewicht wurden aufgestellt: 

[q ]  = 0.72 X X Mi7*  in Benzol bei 25" 
[q] = 4.56 X lo-' X M0;50 in 1,2-Dichlorathan bei 35" 

Obwohl betrachtliche Behinderung der Rotationsbewegung von Ketten- 
segmenten zu envarten ist, konnte das Losungsverhalten mit Hilfe der 
iiblichen Zwei-Parametertheorie fur flexible Ketten interpretiert werden. 
Die durch Lichtstreuung bestimmten Theta-Dimensionen stimmen mit 
den sus der grundmolaren Viskositat abgeschatzten Werten iiberein. 
Ausserdem waren diese Werte vergleichbar mit solchen des Polystyrols. 
Weiterhin ergab die Anwendung der erste Ordung beriicksichtigenden 
Storungstheorie zur Berechnung von zweiten Virialkoeffizienten annehm- 
bare Radien fur die Rotation. Der hohe Grad der Ubereinstimmung der ver- 
schiedenen hier erhaltenen Messungen schliesst das Auftreten von Verz- 
weigungsreaktionen wahrend der thermischen Polymerisation aus. 

Eine Betrachtung von Molekiilmodellen zeigt, dass Threodiisotactizitat 
die bei weitem wahrscheinlichste der vier moglichen Konfigurationen ist. 
Daher ergeben sterische Uberlegungen zusammen mit der in allen Proben 
gefundenen Kristallinitiit Hinweise fur eine betrachtliche Stereoregularitat. 

R6sum6 

On a etudik plusieures techniques de polymkrisation dans le but d'ob- 
tenir des polyacknaphthyknes B masses molkculaires elevkes. On a trouvk 
que la polymkrisation donne des masses molkculaires au-dessus de 
2,000,000. 

On a caractkrisk un certain nombre des fractions de polyacknaphthylAne 
par la diffraction de  la lumikre, la pression osmotique et les dhterminations 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1518 J. MOACANIN, A. REMBAUM, R. K. LAUDENSLAGER, AND R. ADLER 

de viscosite dans des solvarits theta et dans le benzkne. On a etabli les rap- 
ports suivants entre la viscosite intrinskque, poids mol6culaire: 

[q] = 0.72 x 
[q] = 4.56 x 

x Mt7*  
x M t S 0  

dans le benzene 1 25°C 
dans le l,%dichloro6thane h 35OC 

Malgrb le fait qu’on s’attendait 1 I’empechement considerable au move- 
ment rotationel de segments de  chaine, le comportement de la solution a pu 
&tre interprst6 du point de vue des theories courantes h deux paramktres 
pour des chaines flkxibles. Les dimensions theta, dbterminees par la dif- 
fusion de la lumiere Btaient en accord avec les valeurs obtenues de  la vis- 
cositk intrinskque et on les a trouve comparables h celles du polystyrkne. 
Aussi, I’application de la thborie de la perturbation du premier ordre aux 
donnCes du deuxieme coefficient virial a fourni des estimations raison- 
navles du radius de gyration. Le degrh eleve de cette stabilite interne parmi 
les differentes mesures exclue I’occurence des reactions de branchement 
significatives au cours de la polymbrisation thermique. 

L’examen des modkles moleculaires indique que la configuration threo- 
diisotactique est de loin la plus probable parmi les quatre stCr6o con- 
figurations possibles. Ainsi, des considerations steriques ensemble avec la 
cristallinitk observee dans tous les Bchantillons etudiCs suggkrent une 
stereoregularit6 considerable. 
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