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colleded by filtration without cooling and washed with hot toluene 
twice. The product, having the composition of g,lO-bis(di- 
pheny1phosphino)phenanthrene monosulfide, was obtained in a 
yield of 13%: mp 294.5-297.5 "C; 31P NMR (tetrachloroethane) 
6 40.3, 39.2, -13.0, -14.0. Anal. Calcd for C38H2sP2S: C, 78.87; 
H, 4.88; P, 10.71; S, 5.54. Found: C, 78.55; H, 4.98; P, 11.59; S, 
5.56. 14523-22-9; [Rh(COD),Cl],, 12092-47-6. 

The phosphination was carried out with lithium diphenyl- 
phosphide as phosphinating reagent. After reflux for 1 2  h, the 
chloride ion released during the reaction was only 38.2%. 

General Procedure for the Polymerization. To a resin flask 
were added 0.8169 g (2.000 mmol) of 4,4'-diamino-3,3'-di- 
benzoyldiphenyl ether ( l l ) ,  0.4577 g (1.800 mmol) of 4,4'-di- 
acetyldiphenyl ether (12), 0.2000 mmol of the comonomer (6 or 
8), 10 g of di-m-cresyl phosphate, and 4 g of m-cres01.l~ The flask 
was purged with nitrogen. The polymerization was carried out 
a t  135-140 "C with mechanical stirring for 24 h. An additional 
portion of m-cresol was added when the mixture became too thick 
for stirring. The yellow-orange viscous solution was precipitated 
into 200 mL of ethanol containing 10% of triethylamine and 
chopped in a blender. The resultant yellow fibrous polymer was 
extracted with ethanol in a Soxhlet extractor for 24 h and dried 
a t  100 "C under reduced pressure for 24 h (Table 111). 

General Procedure for Macromolecular Phosphination. 
To 20 mL of liquid ammonia was added 0.078 g (0.340 mmol) of 
sodium to afford a dark blue solution; then 0.63 g (0.34 mmol) 
of diphenylphosphine was added, followed by the addition of 20 
mL of THF. An orange solution was generated in a few minutes. 
The ammonia was driven off as described above. The phosphide 
solution was added rapidly to the mixture of 13 in 30 mL of THF 
at room temperature with stirring overnight and then heated to 
reflux for 1 h. After the mixture cooled, the polymer was pre- 
cipitated in ethanol, extracted with ethanol under nitrogen for 
24 h, and dried at  100 "C under reduced pressure for 24 h (Table 
111). 

General Procedure for the Catalytic Reactions. All cat- 
alytic reactions were carried out in a 100-mL stainless steel bomb 
with a glass cylinder and a glass cylinder lid. The catalyst, 
substrate, and solvent were charged into the cylinder. The bomb 
was purged with synthesis gas 3-5 times before heating. After 
the reaction, the bomb was cooled thoroughly by a dry ice/2- 
propanol bath, and then the pressure was released very slowly. 
The mixture was vacuum transferred and then examined by GLC 
and/or other means such as NMR or IR. 

- -- 
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ABSTRACT The reaction of two-ended living polystyrylsodium with dimethyldichlorosilane was used to 
prepare narrow molecular weight distribution ring polymers. The molecular weight of the samples ranged 
from 5 X lo3 to 4.5 X lo6. It was found that ring and linear polymers of the same molecular weight can be 
fractionally precipitated. Ultracentrifugation sedimentation and gel permeation chromatography were used 
to monitor the purity of the ring polymers. 

Introduction ticularly illuminating introduction to the peculiar aspects 
Of DNA conformations was written by Cantor and 
Schimmel.2 It was soon recognized that it would be useful 
to study ring polymers that occur normally as flexible 
random coils? but the challenge of their synthesis had to 
be rekindled.4 

Ring polymers are formed in the polymerization of 
certain heterocyclics and during polycondensation reac- 

It was discovered in 1962 that certain DNA molecules 
in nature in a circular formal DNA molecules, 

however, are complex molecules a d  their circularity im- 
poses certain on their conformations. A par- 

'NRCC No. 21153. 

0024-9297/83/2216-0843$01.50/0 Published 1983 by the  American Chemical Society 



844 Roovers and Toporowski Macromolecules, Vol. 16, No. 6, 1983 

In this paper we describe the synthesis of high molecular 
weight ring polystyrenes. The basic reactions used are 
schematically 

Figure 1. Apparatus for the synthesis of two-ended poly- 
styrylsodium in benzene-THF. 

tions (polyesters, polyamides). However, the ring polymers 
occur in equilibrium with linear species and have broad 
molecular weight  distribution^.^ Cyclic poly(dimethy1- 
siloxanes) were obtained by the equilibrium polymerization 
of octamethylcyclotetrasiloxane with KOH.6 This proce- 
dure was improved and scaled up to yield gram quantities 
of cyclic poly(dimethylsi1oxane) fractions with molecular 
weights up to 24000.' Milligram quantities of cyclics with 
molecular weights up to 74000 could be isolated with a 
preparative gel permeation chromatograph.8 Low molec- 
ular weight cyclic poly(dimethylsi1oxanes) are produced 
directly in the cationic polymerization of hexamethyl- 
cyclotrisiloxane.g Cyclic oligomers were found also in the 
metathesis polymerization, e.g., of cyclododecene. These 
oligomers were converted by hydrogenation to cycloalkanes 
with up to  96 carbon atoms.1° 

Recently, attempts have been made to synthesize ring 
polymers by anionic polymerization techniques. The basic 
strategy, suggested long ago: is to form a narrow molecular 
weight distribution polymer with two carbanion end groups 
and to react the latter, under extreme dilution, with a 
difunctional electrophile. Rempp and collaborators used 
potassium naphthenide in a mixture of benzene and tet- 
rahydrofuran (THF) to polymerize styrene and a,a'-di- 
bromo-p-xylene as the cyclizing agent." Their evidence 
for the formation of ring polymers was that the apparent 
molecular weights of the ring polymers in gel permeation 
chromatography (GPC) were about 20% lower than those 
of the parent linear polymers. Vollmert et al. used sodium 
naphthenide in THF to polymerize styrene and a,a'-di- 
bromo-p-xylene to perform ring closure.'2 Some of the 
fractions had a low intrinsic viscosity compared with that 
calculated for the linear polymer of the same molecular 
weight. A rather complete analysis of eight ring poly- 
styrenes, prepared with sodium naphthenide in tetra- 
hydropyran and with a,d-dichloro-p-xylene, was made by 
Geiser and H 6 ~ k e r . l ~  Fetters e t  al. have since that time 
initiated work on ring polymers using dilithium compounds 
in hydrocarbon s01vents.l~ 

In these published studies, the molecular weight of the 
ring polymers was usually less than 25 000. Unfortunately, 
at these low molecular weights the long-chain limit of the 
polymer properties are not fully reached. For establishing 
relations between the physical properties and molecular 
weights of ring polymers, it is desirable to have a larger 
range of high molecular weight samples. 

An example of the intermolecular (po1y)condensation is 

Na+-S-(S),.2-S-Si(CH3),C1 + Na+-S-(S),.rS-Na+ -+ 

Na+-S-(S),.2-S-Si(CH,),-S-(S),.2-S-Na+ (V)  

We have developed methods to purify the ring polymers 
and to ascertain their structural purity. Some dilute so- 
lution properties are described because they verify the 
architecture of the polymers. 

Experimental Section 
A. Synthesis of Ring Polystyrenes. Materials. Naph- 

thalene was purified by double sublimation and stored over P,O,. 
A single crystal was weighed into a fragile bulb and evacuated 
to high vacuum. 

Dimethyldichlorosilane (Eastman) was distilled and a middle 
fraction degassed and stored under vacuum in n-BuLi-hexane- 
washed and -rinsed fragile bulbs. The content of one fragile bulb 
was diluted with n-hexane and divided over several ampules. The 
concentration of (CH3)2SiC12 was determined by titration with 
NaOH. 

Tetrahydrofuran (THF, Fisher Certified) was distilled two or 
three times from K metal in the presence of benzophenone (blue 
benzophenone ketyl). A middle fraction was taken each time. 
The purified solvent was immediately degassed and stored on the 
vacuum line over fresh CaH2 and distilled twice onto fresh so- 
dium-potassium alloy. The characteristic blue color should form 
immediately. The quality of the THF was monitored by its UV 
spectrum as obtained in a 1-cm quartz cell (filled and kept under 
vacuum). The characteristic optical densities were 0.05 (220 nm), 
0.10 (215 nm) and <0.80 (210 nm)15. THF that did not meet these 
specifications produced unstable sodium napththenide and po- 
lystyrylsodium solutions. Finally, THF was treated with poly- 
styrylsodium prepared by the reaction of styrene with a sodium 
mirror and sealed into an ampule. 

Benzene (Phillips 99%+) was stirred under argon with small 
batches of concentrated H8O4 till no further color developed over 
24 h. It was washed with water, KOH solution, and water and 
dried over Na2S04. It was fractionally distilled from CaH, and 
stored on the vacuum line over n-BuLi. 

Cyclohexane (Eastman) and n-hexane (Phillips) were passed 
through activated silica gel columns till aromatics were absent 
as monitored by their UV spectrum in the range 240-270 nm. 
These solvents were stored under vacuum over n-BuLi. 

Styrene (Polysar) was fractionally distilled under reduced 
pressure. A middle cut was degassed, treated with CaH2, and 
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L-tJJ H( Polystyrylsodium) F 
Figure 2. Apparatus for the cyclization of two-ended poly- 
styrylsodium near 8 solvent conditions. 

prepolymerized with n-BuLi (0 "C). It was stored on the vacuum 
line over CaH2 and sealed in an ampule as a 30% solution in 
benzene just before use. 

Preparation of Two-Ended Polystyrylsodium. Ring 
polymers were prepared in all-glass vessels provided with break 
seals and fragile bulbs for the addition of solvents and reagents 
and constrictions for removal of products. 

The apparatus shown in Figure 1 was used to prepare two-ended 
polystyrylsodium. It was previously washed with a benzene so- 
lution of n-BuLi and repeatedly rinsed by refluxing benzene from 
a dumbbell attached a t  B (not shown; see ref 16). Typically, about 
80 mL of benzene was condensed into A and the apparatus sealed 
a t  B. Break seal C was broken and about 100 mL of T H F  in- 
troduced into A. Fragile bulb D was broken and the naphthalene 
dissolved in the solvent mixture. The solution was brought into 
contact with the sodium mirror after E was broken. The green 
color of sodium naphthenide developed immediately. The solution 
was shaken on the Na mirror for 1-2 h, and then returned com- 
pletely to A. The Na mirror was removed by sealing a t  F. The 
apparatus was then so tilted that the styrene inlet was straight 
above flask A. The sodium naphthenide solution was cooled to 
0 "C and vigorously stirred with the glass-sealed magnet. G was 
then broken. The polymerization occurs almost instantaneously. 
The final polystyrene concentration never exceeded 0.04 g/mL. 
The polystyrylsodium solution was transferred to H, cooled, sealed 
at J, and immediately used in the cyclization step. A small amount 
of polystyrylsodium solution was retained in A. It was terminated 
with t-BuOH from bulb K and used as the linear parent polymer. 

Cyclization Reaction. The cyclization reaction was performed 
in two different ways. The apparatus for the f i t  method is shown 
in Figure 2. The whole apparatus was treated with a cyclo- 
hexaneTHF (1OO:l) solution of polystyrylsodium and rinsed with 
the solvent mixture. About 500 mL of the solvent mixture was 
distilled into L and the apparatus sealed a t  M. The poly- 
styrylsodium solution (in flask H) was attached a t  N and the 
connection between H and L evacuated and sealed a t  P. The 
cyclohexane in L was kept a t  room temperature and the poly- 
styrylsodium solution in H a t  about 0-5 "C in order to equalize 
the vapor pressure in both parts of the apparatus when Q and 
R are broken. About 1-2-mL samples of polystyrylsodium solution 
were transferred from H to L by tilting the apparatus while the 
solution in L was vigorously stirred. Break seal S was broken and 
vapor from the 0 "C solution of (CH3),SiC12 was allowed to slowly 
transfer to L. After almost all color had disappeared in L, new 
polystyrylsodium was added from H. It  was ascertained that no 
(CHJ2SiC12 transferred to H by keeping the inlet in L under the 
solvent level. The cyclization reaction took from 1 to 5 h, de- 
pending on the amount of polymer. Excess (CH3),SiC12 was 
removed a t  T before the apparatus was opened. 

In the second method of cyclization no cyclohexane was used 
but rather an internal dilution was realized. The apparatus of 
Figure 1 was modified so that the polystyrylsodium solution could 
be concentrated in a side arm; the solvent was collected in A. The 
polystyrylsodium and solvent were separated by sealing the inlet 
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Figure 3. Chromatograms of the crude product of the cyclization 
reaction: (a) R16; (b) R15. The chromatogram of the parent linear 
polymer is indicated by the dashed line. 

to the side arm. The same system of stepwise adding the poly- 
styrylsodium to flask A while slowly distilling (CH3)2SiC12 (at- 
tached at V) as in the first method was used. In this case it was 
difficult to obtain pure samples of the linear precursor. 

Fractionation. Figure 3 shows examples of the crude reaction 
product. The desired ring polymer is the low molecular weight 
species to the left of the chromatogram. The crude polymer was 
fractionally precipitated from benzene-methanol solution. The 
ring polymer is the most soluble fraction. The fractionation was 
monitored by GPC and by ultracentrifugation sedimentation. 

B. Polymer Characterization. GPC was performed with five 
30-cm p-Styragel columns of nominal size 500, 1 X lo3, 1 X lo4, 
1 X lo5, and 1 X lo6 at 35 "C. THF was the elution solvent and 
the flow rate was 1 mL/min. A standard sample injection con- 
tained 0.12 mg of polymer in 80 pL. The columns were calibrated 
with a set of linear narrow molecular weight polystyrenes. Elution 
volumes were reproducible to 0.5 mm. 

Light scattering measurements were performed with a Fica 50 
photogoniometer following procedures published previ0us1y.l~ 
Cyclohexane was fractionally distilled from CaH2 to remove 
2,4dimethylpentane. The Rayleigh ratio of benzene a t  35 "C was 
taken as 50.8 X 1@. The refractive index increment of polystyrene 
in cyclohexane a t  35 "C is 0.181 mL/g. 

Ultracentifugation sedimentations were performed in cyclo- 
hexane with a Beckmann Spinco Model E a t  60 000 and 68 000 
rpm (titanium rotor)." Schlieren optics were used to view the 
sedimentation patterns. 

Results 
Figure 3a shows GPC traces of t h e  crude product  R16 

obtained with t h e  cyclization in cyclohexane. Overlaid is 
t h e  elution peak of t h e  parent  linear polymer. The ma- 
terial eluting between 186 and 218 m m  is t h e  high mo- 
lecular weight polycondensation product formed by reac- 
tions of type V. Some of this material may be c y c l i ~ . ' ~  T h e  
polymer eluting at 230 m m  is t h e  desired ring polymer. 
The elution maximum of t h e  parent  linear polymer is at 
225 mm. Figure 3b shows R15 cyclized by  t h e  internal 
dilution technique. T h e  cyclic polymer elutes at 188 mm, 
and t h e  parent  linear polymer elutes a t  about  184 mm.  

T h e  fractionation of t h e  crude polymer yielded ring 
polymer samples. Some G P C  elution traces are shown in 
Figure 4. Care was taken  t o  ensure that t h e  peak width 
at half-height (~, ,=h, /~)  is identical, t o  within 5%, with 
that of the  parent linear polymer. It is found that broader 
peaks are caused by  the  presence of linear polymer of the  
same molecular weight as the ring polymer. Small amounts 
of linear polymer can be removed by careful fractionation 
at very low concentration. Examples are shown in Table  
I. Each  ring polymer is numbered in t h e  order of i ts  
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Table I 
Fractionation of Ring from Linear Recursor Polymer 
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faster tban the parent h e a r  polymer. Figure 5a shows the 
sedimentation pattern of R13E. a ring fraction with M, 
= 5.5 x l@. Three sedimenting bands are seen, which are 
from left to right linear polymer with molecular weight 
equal to half that of the parent linear polymer, linear 
polymer with M, = 6.0 X loK, and ring polymer with the 
same molecular weight. The central species was identified 
by admixing a small amount of linear precursor as shown 
in Figure 5b. The slowest moving band was identified by 
its initial sedimentation coefficient, which is approximately 
d 2  smaller than that of the linear polymer. A full analysis 
of the sedimentation pattern to eliminate the Johnston- 
Ogston effect otserved with the Schlieren opticam indicated 
17% linear with M,/2 and 7% linear parent polymer. 

Analysis of lower molecular weight ring polymers be- 
comes increasingly more difficult as longer sedimentation 
times are required and diffusion of the boundary becomes 
more pronounced. Sedimentation patterns c and d of 
Figure 5 are those of R15E and R12D, respectively. No 
indication of linear material could be found. R8DC and 
R9E were investigated at 68000 rpm. The Schlieren 
pattern of R9E is symmetrical, but that of R8DC shows 
a small shoulder where the linear parent polymer is ex- 
pected. Admixture of the linear parent polymer to R9E 
only produced a broadening of the sedimentation pattern. 

A low molecular weight linear polymer (M,/2) found in 
the highest molecular weight rings, Figure 5a.c. arises 
during the anionic polymerization of styrene when one 
living end is accidentally terminated. In principle, such 
polymer should disappear by polycondensation with two- 
ended molecules, but nevertheless small amounts (<0.5% 
of total) are terminated before chain extension. Fractional 
precipitation proved extremely inefficient for the removal 
of this low molecular weight material from the ring. An 
attempt to fractionate R13E further on a set of Styragel 
GPC columns was unsuccessful. 

The molecular weights of the ring polymer samples were 
measured by light scattering in cyclohexane at 35 OC. The 
data are collected in Table 11. A comparison is made with 
the molecular weights of the linear parent polymem These 
are determined by GPC using narrow molecular weight 
distribution linear polystyrenes as calibration standards 
and, where sufficient sample was available, by their in- 
trinsic viscosity in cyclohexane at 35 "C using 

[v ]  = 8.3 X lo4@& 

Some linear polymer molecular weights were checked by 
light scattering. 

In the course of the light scattering measurements it 
became apparent that the apparent second virial coefficient 
is positive for ring polymers a t  the Flory e temperature 

sample M,' 
R4P 52 500 
R4D 51 900 
R4DA 
R4DB 48000 
RlOP 205O0Od 
RlOD 204000 
RlODD 198000  

QA,? hl," 
"C dL/g 

35.0 0.1905 
31.2 0.1285 

28.2 0.123 
35.0 0.365 

0.265 
28.5 0.229 

vemax, Wh=h,lz.' 
mm mm 

211.2 5.8 
1A.o 6.5 

7 0  

6.0 

a Measured in cyclohexane a t  35 "C. In cyclohexane; 
temperature at which the apparent second virial coeffi- 
cient is zero. Width at half-height. 195 000 by GPC. 

a b C d 

U 
20 mm 

Figure 4. Chromatograms of the ring fractions: (a) R17H (b) 
R 9 E  (e) R12D (d) R15E. 

preparation. The linear precursor is identifed by the letter 
P. Each fraction ia given a letter in alphabetical order. A 
refractionated fraction ia identified by a second letter. It 
can be seen that fractionation and refractionation do not 
change the molecular weight from that of the linear pre- 
eursor polymer. A narrowing of the GPC elution peak and 
a small shift to longer elution times are also observed. 
Moreover, the 8 temperature and the intrinsic viscosity 
measured in cy2ohexane a t  35 O C  decrease slightly by 
removal of linear polymer. Obviously, the fractionation 
of ring from linear polymer is feasible because the polymers 
have different solubilities, as will be discussed later. 

Evidence for the purity of the ring polymers can be 
obtained from their ultracentrifugation sedimentation 
pattern at long sedimentation times. This technique has 
been very useful in the case of regular star  polymer^.'^ In 
a e solvent and neglecting concentration effects, the sed- 
imentation velocity coefficient (s) is given by 

s = (K/h)M'l2 
where K depends on the polymersolvent pair, h = 1 for 
a linear polymer but otherwise depends on the architecture 
of the polymer molecules, and M is the molecular weight. 
Since for a ring polymer h < 1, it is expected to sediment 

Figure 5. Ultracentrifugation patterns of ring polystyrenes in cyclohexane: (a) R13E, (b) R13E + parent linear polymer: (c) R15E; 
(d) R12D. 
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Table I1 
Synthesis and Molecular Weight Characteristics of Ring Polymers and Their Linear Precursors 

ring 
~ , e  x 10-5, precursor 

sample methoda yield,b % M G ~ C  X M [ , l d  X M W e  X cm3 /g2 
R17H A 55 0.49 0.69 
R7F B 1 9  1.21 
R16E A 50 1.80 1.77 
R 1F A 35 2.31 2.27 2.34 5.2 
R4DB A 40 5.43 5.3 4.8 5.3 
RBDC A 1 9  7.4 7.03f 7.33 4.4 
R9E B 23 8.67 8.3f 8.69 5.0 
RlODD A 20 19.5 19.5 19.8 4.2 
R12D B 1 5  23.8 25.8 4.2 
R15E B 18 44.0 43.9 3.5 
R13E B 9 60.5 55.0 

A, dilution in cyclohexane; B, internal dilution. Crude yield as measured by GPC. Obtained from the maximum 
of the elution curve. GPC calibrated with standard linear pol styrenes. 
8.3 X 10-4M1'2. e Light scattering in cyclohexane a t  35  "C. y7.58 from [ q ]  in toluene; 7.43 from light scattering in 
cyclohexane. g 8.87 from [ q ]  in toluene. 

for linear polystyrenes (34.5 OC)'*. Measured values are 
given in Table 11. The temperature at  which A2 = 0 is 
about 28.0 "C, independent of molecular weight in the 
range 20 000-450 000. The eA2 of ring polymers seems to 
be quite sensitive to the presence of linear polymers; see, 
e.g., R4D in Table I. 

The ring polymers were further characterized by their 
GPC elution volume. The results are shown in Figure 6. 
It can be seen that the elution of the ring polymers is 
delayed from that of a linear polymer with the same mo- 
lecular weight. It appears that the log M vs. V, lines for 
linear and cyclic polymers are practically parallel over the 
molecular weight range investigated. The apparent mo- 
lecular weight of the rings based on the universal cali- 
bration is given by 

From [ q ]  in cyclohexane at 3 5  "C with [ q ]  = 

20.9 from [q] in toluene; 20.5 from light scattering in cyclohexane. 

Such parallel behavior of linear and ring polymers was 
observed previously over a smaller molecular weight 
range. 13n21 

The intrinsic viscosities of the ring polymers were 
measured in cyclohexane at 35 "C. Examples are given 
in Table 11. The ratio of the intrinsic viscosity of a ring 
to that of the linear polymer with the same molecular 
weight, g' = [a]r/[a]li,, is found to  be 0.66-0.68 at low 
molecular weight, in agreement with earlier determina- 
t i o n ~ . ~ ? ~ ~  At high molecular weight g' decreases to 
0.58-0.60. Therefore, g' is not a reliable characteristic for 
the evaluation of the purity of ring polymers. 

Discussion 
The synthesis of ring polymers is based on a favorable 

competition of an intramolecular reaction (between the two 
ends of one chain) over the intermolecular reaction (with 
the end of another chain). Since the intra- and intermo- 
lecular reactions are the same, they will have the same rate 
constant and the fraction of ring formation will only de- 
pend on the relative probability of finding the end of the 
chain (PI) in the small reaction volume (us) over that of 
finding any other chain end (P2) ,  following Jacobson and 
Stockmayer22 

where ( r 2 )  is the mean square end-to-end distance of the 

V, (mrn) 

Figure 6. Comparison of the GPC elution volume of linear (0) 
and ring (0) polystyrenes. 

chain, N is the number of living polymer molecules in the 
total volume V, N A  is Avogadro's number, and c is the 
concentration of polymer in g/mL. The right-hand side 
of eq 2 will have a factor 2 if both ends of the polymer can 
react. We will omit this case from the discussion. The 
concentration a t  which intramolecular reaction and in- 
termolecular reaction are equally probable is given by 

312 

ceq = (&) XG (3) 

In Figure 7, c,, for polystyrene is plotted for the case 
of the 8 solvent and the good solvent. The living end 
concentration for equal ring formation and intermolecular 
condensation, [LE],, = ceq/M,  is also shown. 

It can be seen that cyclization in a 8 solvent is to be 
preferred over cyclization in a good solvent, especially at  
high molecular weights. At high molecular weights ex- 
tremely low living end concentrations have to be used. 
These are much lower than the lowest impurity levels that 
can be achieved by the best anionic polymerization tech- 
niques.16 

Ideally, ring formation is performed well below c,, or 
[LE],, since the instantaneous fraction of ring polymer 
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a minimum of six entanglements of the chain with itself. 
The first three entanglements must be of the type un- 
derpass, overpass, and underpass or its inverse. Therefore, 
only one-fourth of all sets of three consecutive entangle- 
ments would lead to knots. The other three entanglements 
on the chain are the compliments of the first three. The 
number of self-entanglements in a polymer in a 8 solvent 
can be estimated from its molecular weight and the mo- 
lecular weight between entanglements (Me) derived from 
the zero-shear recoverable ~ompliance.~~ While in the bulk, 
the entanglements of a chain are mostly with neighboring 
molecules, a fraction Mc*/Md may be self-entanglements. 
Here, p is the bulk polymer density (=l) and c* is the 
polymer concentration in the volume occupied by the coil. 
c* can be estimated to be c* = M/(NA(s2)e3/2). In the case 
of polystyrene (($)e = 7.9 X lO-'*M and Me = 18000) the 
number of self-entanglements of the chains in the 8 solvent 
is given by O . 0 O 4 W 2 .  Thus, a linear chain of M = 1 X lo6 
would have an average of four self-entanglements. 
Therefore at  M = 1 X lo6 the chance of forming a ring 
polymer with a knot is about 15%. A similar result was 
proposed p r e v i ~ u s l y . ~ ~  It was also shown that a chain in 
a good solvent is much less likely to be entangled than in 
a 8 solvent." In agreement with these estimated, we have 
not found any evidence that the ring polymers contain 
knots. Rings RlODD and R12D with R = 2 X lo5 were 
prepared in a 8 solvent and in a good solvent, respectively, 
but did not show different properties. Furthermore, the 
largest rings were prepared in a good solvent medium. 

Finally, the ring formation was performed a t  such low 
total polymer concentration that the probability for ca- 
tenation (two rings linked as in a chain) is very small. 
Catenation requires strong overlapping of a ring and a 
living polymer coil. The overlap concentration (g/mL) for 
a linear polymer in a 8 solvent will be given by c* = M /  
(NA(47/3) ( S2)e3/2), which, in the case of polystyrene, leads 
to c* = 17.8M-'/2. Because (S2)e,r is calculated to be- 
1/2(S2)e,1in26, the overlap concentration for two rings is 
estimated to be 2.8 times higher. The final total polymer 
concentration in the cyclization reaction never exceeded 
0.01 g/mL (1%) and the ring polymer concentration was 
only a fraction of this concentration. Catenated molecules 
have probably not been produced. Any such molecules are 
expected to be removed in the high molecular weight 
fractions. 

Conclusion 
It has been shown that high molecular weight ring 

polymers can be prepared by anionic polymerization 
techniques. The solubility of ring and linear polymers is 
sufficiently different that a fractionation can be performed. 
Low molecular weight linear material proved to be difficult 
to remove. The purity of ring polymers can be checked 
by GPC, when the elution volume and the width of the 
eluding band are carefully considered. Ultracentrifugation 
sedimentation can be used to analyze high molecular 
weight ring polymers. The purity of the very dilute anionic 
polymerization systems at  the point of the cyclization re- 
action seems to be the limiting factor for the preparation 
of high molecular weight rings. 

Acknowledgment. We thank Dr. S. Bywater for advice 
on the stability of living polymer solutions, Dr. Dieter 
Schulz for some stimulating discussions on the subject of 
ring polymers, and Mr. P. E. Black, who made his special 
technical skills graciously available. 

References and Notes 
(1) Fiers, W.; Sinsheimer, R. L. J. Mol. Biol. 1962, 5, 424. Dul- 

becco, R.; Vogt, M. R o c .  Natl. Acad. Sci. U.S.A. 1963,50,236. 

10-1 ,IIo-' 

l0-l- I I u 
1 

lo3 lo4 lo5 106 

Figure 7. Polystyrene concentration for equal ring formation 
and intermolecular condensation, c (eq 4), va. molecular weight 
of the polymer [e solvent: ( r 2 )  =C%(s2)! = 6 X (7.9 X 10-16M) 
(ref 2); good solvent: ( r 2 )  = (6 + 5c + c )(s2) = 6.88 X (1.66 X 
10-18i@.17) (ref 25)] and living end concentration for equal ring 
formation and intermolecular condensation, [LE],, vs. molecular 
weight of the polymer. 

formed is give by c,/(c, + c), where c is the instantaneous 
concentration. 

From Table I1 it can be seen that the yield of ring 
polymer decreases with increasing molecular weight of the 
ring. This reflects the fact that the low molecular weight 
polymers were prepared with an initial concentration (co) 
of polymer 20 times less than ceq, but high molecular 
weight rings were formed at co = ceq. 

The technique of adding small batches of two-ended 
living polymer and slowly distilling the electrophile into 
the solution leads to a decreasing yield of rings on suc- 
cessive additions. If we assume that all linear polymers 
are terminated by two Si-C1 groups and that, on addition 
of a new batch of living polymer, these groups will both 
react with living polymer, then the amount of ring polymer 
formed in the ith addition of living polymer is given by 
fco(2f - O-', where f is the average fraction of ring polymer 
formed from a batch of living polymer with initial con- 
centrations co. The overall fraction of monomeric ring 
polymer after n batches have been added is f/nC7:;(2f - 
l)i. The last term is the sum of a geometric series. This 
scheme highly simplifies what happens in the complex 
reaction mixture and probably underestimates the yield 
of monomeric ring polymers because f is expected to rise 
slowly with successive additions of linear polymer, some 
linear polymer with S-Na+ end group will be terminated 
by impurities, and some high molecular weight linear 
polymer eventually disappears from the reaction mixture 
by ring formation. The latter can be shown to occur from 
the appearance in Figure 3a of a maximum at 219 mm, the 
location expected for a ring with twice the parent polymer 
molecular weight. The important fact is that the amount 
of ring polymer formed decreases asymptotically to zero 
as the number of additions of living polymer is increased. 
Of course, the formation of very high linear polymer fa- 
cilitates the separation of the ring fraction during frac- 
tionation. 

Another point to consider is the possible formation of 
knots in the rings. In linear chains knots may always be 
disentangled, but when the chain forms a ring, knots be- 
come permanent. A knot in a polymer chain is formed by 



Macromolecules 1983, 16, 849-853 849 

Weil, R.; Vinograd, J. Ibid. 1963, 50, 730. 
(2) Cantor, C. R.; Schimmel, P. R. "Biophysical Chemistry"; W. 

H. Freeman and Co.: San Francisco, 1979; Chapter 24. 
(3) Casassa, E. F. J .  Polym. Sci., Part A 1965, 3, 605. 
(4) de Gennes, P.-G. "Scaling Concepts in Polymer Physics"; 

Cornel1 University Press: Ithaca, NY, 1979. 
(5) Semlyen, J. A. Adv. Polym. Sci. 1976, 21, 41. 
(6) Brown, J. F., Jr.; Slusarczuk, G. M. J. J. Am. Chem. SOC. 1965, 

87, 931. 
(7) Dodgson, K.; Semlyen, J. A. Polymer 1977, 18, 1265. 
(8) Dodgson, K.; Sympson, D.; Semlyen, J. A. Polymer 1978, 29, 

1285. 
(9) Chojnowski, J.; Scibiorek, M.; Kowalski, J. Makromol. Chem. 

1977, 178, 1351. 
(10) Hocker, H. Angew. Makromol. Chem. 1981, 100,87. 
(11) Hild, G.; Kohler, A.; Rempp, P. Eur. Polym. J. 1980, 16, 525. 
(12) Vollmert, B.; Jian-xian Huang Makromol. Chem. Rapid Com- 

(13) Geiser, G.; Hocker, H. Polym. Bull. 1980,2, 591; Macromole- 
mun. 1980, 1, 333; 1981, 2, 467. 

cules 1980, 13, 653. 

(14) Fetters, L. J., private communication. 
(15) Brandes, K. K.; Gerdes, R. J. J. Prakt. Chem. 1968, 37, 1. 
(16) Worsfold, D. J.; Bywater, S. Can. J. Chem. 1960, 38, 1891. 
(17) Toporowski, P. M.; Roovers, J. Macromolecules 1978,11,365. 
(18) ToDorowski. P. M.: Roovers, J. J .  Polym. Sci.. Polym. Phys. . ,  . -  

Ed;. 1980,18, 1907. 
(19) Roovers, J.; Hadiichristidis, N.; Fetters, L. J. Macromolecules 

1983, 16, 214. 
(20) Schachman, H. K. "Ultracentrifugation in Biochemistry"; Ac- 

ademic Press: New York, 1959. 
(21) Semlyen, J. A,; Wright, P. V. "Chromatography of Synthetic 

and Biological Polymers"; Epton, R., Ed.; Ellis Horwood Ltd.: 
Chichester, 1978. 

(22) Jacobson, H.; Stockmayer, W. H. J .  Chem. Phys. 1950, 18, 
1600. 

(23) Graessley, W. W. Adu. Polym. Sci. 1974, 16, 1. 
(24) Brochard, F.; de Gennes, P.-G. Macromolecules 1977,10,1157. 
(25) Roovers, J. Polymer 1979, 20, 843. 
(26) Zimm, B. H.; Stockmayer, W. H. J .  Chem. Phys. 1949, 17, 

1301. 

High Molecular Weight Linear Poly(ethy1enimine) and 
Poly (N-methylethylenimine) 

Ryuichi Tanaka,* Isao Ueoka, Yasuhiro Takaki, Kazuya Kataoka, and 
Shogo Saito 
Department of Materials Science and Technology, Graduate School of Engineering 
Sciences, Kyushu University 39, Kasuga, Fukuoka-ken, Japan 816. 
Received September 30, 1982 

ABSTRACT Linear poly(ethy1enimine) (PEI) with high molecular weight was synthesized via acid-catalyzed 
debenzoylation of poly(N-benzoylethylenimine) (PBEI), which was obtained by cationic ring-opening po- 
lymerization of 2-phenyl-2-oxazoline (POX) a t  140 "C with high monomer/initiator ratios up to lo4. The 
anhydrous PEI crystals melted a t  59-60 "C; the maximum weight-average molecular weight reached was 
estimated to be ca. 105. The presence of only a single 13C NMR peak at  6 49.4 (CDClJ rules out the possibility 
of branching in the PEI  chain. PEI was transformed into poly(N-methylethylenimine) (PMEI) by the 
Eschweiler-Clarke reductive N-methylation. 

Introduction 
It is a relatively easy task to attach a variety of organic 

groups to poly(ethy1enimine) (PEI) and endue it with some 
desired functions.' This makes PEI one of the most con- 
venient entrances to polymeric multifunctional catalysts 
or enzyme  model^.^^^ Nevertheless, the usually available 
PEI is a highly branched polymer. Characterization of 
model catalysts or study of structureactivity relationships 
in such systems is rather c~mpl ica ted .~  High molecular 
weight linear PEI, therefore, is desirable for such studies. 
In its original or chemically modified forms, it might give 
rise to some interesting chemical or physical properties 
distinct from those of highly branched PEI. 

Recently, in collaboration with us, Chatani et al. de- 
termined the crystal structures of linear PEI, its sesqui- 
hydrate, and its dihydrate. The anhydrous PEI chains 
exist as double-stranded helices (a rare case for synthetic 
polymers); moreover, it undergoes peculiar morphological 
transformations during the course of h y d r a t i ~ n . ~ , ~  Prep- 
aration of a uniaxially oriented specimen of anhydrous PEI 
for such X-ray crystallographic study became possible only 
after linear PEI of sufficiently high molecular weight had 
been synthesized. The purpose of this paper is to disclose 
the details of the synthesis, to report a few interesting 
physical properties of the PEI, and to describe its deriv- 
atization to linear poly(N-methylethylenimine) (PMEI) 
by the Eschweiler-Clarke reaction.' 

POX ph' PBEl PEI 

The conceptually simplest route to linear PEI, namely, 
cationic ring-opening polymerization of aziridine, usually 
suffers extensive branchingas Historically, the first syn- 
thesis of linear PEI was accomplished by Saegusa et al., 
who cationically polymerized 2-oxazoline or 2-methyl- 
oxazoline in dimethylformamide and hydrolyzed the 
product under alkaline conditions. To the best of our 
knowledge, the molecular weights of their crystalline PEI, 
which melted a t  58.5 OC, did not exceed 104.9J0 

In 1972, Gembitskii et al. polymerized aziridine in water 
at 0-20 "C using perchloric acid as an initiator and ob- 
tained precipitates of hydrated crystals of PEI in 5-15% 
yield." The 13C NMR of the dried PEI showed only a 
single peak, indicating the absence of branches. The 
maximum M ,  value among the fractionated PEI was 2.5 
X 104.12 The Russian group also reported X-ray, infrared, 
DTA, and TGA data but gave no detailed structural 
ana ly~ i s . ' ~ J~  

Litt et al. obtained poly(N-benzoylethylenimine) 
(PBEI), which exhibited an extraordinarily high reduced 
viscosity (qsp/c = 0.42 dm3/g; 0.5% in m-cresol), by ring- 
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