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Poly[lris(diorgaiiophosphiiialo)alaiies]

EDWARD E. FLAGG and DONALD L. SCHMIDT, The Dow Chemical 
Company, Midland, Michigan /¡SGJ+O

Synopsis
Poly[tris(diorganophosphinato)alanes], [A l(0Pltll'0)a]», were synthesized in which 

the organic moieties (R,R') contained from one to eighteen carbon atoms. Polymeric 
properties depended upon the organic moieties; polymers were fusible, tractable, and 
flexible when the organic moieties contained six or more carbon atoms. Soluble poly­
mers were prepared by using mixtures of symmetrical and unsymmetrical phosphinates. 
One polymer, poly{ bis[ra-butyl(benzyl)phosphmato]di-7i-octylphosphinatoalane J, ex­
hibited a degree of polymerization greater than 1000 and an exceptionally high intrinsic 
viscosity of 37 dl/g. The properties of the different polymers are discussed, and feasible 
structures are proposed.

INTRODUCTION

Metal phosphinates, M(0RRR'0)„,1-6 have been the subject of recent 
investigations for several reasons: (1) the phosphinato ligand is an excel­
lent bridging moiety; (2) the metal-oxygen bonds are strong and the metal 
phosphinates are often resistant to oxidation and hydrolysis; (3) the skele­
tal structures of the polymers are completely inorganic; (4) a large range of 
polymeric properties results from the dependence upon metal, M, and phos­
phorus substituents, R ; (5) the multi-coordinate metals present a variable 
number of bridging sites and often the chemistry is uniquely different from 
other polymer chemistry.

Bis(phosphinate) chemistry has been emphasized because triple-bridged 
structures were predicted for tris(phosphinates) and it was reasonable to 
assume that the resultant polymers would be insoluble, infusible, and intrac­
table. The literature6'7 supports this hypothesis, and only recently have 
tractable tris (phosphinates) of aluminum1 and chromium7 been prepared. 
Poly(phosphinato)alanes have been studied extensively in our laboratory.* 
Earlier reports concerned monophosphinates8 and bis (phosphinates) ;9 
this report describes the preparation and characterization of polyftris- 
(phosphinato)alanes]. Although there are earlier reports of polyjtris- 
(phosphinato)alanes],6'10 the restricted choice of diorganophosphinato 
ligands prevented a thorough characterization of the polymers.

* The substituted alane (A1H3) nomenclature is used for these tris(phosphinates) of 
aluminum ( II I) ;  e.g., | [CiHglCeHsCHMPCMAlKCLPlCsHn))"]) „ is poly j bis [n-butyl- 
(benzyl)phosphinatojdi-ra-octylphosphinatoalanej.

I
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2 0 U if t  2513



2 FLAGG AND SCHMIDT

Poly [tris(diorganophosphinato)alanes] were prepared by reacting ether- 
ated alane, AlH3-0.3[O(C2H5)2], or triethylalane, (C2H6)3A1, with three 
equivalents of phosphinic acid. The Bronsted acid-base

THF
3 n R . P ( 0 ) 0 H  +  n R s ' A l ------------- > {A I [ 0 P R * 0 ] , 1  „  +  3 n R ' H  ( 1 )

— 70°C

reaction [eq. (1)] was exothermic and aluminum-oxygen-phosphorus 
valence bonds formed at low temperatures. Polymerization resulted from

coordinate bonds between phosphoryl moieties (—P = 0 ) and additional

bonding sites on aluminum.

EXPERIMENTAL

All reactions were carried out in an inert atmosphere diy box or under a 
stream of dry nitrogen. Tetrahydrofuran (THF) was distilled from sodium- 
biphenyl complex and stored with the strict exclusion of oxygen and water. 
Triethylalane was purchased from Texas Alkyls, Inc. and distilled in a dry 
box before use. Etherated alane was prepared by a reported procedure.11 
With the exception of di-n-(3,3,3-trifluoropropyl)phosphinic acid, (CF3CH2- 
CH2)2P(0)0H, the phosphinic acids were prepared and purified by pre­
viously described procedures.8 R. E. Ridenour, of our laboratory, pre­
pared (CF3CH2CH2)2P(0)0H  by oxidizing the dialkylhydrogenphosphine 
oxide intermediate from the Grignard reaction of CF3CH2CH2MgBr and 
di-n-butylhydrogenphosphonate.8

A n a l . Calcd for CeHaFjOiP: C, 27.92%; H, 3.51%; P, 12.00%; eq. wt., 258. 
Found: C, 27.9.5%; H, 3.50%,; P, 12.10%; eq. wt. 267; crystalline white solid, mp
69.5-70.0°C.

An American Optical, Spencer polarized microscope was equipped with a 
Polaroid camera and Kofler hot stage. Infrared spectra, x-ray powder 
diffraction patterns, gel-permeation chromatographs, differential thermal 
analysis (DTA), and molecular weight and intrinsic viscosity determina­
tions were performed by published procedures.1'8 Thermogravimetric 
analyses (TGA) were carried out in air or nitrogen at 10°C/min.8 Elemen­
tal analyses, performed in our Analytical Laboratory, are reported in Table 
I.

Only three examples of the experimental procedures will be given be­
cause of the basic similarity of the syntheses.

Preparation of {Al[02P(C6Hi3)2]3}n,
Poly{ t ris (di -«-hexyl phosp hinato) alane}

Di-n-hexylphosphinic acid (2.5407 g, 0.01087 mole) was dissolved in THF 
(250 ml) and added to a stirred solution of etherated alane (0.003623 mole) 
in THF (500 ml) at Dry Ice temperature. Evolution of hydrogen indi­
cated a fast reaction near —70°C. The heterogeneous solution was allowed 
to warm slowly to ambient temperature (~25°C), then heated under re-
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4 FLAGG AND SCHMIDT

fluxing solvent for 16 hr. The product was collected on a filter, washed 
several times with THF, and dried under vacuum for 12 hr.

Preparation of {[(CeH^zPOaJi.sAlfOzPiCsHn^i.sh, Polyi ses- 
qui [di-/i-hexylphosphinato]sesqui[di-M-octylphosphinato]aIane j

An approximate equimolar excess (5%) of di-n-hexylphosphinic acid 
(12.150 g, 0.051S mole) and di-n-octylphosphinic acid (14.883 g, 0.0512 
mole) was dissolved in THF (500 ml). A stirred solution of etherated 
alane (0.0326 mole) in THF (~3000 ml) was cooled to —70°C and the 
acids were slowly added. After the acid addition, the heterogeneous solu­
tion was allowed to warm to ambient temperature, then heated under re­
fluxing solvent for 24 hr. A resilient, colorless film was collected on a filter, 
washed several times with THF, then dried under vacuum for 24 hr. The 
dried product formed a clear, flexible film upon molding at 50°C and 5000 
psi pressure.

Preparation of {[C^giCelLCILOPCU^AllTUPiCsHn^] }„, Polyjbis- 
[?i-butyl(benzyl)phosphinato]di-n-octylphosphinatoalane}

Etherated alane (0.00503 mole) was dissolved in THF (1200 ml) and 
cooled to — 70°C. A stoichiometric 1:2 ratio of di-n-octyl-phosphinic acid 
(1.45234 g, ~0.0050 mole) and n-butyl(benzyl)-phosphinic acid (2.12425 g, 
0.0100 mole) was added to the stirred alane solution. A clear, viscous solu­
tion was observed after warming to ambient temperature and stirring over­
night (16 hr). Samples were taken for analysis, and the remaining solution 
was heated under reflux for 4 hr. After sampling again, the polymer was 
isolated by evaporating the solvent under reduced pressure. During the 
desolvation process, the product began to form a clear, coherent film upon 
the reaction vessel wall. This solid could be redissolved before the desolva­
tion was complete by adding solvent and heating gently. The nonsolvated 
film was essentially insoluble in THF and resistant to swelling by common 
solvents. Chemical and physical analyses indicated the film was the 
desired polymer; there was no evidence for solvolysis, i.e., no solvated 
products or polytetrahydrofuran. Polymer slowly precipitated from the 
sampled solutions (2.16 mg/ml) upon standing at ambient temperature for 
8 months.

RESULTS AND DISCUSSION

The very fast reaction of alanes and phosphinic acids provides a very 
convenient method for preparing poly[tris(diorganophosphinato)alanes]. 
In this reaction, the alanes serve dual roles as Bronsted bases, i.e., proton 
acceptors, and typical Lewis acids or electron acceptors. Tetrahydrofuran 
is an excellent solvent because it is an aprotic Lewis base. The additions 
of acids to alanes are carried out near — 70°C to minimize side reactions

such as the reduction of phosphoryl (- P—=0) moieties by temporary ex-
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cesses of alanes.* Purity of reagents can not be overemphasized espe­
cially when etherated alane is used; any traces of acids or oxidizing agents 
result in significant loss of active hydride. (This is normally observed as

\  /
an insoluble, white oxo-bridged alane, Al-O-Al .) The success of the re-

/  \
actions depends upon pure active alanes; although exact stoichiometry is 
desirable in most cases, excess phosphinic acid can be used when the final 
product is insoluble in THF.

The polymeric properties of poly [ tris(diorganophosphinato)alanes { 
depend upon the organic substituents; brittle, friable polymers are ob­
tained from the phenyl moiety6 and '/(-alkyl moieties with less than six 
carbon atoms. In general, the melting points decrease and the solubilities 
increase with the alkyl chain length. Poly {tris(di-M-hexylphosphinato)- 
alanej and higher homologs (polymers IV-XI) form coherent films. 
Pressed films of polymers IV-XI are somewhat resilient ; preliminary test­
ing of mechanical properties gave a maximum per cent elongation of 6 8 % 
for polymer VI . 12

Mixtures of diorganophosphinato ligands give polymers which are lower 
melting, more flexible, and more soluble than the corresponding homo­
polymers. This is clearly illustrated by the properties of polyjsesqui|di- 
n-pentylphosphinato Jsesqui [di-n-heptylphosphinato]alane} (V) and poly- 
{tris(di-n-pentylphosphinato)-alanej (III). When the mixture contained 
unsymmetrical n-butyl(benzyl)phosphinate (VIII and IX), the solubility 
increased without a corresponding increase in flexibility. Although the 
reference to solubility implied THF, the general trend was the same for 
other solvents. The following relative solubilities were normally observed: 
THF > 50% THF-toluene > toluene > 50% THF-heptane > heptane > 
50% THF-methjdene chloride > methylene chloride. It was also observed 
that polymers VIII and IX became virtually insoluble in THF after the 
polymers were desolvated. The contrary was true for polymers X and XI, 
thus emphasizing the importance of organic moieties in determining solu­
tion properties.

The general dependency upon organic moieties reflects several factors: 
(1 ) the relative ability of the organic moieties to interact with solvents, 
thus allowing structural modifications in solution; (2 ) the effect of bulky 
groups on the extent of interchain linking; and (3) the reduction in intra­
molecular order, with subsequent reduction in overall crystallinity. The 
morphology of the polymers has not been studied in detail, but some 
correlations were observed between minor phase changes and melting points 
by DTA and polarized microscopy. The general features of the DTA 
graphs were weak endotherms at 40-100°C and 1S0-220°C, moderate 
exotherms at 225-250°C, and strong endotherms at the melting points. 
Phase changes were observed optically as local decreases or increases in 
polymer crystallinity. Some birefringence was observed above the incipi-

* Inverse addition can be used but the solubility of the acids in TFIF decreases rapidly 
as the temperature is lowered.
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ent melting point in certain cases; additional observations above the 
melting point were usually obscured by some discoloration in air. Rapid 
quenching with liquid nitrogen reduced but did not completely eliminate 
crystallinity; the samples were often more crystalline after fusion.

All of the polymers were partially crystalline on the basis of polarized 
microscopy and x-ray diffraction powder patterns. The diffraction bands 
decreased in number and sharpness as the size of the organic moieties 
increased. More bands were observed for homopolymers (I-IV, VII) than 
polymers with mixtures of phosphinato ligands. For example, polymer 
III has thirteen bands (13.5-2.90 A) but polymer V has four bands (16-
4.5 A); polymer VII has six bands (18-4.15 A) but polymer VIII has four 
(15-3.9 A). The diffraction patterns were the same before and after fusing 
the polymers.* It should be noted that the powder patterns of poly[tris- 
(di-organophosphinato)alanes] and poly [bis(di-organophosphinato)fluoro- 
alanes] are quite similar, 9 although more bands are normally observed for 
the latter polymers.

Figure 1 gives typical TGA curves for six polymers. These data are 
generally consistent with earlier work8 ' 9 where the thermal stability de­
creased with the length and weight per cent of alkyl moieties. The thermal 
stability of poly {tris(di-n-3,3,3-trifluoropropylphosphinato)alane}, II, was 
disappointing because a logical mechanism for thermal decomposition in­
volved initial chain degradation at a terminal site. A comparison of bond 
energies13 indicates that the P—C bond is thermodynamically the weakest

* The x-ray diffraction powder patterns will be submitted to the ASTM X-Ray Powder 
Diffraction File, Department of Geophysical Sciences, University of Chicago, Chicago, 
Illinois.
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of the interatomic bonds; therefore, unsaturated hydrocarbons are prob­
ably the initial thermal decomposition products. The approximate bond 
energies are E(P—C), 63 kcal; E(P—H), ~77 kcal; E(P—0) bridged, SO 
kcal; E(C—C), 82 kcal; E(C—H), ~99 kcal; E(A1—0) single, 1 0 2  kcal 
(JANAF Table); and E(P^70), 120 kcal. 13 I t should be noted that the 
relative thermal stabilities of triorganophosphine oxides, R30 = P , are 
methyl =; phenyl »  ethyl. 14

The polymers are resistant to aqueous solutions of strong acids and bases 
(<100°C), and surprisingly stable to hydrolysis by water above 100°C. 
The polymers will “dissolve” in 50% ethanol-aqueous potassium hydroxide 
upon prolonged exposure. Polymer VI gave no indication of hydrolysis 
when heated under pressure in water at 150°C for 24 hr. Although there 
must be considerable ionic character in the A1—0 bonds, the organic 
moieties apparently shield the coordinate sites from attack, and the exten­
sive phosphoryl bridging increases the energy requirements for intersphere 
coordination and replacements by attacking ligands.

Increased solubilities permitted molecular weight determinations for 
polymers VIII through XI. The results were very significant for polymers 
VIII and IX because the molecular weights exceeded 400 000 in both cases, 
and very high intrinsic viscosities were observed. Of the two polymers, 
poly {bis [«-butyl(benzyl)phosphinato ]-di-n-octylphosphinatoalane}, IX, 
was studied in more detail.* A solution of IX, containing 2.16 mg of 
polymer per milliliter of THE, gave a molecular weight of 440 000 (n~  590) 
after several hours at ambient temperature. After heating under refluxing 
solvent for 4 hr, the molecular weight increased to 460 000 («.«620). The 
same solution was stored at ambient temperature for four months, then 
subjected to additional molecular weight and intrinsic viscosity determina­
tions. The molecular weight had increased to 780 000 (««1050) and an 
unusually high intrinsic viscosity of 37 dl/g (THF, 25°C) was obtained. 
After standing another 4 months at ambient temperature, the polymer had 
partially precipitated from solution. These data give clear evidence that the 
polymer grows in solution. 1 ' 8 ’9 No molecular weight distribution was ob­
tained because the high viscosity interfered with the equilibration in the gel 
permeation chromatography columns, and further dilution prevented 
proper detection of the polymer.

The intrinsic viscosity (37 dl/g) of IX is much larger than reported values 
for other metal phosphinates and it is comparable to reported values for 
certain polyelectrolytes. 15 The viscosity of polymer VIII is of similar 
magnitude, thus suggesting that both polymers form partially rigid rodlike 
molecules in solution with large effective hydrodynamic volumes. The 
A1—O—P—O— backbones provide structural integrity; the principal role 
of alkyl moieties is to form an effective organic layer around the inorganic 
skeletal structure and to interact with the solvent.

Additional data were obtained for polymer IX when a small fraction of

This polymer was discussed briefly in an earlier communicat ion.
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etherated alane was partially hydrolyzed before acid addition.* The 
molecular weight was only 1400 (n, based on polymer only «2) before 
heating; after heating under refluxing solvent for ~72 hr, the molecular 
weight increased to 17 600 (n ~  23), clearly much lower than earlier work. 
The gel-permeation chromatograph (GPC) of this solution (1.94 mg/ml) 
indicated a broad molecular weight distribution with weak peaks near 
^400-500 and ^ 5 0  000. (The quoted values are based on precise THF- 
polystyrene calibration curves, but for these polymers the numbers must be 
considered as only rough estimates because of the geometry of the chains.)

These data strongly suggest that the partially hydrolyzed, soluble species, 
probably oxo-bridged bis(phosphinato)alanes, grow at a much slower rate 
than the normal tris(diorganophosphinato) alane molecules, and exchange 
reactions take place between polymer molecules and free acid remaining in 
solution. Despite the relatively low molecular weight, a surprisingly high 
intrinsic viscosity of 15.4 dl/g was observed for the solution.

Molecular weight determinations for polymers X and XI gave 16 400 
(??«12) and 15 800 (n « ll) ,  respectively. Although the low degrees of 
polymerization and high solubilities can be attributed to bulky ?!-octadecyl 
moieties, partial hydrolysis of alane was indicated by some opaqueness in 
the solutions, diffusion in the osmometer, and the similarity of the GPC 
curves of low molecular weight IX and polymer X. Again, a wide distri­
bution of molecular weights was observed with the strongest peaks near 
~400-500 and ~40 000-50 000.

Polymer X was prepared with no evidence for partial hydrolysis of 
alane; after heating 36 hr, the molecular weight was 38 000 (?t«29) and 
the intrinsic viscosity (THF, 25°C) was 31 dl/g. The molecular weight is 
still low in comparison with polymers VIII and IX; it is consistent with 
steric hindrance to interatomic bridging by the bulky octadecyl moieties. 
The intrinsic viscosity is surprisingly high but clearly consistent with rod­
like molecules in solution.

It is obvious that a condensation reaction is necessary for formation of 
primary A1—O—P valence bonds, i.e., the Bronsted acid-base, oxidation- 
reduction reaction of protons and hydride (or ethide) ion. This is not 
sufficient to insure the actual reaction mechanism proceeds in two distinct 
steps: the “condensation” reaction [eq. (2 )] and subsequent “addition”
polymerization by coordinate bond formation [eq (3) ]:

* The interaction involved a faulty stirring bar, but otherwise oxidizing agents and 
water were excluded.

—Al-ffO—P—O -h  Al-pO—P = i)4 ij  +  xnS ®
L / ! '"“I | J

\
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where S is a solvent molecule, normally THF. The polymer will have active 
sites for further polymerization; this will be discussed later in more detail. 
No tris(diorganophosphinato)alane monomers have been isolated and some

\
coordination bonding between phosphoryl (-—P = 0 ) moieties and alanes

/
would be expected at low temperatures. If a small amount of oligomer for­
mation is accepted during the condensat ion step, the basic two-step reaction 
sequence or “mechanism” is very probable. It is consistent with high 
molecular weights at ambient temperature despite the moderately strong 
THF-alane coordinate bonds, 8 the observed polymer growth in solution, 
and the lower molecular weights when the bulkier octadecyl moieties are 
present. It is clear from the data that the initial condensation reaction is 
fast and very important for a high degree of polymerization. Although 
condensation can take place with oxo-bridged or less reactive alanes, poly­
mer growth is slow or inhibited:

O O
\  /  S  \  /  /

At—O— A1 +  HOP — A1—O—P +  IIO—A1 (4)
/  ! \  /  /  \  \

O ()
\  S  \  S

M—X + ITO—P TIX + Al—O—P (5)
/  r \  /  / \

where X denotes OH, halogen, phosphinato moiety.
In the absence of undesirable side reactions, the data support growth by 

the addition of polymer molecules rather than polymer and monomer 
units.* Nonbridged aluminum sites are undoubtedly coordinated with 
THF , 8 and bridging requires the replacement of a THF molecule by a 

\
phosphoryl (—P = 0 ) moiety. The exact mechanism is not known, but it is

/
reasonable to assume the step is bimolecular and dependent upon the 
number of non-bridging phosphinato moieties remaining in solution.

Linear growth can be envisioned by a “tail-head” reaction at two faces; 
this reaction has low probability when the degree of polymerization is large.

* The probability of monomer units remaining in solution is very low because the 
monomer is potentially hexa-functional, i.e., A1[OP(R)jO]3 has three bridging ligands 
and three coordinating sites on aluminum. Coordination by solvent molecules does not 
change the basic functionality.
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A line representation for octahedral faces is given in eq. (6 ), where the arrow 
represents a phosphinato moiety and S represents a solvent molecule.

Several factors determine the structure and stereochemistry of the poly­
mers: (1 ) the cumulative effects of organic moiety size and the geometry
at aluminum sites; (2 ) the relative amounts of uncoordinate phosphinato 
moieties, bis (phosphinato) bridging, and tris (phosphinato) bridging; (3) 
the extent of intra-atomic (chelating) versus interatomic phosphinato 
bridging; and (4) overall polymer geometry, i.e., linear chains, two-di­
mensional layers with or without interlayer bridging, and three-dimen­
sional networks. The literature16 leaves little doubt that the site geometry 
at the phosphorus atoms will be basically tetrahedral, but aluminum can 
have tetrahedral (4-coordinate), trigonal bipyramid or tetragonal pyramid 
(5-coordinate), and octahedral (G-coordinate) site geometry. 9' 1 7 - 2 0  The 
polymeric nature of the tris(diorganosphosphinato)alanes indicates a min-

\
imum coordination of four ; if 4-coordinate, free phosphinato (—0 —P—O)

//
moieties would be twice as abundant as bridging moieties. Free phosphoryl 
moieties are not observed in the infrared spectra ( ~ 1 2 0 0  cm-1) and strong 
bands near 1130 and 1040 cm- 1  can be most readily interpreted in terms 
of symmetrical and asymmetrical modes of approximately equivalent

, 0

moieties. 2 1 ' 22 Infrared spectra will be discussed in detail in a sepa-
'  xO
rate communication. 22 The 6 -coordinate state is favored over the o-coordi- 
nate state because it will utilize all of the phosphinato bridging potential; 
the 3d orbitals are available for the stronger sphl- octahedral bonding23 which 
maximizes the coordination number without a large increase in the elec­
trostatic repulsion energy between coordinating ligands. 24

The evidence in the literature strongly supports interatomic phosphinato 
bridging in preference to intra-atomic (chelate) bridging. 1 ' 25- ' 27 If chelate 
formation was favored, chain termination would take place rapidly in solu­
tion. The fact that the polymers continue to grow in solutions with ex­
cess acid indicates that chelate formation is thermodynamically less stable 
than interatomic bridging.* With the exception of terminal moieties, 
it has been concluded that virtually all of the phosphinato moieties are 
utilized in interatomic bridging between 6 -coordinate aluminum.

Possible 6 -coordinate aluminum structures are given in Figure 2. The 
important features of structure A are out-of-plane bis (phosphinato) bridg­
ing and chelating. If the third phosphinato moiety does not bridge or 
chelate, the last site will be occupied by a solvent molecule. Likewise, if 
the third phosphinato moiety bridges after structure A is formed, a three-

* With the exception of some novel diorganotin bis(diorganophosphinates),28 no evi­
dence can be found in the literature for chelating phosphinato moieties. A clear dis­
tinction has been made between phosphinato, R (R /)P 02, and phosphinothioato, R(R')- 
PSO, or phosphindithioato, R(R')PS>, ligands.6
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in-plane double bridge, trans triple bridging between
bridging, "sheet" structure faces, linear

Fig. 2. Possible structures for poly[tris(diorganophosphinato)alanes].

dimensional network such as structure B should result. Polymers with 
structure B will tend to be brittle, insoluble, and intractable. The data 
for polymers I III and poly{tris(diphenylphosphinato)alane}6 are con­
sistent with structure B, although structure C will give similar properties. 
Structure C has the third phosphinato moiety ¿rares to the bis(phosphinato) 
bridging plane; the “sheet” network is a direct consequence of extensive 
interplane bridging. The simplest modification is less interplane bridging, 
i.e., free phosphinato moieties and intersphere solvation. Evidence pre­
sented earlier suggests that this modification is thermodynamically less 
favorable than bridging. It is obvious that a third intraplane bridge leads 
to a less crosslinked structure and ultimately to structure D. The tri­
cyclic, eight-member rings of D will be less rigid than smaller tricyclic rings. 
Structure D should be more flexible than structures B and C, but less flexible 
than structure A. Structure D is clearly consistent with solubility and 
viscosity data for polymers VIII through XI. The relatively linear poly­
mer chains should be partially rigid and rodlike in solution; the cylindrical 
structures with long pendant groups should have large effective hydro- 
dynamic volumes. Finally, the data for polymers IV through VII are 
consistent with intermediate C and D structures.

The physical and chemical properties of poly {tris [diorganosphosphinato ]- 
alanes} compare favorably with polymeric mono(diorganophosphinato)- 
alanes* and bis(diorganophosphinato)alanes.9 This reflects several im­
portant features of (phosphinato)alanes: (1) the strong tendency to form
extensively bridged, polymeric structures; (2) the use of higher coordinate

* Poly { [diorganophosphinatoldifluoroalanes) have been discussed briefly in an 
earlier report,29 a more detailed report is planned.
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states (predominantly six) especially in solids with A1—0 and A1—F bonds;
(3) the use of higher energy 3d orbitals; (4) the role of phosphorus sub­
stituents in structure modifications; and (5) the inherent difficulty in estab­
lishing structural constraints based upon the number of phosphinato 
moieties. The complexity of this alane chemistry is directly related to the 
small, highly charged A1+++ ion, and 3s, 3p, 3d hybridized orbitals. Beryl- 
lium(II) and zinc(II) phosphinates25-27 have simpler sp3 tetrahedral bond­
ing because the energy of the 3d orbitals is too high in beryllium(II) and the 
orbitals (3d10) are filled in zinc(II). Tetrahedral cobalt(II) has four paired 
and three unpaired electrons in the 3d orbitals; therefore, it utilizes sp8 
hybridized orbitals.30 Some similarities are expected between chromium(III) 
phosphinates29 and (phosphinato)alanes, but the role of the d orbitals con­
stitutes a major difference. The Cr+++ ion has a d3 configuration;10 the 
remaining 3d orbitals, the 4s and 4p orbitals are available for comparatively 
low energy, closed shell bonding (3d24s4ps) with essentially octahedral 
geometry. The basic 6-coordinate structure is fixed, although different 
stereochemical configurations are expected.

In general, (phosphinato)alanes should be more ionic and have greater 
structural complexity than the corresponding chromium(III) phosphinates; 
this report and earlier work support this conclusion.7-9

SUMMARY AND CONCLUSIONS

The properties of poly [tris(diorganophosphinato) alanes] were modified 
significantly by changing the organic moieties. Alkyl moieties with six or 
more carbon atoms gave film-forming, flexible polymers. Mixtures of 
symmetrical and unsymmetrical phosphinates gave more tractable and nor­
mally less crystalline polymers than the corresponding homopolvmers. 
Soluble polymers were prepared which exhibited high degrees of polymeriza­
tion and exceptionally high intrinsic viscosities. Solutions of poly {bis [n- 
butyl(benzy])phosphinato]di-w-octylphosphinatoalane} were studied in 
considerable detail. Polymer growth in solution was verified by deter­
mining the degree of polymerization before heating (n ~  590), after heating 
(n ~  620), and upon prolonged standing at ambient temperature (n ~ 
1050). The intrinsic viscosity of 37 dl/g was consistent with partially 
rigid, rodlike molecules in solution. Some insight into the mechanism of 
growth was obtained from reactions with partially hydrolyzed alanes. If 
stoichiometric amounts of A1—R bonds were present, primary A1—O—P 
valence bonds formed in a fast “condensation” step; this was followed by 
slower “addition” or coordinate bond-formation steps. With less reactive 
substituted alanes, the condensation step was apparently slow and revers­
ible. Supporting data were obtained from soluble polymers with octadecyl 
moieties; these data also supported the concept that steric requirements 
of organic moieties modify the structure and degree of polymerization of 
poly [tris (diorganophosphi nato) al anes ].
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Physical and chemical properties of the polymers were discussed and 
related to possible structural modifications. It was concluded that vir­
tually all of the phosphinato moieties are utilized in interatomic bridging 
between 6-coordinate, octahedral aluminum. A linear, triple-bridged struc­
ture was proposed for the soluble polymers; related bridging structures 
were proposed for the other polymers.

This work was supported in part by the Office of Naval Research. We are indebted 
to II. W. Rinn for x-ray data, Dr. R. A. Nyquist for counsel concerning infrared data,
L. E. Swim, R. B. Nunnemaker, E. T. Wagoner, A. D. Burleson, and Dr. C. D. Chow for 
analytical services. We are grateful to Dr. T. Alfrey for his valuable discussions and 
suggestions.
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Ketone-Zinc Chloride Combination as an Initiator 
of Polymerization

PRABIR K. DUTT and SANTI It. PALIT, Department of Physical
Chemistry, Indian Association for the Cultivation of Science, Jadavpur,

Calcutta, India

Synopsis
Dihydiocivekme, a inacroeyclic ketone, has been found to be a weak initiator of vinyl 

polymerization. Anhydrous zinc chloride strongly promotes this to form a novel initi­
ating system. Monomers tried successfully are methyl methacrylate, acrylonitrile and 
«-methylstyrene. The characteristic feature of polymerization of «-methylstyrene 
differs greatly from those of other monomers and those have been discussed and com­
pared.

A preliminary note1 reports that the dihydrocivetoue (DHC)-ZnCl2 

combination is a good initiator of polymerization of methyl methacrylate, 
acrylonitrile and a-methylstyrene and fails with styrene and vinyl acetate. 
This may be due to the fact that, in the case of styrene, ZuCL is insoluble in 
the monomer; and in the case of vinyl acetate, ZnCl2 probably reacts result­
ing in deacetylation of the monomer. The methyl methacrylate and acry­
lonitrile are almost the same in behavior but very different from a-meth- 
ylstyrene, and hence we report our results in two separate sections.

EX PER IM EN TA L  
Purification of Monomers

The stabilized monomers namely, methyl methacrylate, acrylonitrile, and 
a-methylstyrene, were purified by conventional methods.

Purification of Dihydrocivetone
Dihydrocivetoue is purified by repeated crystallization from methyl 

alcohol. The colorless crystalline solid, m.p. 63°C, was found to be 
peroxide-free by iodimetric methods. 2 ' 3

Treatment of Anhydrous Zinc Chloride
A. R. grade anhydrous zinc chloride has been used after heating at 300°C 

for about 15 min under vacuum.

Polymerization Procedure
Polymerization was carried out in the dark in sealed glass ampoules. 

The tubes were frozen in liquid air, degassed several times, and sealed under
15

©  1970 by John Wiley & Sons, Inc.
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vacuum, and polymerization was carried out at the desired temperature in a 
thermostatted bath. The polymerization product was extracted with 
acetone to keep the ZnCl2 in solution and then precipitated with methyl 
alcohol.

RESU LTS

Methyl Methacrylate Dihydrocivetone 
(with or without Promoters)

Of a good number of ketones tried, 4 such as, acetone, methyl ethyl 
ketone, cyclohexanone, C -ll ketone, C-12 ketone, exaltone and dihydro­
civetone (DHC) it has been found that DHC is the most active, and even 
then the yield of polymer is rather poor (Table I). [??] values (Table I) are
quite high and almost reach those obtained by thermal polymerization.

TABLE I
Polymerization of M ethyl Methacrylate in Bulk at 60°C with DHC as Initiator

[DHC], moled. Yield (in 7 hr), % M (30°C, benzene), dl/g

0.40 4 .0 5 .5
0.20 1.4
0.10 0.75
0.05 0.66 6.1

Different types of additives such as oxidants, hydrogen abstractors, 
Lewis acids, and weak bases, etc., were tried as promoters (Table II) under 
the same polymerization conditions, and only anhydrous ZnCl2 was found 
to have the desired property to a considerable extent; further work was 
therefore carried out with a combination of DHC and ZnCl2.

TABLE II
Effect of Additives in DHC-Initiated Polymerization ([DHC] = 0.40 mole/l.J

Additive Temperature, °C 1! emarks

Oxygen 60 No polymerization
Benzoyl peroxide 30 No improvement of rate
Chloramine-T 60 “
Bromine 60 “
Sulfur 60 “
Benzaldehyde 60 No polymerization
tert- Amines 60
Anhydrous A1CL 60 ((
Anhydrous ZnCU 60 Rate of polymerization 

markedly increased

Optimum Ratio of DHC and ZnCl2. It was observed that a 1:1 molar 
ratio of DHC and ZnCl2 is the best initiating system. Addition of excess 
of DHC above this 1:1 ratio has a very negligible effect on the rate. The 
rate, however, falls with excess of ZnCl2.
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TIM E IN HOURS ---- *•

Fig. J. M.MA DIIC ZnCl" system at ,r)0°C in bulk at various [Z11CI2] : (O) 0.075 mole/
].; 0.145 mole/1.; ( • )  0.29 mole/1.; (8 )  0.44 mole/1. [DHC] = 0.4 mole/1; [tj] in
dl/g.

Effect of Temperature. The optimal rate of polymerization reached at 
about 50° C; the rate is quite slow below 50° C.

Yield-Time Curves and Degree of Polymerization. The yield-time 
curves are of the following two types: (1) an autoaccelerated type (Fig. 1)
which is typical with a [DHC]/[ZnCl2] value greater than unity, and (2 ) 
a logarithmic type in which the yield tends to reach a limit (Fig. 1), and 
which occurs at [ZnCl2]/[DFlC] values greater than unity.

Intrinsic viscosities of polymer samples in benzene solution have been 
used as an indication of molecular weights. The molecular weights are on 
the high side, considering the high initiator concentration, and increase 
appreciably with time (Figs. 1 and 2). Variation of [ZnCl2] has very little 
effect on molecular weight, perhaps due to the poor chain transfer capacity 
of Z11CI2. On the other hand, an increase in [DHC ] produces a decrease in 
molecular weight, and this may be due to the transfer through the meth- 
ylenic hydrogen of DHC.

Effect of Inhibitors. Typical radical scavengers such as oxygen and 
2,2,-diphenyl-l-picryl hydrazyl inhibit the polymerization reaction. How­
ever, hydroquinone acts as an activator at low concentration, but when 
present in high concentration it inhibits very efficiently.

Effect of Solvents. Solvents in general appear to have either a retarding 
or inhibiting effect (Fig. 3). For polar solvents this may be due to the fact 
that the DHC-ZnCh complex, the real initiator, tends to dissociate in
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Fig. 2. MMA-DHC-ZnCk system at 50°C in bulk at various [ZnC'L]: (O) 0.075 mole/ 
1.; ( 9 )  0.145 mole/1.; ( • )  0.29 mole/1.; (©) 0.44 mole/1. [DUG] = 0.10 mole/1.; [17] in 
dl/g.

those solvents. Inhibition in DI\IF is attributed to the fact that DMF 
forms a stronger complex with Z11CI2 than the ketone. The retardation 
in nonpolar solvents, such as benzene, may be due to dilution effect

Endgroups and Crystallinity. No Zn, OH or Cl eiulgroup is found in 
the polymer. The polymer was ignited and the ash tested for Zn. A dye 
technique was employed to detect OH or Cl group, and the result was 
negative. 6 '6

The polymer samples were tested for crystallinity by x-ray diffraction 
and found to be totally amorphous.

Acrylonitrile-DHC ZnCl2 System
The results of polymerization are more or less similar to the case of 

methyl methacrylate but differ in one very important respect, viz., the 
polyacrylonitrile polymers obtained are insoluble in solvent (dimethyl- 
formamide, etc.).

Ketones Other Than DHC as Initiator Components
A combination of ketone and ZnCl2 in a 1:1 molar ratio is an initiator of 

polymerization. The initiating power is more pronounced with the higher 
members of the series (Fig. 4); DHC has the best initiating power among 
the ketones tried. Nevertheless, even the simplest ketone, acetone, when 
in combination with ZnCl2 can initiate the polymerization of methyl 
methacrylate.
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TIME IN HOURS *"

Fig. 3. Effect of solvents on MMA-DHC-ZnCU system at 50°C. Solvent: monomer = 
1:1 (v/v); [ZnCl2] = 0.29 mole/1.;' [DHCJ =  0.20 mole/1.

«-Methylstyrene
Yield-Time Curves. The polymerization of «-methylstyrene initiated 

by dihydrocivetone-zinc chloride system is usually characterized by an 
initial slow rate of polymerization followed by a fast polymerization almost 
of autoaccelerated nature except when both zinc chloride and dihydro- 
civetone concentrations are low. This is illustrated by a few typical 
yield-time plots as shown in Figures 5 and 6 . Y’ields as high as 30% 
are reached, after which the rates tend to level off.

Optimum Ratio of DHC and ZnCl2. The rate of polymerization in­
creases continuously with increase in ZnCl2 at a fixed concentration of di- 
hydrocivetone. On the other hand, at a fixed concentration of ZnCl2 the 
rate of polymerization increases and tends to attain a limiting value at a 
ratio of DHC:ZnCl2 (about 1:4).

Effect of Temperature. The optimum temperature of polymerization of 
this monomer (which has a ceiling temperature at 60°C) with the present 
initiator system is in the room temperature region, i.e., about 30°C. At 
low temperatures such as — 5°C, the rate of polymerization is rather slow 
and at still lower temperature there is hardly any polymerization.

Inhibition Experiments and the Role of Oxygen. The polymerization of 
a-methylstyrene is not inhibited by free-radical scavengers like 2 ,2 '-di- 
phenyl-l-picryl hydrazyl and quinone. Oxygen, however, retards the 
polymerization but cannot suppress it completely (Fig. 7).

Effect of Solvents. A large number of solvents of varied nature has been
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TIM E IN HOURS -

Fig. 4. Effect of different ketones on MMA-ketone-ZnCli system at 50°C in bulk: 
( • )  DIIC (C-17); (©) 5,5-dimethylcyclobexanedione; (O) C-14 ketone; 19) cyclohexa­
none; (9) C-12 ketone; (©) acetone. [ZnCl2] =  0.3 mole/l.; ketone concentration = 
0.3 mole/1.

Fig. 5. a-Methylstyrene-DHC-ZnCl-2 system at 30°C in bulk at various [ZnCLJ : 
(O) 0.10 mole/1; ( 9 )  0.20 mole/1.; ( • )  0.40 mole/1; (©) 0.80 mole/1. [DHCj = 0 .1 0  
mole/1.; [>;] indl/g .
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Fig. 6. a-Methylstyrene-DHC-ZnCIi system at 30°C in bulk at various DHC: 
(©) 0.05 mole/1.; (O) 0.10 mole/1.; (O) 0.20 mole/1.; (©) 0.40 mole/1. [ZnCh] =  0.80 
mole/1.; [ij] in dl/g.

tried as the medium for polymerization at a 1:1 monomer: solvent ratio 
under the same experimental conditions. The polymerization is completely 
inhibited in the presence of oxygenated solvents such as dioxane, dimethyl- 
formamide, acetone, cyclohexanone, etc. This is perhaps due to the fact 
that tertiary oxonium ions RgO + are more stable than most carbonium ions 
and this greater stability perhaps accounts partly for the inhibiting effect of 
oxygenated solvents. The inhibition or retardation by benzene, a nonpolar 
solvent, is attributed to dilution effect.

Endgroups. Endgroup analysis by the dye technique indicates that 
the polymers do not contain any chlorine endgroup.6 Testing the ash for 
zinc after igniting a polymer sample shows the polymers to be free of zinc. 
The endgroup analysis, however, indicates the presence of hydroxyl end- 
groups5 in the final polymer which are presumed to have resulted from 
the hydrolysis of the organozinc compound by moist methyl alcohol 
during the precipitation of the polymer.

Degree of Polymerization. The poly-a-methylstyrene prepared by 
this initiator system is of very low molecular weight as indicated by the low 
[??] values (Figs. 5, 6). The h] increases a little with time during poly­
merization but is not much affected by the variation of initiator concentra-

tniJQ Y itnrt'W W
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Fig. 7. Effect of oxygen on a-methylstyrene-DHC-ZnCL system at 30°C in bulk.

tions. Further, [77 ] increases, but not appreciably, if the polymerization is 
carried out at a lower temperature, say —5°C, as shown in Table III.

TABLE III
Effect of Temperature on the Degree of Polymerization 

in «-Methylstyrene Polymerization

[DHC], [ZnCbh Temperature, M
mole/1. mole/I. °C (30°C, benzene), dl/g

0.10 0.40 30 0.049
0.10 0.40 — 5 0.071

DISCUSSION

Methyl Methacrylate Polymerization

I t is known that anhydrous Z11CI2 goes into solution in ketonic solvents 
with the formation of a very weak complex of the type:
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Therefore, when anhydrous ZnCl2 is added to the system containing methyl 
methacrylate and DHG it can form complexes with both DHC or the 
carboxyl group of the monomer. The formation of a complex of Z11CI2 with 
methyl methacrylate activates the monomer to some extent.7 Since ZnCl2 
alone fails to initiate the polymerization, the possibility of a ZnCl2-monomer 
complex as the initiating species has been excluded and it is presumed that 
DHC-ZnCl2 complex is the actual initiating species.

From evidence of inhibition by radical scavengers and the observed 
ease of polymerization with methyl methacrylate one can exclude the 
possibility of any ionic mechanism. It is also difficult to draw a coordina­
tion mechanism even if a DHC-ZnCl2 complex is presumed to initiate 
polymerization, because there is no labile group here like the alkyl group in 
Ziegler-Nata catalysts.8 Again, the possibility of a radical mechanism is 
not supported by results of copolymerization studies. Polymerization of 
1:1 (v/v) methyl methacrylate and styrene with this initiator system was 
attempted. Microanalysis as well as studies of ultraviolet spectra4 
showed that the product was a homopolymer of methyl methacrylate rather 
than a copolymer of methyl methacrylate and styrene. The rate of poly­
merization was lower than that observed with methyl methacrylate alone. 
This is consistent with the effect of solvents in the methyl methacrylate 
polymerization discussed earlier.

Therefore, it is rather difficult to draw a mechanism of the observed 
polymerization on standard lines.

a-Methylstyrene Polymerization

The polymerization of a-methylstyrene with this catalyst combination, 
on the other hand, is quite different from that of methyl methacrylate. 
The most important point is that in case of methyl methacrylate DHC has a 
weak but definite initiating action and anhydrous ZnCl2 promotes this, but 
with a-methylstyrene ZnCl2 has a very feeble initiating effect, and DHC 
promotes this enormously. The experimentally observed facts lead us to 
believe that the mechanism of polymerization for a-methyl styrene is a 
cationic one, and the mechanism shown in eq. (1) is suggested:

C^v+(CD)
+ Monomer j

> C = 0  ■■ - • ZnCl> -fc > C —O -Z iiC l Cl -  (gegenion) -------------> ()■■ • ZnCl (1)

It is presumed that DHC forms a complex of the type C—0 —ZnCb on the 
surface of ZnCl2 and polymerization starts at this surface; in systems in 
which ZnCl2 is present in solution there is no polymerization because of 
absence of this interface. This is the reason why liquid ketones fail to form 
an initiator for this monomer.

The labile organozinc compound is decomposed when the polymer is 
precipitated with methyl alcohol containing acid, and this results in the 
incorporation of hydroxyl groups in the polymer and thereby rendering the 
polymer free of zinc.
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TABLE IV

«-Methylstyrene

Polymerization is not inhibited 
by radical scavengers, such as 

2 ,2 '-diphenyl-l-picrylhydrazyl, 
quinone, etc.; oxygen acts as a 
retarder.

Measurable rate of polymeriza­
tion is observed in the 
temperature range 0-50°C

Molecular weights are 
rather low ([17] = 0.05)

Polymerization is totally
inhibited by oxygenated solvents.

Combination of simple ketones (e.g., 
acetone) with ZnCL fails 
to initiate the polymerization.

Polymerization starts at the 
surface of the insoluble ZnCL 
present in the system.

No halogen endgroup is found.
Hydroxyl endgroup is incorporated 
in the final polymer.

A cationic mechanism is 
suggested.

Methyl methacrylate

Polymerization is inhibited 
by radical scavengers.

The optimum temperature for 
polymerization is 50°C

The molecular weights are 
relatively high
(M  =  1.8).

Solvents in general have either 
an inhibiting or a retarding
effect.

Simple ketones in combination 
with ZnCh initiates the 
polymerization.

In this case ZnCL is soluble 
to form a homogeneous system

There is neither hydroxyl nor 
halogen endgroup in the 
polymer.

No definite mechanism is suggested.

To conclude, the polymerization of a-methylstyrene differs fundamen­
tally from that of methyl methacrylate, the only common feature being that 
in both the instances combination of dihydrocivetone and ZnCl2 gives a good 
initiator system for polymerization. The characteristic features of poly­
merization of a-methylstyrene and methyl methacrylate with the present 
initiator system are compared in Table IV.

Thanks are due to C.S.I.R. Government of India, for financial assistance to one of 
the authors (P.K.D.).
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Effect of Degree of Nitration of Cellulose on 
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and Development Division, Agricultural Research Service, United 
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Synopsis
Consideration is given to the effect on gel-permeation chromatographic (GPC) data of 

the extent of substitution in nitrated cellulose. GPC parameters for samples containing 
13.55-13.81% nitrogen (14.14% corresponds to complete substitution, DS =  3) were 
hardly affected by this variation in substitution. Variations that were observed are 
considered to arise within the samples themselves. Experiments with low molecular 
weight organic iodides, nitrates, and hydroxyl compounds indicate longer chain lengths 
than actual; this is attributed to extensive solvation of the substituent groups. The 
very long chain lengths obtained for cellulose nitrate by the present GPC procedure may 
arise from such an affect.

IN T R O D U C T IO N

Because cellulose is insoluble in organic solvents, determination of the 
molecular weight distributions of cellulosic materials by gel-permeation 
chromatography (GPC) requires the preparation of a cellulose derivative 
which is soluble in the solvent used in the gel-permeation chromatograph. 
The derivative of choice is cellulose trinitrate;1 the solvent is tetrahydro- 
furan (THE). The polymers that have been studied by means of GPC 
are directly soluble in organic solvents without further chemical treat­
ments. However, the required esterification of cellulose introduces a factor 
which does not appear with the usual polymers. This factor is that of ex­
tent and uniformity of substitution of the hydroxyl groups of the cellulose 
chain molecule. Incomplete nitration of the cellulose molecule usually 
gives a compound which contains many polar nitrate groups and a small 
but variable number of hydroxyl groups (Fig. 1).

Complete esterification to the theoretical trinitrate stage (degree of sub­
stitution 3, 14.14% N) is the desired goal, but this is very difficult to 
achieve in practice. The cellulose trinitrate normally obtained has a de­
gree of substitution ranging between 2.79 and 2.SS (13.59-13.81% N). 
This deficiency in substitution introduces two deleterious effects in the usual 
molecular weight determinations. The first effect is that the weight of the 
anhydroglucose unit after nitration is less than the theoretical 297.14.
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The second effect concerns the extent of solute-solvent interaction between 
the incompletely nitrated cellulose chain and the solvent. This second 
effect markedly affects measurements of the intrinsic viscosity of solutions 
of cellulose trinitrate2-4 and is undoubtedly important in GPC work.

Hendrickson and Moore6 have shown that alcohol, phenol, and nitro­
benzene are eluted much sooner than would be expected because of strong 
hydrogen bonding with the solvent. This behavior of the alcohols in 
particular and the above-mentioned aspects of incompletely nitrated cellu­
lose aroused speculation concerning the possible consequences of incomplete 
nitration of cellulose upon the molecular weight distribution curves obtained 
by GPC. This paper reports the findings of a study aimed at resolving 
this question.

EXPERIMENTAL

The cellulose used in this study was a purified cotton yarn with a degree 
of polymerization (DP) of 5000 (by viscometry in cadoxen solvent). Nitra­
tion of 1-g samples and subsequent storage of the products were the same 
as described in an earlier publication.6 Variations in the degree of nitra­
tion were achieved by diluting the Alexander and Mitchell nitrating acid7 
in the manner described by Lindsley and Frank.2

Four concentrations of nitrating acid were used: 100%, 90%, 80%, and
75%. The nitrogen contents of the products, determined by a special 
semimicro Kjeldahl method of ±0.2% average accuracy,8 did not correlate 
with these concentrations, being 13.81, 13.55, 13.59, and 13.54%, respec­
tively. This trend is similar to one for similar data given by Timell.3 In 
spite of a nitrogen content of 13.54%, the cellulose nitrated by the 75% acid 
was only 88-90% soluble, an example, perhaps, of nonuniform substitution.

The values of the Q factor (molecular weight per unit Angstrom length), 
the soluble samples were adjusted in view of the different values for the 
weights of the nitrated anhydroglucose units. For 13.5% N, Q = 55.9: 
for 13.6% N, Q = 56.3; for 13.8% N, Q = 56.9. As all of the GPC 
fractionations were carried out with only the three 1-g nitrated samples, 
variations in the distribution curves and the DP data reflect, therefore, 
the range of experimental error for this technique.

The GPC instrumentation and experimental procedure were the same as 
those used earlier,1 except that an analog-to-digital converter was in­
corporated to provide a punched-tape output of GPC data. This punched 
tape was used for direct processing of data by computer; thus, all of the cal­
culations to obtain weight-average and number-average DP’s and poly- 
molecularity ratios, as well as the plots of the normalized integral and 
differential molecular weight distribution curves, were performed by com­
puter. The computer program is available on request.

The low molecular weight compounds used to test the effect of substituent 
groups on the location of peak count were all Eastman White Label grade 
and were used without further purification.
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Fig. 2. Effect of substituent, groups on location of peak count of low molecular weight 
monomeric compounds;5 numbers within the bars are peak counts.

RESULTS AND DISCUSSION

The findings reported by Hendrickson and Moore6 (Fig. 2) indicate very 
clearly that molecular weight and chain length of the monomeric compounds 
studied were not factors of importance insofar as the location of the peak 
count was concerned; compounds bearing the small hydroxyl group were 
eluted far sooner than those with the large, electronegative iodine substit­
uent. Furthermore, those compounds with a hydroxyl group at each end 
of the chain eluted still earlier than did the monohydroxy compounds. 
Findings of this sort led Hendrickson and Moore to conclude that there was 
present a very strong solute-solvent interaction (hydrogen bonding) for the 
hydroxylic compounds dissolved in THF. Because of this interaction, 
these compounds were highly solvated; they behaved in the GPC columns 
as if they were very large molecules, far larger in size than their molecular 
weights or structures would indicate. No consideration whatever is being 
given here towards relating counts with molecular weights or chain length. 
Within each series, molecular weight obviously is varying, but chain 
lengths are not differing greatly. It may well be that Benoit’s9,11’ considera­
tions of the effects of the hydrodynamic volume of the dissolved molecule 
apply to this situation, but these aspects are not within the subject area of 
the present paper.

Hendrickson and Moore6 did not include organic nitrates in their study. 
However, their data on iodobenzene, nitrobenzene, and phenol (Fig. 2) are 
highly suggestive of what might be expected of the nitrates, i.e., that they 
would also elute much sooner than their chain lengths or molecular weights 
would intimate. Experiments with ethanol and n-propanol and their io­
dide and nitrate derivatives confirm this assumption. The data presented



GPC AND CELLULOSE. I 29

MOLECULAR
WFIGHTS

O i 39.00 204.02

< C 3 no 2 38.60 123.11

< z t >oh J 3 8 . I0 94.11

CH3 CH2 CH2I 38.80 170.01
CtUCH,CH„NCU 38.42 1 105.09

c h 3 c h 2 c h 2 oh 38.22 60.09

CHj CHj I 39.23 1 155.98
GH3 GH2 N0 3 38.76 91.07

CH3 CHzOH 38.69 , 46.07
38  39  4 0

COUNTS

Fig. 3. Effect of substituent groups on location of peak count of low molecular weight 
monomeric compounds; numbers within the bars are peak counts.

in Figure 3 show that with the present set of four GPC columns (107, 1.5 X 
106, 105, and 3 X 104 A permeability limits), both the alcohols and the 
nitrates were eluted much sooner than the iodides, which are of higher 
molecular weight and larger unsolvated size. It also shows that the alco­
hols were eluted sooner than the nitrates. Because the permeability limits 
of the present columns were chosen for polymers of high molecular weight, 
the differences in elution volumes between these two types of low molecular- 
weight compounds, the alcohols and the nitrates, are not as clearly defined 
as would have been achieved by Hcndrikson and Moore, whose columns, of 
course, were chosen specifically for such compounds.

From the data in Figure 3, one might anticipate differences in peak count 
as the number of hydroxyl groups in partially nitrated cellulose is increased; 
the data also suggest that the differences in peak count between two samples 
of different degrees of substitution might be small. In partially nitrated 
celluloses, hydroxyl groups and nitrate groups are present on the same 
molecule (see Fig. 1); the effect of a few more or a few less hydroxyl groups 
may be overwhelmed by the influence of the large number of nitrate groups 
to be found within the range of 13.6-13.8% N.

One may also deduce from the data of Figure 3 that partially, as well as 
completely, nitrated cellulose may be eluting much sooner than expected 
because of high solvation of the polar groups present. The implications of 
this effect, which may be closely connected to Benoit’s9,10 observations, will 
be the subject of another paper.

Normalized chromatograms of the celluloses treated with 80-100% 
nitrating acid are presented in Figure 4; these are arranged in descending 
order of nitrogen content. Averages of locations of the peak counts also 
arranged in the same descending order in Figure 5 cannot be described as
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Fig. 4. Normalized chromatograms of nitrated cotton cellulose; (A) Id.81% N, from 

1U0% nitrating acid; (B) 13.59% N, from 80% nitrating acid; (C) 13.55% N, from 90% 
nitrating acid.

being different. The standard deviations (0.15, 0.10, 0.12) and the co­
efficients of variation (0.68, 0.44, 0.56) indicate that there are no significant 
differences or trends within the range of nitrogen contents of these samples. 
The spreads of the peak counts for each set are almost identical, and the 
maximum spread which encompasses all the peak counts for all three sets of 
curves is only 0.4 count (Fig. 6B).

Although the locations of the peak counts have been found unaffected by 
the variations in nitrogen content of the samples, one might expect nitrogen 
content to influence the distribution curves. For example, perhaps the 
chromatogram for the sample with less nitrogen (and hence more hydroxyl
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Fig. 5. Location of peak counts for samples of different nitrogen contents. Width of the 
bars indicates the number of replicates.

groups) would show a shift toward lower counts. This does not seem to be 
borne out by the curves in Figure 4, at least not with the present range of 
nitrogen content. Superposition of curves A, B, and C of Figure 4 results 
in the envelope shown in Figure (IB. Most of the envelope, particularly the 
portion on the low-count side, is actually developed by the nine curves (Fig. 
6.4) from the sample with the highest nitrogen content, 13.81% (also shown 
in Fig. 4A). One can hardly say, then, that increased hydroxyl content on 
the less highly substituted samples caused any shift toward lower counts.

These findings confirm the conclusions of Bennett and Timell,11 who re­
ported on the effect of the degree of substitution on the precipitation frac­
tionation of cellulose nitrates. These workers prepared eight nitrates 
(nitrogen contents of 13.52, 13.64, 13.70, 13.76, 13.82, 13.86, 13.94, and 
14.14%) and subjected their acetone solutions to fractional precipitation 
(diluents: acetone-water, acetone-hexane). The resulting integral DP
distribution curves obtained from viscometric data showed that the chain- 
length distributions of the partially nitrated samples were almost identical 
with that obtained with the completely nitrated product. From this came 
the conclusion that the influence of the nonuniformity on distribution
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Fig. 6. Variations in the spread of the chromatograms: (A) normalized chromato­
grams for sample with 13.81 %  N; (B) envel >pe of all chromatograms of Fig. 4. Num­
bers adjacent to the curves give the amount of spread in terms of counts.

results is negligible provided the average nitrogen content is not below 
13.5%.

The sample of cotton treated with 75% nitrating acid, containing 13.54% 
N, was only 88-90% soluble in THF. Such behavior (high substitution but 
limited solubility in the solvent) can be attributed to nonuniform substitu­
tion;12 this is not at all uncommon in the preparation of cellulose esters and 
ethers, particularly in heterogeneous reactions such as that of nitration.12’13 
However, the chromatograms of the soluble portion of this sample (Fig. 7) 
might be considered surprising in that no shifts of the distribution curves 
relative to those of the first three samples can be detected. The implica­
tions of this “partial solution fractionation” of the bulk sample prior to the 
GPC separation could well be the subject of further investigations on the 
fine structure of cellulose.

Statistical analysis of the weight-average and number-average DP data 
(Table I) for these samples indicates that these data were not highly affected 
by the variations within the present range of nitration. Only in one case 
did the t test indicate a difference at the 5% level, a difference which was of
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Fig. 7. Normalized chromatograms of nitrated cotton cellulose of 13.54% %  N (from  75%
nitrating acid).

borderline significance. This occurs with the two samples of 13.81% and 
13.59% nitrogen contents. At the risk, perhaps, of reading into these data 
more than may be truly present, one could consider the higher DP values of 
the latter samples to be a reflection of a higher hydroxyl content. A high 
hydroxyl content would afford more sites for increased solvation of the 
molecule, which then would appear to be larger than it really is. Com­
parison of the normalized chromatograms, of course, did not disclose any­
thing like this.

The low variability in the data for the sample of 13.59% N content 
strongly suggests fairly uniform substitution along the cellulose molecule. 
Because of the much greater variability in the data for the sample of 
13.55% N, one could conclude that a less uniform substitution is present 
there. This latter conclusion seems valid if one considers that the sample 
treated with 75% nitrating acid contains 13.54% N and was only 88-90% 
soluble in THF. Uniformity of substitution may play a role, then, in the 
GPC. In general, however, what may be extensive solvation of the cellu­
lose nitrate molecule by THF may account for what seems to be very long 
molecular chains found by the present GPC procedure in cellulosic materials. 
Because this solvation effect or solute-solvent interaction is of real im­
portance for cellulose studies, and in view of the findings of Benoit and co­
workers9'10 concerning a universal calibration for GPC, further studies are 
being conducted along these lines. The results of these studies will be the 
subject of the second paper in this series.

CONCLUSIONS

The locations of peak counts in the chromatograms of nitrates cotton 
cellulose with nitrogen contents ranging from 13.55% to 13.81% are not
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significantly different. The relatively narrow spread of the chromatograms 
obtained with these samples suggests that the indicated differential molecu­
lar weight distribution of the cellulose is hardly affected by variations in 
nitrogen content within this range of substitution. The same is true of the 
average DP data calculated from the chromatograms.

Variations that are observed are considered to be variations arising from 
within the samples, reflecting, perhaps, some degree of non-uniformity in 
substitution.

Experiments with low molecular weight organic iodides, nitrates, and 
hydroxy compounds point to the probability that the cellulose nitrate 
molecule may be extensively solvated by THE. This may account for the 
indications of very long, molecular chain lengths in cellulosic materials by 
the present GPC procedure. Further studies of this factor are in progress.

The authors wish to acknowledge the contributions of J. D. Tallant and E. V. I (’Arc­
angelo, Biometrical Services, who carried out the statistical analysis of the data, and
G. 1. Pittman who made the drawings for the figures.

Use of a company or product name by the Department does not imply approval or 
recommendation of the product to the exclusion of others which may also be suitable.
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Thermal Degradation of Poly (vinyl Chloride). 
I. Structural Effects in the Initiation and 

Decomposition Chain Lengths

V. P. GUPTA and L. E. ST. PIERRE, Department of Chemistry, 
McGill University, Montreal, Canada

Synopsis
Four poly(vinyl chloride) samples containing different structural irregularities were 

thermally decomposed. The rates of HC1 evolution were compared to the rates of radi­
cal generation in the samples. Orders of stabilities related to the structural entities for 
the initiation of decomposition and for the chain lengths of HC1 evolution were estab­
lished.

INTRODUCTION

Poly (vinyl chloride) has been an important commercial polymer for more 
than forty years and, as a consequence, it has been the subject of a vast 
amount of research aimed at the complete spectrum of synthesis, structure, 
and property problems. Among these problems, a prime area of investiga­
tion has been that of thermal stability. Poly (vinyl chloride) exhibits a 
Tg of SUC,1 and during processing, and often in use, it is subjected to ele­
vated temperatures which cause it to undergo a chemical degradation. 
The degradation is a complex one which has been extensively discussed2-9 
and which can generally be described as a dehydrohalogenation which is 
accompanied by the formation of a series of conjugated double bonds. 
These absorb in the visible light range and thus the degraded material can 
be highly coloured.

Two aspects of the decomposition are important to the contents of this 
paper. The first is that the dehydrohalogenation is a chain reaction4 and 
the second that the initiation of the chains has been shown to be associated 
with the presence of “structural defects” in the polymer. These defects 
have been variously identified as endgroups,4'10-12 branches,10 olefins, and 
oxygenated segments.13'14 The difficulties of positively identifying and 
quantitatively measuring small numbers of such groups in a macromolecule 
are obvious. Consequently, recent work has been directed toward the 
identification of the primary degradation steps by the utilization of model 
compounds.

Asahina and Onozuka15 have studied the rates of decomposition of a series 
of low molecular weight alkyl chlorides which they consider to represent all 
of the possible structural variations that can be present in poly (vinyl 
chloride). They have established the rate constants and the energetics for
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the degradation of each of these compounds. If their data are accepted as 
being representative of the behavior of the macromolecule, the rates and 
energetics of initiation are now defined, and the primary problem which 
confronts us has to do with the chain lengths of the dehydrohalogenation 
chains which begin at these structural irregularities. The present study is 
directed to this end.

We have synthesized copolymers which contain the structures studied by 
Asahina and Onozuka and have then degraded them in the core of an ESR 
machine. By simultaneously following the rates of dehydrohalogenation 
and radical generation, we have established the degradation chain lengths 
which are associated with each type of structural irregularity.

EXPERIMENTAL 

Materials and Preparation

Four types of poly(vinyl chloride) were used in the current study. They 
are designated PVC-A, PVC-B, PVC-C, and PVC-D.

PVC-A. PVC-A was a commercial sample supplied by Shawinigan 
Chemicals Limited. The vinyl chloride monomer was polymerized by 
using benzoyl peroxide as an initiator at 50°C. The polymer was isolated 
by drying the reaction mixture under nitrogen gas. Before using the 
sample in degradation studies, it was shaken and washed with methanol, 
filtered, and dried in a vacuum desiccator.

This sample contained no additives and was used in powder form.
PVC-B. PVC-B was a linear syndiotactic polymer prepared at low 

temperature, with the use of triisobutylboron as an initiator. To prepare 
it, a Pyrex ampoule was connected to a vacuum line and a calculated 
amount of vinyl chloride was distilled into it under vacuum. After dis­
tillation of the monomer, the ampoule was disconnected from the system, 
cooled in a Dry Ice-methanol mixture, swept with helium, and the desired 
amount of initiator was added. A small amount of air was also introduced 
in order to accelerate the polymerization reaction. Finally, the ampoule 
was sealed and kept at ~  —43°C for 9.5 days.

The polymer was isolated by pouring the reaction mixture into ice-cold 
methanol. It was then filtered, washed, and dried in a vacuum desiccator. 
The yield was 6 %.

The purification of the sample was done by swelling the polymer in 1,2- 
dichloroethane and precipitating it with petroleum ether. After a second 
precipitation it was dried in a vacuum desiccator.

Polyvinyl chloride prepared by this method has been shown to be more 
linear and syndiotactic than the sample prepared at 50 °C by benzoyl 
peroxide, 16 i.e., PVC-A. The ratio of syndiotactic to isotactic units in the 
polymers is given by the ratio of absorbance at 635 cm- 1  to that at 692 
cm- 1  in the infrared spectra. 16 These ratios were calculated for PVC-A 
and PVC-B and are given in Table I. These ratios suggest that the latter 
is more crystalline than PVC-A. 16
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PVC-C. PVC-C was a poly(vinyl chloride) sample having a tertiary 
hydrogen.

This group was introduced by copolymerizing vinyl chloride with 1- 
chloropropene.

The methods of preparation, isolation, and purification were the same as 
for PVC-B. The ampoule was kept at —43°C for 21.5 days and the yield 
was 2%. The structural defect introduced is shown in structure I.

H

—CH2—CHC1—CHC1—CHj—
I

C I T

I

PVC-D. PVC-D was a poly(vinyl chloride) having tertiary chlorine 
atoms and was prepared by copolymerizing vinyl chloride with 2-chloro- 
propene.

The methods of polymerization, isolation, and purification were the same 
as mentioned for PVC-B and PVC-C. The reaction mixture was kept at 
— 43°C for 16.5 days and the yield was again 2%. Based on the litera­
ture,17 structure II is to be expected.

Cl
I

—CH2—CHC1—CH2—CH2—CHC1—
I

C H S

I I

The sequence lengths of the monomers in the copolymer C and D were 
calculated according to the method of Goldfinger et al.18 and are shown in 
Table I along with other properties of the systems studied.

ESR and HC1 Measurements

The ESR measurements were performed on a standard Varian model 4500 
EPR spectrometer. The powdered polymer samples were placed in a tube 
and heated inside the cavity of the instrument. The samples were de­
graded in a nitrogen stream whioh also acted as a carrier gas for HC1 
generated from the polymer. The exit gas, carrying the HC1, was then 
bubbled through conductivity water contained in a conductivity cell. 
Conductivity measurements were made at 25°C on an Industrial Instru­
ment RC-18 conductivity bridge and were used to define the rate of the HC1 
evolution.

In order to get a uniform packing of the sample in the tube, the polymer 
was first heated, for a very short time, above the glass transition tempera­
ture and then cooled to room temperature. The sample temperature was 
then increased to the desired decomposition temperature. The spin forma­
tion and HC1 generation were determined by the ESR signal of the instru­
ment and conductivity measurement respectively.



T H E R M A L  DEGRADATION OF PVC. I 41

Thermogravimetric Measurement
Thermogravimetric measurements were performed on a Cahn electro­

balance, Model RG. These measurements were made at reduced pressure 
in a stream of pure nitrogen at a heating rate of 5°C/min. The sample 
weight was recorded on a 1-mv L and N recorder. The temperatures 
were measured by using a chromal-alumel thermocouple placed near the 
sample pan.

A correction for the weight in reduced pressure and weight in air was 
applied.

The thermogravimetric measurements of all the samples were carried out 
under identical conditions (heating rate, flow of nitrogen, etc.).

R ESU LTS  AND DISCUSSION
The thermograms from the decomposition of all four polymers 

studied are shown in Figure 1. From the shapes of the curves, it is appar­
ent that the branched species C and D are considerably less stable than the 
linear polymer B or the slightly branched (one branch every 400 units20) 
commercial sample A. The enhanced rate for the tertiary chlorine copoly­
mer D is in agreement with the observations of Asahina and Onozuka16 

(Table II). Using model compounds, they observed tertiary chlorides to

Fig. 1. Relative thermal stability of poly(vinyl chloride) samples by dynamic thermo­
gravimetry: (O) PVC-A; (O)PVC-B; (A) PVC-C; (0) PVC-D,
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TABLE II
Activation Energies for the Dehydrohalogenation of Model Compounds“ 

Compound E a, kcal/mole

2-Chloropropane 42.4
2,4-DichIoropentane 69.9
2-.Methyl-2“chloropropane 41.6

“ Data of Asahina and Onozuka.15

u n d e r g o  m o r e  r a p i d  t h e r m a l  d e g r a d a t i o n  t h a n  t h e  s e c o n d a r y  a n d  t o  e x h i b i t  
a n  a c t i v a t i o n  e n e r g y  f o r  d e g r a d a t i o n  o f  a b o u t  3 0  k c a l  ' m o l e  l e s s  t h a n  t h a t  
f o r  t h e  s e c o n d a r y  s t r u c t u r e s .

T h i s  t h e r m o d y n a m i c  s t a b i l i t y  c o m p a r i s o n ,  w h i l e  u s e f u l ,  d o e s  n o t  s h e d  a  
g r e a t  d e a l  o f  l i g h t  o n  ( h e  d e g r a d a t i o n  w h e n  o n e  c o n s i d e r s  t h e  c o m p l e x i t y  o f  
t h e  p r o c e s s e s  i n v o l v e d  i n  t h e  p o l y m e r  b r e a k d o w n .  S i m p l e  H C 1  e v o l u t i o n  
r a t e s  g i v e  l i t t l e  i n f o r m a t i o n  c o n c e r n i n g  t h e  r a t e s  o f  i n i t i a t i o n  a n d  t e r m i n a ­
t i o n  o f  d e g r a d a t i o n  a n d  n o  i n f o r m a t i o n  w h a t s o e v e r  o n  t h e  c h a i n  l e n g t h s  f o r  
t h e  H C 1  e j e c t i o n .  A  m o r e  c o m p l e t e  u n d e r s t a n d i n g  i s  p o s s i b l e  i f  t h e  n u m b e r  
o f  p r o p a g a t i n g  c h a i n s  i s  m o n i t o r e d  d u r i n g  t h e  c o u r s e  o f  t h e  H C 1  e v o l u t i o n .  
A c c o r d i n g l y ,  i s o t h e r m a l  m e a s u r e m e n t s  w e r e  m a d e  w h e r e  t h e  t o t a l  H C 1  
e v o l u t i o n  a n d  t h e  E S R  s i g n a l  o n  t h e  d e c o m p o s i n g  s a m p l e  w e r e  m e a s u r e d  
s i m u l t a n e o u s l y .  T h e s e  r e s u l t s  a r e  s h o w n  i n  F i g u r e s  2  a n d  3 .

Fig. 2. IICl evolution with time at 224°C: (O) PVC-A; (O) PVC-B; (A) PVC-C;
(0) PVC-D.
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Fig. 3. Spin generation with time at 224°C: (O) PVC-A; (O) PVC-B; (A) PVC-C;
(0) PVC-D.

In every case both the rates of HC1 evolution and the rates of spin genera­
tion underwent a slow initial phase, followed by a rapid first order degrada­
tion and then a leveling off where no further reaction was evident. It is 
interesting to note that the spin concentration increases throughout the 
degradation and then persists, thus bringing into question termination 
mechanisms based solely on radical coupling. 9 Indeed, in the present 
treatment, we see no alternative but to assume that some terminations 
occur when a radical on the polymer chain ends up at some structural point, 
such as a crosslink, which does not allow a continued propagation and the 
radical then persists in its immobilized matrix.

Since the rates of spin generation parallel the rates of HC1 evolution over 
the major portion of the decomposition, comparison between them can be 
made at any time or degree of degradation. The data in Table III are the 
rates when 10% of the theoretical HC1 had evolved. The temperature 
coefficients of the rates, at this same degree of degradation, were used in 
calculating activation energies. (A more detailed kinetic analysis will 
appear in a following paper.)

The rates of HC1 evolution and spin concentration increase are shown in 
Table III and the activation energies associated with these rates are given 
in Table IV.

Two activation energies were compared to the model compound data,
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TABLE IV
Activation Energies for the Dehydrohalogenation 

of Poly(vinyl Chloride) Samples

E a (HC1), E a (spin),
Sample kcal/mole kcal/mole

PVC-A 26 ±  1 56 ±  13
PVC-B 61 ±  5 107 ±  8“
PVC-C 29 ± 3  61 ±  3
PVC-D 16 ±  4 34 ±  1

“ The unduly high E„ (spin) for PVC-B is thought to be related to crystal melting 
iu the decomposition temperature range.

A'„(HCI) the activation energy for HC1 evolution and Ea (spin), that for 
spin generation.

The activation energies for the overall degradation, — rf(HCl)/df, are, as 
one would expect, lower for all structures than are those for spin generation 
which would be associated with the initiation step. The values are also 
below the values on the model compounds and the tertiary-halogen-con­
taining polymer, PVC-U, exhibits an exceedingly low £’„(HC1), about half 
of that for the others.

On the other hand, the energetics of spin generation, d(spin)/df, which 
are thought to be associated with the initiation of decomposition, were 
higher than those of the model compounds with one exception, PVC-D. 
This compound, which contains tertiary halogen groups exhibited the 
lowest Ea for spin generation and, while the value is somewhat lower than 
that observed for the tertiary halogen containing model compound, there is 
a consistency in that both are very low compared to the classical PVC struc­
tures. The very high value for the linear polymer further points to branch 
points as the source of degradation initiation.

Additional insight to the total decomposition process can be obtained by 
taking the ratio, over the linear portion once again, of —d(HCl)/df, to 
d(spin)/dL The result yields d(HCl)/d (spin) which, when considered in 
the usual steady-state manner, is a measure of the relative chain lengths of 
the propagation step in the degradations. Table III illustrates these 
comparisons and from it several firm conclusions can be drawn.

Since the manner of preparation of polymers B, C, and D were identical, 
endgroup effects can be discounted, and one can assume that the polymer 
structures differ only in relation to the entities introduced by inclusion of 
comonomers and the regular branching observed in polymers such as PVC- 
A. On this basis it is seen that measurable decomposition commences at 
lower temperatures in polymers having the larger number of branch points 
and the most rapidly decomposing species, at the low temperature, is that 
containing the tertiary chlorine. Furthermore, the rapidity of the HC1 
evolution in that system is associated with the higher number of chains 
rather than the length of the chains. At 22d°C (Table V) the branched 
polymers are markedly less stable than the linear in terms of their rates of
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TABLE V
Rates of Degradation at 224°C

PVC-A PVC-B PVC-C PVC-D

-  ¡/m u n /f/o  x to8, 197.9 57.9 916.6 468.0
m ole/g/sec 

f/i.-pin) '<(1 X ID12, 25.1 4.3 233.2 210.3
m ole/g/sec 

Chain length v X It)-* 7.8 lit .4 3.9 2 2
d(\\C\) /dC
(¿'spin).'(//_

HC1 evolution, and the instability is agaii associated with (lie number of 
propagating chains rather than the chain lengths. The ratios of decomposi­
tion rates and chain lengths, </(HCl)/f/ (spin) are given in Table VI.

TABLE VI

Polymer Structure —d(\\C\)/dl  ¿(spinf/rli d(HCl)/c/(spin)

PVC-A Regular 1 1 1
PVC-B Linear 0.29 0.17 1.7
PVC-C Tertiary II 4 .6 9.3 0.49
PVC-D Tertiary Cl 2.3 8.4 0.28

Thus, despite the difference in their E a (spin), the instabilities of PVC-C 
and PVC-D, as measured by —d (HCl)/c//, are both due to high initiation 
rates, which in turn are related to the structural elements in the polymers. 
However, should the stability be measured in terms of chain length of the 
HC1 evolution, it is also clear that the least stable polymer, once initiation 
has occurred, is the linear PVC-B.

Returning to the branched polymers, one can analyze them for an order 
of stability related to the types of branches present. Commercial PVC’s 
will probably have both tertiary hydrogen and tertiary chlorine, but the 
relative amounts are difficult to define. However, in the PVC-C and the 
PVC-D polymers, even though both types of defect may be present, the 
predominant species are the tertiary hydrogen and tertiary chlorine respec­
tively.

Table VII compares their behavior at the two lower temperatures 
studied. At 1SS.5°C the PVC-D is decomposing more than twice as fast 
as PVC-C because it has a very large number of propagating chains. The 
efficiency of propagation of the tertiary hydrogen containing species is, 
however, almost four times that of the tertiary halogen polymer. Thus, 
while the PVC-D is actually the more unstable at 188°C, l he higher chain 
length shows PVC-C to be potentially worse, since it would perform very 
badly if it contained impurity fragments initiating decomposition. This 
particular point is manifested most markedly in the comparison of the 
decomposition rates at 20G°C. Here the number of propagating chains
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Bates of Degradation at 188.5 and 206°C

188.5°C 206°C

C D C D

~<LHei: dt x  nr, 95.2 215.2 458.3 262.8
mole/g sec

ft (spin!/(ft X 1012, 1 .4 11.7 13.0 54.4
m ole/g/sec

Chain length (r) X 1U 4 65.6 18.3 35.2 4 .8
d(UC\)/dl 
ft (spin)/(ft

has now increased in both polymers, but the greater chain length in PVC-C 
results in its rate of decomposition being now twice that of the PVC-D.

It is apparent from their behavior that while the tertiary halogen pro­
vides more facile initiation of degradation, it also provides a more rapid 
termination. The former aspect is undesirable and the latter beneficial in 
terms of overall stability.

CONCLUSIONS

Three factors are important in establishing the stability of poly(vinyl 
chloride): The rate of chain initiation, the length of the resultant chain,
and the rate of termination. By measuring the spin concentrations in four 
polymers of defined structure while simultaneously measuring decomposi­
tion rate, the following general statements relating structures to stabilities 
can be made.

Branching in PVC’s results in both rapid initiation and termination.
Among the branch types, tertiary halogens initiate and terminate more 

rapidly than tertiary hydrogens (smaller chain lengths).
Linear polymers do not initiate chains easily but, having been initiated, 

they have exceedingly long chain lengths for their decompositions.
The chain lengths for HC1 evolution, based on the relative rates of 

generation of HC1 to residual spins, are one to two orders of magnitude 
greater than those previously reported. 21 These values arc undoubtedly 
higher than the actual chain lengths but can be expected to reflect relative 
stabilities among the polymers studied.

We wish to acknowledge the National Research Council of Canada for its support of 
this work; also, Dr. R. Lanthier of Shawinigan Chemicals Limited for kindly supplying 
the samples required for this study.
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Molecular Weight Distributions in Radiation- 
Induced Polymerization. III. 7-Ray-Induced 

Polymerization of Styrene at Low Temperatures

ROBERT Y. M.. HUANG and JOHN F. WESTLAKE, Department of 
Chemical Engineering, University of Waterloo, Waterloo, Ontario, Canada

Synopsis
The kinetics of the ^-radiation-induced polymerization of styrene was studied at radi­

ation intensifies of 8 X 104, 2.4 X 105, 3.1. X 105, and 8.3 X 105 rad /hr over a temperature 
range of — 10°C to 30°C. The water content of the irradiated samples varied from 
1.0 X 10”3 to 7.5 X 10 ~3 mole/1. The power dependence of the rate of polymerization 
on the dose rate at — 10°C varied from 0.53 to 0.71 as the water content of the sample 
varied from 7.5 X 10~3 to 1.0 X 10~3 mole/1. A value of 3.1 kcal/mole was determined 
for the overall activation energy. Molecular weight distribution studies by gel-permea­
tion chromatography indicated the presence of two distinct peaks. The contribution of 
each peak was dependent on specific experimental parameters. Kinetic data and molecu­
lar weight distribution data indicate the coexistence of two propagating species. Analy­
sis of the data strongly suggests that a free-radical mechanism and a cationic mechanism 
are involved.

INTRODUCTION

The radiation-induced polymerization of vinyl monomers, in particular 
styrene, has been the subject of numerous experimental investigations 
during the last two decades. During this period considerable data were 
amassed which supported the theory that the radiation-induced polymeriza­
tion of liquid styrene proceeded via a free-radical mechanism. However, 
several recent studies by Okamura et al. 1 and Metz et al. 5,6 indicated that 
if styrene was exhaustively purified and dried before irradiation, the sub­
sequent polymerization gave strong indications of proceeding by a cationic 
mechanism, even at high temperatures. Okamura et al. 2 reported that, at 
16°C. a water concentration of approximately 1-2 X 10~ 3 mole/1. sup­
pressed the ionic mechanism to a large degree. In a preliminary commu­
nication from this laboratory 7 the coexistence of free-radical and cationic 
reaction mechanisms in the 7 -ray-induced polymerization of styrene in a 
transition region of water concentration (approximately 2 X 10~ 3 mole/1.) 
was reported. The existence of two reaction mechanisms gave rise to a bi­
modal molecular weight distribution of the polystyrene.

The present series of studies is concerned with the kinetics and the 
molecular weight distributions of the 7 -ray-induced polymerization of vinyl
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monomers in the liquid and solid states. In previous papers7 - 9  the poly­
merization kinetics and the molecular weight distributions ol the 7 -ray- 
induced polymerization of styrene in the liquid state over a temperature 
range of 0-50°C were reported. The purpose of the present study is to 
conduct similar investigations at lower temperatures in both the liquid and 
solid states and to determine the effect of water concentration on the poly­
merization kinetics and the resulting molecular weight distributions.

EXPERIMENTAL

Materials

Monomer. Styrene (Eastman Organic Chemicals) was washed three 
times with 6 % sodium hydroxide solution and three times with distilled 
water to remove the inhibitor, then dried over anhydrous calcium chloride 
for one day in a refrigerator. The styrene was distilled at 30—10°C and 
13-10 mm Hg absolute pressure. The middle fraction was tested for the 
presence of polystyrene and then stored in a refrigerator until used in the 
preparation of ampoules for irradiation (within 16 hr).

Methanol. (ACS grade, Fisher Scientific Company) containing the 
free-radical inhibitor hydroquinone (purified, Fisher Scientific Company) 
was used for the precipitation of polystyrene from the reaction mixture 
after irradiation.

Polystyrene Standards. Eleven standard monodisperse (Mw M„ =
1.04-1.20) polystyrene samples with molecular weights of 900, 2100, 4800, 
10 300,19 S00, 51 000, 97 200, 16 X 104, 41.1 X 104, 80 X 104, and IS X 10’ 
were obtained from the Pressure Chemical Company of Pittsburgh, 
Pennsylvania, and used for the calibration of the gel-permeation chromato­
graph.

Equipment

Radiation Facility. The irradiation source used in the present study 
was a Gammacell 220 “ Co 7 -ray irradiation facility, designed and built 
by the Commercial Products Division, Atomic Energy of Canada Limited, 
Ottawa, Ontario. By using a series of lead attenuators, four radiation 
intensities ranging from 7.4 X 104 to 8.5 X 1 O’ rad/hr are obtainable in 
the sample chamber.

Temperature Control. Ampoules containing the reaction mixture were 
maintained at the desired temperature during irradiation by placing them 
in a reaction cell through which the coolant (methanol) was circulated. 
Temperature control was maintained by using a Lauda UKS0DW Ultra 
Kryostat, Model 1907. Temperature in the cell was monitored by using 
a sensitive thermistor detector. The temperature in the cell for all runs 
was maintained to within ±0.05°C of the desired value.

Monomer Purity Analysis. An analysis of monomer purity was made 
on one ampoule from each set of runs. The monomer was analyzed for
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water content and organic impurities on a Hewlett Packard 5754B gas 
chromatograph. The concentration of water in the sample was determined 
by temperature-programming the sample from 100°C to 225°C on a 4-ft 
column (Porapak Q) with the use of a thermal conductivity detector at 
250°C. Organic impurities were determined by temperature program­
ming the sample from 30°C to 250°C on a (i foot column (TJC-W98) using a 
flame ionization detector. Monomer purity ranged from 99.82 to 99.86% 
and the water content of the sample varied from 1.0 X 10~3 to 7.5 X 10~3 
mole/1.

Gel-Permeation Chromatography. The molecular weight distribution 
of the product polystyrene was determined by using gel-permeation 
chromatography. A Waters GPC unit, Model 200, fitted with four ana­
lytical columns of designated size 107, 105, 104, and 10:i A° was used. 
Tetraliydrofuran (Fisher Certified ACS Grade) was used as the eluting 
solvent. The flow rate was maintained at 1.0 ml/min and the oven 
temperature was kept at 25 ± 0.5°C. Sample injection time was 60 sec, 
corresponding to a sample injection of 1.0 ml. The effect of sample con­
centration was corrected for using the method proposed by Cantow.10 
Calibration with the eleven standard samples followed the universal cali­
bration concept proposed by Boni,11 assuming the effective separation 
parameter to be the equivalent, hydrodynamic volume.

Procedure
The polymerizations were carried out in 10-ml glass ampoules. Ap­

proximately 300 ml of previously distilled styrene was degassed by suc­
cessive freeze-thaw cycles while under continuous pumping. Four or five 
cycles were sufficient to degas the monomer, which was then placed under a 
nitrogen atmosphere. The monomer was transferred to a filling vessel 
and the individual ampoules (also under a nitrogen atmosphere) were 
filled. The ampoules were flame-sealed under vacuum at a pressure of 
10 ~3 mm Hg. The weight of each sample was determined gravimetrically 
and the ampoules were then stored at — 30°C until irradiated. Irradia­
tions were conducted at the desired dose rate and temperature for time 
intervals such that the conversion for most samples was less than 5%. 
Following irradiation the contents of the ampoule were precipitated in a 
50-60-fold excess of rapidly stirred methanol containing hydroquinone. 
The precipitated polystyrene was filtered on sintered glass Gooch crucibles 
containing #42 Whatman filter paper and then dried to constant weight at 
58-60°C in a vacuum oven. The per cent conversion was determined 
gravimetrically. Polymerization runs were carried out at —10, 0, 15, and 
30°C. Runs at — 10°C were performed at radiation dose rates of 7.5 X 
104, 2.4 X 105, 3.1 X 105, and 8.3 X 105 rad/hr. Runs at 0, 15, and 30°C 
were conducted at a radiation dose rate of 8.2 X 105 rad/hr. The maxi­
mum reaction time for various runs ranged from 5 to 37 Vs hr, depending 
on the dose rate and temperature.

Tire molecular weights and the molecular weight distribution were de­
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termined by gel-permeation chromatography. In order to ensure that the 
distribution obtained was representative of the molecular distribution of 
the polymer formed, the entire sample was dissolved in THF. An aliquot 
was then taken and diluted to give a 0.25 wt-% solution. Sample in­
jection time was 60 sec, corresponding to 1.0 ml of polymer solution. The 
number-average (Mn) and weight-average (MJ) molecular weights were 
calculated from the gel-permeation chromatogram and calibration data 
according to the method recommended by Waters. Correction for im­
perfect resolution was made by using the Hcrmite polynomial expansion 
method of Tung.12

RESULTS

Experimental data for the per cent polymerization versus reaction time 
at — 10°C for various dose rate and water concentrations are plotted in 
Figures 1-3. In most cases the per cent conversion was maintained below 
5% to avoid the Trommsdorff effect. The polymerization rates calculated 
from the kinetic data (method of least squares) indicate that the rate of 
polymerization is dependent upon the water content of the irradiated 
sample, and that this dependency increases as the dose rate increases. 
Figure 4 illustrates the polymerization rate dependence upon reaction 
temperature. The overall activation energy calculated from an Arrhenius 
plot of polymerization rate versus 1/7’ was 3.1 kcal/mole. This value lies 
between the values obtained for purely ionic and purely free-radical 
polymerization (see Table I). Another interesting result is the variation

Fig. 1. Kinetic data, conversion vs. reaction time: (1) dose rate 0.842 Mrad/hr, slope
0.421%/hr; (g) 0.318 Mrad/hr, 0.236%/hr; (3) 0.240 Mrad/hr, slope 0.165%/hr; (4) 
0.075 Mrad/hr, slope 0.078%/hr. Water content 1.0 X 10-a mole/1.; temperature 
-10 .0°C .
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Fig. 2. Kinetic data, conversion vs. reaction time: (1 ) dose rate 0.833 Mrad/hr, slope
0.323%/hr; (3) 0.314 Mrad/hr, 0.176%, hr; (S) 0.244 Mrad/hr, 0.138%/hr; (4)0.075 
Mrad/hr, 0.067%/hr. Water content 2.5 X 10_3mole/l.; tem perature—10.0°C.

REACT ION T IM E  ( HOURS)

Fig. 3. Kinetic data, conversion vs. reaction time: (1 ) dose rate 0.824 Mrad/hr, slope
0.218%/hr; (3) 0.311 Mrad/hr, 0.144%/hr; (S) 0.241 Mrad/hr, 0.135%/hr; (4)0.074  
Mrad/hr, 0.061 % hr. Water content 7.5 X 10_3mole/l.; temperature —10.0°C.

of the dependence of the rate of polymerization upon dose rate with the 
water content of the sample. The data of Table II show that the 
polymerization rate dependence on dose rate increases from 0.53 at a water 
concentration of 7.5 X 10-3 mole, i. to 0.71 at a water concentration of
1.0 X 10 ~3 mole/1.
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Fig. 4. Kinetic data, conversion vs. reaction time: '(./) -+-30.0°C, slope 1.031%/hr;
(2) +15.0°C , 0.574%/hr; (S) 0°C, 0.345%/hr; (4) -10 .0°C , 0.214%/hr. Water con­
tent 5.2 X 10-3 mole/1.; dose rate 0.815 Mrad/hr.

By far the most interesting aspect of the results obtained is the effect 
of temperature, conversion, dose rate, and water concentration on the 
molecular weight distributions.

Figure 5 depicts the effect of polymerization temperature on the molec­
ular weight distribution. Related results at different experimental con­
ditions have been reported in a previous communication.7 The molecular 
weight distribution of the sample polymerized at 30°C (curve 1) is uni- 
modal and quite narrow. However, as the polymerization temperature is

TABLE I
Overall Activation Energy of y-Ray-Induced Polymerization of Styrene

Overall activation 
energy, keal /mole

Polymerization
mechanism Investigator

7. 15 Free-radical Ballantine et al.13
(Corrected value by Chapiro16)

6 .0 -6 ,3 Free-radical Huang et al.8
3. 1 Free-radical and 

cationic
Present work

-—'0 Cationic Okamura et al.2
Small negative value Cationic Metz et al.6

TABLE II
Dependence of Polymerization Hate on Dose Hate

Water concentration, mole/1. Power dependence (.Rv « I ")

7.5 X 10 “3 0.53
2 .5 X 10“3 0.66
1.0 X 10“3 0.71
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Fig. 5. GPC Chromatogram, effect of temperature on the molecular weight distribution: 
(1) + 3 0 .0°C, 4.98% conversion; (2) +15.0°C , 5.47%; (S) 0.0°C, 5.30%; (4) -10 .0 °C , 
4 .5 9 //. Water content 5.2 X 1<)-3 mole/1.; dose rate 0.815 Mrad/hr.

decreased, the distribution broadens (15°C), and a second peak (hereafter 
referred to as the secondary peak) appears in the distribution (0°C) and 
contributes significantly to the overall distribution at — 10°C. Thus a de­
crease in the polymerization temperature from 30°C to — 10°C has resulted 
in changing the molecular weight distribution from a relatively narrow, 
unimodal distribution to a broad, bimodal distribution. The values of 
M n, Mw, and Mw/M n for the temperature studies conducted at a dose rate 
of S.2 X 10“ rad/hr and a water concentration of 5.2 X 10-3 mole/1. are 
presented in Table III. The values obtained at 30°C are in good agree-

TABLE III
Molecular Weight and Molecular Weight Distribution Data 

at Radiation Dose Rate 8.15 X 105 rad/hr.

Polymerization
temperature,

°C
Conversion,

0/ M w M n M J M n

30.0 1 . 15 54 500 30 400 1 .79
2.36 49 500 26 200 1.89
3.56 49 000 25 600 1 .91
4.98 44 000 23 600 1 .86

15.0 1.49 41 400 17 600 2.36
2.52 36 600 17 100 2.14
3.81 36 300 16 300 2.23
5.30 36 800 15 500 2.38

0.0 1.69 36 100 13 400 2.69
3.34 35 900 11 900 3.03
4.59 32 800 10 200 3.21
6.32 33 400 10 400 3.23

- 1 0 .0 1 .29 27 000 9 400 2.86
3.02 31 000 8 500 3.62
4.28 28 600 7 200 3.96
5.47 28 400 6 900 4.15
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Fig. 6. GPC chromatogram, effect of per cent conversion on the molecular weight 
distribution at — 10°C: (1) 1.36% conversion; (2) 2.52%; (3) 5.29%. Dose rate,
0.318 Mrad/hr; water content 1.0 X 10_3mole/l.; temperature — 10.0°C.

ment with previously reported values for the radiation-induced free- 
radical polymerization of styrene.8 An overall shift of the molecular weight 
distribution in the direction of decreasing molecular weight with decreasing 
temperature (Fig. 5) is reflected by a decrease in the values of Mw and 
M n. This decrease becomes less apparent as the temperature decreases be­
cause of distribution broadening and the subsequent appearance of a 
second, high molecular weight peak in addition to the primary (original) 
peak. Also, the value of the polvdispersity ratio (Mw/M„) increases con­
siderably as the polymerization temperature decreases. This is a result 
of distribution broadening caused by the appearance of the secondary peak.

The effect of the second variable, conversion, on the molecular weight 
distribution is illustrated in Figure 6. Three features of this graph are 
worth noting. For the bimodal distributions, the contribution of the sec­
ondary peak to the overall molecular weight distribution increases as the 
sample conversion increases. The position of the secondary peak remains 
essentially constant as conversion increases. On the other hand, the 
primary peak shifts in the direction of decreasing molecular weight. Figure 
7 illustrates the effect of dose rate on the molecular weight distribution: 
For the lowest dose rate (curve 4), the molecular weight distribution is 
unimodal. As the dose rate increases the secondary peak appears and be­
comes predominant at the highest dose rate (curve 1). Note also that both 
peaks shift as the dose rate increases. The secondary peak shifts in the 
direction of increasing molecular weight and the primary peak shifts in the 
direction of decreasing molecular weight.

The effect of the water content of the sample on the molecular weight 
distribution is perhaps the most interesting. This is illustrated in Figure
8. Two aspects of this graph are noteworthy. In the case of the bimodal 
distribution, the amount that each peak contributes to the overall molecular
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Fig. 7. GPC chromatogram, effect of dose rate on the molecular weight distribution 
at — 10°C: (1 ) dose rate 0.833 Mrad/hr, 2.27% conversion; (2) 0.314 Mrad/hr,
1.97%; (8) 0.244 Mrad/hr, 2.38%; (4) 0.075 Mrad/hr, 2.16%. Water content 2.5 X 
10 ~3 mole/1.

Fig. 8. GPC chromatogram, effect of water concentration on the molecular weight 
distribution at —10°C: (?) water concentration 1.0 X 10“3 mole/1., 3.75% conversion;
(*) 2.5 X 10~3 mole/1., 3.04%; (S) 7.5 X 10"3 mole/1., 3.04%. Dose rate 0.314 MradJ 
hr; temperature — 10.0°C.

weight distribution is determined, to a large degree, by the water content of 
the sample. The second interesting feature is that both peaks shift in the 
direction of decreasing molecular weight as the water content of the sample 
is increased.

DISCUSSION

The results presented in the preceding section cannot be explained in 
terms of an exclusively free-radical mechanism. The power dependence of 
the polymerization rate upon the dose rate, the magnitude of the activation 
energy, and in particular the molecular weight distributions strongly in­
dicate the presence of two distinct reaction mechanisms. In a recent
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publication, Okamura et al.2 reported that a water concentration of ap­
proximately 1-2 X 10~3 mole/1. was sufficient to suppress any ionic contri­
bution to the polymerization mechanism at 16°C. Therefore, the radia­
tion-induced polymerization of styrene proceeds by a free-radical mech­
anism in a “wet” system and a cationic mechanism in a “dry” system. 
The present study was conducted at — 10°C with water concentrations 
ranging from 1.0 X 10-3 to 7.5 X 10_3 mole/1. It is plausible that the 
experimental conditions of the present study, where the styrene monomer 
purity lies between the wet and dry systems, would lead to a polymeriza­
tion process in which both a free-radical and an ionic mechanism (specifi­
cally a cationic mechanism) are operative simultaneously. The discussion 
to follow supports this postulate.

The experimentally determined value for the overall activation energy,
3.1 kcal/mole, is approximately half of those previously reported for the 
free-radical polymerization of styrene. Recent studies of styrene poly­
merization in a dry system via a cationic mechanism indicate that the over­
all activation energy for this process is approximately 0 kcal/mole (see 
Table I). An intermediate value would suggest that polymerization by 
both mechanisms is occurring. The variation in the dependence of the 
polymerization rate on dose rate (Table II) can readily be explained in 
terms of the above postulate. For radiation-induced cationic polymeriza­
tion in dry systems, the dependence of the polymerization rate on the dose 
rate has been reported to be 1.0 for samples of high purity samples and de­
creases to values near 0.5 for “ultra pure and dry” samples.2-4’614 It is 
also well known that the polymerization rate for the radiation-induced free- 
radical polymerization of styrene in a wet system exhibits the classical 0.5- 
power dependence on the dose rate. In the present study the sample 
purity lies between the wet and dry, high purity regions, and hence the ex­
perimentally determined values for the polymerization rate-dose rate power 
dependence which lie between 0.5 (free-radical mechanism) and 1.0 (cat­
ionic mechanism) could be attributed to the co-existence of two propagat­
ing species. The data of Figures 1-3 indicate that the rate of polymeriza­
tion increase as the water content of the sample decreases. This effect 
has been observed for cationic polymerization in a dry system2-5'6 and sug­
gests that, in our system, one of the propagating species is ionic in nature. 
As mentioned previously, it has been reported by Okamura et al.2 that 
the reaction mechanism becomes predominantly free-radical if the water 
concentration is increased above a value of approximately 1-2 X 10-3 
mole/1. This explains the reduction in the polymerization rates and the 
approach of the polymerization rate-dose rate power dependence to a value 
of 0.5 as the water content of the sample increases from 1.0 X 10~3 to
7.5 X 10-3 mole/1.

Additional evidence for the hypothesis of two propagating species may 
be found by examining the effect of temperature, conversion, dose rate and 
water concentration on the molecular weight distributions. In the follow­
ing discussion, an attempt will be made to attribute each peak of the bi­
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modal distributions to a specific reaction mechanism by analyzing the effect 
of the previously mentioned variables on the molecular weight distribu­
tions.

Figure 5 illustrates the effect of reaction temperature on the molecular 
weight distribution. The secondary peak begins to contribute to the 
molecular weight distribution as the polymerization temperature decreases, 
becoming quite prominent at 0°C. Since a cationic mechanism is favored 
at lower temperatures, the secondary peak is tentatively attributed to a 
cationic mechanism and the primary peak to a free-radical mechanism. 
The secondary peak does not contribute significantly to the molecular 
weight distribution at 15°G (curve 2), but it is quite prominent at 0°C* 
(curve 3). This increase in the proportion of cationic polymerization at 
0°C could be the result of a decrease in the ‘effective’ inhibitor concentra­
tion of the sample due to partial ‘freezing out’ of the water. Considering 
now the two curves for which the secondary peak is reasonably prominent 
(curves 3 and 4), it is evident that, as the polymerization temperature in­
creases, the primary peak shifts considerably in the direction of increasing 
molecular weight while the secondary peak does so only to a small degree. 
The kinetics of free-radical polymerization predict an increase in the num­
ber-average molecular weight with increasing temperature, while ex­
perimentally determined values2'14 of M n and Mv for the radiation-induced 
cationic polymerization of styrene indicate a slight decrease in molecular 
weight with increasing temperature. It is felt that the tentative peak- 
reaction mechanism assignment is still valid. The preceding evidence, 
however, is somewhat inconclusive.

It is apparent from Figure 6 that the secondary peak becomes more pre­
dominant as conversion increases. This can be explained if the secondary 
peak is attributed to a cationic mechanism. In the early stages of poly­
merization, the growing cationic chains may be terminated by small 
amounts of water present in the sample. However, the inhibitor con­
centration decreases with time due to continued freezing out of the water, 
and hence the amount of cationic polymerization increases with increasing 
conversion. Figure 6 illustrates another interesting point. The position 
of the secondary peak remains constant as conversion increases. Okamura 
et, al.2 have reported that the molecular weight is independent of conversion 
for the cationic polymerization of styrene. On the other hand, the pri­
mary peak shifts slightly in the direction of decreasing molecular weight. 
This is in agreement with the molecular weight distribution theory of free- 
radical polymerization.16 Although it is experimentally impossible to re­
solve completely the two contributing peaks of the bimodal distributions, 
it has been established that the secondary peak is insensitive to changes in 
conversion, and as shown later, relatively insensitive to dose rate. There­
fore, a calculation of the average peak molecular weight for the secondary 
peak of all reasonably developed bimodal distributions is of considerable 
interest. The average peak molecular weight was 58 000 with a standard 
deviation of 5700. Since the number-average molecular weight Mn is
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somewhat lower than this value, the present results agree reasonably well 
with the values of approximately 47 000 for Mn obtained by Okamura et 
al.2 and also with the viscosity-average molecular weights M„ of approxi­
mately 75 000 determined by Metz et al.6

Figure 7 shows the effect of dose rate on the molecular weight distribu­
tion. The secondary peak becomes more predominant as the dose rate in­
creases. If the polymerization process is proceeding via two reaction 
mechanisms, as postulated, the mechanism having the higher dose rate de­
pendence will become more prominent with increasing dose rate. Since 
the polymerization rate-dose rate dependence of free-radical and cationic 
polymerizations are 0.5 and 1.0, respectively (for our system), it is con­
cluded that the secondary peak is the result of cationic polymerization. 
Curves 1, 2, and 3 indicate a shift of the secondary peak in the direction 
of increasing molecular weight with increasing dose rate while the reverse is 
true of the primary peak. The latter observation is consistent with free- 
radical kinetics.16 For cationic polymerization, Okamura et al.2 reported 
a slight increase in molecular weight with increasing dose rate which is 
consistent with the present results. The molecular weight data of Potter14 
at 0°C agree with these findings.

Consider now the effect of the fourth variable, water concentration, on 
the molecular weight distribution. Figure 8 illustrates that the amount 
that each peak contributes to the overall molecular weight distribution is a 
strong function of the water concentration, especially at high dose rates.7 
The contribution of the secondary peak increases substantially as the water 
concentration decreases from 7.5 X 10_s to 1.0 X 10-3 mole/1. This in­
crease in the amount of cationic polymerization with decreasing water con­
tent coincides with the findings of Okamura et al.1'2 and Metz et al.6'6J4 
for the polymerization of liquid styrene.

The preceding discussions present strong evidence for the postulate of 
the coexistence of two propagating species, one free-radical and the other 
cationic. It is apparent from consideration of the experimental parameters 
involved and the results of other workers that the water content of the 
sample is the key factor responsible for this occurrence. Since ionic and 
free radical polymerizations occur in “dry” and “wet” systems, respec­
tively, the present results strongly indicate the existence of a transition 
region (with respect to water concentration) in which a novel combina­
tion of polymerization mechanisms occurs. In a previous paper it was re­
ported that the value of the polydispersity ratio for the free-radical poly­
merization of styrene over a temperature range of 0°C to 50°C was 1.80- 
2.00.8 At that time the high polydispersity ratios were thought to be a re­
sult of chain transfer to monomer, termination by disproportionation, 
graft copolymerization, or chain branching. In view of the present results, 
however, it is felt that the high ratios resulted from a slight broadening 
of the molecular weight distribution due to a small contribution of ionic 
polymerization in addition to the free-radical polymerization.

The GPC data presented in this paper indicate that the molecular weight
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distribution is a very sensitive indicator for the effect of various experi­
mental parameters such as dose rate, temperature, conversion and water 
concentration on the reaction kinetics. Thus, the study of the molecular 
weight distribution of the polymerization products provides valuable in­
formation with regard to the reaction mechanism, or mechanisms, in­
volved.

Financial support from the Commercial Products Division, Atomic Energy of Canada 
Ltd. is gratefully acknowledged.

References
1. K. Ueno, K. Ilayashi, and S. Okamura, .7. Polym. Sei. B, 3, 363 (1905).
2. K. Ueno, K. Hayashi, and S. Okamura, Polymer, 7,431 (1966).
3. K. Ueno, F. Williams, K. Hayashi, and S. Okamura, Trans. Faraday Soc., 03,1478  

(1967).
4. K. Ueno, K. Ilayashi, and S. Okamura, Polymer, 7 , 451 (1966).
5. R. C. Potter, C. L. Johnson, D. J. Metz, and R. II. Bretton, ./. Polyin. Sei. A -l ,  

4,419 (1960).
6. It. C. Potter, It. H. Bretton, and D. J. Metz, J . Polym. Sei. A -l ,  4, 2295 (1956).
7. It. Y. M. Huang and J. F. Westlake, J. Polym. Sei. B, 7, 713 (1969).
8. It. Y. M. Huang, J. F. Westlake, and S. C. Shanna, J. Polym. Sei. A - l ,  7, 1729 

(1969).
9. It. Y. M. Huang and P. Chandramouli, J . Polym. Sei. B, 7, 245 (1969).

10. M. J. It. Cantow, R. S. Porter, and J. F. Johnson, J . Polym. Sei. B, 4 , 707 (1966).
11. K. A. Boni, F. A. Sliemers, and P. B. Stickney, J . Polym. Sei. A-2, 6, 1579 (1968).
12. L. H. Tung, J . Appl. Polym. Sei., 10,375 (1966).
13. D. S. Ballantine, P. Colombo, A. Glines, and B. Manowitz, Chem. Eng. Progr. 

Sympos. Ser., 50,267 (1954).
14. R. C. Potter, Ph.D. Thesis, Yale University, New Haven, Conn., 1966.
15. C. H. Bamford, W. G. Barb, A. D. Jenkins, and P. F. Onyon, The Kinetics of Vinyl 

Polymerization by Radical Mechanisms, Butterworths, London, 1958, Chap. 7.
16. A. Chapiro, Radiation Chemistry of Polymeric Systems, Interscience, New York 

1962.

Received June 20, 1969 
Revised July 24,1969



JOURNAL OK POLYMER SCIENCE: PART A-l VOL. 8, 63-66 (1970)

Synthesis oi’ a Spirobenzolhiazoline Polymer 
and its Thermal Rearrangement to a 

Polydihydrobenzothiazine

J. M. AUGE and W. .1. WRAS1DLO, U. S. Naval Ordnance 
Laboratory, While Oak, Silver Spring, Maryland 20910

Synopsis
The reaction of 3,3'-dimercaplobenzidine with 1,4-cyclohexanedione leads to a solu­

ble, high molecular weight, spirobenzothiazoline polymer. Above 2U0°C the spirolinks 
of this polymer rearrange into a ladder structure leading to a polydihydrobenzothiazine.

The synthesis of benzothiazolines by reacting o-aminothiophenols with 
ketones lias been described in the literature.1-3 We have reported the 
preparation and characterization of two stereoisomers of hexahydropheno- 
thiazine.4-6 Hackmack and Krastinat7 reported that one of the isomers of 
hexahydrophenothiazine (II) can also be obtained by a thermal rearrange­
ment of 2,2-spiropentamethylenebenzothiazoline (1). The reaction takes 
place as shown in eq. (1).

Adapting this route and using bifunctional reagents, we prepared a 
spirobenzothiazoline polymer and its thermally rearranged product, a 
polydihydrobenzothiazine.

RESULTS AND DISCUSSIONS

The reaction of 1,4-cyclohexanedione with 3,3'-dimercaptobenzidine 
dihydrochloride leads to a high molecular weight polymer (III) (ijinh = 
1.01 dl/g), as shown in eq (2).

n

O)

©  1970 by John Wiley &  Sous, Inc
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The feasibility of this reaction was first studied on model compounds 
IV and V.

Both model compounds were obtained in near-quantitative yields. I he 
infrared spectra of IV and V were different and could not be matched with 
that of polymer III. However, all bands found in the spectrum of the 
polymer were also present in one or the other model compound. Polymer 
III undergoes thermal rearrangement from a spiro to a ladder structure 
(probably through the formation of a nonclassical sulfonium ion), as shown 
ineq. (3).

The rate of conversion was followed in the infrared by the disappearance 
of a NH band at 3200 cm-1, which is characteristic for the spiro structure, 
and by the appearance of a band at 3340 cm-1 in the spectrum of the ladder 
structure. Periodic infrared examination of a 1-mil thick polymer film 
after heat treatment under reduced pressure showed that rearrangement was 
complete after 71/ 2 hr at 200°C or after 3 min at 250°C.

The thermal decomposition temperature of polymer VI, determined by 
thermogravimetric analysis (TGA) in vacuum at a heating rate of 5°C/ 
min, was 3o0°C. The TGA curve for the spiro polymer (III) was, as ex­
pected, identical to that of polymer VI, since rearrangement took place 
during the heat-up period prior to decomposition. Polymer VI exhibited 
a glass transition* at 210°C. An attempt to measure the glass transition 
for polymer III gave erratic results. Apparently some thermal rearrange­
ment occurs prior to attainment of the glass transition temperature. Both 
polymers were readily soluble in aprotic solvents, such as dimethyl acetam­
ide (DMAC), pyridine, or dimethyl sulfoxide. Films of both polymers 
were very sensitive to a combination of light and oxygen and upon exposure 
to it, the films changed their color from light yellow to purple within min­

* Determined by dielectric loss measurements of polymer film in vacuum at a heating
rate of 5°C/min. The relatively low glass transition of polymer VI is due to the chain-
ilexibilizing cycloaliphatic portion of the ladder structure.
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utes. When stored in the dark in pure oxygen or in nitrogen in the presence 
of light, the films remained unchanged. No change was observed in the 
infrared spectrum during the darkening of exposed films, and it seems that 
coloration is due to minor localized photo-oxidation leading to the formation 
of some quinoid structures.

EXPERIMENTAL 

Model Compounds

Bis(2,2,-pentamethyIene-spiro-benzothiazoline), IV. A mixture of 0.5 g 
(1.6 mmole) of 3,3'-dimercaptobenzidine dihydrochloride, 1.2 g (10 mmole) 
of cyclohexanone, 2 ml of pyridine, and 20 ml of ethanol were refluxed 
under nitrogen for %  hr. The solution was poured into 10 ml of water 
and the precipitate was filtered, dried, and redissolved in 5 ml of benzene. 
Reprecipitation from hexane gave 0.634 g (89% of theory), mp 203-206°C.

A n a l . Calcd for C24H28N2S2: C, 70.54%; H, 6.91%; N, 6.85%; S, 15.69%- 
Found: C, 70.52%; H, 6.95%; N, 6.84%; S, 15.62%.

l",4"-Dispiro-cyclohexane-6,6,-bis(benzothiazoline), V. A solution of 
2.40 g (0.02 mole) of o-aminothiophenol and 1.12 g (0.01 mole) of 1,4- 
cyclohexanedione in 25 ml of ethanol was refluxed for 45 min. The pre­
cipitated white solid was filtered, washed with ethanol, and dried. The 
yield was 3.13 g (98% of theory), mp 245-247°C (lit.1 mp, 243°C).

Polymerization

Poly- [2,2,-(l",4'/-dispiro-cyclohexane)-6,6'-bis(benzothiazoIine)], III.
A mixture of 0.867 g (0.003 mole) of 3,3'-dimercaptobenzidine, 0.336 g 
(0.003 mole) of 1,4-cyclohexanedione and 8.4 ml of DM Ac was stirred at 
ambient temperature for 1 hr. To the highly viscous solution was then 
added 0.3 ml of pyridine and stirring was continued for one additional hour. 
The polymer was precipitated and washed with deoxygenated ethanol in a 
Waring Blendor. The inherent viscosity of a 0.5% DMAc solution was
1.01 dl/g. Films of the polymer were cast from a 10% DMAc solution.

A n a l . Calcd for  C18H16N 2S2: C, 66.63%; H, 4.97%; N, 8.63%; S, 19.76%. 
Found: C, 66.48%; H, 5.05%; N,8.70% ; S, 19.94%.

Ladder Polymer. Conversion of III to the ladder structure VI, poly- 
7, 7 '-[l",4"-dihydro (2,3H) benzothiazino (2',3'-b) hexahydro (1,2,3,4H)- 
phenothiazine], was accomplished by heating 1-mil films either for 71/* hr 
at 200°C or for 3 min at 250°C under reduced pressure.

A n a l . Calcd: same as for III. Found: C, 65.60%; H, 4.90%; N, 8.12%; 
S, 19.20%.
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Vinyl Polymerization with Fe(III)-Tliiourea as 
Initiator System. Part II. Kinetics: Predominant 

Primary Radical Termination*

B. M. (MAX DAL, U. S. XAXDI, and S. R. PALIT, Department of Physical 
Chemistry, Indian Association for the Cultivation of Science, Jadavpur,

Calcutta 32, India,

Synopsis
The rate of polymerization R,, of methyl methacrylate initiated by Fe(C104)3 and 

thiourea (TU) in ¿erf-butyl alcohol is independent of [Fe(III)] and [TU] in the concen­
tration range studied. In contrast to R,„ the degree of polymerization DP changes 
markedly with the change in the initiator concentration. DP is overwhelmingly lower 
than is expected in a standard radical polymerization at the same Rp. Further, Rp is 
proportional to the square of the monomer concentration. Initiation efficiency is less 
than one. Independent experiments proved that in the azobisisobutyronitrile-initiated 
polymerization the Rp and DP are negligibly affected by [Fe(C104)3] or [TU], though 
high [TU] brings about high induction periods. The results of Fe(III)-TU-ini(iated  
polymerization have been interpreted in terms of the predominant termination of 
polymer radicals by primary radicals.

INTRODUCTION

In Part I we discussed the general features of the Fe(III)-TU-initiated 
polymerization reaction and the kinetics of the Fe(C104)3 and thiourea (TU) 
reaction.1 For the kinetic study of the polymerization reaction, the 
homogeneous polymerization of methyl methacrylate (MMA) in ferf-butyl 
alcohol (TBA) with the use of the Fe(C1 0 4 )3-TU initiator system was 
selected for the reasons mentioned in Part I. In a short communication2 
the salient features of this reaction have been reported.

EXPERIMENTAL

The preparation and purification of materials and experimental tech­
niques were described in Part I.1 All polymerization experiments were 
carried out with the use of I'e(( ,'1(),()3 solution from the same stock. Stock 
solutions of Fe(C104)3 in TBA were prepared (the strength being determined 
by gravimetry), allowed to stand for about 15 days at room temperature, 
and then stored in a refrigerator. With such stock solutions about 10% 
variation in rates was noted after more than 3 months.

* Presented in part at (he International Symposium of Macromolecular Chemistry, 
Tokyo Kyoto, Japan, I960.
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Isolation and Purification of Polymers
The polymer solution was poured into acidified methanol (4-5 drops of 

concentrated HC1 in about 100 ml of methanol) to remove the adsorbed 
Fe(III) from the polymer. The precipitated polymer was washed with 
methanol and dried at 45 °C for about 20 hr.

Degree of Polymerization
The degree of polymerization (DP) was determined viscometrically from 

[17] in benzene solution at 30°C by using the relation : 3

[7 7 ] =  8.69 X 1 0 -5 M n°-n  

RESULTS AND DISCUSSION
Effect of TU or Fe(C104)3 in the Radical Polymerization of MMA

An essential prerequisite to the quantitative study of the FeClO^s-TU- 
initiated polymerization is a knowledge of the extent to which TU or Fe- 
(0 1 0 4 ) 3  affects the radical polymerization reaction.

Table I and Figure 1 show that TU, when present in an azobisisobutvro- 
nitrile (AIBN)-initiated polymerization system, brings about unusually 
high induction periods almost proportional to its concentration. Following 
the induction period the rate of polymerization R„ is almost the same as that 
of the control without TU. Also, the polymers formed in the absence or 
presence of TU have almost the same intrinsic viscosity. Table I also in­
cludes the inhibitor concentrations as calculated from the induction period 
and the rate of initiation. This calculation was based on the assumption 
that a molecule of inhibitor is consumed by every polymer radical. The 
value of the rate of initiation 7i, necessary for the calculation was obtained 
fromeq. (1 ):

Rt = 2/MAIBN] (1)
where/ is the efficiency of initiation, and kd is the rate constant for the first- 
order decomposition of AIBN. The value of f  was taken4 as 0.5, and kd is
5.2 X 10- 7  sec- 1  at 40°C, as computed from the equation given by Talat- 
Erben and By water. 6 On the average, the calculated inhibitor concentra­
tion amounts to 0.48 mole-% of TU. The reason for such inhibition is

TABLE I
Effect of TU in AIBN-Catalyzed Polymerization of MMA“

[TU],
mole/I.
X 1 0 2

Induction
period,

hr
RP X 105, 
mole/l.-sec

M ,
dl/g

Inhibitor 
concn, calculated 
from induction 
period, mole/I.

X 1 0 5

0 Negligible 2.58 1.93 —
0.5 1.5 2.58 1.93 2.64
1.5 4 .0 2.54 1.96 7 .0
3.0 7.75 2.50 1.98 13.6

* [MMA] = 3.92 mole/h; [AIBN] =  1 X 10 _2mole/l.; 40°C.



VINYL POLYMERIZATION WITH Fe(Ill)-TH IO U R EA  INITIATOR. II 69

Fig. 1. Inhibition of MMA polymerization by TU: (I) [TU] =  0; (g) [TU] = 5
mmole/1.; (3) 15 mmole/1.; {/,) 30 mmole/1. [MMA] = 3.92 mole/1. in TBA; [AIBN] =  
1 X 10-2 mole/1.; 40°C.

obscure; it is probably not due to any impurity, as the TU used in this work 
was sufficiently purified by repeated crystallization (mp 180°C, see Part I 1). 
Fe(C10,t)3 does not affect significantly the AIBN-catalyzed polymeriza­
tion of MMA as is evident from Table II. This observation is in agreement 
with the results of Entwistle.6 The slight increase in Rv observed in the 
presence of Fe(C104)s might be due to the synergistic effect of Fe(C104)3 on 
the decomposition of AIBN. It is noteworthy|that the decomposition of 
AIBN was accelerated also in the presence of silver perchlorate7 or organo- 
aluminium compounds;8 the possibility of enhanced decomposition of 4,4'- 
azobis(4-cyanopentanoic acid) in the presence of Fe(C10.4)3 was also indi­
cated by Cavell et al.9

Induction Periods
It has been established above that TU contains 0.48 mole-% inhibitor. 

Figure 2 of Part I showed that short induction periods precede the Fe-

TABLE II
Effect of FefClOA in AIBN-Catalyzed Polymerization of MMA*

[Fe (C104)»], 
mole/1. X 103

Rp X 105, 
mole/1-sec

M ,
dl/g P  X 102

0 2.58 1.93 52.5
4.22 2.75 1 .71 44.7
7.03 — 1.64 42.3

12.67 2.80 1.64 42.3
16.9 — 1.60 40.8
17.4 2.84 1 . 5 5 39.3
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(C104)3-TU initiated polymerization reaction. The length of the induction 
period varies from 5 to 40 min, depending on the concentrations of Fe(III) 
and TU^used in this work. For the same concentration of TU used, the 
induction period (a few minutes) in the Fe(III)-TU initiated reaction is 
much less than that (hours, Table I) in the AIBN initiated system. The 
shorter induction period in the former system may be due to the higher rate 
of generation of primary radicals from the redox reaction (2), in comparison 
to1)that from the decomposition of AIBN [eq. (1)] in the latter system at 
40°C.

MANDAL, NANDI. AND PALIT

NIT NH,
/  . / '  

Fe(III) +  S = C  — Fe(II) +  S—C

N it, NH ,

(2)

The value of the second-order rate constant for reaction (2) is 0.03 l./mole- 
min at 40°C (Part l 1), and details for Eq. (1) are given in the previous sec­
tion.

Dependence of the Rate Rj, and the Degree of Polymerization 
DP on the Initiator Concentration

It is evident from Table III that R„ is almost independent of the Fe- 
(C104)3 concentration over the range 1.74 X 10~3 mole/1. to 1.74 X 1CU2 
mole/1. at a fixed TU concentration of 3.33 X 10~2 mole./l. Rates of 
polymerization at fairly low concentration of Fe(C104)3, e.g., [Fe(C104)3] of 
1 X 10~~3-5 X 10~3 mole/1., at a fixed [TU] of 2.5 X 10~3 mole/1. exhibit 
changes which are insignificant compared to the extent of changes in the 
catalyst concentration. Thus, Rp can be considered to be independent over 
a wide range of Fe(C104)3, concentration especially in the high region. 
From the trend of Rp values it may appear that at extremely low concen­
trations of Fe(C104)3 a marked degree of dependence of Rv on [Fe(III) ] 
could be observed. Unfortunately, such a study could not be carried out 
because Fe(C104)3 precipitates out below about 8 X 10~4 mole/1. in TBA.

TABLE III
Dependence of Rate and Degree of Polymerization on Fe(C104)3 Concentration"

[Fe(C104)3], 
mole/1. X 103

[TU],
mole 1. X 10s

Rp X 10', 
molefl.-sec

P  X
Measured

102
Expected1*

17.40 33.3 1 .95 3 .7 69
8.70 O Q Ooo . o 1.90 6.4 70
4.35 33.3 1 .95 8 .6 69
1.74 33.3 1.93 13.6 70
0.87 33.3 1.51 24.7 89
5.0 2.5 1.46 25.0 92
2 .5 2.5 1 .21 48.8 114
1.0 2.5 1.14 74.6 122

* [MMA] = 3.92 mole/1.; 4 0°(\
b Estimated from a plot of l / P  vs. f?fl/[M p  for the AIBN initiated system at 40°C 

in TBA.
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T h e  e f f e c t  o f  t h e  v a r i a t i o n  o f  T U  c o n c e n t r a t i o n  o n  R v i . s  s i m i l a r  a s  i s  e v i ­
d e n t  f r o m  T a b l e  I V ;  R „  i s  f o u n d  t o  b e  i n s e n s i t i v e  t o  c h a n g e s  i n  t h e  T U  
c o n c e n t r a t i o n  o v e r  t h e  r a n g e  2 . 1  X  1 0 _ 3 - 3 . 3  X  1 C U 2  m o l e / 1 .  a t  a  f i x e d  
F e ( C 1 0 4 ) 3  c o n c e n t r a t i o n  o f  8 . 7  X  1 ( U 3  m o l e / 1 .

A  f u r t h e r  i m p o r t a n t  f e a t u r e  i s  t h a t  t h e  D P  o f  t h e  p o l y m e r s  c h a n g e s  
m a r k e d l y  w i t h  a  c h a n g e  i n  c o n c e n t r a t i o n  o f  e i t h e r  f e r r i c  p e r c h l o r a t e  o r  
t h i o u r e a  a t  a  f i x e d  c o n c e n t r a t i o n  o f  t h e  o t h e r ,  t h o u g h  R.p r e m a i n s  s e n s i b l y  
c o n s t a n t  u n d e r  i d e n t i c a l  c o n d i t i o n s .  T h e  v a r i a t i o n  i n  D P  a t  c o n s t a n t  R p 
i n  t h e  a b s e n c e  o f  t h e  p a r t i c u l a r l y  r a p i d  c h a i n  t r a n s f e r  r e a c t i o n s  i s  i n c o m ­
p a t i b l e  w i t h  a  r a d i c a l  m e c h a n i s m  i n v o l v i n g  m u t u a l  b i m o l e c u l a r  t e r m i n a t i o n  
o f  p o l y m e r  r a d i c a l s .  M o r e o v e r ,  t h e  D P  o f  t h e  p o l y m e r s  o b t a i n e d  i n  t h e  
p o l y m e r i z a t i o n  r e a c t i o n  e f f e c t e d  b y  F e ( C 1 0 4 ) »  a n d  T U  i s  m u c h  l o w e r  
( T a b l e s  I I I - I V )  t h a n  t h a t  e x p e c t e d  i n  a  r a d i c a l  p o l y m e r i z a t i o n  i n v o l v i n g  
m u t u a l  b i m o l e c u l a r  t e r m i n a t i o n  o f  p o l y m e r  r a d i c a l s  ( c f .  A I B N - i n i t i a t e d  
p o l y m e r i z a t i o n )  a t  i d e n t i c a l  r a t e s  o f  p o l y m e r i z a t i o n .  T o  i l l u s t r a t e  t h i s  
p o i n t ,  t h e  e x p e c t e d  d e g r e e  o f  p o l y m e r i z a t i o n  i n  A I B N  i n i t i a t e d  s y s t e m  a t  
t h e  s a m e  r a t e s  o f  p o l y m e r i z a t i o n  a s  a c h i e v e d  i n  t h e  F e ( C 1 0 4 ) 3 - t h i o u r c a -  
i n i t i a t e d  r e a c t i o n  i s  i n c l u d e d  i n  T a b l e s  I I I  a n d  I V .

S i n c e  n e i t h e r  F e i O O f l a  n o r  T U  h a s  a n y  s i g n i f i c a n t  i n f l u e n c e  o n  t h e  D P  
i n  t h e  r a d i c a l  p o l y m e r i z a t i o n  o f  M M A  ( c f .  A I B N - i n i t i a t e d  p o l y m e r i z a t i o n ,  
T a b l e s  I  I I ) ,  t h e  l o w  D P  o f  t h e  p o l y m e r s  f o r m e d  i n  t h e  F e ( I I I ) - T U - i n i t i -  
a t e d  r e a c t i o n  i s  n o t  a t t r i b u t a b l e  t o  t h e  p r e s e n c e  o f  e i t h e r  o f  t h e m  s i n g l y .  
A g a i n ,  t h e  l o w  D P  i s  n o t  d u e  t o  t h e  i n t e r a c t i o n  o f  t h e  p o l y m e r  r a d i c a l  w i t h  
p r o d u c t s  l i k e  F e ( I I )  o r  f o r m a m i d i n e  d i s u l f i d e  o f  t h e  F e ( C 1 0 4 ) 3 - T U  r e a c t i o n . 1  

T h i s  i s  e v i d e n t  f r o m  t h e  f a c t  t h a t  D P  i n c r e a s e s  s l i g h t l y  w i t h  t h e  p r o g r e s s  
o f  t h e  r e a c t i o n ,  w h e r e a s  t h e  i n t e r a c t i o n  w i t h  t h e  p r o d u c t s  n e c e s s i t a t e s  a  
d e c r e a s e  i n  D P  w i t h  p r o g r e s s  o f  t h e  r e a c t i o n .

Rate Dependence on Monomer Concentration

F i g u r e  2  i l l u s t r a t e s  t h e  d e p e n d e n c e  o f  t h e  r a t e  o f  p o l y m e r i z a t i o n  o n  
m o n o m e r  c o n c e n t r a t i o n  a t  t w o  d i f f e r e n t  c a t a l y s t  c o n c e n t r a t i o n s .  F r o m  
F i g u r e  2  i t .  i s  e v i d e n t  t h a t  t h e  r a t e  o f  p o l y m e r i z a t i o n  i s  p r o p o r t i o n a l  t o  t h e  
s q u a r e  o f  t h e  m o n o m e r  c o n c e n t r a t i o n .

TABLE IV
Dependence of Rate and Degree of Polymerization on TU Concentration“

[TU], mole/1. 
X 10»

X 10s, 
mole/1. sec

p
Measured

X 10-
Expected'

33.3 1.89 6.4 71.4
18.6 1 .72 6.7 76.0
8.3 1.86 9.3 71.8
4 .15 1.63 17..5 83.3
2.0.5 1.46 20.0 90.5

“ [Fe(C104).i] = 8.70 X  10~3 mole/1. in all c*a*es; [MMA] = 3.112 mole/1.; 40°C.
** Estimated from a plot of 1 P  vs. fit/fAI]2 for the AIBN-init iated system at 40°C

in TBA.
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Fig. 2. Dependence of R v on monomer concentrations: ( • )  [Fe(C10tJsl = 1.2 X 10 2
mole/L, [TU] = 0.75 X 10~2 moled.; (O) [Fe(C10t)3] =  [TU] = 1 X 10~2 moled-

Efficiency of Initiation

T h e  e f f i c i e n c y  o f  i n i t i a t i o n  i n  t h e  p r e s e n t  s y s t e m  i s  l e s s  t h a n  o n e ,  v a r y i n g  
f r o m  2 0  t o  6 0 %  d e p e n d i n g  o n  t h e  c a t a l y s t  c o n c e n t r a t i o n s ,  a s  s h o w n  i n  
T a b l e  V .  O u r  p r e v i o u s l y  r e p o r t e d  v a l u e s 2  f o r  t h e  e f f i c i e n c y  o f  i n i t i a t i o n  
p r o v e d  t o  b e  l a r g e l y  i n  e r r o r ,  a n d  t h e  n e w  v a l u e s  r e p o r t e d  h e r e  s h o u l d  b e  
u s e d  i n s t e a d .  E f f i c i e n c y  w a s  c a l c u l a t e d  f r o m  t h e  r a t i o

/  =  R a t e  o f  i n i t i a t i o n  ( R i ) / R a t e  o f  F e ( I I )  f o r m a t i o n  ( i % e ( n > )
I f F e ( i i )  w a s  c o n s i d e r e d  e q u i v a l e n t  t o  t h e  r a t e  o f  p r i m a r y  r a d i c a l  g e n e r a t i o n  
b a s e d  o n  t h e  a s s u m p t i o n  t h a t  a  r a d i c a l  i s  g e n e r a t e d  f o r  t h e  g e n e r a t i o n  o f  
e v e r y  F e ( I I )  a c c o r d i n g  t o  t h e  r e a c t i o n  ( 2 ) .  R t w a s  o b t a i n e d  f r o m  t h e  
r e l a t i o n  v =  R v / R i .  v w a s  t a k e n  a p p r o x i m a t e l y  e q u i v a l e n t  t o  D P ,  s i n c e  
t h e  t e r m i n a t i o n  i n  t h i s  r e a c t i o n  i s  p r e d o m i n a n t l y  b y  p r i m a r y  r a d i c a l .  ( I t  
i s  n o t e w o r t h y  t h a t  t h e  o t h e r  a l t e r n a t i v e  p r o c e s s e s  o f  t e r m i n a t i o n  a s  b y  
F e ( I I I )  c o m p l e x  o r  t h r o u g h  d i s p r o p o r t i o n a t i o n  a l s o  l e a d s  t o  v =  D P .  
M o r e o v e r ,  p e r t u r b a t i o n  i n  D P  t h r o u g h  r a d i c a l  r e a c t i o n s  w i t h  s u b s t r a t e s  
l i k e  f e r f - b u t y l  a l c o h o l ,  T U ,  a n d  F e ( C 1 0 4 ) 3  p r e s e n t  i n  t h e  s y s t e m  i s  s m a l l  a t  
4 0 ° C . )

Mechanism

S o  f a r  i t  i s  e v i d e n t  t h a t  R v i s  i n d e p e n d e n t  o f  F e ( C 1 0 4 ) 3  o r  t h i o u r e a  c o n ­
c e n t r a t i o n  o v e r  a  w i d e  r a n g e  a n d  e x h i b i t s  a  p r o p o r t i o n a l i t y  w i t h  t h e  s q u a r e  
o f  t h e  m o n o m e r  c o n c e n t r a t i o n .  A g a i n ,  t h e  p a r t i c u l a r l y  l o w  D P  o f  t h e  
p o l y m e r s  ( T a b l e s  I I I  a n d  I V )  i n d i c a t e s  t h a t  t h e  p o l y m e r  r a d i c a l s  a r e  
t e r m i n a t e d  o v e r w h e l m i n g l y  b y  p r o c e s s e s  o t h e r  t h a n  t h e  m u t u a l  b i m o l e c u l a r  
r e a c t i o n .  T w o  p o s s i b l e  w a y s  o f  t e r m i n a t i o n  t h a t  c a n  a c c o u n t  f o r  t h e  
p r e s e n t  r e s u l t s  a r e  ( a )  t e r m i n a t i o n  o f  p o l y m e r  r a d i c a l s  b y  p r i m a r y  r a d i c a l s ;
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( b )  i n i t i a t i o n  o f  p o l y m e r i z a t i o n  a n d  t e r m i n a t i o n  o f  p o l y m e r  r a d i c a l s  b y  a  
c o m p l e x  f o r m e d  o u t  o f  F e ( I I I )  a n d  T U .

Primary Radical Termination. E f f e c t  o f  t h i s  m o d e  o f  t e r m i n a t i o n  i n  
p o l y m e r i z a t i o n  r e a c t i o n s  h a s  b e e n  d i s c u s s e d . 1 0 - 1 6  V e r y  h i g h  c a t a l y s t  c o n ­
c e n t r a t i o n , 1 1  v e r y  l o w  m o n o m e r  c o n c e n t r a t i o n , 1 4  a n d  u s e  o f  c o m p a r a t i v e l y  
s t a b l e  r a d i c a l s 1 5 ’ 1 6  f o r  c h a i n  i n i t i a t i o n  a r e  s h o w n  t o  a f f e c t  t h e  k i n e t i c s  a n d  
t h e  d e g r e e  o f  p o l y m e r i z a t i o n  a n d  t h e s e  h a v e  b e e n  a c c o u n t e d  f o r  b y  a s s u m ­
i n g  p r i m a r y  r a d i c a l  t e r m i n a t i o n .  E x c l u s i v e  p r i m a r y  r a d i c a l  t e r m i n a t i o n  
l e a d s  t o  t h e  k i n e t i c  e x p r e s s i o n  ( 3 )  : 1 0

R„  =  f c ( f c , [ M ] 7 * v  ( 3 )

w h e r e  k t i s  t h e  r a t e  c o n s t a n t  f o r  t h e  a d d i t i o n  o f  t h e  i n i t i a t o r  r a d i c a l  t o  t h e  
m o n o m e r ,  Ay t h e  p r o p a g a t i o n  r a t e  c o n s t a n t ,  a n d  Ay t h e  r a t e  c o n s t a n t  f o r  
t h e  t e r m i n a t i o n  o f  t h e  p o l y m e r  r a d i c a l  b y  t h e  p r i m a r y  r a d i c a l .  T h e  p r e s e n t  
r e s u l t s  c o n f o r m  w e l l  t o  t h e  k i n e t i c  e x p r e s s i o n  ( 3 ) .

Termination by Fe(III) Species. A s  a n  a l t e r n a t i v e  w a y  t o  a c c o u n t  f o r  
t h e  r e s u l t s ,  w e  a s s u m e d  t h a t  a  c o m p l e x  i s  f o r m e d  b e t w e e n  F e ( I I I )  a n d  T U  
a s  i n  o t h e r  F e ( I I I )  a n d  m e r c a p t i d e  s y s t e m s , 1 7 ' 1 8  a n d  t h a t  t h e  c o m p l e x  i s  
r e s p o n s i b l e  f o r  t h e  i n i t i a t i o n  a s  w e l l  a s  t h e  t e r m i n a t i o n  r e a c t i o n s .  S u c h  a  
s c h e m e  g i v e s  r i s e  t o  t h e  k i n e t i c  e x p r e s s i o n  ( 4 ) :

R p =  ( c o n s t a n t )  / [ M ]  ( 4 )
T h i s  e q u a t i o n  c a n  a c c o u n t  f o r  o u r  e x p e r i m e n t a l  r e s u l t s  o n l y  i f / i s  p r o p o r ­
t i o n a l  t o  [ M ] ,  w h i c h  i s  n o t  g e n e r a l l y  o b s e r v e d  e x c e p t  a t  t o o  l o w  m o n o m e r  
c o n c e n t r a t i o n s . 1 9

T e r m i n a t i o n  o f  r a d i c a l s  b y  m e t a l  s a l t s  i s ,  h o w e v e r ,  v e r y  c o m p l e x ,  b e i n g  
h i g h l y  s u s c e p t i b l e  t o  t h e  n a t u r e  o f  t h e  a n i o n  w i t h  w h i c h  t h e  m e t a l  i o n  i s  
a s s o c i a t e d . 2 0  S u c h  t e r m i n a t i o n s  a r e  c l a s s i f i e d  b r o a d l y  i n  t w o  t y p e s ,  v i z . ,  
l i g a n d  t r a n s f e r  a n d  e l e c t r o n  t r a n s f e r .  M e t a l  i o n s  a s s o c i a t e d  w i t h  a n i o n s  
l i k e  C l - ,  D r y .  C N y  C N S -  a r e  c l a i m e d  t o  f a v o r  t e r m i n a t i o n  v i a  t h e  l i g a n d -  
t r a n s f e r  m e c h a n i s m ,  w h i l e  a s s o c i a t i o n  w i t h  a n i o n s  l i k e  a c e t a t e  o r  c a r -  
b o x y l a t e s ,  p e r c h l o r a t e ,  e t c . ,  e f f e c t s  t h e  t e r m i n a t i o n  r e a c t i o n  v i a  t h e  e l e c ­
t r o n - t r a n s f e r  m e c h a n i s m .  Q u i t e  a  n u m b e r  o f  f e r r i c  s a l t s  o f  t h e  l a t e r  t y p e  
h a v e  b e e n  s h o w n  t o  b e  i n c a p a b l e  o f  t e r m i n a t i n g  t h e  p o l y ( m e t h y l  m e t h ­
a c r y l a t e )  r a d i c a l . 6  I n  t h i s  p e r s p e c t i v e  i t  i s  v e r y  d i f f i c u l t  t o  f o r e t e l l  t h e  
o x i d a t i v e  c h a i n - t e r m i n a t i n g  e f f i c i e n c y  o f  t h e  c o m p l e x  a s s u m e d  t o  b e  f o r m e d  
f r o m  F e ( I I I )  a n d  T U .  T h e  e x p e r i m e n t a l  e v i d e n c e  f o r  t h e  o c c u r r e n c e  o f  
s u c h  t e r m i n a t i o n  w o u l d  h a v e  b e e n  t h e  d i r e c t  d e m o n s t r a t i o n  o f  a n y  F e ( I I )  
g e n e r a t e d  f r o m  t h e  p o s t u l a t e d  r e a c t i o n  ( 5 ) .

I Q '  +  F e ( I I I ) - T U  c o m p l e x  - >  P *  +  F e ( I I )  ( 5 )

T h o u g h  t h e  r a t e  o f  F e ( I I )  g e n e r a t i o n  i n  t h e  F e ( I I I ) - T U  r e a c t i o n  i n  T B A  
w a s  i n c r e a s e d  d u e  t o  t h e  a d d i t i o n  o f  M M A ,  s u c h  a n  i n c r e a s e  m a y  w e l l  b e  
a t t r i b u t e d  t o  t h e  s o l v e n t  e f f e c t ,  a s  a  m o r e  p r o n o u n c e d  i n c r e a s e  i n  t h e  r a t e  
w a s  o b s e r v e d  o n  t h e  a d d i t i o n  o f  a  c o m p a r a b l e  e s t e r  s o l v e n t  ( e t h y l  a c e t a t e )  
i n s t e a d  o f  M M A  u n d e r  o t h e r w i s e  i d e n t i c a l  c o n d i t i o n s 1  ( T a b l e  I I ,  P a r t  1 ) .
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O f  t h e  t w o  a l t e r n a t i v e s ,  w e  a r e  i n  f a v o r  o f  p r i m a r y  r a d i c a l  t e r m i n a t i o n  
d u e  t o  t h e  f o l l o w i n g  c o n s i d e r a t i o n s .

( 1 )  T h e  e f f i c i e n c y  o f  i n i t i a t i o n  i s  v e r y  l o w .  I n  t h e  e s t i m a t i o n  o f  t h e  
e f f i c i e n c y  o f  i n i t i a t i o n ,  t h e  r a t e  o f  f o r m a t i o n  o f  F e ( I I )  w a s  t a k e n  e q u i v a l e n t  
t o  t h e  r a t e  o f  p r i m a r y  r a d i c a l  g e n e r a t i o n .  T h e  e f f i c i e n c y ,  t h e r e f o r e ,  a c ­
c o u n t s  f o r  t h o s e  r a d i c a l s  t h a t  a r e  i n  t h e  b u l k  o f  t h e  s o l u t i o n  a n d  n o t  i n  t h e  
c a g e .  T h e  “ g e m i n a t e  r e c o m b i n a t i o n ”  t h e o r y , 2 1  u s u a l l y  u s e d  t o  a c c o u n t  
f o r  e f f i c i e n c y  l e s s  t h a n  u n i t y 1 9  i n  t h e  c a s e  o f  i n i t i a t i o n  w i t h  d i s s o c i a t i v e  
i n i t i a t o r s  y i e l d i n g  t w o  r a d i c a l s  a t  e a c h  o c c u r r e n c e  o f  d e c o m p o s i t i o n ,  i s  
t h e r e f o r e  n o t  a p p l i c a b l e .  T h u s ,  a  l a r g e  p e r c e n t a g e  o f  t h e  p r i m a r y  r a d i c a l s  
a r e  w a s t e d  b y  r e a c t i o n s  o t h e r  t h a n  t h e  i n i t i a t i o n .  O n e  s u c h  s i d e  r e a c t i o n  
m a y  b e  t h e  p r i m a r y  r a d i c a l  t e r m i n a t i o n .

( 3 )  E x i s t e n c e  o f  t h e  a s s u m e d  c o m p l e x  i n  t h e  s o l u t i o n  i s  n o t  s u p p o r t e d  b y  
s p e c t r a l  s t u d y .  X o  n e w  p e a k  a p p e a r s  o n  m i x i n g  F e ( C 1 0 4 ) 3  a n d  T U  i n  T B A .  
M o r e o v e r ,  a p p l i c a t i o n  o f  t h e  c o n t i n u o u s  v a r i a t i o n  t e c h n i q u e 2 2 ' 2 3  u s i n g  w i t h  
t h e  u s e  o f  a  1 . 5  m M  ( 1  c m  c e l l s )  o r  1 3  m M  ( 1  m m  c e l l s )  s o l u t i o n  o f  e a c h  
o f  F e ( I I I )  a n d  T U  a t  3 8 0 , 4 0 0 ,  a n d  4 2 0  m ¡x d o e s  n o t  p o i n t  d e f i n i t e l y  t o  t h e  
e x i s t e n c e  o f  a  w e l l  d e f i n e d  c o m p l e x .  T h e  s l i g h t  i n c r e a s e  i n  o p t i c a l  d e n s i t y  
o f  F e ( C 1 0 . i ) 3  s o l u t i o n  o n  m i x i n g  T U  h o w e v e r ,  i s  i n d i c a t i v e  o f  w e a k  i n t e r ­
a c t i o n .  T h i s  i s  n o t  u n e x p e c t e d ,  i n  v i e w  o f  t h e  a l r e a d y  p r e v a l e n t  s t r o n g  
a l c o h o l  c o m p l e x e s  i n  t h e  s o l u t i o n  o f  F e ( C 1 0 4 ) s  i n  T B A .  T h e  f o r m a t i o n  o f  
s t r o n g  c o m p l e x e s  w i t h  f e r r i c  s a l t s  a n d  a l c o h o l  i s  w e l l  k n o w n .  A  c o o r d i n a ­
t i o n  n u m b e r  o f  2  h a s  b e e n  a s s i g n e d  i n  c a s e  o f  F e C h  a n d  v a r i o u s  a l c o h o l s . 2 4

( 3 )  T h e  r a t e  o f  r a d i c a l  g e n e r a t i o n  i n  t h e  p r e s e n t  p o l y m e r i z a t i o n  r e a c t i o n  
i s  h i g h ,  a n d  t h i s  i s  k n o w n  t o  p e r t u r b  t h e  k i n e t i c s  o f  p o l y m e r i z a t i o n . 1 1

Fig. 3. Arrhenius plot for MMA polymerization. [MMA] = 3.92 mole/1.; [Fe(C104)3] 
=  8.7 X 10-3 mole/1.; [TU] = 3.33 X lO"2mole/1.
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O u  t h e  b a s i s  o f  t h e  a b o v e  c o n s i d e r a t i o n s  w e  c o n c l u d e  t h a t  t h i s  i s  p o s s i b l y  
a  c a s e  o f  p r i m a r y  r a d i c a l  t e r m i n a t i o n .

Energy of Activation

A r r h e n i u s  p l o t  o f  l o g  R p v e r s u s  1 / T  a s  s h o w n  i n  F i g u r e  3  l e a d s  t o  a  v a l u e  
o f  1 9 . 9  k c a l / m o l e  f o r  t h e  a c t i v a t i o n  e n e r g y  o f  t h e  o v e r a l l  p o l y m e r i z a t i o n  
r e a c t i o n .  O n  t h e  a s s u m p t i o n  t h a t  p r i m a r y  r a d i c a l  t e r m i n a t i o n  i s  t h e  c h i e f  
t e r m i n a t i n g  p r o c e s s ,  t h e  k i n e t i c  e x p r e s s i o n  ( 3 )  l e a d s  t o

-^polymer ization A i " j -  E p  E  1 9 . 9  k c t l l / m o l e
a n d  s u b s e q u e n t l y  t o  E t — E , '  =  1 3 . 6  k c a l / m o l e  a s  E p i s  6 . 3  k c a l / m o l e . 25  

O n  a s s u m i n g  f u r t h e r  t h a t  E t> a p p r o x i m a t e s  E ,  ( t h e  m u t u a l  b i m o l e c u l a r  
t e r m i n a t i o n  a c t i v a t i o n  e n e r g y 2 5 ) ,  E i i s  a b o u t  1 0 . 8  k c a l / m o l e ,  w h i c h  i s  q u i t e  
l a r g e  c o m p a r e d  t o  E p.
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Reactions of Vinyl Esters with Redox Systems in 

Aqueous Media

K O I C H I  T A K A K U R A *  a n d  B E N G T  R Ä N B Y ,  D e p a r t m e n t  o f  
P o l y m e r  T e c h n o lo g y ,  T h e  R o y a l  I n s t i t u t e  o f  T ec h n o lo g y ,  

S to c k h o l m  70, S w e d e n

Synopsis
ESR measurements of transient radicals during redox polymerization of various vinyl 

esters in aqueous solutions have been made by using the rapid-mixing flow method. 
The initiation was by means of hydroxyl and amino radicals from the systems titanous 
chloride-hydrogen peroxide and titanous chloride-hydroxylamine, respectively. The 
well resolved hyperfine structures obtained at monomer concentrations of about 0.05 
m ole/1 . are unambiguously assigned to the monomer radicals formed by addition of ini­
tiator radicals to monomers. At higher monomer concentrations, additional weak sig­
nals attributed to the growing polymer radicals were observed. The effect of reaction 
conditions on the signal intensity has been studied in particular for vinyl acetate. The 
coupling constants of monomer radicals from various vinyl esters (acetate, propionate, 
butyrate, crotonate, and isopropenyl acetate) were obtained and the spin densities cal­
culated. From the ESR spectra, the monomer radicals have a conformation with the 
substituent R (R = HO or NH2) of R—CH2—CH(OCOR') locked in a position above or 
below the radical plane. This is tentatively interpreted as due to formation of intra­
molecular hydrogen bonds to ring structures or complexes with titanium ions. In 
addition, hydrogen abstraction reactions of some model compounds for polyfvinyl ace­
tate) have been briefly studied in relation to chain transfer and grafting reactions.

INTRODUCTION

T h e  f l o w  t e c h n i q u e  d e v e l o p e d  b y  D i x o n  a n d  N o r m a n 1 ' 2  h a s  m a d e  i t  
p o s s i b l e  t o  o b t a i n  w e l l  r e s o l v e d  E S R  s p e c t r a  o f  s h o r t - l i v e d  ( t r a n s i e n t )  f r e e  
r a d i c a l s  i n  a q u e o u s  s o l u t i o n s  b y  u s i n g  r a p i d  r e d o x  r e a c t i o n s .  T h i s  m e t h o d  
h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  t o  r a d i c a l  p o l y m e r i z a t i o n  i n  a q u e o u s  s o l u t i o n  
o f  a  v a r i e t y  o f  v i n y l  m o n o m e r s .  F i s c h e r  e t  a l . 3 - 7  h a v e  e x t e n s i v e l y  s t u d i e d  
t r a n s i e n t  r a d i c a l s  o f  m a i n l y  a c r y l i c  a n d  m e t h a c r y l i c  m o n o m e r s ,  w h i l e  v i n y l  
e s t e r s  a n d  b u t a d i e n e  w e r e  s t u d i e d  i n  t h i s  l a b o r a t o r y . 8  O u r  w o r k  h a s  b e e n  
e x t e n d e d  t o  c o p o l y m e r i z a t i o n  s t u d i e s  o f  b i n a r y  m o n o m e r  s y s t e m s  i n  w h i c h  
t h e  i n i t i a l  m o n o m e r  a n d  c o p o l y m e r  r a d i c a l s  c o u l d  b e  o b s e r v e d  a n d  i d e n t i ­
f i e d  a n d  t h e i r  r e l a t i v e  a m o u n t s  m e a s u r e d . 9 ' 1 0  G r i f f i t h s  e t  a l . 1 1  h a v e  o b ­
s e r v e d  E S R  s p e c t r a  o f  r a d i c a l s  f o r m e d  b y  a d d i t i o n  r e a c t i o n s  t o  v a r i o u s
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a l k e n e s  i n c l u d i n g  v i n y l  c h l o r i d e  a n d  v i n y l  f l u o r i d e ,  u s i n g  t h e  f l o w  t e c h ­
n i q u e .  A s  a  n e w  a p p r o a c h ,  t h e  f l o w  m e t h o d  i s  p a r t i c u l a r l y  u s e f u l  f o r  
s t u d i e s  o f  r a d i c a l  p o l y m e r i z a t i o n  i n  s o l u t i o n .  T h e  r e a c t i o n  c o n d i t i o n s  i n  
t h e  f l o w  s y s t e m ,  h o w e v e r ,  a r e  n o t  t h e  s a m e  a s  t h o s e  o f  t h e  u s u a l  s o l u t i o n  
p o l y m e r i z a t i o n ;  t h e  c o n c e n t r a t i o n  o f  i n i t i a t o r  i s  m u c h  h i g h e r ,  a n d  t h e  
t u r b u l e n t  f l o w  o n  m i x i n g  m a y  a f f e c t  t h e  r e a c t i o n  c o n d i t i o n s  s i g n i f i c a n t l y .  
N e v e r t h e l e s s ,  t h e  o b s e r v e d  h y p e r f i n e  s t r u c t u r e s  o f  t h e  E S R  s p e c t r a  c a n  
p r o v i d e  s t r a i g h t f o r w a r d  i n f o r m a t i o n  o n  t h e  s t r u c t u r e ,  t h e  c o n c e n t r a t i o n ,  
a n d  e v e n  o n  t h e  s t e r i c  c o n f o r m a t i o n  o f  t h e  t r a n s i e n t  r a d i c a l s .

A s  a n  e x t e n s i o n  o f  p r e v i o u s  w o r k , 8  t h i s  p a p e r  d e s c r i b e s  m o r e  d e t a i l e d  
s t u d i e s  o f  t r a n s i e n t  r a d i c a l s ,  p a r t i c u l a r l y  i n  t h e  i n i t i a l  p r o c e s s e s  o f  p o l y ­
m e r i z a t i o n  o f  v a r i o u s  v i n y l  e s t e r s ,  i n i t i a t e d  b y  h y d r o x y l  a n d  a m i n o  r a d i c a l s .  
F r o m  t h e  E S R  s p e c t r a ,  d e t a i l e d  i n f o r m a t i o n  o n  t h e  s t r u c t u r e  a n d  c o n f o r m a ­

t i o n  o f  t h e  r a d i c a l s  i s  d e r i v e d .  I n  a d d i t i o n ,  h y d r o g e n  a b s t r a c t i o n  f r o m  
s o m e  m o d e l  s u b s t a n c e s  f o r  p o l y ( v i n y l a c e t a t e )  h a s  b e e n  b r i e f l y  s t u d i e d  i n  
r e l a t i o n  t o  c h a i n - t r a n s f e r  r e a c t i o n s .

EXPERIMENTAL

T h e  E S R  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  b y  u s i n g  a n  X - b a n x l  E S R  
s p e c t r o m e t e r  ( J a p a n  E l e c t r o n  O p t i c s  L a b o r a t o r y  C o . ,  L t d . ,  M o d e l  J E S -  
3 B )  i n  a  f l o w  a p p a r a t u s  a s  p r e v i o u s l y  d e s c r i b e d . 8 - 1 0  T h e  i n i t i a t o r s  u s e d  
w e r e  h y d r o x y l  r a d i c a l s  f r o m  t h e  r e d o x  r e a c t i o n  o f  h y d r o g e n  p e r o x i d e  w i t h  
t i t a n i u m  t r i c h l o r i d e ,  a n d  a m i n o  r a d i c a l s  f r o m  t h e  r e d o x  r e a c t i o n  o f  h y d r o x -  
y l a m i n e  a n d  t i t a n i u m  t r i c h l o r i d e .  T w o  a q u e o u s  s o l u t i o n s ,  i . e . ,  o n e  o x i d a n t  
s o l u t i o n  o f  H 2 O 2  o r  X 1 1 • > (  ) H  c o n t a i n i n g  m o n o m e r s  ( u s u a l l y  a b o u t  1 . 0  X  1 0 - 1  

m o l e / 1 . ) ,  a n d  o n e  r e d u c t a n t  s o l u t i o n  o f  T i C U ,  b o t h  c o n t a i n i n g  s u l f u r i c  a c i d  
( 2 . 2  X  1 0 - 2  m o l e / 1 . ) ,  w e r e  r a p i d l y  m i x e d  i m m e d i a t e l y  b e f o r e  t h e y  e n t e r e d  
t h e  f l a t  c e l l  i n s e r t e d  i n  t h e  E S R  c a v i t y .  T o  o b t a i n  h i g h  c o n c e n t r a t i o n s ,  
m o n o m e r s  w i t h  l i m i t e d  s o l u b i l i t y  i n  w a t e r  w e r e  o f t e n  d i s s o l v e d  i n  b o t h  
s o l u t i o n s .  T h e  f r e e - r a d i c a l  s p e c t r a  w e r e  u s u a l l y  o b s e r v e d  a t  r o o m  t e m p e r ­
a t u r e  ( 2 2  ±  2 ° C )  w h e n  t h e  r e a c t i n g  s o l u t i o n s  f l o w e d  t h r o u g h  t h e  f l a t  c e l l .  
T h e  i n t e n s i t y  o f  t h e  E S R  s i g n a l  i s  r e l a t e d  t o  t h e  f l o w  r a t e  o f  t h e  s o l u t i o n s .  
T o  r e t a i n  s t e a d y - s t a t e  c o n d i t i o n s ,  t h e  f l o w  r a t e  o f  t h e  r e a c t i n g  s o l u t i o n s  w a s  
k e p t  c o n s t a n t  ( u s u a l l y  a b o u t  4  m l / s e c ) ,  g i v i n g  a  t i m e  l a g  f r o m  m i x i n g  t o  
m e a s u r e m e n t  o f  a b o u t  0 . 0 2  s e c .  T h e  m a g n e t i c  f i e l d  w a s  c a l i b r a t e d  w i t h  
t h e  p r o t o n  m a g n e t i c  r e s o n a n c e  s i g n a l s .  T h e  g  v a l u e s  w e r e  m e a s u r e d  w i t h  
r e f e r e n c e  t o  t h e  E S R  s p e c t r u m  o f  l , l - d i p h e n y l - 2 - p i c r y l  h y d r a z y l  i n  m e t h ­
a n o l  s o l u t i o n  a s  a  s t a n d a r d .

T h e  f o l l o w i n g  r e a g e n t s ,  a l l  o f  a n a l y t i c a l  g r a d e ,  w e r e  u s e d :  1 5 %  t i t a n i u m
t r i c h l o r i d e  i n  a q u e o u s  s o l u t i o n  ( i r o n  f r e e ) ,  3 0 %  h y d r o g e n  p e r o x i d e  i n  w a t e r ,  
h y d r o x y l a m i n e  h y d r o c h l o r i d e ,  a n d  c o n c e n t r a t e d  s u l f u r i c  a c i d .  T h e  m o ­
n o m e r s  w e r e  o f  t h e  p u r e s t  g r a d e  c o m m e r c i a l l y  a v a i l a b l e :  v i n y l  a c e t a t e  
( K e b o  A B ,  S t o c k h o l m ,  S w e d e n ) ,  v i n y l  p r o p i o n a t e  ( p r o v i d e d  b y  M r .  S .  

P o r r v i k  o f  F o s f a t b o l a g e t  A B ,  S t o c k v i k s v e r k e n ,  S w e d e n ) ,  i s o p r o p e n y l  
a c e t a t e  ( E a s t m a n  O r g a n i c  C h e m i c a l s ,  N e w  Y o r k ,  N . Y . ,  U S A ) ,  v i n y l
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b u t y r a t e  a n d  v i n y l  c r o t o n a t e  ( K  &  K  L a b o r a t o r i e s ,  I n c . ,  N e w  l r o r k ,  N . Y . ,  
U S A ) .  T h e  m o n o m e r s  w e r e  f u r t h e r  p u r i f i e d  b y  d i s t i l l a t i o n  u n d e r  r e d u c e d  
p r e s s u r e  t o  r e m o v e  s t a b i l i z e r s .  E t h y l  a c e t a t e  ( M a l l i n c k r o d t  C h e m i c a l  
W o r k s ,  N e w  Y o r k ,  N . Y . ,  U S A )  a n d  i s o p r o p y l  a c e t a t e  ( K e b o  A B ,  S t o c k ­
h o l m ,  S w e d e n )  w e r e  o f  r e a g e n t  g r a d e ,  a n d  w e r e  u s e d  w i t h o u t  f u r t h e r  p u r i ­
f i c a t i o n .

RESULTS AND DISCUSSION 

Addition of Hydroxyl Radicals to Vinyl Acetate (VAc)

I n  t h e  r e a c t i o n  o f  t i t a n i u m  ( I I I )  i o n s  w i t h  h y d r o g e n  p e r o x i d e  ( H 2 0 2 )  i n  
a c i d i f i e d  a q u e o u s  s o l u t i o n s ,  t w o  E S R  s i g n a l s  a r e  g e n e r a l l y  o b s e r v e d ,  i . e .  
a  m a i n  p e a k  ( p e a k  I ,  P i )  a t  l o w  f i e l d  a n d  a  m i n o r  p e a k  ( p e a k  2 ,  P 2 )  a t  h i g h  
f i e l d .  A s  r e p o r t e d  e l s e w h e r e , 1 2  w e  h a v e  a s s i g n e d  p e a k s  1  a n d  2  t o  I I 0 2 -  
a n d  H O  • r a d i c a l s ,  r e s p e c t i v e l y ,  b o t h  r a d i c a l s  c o o r d i n a t e d  w i t h  T i ( I V )  i o n s  
o r  T i ( I V ) - H 2 0 2  c o m p l e x e s .  O n  a d d i t i o n  o f  V A c  m o n o m e r  t o  t h i s  r e a c t i o n  
s y s t e m ,  t h e  E S R  s p e c t r u m  o f  p e a k  1  a n d  2  i s  r e p l a c e d  b y  t h a t  o f  V A c  
r a d i c a l s  f o r m e d  b y  a d d i t i o n  o f  H O  • r a d i c a l s  t o  t h e  m o n o m e r . 8 - 1 0  A s  s h o w n  
i n  F i g u r e  1  A ,  t h e  s p e c t r u m  o b t a i n e d  a t  o r d i n a r y  m o n o m e r  c o n c e n t r a t i o n s  
( a b o u t  5  X  1 0 - 2  m o l e / L ) ,  c a n  b e  d e s c r i b e d  a s  a  d o u b l e t  o f  t r i p l e t s  o f  n a r r o w  

q u a r t e t s  (g  v a l u e  2 . 0 0 3 1 ) ,  a s s i g n e d  u n a m b i g u o u s l y  t o  m o n o m e r  r a d i c a l s  
( H O — V A c - ) -  T h e  s p e c t r u m  i n  F i g u r e  I B  i s  d i s c u s s e d  l a t e r .  T h e  i n t e n ­

s i t y  o f  t h e  o b s e r v e d  s p e c t r u m  o f  V A c  r a d i c a l s  i s  r e l a t e d  t o  t h e  r e a c t i o n  
c o n d i t i o n s .  T h e  e f f e c t s  o f  s o m e  v a r i a b l e s  w e r e  e x a m i n e d  i n  o r d e r  t o  o b t a i n  
a s  i n t e n s e  a n d  w e l l  r e s o l v e d  a  s p e c t r u m  a s  p o s s i b l e .  T h e  s i g n a l  i n t e n s i t i e s  
i n  F i g u r e s  2 - 5  w e r e  m e a s u r e d  f r o m  t h e  p e a k  h e i g h t  ( a m p l i t u d e )  o f  t h e  m a i n  
s i g n a l  c o m p o n e n t  i n  t h e  E S R  s p e c t r a  o f  t h e  V A c  m o n o m e r  r a d i c a l s .  T h e  
l i n e  w i d t h  o f  t h e s e  s p e c t r a  d i d  n o t  v a r y  a p p r e c i a b l y  u n d e r  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  u s e d .

Effect of HoCL/TiCb Ratio. T h e  H 2 0 2 / T i C l 3  r a t i o  r  a f f e c t e d  t h e  E S R  
s i g n a l  i n t e n s i t y  s i g n i f i c a n t l y  ( F i g .  2 ) .  T h e  m a x i m u m  i n t e n s i t y  w a s  o b ­
t a i n e d  f o r  m o l a r  r a t i o s  c l o s e  t o  r  =  1 5 .  A s  t h e  r a t i o  w a s  d e c r e a s e d  f r o m  
t h e  v a l u e  o f  1 0 ,  e i t h e r  b y  i n c r e a s i n g  T i C l 3  c o n c e n t r a t i o n  o r  b y  d e c r e a s i n g  
H 2 0 2  c o n c e n t r a t i o n ,  t h e  s i g n a l  i n t e n s i t y  d e c r e a s e d  r a p i d l y .  T h i s  i s  n o t  
c a u s e d  b y  a s y m m e t r y  i n  t h e  f l o w  t o  a n d  m i x i n g  i n  t h e  f l a t  c e l l ,  s i n c e  r e v e r s i o n  
o f  t h e  f l o w  c o n n e c t i o n s  d i d  n o t  a f f e c t  t h i s  r e s u l t  a t  a l l .  I t  i s  i n t e r e s t i n g  t o  
n o t e  t h a t  v e r y  l o w  s i g n a l  i n t e n s i t i e s  w e r e  o b t a i n e d  f o r  r  v a l u e s  a b o u t  u n i t y ,  
a l t h o u g h  o n  t h e  b a s i s  o f  s i m p l e  k i n e t i c s  t h e  h i g h e s t  i n t e n s i t y  s h o u l d  b e  
e x p e c t e d .  T h i s  d i s c r e p a n c y  s e e m s  t o  a r i s e  m a i n l y  f r o m  r a d i c a l - s c a v e n g i n g  
p r o p e r t y  o f  t i t a n i u m  i o n s ,  p r o b a b l y  t h e  p r e d o m i n a n t  T i ( I V )  i o n s  i n  t h e  
r e a c t i o n  s y s t e m .  T h e  i n t e n s i t y  o f  V A c  r a d i c a l  s p e c t r a  d e c r e a s e d  a p p r e ­
c i a b l y  w h e n  T i C R  w a s  a d d e d  t o  t h e  r e a c t i o n  s y s t e m .  F u r t h e r m o r e ,  
a n a l o g o u s  e f f e c t s  w e r e  o b s e r v e d  w i t h  s m a l l  a m o u n t s  o f  f e r r i c  c h l o r i d e  a d d e d  
( 0 . 0 0 4  m o l e / 1 . ) ,  w h i c h  i s  k n o w n  t o  a c t  a s  a  s t r o n g  r a d i c a l  s c a v e n g e r . 1 3 - 1 4  

W i t h  t h i s  r e a g e n t ,  t h e  i n t e n s i t y  d e c r e a s e d  m a r k e d l y  d o w n  t o  n o i s e  l e v e l
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Fig. 1. ESR spectra from vinyl acetate (VAc) in the system of H20 2 and TiClj: (.4) 
Monomer radicals, [VAc] =  5.5 X 10~ 2 mole/1., Pi and P. indicate the position of peaks 1 

and 2, respectively, which appear in the absence of the monomer; (B )  Monomer (VAc) 
and polymer (PVAc) radicals, [VAc] =  3.2 X 10- 1  mole/1; the stick spectrum shows the 
hyperfine lines for the radicals attributed to the polymer radicals. [HaOa] = 1.1 X  1 0 _1  

mole/1.; [TiCb] = 7 X 10"3 mole/1. [HsS 04] = 2 . 2  X Id“2 mole/1.
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Fig. 2. Effect of molar ratio of H20 2/TiCl3 on the signal intensity of VAc monomer 
radicals: (O) series A, H20 2 concentration kept constant at 0.17 mole/1., [TiCI3) varied;
( • )  series B, TiCl3 concentration kept constant at 0.007 mole/1., [H20 2] varied; ( X ) series 
C, same conditions as for series B except that the connections of inlet tubes to the mixing 
chamber were reversed. [VAc] = 4.1 X I0 ~ 2 mole/1.; [H2S 0 4] =  2.2 X 10- 2  mole/1.; 
flow rate 4 ml/sec.

e v e n  w h e n  t h e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  u n d e r  c o n d i t i o n s  w h i c h  
o t h e r w i s e  w e r e  o p t i m a l  ( [ H 2 O 2 ]  =  1 - 1  X  1 0  _ 1  m o l e / 1 . ,  [ T i C l 3 ]  =  7  X  1 0 “ 3  

m o l e / h ,  [ V A c ]  =  4 . 1  X  1 0 ~ 2  m o l e / 1 . ) .  T h e r e f o r e ,  t h e s e  o b s e r v a t i o n s  m a y  
b e  i n t e r p r e t e d  a s  d u e  t o  t e r m i n a t i o n  r e a c t i o n s  o f  T i ( I V )  a n d  F e ( I I I )  i o n s  
w i t h  t h e  V A c  r a d i c a l s  t h r o u g h  a  p r o c e s s  o f  e l e c t r o n  t r a n s f e r  o r  l i g a n d  
t r a n s f e r  a s  p r o p o s e d  b y  B a m f o r d  e t  a l . 1 4  a n d  b y  K o c h i . 1 6  S u c h  s c a v e n g i n g  
e f f e c t  o f  m e t a l  h a l i d e s  s e e m s  t o  b e  e n h a n c e d  f o r  r e a c t i v e  r a d i c a l s  h a v i n g -  
n e g a t i v e  e  v a l u e s ,  e . g . ,  V A c  r a d i c a l s .

Effect of Initiator Concentration. T h e  v a r i a t i o n  o f  s i g n a l  i n t e n s i t y  o f  
V A c  m o n o m e r  r a d i c a l  a s  a  f u n c t i o n  o f  t h e  i n i t i a t o r  c o n c e n t r a t i o n  i s  s h o w n  
i n  F i g u r e  3 ,  w h e r e  t h e  H 2 0 2 / T i C l 3  m o l a r  r a t i o  w a s  k e p t  c o n s t a n t  a t  r  =  1 6 .  
W i t h  i n c r e a s i n g  i n i t i a t o r  c o n c e n t r a t i o n  t h e  s i g n a l  i n t e n s i t i e s  r e a c h  a  
m a x i m u m  v a l u e  a n d  t h e n  d e c r e a s e .  A l s o  t h i s  b e h a v i o r  s u g g e s t s  t h a t  s o m e  
s p e c i e s  d e r i v e d  f r o m  t h e  r e d o x  p r o c e s s ,  e . g . ,  T i ( I V )  i o n s ,  m a y  b e  i n v o l v e d  
i n  c h a i n  t e r m i n a t i o n  r e a c t i o n s  w i t h  V A c  r a d i c a l s .

Effect of Sulfuric Acid. A d d i t i o n  o f  H 2 S 0 4 g e n e r a l l y  r e d u c e d  t h e  s i g n a l  
i n t e n s i t y  o f  V A c  r a d i c a l s ,  a s  s h o w n  i n  F i g u r e  4 .  W i t h  n o  H 2 S 0 4 a d d e d ,  
t h e  i n i t i a l  s i g n a l s  f r o m  t h e  r e d o x  s y s t e m  ( p e a k  1  a n d  2 )  r e m a i n e d  i n  t h e  
s p e c t r u m  o f  V A c  r a d i c a l s ,  b u t  t h e y  d i s a p p e a r e d  a t  a n  H 2 S 0 4 c o n c e n t r a t i o n  
a b o v e  0 . 0 1  m o l e / 1 .
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[T iC I^] m o le /l.

Fig. 3. Effect of initiator concentration on the signal intensity of VAc monomer radi­
cals. Molar ratio of HaOj/TiCls was kept constant at 16; [TiCE] varied; [VAc] = 4 .1  
X 10- 2 mole/l.; [II2SO4] =  2.2 X 10- 2 mole/l.

Fig. 4. Effect of H2SO4 concentration on the signal intensity of VAc monomer radicals. 
[HjOi] =  0.15 mole/l.; [TiCU] =  7 X 1 0 mole/l.; [VAc] =  5.5 X 10“ 2 mole/l.
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Effect of VAc Monomer Concentration. U n d e r  o p t i m u m  c o n d i t i o n s ,  
t h e  e f f e c t  o f  m o n o m e r  c o n c e n t r a t i o n  w a s  e x a m i n e d  w i t h i n  t h e  c o n c e n t r a t i o n  
r a n g e  o f  2  X  1 0 - 3  t o  3 . 2  X  1 0 - 1  m o l e / 1 .  A s  t h e  c o n c e n t r a t i o n  i n c r e a s e d ,  
t h e  s i g n a l  i n t e n s i t y  o f  V A c  m o n o m e r  r a d i c a l s  i n c r e a s e d ,  p a s s e d  t h r o u g h  a  
m a x i m u m ,  a n d  t h e n  t e n d e d  t o  d e c r e a s e .  A t  s a t u r a t e d  m o n o m e r  c o n c e n ­
t r a t i o n  ( c a .  3  X  1 0  1  m o l e / 1 . ) ,  a d d i t i o n a l  w e a k  s i g n a l s  w e r e  s u p e r i m p o s e d  
o n  t h e  s i g n a l s  o f  t h e  m o n o m e r  r a d i c a l ,  a s  s h o w n  i n  F i g u r e  1 R ,  c o n t a i n i n g  
h a l f  a  s p e c t r u m  o b t a i n e d  a t  h i g h e r  m a g n e t i c  f i e l d .  T h e s e  n e w  s i g n a l s  a r e  
t e n t a t i v e l y  a s s i g n e d  t o  g r o w i n g  V A c  c h a i n  r a d i c a l s ,  H O - ( V A c ) „ - V A c - .  
D u e  t o  t h e  l i m i t e d  s o l u b i l i t y  o f  t h e  m o n o m e r ,  t h e  i n t e n s i t y  o f  t h i s  s p e c t r u m  
c a n n o t  b e  f u r t h e r  i n c r e a s e d  u n d e r  t h e s e  c o n d i t i o n s .  T h e  c o u p l i n g  c o n ­
s t a n t s  f o r  t h e  s e c o n d a r y  s p e c t r u m  w e r e  o H “  =  2 0 . 3  g a u s s ,  =  1 7 . 5  g a u s s ,  

a n d  aococn,H =  1 . 3  g a u s s .  T h e  i n t e n s i t i e s  o f  t h e  t w o  s p e c t r a l  c o m p o n e n t s  
( V I -  a n d  P -  r e s p e c t i v e l y )  a t  i n c r e a s i n g  m o n o m e r  c o n c e n t r a t i o n  a r e  s h o w n  

i n  F i g u r e  5 .  U p  t o  a  m o n o m e r  c o n c e n t r a t i o n  o f  a b o u t  1  X  1 0 - 1  m o l e / 1 . ,  n o  
d e f i n i t e  E S R  s i g n a l s  d u e  t o  V A c  p o l y m e r  r a d i c a l s  c o u l d  b e  o b s e r v e d ,  a n d  
n o  p o l y m e r l i k e  s u b s t a n c e  c o u l d  a c t u a l l y  b e  d e t e c t e d  i n  t h e  r e a c t i o n  s t r e a m s  
i m m e d i a t e l y  a f t e r  m i x i n g  t h e  t w o  s o l u t i o n s .

T h e  l o w  i n t e n s i t y  o f  V A c  p o l y m e r  r a d i c a l s  i s  i n  m a r k e d  c o n t r a s t  t o  t h e  
r e s u l t s  f o r  a c r y l i c  m o n o m e r s , 3 - 7  w h e r e  i n t e n s e  a n d  w e l l  r e s o l v e d  s p e c t r a  d u e  
t o  p o l y m e r  r a d i c a l s  a r e  e a s i l y  o b s e r v e d ,  e v e n  a t  m o n o m e r  c o n c e n t r a t i o n s  a s  
l o w  a s  5  X  1 0 ~ 2  m o l e / 1 .  T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  h i g h l y  r e a c ­
t i v e  V A c  r a d i c a l s  p r e f e r e n t i a l l y  t e r m i n a t e  w i t h  s p e c i e s  s u c h  a s  H O  • r a d i c a l s ,  
V A c  m o n o m e r  r a d i c a l s  o r  T i ( I V )  i o n s  r a t h e r  t h a n  u n d e r g o  p r o p a g a t i o n .

[Y A c] m o le /1 .

Fig. 5. Effect of VAc monomer concentration on signal intensity of VAc monomer 
radicals (M ■) and polymer radicals (P •). [H>02] =  0.10 mole/1.; [TiCL] = 6.0 X 10 '2
mole/1.; [H2SO(] =  2.0 X 10“ 2 mole/1.

_10 2 3 x 10'
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Y A c  i s  a  m o n o m e r  o f  l o w  r e a c t i v i t y ,  e x p e c t e d  t o  s h o w  a  l o w  r a t e  o f  a d d i t i o n  
t o  Y A c  r a d i c a l s .  A s  p r e v i o u s l y  r e p o r t e d , 9 ’ 1 0  h o w e v e r ,  i n t r o d u c t i o n  o f  s m a l l  
a m o u n t s  o f  a  m o r e  r e a c t i v e  s e c o n d  m o n o m e r  ( M ) ,  s u c h  a s  a c r y l o n i t r i l e  o r  
f u m a r i c  a c i d  i n t o  t h e  V A c  s y s t e m ,  h a s  g i v e n  E S R  s p e c t r a  a s s i g n e d  t o  i n i t i a l  
c o p o l y m e r  r a d i c a l s  o f  t h e  g e n e r a l  s t r u c t u r e  V A c - M  • .

ESR Spectra of Radicals Obtained by the Addition of
Hydroxyl and Amino Radicals to Various Vinyl Esters

E S R  s p e c t r a  f o r  r a d i c a l s  o f  i s o p r o p e n y l  a c e t a t e  ( I P A c ) ,  v i n y l  p r o p i o n a t e  
( V P r ) , 8 v i n y l  b u t y r a t e  ( V B u ) ,  a n d  v i n y l  c r o t o n a t e  ( V C r )  w e r e  m e a s u r e d  

a f t e r  i n i t i a t i o n  w i t h  H O -  r a d i c a l s  a t  m o n o m e r  c o n c e n t r a t i o n s  b e l o w  0 . 1  
m o l e / 1 .  T h e  E S R  s p e c t r u m  o f  I P A c  w a s  a n  e x p e c t e d  q u a r t e t  o f  t r i p l e t s ,  
a s  s h o w n  i n  F i g u r e  6 .  E a c h  s p e c t r a l  l i n e  w a s  f u r t h e r  s p l i t  i n t o  a  n a r r o w  
q u a r t e t  d u e  t o  t h e  e x p e c t e d  v e r y  w e a k  c o u p l i n g  w i t h  t h e  t h r e e  p r o t o n s  i n  
t h e  a c e t a t e  g r o u p .  V P r  a n d  V B u  g a v e  s i m i l a r  s p e c t r a  a s  V A c ,  e x c e p t  f o r  
t h e  n a r r o w  t r i p l e t  d u e  t o  t h e  t w o  p r o t o n s  n e x t  t o  t h e  c a r b o n y l  i n  t h e  e s t e r  
g r o u p .  T h e  s p e c t r u m  o f  V B u  i s  s h o w n  i n  F i g u r e  7  ( c o m p a r e  F i g .  L 4 ) .  
T h e  s p e c t r u m  f r o m  V C r  w a s  r a t h e r  w e a k ,  a n d  t h e  n a r r o w  s p l i t t i n g s  d u e  t o

Fig. 6 . ESR spectrum from isopropenyl acetate in the system H20 2-TiCl3. [IPAc] =  
4.6 X 10 2 mole/1.; (HAY) =  1.5 X KV» mole/1.; [TiCl3] =  7 X lO“ 3 mole/1.; [H»S04] 
= 2.2 X 10- 2  mole/1.
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Fig. 7. ESR spectrum from vinyl butyrate in the system of H20 2-TiCl3. [VBu] =
3.5 X 10-2 mole/1.; [H20 2] =  1.5 X lO“1 mole/1.; [TiCl3] =  7 X 1 0 -3mole/l.; [H2S 04] 
=  2.2 X 10-2 mole/1.

t h e  p r o t o n s  i n  t h e  e s t e r  g r o u p  c o u l d  n o t  b e  r e s o l v e d  i n  t h e  s p e c t r u m .  T h e  
c o u p l i n g  c o n s t a n t s  o b t a i n e d  f o r  t h e  f i v e  m o n o m e r  r a d i c a l s  a r e  g i v e n  i n  
T a b l e  I .

T h e  a s s i g n m e n t  o f  t h e  o b s e r v e d  s p e c t r a  t o  v i n y l  e s t e r  m o n o m e r  r a d i c a l s  
i s  u n a m b i g u o u s  w h e n  t h e  f o l l o w i n g  i n f o r m a t i o n  i s  c o n s i d e r e d .  W i t h  t h e  
u s e  o f  H o N -  r a d i c a l s  a s  i n i t i a t o r  i n  t h e  s a m e  m a n n e r  a s  r e p o r t e d  b y  C o r v a j a  
e t  a l . 6  f o r  o t h e r  m o n o m e r s ,  s p e c t r a  f o r  t h e  m o n o m e r  r a d i c a l s  w e r e  o b s e r v e d .  
T h e s e  s p e c t r a  s h o w e d  t h e  e x p e c t e d  c o u p l i n g  w i t h  t h e  n i t r o g e n  a t o m  o f  t h e  
H 2 X  g r o u p  a t t a c h e d  t o  t h e  / 3 - c a r b o n ,  a n d  a l m o s t  t h e  s a m e  c o u p l i n g  w i t h  t h e  
/ 3 - p r o t o n s  a s  o b s e r v e d  f o r  t h e  c o r r e s p o n d i n g  H O  a d d u c t  r a d i c a l s .  F o r  
V A c  a  p o o r l y  r e s o l v e d  s p e c t r u m  o f  l o w  i n t e n s i t y  w a s  o b t a i n e d ,  p r o b a b l y  
b e c a u s e  o f  i t s  l o w  r e a c t i v i t y  t o w a r d s  H 2 N -  r a d i c a l s ,  a s  e x p e c t e d  f r o m  t h e  
v e r y  l o w  Q  v a l u e  ( 0 . 0 2 6 )  o f  V A c  i n  t h e  Q,e  c h a r t  f o r  c o p o l y m e r i z a t i o n . 1 9  

T h e  Q  v a l u e s  c a n  b e  t a k e n  a s  a  m e a s u r e  o f  t h e  a v e r a g e  r e a c t i v i t y  o f  t h e  
m o n o m e r s  i n  f r e e  r a d i c a l  a d d i t i o n  r e a c t i o n s .  C o n s e q u e n t l y ,  I P A c  a n d  
V P r ,  b o t h  h a v i n g  s o m e w h a t  h i g h e r  Q  v a l u e s  t h a n  V A c  ( 0 . 0 4 5  a n d  0 . 0 5 2 ,  
r e s p e c t i v e l y 1 6 )  s h o w e d  w e l l  r e s o l v e d  s p e c t r a .  T y p i c a l  s p e c t r a  o b t a i n e d  
f r o m  I P A c  a n d  V P r  w i t h  X I I >  r a d i c a l  i n i t i a t i o n  a r e  s h o w n  i n  F i g u r e s  8  a n d  
9 ,  r e s p e c t i v e l y ,  w h e r e  t h e  t r i p l e t s  w i t h  l i n e s  o f  t h e  s a m e  i n t e n s i t y  d u e  t o
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Fig. 9. ESR spectrum from vinyl propionate in (he system of N H 2OH-TiCl3. [VPr] 
= 5.6 X 10_2mole/l.; [NIROH] = 2.5 X K)_1 mole/1.; [TiCl:i] = 7 X 10_3mole/l.; 
[H2SO<] = 2.2 X 10“2 mole/1.

c o u p l i n g  w i t h  t h e  n i t r o g e n  a t o m  a r e  c l e a r l y  o b s e r v e d .  T h e  c o u p l i n g  c o n ­
s t a n t s  o b t a i n e d  a r e  l i s t e d  i n  T a b l e  I ,  t o g e t h e r  w i t h  t h o s e  f o r  H O  a d d u c t  
r a d i c a l s .  F o r  c o m p a r i s o n ,  l i t e r a t u r e  d a t a  f o r  C H 3 C H O C O C H 3  r a d i c a l s 1 7  

o b t a i n e d  b y  h y d r o g e n  a b s t r a c t i o n  f r o m  e t h y l  a c e t a t e  w i t h  H O  -  r a d i c a l s  i n  
a  f l o w  s y s t e m  a r e  a l s o  i n c l u d e d  i n  T a b l e  I .

I n  t h i s  i n v e s t i g a t i o n ,  t h e  v i n y l  e s t e r s  s h o w  a  s t r o n g  s e l e c t i v i t y  t o w a r d s  
d i f f e r e n t  s p e c i e s  i n  f r e e - r a d i c a l  a d d i t i o n .  H y d r o x y l  r a d i c a l s  a r e  e l e c t r o ­
p h i l i c  i n  c h a r a c t e r ,  a n d  t h e y  a d d  e a s i l y  t o  t h e  n e g a t i v e l y  p o l a r i z e d  d o u b l e  
b o n d  o f  v i n y l  e s t e r s  a n d  f o r m  m o n o m e r  r a d i c a l s .  M e t h y l  r a d i c a l s ,  o n  t h e  
o t h e r  h a n d ,  d o  n o t  g i v e  d e t e c t a b l e  a m o u n t s  o f  m o n o m e r  r a d i c a l s  u n d e r  
i d e n t i c a l  c o n d i t i o n s .  V i n y l  e s t e r  m o n o m e r s  i n  g e n e r a l  s h o w  l o w  r e a c t i v i t y  
t o w a r d s  m e t h y l  r a d i c a l  a d d i t i o n .  A c r y l i c  m o n o m e r s ,  h o w e v e r ,  r e a c t  r a t h e r  
e a s i l y  w i t h  m e t h y l  r a d i c a l s  a c c o r d i n g  t o  F i s c h e r  e t  a l . 6 -7  T h e s e  c o m b i n e d  
r e s u l t s  a r e  i n  r e a s o n a b l y  g o o d  a g r e e m e n t  w i t h  m e t h y l  a f f i n i t y  d a t a  o f  
S z w a r c . 1 8  H e  r e p o r t e d  t h e  r e a c t i v i t y  o f  V A c  m o n o m e r  t o w a r d s  m e t h y l  
r a d i c a l s  t o  b e  a b o u t  f o r t y  t i m e s  l o w e r  t h a n  t h o s e  o f  a c r y l o n i t r i l e  a n d  
m e t h y l  m e t h a c r y l a t e .

A s  s e e n  i n  T a b l e  I ,  t h e  o b s e r v e d  r a d i c a l s  r e s u l t i n g  f r o m  t h e  a d d i t i o n  o f  
R  ■ t o  v i n y l  e s t e r s  h a v e  a l l  t h e  s t r u c t u r e  R — C H 2— C ( X i ) ( X 2 ) .  N o  r a d i c a l s  
R — C ( X i ) ( X 2 ) — C H 2  h a v e  b e e n  o b s e r v e d .  T h e r e f o r e ,  a l l  o u r  r e s u l t s  a g r e e  
w i t h  t h e  g e n e r a l  c o n c e p t  t h a t  t h e  m e t h y l e n e  g r o u p  o f  a  v i n y l  m o n o m e r  
C H 2= C ( X 1 ) ( X 2 )  i s  n o r m a l l y  m o r e  r e a c t i v e  t h a n  t h e  s u b s t i t u t e d  c a r b o n
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a t o m  t o w a r d s  f r e e  r a d i c a l  a d d i t i o n .  I t  s h o u l d  b e  n o t e d  t h a t  a l l  t h e  v i n y l  
e s t e r s  s t u d i e d  g a v e  a l m o s t  t h e  s a m e ,  v e r y  s m a l l  / 3 - h y d r o g e n  c o u p l i n g  c o n ­
s t a n t s  ( c f . ,  « ¡ / - v a l u e s  i n  T a b l e  I )  r e g a r d l e s s  o f  t h e  s t r u c t u r e  o f  t h e  e s t e r  
g r o u p .  T h e  c o u p l i n g  w i t h  t h e  t h r e e  p r o t o n s  i n  t h e  a c e t a t e  g r o u p  o f  I P A c  
w a s  m u c h  w e a k e r  t h a n  f o r  o t h e r  v i n y l  e s t e r s .  T h i s  s e e m s  t o  b e  a n  e f f e c t  
o f  t h e  m e t h y l  g r o u p  a t t a c h e d  t o  t h e  a - c a r b o n  a t o m .  I t  i s  a l s o  i n t e r e s t i n g  
t o  n o t e  t h a t  t h e  c o u p l i n g  w i t h  t h e  n i t r o g e n  a t o m  i n  t h e  H 2 N  a d d u c t  r a d i ­
c a l s  g a v e  c o n s i d e r a b l y  h i g h e r  v a l u e ,  ( o N N  2 =  8 . 3  g a u s s )  t h a n  t h e  n i t r o ­
g e n  a t o m  i n  t h e  H 2 N  a d d u c t  r a d i c a l s  o f  a c r y l i c  a c i d  ( a N N H 2  =  3 . 4  g a u s s ) . 6 

T h e  f o r m e r ,  h o w e v e r ,  i s  s i m i l a r  t o  t h a t  f o r  t h e  r a d i c a l s  H 2 N — C H 2 —  
C H ( O H )  p r o d u c e d  b y  h y d r o g e n  a b s t r a c t i o n  f r o m  e t h a n o l a m i n e  ( a x N I l !  

=  1 0 . 3  g a u s s ) ,  a s  r e p o r t e d  b y  N o r m a n  e t  a l . 2

T h e  c o u p l i n g  c o n s t a n t s  o f  t h e  p r o t o n s  o f  f r e e  r o t a t i n g  m e t h y l  g r o u p s  a r e  
p r o p o r t i o n a l  t o  t h e  s p i n  d e n s i t y  pa i n  t h e  2 P z o r b i t a l  o f  t h e  t r i g o n a l  c a r b o n  
t o  w h i c h  t h e  m e t h y l  g r o u p  i s  b o n d e d ,  i . e . ,  a H C H 3  =  Q h C H 3  w h e r e  Q h C H s  i s  
2 9 . 3  g a u s s  f o r  a l i p h a t i c  r a d i c a l s . 9 T h e r e f o r e ,  t h e  pa v a l u e  f o r  t h e  I P A c  
m o n o m e r  r a d i c a l s  c a n  b e  d e t e r m i n e d  d i r e c t l y  f r o m  t h e  o b s e r v e d  v a l u e  o f  
O h C H 3 .  E x t e n d i n g  t h e  o r i g i n a l  i d e a s  o f  F e s s e n d e n  a n d  S c h u l e r , 1 9  F i s c h e r 20 

p r o p o s e d  t h a t  t h e  pa v a l u e  a t  t h e  c a r b o n  a t o m  i n  t h e  r a d i c a l  ( X i ) ( X 2 ) ( X 3 ) -  
C  • i s  g e n e r a l l y  g i v e n  b y  t h e  e q u a t i o n  pa =  \p [l — A  ( X t )  ]  w h e r e  A ( A h )  i s  a  
c o n s t a n t  f o r  e a c h  s u b s t i t u e n t .  T h e  A ( X i )  v a l u e s  a r e  f r a c t i o n s  o f  t h e  s p i n  
d e n s i t y  w i t h d r a w i n g  p o w e r  o f  s u b s t i t u e n t s  a t t a c h e d  t o  t h e  t e r v a l e n t  c a r b o n  
a t o m .  U s i n g  t h e  v a l u e s  g i v e n  b y  F i s c h e r , 2 0  A ( H )  =  0 ,  A l U F F )  =  0 . 0 S 1 ,  
A ( C H 2 O H )  =  0 . 0 7 9 ,  A ( C H 2 N H 2 )  =  0 . 0 3 4 ,  a s  w e l l  a s  t h e  v a l u e  o b t a i n e d  i n  
t h i s  s t u d y ,  A ( O C O C H 3 )  =  0 . 1 0 4 ,  w e  c a l c u l a t e d  t h e  pa v a l u e s  f o r  t h e  v i n y l  
e s t e r  m o n o m e r  r a d i c a l s .  T h e y  a r e  a l s o  g i v e n  i n  T a b l e  I .

Steric Conformation of Vinyl Ester Monomer Radicals
as Studied from Their /3-Hydrogen Coupling Constants

A s  s e e n  f r o m  T a b l e  I ,  a l l  t h e  « ¡ / - v a l u e s  a r e  c o n s i d e r a b l y  s m a l l e r  t h a n  
t h o s e  f o r  o t h e r  t y p e s  o f  v i n y l  m o n o m e r s ,  e . g . ,  a c r y l i c  a c i d ,  w h i c h  g i v e s  a n  
H O  a d d u c t  r a d i c a l  w i t h  a /  =  2 7 . 5 8  g a u s s . 4  W h e n  t h e  ¿ ¡ ¡ / - v a l u e  f o r  
C H 3 C H ( O C O C H 3 )  r a d i c a l s  i s  c o m p a r e d  w i t h  t h o s e  o f  t h e s e  v i n y l  e s t e r  
r a d i c a l s ,  a  s u r p r i s i n g l y  g r e a t  d e c r e a s e  i n  t h e  c q /  v a l u e  o c c u r s  w h e n  o n e  o f  
t h e  h y d r o g e n s  o f  t h e  / 3 - m e t h y l  g r o u p  i s  r e p l a c e d  w i t h  a  s u b s t i t u e n t ,  i . e . ,  a n  
H O  o r  H 2 N  g r o u p .  T h e r e  i s  o n l y  a  v e r y  s l i g h t  v a r i a t i o n  w i t h  t e m p e r a t u r e  
i n  t h e  « ¡ /  v a l u e s  f o r  t h e  v a r i o u s  V A c  m o n o m e r  r a d i c a l s ,  e . g . ,  1 2 . 0  g a u s s  
( 8 ° C ) ,  1 2 . 2  g a u s s  ( 2 0 ° C ) ,  a n d  1 2 . 8  g a u s s  ( a b o u t  5 0 ° C ) .  A s  p r e v i o u s l y  

r e p o r t e d , 8  t h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  s t u d i e d  r a d i c a l s  h a v e  a  c o n f o r m a ­
t i o n  o f  s t r o n g l y  r e s t r i c t e d  r o t a t i o n  a r o u n d  t h e  C “— C f  a x i s .

F o r  a l i p h a t i c  r a d i c a l s ,  t h e  a ¡ /  v a l u e s  a r e  k n o w n  t o  b e  s t r o n g l y  d e p e n d e n t  
o n  t h e  s t e r i c  c o n f o r m a t i o n  o f  t h e  r a d i c a l s ,  a s  g i v e n  b y  t h e  r e l a t i o n s h i p , 2 1

a  i f  =  Z ? i / p a c o s 2 0

w h e r e  d i s  t h e  a n g l e  b e t w e e n  t h e  a x i s  o f  t h e  2 P z o r b i t a l  o f  t h e  u n p a i r e d  e l e c ­
t r o n  a n d  t h e  d i r e c t i o n  o f  t h e  C f — H b o n d ,  p r o j e c t e d  o n  a  p l a n e  p e r p e n d i c u -
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Fig. 10. Sterie conformation of free radical of the type R = OIL — C X 1 X 2 with the 
C“ — O 3 axis perpendicular to the plane of the paper.

l a r  t o  t h e  d i r e c t i o n  o f  t h e  C “ — O '3  b o n d .  I f  t h e  t w o  ( 3 - p r o t o n s  a r e  e q u i v a ­
l e n t ,  c i i /  c a n  b e  c a l c u l a t e d  b y  t h e  e q u a t i o n , 4

0,11 =  B y f  Pa V 4 ( 3  -  2  c o s »  =  B HllPa- c o s 2d

w h e r e  <j> i s  t h e  a n g l e  o f  f r e e  r o t a t i o n  b e t w e e n  t i r e  p r o j e c t i o n  o f  t h e  C “ — R  
b o n d  a n d  t h e  a x i s  o f  t h e  2 P z o r b i t a l .  T h e  a n g l e  <f> r e p r e s e n t s  t h e  a v e r a g e  
p o s i t i o n  o f  t h e  s u b s t i t u e n t  R  p r o j e c t e d  o n  a  p l a n e  p e r p e n d i c u l a r  t o  t h e  
C " — C p  b o n d ,  a s  i l l u s t r a t e d  i n  F i g u r e  1 0 ,  c o s '26 i s  a n  a v e r a g e  f o r  a l l  a n g l e s  
6 a t t a i n e d ,  a n d  B H js  i s  a  q u a n t i t y  r e p o r t e d  b y  F e s s e n d e n  a n d  S c h u l e r  ( 5 8 . 6  
g a u s s ) . 1 9

T h e  0  v a l u e s  c a l c u l a t e d  f r o m  v a l u e s  f o r  v i n y l  e s t e r  r a d i c a l s  a r e  l i s t e d  
i n  T a b l e  I I .  F o r  c o m p a r i s o n ,  4> v a l u e s  f o r  o t h e r  r a d i c a l s  o b t a i n e d  b y  v a r i -

TABLE II
Values of a iri and Free Rotation Angle 4>

Radical airi, gauss <f> Reference

HO—VAc ■ 12.2 0° This work
HO—IPAc • 12.5 14° ll ll

II2N —IPAc. • 13. 1 15° Cl cc

IIO— VPr- 12.3 0° “

II.N—VBr- 14.2 15° U Cl

EAc- 24.0 45° Smith«
HO—AA-» 27.58 51 .3° Fischer4'5
HO—MAA-'. 19.98 37.3° “
IT,N—MAA ■ 1G.75 26.3* “
ION—CII2—CH 11.8 0° Norman2

OH
CH,—CH..—CH 

OH

21.4 42.2° Livingston22

“ HO—AA ■ refers to HO—-CH2—CH(CGOH). 
b HO—MAA- refers to HO—CH,—C(CH3)(COOH).
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o u s  w o r k e r s  a r e  a l s o  l i s t e d .  A s  s e e n  f r o m  T a b l e  I I ,  t h e  s m a l l  v a l u e s  o f  
a n 13 m a y  b e  a c c o u n t e d  f o r  b y  a s s u m i n g  a n  e q u i l i b r i u m  c o n f o r m a t i o n  i n  
w h i c h  t h e  a n g l e  d i s  n e a r l y  6 0 °  f o r  b o t h  m e t h y l e n e  h y d r o g e n s .  U n d e r  t h e s e  
c o n d i t i o n s  t h e  g r o u p  R  ( H O -  o r  H 2 N - g r o u p )  o f  R — C H 2 —  C H ( O C O R ' )  i s  
l o c k e d  a b o v e  o r  b e l o w  t h e  r a d i c a l  p l a n e .  I n  g e n e r a l ,  a s  t h e  b u l k i n e s s  o f  t h e  
( 3  s u b s t i t u e n t  o f  t h e  m e t h y l e n e  g r o u p  i s  i n c r e a s e d ,  t h e  r a d i c a l s  t e n d  t o  h a v e  
a  c o n f o r m a t i o n  w h i c h  w o u l d  m a x i m i z e  t h e  d i s t a n c e  b e t w e e n  t h e  b u l k y  / 3  

s u b s t i t u e n t  g r o u p  a n d  t h e  g r o u p  a t t a c h e d  t o  t h e  « - c a r b o n  a t o m .  T h i s  
w o u l d  l e a d  g r a d u a l l y  t o  s m a l l e r  a n g l e s  0  o f  f r e e  r o t a t i o n .  S u c h  a n  e f f e c t  
h a s  b e e n  n i c e l y  d e m o n s t r a t e d  b y  F i s c h e r  e t  a l . M  b y  u s i n g  a c r y l i c  t y p e  
m o n o m e r  r a d i c a l s  w i t h  d i f f e r e n t  i n i t i a t o r s .  I n  o u r  c o p o l y m e r i z a t i o n  
s t u d i e s 9 ' 1 0  w e  o b t a i n e d  s m a l l e r  a v a l u e s  f o r  c o p o l y m e r  r a d i c a l s  t h a n  f o r  
t h e  c o r r e s p o n d i n g  m o n o m e r  r a d i c a l s .  T h e s e  d a t a  w e r e  s a t i s f a c t o r i l y  
i n t e r p r e t e d  a s  d u e  t o  t h e  i n c r e a s e d  b u l k i n e s s  o f  t h e  s u b s t i t u e n t s  a t t a c h e d  
t o  t h e  / 3 - c a r b o n  a t o m .  I n  t h e  c a s e  o f  v i n y l  e s t e r  m o n o m e r  r a d i c a l s ,  h o w ­
e v e r ,  t h i s  i n t e r p r e t a t i o n  s e e m s  i m p r o b a b l e .  I t  m a y  b e  s u g g e s t e d  t h a t  s o m e  
s p e c i f i c  i n t r a m o l e c u l a r  i n t e r a c t i o n  i s  o p e r a t i v e  b e t w e e n  t h e  t w o  p o l a r  
g r o u p s ,  i . e . ,  t h e  O H  o r  H 2 N  g r o u p  o n  t h e  m e t h y l e n e  g r o u p  a n d  t h e  e s t e r  
g r o u p  a t t a c h e d  t o  t h e  a - c a r b o n .  T h e  o b s e r v e d  t e m p e r a t u r e  i n d e p e n d e n c e  
o f  a H 3  v a l u e s  i s  c o n s i s t e n t  w i t h  t h e  p r e s e n c e  o f  s o m e  i n t r a m o l e c u l a r  f o r c e s ,  

w h i c h  s t r o n g l y  h i n d e r  t h e  r o t a t i o n .  A s  s h o w n  i n  T a b l e  I I ,  t h e  s i t u a t i o n  
f o r  / ^ - s u b s t i t u t e d  e t h a n o l i c  r a d i c a l s  i s  v e r y  s i m i l a r  t o  t h i s  c a s e .  I n  C H 3 C H 2 —  
C H O H  r a d i c a l s ,  f r e e  r o t a t i o n  o f  t h e  C H 3 C H 2  g r o u p  m a y  o c c u r  w i t h  r e s p e c t  
t o  t h e  C H — O H ;  h o w e v e r ,  i f  t h e  ( 3 - m e t h y l  g r o u p s  a r e  r e p l a c e d  b y  a  p o l a r  
H 2 N  g r o u p ,  t h e  a n g l e  < / >  o f  f r e e  r o t a t i o n  i s  v e r y  m u c h  d e c r e a s e d  ( t o  z e r o ) .  
A t  t h i s  m o m e n t  a  r e a s o n a b l e  i n t e r p r e t a t i o n  f o r  t h e  a n o m a l o u s  c o n f o r m a t i o n  
o f  t h e  v i n y l  e s t e r  r a d i c a l s  i s  t h e  f o r m a t i o n  o f  a n  i n t r a m o l e c u l a r  h y d r o g e n  
b o n d  b e t w e e n  t h e  O H  o r  H 2 N  g r o u p  a n d  t h e  c a r b o n y l  o x y g e n  o f  t h e  e s t e r  
g r o u p  a t t a c h e d  t o  t h e  a - c a r b o n ,  g i v i n g  a  s e v e n - m e m b e r e d  r i n g  s t r u c t u r e .  
F r o m  s t u d i e s  o f  a  m o l e c u l a r  m o d e l ,  t h i s  c o n f o r m a t i o n  s e e m s  t o  b e  f e a s i b l e ,  
a l t h o u g h  t h e  r i n g  s t r u c t u r e  i s  n o t  p l a n a r .  T h i s  t y p e  o f  h y d r o g e n  b o n d  
m i g h t  e x i s t  a l s o  i n  a q u e o u s  m e d i a ,  a s  r e c e n t l y  p r o p o s e d  b y  J e l l i n e k 2 3  f o r  
p o l y ( m e t h a c r y l i e  a c i d ) .  A n o t h e r  p o s s i b i l i t y  i s  a  t i t a n i u m  c h e l a t e  o f  t h e  
v i n y l  e s t e r  m o n o m e r  r a d i c a l s  i n  w h i c h  T i ( I Y )  m i g h t  b e  c o o r d i n a t e d  w i t h  
t h e  t w o  p o l a r  g r o u p s .  I 1 1  f a c t ,  e t h a n o l a m i n e  i s  k n o w n  t o  f o r m  a  w a t e r -  
s o l u b l e  c h e l a t e  c o m p o u n d  o f  t i t a n i u m . 2 4  I n  t h e  c a s e  o f  v i n y l  e s t e r  c o m ­
p o u n d s ,  t h e r e  i s ,  h o w e v e r ,  n o  e v i d e n c e  f o r  s u c h  t i t a n i u m  c o m p l e x e s .

Hydrogen Abstraction from Ethyl Acetate and 
Isopropyl Acetate by HO Radicals

T h e  c h a i n  t r a n s f e r  r e a c t i o n s  d u r i n g  V A c  p o l y m e r i z a t i o n  a n d  g r a f t  c o -  
p o l y m e r i z a t i o n  t o  P V A c  h a v e  b e e n  e x t e n s i v e l y  s t u d i e d .  I t  h a s  b e e n  
e s t a b l i s h e d  i n  s o m e  c a s e s  t h a t  t h e  t r a n s f e r  t o  p o l y m e r s  o c c u r s  p r e f e r e n t i a l l y  
o n  t h e  h y d r o g e n  a t o m s  o f  t h e  a c e t y l  g r o u p . 2 5  S o m e  w o r k e r s  r e p o r t e d ,  
h o w e v e r ,  t h a t  m o s t  t r a n s f e r  r e a c t i o n s  o c c u r r e d  a t  t h e  a -  o r  / 3 - h y d r o g e n s ,  
l e a d i n g  t o  n o n h y d r o l y z a b l e  b r a n c h e s . 2 6 , 2 7
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CH2CH(CHj) 
H

Fig. 1 1 . ESR spectrum from isopropyl acetate in the system HiOa-TiCla. [Isopropyl 
acetate] = 1.3 X 10_ 1  mole/1.; [II2O2] = 1.5 X 10_l mole/1.; [TiCl.j] = 7 X 10” 3 

mole/1.; [H2SO4] =  2.2 X 10~ 2 mole/1.

I i i  r e l a t i o n  t o  t h i s  c o n t r o v e r s y  o n  t h e  t r a n s f e r  a n d  g r a f t i n g  r e a c t i o n s ,  t h e  
E S R  m e t h o d  o f f e r s  a  n e w  m e t h o d  t o  s t u d y  t h e  r a d i c a l s  a c t u a l l y  i n v o l v e d .  
I n  t h i s  w o r k ,  t h e  r a d i c a l s  f o r m e d  b y  h y d r o g e n  a b s t r a c t i o n  f r o m  m o d e l  c o m ­
p o u n d s  f o r  V A c ,  e . g . ,  e t h y l  a c e t a t e  a n d  i s o p r o p y l  a c e t a t e ,  h a v e  b e e n  s t u d i e d .  
A s  p r e v i o u s l y  r e p o r t e d  b y  S m i t h  e t  a l . , 1 7  e t h y l  a c e t a t e  r e a c t e d  w i t h  H O -  
r a d i c a l s ,  a n d  t h e  p r e d o m i n a n t  s p e c t r u m  o f  a  d o u b l e t  o f  q u a r t e t s  w i t h  e a c h  
c o m p o n e n t  s p l i t  f u r t h e r  i n t o  a  n a r r o w  q u a r t e t  w a s  o b s e r v e d .  T h e  s p e c ­
t r u m  w a s  a t t r i b u t e d  t o  C H 3 C H ( O C O C H 3 )  r a d i c a l s .  E S R  s i g n a l s  d u e  t o  

• C H 2 C H 2 ( O C O C H 3 )  f o r m e d  b y  r e m o v a l  o f  a  h y d r o g e n  a t o m  f r o m  t h e  
t e r m i n a l  m e t h y l  g r o u p  w a s  a l s o  o b s e r v e d .  H o w e v e r ,  n o  p r o d u c t  o f  h y d r o ­
g e n  a b s t r a c t i o n  f r o m  t h e  a c e t y l  g r o u p  w a s  o b s e r v e d .

I s o p r o p y l  a c e t a t e  g a v e  a  s e p t e t  ( c m  =  2 2 . 2  ± 0 . 1  g a u s s ) ,  a s s i g n e d  t o  
C H 3 C ( C H 3 ) ( O C O C H 3 ) ,  f o r m e d  b y  a b s t r a c t i o n  o f  t h e  s e c o n d a r y  h y d r o g e n ,  
o n  w h i c h  a  q u a r t e t  w a s  s u p e r i m p o s e d  ( a H =  2 . 1 7  ±  0 . 3  g a u s s )  a s  s h o w n  
i n  F i g u r e  1 1 .  T h e  q u a r t e t  i s  a t t r i b u t e d  t o  - C H 2 C H ( C H 3 ) ( O C O C H 3 ) ,  
f o r m e d  b y  a b s t r a c t i o n  o f  h y d r o g e n  f r o m  a  t e r m i n a l  m e t h y l .  A l t h o u g h  t w o  
o f  t h e  t h r e e  h y d r o g e n s ,  w h i c h  c o u p l e  w i t h  t h e  u n p a i r e d  e l e c t r o n ,  a r e  i n  a  
d i f f e r e n t  l o c a t i o n  t h a n  t h e  t h i r d ,  t h e  o b s e r v e d  c o u p l i n g  c o n s t a n t s  o f  a -  a n d  
/ 3 - p r o t o n s  a r e  v e r y  s i m i l a r ,  a s  p r e v i o u s l y  f o u n d  f o r  o t h e r  a l k y l  r a d i c a l s .  
T h e  l i n e - b r o a d e n i n g  o f  t h e  q u a r t e t  i s  c a u s e d  b y  s l i g h t  d i f f e r e n c e s  i n  t h e  
c o u p l i n g  c o n s t a n t s .  T h e  s p l i t t i n g  o f  e a c h  c o m p o n e n t  o f  t h e  s e p t e t ,  d u e  t o  
a c e t y l  h y d r o g e n s  w a s  n o t  o b s e r v e d ,  p r o b a b l y  b e c a u s e  t h e r e  a r e  t w o  a -  
m e t h y l  g r o u p s .  H e r e  a g a i n ,  n o  p r o d u c t  o f  h y d r o g e n  a b s t r a c t i o n  f r o m  t h e  
a c e t y l  g r o u p  w a s  o b t a i n e d .  T h e  a b s e n c e  o f  t h i s  r a d i c a l  i n  t h e  s p e c t r u m  i s
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n o t  d u e  t o  i t s  i n s t a b i l i t y  s i n c e  a  s i m i l a r  r a d i c a l  H O C O C H 2  w a s  a c t u a l l y  
o b s e r v e d  a s  a  r e s u l t  o f  h y d r o g e n  a b s t r a c t i o n  o f  a c e t i c  a c i d  w i t h  H O -  
r a d i c a l s . 2

I t  w a s  d e m o n s t r a t e d  i n  t h i s  p a p e r  t h a t  t h e  e l e c t r o p h i l i c  h y d r o x y l  r a d i c a l s  
a t t a c k  p r e d o m i n a n t l y  t h e  a -  a n d  / 3 - h y d r o g e n s  o f  t h e  m o d e l  s u b s t a n c e s .  
I n s t e a d  o f  H O  • r a d i c a l s  a n  a t t e m p t  w a s  m a d e  t o  u s e  m e t h y l  r a d i c a l s ,  w h i c h  
a r e  s i m i l a r  i n  n a t u r e  t o  g r o w i n g  c h a i n  r a d i c a l s  o f  V A c .  T h e  q u a r t e t  s p e c ­
t r u m  o f  m e t h y l  r a d i c a l s  w a s  o b t a i n e d  b u t  n o  s p e c t r a  f r o m  t h e  s u b s t r a t e s  
w e r e  o b s e r v e d .  T h e  p o s s i b i l i t i e s  o f  h a v i n g  h y d r o g e n  a b s t r a c t i o n  i s  d i r e c t l y  
d e p e n d e n t  u p o n  t h e  c h a r a c t e r  o f  t h e  a t t a c k i n g  r a d i c a l s .  O n  t h e  b a s i s  o f  
t h e s e  r e s u l t s ,  i t  i s  s u g g e s t e d  t h a t  g r a f t  p o l y m e r i z a t i o n  o n t o  P V A c ,  i n i t i a t e d  
b y  H O -  r a d i c a l s ,  m a y  t a k e  p l a c e  m a i n l y  a t  t h e  a -  o r  / 3 - h y d r o g e n  p o s i t i o n s  
o f  t h e  p o l y m e r  c h a i n .  I n  t h e  c a s e  o f  v i n y l  e s t e r  p o l y m e r i z a t i o n ,  u n h y d r o -  
l y z a b l e  b r a n c h e s  m a y ,  t h e r e f o r e ,  b e  f o r m e d  t o  s o m e  e x t e n t  o n  t h e  r e s u l t i n g  
p o l y m e r  c h a i n ,  p a r t i c u l a r l y  w h e n  a n  e x c e s s  o f  H O -  r a d i c a l s  i s  u s e d  a s  
i n i t i a t o r .
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Reformulation o f the General Theory o f Ionic 
Polym erization. II. Rate o f Change of  

Degree o f Polym erization with Time

T h .  D E L E A N U  a n d  M .  D I M O N I E ,  I n s t i t u t u l  de  C h i m i e  F i z i c a  a l  
A c a d e m i e i  R .  S .  R o m a n i a ,  B u c u r e s t i ,  R o m a n i a

Synopsis

By means of the kinetic equations of polymerization some approximate relations 
were deduced by using the concomitant rate of change of intrinsic viscosity in many 
concrete cases. These relations were easy to handle and were sufficiently precise for 
direct calculation of the rate constants of polymerization.

A detailed mathematical study was carried out to improve the suggested approxi­
mations as well as the extension of these considerations.

I. INTRODUCTION

T h e  d i s c u s s i o n  i n  t h e  p r e v i o u s  p a p e r 1  i n d i c a t e s  t h e  p o s s i b i l i t y  o f  c h a r ­
a c t e r i z i n g  t h e  p o l y m e r i z a t i o n  k i n e t i c s  b y  t h e  m o n o m e r  c o n s u m p t i o n  i n  t i m e  
a n d  b y  t h e  a r i t h m e t i c  o r  w e i g h t  a v e r a g e  o f  t h e  d e g r e e  o f  p o l y m e r i z a t i o n  
o b t a i n e d  b y  o s m o t i c - p r e s s u r e  o r  l i g h t - s c a t t e r i n g  m e a s u r e m e n t s .

W e  s u g g e s t  i n  t h e  p r e s e n t  p a p e r  t h e  u s e  o f  v i s c o m e t r i c  d a t a  f o r  t h e  s a m e  
p u r p o s e .  W e  a s s u m e d  t h a t  t h e  d e a c t i v a t i o n  o f  a c t i v e  m a c r o m o l e c u l e s  i s  
i r r e v e r s i b l e .  A t  t h e  e n d  o f  S e c t i o n  I I  w e  t h e n  c o m p u t e  a  f i r s t  a p p r o x i m a ­
t i o n  f o r  t h e  c a s e  i n  w h i c h  r e a c t i v a t i o n  o f  d e a c t i v a t e d  m a c r o m o l e c u l e s  w o u l d  
b e  p o s s i b l e .  T h e  d e a c t i v a t i o n  i s  a s s u m e d  t o  b e  a  f i r s t - o r d e r  r e a c t i o n  o n l y  
i n  r e l a t i o n  w i t h  t h e  a c t i v e  p o l y m e r  c o n c e n t r a t i o n .  O u r  c o m p u t a t i o n s  r e f e r  
t o  t h e  d e a c t i v a t i o n  b y  c h a r g e  t r a n s f e r .

T h i s  l a s t  d e v e l o p m e n t ,  c o m p a r e d  t o  C o l e m a n ’ s  p a p e r 2  i s  p o s s i b l e  b e c a u s e  
w e  c a n n o t  m a k e  a n y  h y p o t h e s i s  r e g a r d i n g  t h e  s p e e d  o f  t h e  i n i t i a t i o n  p r o c e s s  
o r  t h e  m e c h a n i s m ,  b u t  w e  a s s u m e  t h a t  t h e  a c t i v e  p o l y m e r s  a r e  m o n o ­
f u n c t i o n a l .

F o r  t h e  c a l c u l a t i o n  o f  t h e  p o l y m e r  p o l y d i s p e r s i t y  i n  t h e  c a s e  o f  c o m p l e x  
p o l y m e r i z a t i o n  p r o c e s s e s  i n  w h i c h  t h e  i n i t i a t i o n  r e a c t i o n  i s  f a s t ,  N a n d a 3 

s t a r t s  f r o m  t h e  h y p o t h e s i s  t h a t  t h e  i n s t a n t a n e o u s l y  i n i t i a t e d  a c t i v e  p o l y ­
m e r s  a r e  m o n o d i s p e r s e  a n d  t h e  l e n g t h  o f  t h e  m a c r o m o l e c u l a r  c h a i n  i s  a  
c o n t i n u o u s  q u a n t i t y .

I n  S e c t i o n  I I  w e  s u g g e s t  a  r i g o r o u s  m e t h o d  o f  c o m p u t i n g  t h e  m o m e n t s  o f  
f r a c t i o n a l  o r d e r s  o f  d e g r e e s  o f  p o l y m e r i z a t i o n  u n d e r  v e r y  g e n e r a l  c o n d i t i o n s  
o f  t h e  i n i t i a t i o n  p r o c e s s .  T h e s e  m o m e n t s  a r e  u s e d  i n  c o m p u t i n g  t h e  r a t e
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c o n s t a n t s  o f  p o l y m e r i z a t i o n  b y  m e a n s  o f  e x p e r i m e n t a l l y  d e t e r m i n e d  i n ­
t r i n s i c  v i s c o s i t i e s .

S u c h  c o m p u t a t i o n s  w e r e  m a d e  f o r  c o n d i t i o n s  o f  r a d i c a l  p o l y m e r i z a t i o n 4 

i n  t h e  c a s e  o f  r a p i d  i n i t i a t i o n  b y  u s i n g  t h e  L a p l a c e  t r a n s f o r m ,  w h i c h  w a s  
a p p l i e d  f o r  t h e  f i r s t  t i m e  b y  B a m f o r d 5  s t u d y i n g  p o l y m e r i z a t i o n  k i n e t i c s .  
T h i s  m e t h o d  u s e d  b y  C h i a n g  a n d  H e r m a n s 6 ’ 7  f o r  t h e  c o m p u t a t i o n  o f  a r i t h ­
m e t i c  a n d  g r a v i m e t r i c  m o l e c u l a r  w e i g h t  a v e r a g e s  w a s  n o t  o f  u s e  f o r  t h e  
f r a c t i o n a l  a v e r a g e  c o m p u t a t i o n  u n d e r  t h e  c o n d i t i o n s  s t u d i e d  b y  u s .  T h e  
s l o w  i n i t i a t i o n  p o l y m e r i z a t i o n  w a s  s t u d i e d  b y  G o l d 8  a n d  N a n d a 9  a s  a  s i m p l e  
b i m o l e c u l a r  p r o c e s s .

I n  S e c t i o n  I I I  t h e  e q u a t i o n s  o f  i m m e d i a t e  a p p l i c a b i l i t y  i n  t h e  e x p e r i ­
m e n t a l  s t u d i e s  a r e  p r e s e n t e d .

II. AVERAGES OF A FRACTIONAL ORDER

F o r  t h e  f o r m u l a t i o n  o f  t h e  v a r i o u s  e q u a t i o n s  w h i c h  c h a r a c t e r i z e  t h e  
p o l y m e r i z a t i o n  p r o c e s s ,  w e  s h a l l  u s e  t h e  f o l l o w i n g  n o t a t i o n s .  g r  a n d  3 C r  a r e  
t h e  n u m b e r  o f  a c t i v e  a n d  d e a c t i v a t e d  p o l y m e r  m o l e c u l e s ,  r e s p e c t i v e l y ,  
w i t h  r  m e r s  p e r  u n i t  v o l u m e ;  p„ i s  t h e  t o t a l  n u m b e r  o f  p o l y m e r  m o l e c u l e s ;  
f  i s  t h e  a r i t h m e t i c  a v e r a g e  o f  t h e  d e g r e e  o f  p o l y m e r i z a t i o n ,  g  i s  t h e  w e i g h t  
a v e r a g e  o f  t h e  d e g r e e  o f  p o l y m e r i z a t i o n ;  p „  i s  d e f i n e d  b y  e q .  ( 2 ) ;  A  i s  t h e  
n u m b e r  o f  i n i t i a t o r  m o l e c u l e s  p e r  u n i t  v o l u m e  a t  t =  0 ;  M  a n d  M 0 a r e  t h e  
n u m b e r  o f  m o n o m e r  m o l e c u l e s  p e r  u n i t  v o l u m e  a t  t i m e  t  a n d  i n i t i a l l y  ( i  =  
0 ) ,  r e s p e c t i v e l y ;  P . S . Q  a r e  t h e  r a t e  c o n s t a n t s  o f  p o l y m e r i z a t i o n ,  d e a c t i v a ­
t i o n ,  a n d  r e a c t i v a t i o n ,  r e s p e c t i v e l y ;  H ,  e  a r e  c o n s t a n t s  d e f i n e d  b y  e q s .  ( 4 )  
a n d  ( 4 ' ) ;  [ 7 7 ]  i s  i n t r i n s i c  v i s c o s i t y ,  a n d  p  i s  m o l e c u l a r  w e i g h t  o f  m o n o m e r .  
C o n v e r s i o n  0  i s  d e f i n e d  a s

a  =  ( M 0 -  M ) / M 0 0  <  <  1
t, t  a n d  6 a r e  d i f f e r e n t  n o t a t i o n  o f  t i m e ,  u s e d  i n  t h e  c o m p u t a t i o n  o f  s o m e  
i n t e g r a l s  i n  r e l a t i o n  w i t h  t i m e .

W e  d e f i n e :

C O  =  C 0 ( - / >

■ = / „

M d t

P M c l t>r, =  —  C 0 r  =  j

ra t, =  I  Sclt  =  cr, —  <t  T

R M  =  £
r  co

r - 1  ( r  -  1 )  !
w h e r e  v i s  t h e  m o m e n t  o r d e r  a n d  p „ / p o  i s  t h e  m o m e n t  o f  v  o r d e r .
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T h e  e q u a t i o n s  o f  p o l y m e r i z a t i o n  k i n e t i c s  a r e  a s  f o l l o w s  :  
P r o p a g a t i o n  :

dÇjr+i/dt  —  P M ( ç j T —  g r + i )  —  N g r + i  +  Q3Cr+i  ( 1 )
T e r m i n a t i o n :

d X r/ iU  =  S Q r -  Q3Cr r  =  1 , 2 , 3 , . . .

W e  a s s u m e  Q  =  0  a n d  i n t r o d u c e  t h e  f u n c t i o n :

Pv ~  2 3  r *(8r  +  3 C r )  ( 2 )
r = l

f o r  v =  0 , 1 , 2 ,
P o  =  ( M o  —  M ) / f  

p i  =  M o  —  M ;

p 2 =  g ( M 0 —  M )  ( 3 )

F o r  a  c e r t a i n  v a l u e  o f  v {v  =  e  +  1 )  t h e  f u n c t i o n  p „  d e p e n d s  o n  t h e  i n t r i n s i c  
v i s c o s i t y .

W e  r e c a l l  t h e  w e l l  k n o w n  r e l a t i o n  f o r  t h e  c a s e  o f  t h e  m o n o d i s p e r s e  p o l y ­
m e r s  :

M  =  H p Y  ( 4 )
F o r  t h e  c a s e  o f  p o l y  d i s p e r s e  p o l y m e r s  w e  s u b s t i t u t e  t h e  g r a v i m e t r i c  a v e r a g e  
o r f ' ;  f e t o / , e f ' . l u

23 r(9r +  3Cr)re 
h ]  =  -

2 3  r(8t +  3Cr)
H p

e  P i  +  «
P i  J (4 0

w h e r e ,  i n  g e n e r a l ,  0 . 0  <  e  <  0 . 9 ,  a n d  t h e n  1  <  I  +  e <  2 .
S y s t e m  ( 1 )  o f  d i f f e r e n t i a l  e q u a t i o n s  a d m i t s  t h e  p a r t i c u l a r  s o l u t i o n : 2

Q  =  ------- e

d O' — 1) !
- (co+ff)

3 C r r
J t = 0 (r( r -  1)!

l - ( “ r + ° T ) ( I n (5)

X  i s  a n  i n t e g r a t i o n  c o n s t a n t .  B y  c o m p u t i n g  t h e  t o t a l  q u a n t i t y ,  p 0 ,  o f  
p o l y m e r  f r o m  e q .  ( 5 )  w e  f i n d  t h a t  i t  i s  a  c o n s t a n t ,  n a m e l y  p o  =  X  =  A .  
C o n s e q u e n t l y  s o l u t i o n  ( 5 )  c o r r e s p o n d s  t o  t h e  c a s e  o f  i n s t a n t a n e o u s  i n i t i a ­
t i o n  a t  t i m e  t =  0 .  I f  t h e  i n i t i a t i o n  p r o c e s s  i s  n o t  i n s t a n t a n e o u s ,  b u t  a t  t h e  
i n s t a n t  r  a  q u a n t i t y  d p 0 ( r )  o f  p o l y m e r  i s  f o r m e d ,  t h e  f a c t  t h a t  t h e  s y s t e m  o f  
e q s .  ( 1 )  i s  l i n e a r  e n t i t l e s  u s  t o  s u p e r p o s e  t h e  s o l u t i o n s  c o r r e s p o n d i n g  t o  t h e
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i n i t i a t i o n  a t  v a r i o u s  i n s t a n t s  t  o f  t h e  q u a n t i t i e s  r f p o ( r )  o f  p o l y m e r ,  a n d  t h e r e ­
f o r e :

% =  f  ‘ e - ^ + ^ d p o i r )
J r = o (r — 1) !

3 C r  =  f  clpo(r) f  Wt-  e ~ ^ Te+°Te\ h 0 ( 0 )
*y T =  0  V  8  =  T  (  / ’ — • 1 )  !

I n  t h e  A p p e n d i x  w e  h a v e  d e v e l o p e d  a  c o m p u t a t i o n  p e r m i t t i n g  p„ t o  b e  
e s t i m a t e d  b y  u s i n g  e q .  ( 5 ) .  I n t h e  c a s e  o f  i n s t a n t a n e o u s  i n i t i a l  i o n  : 2

P „  =  A  +  A  f  [ / * , ( « , ) ]  ( 7 )
J 0=0

A n d  i f  a t  t h e  i n s t a n t  r  t h e  q u a n t i t y  d p u (r )  o f  p o l y m e r  i s  i n i t i a t e d  w e  s h a l l
o b t a i n ,  i n  a n a l o g y  w i t h  e q .  ( 6 ) ,

Pv f . = 0
<lpo(i 1 e ~ a'°  d e l R ^ r e ) ] (S)

F o r  v  a s  p o s i t i v e  i n t e g e r ,  / ¿ „ ( c o )  a r e  p o l y n o m i a l s  o f  d e g r e e  v .'1

R o(w )  =  1
/ ¿ I  ( c o )  =  1  - f -  £0

/ ¿ • > ( c o )  =  1  +  3 c o  - f -  c o "
R,(u>) =  1 —L /  CO —(~ Geo2 -j- co2 (9 )

I f  a  0 . 5 %  a c c u r a c y  i s  s a t i s f a c t o r y ,  t h e n  t h e  f u n c t i o n  R „ ( c o )  m a y  b e  a p ­
p r o x i m a t e d  b y :

/i,(w )

1  +  ( 2 "  -  l ) c o  +  ( 3 "  -  2  X  2 "  +  1 )  ( c o 2 / 2 )
„  ,  " ( v + 1 )  v(v  +  1 )  ( v  —  1 )  ( 3 r  —  2 )

CO +  ----- ------ CO H -------------- ------ 7— --------------  CO

i f  C O  ^  1  

i i  C O  ^  1

(10)

f o r  1  ^  v  <  2 .  T h e  a c c u r a c y  i s  i m p r o v e d  w i t h o u t  l i m i t  w h e n  c o  — ►  0  o r  
c o  — *" ° o  .  W e  s h a l l  u s e  t h e  f o l l o w i n g  a p p r o x i m a t i o n  o f  f u n c t i o n  R „( c o ) :

R , ( a )  =  c o r  ( 1 1 )
T h i s  i s  j u s t i f i e d  s i n c e ,  i n  t h e  g e n e r a l  s t u d y  o f  p o l y m e r i z a t i o n  c o  1 ,  a n d  
w e  a i m  t o  p r o v e  t h i s  s t a t e m e n t .  W e  h a v e  i n t r o d u c e d  t h e  f u n c t i o n  c o T i  
f o r  e x c l u s i v e l y  f o r m a l  c o n s i d e r a t i o n s .  T h e  p h y s i c a l  s i g n i f i c a n c e  o f  < o r i ,  a s  
m e a n  d e g r e e  o f  p o l y m e r i z a t i o n  ( a r i t h m e t i c  m e a n )  o f  t h e  p o l y m e r  i n i t i a t e d  
a t  t i m e  r  a n d  w h i c h  r e m a i n s  a c t i v e  a t  i n s t a n t  t,  m a y  b e  o b t a i n e d  f r o m  t h e  
k i n e t i c  e q u a t i o n s  o f  m o n o m e r  c o n s u m p t i o n

d . M / d t  =  P M %
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w i t h

S  =  E  9 r  ( 1 2 )
7 1 =  1

I f  w e  d e n o t e  b y  g<rf) t h e  n u m b e r  o f  p o l y m e r  m o l e c u l e s  i n i t i a t e d  a t  t h e  
t i m e  r  w h i c h  r e m a i n  a c t i v e  a t  l e a s t  t i l l  t i m e  t  >  r  a n d  b y  M rt t h e  q u a n t i t y  
o f  m o n o m e r  c o n s u m e d  i n  t h e  p r o c e s s  o f  p o l y m e r i z a t i o n  o f  g (ri) m a c r o ­
m o l e c u l e s  f r o m  m o m e n t  r  t o  t ,  t h e n :

M Tt = g w f ' p M d t  = g(TV i  (13)

H e r e  g(r,) i s  a  c o n s t a n t  m a g n i t u d e  d e p e n d i n g  o n  t h e  t w o  e x t r e m e  m o m e n t s  
r  a n d  t.

T h e r e f o r e ,  i n  t h e  c a s e  o f  “ l i v i n g ”  p o l y m e r s  i n i t i a t e d  p r a c t i c a l l y  i n s t a n ­
t a n e o u s l y  a t  t  =  0 ,  u ,  r e p r e s e n t s  t h e  m e a n  d e g r e e  o f  p o l y m e r i z a t i o n ,  r e ­
g a r d l e s s  o f  w h e t h e r  o r  n o t  t h e  s y s t e m  r e c e i v e s  m o n o m e r  f r o m  t h e  o u t s i d e  
d u r i n g  p o l y m e r i z a t i o n ,  o r  o f  w h e t h e r  o r  n o t  t h e  r a t e  c o n s t a n t  P  c h a n g e s  
w i t h  t i m e ,  f o r  e x a m p l e  d u e  t o  t e m p e r a t u r e  c h a n g e s .  E q u a t i o n  ( 7 )  b e ­
c o m e s ,  i n  t h e  c a s e  o f  l i v i n g  p o l y m e r s  i n i t i a t e d  a t  t  =  0 :

P ,  =  A R M  ( 1 3 0
t h e n  [ / ¿ „ ( t o ) ] 1 ' "  a l s o  r e p r e s e n t s  a  d e g r e e  o f  p o l y m e r i z a t i o n .  O n  r e a s o n i n g  
a s  b e f o r e  f o r  t h e  c a s e  S  /  0 ,  [ / ? „ ( « )  ] 1 / "  w i l l  r e p r e s e n t  a  m e a n  d e g r e e  o f  
p o l y m e r i z a t i o n  o f  t h e  p o l y m e r  w h i c h  h a s  b e e n  i n i t i a t e d  a t  i n s t a n t  r  a n d  
w h i c h  h a s  r e m a i n e d  a c t i v e  a t  i n s t a n t  t  >  r .  *

W e  n o t i c e  t h a t  i n  a p p r o x i m a t i o n  (11), [ / ? „ ( c o )  ] x / "  d o e s  n o t  d e p e n d  o n  v, 
i . e . ,  t h e  a c t i v e  p o l y m e r s  b e h a v e  a s  i f  t h e y  w e r e  m o n o d i s p e r s e .  A p p r o x i m a ­
t i o n  ( 1 0 )  d o e s  n o t  a c c o u n t  f o r  t h e  e r r o r s  i n  t h e  m e a n ,  i f  w e  c o n s i d e r  t h a t  t h e  
a c t i v e  p o l y m e r s  a r e  n o t  m o n o d i s p e r s e .

I f  w e  d o  n o t  a s s u m e  t h a t  t h e  i n i t i a t i o n  i s  m a d e  i n s t a n t a n e o u s l y ,  w e  t h e n  
u s e ,  i n  t h e  c a s e  o f  l i v i n g  p o l y m e r s ,  t h e  e x p r e s s i o n  p r o v e d  i n  t h e  A p p e n d i x :

P„ =  —  f  R 'u i^T t)  d M { r )
J r  = o

w h e r e
R ' M )  =  d / f „ ( c o ) / d c o  ( 1 - 1 )

T o r  S  9̂  0 ,  t h e  m o r e  g e n e r a l  e q u a t i o n

P „  =  ( 2 '  -  1 )  (M o  -  M )  -  f  ‘ due f  8 R / ( u TS) e ~ ^ d M ( r )  ( 1 4 ' )
J  0 = 0 J  T = o

i s  v a l i d .
* We mention that the magnitude t o  was used by Nanda3 under the name, maximum 

possible chain length, for the computation of polydispersity. In eq. (ij) one can see 
that Sr — 0 except for the value of r for which t o  — r +  l .11

According to eq. (13) one could interpret that t o  is the mean degree of polymerization 
whereas according to eq. (13') for v =  1 the polymerization degree is 1 +  to.1 This dis­
tinction remains superfluous for t o  1.
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T h e  s a m e  c o m p u t i n g  p r o c e d u r e  a l l o w s  u s  t o  d e d u c e ,  f r o m  e q .  ( 6 ) ,  t h e  
f o l l o w i n g  e x p r e s s i o n s  f o r  Qr a n d  3 C r ,  b y  u s i n g  o n l y  t h e  m o n o m e r  c o n s u m p ­
t i o n  i n  t i m e  a n d  t h e  r a t e  c o n s t a n t  P  a n d  S :

Sr +  3Cr = r/cofl -VtO (P

d J tg

Ur6

L (r — 1)!
( L M  f o r  r  >  2

( 1 4 " )
H e r e  t h e  q u a n t i t y  p 0 ( r )  o f  p o l y m e r  n o  l o n g e r  a p p e a r s  e x p l i c i t l y .

T h e  s t u d y  o f  t h e  i n i t i a l  p h a s e s  o f  p o l y m e r i z a t i o n  i s  a d v a n t a g e o u s  d u e  t o  
t h e  c e r t a i n t y  o f  t h e  a b s e n c e  o f  a n y  d e g r a d a t i o n  p h e n o m e n a  a n d  o f  t h e  a b ­
s e n c e  o f  i n s o l u b l e  f r a c t i o n s .

R e l a t i o n s  ( 1 1 )  a n d  ( 1 4 )  l e a d  t o :

P. = P ’ - ' J M )

w h e r e

J  „ ( f )  —  : nr M ( e ) d e d M (  r

a n d ,  i n  a  f i r s t  a p p r o x i m a t i o n :
- J „ ( t )  = Mo"-1 A I J ’

( 1 5 )

H e n c e
W\  =  I I p ' F M  » r  ( 1 6 )

w h e r e
M  =  A h  +  A h t  +  ( M , / 2 )  P  + . . .  ( 1 7 )

M o, M i ,  a n d  M  2  a r e  c o e f f i c i e n t s  w h i c h  r e p r e s e n t  s u c c e s s i v e  d e r i v a t i v e s  o f  M  
f o r  t =  0 .  A  m o r e  e x a c t  e v a l u a t i o n  o f  p „  a c c o r d i n g  t o  e q .  ( A - 2 0 )  i n  t h e  
A p p e n d i x  l e a d s  t o  t h e  d e v e l o p m e n t :

J M  =  A h ' " 1 A h t ’ +
' M i

. 2  A h
1 -

K " +  l )

+
A h

M i v ( v  +  1 ) +  5 ( 0 ) A h " - 1 A h t ’ + l  ( 1 8 )

I t  i s  n o t i c e d  t h a t  5 ( 0 ) ,  t h e  r a t e  o f  t h e  d e a c t i v a t i o n  c o n s t a n t  a t  t  =  0 ,  
a p p e a r s  o n l y  i n  t h e  s e c o n d  t e r m  o f  e q .  ( 1 8 ) ,  h e n c e  e q .  ( 1 6 )  i s  a l s o  v a l i d  f o r  
t h e  c a s e  S  ^  0  f o r  s m a l l  t.  T h e  c o m p u t a t i o n  o f  5  f r o m  e q .  ( I S )  i s  p r a c t i ­
c a l l y  p o s s i b l e  o n l y  w h e n  A I i / A I 0, A ' h / A I  1 ,  a r e  s m a l l  o r  c o m p a r e d  w i t h  S .

T o  d e t e r m i n e  t h e  v a l u e s  r t f  S  a n d  P  w e  s h a l l  u s e  t h e  g r a p h i c a l  m e t h o d .  
W e  s h a l l  r e p r e s e n t  h ]  i n  t h e  o r d i n a t e ,  a n d  t h e  t i m e  f  i n  t h e  a b s c i s s a .  B y  
e x t r a p o l a t i o n  o f  t h e  c u r v e  t o  i t s  i n t e r s e c t i o n  w i t h  t h e  o r d i n a t e ,  w e  f i n d  f r o m  
e q .  ( 1 6 )  t h e  v a l u e  o f  P  a n d  f r o m  t h e  s l o p e  t h e  v a l u e  o f  S  a c c o r d i n g  t o  e q .  
( I S ) .  T h i s  e x t r a p o l a t i o n  m u s t  b e  m a d e  a t  t h e  s a m e  v a l u e  o f  t  w h e n  t h e
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p o l y m e r i z a t i o n  d e g r e e  f  >  1 0 .  W h e n  f  <  1 0 ,  e q s .  ( 1 6 )  a n d  ( 1 8 )  a r e  n o  
l o n g e r  v a l i d .  T h e  c o n d i t i o n  f  >  1 0  i s  p r a c t i c a l l y  a l w a y s  m e t .  T h e  e s t i m a ­
t i o n  o f  P  f r o m  a d v a n c e d  s t a t e s  o f  t h e  p o l y m e r i z a t i o n  p r o c e s s  i s  e a s y  w h e n  
t h e  i n i t i a t i o n  r a t e  c o n s t a n t  i s  l a r g e r  t h a n  t h a t  o f  p o l y m e r i z a t i o n ,  i . e . ,  w h e n  
t h e  i n i t i a t i o n  m a y  b e  c o n s i d e r e d  f i n i s h e d  a f t e r  a  t i m e  t =  a  ( r e l a t i v e l y  
s m a l l )  a n d  i f  S  =  0 .  I n  t h i s  c a s e  t h e  m o n o m e r  c o n s u m p t i o n  f o l l o w s  t h e  
r u l e :

I n  ( M 0/ M )  =  A P I  ( 1 0 )
a n d  t h e  c o n v e r s i o n  e x p r e s s i o n  a t  a  g i v e n  i n s t a n t  t  w i l l  b e

0 = 1 -  e ~ A r t

U n d e r  t h e s e  c o n d i t i o n s ,  e q .  ( 4 )  b e c o m e s :
M  =  H p '  Q ' M 0 ' / A '  (2 0 )

v a l i d  f o r  a n y  t.  W e  s h a l l  p u t  [ 7 7 ]  i n  t h e  a b s c i s s a  a n d  O e  i n  t h e  o r d i n a t e ,  a n d  
f r o m  t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e  w e  f i n d  t h e  c o n c e n t r a t i o n  A  o f  t h e  p o l y ­
m e r ,  w h i l e  f r o m  t h e  k n o w l e d g e  o f  t h e  p r o d u c t  g i v e n  b y  t h e  e x p e r i m e n t a l  r e ­
l a t i o n  ( 1 9 )  w e  c a n  f i n d  P .

I f ,  h o w e v e r ,  t h e  i n i t i a t i o n  i s  s u f f i c i e n t l y  f a s t  a n d  w e  h a v e  a  v e r y  s m a l l  
c o n c e n t r a t i o n  o f  i n i t i a t o r s ,  s o  t h a t  P A  <£ S ,  t h e n  t h e r e  r e s u l t s :

Pi =  M o  — M  =  M  i ) 0
w h e r e

0  ~  ( A P / S )  ( 1  —  e ~ st) f o r  a n y  t  ( 2 1 )
h e n c e  a  ~  M 0P t  a n d  t h u s :

M  =  H p '

S M  o‘P elc S t  1  - f -  e  (S f)~  1  T  e
T~! 2+~e +  ~~2\~ 3 +  6 +

(22)

F o r  l a r g e  t  i t  i s  m o r e  s u i t a b l e  t o  u s e  t h e  r e l a t i o n

M  =  H p ‘ P f ° '

r(2  +  e )  -  ( S T Y e -st
1 +

S T

1  —  e "

e(e -  1)

(STY  ' ' ' ( 2 3 )

T h i s  m e a n s  t h a t  t h e  m a x i m u m  v a l u e  o f  i n t r i n s i c  v i s c o s i t y  i s  g i v e n  b y  r e l a ­
t i o n

h i  =  W

P A U

S '
r (2 +  0 ( 2 4 )

S i n c e  w e  h a v e  a s s u m e d  t h a t  A P  «  S ,  t h e n  t h e s e  r e l a t i o n s  c a n  i n  n o  c a s e  
b e  u s e d  f o r  l i v i n g  p o l y m e r s  w h e n  S  =  0 .

T h e  e q s .  ( 1 )  a r e  n o t  i n t e g r a b l e  b y  q u a d r a t u r e s  i n  t h e  c a s e  Q =  0 .  F r o m  
t h e  f i n a l  d i s c u s s i o n  o f  t h e  r e s u l t s  o b t a i n e d  i n  o u r  p r e v i o u s  p a p e r , 1  t h e r e  
f o l l o w s  t h a t  i n  a  v e r y  g o o d  a p p r o x i m a t i o n  t h e  p o l y m e r i z a t i o n  p r o c e s s  m a y
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b e  d i v i d e d  i n t o  t w o  p a r t s .  F i r s t  S  7* 0  a n d  Q  =  0 ,  a n d  l a t e r  S  =  0 ,  Q =  0 .  
I n  t h e  r e g i o n  o f  c o n n e c t i o n  o f  t h e  t w o  p a r t s ,  f o r  a c c u r a c y  o f  t h e  a p p r o x i m a ­
t i o n  w e  m u s t  t a k e  i n t o  a c c o u n t  t h e  c a s e  Q  ^  0 .  A 1 1  i n d i c a t i o n  o f  t h e  e r r o r
w e  m a k e  b y  p u t t i n g  Q  =  0  m a y  b e  o b t a i n e d  b y  c o n s i d e r i n g  t h e  f i r s t  o f  t h e  
s u c c e s s i v e  a p p r o x i m a t i o n s .  F r o m  e q s .  ( A - 5 )  a n d  ( A - 9 )  t h e r e  r e s u l t s :

d p j d co =  2  S*[(fc +  1)" -  V ] ( - > 5 )

I f  w e  n o t e  k K t

■  J^  Q d l — Kt — kt

t h e n  a c c o r d i n g  t o  e q  ( 1 ) :

x ,  -  J 9  t ( T ) e ~ KTtd o Tr  =  0

9 a - ( 1 )  = f  3 C *  d Kr +  ?n-
J  T  =  0

a n d ,  t o  a  f i r s t  a p p r o x i m a t i o n  g *  b s  g i v e n  b y  e q .  ( 6 ) . F i n a l l y
d p „ ( 1 )  d p ,  

d u  dw
r  (1 -  e ~ ‘" )

J  T = 0

dp ,
- d a T 
d  c o

p „ ( 1 )  b e i n g  t h e  f i r s t  a p p r o x i m a t i o n  w i t h  r e s p e c t  t o  p „ ,  t h e  z e r o - o r d e r  a p ­
p r o x i m a t i o n  w h e n  Q  ^  0 .

III. RESULTS AND DISCUSSION

T h e  a c t i v e  p o l y m e r  w i t h  r  m e r s  i r *  c a n  r e a c t  w i t h  a  m o n o m e r  m o l e c u l e  
a t  t h e  r a t e  P ,  c h a n g i n g  i n t o  ttt +  1 * ,  o r  i t  c a n  b e  d e a c t i v a t e d  b y  a  m o n o m o l e c -  
u l a r  p r o c e s s  w h i c h  t a k e s  p l a c e  a t  t h e  r a t e  c o n s t a n t  S .

T h e  v a l u e  o f  A  c a n  b e  o b t a i n e d  o n l y  f r o m  t h e  p o l y m e r i z a t i o n  k i n e t i c  
e q u a t i o n s .  A t  t h e  d e s i r e d  a c c u r a c y  i t  c a n n o t  b e  d e t e r m i n e d  i n  a n y  o t h e r  
w a y .  A l l  t h e  e q u a t i o n s  a r e  v a l i d  f o r  d e g r e e s  o f  p o l y m e r i z a t i o n  r  >  1 0 ,  a n d  
p r a c t i c a l l y  i n  t h e  f i e l d  o f  a p p l i c a t i o n  o f  e q u a t i o n s  ( 4 )  a n d  ( 4 ' ) .

T h e  d e a c t i v a t i o n  o f  o l i g o m e r s  o f  d e g r e e s  o f  p o l y m e r i z a t i o n  r  <  1 0  h a s  
b e e n  c o n s i d e r e d  a s  n e g l i g i b l e .  T h i s  i s  t r u e  a s  l o n g  a s  w e  d o  n o t  w o r k  a t  
v e r y  h i g h  m o n o m e r  d i l u t i o n s .

R e l a t i o n  ( 1 4 " )  p e r m i t s  c o m p u t a t i o n  o f  t h e  p o l y d i s p e r s i t y  ( T a b l e  I )  
b y  u s i n g  o n l y  t h e  m o n o m e r  c o n s u m p t i o n  i n  t i m e  a n d  t h e  r a t e  c o n s t a n t s  P  
a n d  S .

T h o u g h  e x p e r i m e n t a l  s t u d i e s  c o n c e r n i n g  t h e  v a r i a t i o n  o f  i n t r i n s i c  v i s ­
c o s i t y  w i t h  c o n v e r s i o n ,  h a v e  b e e n  m a d e  o u r  e q u a t i o n s  c o u l d  n o t  b e  a p p l i e d  
t o  t h e  e x i s t i n g  d a t a  i n  t h e  l i t e r a t u r e  c o r r e l a t i n g  d e t e r m i n a t i o n s  f o r  s u c h  
c o m p u t a t i o n s  h a v e  n o t  b e e n  m a d e .

T h e  v a r i a t i o n  o f  i n t r i n s i c  v i s c o s i t y  w i t h  c o n v e r s i o n  i n  p o l y m e r i z a t i o n  o f  
s t y r e n e  a t  2 o ° C  i n i t i a t e d  b y  a l l y l  s o d i u m  i n  p e n t a n e 1 2  i s  t h e  b e s t ,  s u i t e d  f o r  
o u r  r e s u l t s .
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T A B L E  I

D i s c u s s i o n  o f  M a i n  P o l y m e r i z a t i o n  R e a c t i o n  C a s e s

P o l y m e r i z a t i o n

c h a r a c t e r

H  e l a t i o n  t o  

b e  a p p l i e d

T i m e  t f r o m  

b e g i n n i n g  o f

r e a c t i o n “

R e l a t i o n  f o r  

m o n o m e r  c o n s u m p t i o n

I n i t i a t i o n  s l o w  

o r  r a p i d  

R a p i d  i n i t i a t i o n  

l i v i n g  p o l y m e r s

hi = H p eP ' M 0H‘ 

r , H p ‘ W M 0e

S h o r t A n y

( S  = 0)
R a p i d  i n i t i a t i o n  

l o w  c o n v e r s i o n s

h i  -  ) e A n y I n  ( M J M )  = API .

{ P A  «  S ) .  
I r r e v e r s i b l e  

m o n o m o l e c u l a r  

d e a c t i v a t i o n

E q .  ( 2 2 ) N o t  v e r y  

l o n g

I n  ( M o / M )  = ( A P / S ) ( l  -  e ~ s t )

U
E q .  ( 2 3 ) V e r y  l o n g 11

u
E q .  ( 2 4 ) 11 11

S l o w  i n i t i a t i o n ,  

l i v i n g  p o l y m e r s

G e n e r a l  r e l a t i o n  

e q .  ( 1 4 ) b

A n y A n y

S l o w  i n i t i a t i o n  

w i t h  i r r e v e r s i b l e  

d e a c t i v a t i o n

G e n e r a l  

e q .  ( 1 4 ) b

A n y A n y

“ T h e  t i m e s  f o r  w h i c h  t h e  r e l a t i o n s  c a n  b e  e a s i e r  a p p l i e d  f o r  c o m p u t a t i o n s .  

b I n  t h e  c a s e  o f  e q s .  ( 1 4 )  a n d  ( 1 4 ' )  t h e  p o o r e r  a p p r o x i m a t i o n  ( 1 0 )  o r  t h e  b e t t e r  a p p r o x -  

i m a t i o n  (  1 1  ) c a n  b e  u s e d .

T h e  d i s a d v a n t a g e  o f  t h i s  e x p e r i m e n t  i s  t h a t  t h e  c o n s t a n t s  f o r  c o m p u t a ­
t i o n  o f  m o l e c u l a r  w e i g h t s  f r o m  i n t r i n s i c  v i s c o s i t y  a r e  n o t  k n o w n .

I n  t h e  f o l l o w i n g  w e  a i m  t o  a n a l y z e  t h e  a p p l i c a b i l i t y  o f  t h e  r e l a t i o n s  d e ­
d u c e d  i n  t h i s  p a p e r  t o  t h e  d i f f e r e n t  q u e s t i o n s  d e v e l o p e d  i n  s e v e r a l  t h e o r e t i c a l  
w o r k s .

B u r d o n  a n d  P e p p e r ’ s 1 3  s c h e m e  o f  t h e  m e c h a n i s m  s t u d i e d  b y  N a n d a 3  i s  a s  
f o l l o w s  :

Initiation :
fast

M  +  I ----- 7Ti *

Growth :

7T,* +  M — T T r + 1

S p o n t a n e o u s  t r a n s f e r  :
Si'

irr* -- - - - - - - >  T r +  7
M o n o m e r  t r a n s f e r :

Si'

*r* +  M ■* TTr +  T T l *
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M o n o m o l e c u l a r  t e r m i n a t i o n :

104

TTt
* TTr

T h e n ,  i n  o u r  e q u a t i o n

S  =  S 0 +  S i '  +  S t ’ M (26)

m u s t  h e  s u b s t i t u t e d .
A s  o n e  c a n  o b s e r v e  t h e  m o n o m e r  c o n s u m p t i o n  f o l l o w s  t h e  l a w :

I n  ( M 0/ M )  =  ( A P / S 0) ( 1  -  e ~ s °l) ( 2 7 )

A c c o r d i n g  t o  e q .  ( 1 4 ' )  w e  o b t a i n  d i r e c t l y  t h e  v a l u e  f o r  v >  0 .
F o r  v =  0  o r  f o r  v ~  0 ,  e q .  ( 1 4 ' )  i s  n o  l o n g e r  a p p l i c a b l e  f o r  t h e  c o m p u t a ­

t i o n  o f  t h e  a r i t h m e t i c a l  o r  w e i g h t  a v e r a g e  o f  p o l y m e r i z a t i o n .  F o r  t h i s  c a s e  
w e  u s e  t h e  e q u a t i o n

d p o /d t  =  g ( V  +  S t ’ M )

9  =  £  =  A e — * ( 2 8 )
r  =  1

C h i a n g  a n d  H e r m a n s 6  s t u d i e d  t h e  m o r e  s p e c i a l  c a s e  i n  w h i c h  S i  =  0 .  
G u i o t 1 4  a l s o  a s s u m e s  a n  i n s t a n t a n e o u s  i n i t i a t i o n

p
IT*  +  M  - - - - - - - *  7 T r + i *

■ S i
7T*  +  M  ----------- * 7Tr

I n  r e l a t i o n  ( 1 4 ' )  w e  s h a l l  u s e  S  =  S i  A / .
T h e  b i m o l e c u l a r  d e a c t i v a t i o n  b y  i m p u r i t i e s ,  s t u d i e d  f i r s t  b y  O r o f i n o  a n d  

W e n g e r 1 5  a n d  t h e n  b y  C o l e m a n 2  a n d  N a n d a , 1 6  l e a d s  u s  t o  t h e  s u b s t i t u t i o n  
S  =  S 3 Z ,  w h e r e  Z  r e p r e s e n t s  t h e  r e s p e c t i v e  i m p u r i t y  c o n c e n t r a t i o n .

T h e  v a l u e s  < S 0 ,  < $ ' 1 ,  S  2 ,  S o ' ,  S i ,  S -Z  a r e  a s s u m e d  t o  b e  d e p e n d e n t  o n l y  o n  
t h e  t e m p e r a t u r e .

APPENDIX

T h e  s y s t e m  o f  c q s .  ( 1 )  a d m i t s  a l s o  I h e  m o r e  g e n e r a l  t y p e  o f  p a r t i c u l a r  
s o l u t i o n s :

9 ,  =  X
-  ( u + f f )

( r - k ) \

t — t r—k_ “ t _ _ _  .
=  0  ( r  — k ) !  €

(uT+aT)(\(JT

r >  k  ( A - l )
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r  i s  a n  i n t e g e r  a n d  p o s i t i v e .  U s i n g  t h e  i n t e g r a t i o n  b y  p a r t s ,  w e  o b t a i n

r
r  r — k  ~ \  C O- - - - - —  e 03oH L ( r  —  * ) !  J

= i °
rk i  1

0  i f  r  9̂  k  
i f  r  =  k

( A - 2 )

T h e  m a g n i t u d e s

PA: =  E r  » ' ( S r  +  Kr) =  X V  E  Srk +  X  f  ‘  p " ' r  d T [R„,. ( c O r )  ]  ( A - 3 )
r  ^ /; )■ >/e J r  =  0

w h e r e

( A - 4 )
[r 5 k (/ ' -  /,') !

m a y  b e  c a l c u l a t e d .  F o r  A 1 i n t e g e r  a n d  p o s i t i v e
E r sTk = i

r   ̂/c

/ f o t  ( c d )  =  1

«w, = k’ + Kk +  1 )- -  hr] CO +  [(* +  2)- -  2(/c +  1 )” +  k-]
(co*/2)  +  • ■ - ( A - o )

a n d  t h e n  t h e  t o t a l  q u a n t i t y  o f  p o l y m e r  i s  c o n s t a n t

F o r  A  =  0 ;
POi — E r  ( S r  +  3 C r )  —  A '  —  A

r? k

8  *  =  A
g r  =  3 C r  =  3 C *  =  0  r  >  f c

( A - C )

( A - 7 )
W h e n  t h e  p o l y m e r i z a t i o n  p r o c e s s  c a n  b e  a p p r o x i m a t e d  b y  s e v e r a l  r e -  

g i o n s - t h e  c a s e  s t u d i e d  b y  u s  b e g i n s  p r a c t i c a l l y  a t  t — a  w h e n  w e  h a v e  t h e  
q u a n t i t i e s  A r a n d  B r o f  a c t i v e  a n d  i n a c t i v e  r e s p e c t i v e l y ,  p o l y m e r s ,  w i t h  r  
m e r s - t h e n ,  b y  t h e  h y p o t h e s i s  t h a t  t h e  i n i t i a t i o n  h a d  p r a c t i c a l l y  s t o p p e d  
a t  t =  a:

8 r  =  E  A *  0,111 ■ e - K < i + ^ A
k  =  i  ( r  — fc)!

K r =  E  A *  P  ‘  r—  e ~  <laT +  B r
/ . =  i J t = n ( r  —  A*)!

( A - 8 )

a n d

p„ =  E  f,,(8r +  3Cr) =  E  (A* +  B k) k v +
r  = 1  k = 1

co r*T

E  A *
/c =  1 J  r  =

e  < T “ r d t  [ / 2 „ f c ( w 0 r ) ]  

( A - 9 )
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T h e  p o s s i b i l i t y  o f  u s i n g  t h e  f r a c t i o n a l  o r  n e g a t i v e  v a l u e s  o f  k  t o  t r e a t  a  
m o r e  c o m p l e x  i n i t i a t i o n  l i k e  a  i n s t a n t a n e o u s  o n e  i s  n o t  e x c l u d e d .

T h e  c a l c u l u s  o f  p„k a c c o r d i n g  t o  e q s .  ( A - 3 )  a n d  ( A - 4 )  i s  i n  g e n e r a l  d i f f i ­
c u l t ,  e x c e p t  f o r  t h e  c a s e  w h e n  S  =  0  o r  ( w h i c h  a m o u n t s  t o  t h e  s a m e  t i l i n g )  
w h e n  w e  s t u d y  t h e  b e g i n n i n g  o f  t h e  p o l y m e r i z a t i o n  p r o c e s s  w h e n  2 3 C r  ^  0 ;  
h e n c e  e q .  ( A - 3 )  b e c o m e s :

P , t  =  a r m  ( A - 1 0 )
T h e  p r o p e r t i e s  o f  t h e  f u n c t i o n  / ? „ / , . ( & > )  a r e :

Ry+i,k  ( « )  =  +  c o  +  w  — ^  / ? , , < ; ( c o )  ( A - 1 1 )

Ry,k + \ ( w) =  {  1  +  V  R yk{W) =  ~ [Ry  +  l , / ; ( c o )  —  / ( ■ / ? , ,  t ( w )  ]  ( A - 1 2 )
\  UCO/ CO

f i > ( c o )  =  e  “  +  C O  X  G )  R y - l - l ( c o )  =
1}  0

( p +  CO) f l , _ j ( c o )  +  X  [ ( f + i )  +  «  C T ^ K  -  1 ) '  R y - l - i(co) ( A - 13)  
l z 1

T h e  r e l a t i o n  ( A - 1 2 )  p e r m i t s  t h e  t r a n s p o s i t i o n  o f  t h e  r e s u l t s  f o r  a n y  lc i f  w e  
k n o w  / ¿ „ l 1 “ '  =  R , ( u ) .

F o r  n o t  v e r y  g r e a t  v a l u e s  o f  co w e  m a y  c a l c u l a t e  /?„(co) a c c o r d i n g  t o  e q .  
( A - 4 )  o r  t o :
R , (  co) =  1  +  ( 2 "  -  l)co +  ( 3 "  - 2 X 2 - + 1 )  ( u r / 2 ! )  +

( 4 "  -  3  X  3 "  +  3  X  2 "  -  1 )  ( c o * / 3 ! )  + -  ( A - 1 4 )
b u t  f o r  c o »  1  t h e  a s y m p t o t i c  a p p r o x i m a t i o n  R “ (ta) o f  R , ( u )  d e m o n s t r a t e d  
i n  t h e  f i n a l  p o r t i o n  o f  t h i s  p a p e r  i s  v e r y  u s e f u l .

Ry°°( C O )  =  X i  °iy  C O " “ '
u+\>l  J O

0(tp — 1

« 1» =  v ( v  +  l ) / 2  (A - lh )

n 2y =  ( p -  1 )  ( p +  1 )  ( 3 r  +  2 ) / 2 4  
rh,. =  (v +  1 )  v{v —  1 ) 2 ( r  — 2 ) / 4 S

TABLE I I
Deviation of the Function R„ Towards Ry for v = 1.5

OJ 1?„(«) /?»"(») R y  -  R y “

R y  -  R , 

R y
X 100

0.1 1.1856 1.143 0.042 3.5
0.5 1.9788 2.963 0.015 0.8
1 .0 3.0825 3.070 1 .012 0.4
2.0 5.6195 5.618 0.001 0.03
3.0

I-OC 8.556 0.001 0.01
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F o r  v =  1 , 2 , 3 . . . ,  i . e . ,  f o r  v a n  i n t e g e r  a r i d  p o s i t i v e ,
R “ ( w )  =  R„  ( w ) ( A - 1 6 )

W e  h a v e  c a l c u l a t e d  / 2 „ ( w )  a n d  R„°°(u)  f o r  v =  1 . 5  ( T a b l e  I I ) .
I f  t h e  i n i t i a t i o n  i s  n o t  i n s t a n t a n e o u s  t h e  s u p e r p o s i t i o n  o f  s o m e  s o l u t i o n s  

o f  ( A - l )  t y p e  w i l l  p e r m i t  u s  t o  c a l c u l a t e  p „  :

[  l dpo(r)J T =0
1  +  e " ' *  R'„  ( u Tg)dug

—  Po( 0  +

nd = t s»T = d
I I

J  H = 0 J  r =0
rfpo(r)

( A - 1 7 )

=  po(l)  +  7 2 / ( 0 )
=  i  /•r = e

dug I
■ 0  J r =  0

e  " t 9  d p o ( r )

+  f  due f  R / ' M  e °t6(Iwt f  e tr“Tdpo(w) 
J e = n  J r = o  J u = o

f o r  r  =  1  :

p i  =  d i n  —  d /  =  pn(t) 

-  d M  -  dpo

t h e n

r*d  =  t  n T = 6
I d u e I e ~ ‘TrSdpo(T)

J 6 = 0 J t -■ = 0

“ * " I .
e  T T V / p o ( r ) ( A - 1 8 )

p , ,  —  P o ( 0  +  7 ? / ( 0 )  ( d / | |  —  i l /  P o )
-  f  1 dug  f  ° R „ " ( u Tg ) e - ^ d T( M  +  P „ )  ( A - 1 9 )

J e = o  J r = o
S i m i l a r l y ,  f r o m  r e l a t i o n s  ( 6 )  a n d  ( A - 2 )  w e  d e d u c e :

S r  +  . T C r  =  J
■*T = t

r  =  0

~e = t

r*d  =  t

e — « t k U t S  -__r,-"rS
J  0 =  T L(r — 1 )! '  J

r i ,  r
J  f) =  0 J  T -

dpo(r) - =  0  (io)To

r —  1  W r 0

C " ,  i ' i  r  »:• '
-  J . = .  •  L ;=  0  l d w r f l  L ( r  -  1 ) !

<e = t pr = l)

t h e n

r = l CT= d2+  I  dug  I  d u T — -  
J  6 — 0 J  r =  0 ( I o) tq“

r*Q =  t r*T = d
3Cr =  — Joi„

J e  =  0  J r  = o

. 0 ’  -  1 ) !
“  /» ?/ =  T

er a^  (lpn( u ) e ~ ,ruTe ~ ' ,re \
_ J u  = 0

f  dpo(u)<’~ a"TP~'TTe
( ' / •  -  1  )  !  J  • r '  U =  0

r = n f

dr

d u 2Tg ( r  -  1 ) !
d r ( V l /  +  p o )

r  >  2
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T h e  c o n c e n t r a t i o n  p 0 ( i )  i s  n e g l i g i b l e  w i t h  r e s p e c t  t o  t h e  m o n o m e r  c o n c e n t r a ­
t i o n  o r  w i t h  t h e  v a l u e  o f  p „ ,  a n d  t h e r e f o r e  t h i s  l a s t  e x p r e s s i o n  p e r m i t s  
g r  +  3Cr t o  b e  c a l c u l a t e d  b y  u s i n g  o n l y  k n o w n  q u a n t i t i e s .

B y  c h a n g i n g  t h e  o r d e r  o f  i n t e g r a t i o n  a n d  i n t e g r a t i n g  b y  p a r t s  e q .  ( A - 1 9 )  
b e c o m e s :

P„ =  p 0 P > ,d r ( M  +  p o )R S  ( « T l )  e - " ‘

d r( M  +  p o )  ( A - 2 0 )
=o Je = r

F o r  l i v i n g  p o l y m e r s  » S '  =  0  a n d ,  s e t t i n g  p 0 ( 0  =  0 ,  t h e r e  r e s u l t s :

P  V f / ( c o r i ) d d
J  T =0

M d M ( r )

I f  t h e  i n i t i a t i o n  i s  i n s t a n t a n e o u s  a n d  S  >  0  t h e n  e q .  ( A - 3 )  b e c o m e s

=  -  f  lR „ ' M  d rMJ r  = 0

a n  e x p r e s s i o n  a n a l o g o u s  t o  ( A - 2 1 ) .
F o r  i n s t a n t a n e o u s  i n i t i a t i o n  a n d  S  c o n s t a n t

M  =  . I f «  e x p }  -  ( P A A S )  ( 1  -  e - s ' ) }
a n d  t h e n  :

CO, = f p M d t  =  / M / "  e ~ P A ,s  J o  S
E ,  [ 1 -  E t

( P A

b  '
X 2

+  Î 1 9 +  .  .  .

( A - 2 1 )

( A - 2 2 )

( A - 2 3 )

( A - 2 4 )

( A - 2 5 )

a n d  f o r  x  v e r y  l a r g e  E t (x )  h a s  t h e  a s y m p t o t i c  a p p r o x i m a t i o n  : 1 7

E t ( x )  ~  (ee/ x )  [ 1  +  ( 1 / x )  + . . . ]  ( A - 2 0 )
I n  t h e  d i s c u s s i o n  o f  t h e  l i m i t  c a s e s  w e  h a v e  u s e d  t h e  i n c o m p l e t e  y  f u n c ­

t i o n 1 7  [ 1 5 ] :

y ( v , x )  =  \
JO

e ~ u u ' - '  d u

F o r  , r  r e l a t i v e l y  s m a l l

7 ( j ' , . r )  =  x ‘

a n d  f o r . r  l a r g e :

y ( v , x )  =  r(v) -  X e ~ x

I X Xs
V ~  ( v +  1 ) 1 !  +  A +  2 ) 2 !

( A - 2 7 )

( A - 2 S )

1  + 1  , O '  -  1 )  ( r  -  2 )
x~

( A - 2 9 )
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T h e  a s y m p t o t i c  b e h a v i o r  o f  R „ (a )  s t a t e d  i n  e q .  ( A - 1 5 )  i s  o b t a i n e d  b y  e x ­
a m i n i n g  t h e  L a p l a c e  t r a n s f o r m  o f  / ( I  +  t , v )  i n  t h e  n e i g h b o r h o o d  o f  t h e  
v a l u e  r  =  0 11 8

/ ( l  +  r > v )  -  E  t t •— —  =  E  <p(r)
O  1 ( 1  +  t )  9 1

'  ( 1  +  r )

/ 'h
i p ( j ‘ - f -  lb)illl

- 1 / 2

E

f i W  =  E > z

( l + r ) '  p o \ p /  ? ■ '  
l n2n~ \  1  +  r )

u  ~  r In ( l  +  r )

l \ ( ~  D ‘  nA

2 t i  >  i ( 2 f t  —  Z ) !  ( 2 r a  +  1 )  2 2 " ( A - 3 1 )

w h e r e  n  i s  a n  i n t e g e r .  T h e  f u n c t i o n s  £ z ( t )  a r e  h o l o m o r p h i c  i n  t h e  v i c i n i t y  
o f  t h e  o r i g i n  a n d

M O )  -  { ( ¡ t V 1  , 0 r 0 V e n !  ( A - 3 2 )
t  0  f o r  o d d  l

f  <p{x)dx  =  -  ,  [  —  +  S o ( r )  =  E  f *  <p{r +  / ' + +
»z lh ln ( 1  t ) —

=  (E  ( — 1 ) '  ^  j  ^  / ( I  +  T , V  ~  l )

t h e n

/ ( I  +  t , v)  =  f  <p(x)dx -  E  ( —  1 ) '  (  7 }  \  / ( I  +  r , K  -  / )£ o ( r )  J ' h  I'i  1  V  1 /  £ o ( t )
( A - 3 3 )

I t  i s  n o t i c e d  t h a t / ( l ,  v — l) =  — v),  t h e  R i e m a n n  f u n c t i o n :  S 0 ( r )  o f
e q .  ( A - 3 2 )  r e m a i n s  f i n i t e  f o r  r  - » •  0 ,  r  >  0 .

I f  —  1  <  v <  0 ,  t h e n

/ ( I  +  T,v)
c t o „  r +  +  i )

r y+1 +  § i ( t ) ( A - 3 3 )

w h e r e  S i ( r )  g e n e r a l l y  r e m a i n s  f i n i t e  f o r  r  — 0 .  I t  m a y  b e  s e e n  t h a t  O o „  =  1 .  
U s i n g  t h e  r e c u r r e n c e  r e l a t i o n  ( A - 3 3 )  w e  f i n d ,  s u c c e s s i v e l y ,  t h e  b e h a v i o r  o f  

/ ( I  +  t , v ) ,  f o r O  <  r  <  1 ,  1  <  v <  2  a n d  t h e n ,  i n  g e n e r a l :

/ ( I  +  T , v ) E
Qj\ v

f + 1  - I T ( r  +  1  —  l)  +  S [ ^ 4 - 2 J  ( r ) ( A - 3 4 )
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[v +  2 ]  b e i n g  t h e  e n t i r e  p a r t  o f  v +  2 .  S [ „ + 2 ] ( r )  i s  a l s o  f i n i t e  f o r  r  0
a n d  O o „  =  1 .

F o r  e f f e c t i v e  c o m p u t a t i o n  o f  t h e  a lv c o e f f i c i e n t s  i t  i s  p r e f e r a b l e  t o  u s e  t h e  
e x p r e s s i o n  g i v e n  b y  e q s .  ( A - 1 5 )  a n d  ( A - 1 1 ) ,  w h i c h  l e a d  u s  t o  t h e  r e c u r r e n c y  
e q u a t i o n  :

{v — l -\-  1 )  =  « ¡ + i,„+i —  « (  +  ( A - 3 5 )
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S y n o p s i s
T h e s e  s t u d i e s  w e r e  u n d e r t a k e n  t o  d e t e r m i n e  t h e  t h e r m a l  b e h a v i o r  o f  s t r u c t u r a l l y  

r e l a t e d  p o l y m e r s  h a v i n g  a  c a r b o r a n e  n u c l e u s  i n  t h e  r e c u r r i n g  u n i t .  T h r e e  o f  t h e s e  p r o d ­

u c t s  a l s o  c o n t a i n e d  p h t h a l o c y a n i n e  r i n g s  i n  t h e i r  m o l e c u l e s .  R e s u l t s  o f  t h e r m a l  a n a l y s i s  

s t u d i e s  s h o w  g e n e r a l l y  t h a t  t h e  r e l a t i v e  h e a t  s t a b i l i t y  o f  t h e  p o l y m e r s  c o n f o r m s  c l o s e l y  

w i t h  i n d i c a t i o n s  g i v e n  b y  s i m i l a r  i n v e s t i g a t i o n s  o f  s t r u c t u r a l l y  r e l a t e d  i n t e r m e d i a t e  a n d  

m o d e l  c o m p o u n d s .  A  p o l y m e r  w i t h  d i m e t h y l s i l o x a n e  u n i t s  e x h i b i t e d  m o r e  r e s i s t a n c e  

t o  t h e r m a l  d e c o m p o s i t i o n  t h a n  s i m i l a r  p r o d u c t s  h a v i n g  u r e t h a n e  g r o u p s  i n  t h e i r  m o l e ­

c u l e s .  T h e  u r e t h a n e  p o l y m e r s  d e r i v e d  f r o m  t o l y l e n e  d i i s o c y a n a t e  w e r e  f o u n d  t o  b e  

s o m e w h a t  l e s s  h e a t - s t a b l e  t h a n  a n a l o g o u s  m a t e r i a l s  s y n t h e s i z e d  f r o m  m e t h y l e n e b i s -  

( p - p h e n y l  i s o c y a n a t e ) .  T h e  r e l a t i v e  o r d e r  o f  t h e r m a l  r e s i s t a n c e  o f  t h e s e  m a t e r i a l s  

f o l l o w s  t h a t  o f  m o r e  c o n v e n t i o n a l  p o l y u r e t h a n e  e l a s t o m e r s .

I N T R O D U C T I O N
A  s e r i e s  o f  p r e v i o u s  i n v e s t i g a t i o n s  s h o w e d  t h a t  t h e  h e a t  s t a b i l i t y  o f  

p o l y m e r s  c a n  b e  p r e d i c t e d  f r o m  t h e  t h e r m a l  b e h a v i o r  o f  m o d e l  c o m ­
p o u n d s . 1 “ 4  I n  t h i s  c o n n e c t i o n ,  a  r e c e n t  s t u d y  o f  s t r u c t u r a l l y  r e l a t e d  i n ­
t e r m e d i a t e  a n d  m o d e l  c o m p o u n d s  i n d i c a t e d  t h a t  p o l y m e r s  c o n t a i n i n g  
p h t h a l o c y a n i n e  r i n g s  w o u l d  p r o b a b l y  e x h i b i t  g r e a t e r  r e s i s t a n c e  t o  t h e r m a l  
o x i d a t i o n  t h a n  s i m i l a r  p r o d u c t s  p o s s e s s i n g  c a r b o r a n e  n u c l e i  b o n d e d  t o  
a l k y l  g r o u p s . 5  I t  m i g h t  b e  e x p e c t e d ,  h o w e v e r ,  t h a t  p o l y m e r s  c o m p r i s e d  
e s s e n t i a l l y  o f  s u c h  r i n g  c o n f i g u r a t i o n s  i n  t h e i r  s k e l e t a l  c h a i n s  w o u l d  b e  
t o o  r i g i d  f o r  g e n e r a l  u s e .  S i n c e  i t  w a s  k n o w n  t h a t  s o m e  d e g r e e  o f  i n c r e a s e d  
f l e x i b i l i t y  c o u l d  b e  a c h i e v e d  b y  i n c o r p o r a t i n g  s p a c e r s  b e t w e e n  r i n g  s t r u c ­
t u r e s ,  s u c h  p o l y m e r s  w e r e  p r e p a r e d  w i t h  m e t h y l s i l o x a n e  o r  u r e t h a n e  g r o u p s  
i n  t h e  b a c k b o n e .  A l t h o u g h  t h e  m o d e l  c o m p o u n d  s t u d i e s  s u g g e s t e d  t h a t  
t h e  i n t r o d u c t i o n  o f  t h e s e  g r o u p s  w o u l d  t e n d  t o  l o w e r  t h e  h e a t  s t a b i l i t y  o f  
t h e s e  m a c r o  m o l e c u l e s  i t  w a s  a n t i c i p a t e d  t h a t  t h e y  w o u l d  b e  m o r e  h e a t ,  
s t a b l e  t h a n  c o n v e n t i o n a l  m e t h y l s i l o x a n e  a n d  u r e t h a n e  p o l y m e r s  b e c a u s e  
o f  t h e  h i g h  t h e r m a l  r e s i s t a n c e  o f  t h e  p h t h a l o c y a n i n e  a n d  c a r b o r a n e  u n i t s .  
I m p r o v e d  t h e r m a l  r e s i s t a n c e  w a s  a l s o  e x p e c t e d  b e c a u s e  p r e v i o u s  s t u d i e s  
s h o w e d  t h a t  t h e  c a r b o r a n e  n u c l e u s  i n h i b i t s  t h e  t h e r m a l  o x i d a t i o n  o f

* T h e  W o o l  B u r e a u ,  I n c . ,  W o o d b u r y ,  N .  Y .  1 1 7 9 7 .

t  A l l i e d  C h e m i c a l  C o r p . ,  M o r r i s t o w n ,  N .  J .  0 7 9 6 0 .

I l l
©  1 9 7 0  b y  J o h n  W i l e y  &  S o u s ,  I n c .
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m e t h y l  g r o u p s  c o n n e c t e d  t o  s i l i c o n  a t o m s  b y  s t e r i c a l l y  h i n d e r i n g  t h e  a c c e s s  
o f  o x y g e n  t o  t h e  m o l e c u l e s . 6  W h i l e  n o  c o n c l u s i v e  e v i d e n c e  h a s  b e e n  
g a t h e r e d ,  i t  s e e m e d  r e a s o n a b l e  t o  a s s u m e  t h a t  t h e  c a r b o r a n e  u n i t  m i g h t  
p r o t e c t  u r e t h a n e  l i n k a g e s  i n  a  s i m i l a r  m a n n e r .  I t  w a s  a l s o  s u s p e c t e d  t h a t  
t h e  p h t h a l o c y a n i n e  r i n g  w o u l d  s t e r i c a l l y  h i n d e r  t h e  o x i d a t i v e  d e c o m p o s i ­
t i o n  o f  m e t h y l s i l o x a n e  a n d  u r e t h a n e  g r o u p s  b e c a u s e  o f  i t s  b u l k y  c h a r a c t e r .  
F r o m  a  c o m p a r i s o n  o f  t h e  p y r o l y t i c  s t a b i l i t y  o f  c o m m e r c i a l l y  a v a i l a b l e  
p o l y m e r s ,  i t  w a s  e x p e c t e d  t h a t  t h e  p r o d u c t  c o n t a i n i n g  m e t h y l s i l o x a n e  
u n i t s  w o u l d  b e  m o r e  r e s i s t a n t  i n  t h i s  r e s p e c t  t h a n  a n a l o g o u s  m a t e r i a l s  
p o s s e s s i n g  u r e t h a n e  l i n k a g e s .  T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  t h e r m a l  
a n a l y s i s  s t u d i e s  o f  t h e  p o l y m e r s .

EXPERIMENTAL

Materials
T a b l e  I  s h o w s  t h e  r e p e a t i n g  s t r u c t u r e s  o f  t h e  p o l y m e r s  t h a t  w e r e  e x ­

a m i n e d  a f t e r  b e i n g  d r i e d  f o r  s e v e r a l  h o u r s  i n  a n  o v e n  a t  1 0 5 ° C .  T h e  
p r o d u c t s  w e r e  d e v e l o p e d  a n d  s y n t h e s i z e d , 6 , 7  b y  t h e  A e r o s p a c e  G r o u p  o f  
G e n e r a l  P r e c i s i o n ,  I n c . ,  L i t t l e  F a l l s ,  N e w  J e r s e y .  T h e  p h t h a l o c y a n i n e

T A B L E  I  

L i s t  O f  P o l y m e r s

D e s i g n a t i o n P o l y m e r

I I

I I I

-CNH 

0

o
II

- X l i C O C I I C - ^ C 'C l I OA O /  -  
B J I „ ,

I V
—K ' H . c ^ c c H n s i i r o c H . c ^ - c c H . o c H N — f y - c H — n i i c o c h  r — r a m
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a n d  o - c a r b o r a n e  g r o u p s  a r e  d e n o t e d ,  r e s p e c t i v e l y ,  b y  t h e  s y m b o l s  P c  a n d
— C --------- C —

\ 0 /
BioILo

Thermal Stability Measurements
T h c r m o g r a v i m e t r i c  ( T C 1 A ) ,  i s o t h e r m o g r a v i m e t r i c  ( I G A ) ,  a n d  d i f f e r e n t i a l  

t h e r m a l  ( D T A )  a n a l y s i s  t e c h n i q u e s  w e r e  e m p l o y e d  a s  d e s c r i b e d  p r e v i o u s l y 8 

t o  o b t a i n  i n f o r m a t i o n  c o n c e r n i n g  t h e  h e a t  s t a b i l i t y  o f  t h e  p o l y m e r s .
Infrared Spectrophotometry

I n f r a r e d  a b s o r p t i o n  s p e c t r a  i n  t h e  r a n g e  2 . 5 - 1 5 . 0  n  w e r e  o b t a i n e d  f r o m  
N u j o l  m u l l s  a n d  K B r  p e l l e t s  w i t h  a  P e r k i n - E l m e r  m o d e l  1 3 7  d o u b l e - b e a m  
s p e c t r o p h o t o m e t e r  e q u i p p e d  w i t h  s o d i u m  c h l o r i d e  o p t i c s .

RESULTS AND DISCUSSION
F i g u r e  1  p r e s e n t s  t h e  T G A  t h e r m o g r a m s  m a d e  f r o m  t h e  p o l y m e r s  w i t h  

u r e t h a n e  s t r u c t u r e s  i n  t h e i r  r e c u r r i n g  u n i t s .  I t  i s  e v i d e n t  f r o m  t h e s e  d a t a

0  2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0
T E M P E R A T U R E  ( ° C . )

F i g .  1 .  T G A  t h e r m o g r a m s  o f  u r e t h a n e  g r o u p - c o n t a i n i n g  p o l y m e r s .
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t h a t  a l l  o f  t h e  p r o d u c t s  u n d e r g o  a  s e r i e s  o f  r e a c t i o n s  t h a t  p r o d u c e  v o l a t i l e s  
u p  t o  3 5 0 ° C ,  w e i g h t  g a i n s  i n  t h e  r e g i o n  o f  3 0 0 - 6 0 0 ° C ,  a n d  a d d i t i o n a l  l o s s e s  
b e t w e e n  a b o u t  5 0 0  a n d  9 0 0 ° C  w h e n  h e a t e d  i n  a i r  a t  3 ° C / m i n .  T h e  
g e n e r a l  b e h a v i o r  o f  t h e  p o l y m e r s  i s  s i m i l a r  t o  t h a t  o f  m o d e l  c o m p o u n d  
b i s  [ 2  -  ( o  -  t o l y l c a r b a m o y l o x y m e t h y l )  -  c a r b o r a n y l  -  1  -  o x y m e t h y l ] -  

[ p h t h a l o c y a n i n o ]  s i l i c o n . 5

F r o m  t h e  s t u d i e s  o f  p o l y u r e t h a n e s  d e r i v e d  f r o m  t o l y l e n c  d i i s o c y a n a t e  
( T D I )  b y  I n g h a m  a n d  R a p p 9 ' 1 0  a n d  i n v e s t i g a t i o n s  o f  s i m i l a r  p r o d u c t s  p r e ­
p a r e d  f r o m  m e t h y l e n e b i s ( p - p h e n y l  i s o c y a n a t e )  ( A I D I )  b y  S l a d e  a n d  
J e n k i n s , 1 1  i t  s e e m s  r e a s o n a b l e  t o  a t t r i b u t e  t h e  i n i t i a l  w e i g h t  l o s s  e x h i b i t e d  b y  
p o l y m e r s  I  I V  t o  t h e  d i s s o c i a t i o n  o f  u r e t h a n e  g r o u p s .  I t  i s  i n t e r e s t i n g  t o  
n o t e  f r o m  t h e  t e m p e r a t u r e s  a t  w h i c h  v o l a t i l i z a t i o n  b e g a n  t h a t  p o l y m e r  I I I  
i s  s o m e w h a t  m o r e  h e a t - s t a b l e  t h a n  I  a n d  p r o d u c t  I V  i s  s l i g h t l y  m o r e  
r e s i s t a n t  t h a n  I I .  T h u s  i t  a p p e a r s  t h a t  t h e  p o l y m e r s  m a d e  f r o m  A I D I  a r c  
m o r e  h e a t  s t a b l e  t h a n  t h e  m a t e r i a l s  p r e p a r e d  f r o m  T D I .  T h i s  c o r r e s p o n d s  
w i t h  t h e  r e l a t i v e  o r d e r  o f  t h e r m a l  r e s i s t a n c e  s h o w n  b y  c o n v e n t i o n a l  p o l y ­
u r e t h a n e s  d e r i v e d  f r o m  T D I  a n d  A I D I 1 1  a n d  o f  t h e  d e c o m p o s i t i o n  o f  t h e  
i s o c y a n a t e s  a l o n e .

T h e  w e i g h t  i n c r e a s e  o f  t h e  p o l y m e r s  a t  t h e  t e m p e r a t u r e  r a n g e  o f  3 0 0 -  
G ( i O ° C  a r e  r e a s o n a b l y  a s s o c i a t e d  w i t h  o x i d a t i o n  r e a c t i o n s .  A  c o m p a r i s o n  
o f  t h e  t h e r m o g r a m s  o f  t h e  p o l y m e r s  w i t h  t h e  s a m e  u r e t h a n e  g r o u p  s h o w e d  
t h a t  t h e  p r o d u c t s  h a v i n g  a  h i g h e r  r a t i o  o f  b i s o x y m e t h y l c a r b o r a n e  u n i t s  p e r  
u r e t h a n e  s t r u c t u r e  u n d e r w e n t  l a r g e r  w e i g h t  i n c r e a s e s .  T h i s  s u g g e s t s  t h a t  
t h e  w e i g h t  g a i n  e x h i b i t e d  b y  t h e  p o l y m e r s  i n v o l v e d  t h e  o x i d a t i o n  o f  
o x v m e t h y l c a r b o r a n e  g r o u p s .  S i n c e  G r a f s t e i n  a n d  c o - w o r k e r s 1 2  d e m o n ­
s t r a t e d  t h e  s t a b i l i t y  o f  t h e  o - c a r b o r a n e  p o l y h e d r o n  t o w a r d s  o x i d a t i o n ,  i t  i s  
b e l i e v e d  t h a t  t h e  w e i g h t  g a i n s  a r e  d u e  t o  t h e  r e a c t i o n  o f  m e t h y l e n e  u n i t s  
w i t h  o x y g e n .  T h i s  i s  i n  a g r e e m e n t  w i t h  r e s u l t s  o b t a i n e d  p r e v i o u s l y  f o r  
a n o t h e r  p o l y m e r  c o n t a i n i n g  a n  a l k y l  g r o u p  c o n n e c t e d  t o  a  o - c a r b o r a n e  
p o l y h e d r o n . 8

T h e  v o l a t i l i z a t i o n  o f  r e s i d u a l  p r o d u c t s  o f  t h e r m a l  o x i d a t i o n  p r o b a b l y  
e x p l a i n s  t h e  w e i g h t  l o s s e s  o b s e r v e d  a t  5 0 ( M ) 0 0 ° C .  F r o m  t h e  t h e r m a l  b e ­
h a v i o r  o f  s t r u c t u r a l l y  s i m i l a r  i n t e r m e d i a t e  a n d  m o d e l  c o m p o u n d s 5  i t  i s  
b e l i e v e d  t h a t  t h e  v o l a t i l i z a b l e  p r o d u c t s  r e m a i n i n g  a t  t h i s  t e m p e r a t u r e  
r a n g e  c o n s i s t e d  l a r g e l y  o f  r e s i d u a l  m a t e r i a l  c o n t a i n i n g  c a r b o r a n e  a n d  
p h t h a l o c y a n i n e  g r o u p s .

F i g u r e  2  p r e s e n t s  t h e  T G A  t h e r m o g r a m  o f  p o l y m e r  V .  E x c e p t  f o r  t h e  
d i m e t h y l s i l o x a n e  u n i t s  w h i c h  r e p l a c e  t h e  u r e t h a n e  g r o u p s ,  t h e  r e p e a t i n g  
s t r u c t u r e  o f  t h e  p r o d u c t  i s  i d e n t i c a l  t o  t h a t  f o r  p o l y m e r  I I I .  A s  i n  t h e  
c a s e  o f  t h e  l a t t e r  m a t e r i a l ,  p o l y m e r  V  i n i t i a l l y  u n d e r w e n t  a  w e i g h t  l o s s  t h a t  
w a s  f o l l o w e d  b y  a n  i n c r e a s e ,  a n d  t h e n  a  s e c o n d  d e c r e a s e  o f  w e i g h t .  T h e  
t h e r m a l  b e h a v i o r  o f  t h e  p o l y m e r  p a r a l l e l s  t h a t  e x h i b i t e d  b y  t h e  s t r u c t u r a l l y  
r e l a t e d  m o d e l  c o m p o u n d  b i s  ( 2 - f r i m e !  h y l s i l o x y - m e t h y l e a r b o r a n y l - l - o x y -  
m e t h y l )  [ p h t h a l o c y a n i n o  ]  s i l i c o n . 5

A n  i n i t i a l  w e i g h t  l o s s  o f  2 2 %  w a s  o b s e r v e d  w h e n  p o l y m e r  V  w a s  h e a t e d  
u p  t o  3 3 S ° C .  A l t h o u g h  t h e  w e i g h t  d e c r e a s e  e x c e e d s  t h e  l o s s  c o r r e s p o n d i n g
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t o  t h e  c o m p l e t e  r u p t u r e  o f  t h e  d i m e t h y s i l o x a n e  u n i t s ,  i t  i s  s u s p e c t e d  f r o m  
t h e  s t u d i e s  o f  t h e  h e a t  s t a b i l i t y  o f  o t h e r  c a r b o r a n e  g r o u p - c o n t a i n i n g  p o l y ­
m e r s  h a v i n g  s i l o x a n e  s t r u c t u r e s 1 3  t h a t  t h e  v o l a t i l e  p r o d u c t s  w e r e  l a r g e l y  t h e  
r e s u l t  o f  S i - 0  b o n d  c l e a v a g e .  S o m e  w e i g h t  l o s s  m a y  h a v e  a l s o  b e e n  d u e  t o  
t h e  c o n d e n s a t i o n  o f  p o l y m e r  c h a i n  e n d s .

O v e r  t h e  t e m p e r a t u r e  r a n g e  3 3 S - 4 6 0 ° C ,  p o l y m e r  V  u n d e r w e n t  w e i g h t  
i n c r e a s e s  s i m i l a r  t o  p r o d u c t s  I  t o  I V .  A s  i n  t h e  c a s e  o f  t h e  l a t t e r  m a t e r i a l s ,  
t h e  w e i g h t  g a i n s  w e r e  p r o b a b l y  p r o d u c e d  b y  t h e  o x i d a t i o n  o f  m e t h y l e n e  
g r o u p s .  F r o m  p r e v i o u s  s t u d i e s  o f  p o l y m e r s  w i t h  r e p e a t i n g  s t r u c t u r e s  c o n ­
t a i n i n g  a  c a r b o r a n e  n u c l e u s  a n d  d i m e t h y l s i l o x a n e  g r o u p s , 1 3  i t  a l s o  i s  
p o s s i b l e  t h a t  s o m e  o f  t h e  w e i g h t  g a i n  m a y  h a v e  b e e n  d u e  t o  t h e  o x i d a t i o n  o f  
m e t h y l  u n i t s  a t t a c h e d  t o  r e s i d u a l  s i l i c o n  a t o m s .

A t  t e m p e r a t u r e s  a b o v e  4 ( 3 0 ° C ,  p o l y m e r  V  u n d e r w e n t  a d d i t i o n a l  w e i g h t  
l o s s e s .  T h i s  d e c o m p o s i t i o n  s t e p  i s  b e l i e v e d  t o  b e  d u e  t o  r e a c t i o n s  i n v o l v i n g  
t h e  c a r b o r a n e  a n d  p h t h a l o c y a n i n e  g r o u p s  i n  a  m a n n e r  s i m i l a r  t o  t h a t  
e x p e c t e d  f o r  t h e  p o l y m e r s  w i t h  u r e t h a n e  s t r u c t u r e s  i n  t h e i r  p o l y m e r  c h a i n s .  
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  t h e  p y r o l y s i s  o f  m e t a l  p h t h a l o c y a n i n e s  a t  
a b o u t  4 5 0 ° C ,  f r e e  r a d i c a l s  h a v e  b e e n  t r a p p e d  t h a t  w e r e  i d e n t i f i e d  w i t h  t h e
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r u p t u r e  o f  p e r m a n e n t l y  d i s o r d e r e d  r i n g  s t r u c t u r e s . 1 4  I n  a d d i t i o n ,  G r a f -  
s t e i n  a n d  c o - w o r k e r s 1 5  r e p o r t e d  t h a t  d i s u b s t i t u t e d  o - c a r b o r a n e s  h a v e  a  
t e n d e n c y  t o  f o r m  v o l a t i l e  1 , 2 - e x o c y c l i c  d e r i v a t i v e s  w h e n  t h e y  a r e  h e a t e d .

T h e  w e i g h t  l o s s e s  o b s e r v e d  w h e n  t h e  p o l y m e r s  w i t h  u r e t h a n e  g r o u p s  w e r e  
h e a t e d  i n  a i r  f o r  a b o u t  6  h r  a t  3 0 0  ° C  a r e  p l o t t e d  i n  F i g u r e s  3  a n d  4 .  A  
c o m p a r i s o n  o f  t h e s e  d a t a  s h o w s  t h a t  t h e  p r o d u c t s  h a v i n g  a  l a r g e r  n u m b e r  
o f  c a r b o r a n e  u n i t s  p e r  u r e t h a n e  g r o u p  s h o w  s m a l l e r  w e i g h t  d e c r e a s e s .  I n  
a d d i t i o n ,  t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  p o l y m e r s  m a d e  f r o m  M D I  a r e  s o m e ­
w h a t  m o r e  h e a t  s t a b l e  t h a n  c o r r e s p o n d i n g  p r o d u c t s  d e r i v e d  f r o m  T D I .  
T h i s  c o n f o r m s  w i t h  t h e  r e l a t i v e  o r d e r  o f  t h e r m a l  r e s i s t a n c e  o f  t h e s e  m a t e r i ­
a l s  o b s e r v e d  f r o m  t h e  T G A  e x p e r i m e n t s .

A  n u m b e r  o f  s i g n i f i c a n t  c h a n g e s  w e r e  n o t e d  w h e n  i n f r a r e d  s p e c t r a  f r o m  
t h e  I G A  r e s i d u e s  w e r e  c o m p a r e d  t o  t h o s e  m a d e  f r o m  t h e  o r i g i n a l  p o l y m e r s .
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0  2 0 0  4 0 0

T I M E  ( m i n . )
P i g .  4 .  I G A  t h e r m o g r a m s  o f  p o l y m e r s  I I  a n d  I V .

A l l  o f  t h e  s p e c t r a  c o n t a i n e d  v i b r a t i o n  m o d e s  t h a t  w e r e  d u e  t o  t h e  p r e s e n c e  
o f  t h e  c a r b o r a n e  p o l y h e d r o n  i n  t h e  I G A  r e s i d u e .  I n  a d d i t i o n ,  t h e  s p e c t r a  
f r o m  t h e  r e s i d u e s  o f  p o l y m e r s  I I I  a n d  I V  p o s s e s s e d  a n  a b s o r p t i o n  b a n d  a t
1 1 . 0  y u  t h a t  i s  c h a r a c t e r i s t i c  o f  t h e  P c S i  c o n f i g u r a t i o n .  T h e  a b s o r p t i o n  

f r e q u e n c i e s  a s s o c i a t e d  w i t h  a r o m a t i c  g r o u p s  o f  t h e  u r e t h a n e  l i n k a g e s  a n d  
m e t h y l e n e  u n i t s  b o n d e d  t o  c a r b o r a n e  n u c l e i  i n  t h e  o r i g i n a l  p o l y m e r s  w e r e  
a b s e n t  i n  t h e  s p e c t r a  o f  t h e  I G A  r e s i d u e s .  I n s t e a d ,  n e w  a b s o r p t i o n  b a n d s  
a p p e a r e d  a t  3 . 1 5  a n d  6 . 1 5  / a  t h a t  a r e  a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  h y d r o x y l  
a n d  c a r b o n y l  g r o u p s ,  r e s p e c t i v e l y .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a b s o r p t i o n  
b a n d s  a t  3 . 1 5  a n d  6 . 1 5  m  r e p l a c e d  t h e  m e t h y l e n e  v i b r a t i o n  m o d e s  i n  t h e  
s p e c t r u m  o f  1 , 2 - b i s  ( h y d r o x y m e t h y l ) - c a r b o r a n e  w h e n  i t  w a s  h e a t e d  i n  a i r  
f o r  a b o u t  1  h r  a t  3 0 0 ° C . 5

T h u s ,  t h e s e  i n f r a r e d  d a t a  s e e m  t o  c o n f i r m  t h a t  t h e  c a r b o r a n e  p o l y h e d r o n  
a n d  p h t h a l o c y a n i n e  r i n g  a r e  m o r e  r e s i s t a n t  t o  t h e r m a l  o x i d a t i o n  t h a n  t h e  
u r e t h a n e  g r o u p s  d e r i v e d  f r o m  M D I  a n d  T D I  a n d  t h e  m e t h y l e n e  u n i t s  
a d j a c e n t  t o  c a r b o r a n e  n u c l e i  i n  t h e  p o l y m e r  c h a i n s .  F r o m  t h e  s t u d i e s  b y  
H a l l 1 6  a n d  C o n l e y , 1 7  i t  i s  c o n c e i v a b l e  t h a t  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  
p o l y m e r s  I  t o  I V  m a y  h a v e  b e e n  i n i t i a t e d  a s  a  r e s u l t  o f  t h e  o x i d a t i o n  o f  
m e t h y l e n e  g r o u p s .  I n  t h i s  c o n n e c t i o n ,  S a u n d e r s  a n d  B a c k u s 1 8  r e p o r t e d  
t h a t  o x i d a t i o n  i s  a n  i m p o r t a n t  f a c t o r  i n  t h e  t h e r m a l  d e g r a d a t i o n  o f  c o n v e n ­
t i o n a l  p o l y u r e t h a n e s .

F i g u r e  5  s h o w s  t h e  w e i g h t  c h a n g e s  t h a t  w e r e  m e a s u r e d  w h e n  p o l y m e r  V  
w a s  h e a t e d  i n  a i r  f o r  a b o u t  6  h r  a t  3 0 0 ° C .  D u r i n g  t h e  f i r s t  3  h r ,  t h e
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T I M E  ( m i n . )
F i g .  5 .  I G A  t h e r m o g r a m  o f  p o l y m e r  V .

p r o d u c t  u n d e r w e n t  a  l o s s  o f  2 3 . S % .  A  s i m i l a r  w e i g h t  d e c r e a s e  w a s  o b ­
s e r v e d  w h e n  t h e  p o l y m e r  w a s  h e a t e d  u n d e r  T G A  c o n d i t i o n s  t o  3 3 8 ° C .  A  
c o m p a r i s o n  o f  t h e  I G A  t h e r m o g r a m s  s h o w s  t h a t  t h e  r a t e  o f  i n i t i a l  w e i g h t -  
l o s s  o f  p o l y m e r  V  i s  l o w e r  t h a n  t h a t  o f  p r o d u c t s  I  t o  I V .  I t  m i g h t  b e  i n ­
f e r r e d  f r o m  t h e s e  r e s u l t s  t h a t  t h i s  p r o d u c t  i s  s o m e w h a t  m o r e  h e a t  s t a b l e  
t h a n  t h e  p o l y m e r s  t h a t  c o n t a i n  u r e t h a n e  g r o u p s .  T h i s  i s  i n  a g r e e m e n t  
w i t h  t h e  p r e d i c t i o n  m a d e  f r o m  s i m i l a r  s t u d i e s  o f  m o d e l  c o m p o u n d s  u p o n  
w h i c h  t h e  m o l e c u l a r  s t r u c t u r e  o f  t h e s e  p o l y m e r s  a r e  b a s e d .

D u r i n g  t h e  r e m a i n i n g  3  h r  a t  3 0 0 ° C ,  t h e  p o l y m e r  g a i n e d  w e i g h t  s l o w l y .  
A s  i n d i c a t e d  b e f o r e ,  t h i s  p e r i o d  o f  w e i g h t  i n c r e a s e  i s  a t t r i b u t e d  t o  t h e  
o x i d a t i o n  o f  m e t h y l e n e  g r o u p s  c o n n e c t e d  t o  c a r b o r a n e  n u c l e i ,  a n d  p o s s i b l y  
t o  r e a c t i o n s  o f  r e s i d u a l  m e t h y l  g r o u p s  b o n d e d  t o  s i l i c o n  a t o m s .

T h e  i n f r a r e d  s p e c t r u m  o f  t h e  I G A  r e s i d u e  f r o m  p o l y m e r  V  a p p e a r e d  
s i m i l a r  t o  t h e  s p e c t r a  m a d e  a f t e r  t h e  i s o t h e r m a l  t r e a t m e n t  o f  p r o d u c t s  I I I  
a n d  I V .  T h e  p r e s e n c e  o f  a b s o r p t i o n  b a n d s  a s s o c i a t e d  w i t h  t h e  c a r b o r a n e  
p o l y h e d r o n  a n d  t h e  p h t h a l o c y a n i n e  s t r u c t u r e  a g a i n  g a v e  e v i d e n c e  o f  t h e  
g o o d  h e a t  s t a b i l i t y  o f  t h e s e  g r o u p s .  T h e  a b s e n c e  o f  v i b r a t i o n  m o d e s  c h a r ­
a c t e r i s t i c s  o f  d i m e t h y l s i l o x a n e  u n i t s  c o n f i r m e d  t h a t  t  h e s e  g r o u p s  w e r e  r u p ­
t u r e d  d u r i n g  t h e  h e a t i n g  p r o c e s s .  I n  a d d i t i o n ,  t h e  a p p e a r a n c e  o f  n e w  a b ­
s o r p t i o n  f r e q u e n c i e s  a t t r i b u t e d  t o  h y d r o x y l  a n d  c a r b o n y l  c o n f i g u r a t i o n s  
e s t a b l i s h e d  t h a t  t h e  p o l y m e r  u n d e r w e n t  t h e r m a l  o x i d a t i o n  r e a c t i o n s  w h e n  
h e a t e d  i n  a i r  a t  3 0 0 ° C .  T h u s ,  i t  m i g h t  b e  i m p l i e d  f r o m  t h e  c l o s e  r e s e m ­



CARBORANE AND PIITTTALOCYANINE POLYMERS 119

b l a n c e  o f  t h e  i n f r a r e d  s p e c t r a  o f  t h e  I G A  r e s i d u e s  f r o m  p o l y m e r s  I I I ,  I V ,  
a n d  V  t h a t  t h e s e  m a t e r i a l s  d e c o m p o s e d  b y  s i m i l a r  p r o c e s s e s ,  t h a t  i s ,  
t h r o u g h  t h e  t h e r m a l  c l e a v a g e  o f  u r e t h a n e  o r  d i m e t h y l s i l o x a n e  u n i t s  a n d  
t h e  o x i d a t i o n  o f  m e t h y l e n e  g r o u p s  b o n d e d  t o  c a r b o r a n e  n u c l e i .

F i g u r e s  6 - 8  p r e s e n t  t h e  D T A  t h e r m o g r a m s  o f  t h e  p o l y m e r s .  I n  g e n e r a l ,  
t h e  p e a k s  o f  t h e  t h e r m o g r a m s  s h o w  g o o d  c o r r e l a t i o n  w i t h  p o i n t s  o n  c o r r e ­
s p o n d i n g  T G A  c u r v e s  t h a t  i n d i c a t e  t h e  o c c u r r e n c e  o f  m a x i m u m  o r  m i n i m u m  
r a t e s  o f  w e i g h t  c h a n g e .  T h e  e x o t h e r m i c  t r a n s i t i o n s  o c c u r r i n g  b e l o w  2 0 0 ° C  
a r e  r e a s o n a b l y  a s s o c i a t e d  w i t h  t h e  r e a c t i o n s  o f  p o l y m e r  c h a i n  e n d  g r o u p s .
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T h e  e x o t h e r m s  a p p e a r i n g  a t  h i g h e r  t e m p e r a t u r e s  w e r e  p r o b a b l y  t h e  r e s u l t  
o f  d r a s t i c  t h e r m a l  o x i d a t i o n  o f  t h e  p o l y m e r  c h a i n s .

A l l  o f  t h e  p o l y m e r s  w i t h  u r e t h a n e  g r o u p s  i n  t h e i r  m o l e c u l e s  u n d e r w e n t  
e x o t h e r m i c  c h a n g e s  t h a t  h a v e  p e a k s  a t  a b o u t  2 8 0 - 3 0 5 ° C  a n d  3 5 5 - 3 8 5 ° C .  
T h e s e  t r a n s i t i o n s  w e r e  p r o b a b l y  c a u s e d  b y  t h e  t h e r m a l  r u p t u r e  o f  u r e t h a n e  
g r o u p s  a n d  t h e  o x i d a t i o n  o f  m e t h y l e n e  u n i t s  a d j a c e n t  t o  c a r b o r a n e  n u c l e i .  
T h e  p e a k s  o f  t h e  e x o t h e r m s  f r o m  p o l y m e r s  I  a n d  I I I  a p p e a r e d  a t  l o w e r
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t e m p e r a t u r e s  t h a n  t h o s e  g i v e n  b y  p r o d u c t s  I I  a n d  I V .  I t  m i g h t  b e  i n f e r r e d  
f r o m  t h i s  t h a t  t h e  p o l y m e r s  d e r i v e d  f r o m  A I D I  a r e  m o r e  h e a t  s t a b l e  t h a n  
t h o s e  s y n t h e s i z e d  f r o m  T D I .  T h i s  w a s  a l s o  i n d i c a t e d  b y  t h e  r e s u l t s  f r o m  
t h e  I G A  e x p e r i m e n t s .

T h e  s h o u l d e r s  a p p e a r i n g  o n  t h e  e x o t h e r m s  a t  a p p i ’ o x i m a t e l y  4 4 0 - 4 7 0 ° C  
i n  t h e  D T A  t h e r m o g r a m s  g i v e n  b y  p o l y m e r s  I I I  a n d  I V  a r e  a t t r i b u t e d  t o  
t h e  r e a r r a n g e m e n t  o f  t h e  p h t h a l o c y a n i n e  r i n g s . 1 4  S i m i l a r  s h o u l d e r s  w e r e  
o b s e r v e d  a t  a b o u t  t h i s  t e m p e r a t u r e  r a n g e  o n  e x o t h e r m s  o b t a i n e d  f r o m  
s t r u c t u r a l l y  r e l a t e d  i n t e r m e d i a t e  a n d  m o d e l  c o m p o u n d s . 6

T h e  e x o t h e r m s  w i t h  r e l a t i v e l y  b r o a d  p e a k s  a t  a b o u t  7 2 5 - S 0 5 ° C  o n  t h e  
t h e r m o g r a m s  p r o d u c e d  f r o m  p o l y m e r s  I I ,  I I I  a n d  I V  a r e  r e a s o n a b l y  a s s o c i ­
a t e d  w i t h  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  r e s i d u a l  c a r b o r a n e  n u c l e i  a n d  
p r o b a b l y  d i s o r d e r e d  p h t h a l o c y a n i n e  r i n g s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
D T A  t h e r m o g r a m s  o b t a i n e d  f r o m  o t h e r  p o l y m e r s  c o n t a i n i n g  m o l e c u l e s  

w i t h  c a r b o r a n e  r i n g s  d i s p l a y e d  e x o t h e r m i c  t r a n s i t i o n s  i n  t h i s  t e m p e r a t u r e  
r e g i o n . 1 3  I n  a d d i t i o n ,  J o y n e r  a n d  K e n n e y 1 9  r e p o r t e d  t h a t  a  p h t h a l o c y -  
a n i n o s i l o x a n e  p o l y m e r  d e r i v e d  f r o m  t h e  t h e r m a l  d e h y d r a t i o n  o f  P c S i ( O H ) 2  

w a s  t h e r m a l l y  s t a b l e  a t  5 2 0 ° C  f o r  2 . 5  h o u r s ,  b u t  d e c o m p o s e d  w h e n  h e a t e d  
f o r  1 5  m i n u t e s  a t  6 2 5 ° C .

T h e  t h e r m o g r a m  f r o m  p o l y m e r  V  d i s p l a y s  a  s t r o n g  e x o t h e r m  t h a t  h a s  a  
p e a k  a t  3 5 5 ° C  a n d  a  s h o u l d e r  a t  a b o u t  5 1 0 ° C .  P r e v i o u s  s t u d i e s  o f  t h e  
s t r u c t u r a l l y  r e l a t e d  m o d e l  c o m p o u n d  b i s ( 2 - t r i m e t h y l s i l o x y m e t h y l c a r -
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b o n u i y l - l - o x y m e t h y l ) -  [ p l i t h a l o c y a n i n o ]  s i l i c o n  i n d i c a t e d  t h a t  t h e  e x o ­
t h e r m i c  p e a k  r e s u l t e d  f r o m  t h e  t h e r m a l  o x i d a t i o n  o f  m e t h y l e n e  g r o u p s ,  a n d  
t h e  s h o u l d e r  w a s  a p p a r e n t l y  c a u s e d  b y  t h e  d i s r u p t i o n  o f  t h e  p l i t h a l o c y a n i n o  
r i n g . 5

A  c o m p a r i s o n  o f  t h e s e  d a t a  w i t h  t h e  t h e r m o g r a m s  p r e s e n t e d  i n  F i g u r e s  
6  a n i l  7  s h o w e d  t h a t  t h i s  p e a k  o f  t h e  D T A  c u r v e  f r o m  p o l y m e r  V  a p p e a r e d  
a t  a  h i g h e r  t e m p e r a t u r e  t h a n  t h o s e  o f  t h e  i n i t i a l  s t r o n g  e x o t h e r m s  e x h i b i t e d  
b y  p o l y m e r s  I  t o  I V .  A g a i n ,  a s  i n  t h e  c a s e  o f  t h e  d a t a  f r o m  t h e  I G A  e x p e r i ­
m e n t s ,  t h e  r e s u l t s  s u g g e s t  t h a t  t h e  p o l y m e r  w i t h  d i m e t h y l s i l o x a n e  u n i t s  i n  
i t s  m o l e c u l e s  i s  m o r e  h e a t - s t a b l e  t h a n  t h o s e  c o n t a i n i n g  u r e t h a n e  g r o u p s .

I n  s u m m a r y ,  t h e  r e s u l t s  s h o w  t h a t  t h e  h e a t  s t a b i l i t y  o f  t h e  p o l y m e r s  
p a r a l l e l  t h e  t h e r m a l  r e s i s t a n c e  o f  i n t e r m e d i a t e  a n d  m o d e l  c o m p o u n d s  h a v ­
i n g  r e l a t e d  m o l e c u l a r  c o n f i g u r a t i o n s ,  a n d  a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  
p r e d i c a t i o n s  m a d e  f r o m  o t h e r  s t r u c t u r a l  c o n s i d e r a t i o n s .  A s  p o s t u l a t e d ,  
a l l  o f  t h e  p r o d u c t s  s e e m e d  t o  d e c o m p o s e  i n i t i a l l y  b e c a u s e  o f  t h e  t h e r m a l  
r u p t u r e  o f  u r e t h a n e  o r  d i m e t h y l s i l o x a n e  u n i t s  a n d  t h r o u g h  t h e  o x i d a t i o n  
o f  m e t h y l e n e  g r o u p s  t o  l e a v e  r e s i d u a l  m a t e r i a l s  c o n t a i n i n g  t h e  m o r e  h e a t  
r e s i s t a n t  c a r b o r a n e  a n d  p h t h a l o c y a n i n e  s t r u c t u r e s .  T h e  l a t t e r  u n i t  w a s  
m o r e  s t a b l e  t h a n  t h e  f o r m e r  a t  t e m p e r a t u r e s  a b o v e  3 5 0 ° C .  T h e  p o l y m e r s  
w i t h  m e t h y l s i l o x a n e  u n i t s  w e r e  s o m e w h a t  m o r e  r e s i s t a n t  t o  p y r o l y t i c  
d e c o m p o s i t i o n  t h a n  t h o s e  c o n t a i n i n g  u r e t h a n e  g r o u p s .  T h e  h e a t  s t a b i l i t y  
o f  t h e  p r o d u c t s  w i t h  u r e t h a n e  s t r u c t u r e s  c o r r e s p o n d e d  g e n e r a l l y  w i t h  t h e  
r e l a t i v e  o r d e r  o f  t h e r m a l  r e s i s t a n c e  o f  t h e  i s o c y a n a t e s  e m p l o y e d  i n  t h e i r  
p r e p a r a t i o n .  A l t h o u g h  t h e  s u s c e p t i b i l i t y  o f  t h e  p o l y m e r s  t o  t h e r m a l  d e ­
c o m p o s i t i o n  a p p e a r s  t o  b e  s i m i l a r  t o  t h a t  o f  m o r e  c o n v e n t i o n a l  d i m e t h y l -  
p o l y s i l o x a n e s  a n d  p o l y u r e t h a n e s ,  t h e  f o r m e r  e x h i b i t e d  m u c h  l e s s  w e i g h t  
l o s s e s  a t  t e m p e r a t u r e s  b e l o w  6 0 0 ° C .  T h i s  i s  a t t r i b u t e d  t o  t h e  s t a b i l i z i n g  
i n f l u e n c e  o f  t h e  c a r b o r a n e  n u c l e i  o n  t h e  o x i d a t i v e  d e c o m p o s i t i o n  o f  a d ­
j a c e n t  m e t h y l e n e  g r o u p s .  T h e  p h t h a l o c y a n i n e  r i n g s  p r o b a b l y  h a d  l e s s  
o f  a n  i n h i b i t i n g  i n f l u e n c e  b e c a u s e  t h e y  w e r e  s e p a r a t e d  f r o m  t h e  m e t h y l e n e  
g r o u p s  b y  o x y g e n  a t o m s .  T h e  r u p t u r e  o f  m e t h y l s i l o x a n e  a n d  u r e t h a n e  
g r o u p s  f r o m  t h e  p o l y m e r s  a t  r e l a t i v e l y  l o w  t e m p e r a t u r e s  w a s  p r o b a b l y  
d u e  t o  t h e  l a c k  o f  p r o x i m i t y  o f  t h e  c a r b o r a n e  n u c l e i  a n d  p h t h a l o c y a n i n e  
r i n g s  t o  t h e s e  s t r u c t u r e s .  P r e v i o u s  s t u d i e s  a l s o  i n d i c a t e d  t h a t  t h e  p r o t e c ­
t i v e  e f f e c t s  o f  t h e  c a r b o r a n e  p o l y h e d r o n  d e c r e a s e s  a s  t h e  d i s t a n c e  b e t w e e n  
t h i s  g r o u p  a n d  o t h e r  s t r u c t u r e s  t h a t  a r e  s e n s i t i v e  t o  t h e r m a l  o x i d a t i o n  i n ­
c r e a s e s . 6 ' 1 3

T h e  a u t h o r s  w i s h  t o  t h a n k  D r .  D .  G r a f s t e i n  a n d  o t h e r  s t a l l  m e m b e r s  o f  ( h e  A e r o s p a c e  

G r o u p  o f  G e n e r a l  P r e c i s i o n ,  I n c .  f o r  t h e i r  c o o p e r a t i o n  a n d  h e l p f u l  c o m m e n t s .  W e  a r e  

a l s o  i n d e b t e d  t o  E .  A .  B u k z i n  o f  t h e  N a v a l  S h i p  S y s t e m s  C o m m a n d  a n d  W .  B .  S h e t t e r l y  

o f  t h e  N a v a l  S h i p  E n g i n e e r i n g  C e n t e r ,  W a s h i n g t o n ,  D . C .  f o r  s p o n s o r i n g  t h i s  i n v e s t i ­

g a t i o n .

The opinions or assertions contained in this paper are the private ones of the authors
and are not to be construed as official or reflecting the views of the Naval Service at,
large.
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Synopsis

T h e  p o l y m e r i z a t i o n  o f  v i n y l  m o n o m e r s  b y  u s e  o f  a l k a l i  m e t a l  ( L i ,  N a ,  K ) - t h i o b e n z o -  

p h e n o n e  c o m p l e x e s  w a s  s t u d i e d .  M o n o a l k a l i  m e t a l  c o m p l e x e s  o f  t h i o b e n z o p h e n o n e  

( t h i o k e t y l s )  i n d u c e d  t h e  p o l y m e r i z a t i o n  o f  v i n y l  m o n o m e r s  s u c h  a s  a c r y l o n i t r i l e  ( A N )  

a n d  m e t h y l  m e t h a c r y l a t e  ( M M A ) ,  a n d  d i a l k a l i  m e t a l  c o m p l e x e s  o f  t h i o b e n z o p h e n o n e  

( d i a n i o n )  i n d u c e d  t h e  p o l y m e r i z a t i o n  o f  s t y r e n e  ( S t ) ,  b u t a d i e n e  ( B d ) ,  a n d  i s o p r e n e  ( I p )  

a s  w e l l  a s  A N  a n d  M M A .  T h e  p o l y m e r i z a t i o n  o f  M M A  w i t h  t h e  d i a n i o n  w a s  i n i t i a t e d  

b y  b o t h  t h e  m e r c a p t i d e  a n d  t h e  c a r b a n i o n  o f  t h e  d i a n i o n ,  b l i t  t h a t  o f  s t y r e n e  w a s  i n i t i ­

a t e d  b y  t h e  c a r b a n i o n  a l o n e .  I n  t h e  c a s e  o f  p o l y m e r i z a t i o n  o f  M M A  b y  t h e  t h i o k e t y l ,  

t h e  i n i t i a l  r a t e  o f  p o l y m e r i z a t i o n  d e p e n d e d  o n  t h e  c a t a l y s t  c o n c e n t r a t i o n  a n d  t h e  s q u a r e  

o f  t h e  m o n o m e r  c o n c e n t r a t i o n .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  i n  t h e  c a s e  o f  t h e  d i ­

a n i o n .  T h e  p o l y m e r  y i e l d  i n c r e a s e d  w i t h  i n c r e a s n g  p o l a r i t y  o f  s o v e n t s .  I n  t h e  c o -  

p o l y m e r i z a t i o n  o f  A N  w i t h  M I M A ,  t h e  c o p o l y m e r  o b t a i n e d  c o n s i s t e d  a l m o s t  o f  A N  

u n i t s .  F r o m  t h e s e  r e s u l t s ,  i t  w a s  c o n c l u d e d  t h a t  t h e  p o l y m e r i z a t i o n  p r o c e e d e d  b y  

a n i o n i c  m e c h a n i s m s .

INTRODUCTION

I t  i s  k n o w n  t h a t  n o n e n o l i z a b l e  t h i o k e t o n e s  r e a c t  w i t h  a l k a l i  m e t a l s  t o  
g i v e  c o l o r e d  p r o d u c t s  w h i c h  a r e  u n s t a b l e  i n  a i r .  T h e s e  p r o d u c t s  a r e  
t h o u g h t  p o s s i b l y  t o  b e  m e t a l  t h i o k e t y l s . 1 - 4

S t u d i e s  o n  t h e  r e a c t i o n s  o f  s u b s t i t u t e d  t h i o b e n z o p h e n o n e  w i t h  a l k a l i  
m e t a l s  a n d  o n  t h e  E S R  s p e c t r a  o b t a i n e d  f r o m  t h e s e  p r o d u c t s ,  h a v e  b e e n  
r e p o r t e d . 5

T h e  p o l y m e r i z a t i o n  o f  v i n y l  m o n o m e r s  w i t h  b e n z o p h e n o n e  m e t a l  k e t y l s  
h a s  b e e n  r e p o r t e d  b y  I n o u e  e t  a l . 6  a n d  Z i l k h a  e t  a l . , 7  b u t  t h e  p o l y m e r i z a t i o n  
o f  v i n y l  m o n o m e r s  b y  u s e  o f  t h i o b e n z o p h e n o n e - a l k a l i  m e t a l  c o m p l e x e s  
h a s  n o t  b e e n  s t u d i e d .

W e  c a r r i e d  o u t  t h e  r e a c t i o n s  o f  t h i o b e n z o p h e n o n e  w i t h  e q u i m o l a r  
a m o u n t s  o f  a l k a l i  m e t a l s  ( L i ,  N a ,  a n d  K )  a n d  o b t a i n e d  d e e p  r e d  c o m p l e x e s  
w h i c h  w e r e  k n o w n  a s  t h i o k e t y l s  ( I ) .

T h e s e  t h i o k e t y l s  w e r e  f o u n d  t o  i n d u c e  t h e  p o l y m e r i z a t i o n  o f  v i n y l  m o n o ­
m e r s  s u c h  a s  a c r y l o n i t r i l e  ( A N )  a n d  m e t h y l  m e t h a c r y l a t e  ( M M A ) .  T h e  
r e a c t i o n s  o f  t h i o b e n z o p h e n o n e  w i t h  m o r e  t h a n  t w i c e  t h e  e q u i m o l a r  a m o u n t

1 2 5
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o f  a l k a l i  m e t a l s  s h o w e d  t h e  f o r m a t i o n  o f  d a r k  r e d  d i a l k a l i  m e t a l  a d d u c t s  
( I I ) .

w h e r e  M  m a y  b e  L i ,  N a ,  o r  K .  T h e s e  d i m e t a l l o  a d d u c t s  ( 1 1 )  h a d  a  g r e a t e r  
r e a c t i v i t y  t h a n  t h e  t h i o k e t y l s  ( I )  a n d  i n d u c e d  t h e  p o l y m e r i z a t i o n  o f  A N ,  
M M A ,  s t y r e n e  ( S t ) ,  i s o p r e n e  ( I p ) ,  a n d  b u t a d i e n e  ( B d ) .

T h e  p o l y m e r s  w i t h  l o w  d e g r e e s  o f  p o l y m e r i z a t i o n  w e r e  p r e p a r e d  w i t h  
t h e s e  h i g h  c o n c e n t r a t i o n  c o m p l e x e s  a n d  t h e  r e l a t i o n s h i p s  b e t w e e n  t h e  
d e g r e e  o f  p o l y m e r i z a t i o n  a n d  t h e  s u l f u r  c o n t e n t  i n  t h e  p o l y m e r s  w e r e  i n ­
v e s t i g a t e d  i n  o r d e r  t o  c l a r i f y  t h e  d i f f e r e n c e  b e t w e e n  t h e  r e a c t i v i t i e s  o f  
t h i o k e t y l s  a n d  d i m e t a l l o  a d d u c t s .

I n  t h e  c a s e s  o f  t h e  p o l y m e r i z a t i o n s  o f  M M A  w i t h  t h i o k e t y l s ,  t h e  p o l y ­
m e r i z a t i o n s  a r e  t h o u g h t  t o  b e  i n i t i a t e d  b y  t h e  m e r c a p t i d e  a n i o n s  a n d  n o t  b y  
t h e  r a d i c a l s  o f  t h i o k e t y l s .  T h e  p o l y m e r i z a t i o n  o f  M M A  w i t h  d i s o d i u m  
t h i o b e n z o p h e n o n e ,  h o w e v e r ,  i s  i n i t i a t e d  b y  b o t h  t h e  m e r c a p t i d e  i o n  a n d  
t h e  c a r b a n i o n .

I n o u e  a n d  c o - w o r k e r s 6  c o n s i d e r e d  a n  e l e c t r o n - t r a n s f e r  t y p e  i n i t i a t i o n  
f r o m  a l k a l i  m e t a l s  t o  S t  f o r  t h e  p o l y m e r i z a t i o n  o f  S t  w i t h  d i a l k a l i  m e t a l  
b e n z o p h e n o n e .  I n  t h e  c a s e  o f  p o l y m e r i z a t i o n  o f  S t  w i t h  t h e  d i m e t a l l o  
a d d u c t s  ( I I ) ,  h o w e v e r ,  t h e  p o l y m e r i z a t i o n  w a s  n o t  i n i t i a t e d  b y  t h e  e l e c t r o n  
t r a n s f e r  t y p e  r e a c t i o n ,  b u t  b y  t h e  c a r b a n i o n  o f  t h e  d i m e t a l l o  a d d u c t s  ( I I ) .

EXPERIMENTAL

Thiobenzophenone
T h i o b e n z o p h e n o n e  w a s  p r e p a r e d  b y  t h e  f o l l o w i n g  p r o c e d u r e . 8  A  1 2 5 - m l  

p o r t i o n  o f  9 5 %  e t h a n o l  c o n t a i n i n g  2 5  g  ( 0 . 1 4  m o l e )  o f  b e n z o p h e n o n e  w a s  
p l a c e d  i n  a  f l a s k ,  c o o l e d  i n  a n  i c e - s a l t  f r e e z i n g  m i x t u r e .  H y d r o g e n  s u l l i d e  
a n d  h y d r o g e n  c h l o r i d e  w e r e  p a s s e d  s i m u l t a n e o u s l y  i n t o  t h e  s o l u t i o n  f o r  2  

h r  w i t h  s t i r r i n g .  A f t e r  2  h r ,  t h e  f l o w  o f  h y d r o g e n  c h l o r i d e  w a s  s t o p p e d  a n d  
h y d r o g e n  s u l f i d e  a l o n e  w a s  p a s s e d  t h r o u g h  f o r  a n  a d d i t i o n a l  2 0  h r  w i t h  
c o n t i n u e d  i c e  c o o l i n g .  T h e  s o l i d  t h i o b e n z o p h e n o n e  w a s  f i l t e r e d  o f f  f r o m  
t h e  i c e - c o l d  s o l u t i o n ,  i m m e d i a t e l y  d r i e d  u n d e r  h i g h  v a c u u m ,  a n d  r e c r y s t a l ­
l i z e d  t w i c e  f r o m  p e t r o l e u m  e t h e r  ( b p  6 0 - 8 0 ° C ) .  T h e  l o n g ,  n e e d l e l i k e  
c r y s t a l s  ( m p  5 3 - 5 4 ° C )  o b t a i n e d  w e r e  k e p t  i n  a  c l o s e d  f l a s k  u n d e r  a n  a t ­
m o s p h e r e  o f  a r g o n  a n d  s t o r e d  i n  a  c o l d  a n d  d a r k  p l a c e ;  y i e l d  1 8 - 2 1  g  
( 6 6 - 7 7 % ) .

Reagents
A c r y l o n i t r i l e  w a s  p u r i f i e d  b y  s u c c e s s i v e  w a s h i n g s  w i t h  5 %  s u l p h u r i c  a c i d ,  

5 %  s o d i u m  c a r b o n a t e ,  a n d  w a t e r .  A f t e r  b e i n g  d r i e d  ( C a C l 2 ) ,  i t  w a s  f r a c ­
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t i o n a l l y  d i s t i l l e d  u n d e r  n i t r o g e n  i n  t h e  p r e s e n c e  o f  c a l c i u m  h y d r i d e .  M e t h y l  
m e t h a c r y l a t e  w a s  s t e a m - d i s t i l l e d ,  w a s h e d  w i t h  5 %  c a u s t i c  s o d a ,  a n d  t h e n  
w i t h  w a t e r .  A f t e r  b e i n g  d r i e d  ( a n h y d r o u s  s o d i u m  s u l f a t e ) ,  i t  w a s  f r a c ­
t i o n a l l y  d i s t i l l e d  u n d e r  n i t r o g e n  i n  t h e  p r e s e n c e  o f  c a l c i u m  h y d r i d e .  S t y ­
r e n e  w a s  w a s h e d  w i t h  5 %  c a u s t i c  s o d a  a n d  w i t h  w a t e r .  A f t e r  b e i n g  d r i e d  
( C a C h ) ,  i t  w a s  f r a c t i o n a l l y  d i s t i l l e d  u n d e r  n i t r o g e n  i n  t h e  p r e s e n c e  o f  c a l c i u m  

h y d r i d e .  I s o p r e n e  w a s  d r i e d  o v e r  c a l c i u m  h y d r i d e  a n d  b e f o r e  u s e  w a s  
f r a c t i o n a l l y  d i s t i l l e d  u n d e r  n i t r o g e n  i n  t h e  p r e s e n c e  o f  c a l c i u m  h y d r i d e .  
B u t a d i e n e  w a s  d r i e d  o v e r  c a l c i u m  h y d r i d e  a n d  w a s  t r a p p e d  i n  a  t e s t  t u b e  
w i t h  D r y  I c e - m e t h a n o l .

« - H e x a n e  a n d  d i e t h y l  e t h e r  w e r e  d r i e d  o v e r  s o d i u m  a n d  d i s t i l l e d .  T e t r a -  
h y d r o f u r a n  a n d  d i o x a n e  w e r e  p u r i f i e d  b y  d i s t i l l a t i o n  i n  t h e  p r e s e n c e  o f  
b e n z o p h e n o n e  s o d i u m  k e t y l .  T h i o k e t o n e  w a s  p u r i f i e d  b y  r e c r y s t a l l i z a t i o n  
w h e n  n e c e s s a r y .

Metal Thioketyl and Dimetal Complex
Monosodium Thiobenzophenone. A  m i x t u r e  o f  s o d i u m  ( 0 . 1 0 7  g ,  

0 . 0 0 9  m o l e )  a n d  t h i o b e n z o p h e n o n e  ( 2 . 0  g ,  0 . 0 1  m o l e )  w a s  s t i r r e d  i n  1 0 0  m l  
o f  a n h y d r o u s  T H F  u n d e r  n i t r o g e n  a t  r o o m  t e m p e r a t u r e  f o r  2 4  h r .  T h e  
c o l o r  o f  t h e  s o l u t i o n  t u r n e d  f r o m  b l u e  t o  d e e p  r e d  w i t h i n  1 - 2  h r ,  a n d  t h e  
a n i o n  r a d i c a l  c o m p l e x  w a s  f o r m e d .

W h e n  t h e  s o l u t i o n  w a s  f i l t e r e d  a f t e r  6  h r ,  n o  r e s i d u a l  s o d i u m  w a s  f o u n d .  
T h e  t h i o k e t y l  s o l u t i o n  w a s  p l a c e d  i n  a  c l o s e d  f l a s k  f i l l e d  w i t h  a r g o n  g a s  
a n d  s t o r e d  i n  a  c o o l ,  d a r k  p l a c e ;  m a t e r i a l  w a s  r e m o v e d  f o r  u s e  w i t h  a n  i n ­
j e c t i o n  s y r i n g e  u n d e r  a n  a t m o s p h e r e  o f  n i t r o g e n  o r  a r g o n .

Disodium Thiobenzophene. A  m i x t u r e  o f  s o d i u m  ( 0 . 9 2  g ,  0 . 0 4  m o l e )  
a n d  t h i o b e n z o p h e n o n e  ( 2 . 0  g ,  0 . 0 1  m o l e )  w a s  s t i r r e d  i n  1 0 0  m l  o f  a n h y d r o u s  
T H F  u n d e r  n i t r o g e n  a t  r o o m  t e m p e r a t u r e  f o r  2 4  h r .  T h e  c o l o r  o f  t h e  
s o l u t i o n  t u r n e d  f r o m  b l u e  t o  t h e  d a r k  r e d  w i t h i n  1 - 2  h r ,  a n d  t h e  d i a n i o n  
c o m p l e x  w a s  f o r m e d .  W h e n  t h i s  s o l u t i o n  w a s  f i l t e r e d ,  u n r e a c t e d  s o d i u m  
( 0 . 4 6  g ,  0 . 0 2  m o l e )  r e m a i n e d .  S t o r a g e  a n d  h a n d l i n g  p r o c e d u r e s  w e r e  t h e  

s a m e  a s  t h o s e  f o r  m o n o s o d i u m  t h i o b e n z o p h e n o n e .

Polymerization
T h e  m o n o m e r s  a n d  s o l v e n t s  w e r e  p l a c e d  i n  a  s t o p p e r e d  t e s t  t u b e .  A n y  

g a s e s  i n  t h e  s o l u t i o n  w e r e  r e m o v e d  b y  t h o r o u g h  o u t  g a s s i n g  a n d  n i t r o g e n  
w a s  i n t r o d u c e d  i n  t h e  t e s t  t u b e .  T h e  i n i t i a t o r  w a s  a d d e d  w i t h  a n  i n j e c t i o n  
s y r i n g e .  T h e  p o l y m e r i z a t i o n  w a s  c a r r i e d  o u t  u n d e r  h i g h  v a c u u m ,  a n d  
s t o p p e d  b y  t h e  a d d i t i o n  t o  t h e  r e a c t i o n  m i x t u r e  o f  a  m i x t u r e  o f  h y d r o c h l o r i c  
a c i d  a n d  m e t h a n o l .  T h e  p o l y m e r s  f o r m e d  w e r e  f i l t e r e d  o f f ,  w a s h e d  w i t h  
m e t h a n o l  a n d  w a t e r ,  a n d  d r i e d  u n d e r  r e d u c e d  p r e s s u r e  a t  r o o m  t e m p e r a ­
t u r e .  T i r e  r a t e  o f  p o l y m e r i z a t i o n  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  w e i g h t  
o f  t h e  p o l y m e r  f o r m e d .

T h e  a v e r a g e  d e g r e e  o f  p o l y m e r i z a t i o n  o f  p o l y ( m e t h y l  m e t h a c r y l a t e )  w a s  
c a l c u l a t e d  f r o m  t h e  i n t r i n s i c  v i s c o s i t y  m e a s u r e d  i n  b e n z e n e  a t  3 0 ° C ,  w i t h  
a n  U b b e l o h d e  v i s c o m e t e r  f r o m  t h e  e q u a t i o n , 9 P n =  2 2 0 0 [ 7 7 j 1 - 1 3 .  P A N
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o f  l o w  d e g r e e  o f  p o l y m e r i z a t i o n  w a s  p u r i f i e d  t w i c e  b y  p r e c i p i t a t i o n  f r o m  i t s  
s o l u t i o n  i n  d i m e t h y l f o r m a m i d e  w i t h  m e t h a n o l ,  a n d  i n  t h e  c a s e  o f  P M M A ,  
i n  b e n z e n e .

T h e  m o l e c u l a r  w e i g h t s  o f  p o l y s t y r e n e  a n d  p o l y ( m e t h y l  m e t h a c r y l a t e )  o f  
l o w  d e g r e e  o f  p o l y m e r i z a t i o n  w e r e  m e a s u r e d  u s i n g  a  K n a u e r  v a p o r  p r e s s u r e  
o s m o m e t e r  i n  1 , 2 - d i c h l o r o e t h a n e  a t  4 5 ° C .  T h e  s u l f u r  c o n t e n t  w a s  d e ­
t e r m i n e d  q u a l i t a t i v e l y  b y  t h e  s o d i u m  n i t r o p r u s s i d e  m e t h o d  a n d  q u a n t i t a ­
t i v e l y  b y  t h e  m e t h o d  o f  S c h o n i g e r . 1 0  I n f r a r e d  s p e c t r a  o f  p o l y m e r  f i l m s  
f o r m e d  o n  a  s o d i u m  c h l o r i d e  p l a t e  w e r e  m e a s u r e d  w i t h  a  P e r k i n - E l m e r  
M o d e l  3 3 7  s p e c t r o p h o t o m e t e r .

RESULTS AND DISCUSSION

Polymerization of Vinyl Monomers by 
Thiobenzophenone-Alkali Metal Complexes

W e  c a r r i e d  o u t  t h e  p o l y m e r i z a t i o n  o f  v i n y l  m o n o m e r s  i n  T H F  a t  0 ° C  
f o r  a  c e r t a i n  t i m e  u s i n g  m o n o l i t h i u m ,  - s o d i u m ,  a n d  - p o t a s s i u m  t h i o b e n z o -  
p h e n o n e  c o m p l e x e s .  A c r y l o n i t r i l e  ( A N )  a n d  m e t h y l  m e t h a c r y l a t e  ( A I M A )

T A B L E  I

P o l y m e r i z a t i o n  o f  A N  a n d  M M A  b y  M o n o - L i ,  - N a ,

a n d  K  T h i o b e n z o p h e n o n e 8

K e t y l M o n o m e r

I M I ,  

m o l e  1.

[1 ]  X  1 0 2, 

m o l e / 1 .

P o l y m e r ,

g

Y i e l d ,
0 //o

L i A N 3 . 0 0 . 8 6 5 0 . 0 0 4 2 . 4 8

1 . 7 3 0 . 0 0 9 5 . 6

3 . 4 9 0 . 9 8 0 6 1 . 1

5 . 2 0 1 . 1 8 1 7 3 . 1

L i M M A 1 . 8 8 0 . 8 6 5 — —

1 . 7 3 0 . 1 3 2 7 . 0

3 . 4 9 1 . 5 5 1 8 2 . 5

5 . 2 0 1 . 9 4 0 1 0 0

N a A N 3 . 0 0 . 8 6 5 0 .  1 2 4 7 . 7

1 . 7 3 0 . 2 8 0 1 7 . 4

3 . 4 9 0 . 5 6 3 3 5 . 0

5 . 2 0 1 . 0 3 9 6 4 . 5

N a M M A 1 . 8 8 0 . 8 6 5 0 . 0 0 2 0 . 1

M M A 1 . 8 8 1 . 7 3 0 . 1 7 7 9 . 4

3 . 4 9 1 . 1 1 7 5 9 . 0

5 . 2 0 1 . 1 3 8 6 0 . 5

K A N 3 . 0 0 . 8 6 5 0 . 4 6 7 2 9 . 0

1 . 7 3 0 . 9 2 1 5 7 . 2

3 . 4 9 1 . 1 2 5 6 9 . 9

5 . 2 0 1 . 5 6 5 9 7 . 2

K M M A 1 . 8 8 0 . 8 6 5 — —

1 . 7 3 1 . 4 7 6 7 8 . 5

3 . 4 9 1 . 8 2 7 9 7 .  1

5  2 0 1 . 8 0 4 9 6 .  1

“ S o l v e n t ,  T ' I I P ' ;  p o l y m e r i z a t i o n  t e m p e r a t u r e ,  0 ° C ;  p o l y m e r i z a t i o n  t i m e ,  7 5  m i n .
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T A B L E  I I
P o l y m e r i z a t i o n  o f  V i n y l  M o n o m e r s  b y  D i - L i ,  - N a ,  a n d  K  T h i o b e n z o p h e n o n e “

D i a n i o n

M o n o m e r
[ M ] ,

m o l e / 1 .

[ I ]  X  1 0 2, 

m o l e / 1 .

Y i e l d ,

%T y p e V o l ,  m l

L i A N 2 3 . 0 1 . 7 3 4 9 .  1

3 . 4 0 5 6 . 0

M M A 2 1 . 8 8 1 . 7 3 1 7 . 3
2 3 . 4 9 7 3 . 6

S t 2 1 . 7 4 3 . 4 0 9 0 , 0

Ip" 2 2 .  1 5 . 2 3 4 . 2

N a A N 2 3 . 0 1 . 7 3 3 9 . 0

3 . 4 0 5 6 . 6

M M A 2 1 . 8 8 1 . 7 3 4 7 . 4

3 . 4 0 6 8 . 5

S t 2 1 . 7 4 3 . 4 9 1 0 0

I p 2 2 . 1 5 . 2 3 4 . 2

B D C 3 3 . 6 5 . 2 6 0 . 0

K A N 2 3 . 0 1 . 7 3 5 6 . 8

3 . 4 9 6 1 . 8

M M A 2 1 . 8 8 1 . 7 3 1 0 0

3 . 4 9 1 0 0

a S o l v e n t ,  T H F ; a t  0 ° C ,  p o l y m e r i z e d  f o r  7 5  m i n .  

b T H F ,  a t  0 ° C ,  p o l y m e r i z e d  f o r  1 0  h r .  

c T H F ,  a t  —  2 1  ° C ,  p o l y m e r i z e d  f o r  1 0  h r .

r a p i d l y  p o l y m e r i z e d  b u t  s t y r e n e  ( S t )  a n d  i s o p r e n e  ( I p )  d i d  n o t  p o l y m e r i z e .  
A s  s h o w n  i n  T a b l e  I ,  p o l y m e r  y i e l d  i n c r e a s e d  i n  t h e  o r d e r ,  L i  <  N a  <  K .

T h e  p o l y m e r i z a t i o n  o f  A N ,  M M A ,  S t ,  I p ,  a n d  b u t a d i e n e  ( B D )  w a s  
c a r r i e d  o u t  a l s o  w i t h  t h e  u s e  o f  t h e  d i s o d i u m ,  d i l i t h i u m ,  a n d  d i p o t a s s i u m  
t h i o b e n z o p h e n o n e s ,  a n d  t h e  r e s u l t s  a r e  s h o w n  i n  T a b l e  I I .

S t  a n d  I p  d i d  n o t  p o l y m e r i z e  w i t h  t h e  t h i o k e t y l s .  I n  t h e  c a s e  o f  t h e  
p o l y m e r i z a t i o n  w i t h  t h e  d i a l k a l i  m e t a l  c o m p l e x ,  A N  a n d  M M A  p o l y m e r i z e d  
r e a d i l y ,  a n d  S t ,  I p  a n d  B D  p o l y m e r i z e d  w i t h  g o o d  y i e l d s .  T h e r e f o r e ,  i t  
w a s  t h o u g h t  t h a t  t h e  d i a l k a l i  m e t a l  c o m p l e x  o f  t h e  t h i o k e t o n e  h a d  a  g r e a t e r  
a c t i v i t y  t o w a r d s  v i n y l  m o n o m e r s  t h a n  t h e  t h i o k e t y l  ( m o n o a l k a l i  m e t a l  
c o m p l e x ) .  A  s i m i l a r  t r e n d  w a s  o b s e r v e d  i n  t h e  c a s e  o f  b e n z o p h e n o n e  c o m ­
p l e x e s . 6

Structures of Polyisoprene and Polybutadiene

T h e  s t r u c t u r e s  o f  p o l y i s o p r e n e  a n d  p o l y b u t a d i e n e  o b t a i n e d  f r o m  t h e  
p o l y m e r i z a t i o n  b y  d i a l k a l i  m e t a l - t l i i o b e n z o p h e n o n e  c o m p l e x e s  w e r e  d e ­
t e r m i n e d  f r o m  t h e  i n f r a r e d  s p e c t r a .

I n  t h e  c a s e  o f  p o l y i s o p r e n e ,  t h e  p e r c e n t a g e s  o f  a l l  f o u r  s t r u c t u r e s  (c is -  
a n d  t r a i l s - 1 , 4 - ,  1 / 2 - ,  a n d  3 , 4 - a d d i t i o n )  w e r e  o b t a i n e d  f r o m  t h e  e x t i n c t i o n  
c o e f f i c i e n t s  a t .  8 3 0 ,  8 8 9 ,  9 0 ( 5 ,  1 1 2 8 ,  a n d  1 1 5 1  c m - 1 ;  t h e  r e s u l t s  a r e  s h o w n  
i n  T a b l e  I I I .  T h e  s t r u c t u r e s  o f  p o l y i s o p r e n e  c o n s i s t e d  o f  1 , 2 -  a n d  3 , 4 -  
a d d i t i o n ,  a n d  f o r  a n y  a l k a l i  m e t a l  t h e  3 , 4 - a d d i t i o n  w a s  p r e d o m i n a n t .
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T A B L E  I I I

S t r u c t u r e s  o f  P o l y i s o p r e n e "

A l k a l i

m e t a l

1 , 2 -  A d d i t i o n ,
07
/o

3 , 4 - a d d i t i o n ,

%

c i s - 1 , 4 -  

a d d i t i o n ,
07/O

Ir a n s -

1 , 4 - a d d i t i o n ,
07/O

L i 2 5 7o 0 0

N a 1 9 8 1 0 0

K 3 2 6 8 0 0

» C a t a l y s t ,  d i a l k a l i  m e t a l  t h i o b e n z o p h e n o n e ,  ( 0 . 0 4 3  m o l e / 1 . ) ,  [ M ]  =  3 . 2  m o l e  1., 

s o l v e n t ,  T I I F ;  p o l y m e r i z a t i o n  t e m p e r a t u r e ,  0 ° C . ;  p o l y m e r i z a t i o n  t i m e ,  1 8  h r . ;  c o n ­

v e r s i o n ,  8 0 - 1 0 0 % .

T A B L E  I V

S t r u c t u r e  o f  P ' o l y b u t a d i e n e “

A l k a l i

m e t a l

c i s - 1 , 4 -  

a d d i l i o n ,  %

h  a n s - 1 , 4 - a d d i t i o n ,

%

1 , 2 - a d d i t ;
0/Zo

L i 3 9 . 3 3 . 9 5 6 . 8

N a 3 8 . 6 9 . 4 5 2 . 0

K 2 5 . 6 3 0 . 4 4 4 . 0

“ C a t a l y s t ,  d i a l k a l i  m e t a l  t h i o b e n z o p h e n o n e  ( 0 . 0 4 3  m o l e / ' l . ) ;  s o l v e n t ,  T H F ;  p o l y ­

m e r i z a t i o n  t e m p e r a t u r e ,  — 2 1 ° C ;  [ M ]  =  3 . 6  m o l e / 1 . ;  p o l y m e r i z a t i o n  t i m e ,  1 8  h r ;  

c o n v e r s i o n ,  8 0 - 1 0 0 % .

T h e  r e s u l t s  w e r e  t h e  s a m e  a s  t h o s e  f o r  t h e  s t r u c t u r e  o f  p o l y i s o p r e n e  o b ­
t a i n e d  f r o m  t h e  p o l y m e r i z a t i o n  i n  T H F  b y  a l k y l l i t h i u m .

I n  t h e  c a s e  o f  p o l y b u t a d i e n e ,  t h e  p e r c e n t a g e s  o f  a l l  t h r e e  s t r u c t u r e s  
( c f s - 1 , 4 ,  t r a m - 1 , 4 - ,  a n d  1 , 2 - )  w e r e  d e t e r m i n e d  f r o m  t h e  e x t i n c t i o n  c o e f f i ­
c i e n t s  a t  9 6 7 ,  9 1 1 ,  a n d  6 8 0  c m - 1  b y  u s i n g  t h e  m e t h o d  o f  B i n d e r .  T h e  
r e s u l t s  a r e  s h o w n  i n  T a b l e  I Y .  I n  t h i s  c a s e ,  t h e  1 , 2 - a d d i t i o n  w a s  p r e ­
d o m i n a n t .

Dependence of (he Initial Rate of Polymerization (R„) 
on Monomer Concentration and Catalyst Concentration

T h e  p o l y m e r i z a t i o n  o f  M M A  w i t h  m o n o s o d i u m  t h i o b e n z o p h e n o n e  w a s  
c a r r i e d  o u t  i n  T H F  a t  0 ° C .  F i r s t ,  t h e  d e p e n d e n c e  o f  t h e  i n i t i a l  r a t e  o f  
p o l y m e r i z a t i o n  R v o n  c a t a l y s t  c o n c e n t r a t i o n  w a s  s t u d i e d  o v e r  a  c o n c e n t r a ­
t i o n  r a n g e  o f  0 . 0 1 3  0 . 0 4 3  m o l e / 1 .  T h e  t i m e - c o n v e r s i o n  c u r v e  i s  s h o w n  i n  
F i g u r e  1 .  T h e  i n i t i a l  r a t e  o f  p o l y m e r i z a t i o n  w a s  o b t a i n e d  f r o m  t h e  i n i t i a l  
s l o p e  o f  t h e  c u r v e ,  a n d  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  i n i t i a l  r a t e  o f  p o l y ­
m e r i z a t i o n  a n d  t h e  c a t a l y s t  c o n c e n t r a t i o n  [ C ]  i s  s h o w n  i n  F i g u r e  2 .  I t  i s  
f o u n d  f r o m  t h i s  f i g u r e  t h a t  t h e  i n i t i a l  r a t e  o f  p o l y m e r i z a t i o n  w a s  p r o p o r ­
t i o n a l  t o  t h e  c a t a l y s t  c o n c e n t r a t i o n  [ C ] ,

T h e  d e p e n d e n c e  o f  t h e  i n i t i a l  r a t e  o f  p o l y m e r i z a t i o n  o n  m o n o m e r  c o n ­
c e n t r a t i o n  w a s  s t u d i e d  i n  t h e  c o n c e n t r a t i o n  r a n g e  o f  0 . 9 4 - 2 . 3 5  m o l e / 1 .  
T h e  i n i t i a l  r a t e  o f  p o l y m e r i z a t i o n  o b t a i n e d  f r o m  t h e  t i m e - c o n v e r s i o n  c u r v e  
w a s  p l o t t e d  a g a i n s t  t h e  s q u a r e  o f  t h e  m o n o m e r  c o n c e n t r a t i o n  i s  s h o w n  i n  
F i g u r e  3 .  I t  w a s  f o u n d  f r o m  t h i s  f i g u r e  t h a t  t h e  i n i t i a l  r a t e  o f  p o l y m e r i z a -
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F i g .  1 .  T i m e - c o n v e r s i o n  c u r v e  f o r  p o l y m e r i z a t i o n  o f  M M A :  ( / )  [ C ]  =  0 . 0 4 3  m o l e / L ;

( I I )  [ C ]  =  0 . 0 2 3  m o l e / 1 . ;  ( I l l )  [ C ]  =  0 . 0 1 7  m o l e / 1 . ;  ( I V )  [ C ]  =  0 . 0 1 3  m o l e / 1 .  M o n ­

o m e r ,  M M A  ( 1 . 8 8  m o l e / 1 . ) ;  c a t a l y s t ,  m o n o s o d i u m  t h i o b e n z o p h e n o n e ;  s o l v e n t ,  T H F ;  

p o l y m e r i z a t i o n  t e m p e r a t u r e ,  0 ° C .

CATALYST CONCENTRATION (m .m o l /1 )

F i g .  2 .  R e l a t i o n s h i p  b e t w e e n  R p a n d  c a t a l y s t  c o n c e n t r a t i o n .  M o n o m e r ,  M M A  ( 1 . 8 8  

m o l e / 1 . ) ;  c a t a l y s t ,  m o n o s o d i u m  t h i o b e n z o p h e n o n e ;  s o l v e n t ,  T H F ;  p o l y m e r i z a t i o n  

t e m p e r a t u r e ,  0 ° C .

(MONOMER CONCENTRATION)2 ( m o l ^ i 2 )

Fig. 3. Relationship between II,, and the square of the monomer concentration.
Monomer, MMA; solvent, THF; polymerization temperature, 0°C; catalyst, mono­
sodium thiobenzophenone.
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t i o n  w a s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  m o n o m e r  c o n c e n t r a t i o n .  T h e r e ­
f o r e ,  R p =  K „  [ M ] 2 [ C ]  w a s  o b t a i n e d  f o r  [ C ]  =  0 . 0 1 3 - 0 . 0 4 3  m o l e / 1 .  a n d  

[ M ]  =  0 . 9 4 - 2 . 3 5  m o l e / l .  T h e  r e l a t i o n s h i p s  s h o w n  a b o v e  c a n  b e  e x p l a i n e d  
b y  t h e  r e a c t i o n s  ( l ) - ( 3 ) .

I n i t i a t i o n :

T e r m i n a t i o n :

M 0
- C H , — C '

'  I
HAT­

C H ;

C « : . /
I ,c = 0  Na

e 0

; l
> '( •  -  O C H

< T  I
/  \

( H .  C O A T I

C E ,
C H ;

( 3 )

T h e  p o l y m e r i z a t i o n  o f  M M A  w i t h  d i s o d i u m - t h i o b e n z o p l i e n o n e  w a s  
c a r r i e d  o u t ;  t h e  i n i t i a l  r a t e  o f  p o l y m e r i z a t i o n  d e p e n d e d  o n  t h e  c a t a l y s t  
c o n c e n t r a t i o n  a n d  t h e  s q u a r e  o f  m o n o m e r  c o n c e n t r a t i o n .

Relationship between the Degree of Polymerization 
and the Concentration of Catalyst and Monomer

T h e  d e g r e e  o f  p o l y m e r i z a t i o n  o f  P M M A  o b t a i n e d  i n  t h e  p r e v i o u s  s e c t i o n  
w a s  d e t e r m i n e d  f r o m  t h e  i n t r i n s i c  v i s c o s i t y ,  a n d  t h e  r e s u l t s  f o r  t h i o k e t y l  
a r e  s h o w n  i n  F i g u r e s  4  a n d  5 .  T h e  d e g r e e  o f  p o l y m e r i z a t i o n  i n c r e a s e d

t i g .  4 -  R e l a t i o n s h i p  b e t w e e n  t h e  d e g r e e  o f  p o l y m e r i z a t i o n  a n d  t h e  m o n o m e r  c o n c e n t r a ­

t i o n .  [ C ]  =  0 . 0 1 3  m o l e / 1 .
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w i t h  i n c r e a s i n g  m o n o m e r  c o n c e n t r a t i o n  a n d  d e c r e a s e d  w i t h  i n c r e a s i n g  
c a t a l y s t  c o n c e n t r a t i o n .  T h e s e  r e s u l t s  s h o w  t h a t  t h e  p o l y m e r i z a t i o n  i s  
a n i o n i c .  T h e  s a m e  r e s u l t s  w e r e  o b t a i n e d  i n  t h e  c a s e  o f  t h e  d i a n i o n  a l s o .

F i g .  5 .  R e l a t i o n s h i p  b e t w e e n  t h e  d e g r e e  o f  p o l y m e r i z a t i o n  a n d  t h e  c a t a l y s t  c o n c e n t r a ­

t i o n .  [ M ]  =  1 . 8 8  m o l e / 1 .

I n  t h e  c a s e  o f  t h i o k e t y l  c a t a l y s t ,  w h e n  [ C ]  =  0 . 0 1 3  m o l e / 1 .  a n d  [ M ]  =
1 . 8 8  m o l e / 1 . ,  t h e  d e g r e e s  o f  p o l y m e r i z a t i o n  o f  P M M A  c a l c u l a t e d  f r o m  t h e  

v a l u e s  o f  [ 1 7 ]  w e r e  f o u n d  t o  b e  3 . 4  X  1 0 2 ,  4 . 4 8  X  1 0 2  a n d  4 . 5 8  X  1 0 2 ,  f o r  
t h e  p o l y m e r s  o b t a i n e d  a t  2 2 . 4 ,  4 7 . 7 ,  a n d  7 8 . 2 % ,  c o n v e r s i o n ,  r e s p e c t i v e l y .

Initiation Mechanism

P o l y m e r s  o f  l o w  d e g r e e s  o f  p o l y m e r i z a t i o n  w e r e  p r e p a r e d  b y  u s e  o f  h i g h  
c o n c e n t r a t i o n s  m o n o s o d i u m  t h i o b e n z o p h e n o n e .  T h e  p o l y m e r s  o b t a i n e d  
w e r e  p u r i f i e d  a n d  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  a n a l y s e s  f o r  s u l f u r  i n  t h e  
p o l y m e r  a n d  m e a s u r e m e n t s  o f  i n f r a r e d  s p e c t r a  a n d  m o l e c u l a r  w e i g h t  d e ­
t e r m i n a t i o n s  w e r e  c a r r i e d  o u t .  T h e  r e s u l t s  s h o w n  i n  T a b l e  V  i n d i c a t e  
t h a t  e a c h  p o l y m e r  c h a i n  c o n t a i n s  o n e  s u l f u r  a t o m .  T h e r e f o r e  t h e  p o l y ­
m e r i z a t i o n  i s  s e e n  t o  h a v e  b e e n  i n i t i a t e d  b y  o n e  t h i o k e t y l  m o l e c u l e  a n d  
p r o c e e d e d  b y  a n  a n i o n i c  p r o c e s s .

I n f r a r e d  s p e c t r a  o f  a l l  p o l y m e r s  s h o w e d  a n  a b s o r p t i o n  b a n d  d u e  t o  t h e  
h y d r o x y l  g r o u p s  a t  3 4 0 0  c m - 1 .  T h e  c o p o l y m e r i z a t i o n  o f  A N  w i t h  M M A  
a t  0 ° C  w i t h  t h e  t h i o k e t y l  c a t a l y s t  g a v e  a  p o l y m e r  w h i c h  w a s  f o u n d  t o  c o n ­
s i s t  o f  9 2 . 6 %  A N  f r o m  n i t r o g e n  a n a l y s i s .  T h e r e f o r e  t h e  p o l y m e r i z a t i o n  
i s  t h o u g h t  t o  b e  i n i t i a t e d  b y  t h e  m e r c a p t i d e  i o n s  o f  t h e  t h i o k e t y l  c a t a l y s t  
a n d  n o t  b y  t h e  r a d i c a l s  o f  t h e  t h i o k e t y l  c a t a l y s t .

D u r i n g  t h e  p o l y m e r i z a t i o n ,  t h e  r a d i c a l s  o f  t h i o k e t y l , s  a r e  b e l i e v e d  t o  b e  
s t a b i l i z e d  d u e  t o  t h e  r e s o n a n c e  w i t h  t h e  p h e n y l  g r o u p ,  a n d  a t  t h e  t e r m i n a ­
t i o n  s t a g e  t h e y  a r e  t h o u g h t  t o  r e a c t  w i t h  o x y g e n  o r  w a t e r  t o  f o r m  a  h y -
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droxyl group by way of the hydroperoxide. Consequently, the polymeriza­
tion with thioketyl catalysts is considered to proceed as shown in eq. (4).

where AT now denotes monomer (either MMA or AN). Polystyrene and 
poly(methyl methacrylate) of low degrees of polymerization were prepared 
by disodium thiobenzophenone catalysts of high concentration. The 
polymers were dissolved in benzene contained some iodine, and oxidized by 
passing air through the solution under continuous gentle heating for 5 hr. 
The solutions were then poured into a large quantity of methanol, and 
the polymers formed were separated and purified in the same way as de­
scribed in the experimental section. The molecular weights of the poly­
mers were determined and are shown in Table VI.

After oxidation the molecular weight of PMMA was approximately same 
as that of PA I ALA before the oxidation, but in the case of PSt, the molecu­
lar weight doubled after oxidation. In the polymerization of AIAIA by 
dialkali metal complex catalysts, MMA which can be initiated even by the 
mercaptide ion in a thioketyl catalyst, is initiated by both mercaptide ion 
and carbanion of the catalyst, as shown in eq. (5).

where AI denotes methyl methacrylate. But in the case of styrene, which 
does not polymerize with a thioketyl catalyst, polymerization is initiated 
by only the carbanion of the dianion. Moreover, the weakly basic mer­
captide ion does not attack the monomers and becomes mercaptan, which 
is readily oxidized at the termination. Therefore in the oxidation two 
polymers containing the mercaptan group may, couple as shown in eq. 
(6). Hence the molecular weight of polystyrene is doubled.
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where M denotes styrene.

Solvent Effect
The polymerization of MMA with monosodium-thiobenzophenone was 

carried out in several solvents (THE, diethyl ether, dioxane and n-hexane).

TIM E ( h r . )

Fig. 6. Time-conversion curve for polymerization of MMS in various solvents: (a)
THF; (b) diethyl ether; (c) dioxane; (d) n-hexane. Polymerization temperature, 10°D; 
monomer, MMA (1.88 mole/1.); catalyst, monosodium thiobenzophenone, THF solution 
(lm l, [C] = 0.0216 mole/1.).

Fig. 7. Relationship bet ween dielectric constant and the initial rate of polymerization.
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Polymer yields were plotted against polymerization times and are shown 
in Figure 6. On plotting the initial rate of polymerization obtained from 
the initial gradient of the curve against the dielectric constant, a linear 
relationship was obtained, as shown in Figure 7. MMA did not polymerize 
in DMF and I) ALSO, and the color of the solution changed from the deep 
red of thioketyl to the violet. Especially in DMF, some unidentified un­
activated species seemed to have been formed, because a violet precipitate 
appeared.

Comparison of the Catalytic Activities of Monosodium 
Thiobenzophenone and Monosodium Benzophenone

The catalytic activities of monosodium thiobenzophenone and mono­
sodium benzophenone was compared. Polymerizations of AIMA with 
these two catalysts were carried out in THF at 0°C, and time-conversion 
curves are shown in Figure 8.

It was found that monosodium benzophenone was a more reactive 
catalyst than monosodium thiobenzophenone.

TIME ( r a i n . )

Fig. 8. Comparison of the catalytic activity of monosodium thiobenzophenone with 
that, of monosodium benzophenone: ( /)  monosodium benzophenone (0.0173 mole/1.);
(II) monosodium thiobenzophenone (0.0173 mole/1.). Monomer, MMA (1.88 mole/1.); 
solvent, THF; polymerization temperature, 0°C.

Inhibition Effect of Thiobenzophenone

It, is known that the thiocarbonyl group of thiobenzophenone readily 
forms a biradical. It was previously confirmed that radicals existed in 
thiobenzophenones.12 Thereupon, the effect of thiobenzophenone on the 
radical polymerization was studied. As shown in Figure 9, when a small 
amount of thiobenzophenone was added to the radical polymerization sys­
tem of AIMA initiated by azobisisobutyronitrile (AIBN), a considerable 
induction period was observed. Therefore, thiobenzophenone is thought 
t o act as an inhibitor in the radical polymerization system,
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6

oMCD
CEW>zOo

4

2

1 2  5 4 5
TIME ( h r .  )

Fig. 9. Inhibition effect of thiobenzophenone on radical polymerization: [MMA] =
4.G7 mole/1.; [AIBN] = 1.00 X 10~3 mole/1.; [thiobenzophenone] =  1.00 X 10-3 
mole/L; polymerization temperature, 50°C; solvent, benzene.

This inhibitory effect can be readily understood, as thiobenzophenone is 
known to react with AIBN [eq. (7) ],u

CH, CH
1 ' I

CH , - C — N = N — C -C H ,
I I
CN CN

CH,
I

2C H -C - +  N, 
I
CN

(7)
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Characterization of Styrene—Acrylonitrile Copolymer 
by Pyrolysis Gas Chromatography

R. VUKOVIC and V. GNJATOVIC,
Research Instituts, INA, Zagreb, Yugoslavia

Synopsis
S a m p l e s  o f  s t y r e n e - a c r y l o n i t r i l e  ( S A N )  c o p o l y m e r  o f  d i f f e r e n t  c o m p o s i t i o n s ,  m o l e c u l a r  

w e i g h t s ,  b l o c k  c o p o l y m e r s ,  a n d  a  b l e n d  o f  s t y r e n e  a n d  a c r y l o n i t r i l e  h o m o p o l y m e r s  w e r e  

p r e p a r e d  a n d  c h a r a c t e r i z e d  b y  t h e  m e t h o d  o f  p y r o l y s i s  g a s  c h r o m a t o g r a p h y .  O n  d e ­

c o m p o s i t i o n  o f  S A N  c o p o l y m e r  s a m p l e s  a t  6 4 5 ° C ,  e l e v e n  c o m p o n e n t s  w e r e  i d e n t i f i e d ,  

t h e  m o s t  i m p o r t a n t  o f  t h e m  b e i n g  s t y r e n e ,  a c r y l o n i t r i l e ,  a n d  p r o p i o n i t r i i e .  R y  e x a m ­

i n a t i o n  o f  t h e  p y r o l y z a t e  c o m p o s i t i o n  d u r i n g  p y r o l y s i s  o f  t h e  S A N  c o p o l y m e r  o f  d i f ­

f e r e n t  c o m p o s i t i o n s ,  i t  w a s  e s t a b l i s h e d  t h a t  t h e  p r o p i o n i t r i i e  y i e l d  w a s  d e f i n i t e l y  d e ­

c r e a s e d  w h e n  t h e  a c r y l o n i t r i l e  c o n c e n t r a t i o n  i n  c o p o l y m e r  w a s  a b o u t  6 0  m o l e - % .  F u r ­

t h e r ,  f r o m  t h e  p r o p i o n i t r i i e  y i e l d ,  w e  c o u l d  d i s t i n g u i s h  r a n d o m  S A N  c o p o l y m e r  f r o m  t h e  

s t y r e n e - a c r y l o n i t r i l e  h o m o p o l y m e r  b l e n d ,  a n d  o n  t h e  b a s i s  o f  p r o p i o n i t r i i e  y i e l d  s o m e  

i n f o r m a t i o n  o n  t h e  m o l e c u l a r  s t r u c t u r e  o f  t h e  c o p o l y m e r  c o u l d  b e  o b t a i n e d .  T h e  s t y r e n e  

y i e l d  d e p e n d s  l i n e a r l y  o n  t h e  c o p o l y m e r  c o m p o s i t i o n .  T h i s  p e r m i t s  d e t e r m i n a t i o n  o f  

c o p o l y m e r  c o m p o s i t i o n  o n  t h e  b a s i s  o f  t h e  s t y r e n e  y i e l d .  F u r t h e r m o r e ,  t h e  e f f e c t s  o f  

d e c o m p o s i t i o n  t e m p e r a t u r e  a n d  o f  m o l e c u l a r  w e i g h t  o n  t h e  y i e l d s  o f  s t y r e n e  a n d  a c r y l o ­

n i t r i l e  w e r e  e x a m i n e d .

INTRODUCTION
There is a relatively small number of publications on the study of styrene- 

acrylonitrile( SAN) copolymer by the method of pyrolysis gas chroma­
tography.1-6 According to Voight,1 it was possible to identify SAN co­
polymer by this method. Lebel2 reported that this method could success­
fully be used to distinguish a homopolymer blend from the random SAN 
copolymer. Shibasaki and Kambe3-5 determined that on the basis of 
styrene and acrylonitrile yields it was possible to get data on the structural 
composition of the copolymer. These authors succeeded in identifying, 
in addition to styrene and acrylonitrile, benzene, a-methylstyrene, and 
ethylbenzene by this method. The latter two components were found in 
trace amounts only.

We used the method of gas chromatography to separate acetonitrile 
and propionitriie from acrylonitrile and ethylbenzene, and a-methylstyrene 
from styrene; we identified eleven components which helped us to make a 
detailed study of the effect of the copolymer composition on the yields of 
the individual components of the pyrolysate. In addition, the effect of the

1 3 9

©  1 9 7 0  b y  J o h n  W i l e y  &  S o n s ,  I n c .
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decomposition temperature and the molecular weight on the yields of 
styrene and acrylonitrile monomers was examined.

EX PER IM EN TA L  

Monomers and Initiators
Acrylonitrile (AN), Carlo Erba, purity 99%, was treated with concen­

trated NaOH and then washed repeatedly with distilled water. After that it 
was dried and distilled over calcium hydride. Styrene (St) was polymer 
grade (produced by Organsko Kemijska Industrija, Zagreb), with no traces 
of polymers, purity 99.96% and containing 12 ppm of p-teri-butyl catechol.

Lauroyl peroxide (Noury Van der Lande) and 2,2'-azobis-2-methyl- 
propionitrile (Eastman Organic Chemicals) were used without further 
purification.

Polymers and Polymer Blends
Samples of SAN copolymers of different composition were prepared by 

bulk polymerization at 70 ± 1°C in the presence of lauroyl peroxide. After 
a conversion of 3-6% was reached, the polymer was precipitated with 
ethanol and then purified by precipitation with ethanol from an acetone 
solution. This procedure was repeated three times, after which the 
polymer was dried under vacuum to a constant weight. The composition 
of the prepared samples is shown in Table I.

TABLE I
C o m p o s i t i o n  o f  S A N  C o p o l y m e r  S a m p l e s

S a m p l e  n o .

A N  i n  c o p o l y m e r ,  

m o l e -  % a

1 1 2 . 5

2 2 8 . 8
O
O CO 00

4 4 7 . 5

5 5 8 . 0

0 0 2 . 0

7 7 7 . 0

a  C a l c u l a t e d  f r o m  n i t r o g e n  c o n t e n t  ( K j e l d a h l ) .

Okirol N-3 (trade name of polystyrene produced by Organsko Kemijska 
Industrija) was purified by repeated precipitation of with methanol from a 
benzene solution. After three precipitations the polymer was dried under 
vacuum to constant weight.

Polyacrylonitrile was prepared by slurry polymerization as described by 
Wilkinson.7

The styrene- and acrylonitrile block copolymer was prepared according 
to the method of Frankel and et al.8 with n-butyllithium as initiator.
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Samples of azeotropic SAN copolymer of different molecular weights 
were prepared by suspension polymerization at 70 ±  1°C in the presence 
of 2,2'-azobis-2-methylpropionitrile of different concentrations. Table 
II shows the characteristics of these samples.

T A B L E  I I

M o l e c u l a r  W e i g h t s  o f  S A N  C o p o l y m e r  o f  A z e o t r o p i c  C o m p o s i t i o n

S a m p l e  n o . [4 ] ,  d l / g M s

1 0 . 5 0 4 1 4 2 0 0 0

2 1 . 0 2 0 3 7 0 0 0 0

b 1 . 1 7 8 4 6 6 7 0 0

4 1 . 4 1 8 6 2 3 7 0 0

»  C a l c u l a t e d  a c c o r d i n g  t o  t h e  d a t a  o f  S h i m u r a  e t  a l . : •  [77] =  3 6  X  1 0  5 A f „ 0 -62.

Intrinsic viscosities were measured in a Cannon-Fenske capillary vis­
cometer, No. 100, in methyl ethyl ketone at 30 ± 0.01°C.

Pyrolysis Apparatus, Gas Chromatograph, and 
Experimental Conditions

The pyrolysis apparatus used in this study has been described else­
where.10 The analysis of the decomposition products was carried out with 
the Model 800 Perkin-Elmer chromatograph, which was connected to the 
pyrolyzer by a short precut glass column. The analysis was carried out 
under the following conditions: column, Chromosorb P 30-60 mesh, 7 X 
0.6 cm; analytical column, 20% poly (propylene glycol) UC oil LB-550-X 
on Chromosorb P 30-60 mesh, 200 X 0.6 cm, temperature 25-200°C; 
carrier gas, N2; sample used, 1-5 mg.

R ESU LTS  AND DISCUSSION  

Determination of the Pyrolyzate Composition
On decomposition of SAN copolymers at a temperature of 645°C (Fig. 

1) the following components were identified by calibration against pure 
substances: acetonitrile, acrylonitrile, propionitrile, benzene, allylcyanide, 
toluene, ethylbenzene, styrene, «-methylstyrene, diethylbenzene, and ethyl- 
vinylbenzene.

Quantitative analysis of the decomposition products was performed by 
measuring the peak area and using a calibration curve obtained for pure 
components. The quantitative yeilds of the individual components per 
milligram of sample is shown in Figure 2.

Figure 2 shows that, in addition to styrene and acrylonitrile the identi­
fied components obtained in the largest amounts are propionitrile, toluene, 
benzene and «-methylstyrene. The yield of aceton.itrile from copolymers 
containing 31-63 wt-% of acrylonitrile amounts to 2-4 wt-%. When the 
AN content is below 31 wt-%, acetonitrile is found in concentration below
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F i g .  1 .  T y p i c a l  c h r o m a t o g r a m  o f  t h e  p r o d u c t s  o f  a z e o t r o p i c  S A N  c o p o l y m e r .  P y r o l y ­

s i s  t e m p e r a t u r e  6 4 5 ° C ;  c o l u m n ,  2 0 %  p o l y p r o p y l e n e  g l y c o l )  U C  o i l  L B - 5 5 0 - X  o n  

C h r o m o s o r b  P  3 0 - 6 0  m e s h ,  2 0 0  X  0 . 6  c m ; c a r r i e r  g a s  N 2, 3 8  m l / m i n .

1 wt-%. Figure 2 shows that the yield of component derived from styrene 
sequences in the copolymer decreases linearly with decreasing styrene 
concentration in the copolymer and that the yield of components derived 
from acrylonitrile sequences varies according to a curves having a maximum 
at an acrylonitrile content in the copolymer of about 50 wt-%.

It is also evident from Figure 2 that the total amount of identified 
products is less than 50 wt-%, while other products representing gaseous 
and heavy components are not identified.

The fact that propionitrile is completely separated from acrylonitrile 
and benzene was utilized for construction of Figure 3, which shows the 
difference in yields of propionitrile of the random copolymer at different 
acrylonitrile contents, compared with the yields of propionitrile obtained 
by decomposition of the mixture of styrene and acrylonitrile homopoly- 
mers. Figure 3 shows a pronounced difference in propionitrile yield be-
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tween the random copolymer and the mixture of homopolymers at all the 
compositions and the important effect of copolymer composition on the 
propionitrile yield when the copolymer contains 60 mole-% or more of AN. 
It is apparent that at a higher acrylonitrile content the relative propio-

F i g .  2.  C o n t e n t  o f  v a r i o u s  c o m p o n e n t s  o f  t h e  p y r o l y z a t e  o f  r a n d o m  S A N  c o p o l y m e r  o f  

d i f f e r e n t  c o m p o s i t i o n s  c a l c u l a t e d  o n  t h e  s a m p l e  w e i g h t .  P y r o l y s i s  t e m p e r a t u r e  6 4 '> ° C ,  

i n  N .  s t r e a m .

I
•  P R O P IO N IT R IL E  FOR C O P O L YM E R  

O P R O PIO N ITRILE FOR M IX T U R E

C O P O LYM E R  COMPOSITION / A N  ™ t s / . /

F i g .  3 .  P r o p i o n i t r i l e  y i e l d s  o n  d e c o m p o s i t i o n  o f  S A N  c o p o l y m e r  o f  d i f f e r e n t  c o m p o s i ­

t i o n s  a n d  o f  t h e  h o m o p o l y m e r  m i x t u r e  v e r s u s  t h e  a c r y l o n i t r i l e  c o n t e n t  i n  t h e  s a m p l e .  

P y r o l y s i s  t e m p e r a t u r e  6 4 5 ° C ,  i n  N j  s t r e a m .
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COPOL YM E R  CO M PO SITIO N / A N  m oU %  /

Fig. 4. Calibration curve for the determination of the copolymer composition. 
Styrene content of the pyrolyzate during the decomposition of random SAN copolymers 
of different compositions, calculated on the total sample weight. Pyrolysis temperature 
645°C, in N2 stream.
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Fig. 5. Effect of decomposition temperature on the yields of styrene and acrylonitrile 
in the decomposition of azeotropic SAN copolymer in a stream of Ns. Yields were cal­
culated on the total sample weight.
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nitrile yield is smaller as a consequence of the random SAN copolymer struc­
ture.

For different polystyrene and polyacrylonitrile mixtures, the propioni- 
trile, styrene, and acrylonitrile yields remain constant at all homopolymer 
ratios. The block copolymer shows the same relative yield of propio- 
nitrile, acrylonitrile, and styrene as the corresponding mixtures and it is 
impossible to distinguish it from the homopolymer blend. The styrene 
yield expressed in weight per cent depends linearly on the copolymer com­
position expressed in mole per cent AN, so that the copolymer composition 
can easily be determined (Fig. 4).

Styrene and acrylonitrile yields of the decomposition of SAN coploy mers 
of different compositions obtained in this study are different from the 
yield percentages reported by Shibasaki and Kambe.3

We suppose that this difference may be atrributable to a difference in t he 
apparatus used3'6 and of a difference in the separation of the components 
identified in the pyrolyzate (Fig. 1). Figure 1 shows that the acetonitrile 
and propionitrile peaks appear before and behind the acrylonitrile peak. 
Figure 2 shows that the concentration of these may have a significant 
effect on the differences in results. The same applies to the styrene con­
tent of the copolymer, because the a-methylstyrene and ethylbenzene 
peaks are completely separated from this of styrene.

Effect of Decomposition Temperature

The effect of the decomposition temperature in the range 500-860°C on 
the yields of styrene and acrylonitrile was studied. Figure 5 shows that 
the acrylonitrile yield continues to increase up to 700°C. Above this tem­
perature the decomposition of acrylonitrile units begins, resulting in an 
increase of the content of more volatile components and decrease of the 
acrylonitrile content. The same figure shows that the increase of the 
temperature from 500 to 700°C has no influence on the styrene yield.

At above 700°C the styrene yield also decreases as a consequence of 
decomposition of the styrene units.

Effect of Molecular Weight

In order to examine the effect of molecular weight on the styrene and 
acrylonitrile yields, samples of azeotropic SAN copolymers of different 
molecular weights were pyrolvzed at 045°C.

Figure G shows the yields of styrene and acrylonitrile monomers depend­
ing on the change of the molecular weight.

It is apparent that the styrene yield is decreased by an insignificant 
amount and the acrylonitrile yield remains constant with increasing 
molecular weights.

The authors wish to express their thanks to Dr. I). Fies and Dr. 1). Deur-fcjiftar for 
helpful discussions and interest in this work, and to Mr. Z. Slicpcevic for microanalysis.



146 VUKOVIC AND GNJATOVIC

References

1. J. Voight, K u n s ts to ffe , 51,18 (1961).
2. P. Lebel R u b b er P la s t ic s  A g e , 46,677(1965).
3. J. Shibasaki and H. Kambe, K o b u n s h i K a g a k u , 21,71 (1964).
4. J. Shibasaki, K o b u n s h i K a g a k u , 2 1 ,125 (1964).
5. J. Shibasaki, J. P o ly m . Sei., A - l ,  5, 21 (1967).
6. F. A. Lehman and G. M. Brauer, A n a l.  Chern., 33, 873 (1961).
7. W. K. Wilkinson in M a c ro m o lecu la r S yn th eses , Vol. Il, J. II. Elliott, Ed., Wiley, 

New York, 1966, p. 78.
8. M. Frankel, A. Otolenghi, M. Alabeek, and A. Zilkha, J .  Chern. S o c  , 1959, 5858.
9. J. Shimura, J. Mita, and H. Kam be,./ .  P o ly m . S e i .  B , 2, 403 (1964).

10. D. Deur-Siftar, T. Bistricki, and T. Tandi, J . C h rom atog ., 24, 404 (1966).

Received April 4, 1969



JOURNAL OF POLYMER SCIENCE: PART A -l VOL. 8, 147-156 (1970)

Electron Spin Resonance Study on Homogeneous 
Catalysts Derived from n-Butyl Tilanate 

and Triethylaluminum
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NOGUCHI, and SHOJI MAKISHIMA, Department of 

Industrial Chemistry, Faculty of Engineering, University of 
Tokyo, Bunkyo-ku, Tokyo, Japan

ESR spectra of homogeneous catalyst systems derived from re-butyl titauate anti tri­
ethylaluminum at A l/T i molar ratios of 1.0-10 were observed in toluene solution â  
several temperatures from —78°C to +  25°C. In the whole range of A l/T i molar ratios, 
a single signal with a g value of 1.951 was observed at —78°C and was associated with 
the first reaction intermediate. With increasing temperature, the intensity of the signal 
decreased gradually, while two series of signals appeared, depending on the Al/Ti molar 
ratio. At an A l/T i molar ratio of 1.7, seven kinds of signals with g values of 1.960, 
1.946, 1.950, 1.959, 1.980, 1.977, and 1.978, respectively, were observed. On the other 
hand, four kinds of signals with g values of 1.934, 1.966, 1.952, and 1.979, respectively, 
were found at A l/T i molar ratios larger than 3. The structures of the species cor­
responding to the signals were discussed on the basis of the ESR spectra, the order of 
their growth and their hyperfine structures being considered. Two series of ESR signal 
were correlated to two kinds of active species for polymerization of styrene and butadiene, 
respectively.

Alkyl titanate-tricthylaluminum systems are known to be homogeneous 
Ziegler catalysts for polymerization of ethylene,1 styrene,2,3 and conjugated 
dienes.4“8 Shilov et al.9 found an ESR signal with a g value of 1.957 and 
a hyperfine structure of 11 components at a molar ratio of triethylaluminum 
to n-butyl titanate (Al/Ti ratio) of two and ascribed it to the structure I, 
in which the titanium atom was regarded as a trivalent state.9,10 Takeda

and his co-workers2,3 reported a maximum catalyst activity at an Al/Ti
117
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ratio of 1.4 in the polymerization of styrene and proposed both Ti(0-?i- 
Bu)2Et and structure I as the active species on the basis of the results of 
infrared and ESR spectra. This catalyst system has a maximum activity 
for polymerization of butadiene at an Al/Ti ratio of 5.8 but no activity at 
Al/Ti ratios less than 2.11

The reaction of n-butyl titauate with tricthylaluminum seems rather 
complicated in relation to the catalytic activity of the system. In the 
present study, the reaction was examined by means of ESR spectrometry to 
determine the products over a wide range of Al/Ti ratios and at various 
temperatures.

EXPERIMENTAL

Materials

Toluene (Tokyo Kasei Co.) was refluxed over molten sodium metal and 
distilled under a slight positive nitrogen pressure. /(-Butyl titauate (com­
mercial grade) was purified by distillation at reduced pressure. Triethyl- 
aluminum was a commercial grade, Ethyl Corporation, without further 
purification. //-Butyl titauate and triethylaluminum were stored as the 
toluene solutions under nitrogen; the solutions were transferred with a 
syringe under a stream of nitrogen.

Procedure

The catalyst system was prepared in a 25-ml glass ampoule connected 
to both an ESR sample tube and a side-arm tube capped with a silicone 
rubber stopper. A 10-ml portion of toluene solution containing 0.1-1.0 
mmole of /¡-butyl titanate was injected through the silicone rubber stopper 
with a syringe into the ampoule, which had previously been connected to a 
vacuum line for degassing. The solution in the ampoule was degassed 
three times and cooled to —78°C. A predetermined amount of triethyl­
aluminum solution was added to this solution. About 0.7 ml of the mix­
ture was transferred rapidly into the ESR sample tube cooled with Dry 
Ice-ethanol. Finally the ESR sample tube was sealed off.

ESR spectra were run in X-band with 100-kcps modulation on a Japan 
Electron Optics Laboratory Model JES-3BS spectrometer, equipped with a 
variable-temperature attachment and an integrator for intensity measure­
ments. The first ESR measurements were made at — 78° C and continued 
carefully at various temperatures from — 78°C to +25°C, in order to detect 
all kinds of titanium (III) compounds present in the catalyst systems.

RESULTS AND DISCUSSION 

ESR Spectra at Low Temperature

The catalyst system maintained at a temperature below —70°C yielded 
a single signal with a g value of 1.951 and a maximum slope width of 18
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Fig. 1. ESR spectrum of w-butyl titanate-triethylaluminum catalyst system at 
— 78°C. Conditions: A l/Ti ratio, 6.0; initial n-butyl titanate concentration, 0.015 
mole/1.; modulation width, 1 gauss.

Fig. 2. ESR spectra of ra-butyl titanate-triethylaluminum catalyst system at A l/Ti 
ratio of 1.7: (A) — 37°C, 44 min. after the temperature began to rise from —78°C; (B)
+  14°C, after the sample was allowed to stand for 19 hr at room temperature (14-25°C); 
(C) +27.8°C , after the sample was allowed to stand for 6 days at room temperature. 
Conditions: intial n-butyl titanate concentration, 0.075 mole/1.; modulation width,
0.25 gauss.

gauss, regardless of Al/Ti ratio (see Fig. 1). The intensity of this signal 
decreased gradually with a slow elevation of temperature and became negli­
gible in the range — 30°C to +20°C, while new kinds of signals were ob­
served simultaneously (see Fig. 2). Consequently, the former signal corre­
sponds to a first reaction intermediate in the catalyst system.
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Most of titanium (III) compounds have g values in the range of 1.86-2.01, 
with the exception of MTi(S04)212H20  (where M is rubidium or cesium).12 
In general, a titanium(II) or a vanadium(III) ion, with two 3d electrons, 
has too short a spin-lattice relaxation time in an octahedral or a near- 
octahedral environment to be detected by ESR spectroscopy at tempera­
tures above —78°C.13-15 An exceptional case is phenylbis(cyclopenta- 
dienyl)vanadium(III), which shows an ESR signal with a g value of 2.13 
and a maximum slope width of about 1000 gauss at 27°C.16 The g value 
and the shape of this signal are quite different from those observed in the 
present study. In addition, the fact that a titanium(II) complex such as 
dichlorobis(acetonitrile)titanium(II) has a magnetic susceptibility deviat­
ing considerably from 2.S2 indicates the strong interaction between the 
titanium atoms in the complex.17 Bis(cyclopentadienyl)titanium dimer 
was diamagnetic and showed no ESR signal.18 The titanium in the struc­
ture I, which was detected by ESR spectroscopy, was also regarded as a 
trivalent state.9’10 Indeed, a titanium(III) species was isolated as the reac­
tion product between triethylaluminum and a titanium(IV) compound, 
such as di-u-butoxybis(acetylacetonato)titanium(IV),19 tetrachloro-tita- 
nium(IV),20'21 or dichlorobis(cyclopentadienyl)titanium(IV).22 It is very 
probable from the facts given above that all the ESR signals, observed in 
the present study can be assigned to the titanium (III) species.

The reaction between equimolar quantities of triethylaluminum and 
n-butyl titanate is expected to produce AlEt2(0-n-Bu), a compound which 
has a tendency for coordination or dimerization. If AlEt2(0-n-Bu) was 
coordinated with the titanium(III) species, the ESR signal would show 
a hyperfine structure on interaction of the unpaired spin with the 27A1 
nucleus (spin = 6/ 2). The signal actually observed, however, had no 
hyperfine structure.

The process involved and the structure for the species ascribed to this 
signal can be reasonably explained as follows. The reaction between 
equimolar quantities of triethylaluminum and n-butyl titanate may yield a 
complex, (n-BuO)3TiEt • (n-BuO)AlEt2, resulting in an instantaneous reduc­
tion to a complex (?i-BuO)3Ti • (n-BuO)AlEt2 at —78°C. The (n-BuO)AlEt2 
component of this complex prevents23 the Ti(0-n-Bu)3 from precipitating 
by coordination with titanium (III). The (n-BuO)3Ti • (n-BuO)AlEt2 com­
plex forms a dimer by means of bonding of vacant coordination sites of the 
titanium(III) with bridges of Ti(III)-0(?i-Bu)-Ti(III). A spin-spin ex­
change interaction between the two paramagnetic titanium(III) atoms with 
the same co-ordination circumstance24 through this bridging bonds may 
cancel the hyperfine splitting due to the 27A1 nucleus. This kind of bridg­
ing bond Ti-0(n-alkyl)-Ti exists in such compounds as trimeric n-alkyl 
titanate25 or polymeric Ti(0-n-Bu)3.2'3’23 The titanium(III) in the dimer 
has a coordination number of five, probably due to the steric effect of 
n-butoxy groups, similar to structure I. No ethyl group is combined with 
the titanium (III), since the signal could be observed at a temperature
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below 20°C and the species is the first precursor of I, which contains one 
ethyl group.

Thus, the process (1) and the structure II for the species were proposed.
[Ti(0-n-Bu)<]3 +  (AIEta>2 — (n-BuO)Ti- (n-BuO)AlEt2

El ,A1

n-Bu
re-Bu | re-Bu re-Bu

1 ? 1
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ESR Spectra at Triethylaluminum to 
n-Butyl Titanate Molar Ratios Less than 2

Typical ESR spectra at an Al/Ti ratio of 1.7 are shown in Figure 2. 
Several kinds of signals appeared with increasing temperature from — 78°C 
to +25°C, while the signal with the g value of 1.951 decreased gradually. 
Figure 3 plots the relative intensity of these signals versus reaction time. 
In this paper the new signals will be referred to as the first, the second,. . ., 
and the seventh signal, in the order in which they appear.

Three kinds of comparatively weak signals appeared at —38°C; the 
first signal with a g value of 1.960 and a maximum slope width of 13.5

Temperature (°c)
- 7 8  -3 8  -15 0  + 6  +25

Fig. 3. Plots of relative intensities of ESR signals in re-butyl titanate-triethylalnminum  
catalyst system at A l/Ti molar ratio of 1.7: (O) first intermediate (g value =  1.9.51):
(A) first signal (¡/value = 1.960); (» ) second signal (g value = 1.946); (A) third signal 
(g value 1.950); (©  (fourth signal {g value = 1.959); ( • )  fifth signal (¡7 value =  1.980); 
(A) sixth signal (g value = 1.977); (©  ) seventh signal (g value =  1.978).
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gauss; the second one with a <j value of 1.94G, a hyperfine structure of two 
components, and a coupling constant of 8.3 gauss; the third one with a g 
value of 1.950 and a maximum slope width of 3 gauss (see Fig. 2). As 
shown in Figure 3, the intensity of these signals becomes negligible at 6°C.

Three other kinds of new signals began to become apparent at — 30°C 
and were quite prominant at 25°C (see Fig. 3) ; these were the fourth signal 
with a g value of 1.959, a hyperfine structure of 11 components and a cou­
pling constant of 2.3 gauss; the fifth signal with a g value of 1.9S0 and a 
maximum slope width of 3.5 gauss; the sixth one with a g value of 1.977 
and a maximum slope width of 2.7 gauss. The seventh signal, with a g 
value of 1.978, a hyperfine structure of 11 components, and a coupling con­
stant of 1.0 gauss formed overlapping with the sixth one, after the catalyst 
system had been allowed to stand at 25 °C for 2 hr.

The second and the third signals were expected to correspond to unstable 
intermediates, the structures of which could not yet be determined. The 
fourth signal can be assigned to the same one ascribed by Shilov et al.9 to 
structure I. They reported that the intensity of the signal corresponded 
to about 10% of the amount of the initial titanate. The first, fifth, and 
sixth signals are plausibly associated with the same signals observed by 
Takeda and his co-workers.2,3 Each of the species corresponding to these 
three signals is considered to have a structure analogous to II on the basis 
of the lack of hyperfine structure and to contain one or several moles of 
triethylaluminum in place of the AlEt2(0-»-Bu) component of II. It is 
conceivable that the species associated with the seventh signal has a struc­
ture analogous to I, because of the similarity of the hyperfine structure. 
In addition, the species probably contains one mole of triethylaluminum 
coordinated instead of the component AlEt2(0-n-Bu) of I, since the seventh 
signal appeared only at a later stage of the reaction than the fourth signal 
did. The most probable structure, on the basis of these results, for this 
species is the structure III. The facts that the fourth, fifth, sixth, and
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seventh signals appeared simultaneously can best be explained by the ex­
istence of equilibria among the species corresponding to these signals, tri­
ethylaluminum and AlEt2(0-?i-Bu).

ESR Spectra at Triethylaluminum to n-Butyl Titanate 
Molar Ratios Greater than 3

Figure 4 shows spectra at Al/Ti ratios of 6 and 10. The signal with a 
g value of 1.951, observed at a temperature below 20°C, disappeared
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Fig. 4. ESR spectra of n-butyl titanate-triethylaluminum catalyst system at A l/Ti 
molar ratios of 6 and 10: (A) A l/T i = 6, 1.5 hr after the temperature began to rise from
— 78°C; (B) A l/T i =  6, 24 hr after the temperature had arrived at +25°C ; (C) A l/T i = 
10, 2.0 hr after the temperature began to rise from — 78°C. Conditions: temperature, 
25°C; initial n-butyl titanate concentration, 0.015 mole/1.; modulation width, 1 gauss.

gradually, while four new signals appeared. These four signals will be 
referred to as the eighth, ninth, tenth, and eleventh signals, respectively, 
according to the order of their appearance.

In the earlier stage of the reaction at an Al/Ti ratio of 6, the first two 
signals appeared simultaneously; the eighth signal with a g value of 1.966 
and a maximum slope width of 10 gauss; the ninth, with a g value of 1.934 
and a maximum slope width of 40 gauss. At later stages at this Al/Ti ratio, 
a tenth signal, with a g value of 1.952, a hyperfine structure of 11 compo­
nents, and a coupling constant of 2.6 gauss, was noted. At an Al/Ti ratio 
of 10, the eleventh signal with a g value of 1.979 and a maximum slope width 
of 29 gauss appeared besides the eighth and tenth ones.

The eighth signal was weak and had no hyperfine structure. The species 
responsible for this signal possibly has a structure similar to II and contains 
more of coordinated triethylaluminum than II or III does, since the com­
ponent AlEt2(0-n-Bu) can be replaced by an excess of triethylaluminum. 
The species responsible for the tenth signal possibly has a structure analo­
gous to III, owing to the similarity of the hyperfine structure. The species 
probably contains more of triethylaluminum in place of the component 
AlEt2(0-n-Bu) than III does, because the tenth signal appeared only at 
larger Al/Ti ratio than the seventh signal. It is plausible that the species 
corresponding to the tenth signal may have the structure IV.

zrBu 
I Et
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Neither the ninth or the eleventh signal had hyperfine structure but both 
had a larger maximum slope width than any of the signals without hyper­
fine structure described above (the first, third, fifth, sixth, and the eighth 
signals). The species corresponding to the ninth and the eleventh signals 
may contain more triethylaluminum than III does. These considerations 
suggest that these species have a new kind of bridging bond, for example, 
Ti(III)-CH2(CH3)-Ti(III), or Ti(III)-0(n-Bu)-Ti(II).

An absorption intensity of the signal observed at an Al/Ti ratio of six 
in the presence of butadiene corresponded to 0.5% or less of the amount of 
initial titanate.26,27 This value was also approximately equal to that of 
the signals produced in the catalyst system without the monomer. Ac­
cordingly, the formation of the titanium(III) species was a minor part of 
the reaction products at this Al/Ti ratio, while the main products could 
not be detected by ESR measurements in these conditions.

Summary of ESR Spectra and Catalytic 
Activity for Polymerization

The g value of the ESR. signals observed with the reaction of ?i-butyl 
titanate with triethylaluminum are summarized in Table I; the number of 
components in the hyperfine structures is also given. Table I shows that 
the catalyst systems yield many kinds of titanium(III) compounds, de­
pending on the Al/Ti ratio, the reaction time, and the temperature. The

TABLE I
Summary of ESR Spectra

g value“

A l/Ti At
ratio — 78°C At room temperature

0.5»* 1.960
1.0 1.959(11) 1.960
1 .4'' 1.962(11) 1.976° 1.980-
1.5 1.959(11) 1.977 1.978(11) 1.980
1 .7'1 1 .951 1.959(11) 1.977 1 .978(11) 1 .980
2.0- 1.957(11)
2.0' 1.959(11) 1.979
2 .6 ‘> 1.962(11) 1.976- 1.980-
3 .4 1.951 1.934 1.952(11) 1.966
6 .0 1.951 1.934 1.952(11) 1.966
7 .2 1.951 1.934 1.952(11) 1.966 1.979

10.0 1.951 1.952(11) 1.966 1 .979

a Number of components of the hyperfine structure given in parentheses. 
b Data of Takeda and his co-workers.2'3
0 These signals have been assigned to a doublet with a g value of 1.978 by Takeda and 

his co-workers.2,3
d Transient signals with g values of 1.946,1.950, and 1.960 were found at temperatures 

from —38°C to + 6°C .
0 D ata of Shilov et al.9 
f Data of Angelescu et al.10
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arresting feature about this table is that two series of titanium(III) com­
pounds exist at AI/Ti ratio smaller and larger, respectively, than 2.9.

The catalytic activity for polymerization of styrene was at its maximum 
at Al/Ti = 1.4 and negligible at Al/Ti > 3.2,3 On the other hand, the 
activity for polymerization of butadiene was at its maximum at Al/Ti = 5.8 
and negligible at Al/Ti < 2.11 These facts are distinct evidence that the 
active species for polymerization of styrene is quite different from that for 
polymerization of butadiene. The active species for polymerization of 
styrene was assigned to titanium (III) species containing one alkyl group 
and two or more alkoxy ones.2,3

Dawes and Winkler11 reported that the catalyst system showed a gradual 
decrease in the initial rate of the polymerization of butadiene upon standing. 
This fact indicates the active species for butadiene to be a titanium(III) 
or a titanium(II) compound, which is expected to be reduced to the lower 
valence state on aging. The concentration of the active species for buta­
diene was reported to be lower by a factor roughly 10~3 relative to that of 
the initial titanate.11 This fact seems to be associated with the very small 
amount of titanium(III) species, detected by ESR measurements at 
Al/Ti = 6. In addition, the active species for polymerization of 1,3- 
pentadiene with this kind of catalyst should contain at least one alkoxy 
group, because an optically active poly-l,3-pentadiene was synthesized 
with (—) men thy 1 titanate-triethylaluminum catalyst.8 The inference that 
the active species possibly holds at least one alkyl group is supported by 
the analogy to the fact that the radioactivity was found in the poly-1,2- 
butadiene obtained with tris-(acetylacetonato)vanadium(III)-14C-labeled 
triethylaluminum catalyst and that this polymer had a similar microstruc­
ture to that obtained with the alkyl titanate-triethylaluminum catalyst.28

The active species for butadiene with the latter catalyst is proposed, on 
the above facts and of the structures of titanium (III) species observed at 
Al/Ti > 3, to be a titanium(III) species which can be converted with libera­
tion of coordinated components into a species containing two alkyl groups 
and an alkoxy group. This is also supported by a study26,27 carried out 
to examine the growing ends in the polymerization of conjugated dienes in 
the presence of the monomers.
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Equilibrium Concentration of Trioxane in 
Cationic Polymerization

T. MIK1, T. HIGASIIIMURA, and S. OKAMURA, 
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

Synopsis
In the cationic polymerization of trioxane and tetraoxane near room temperature, 

the equilibrium trioxane concentration is not negligible during polymerization. In this 
work, tetraoxane was polymerized with IM V O ^ H ah  in various solvents and the equi­
librium concentration of trioxane produced during the polymerization of tetraoxane and 
equilibrated with the growing polyoxymethylene chain was determined. The equi­
librium trioxane concentrations were 0.05, 0.13, and 0.19 mole/1. in benzene, ethylene 
dichloride, and nitrobenzene at 30°C, respectively, and 0.20 mole/1. in ethylene di­
chloride at 50°C. The values in ethylene dichloride showed that the approximate 
values of AHp and AS p° were —4.2 kcal/mole and —9.7 cal/mole-deg., respectively.

INTRODUCTION

Thermodynamic studies of addition polymerization have been extensively 
carried out, and heat of polymerization, entropy of polymerization, and 
equilibrium monomer concentration have been determined experimentally 
or calculated theoretically for many monomers.1 It is very important and 
of considerable interest to known these thermodynamic values for other 
monomers for which thermodynamic studies have not been made. How­
ever, a precise determination of equilibrium monomer concentration from 
monomer-polymer equilibrium during polymerization demands strict 
conditions. To establish a reasonably mobile equilibrium between mono­
mer and polymer, it is necessary (/) that a certain concentration of active 
centers is continually present in the polymerization system and (2) that in 
such a system only long-chain polymer is present at equilibrium and there 
is no danger of side reaction; in addition (3) it is desirable that the poly­
merization proceeds homogeneously.

Extensive studies of polymerization of trioxane and tetraoxane suggest 
strongly that the equilibrium trioxane concentration near room temperature 
is not negligible.2,3 However, it seemed impossible to determine equi­
librium trioxane concentration by the same method as used for the deter­
mination of equilibrium concentration of dioxolane4 and tetrahydro- 
furan.5 The polymerization of trioxane seems to fulfill the first condition 
mentioned above because it proceeds like a “living” system,6 but not the 
second and the third conditions: the formation of the polymer is ac-
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companied by the formation of tetraoxane as a side reaction;2 also, the 
polymerization of trioxane proceeds heterogeneously in all solvents studied 
to date.

For the determination of equilibrium trioxane concentration, it is 
necessary to find a system in which the formation of a large amount of 
solvent-insoluble polyoxymethylene is suppressed, but the degree of poly­
merization of solvent-soluble polyoxymethylene is large enough to permit 
the equilibrium between polymer and monomer to be discussed; concentra­
tions of compounds other than trioxane and the polymer should be as low 
as possible.

As an approximation to such a system, the polymerization of tetra­
oxane at the “critical” concentration3 was selected, mainly because it 
proceeds homogeneously. In the polymerization of tetraoxane at high 
concentrations by BF3-0(C2H6)2, both trioxane and solvent-insoluble poly­
mer are formed. With decreasing initial concentration of tetraoxane 
approaching the critical concentration, only trioxane (and no solvent- 
insoluble polymer) is produced, and tetraoxane is almost completely con­
sumed. However, the formation of trioxane in the polymerization of 
tetraoxane at less then the critical concentration suggests the existence of 
solvent-soluble polymer of unknown chain length. Thus the polymeriza­
tion of tetraoxane at the critical concentration is considered to be a good 
system for determination of equilibrium concentration of trioxane.

In this work, the equilibrium trioxane concentration will be determined 
approximately by making use of the tetraoxane polymerization at low 
concentrations, and the related thermodynamic quantitites will be ob­
tained.

EXPERIMENTAL

Purification of materials and the procedures of the tetraoxane poly­
merization were the same as described in a previous paper.3 Determina­
tions of the amount of tetraoxane consumed and of trioxane produced 
were carried out by gas chromatography with the use of an internal stan­
dard as also described in the previous paper.3 The amount of methanol- 
insoluble polymer was determined gravimetrically.

RESULTS AND DISCUSSION

Trioxane was previously detected during the polymerization of tetra­
oxane catalyzed by BF3'0 (C 2Hb)2 in ethylene dichloride at 30°C.3 These 
results needed to be clarified and confirmed. Tetraoxane was polymerized 
at various polymerization temperatures. The results of the polymeriza­
tion of tetraoxane catalyzed by BF3-0(C2H5)2 in ethylene dichloride at 
50 °C are shown in Figure 1.

In this case, the rates of tetraoxane (TeX) consumption and of trioxane 
(ToX) formation were larger than those at 30°C. The amounts of tri-
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Fig. 1. Change in the concent ration of each component with reaction time in the 
polymerization of tetraoxane catalyzed by BF3-0(C2H5)2 in ethylene dichloride at 50°C.: 
(O) consumption of tetraoxane; (V) formation of trioxane; (A) formation of methanol- 
insoluble polymer. [TeX]0 = 0.208 mole/1.; [BF-j-O^Hsh]» = 10 mmole/l.

oxane and the polymer formed at various initial concentrations at a reac­
tion time of 60 min are summarized in Table I and illustrated in Figure 2. 
[ToX]60 (shown in the fourth column of Table I) denotes the concentration 
of trioxane at reaction time of 60 min and was calculated on the assumption 
that the total volume of the system at 60 min is equal to the initial volume. 
Moreover, in every run investigated, the reaction proceeded down to a 
residual tetraoxane concentration of less than 8 mmole/1. As is clear 
from Table I and Figure 2, with decreasing initial concentration of tetra­
oxane, the polymer yield decreased and the yield of trioxane increased.

100

50

Fig. 2. Relationship between the initial tetraoxane concentration and the yield (O, • )  
of the methanol-insoluble polymer on (A, A ) trioxane at 60 min reaction time in the 
polymerization of tetraoxane catalyzed by BF3 -0 (0 2 1 1 5 ) 2  in ethylene dichloride: ( • ,  A)
at50°C; (O, A )at30°C .
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TABLE I
Conversion of Tetraoxane (TeX) to Methanol-Insoluble Polymer (P) and to 

Trioxane (ToX) in the Polymerization of Tetraoxane in Ethylene Dichloride“

Polymer­
ization

temperature,
°C

[TeXl„,
mole/1.

Conversioi 
to P, 
wt-%

i Conversion 
to ToX, 

wt-%
[ToX] go, 
mole/1.

50 0.250 27.2 03.3 0.211
0.208 0.7 82.0 0.228
0. 187 4 .0 80.7 0.217
0.177 1.0 S7.3 0.200
0.107 0 90.0 0.200

50 0.187 32.7 01.2 0.153
0 . 1461' 8 .0 80.0 0.156
0.150 0.0 82.7 0.142
0 . 125b 3.3 96.5“ —
0.116 1.3 87.5 0.136
0 .1 00b 0 87.5 0.117

“ Reaction time, 60 inin.; 1 BF;| •0(C 2H6)2]„ = 10 mmole/1.
b Data of Miki et al.3
c Large value maybe due to experimental error (should be about 85%).

However, the actual concentration of trioxane in the system was almost 
constant. This concentration of trioxane measured might thus represent 
the equilibrium concentration of trioxane on the basis of the following 
considerations: trioxane is formed by depolymerization from the growing 
chain end which is formed by the catalyst with tetraoxane at the initial 
stages of polymerization; the equilibrium between trioxane and polymer is 
established because trioxane also reacts with the growing chain end. Also, 
the concentration of trioxane measured is larger at the higher polymerization 
temperature. Thus, the equilibrium concentration of trioxane is deter­
mined as the amount of trioxane produced in the homogeneous polymeriza­
tion of tetraoxane at a critical concentration on the assumption that the 
degree of polymerization of the solvent-soluble growing chain is sufficiently 
great. Experimentally, the equilibrium concentration of trioxane was 
determined by extrapolation of trioxane concentrations at various initial 
concentrations of tetraoxane to zero polymer yield in order to avoid the 
heterogeneity of the reaction system, as the concentration of trioxane 
measured tended to increase very slightly with the polymer yield.

The equilibrium concentration of trioxane graphically determined from 
data shown in Table I and in the previous paper3 is summarized in Table 
II. The equilibrium trioxane concentration was dependent on the nature 
of solvent used; it increased with increasing polarity of solvent. This 
suggests that the depolymerization takes place to a greater extent in a 
polar solvent than in a nonpolar solvent. The kinetic treatment in the 
trioxane polymerization at low-concentrations in a polar solvent requires 
care because the equilibrium trioxane concentration near room temperature 
in a polar solvent cannot be negligible.
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TABLE II
Equilibrium Trioxane Concentration [M]e in Solution Polymerization3

Temperature,
°C Solvent

[M L,
mole/1.

30 Benzene 0.05
30 Ethylene bichloride 0.13
30 Nitrobenzene 0.19
50 Elhylene dichloride 0.20

“ Catalyst: RF3-0 (C2Ha)2.

In addition, on the basis of the values obtained, approximate thermody­
namic quantities are obtained. The heat and entropy of polymerizations 
of trioxane in ethylene dichloride with BF3-O^EL)-, as catalyst, AHv and 
AS„°, respectively, were calculated by using the values of the equilibrium 
concentrations of trioxane (0.13 mole/1. at 30°C and 0.20 mole/1. at 
50°C) according to eq. (1) formulated by Dainton:1

To = AHP/(ASP° +  R ln[M]e) (1)

where Tc is critical temperature and [M ]e is equilibrium monomer concentra- 
ation at Tc.

These are:

All„ = —1.2 kcal/mole 

ASP — —9.7 cal/mole deg

These values are for a phase transition from monomer dissolved in ethylene 
dichloride to polymer dissolved in ethylene dichloride with BF3- 0(C2H6)2 
as catalyst. These values are considered to be reasonable with respect to 
order of magnitude in view of literature values of dioxolane4 (AHp = 
— 5.5 kcal/mole, ASP° = —15.0 cal/mole-deg) and tetrahydrofuran5 
{AHP —5.5 kcal/mole, AS„° = — 20.S cal/mole deg), both for a phase 
transition from liquid monomer to polymer dissolved in monomer.

On the other hand, Leese and Baumber reported7 that the trioxane 
polymerization reaction is athermal until insoluble polymer is formed. 
So our data concerning the heat of trioxane polymerization (AH„) does 
not coincide with Leese’s results. This discrepancy might be due to the 
fact that Leese and Baumber measured the heat of polymerization di­
rectly in the polymerization of trioxane. As was reported8 previously, a 
large amount of tetraoxane was produced by depolymerization until 
insoluble polymer formed in the polymerization of trioxane. The athermal 
reaction until insoluble polymer formed might be due to the simultaneous 
occurrence of polymerization with respect to trioxane and depolymeriza­
tion with respect to tetraoxane. If the formation of tetraoxane by de­
polymerization until insoluble polymer is formed were suppressed, the 
reaction might be exothermic.
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Inlerfacial Syntheses of Polyphosphonale and 
Polyphosphate Esters. II. Dependence of Yield 

and Molecular Weight on Solvent Volumes and 
Concentrations of Comers in Basic Polymerization 

of Hydroquinone and Phenylphosphonic Dichloride

F. MILLICH and C. E. CARRAHER, Jr.,* Chemistry 
Department, Polymer Section, University of Missunr¿-Kansas 

City, Kansas City, Missouri 6f l l0

Synopsis
The inlerfacial polymerizations of hydroquinone wi1h phenylphosphonic dichloride, 

in the presence of barium hydroxide or sodium hydroxide, were studied and contrasted. 
Polymer yields and molecular weights were shown to vary with concentration of the 
comer reactants, with the comer ratio, and with the relative amounts of carbon tetra­
chloride and aqueous phases, but not with concentration of barium ion. The latter 
supports the impression that the reaction zone is situated in the aqueous phase. The 
method of Millich and Carraher, employing pH control, yields products of high molecular 
weights and some results which are distinct from those achieved with the use of sodium 
hydroxide.

INTRODUCTION

Stirred interfacial polymerization systems mat’ be subject to many 
variables. Morgan1 lists the following parameters affecting polymer yield 
and molecular weight in such systems: sequence of mixing reactants,
temperature, nature of reactants, comer ratio, number of insoluble parti­
cles present, pH, size and shape of the reaction vessel, efficiency of mixing, 
nature of solvents, ratio of volumes of immiscible phases, reactant con­
centrations, and amounts and types of acid acceptor, ionizable salts, and 
impurities and terminators (such as monofunctional reactants).

Of these variables, the concentration of one of the comer pair of reac­
tants cannot be varied without also affecting either the comer ratio, the 
concentration of the other reactant, or the solvent ratio. Also, the addition 
of a simple electrolyte to the aqueous phase can affect the solubility parti­
tion coefficients of any reactant which has a finite solubility in both of the 
immiscible phases.

* Present address: Department of Chemistry, University of South Dakota, Ver­
million, South Dakota 57069.
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In the first paper of this series,2 a method and the experimental procedure 
of rapid polycondensation of hydroquinone (HQ) and phenylphosphonic 
dichloride (PPD) were described in which the basicity of the aqueous 
medium could be maintained effectively constant in the range in which HQ 
and its monoesters undergo acid dissociation. Evidence was presented 
which indicates that HQ and phenolic polymer end groups react as anions 
in the polymerization.

This system is sensitive to many of the above mentioned parameters. 
During the very rapid polymerization in strongly basic media, the poly- 
condensation reaction is in serious competition with concurrent, rapid and 
thorough alkaline hydrolyses of the poly(phosphonate ester), the phenyl­
phosphonic dichloride, and the chlorophosphonyl end groups of oligomeric 
intermediates. These several reactions may be expected to have individual 
dependencies on the reaction parameters, differing in kind and degree, 
which holds the promise that one or more sets of reaction conditions can be 
found whereby one or another of the competing reactions may be favored.

The base-promoted reactions are so rapid, and the reaction parameters 
so plentiful that detailed kinetic study of the separate reactions is extremely 
laborious. Instead, polymer yield and product intrinsic viscosity may be 
used as indices of conditions which favor the polycondensation reaction, 
and the dependence of these indices on the reaction parameters can be in­
formative. In this paper, results are given showing the dependence of 
polymer yields and viscosities on reactant concentrations of HQ and PPD, 
examined for the method of Millich and Carraher.2'3 Contrasting results 
of polymerizations employing completely soluble strong base are also pre­
sented and discussed.

RESULTS AND DISCUSSION
All of the procedures are described in the previous paper.2
The yield and polymer solution viscometry data appear in Table 1 Un­

varying organic phase volume as the aqueous phase volume is held con­
stant, in the system in which the reagent base is Ba(OH)2. A maximum 
in yield occurs at a 5:1 H20:CC14 volume ratio. Morgan1* reports that 
maxima in polymer yield and molecular weight are normally observed in 
stirred interfacial systems as the volume of the solvent phase is varied, but 
that the determining reasons are not easily identified conclusively. The 
product molecular weight, indicated by the limiting viscosity number (LVN) 
in dimethyl sulfoxide, is essentially constant except at the smallest value of 
the solvent ratio. Table II shows the results of varying the organic 
phase volume in the system in which the strong reagent base (NaOH) is 
completely water-soluble. In order to provide sufficient alkaline capacity 
to neutralize all of the acid liberated during the very rapid reaction, 
all of the base must be present at the beginning of the reaction. The 
maximum yield occurs at a different value of the solvent ratio than in the 
Ba(OH)2 system, and the values of LVN are lower. Further, no polymer 
is formed when PPD is used without solvent in the 5N  NaOH system.
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TABLE I
Total Yield and Unfractionated Polymer Solution Viscometry Data 

of the Barium Hydroxide-Promoted Polycondensation of Hydroquinone 
(IIQ) and Phenylphosphonic Dichloride (PPD) as a Function of 

the Organic Phase Volume“

Volume CCL, 
mP

Solvent, volume 
ratio

ITO: CCL

Acid chloride 
in organic 

phase, vol-%
Total yield,

0//o
LVN,

m l/gb

0 1 0 100 20 27
1 100 1 75 37 29
2 50 1 00 52 30
5 20 1 MS 59 29

10 10 1 23 05 32
20 5 1 13 82 29
25 4 1 11 74 30
50 2 1 0 09 29

100 1 1 •) 00 28
200 1 2 2 56 30
300 1 3 i 36 22

“ Volume of ITO, 100 ml; amount of Ba(OII)2, 0.040 mole; PPD:HQ molar ratio 
0.021:0.021.

b LVN (limiting viscosity number) obtained by extrapolation to infinite dilution of 
data on polymer solutions in dimethyl sulfoxide at 25°C in the concentration range of 
1-10 g/100 ml.

TABLE II
Total Yield and Unfractionated Polymer Solution Viscometry Data in 
the Sodium Hydroxide-Promoted Polycondensation of Hydroquinone 

(HQ) and Phenylphosphonic Dichloride (PPD) as a Function of 
Organic Phase Volume“

Volume 
CCI,, ml

Volume ratio 
ILO: CCL

Total yield,
%

LVN,
m l/gb

0 1:0 0 -- -
25 1:1 85 15
50 1:2 85 22
75 1 :3 46 6

100 1:4 20 2

“ Volume of aqueous NaOII (5N), 25 ml; PPD: IIQ molar ratio 0.021:0.021. 
b LVN (limiting viscosity number) obtained by extrapolation to infinite dilutilon of 

data on polymer solutions in dimethyl sulfoxide at 25°C in the concentration range of 
1-10 g/100 ml.

Table III shows the polymer yield and LVN data for the Ra(OH); system 
in which the aqueous phase volume wns varied and other parameters were 
kept the same. Initial and final pH values were greater than 12. Barium 
hydroxide octahydrate is soluble to the extent of 8 g/100 ml (i.e., 0.25AT) 
at 20°C in water, so that all experiments but one (i.e. that employing 200 
ml of water and 0.040 mole Ba(OH)2 in Table III) were conducted in the 
solutions initially saturated with Ba(OH)2. Minor differences at the
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different Ba(OH)2 levels can be attributed to the larger number of solid 
particles of Ba(OH)2 present at the higher level. Maximum yield occurs 
at 2:1 HoO : CCh volume ratio. The LVN is found to vary with the amount 
of water present, showing a maximum at 1:1 H2():CC!i volume ratio. 
Thus, as the aqueous phase is varied, the optimization of yield and molecu­
lar weight tends to be parallel, although it is not exactly coordinated. Al­
though conditions which are favorable to polycondensation do benefit 
the achievement of both good yields and high molecular weights, some 
alkaline degradation of long polymer chains can take place without ma­
terially reducing polymer yield. The same parameter was investigated in

TABLE III
Total Yield and TJnfractionated Polymer Solution Viscometry Data 

of the Barium Hydroxide-Promoted Polycondensation of ITydroquinone 
(HQ) and Phenylphosphonic Dichloride (PPD) as a Function of Aqueous Phase 

Volume and Amount of Barium Hydroxide"

Amount
Ba(OH)2,

mole
Volume 
H20 , ml

Solvent
volume

ratio
HoO:CCh

Total yield,
07Zo

LVN,
m l/gh

0.051 0 0 0 —
0.051 50 1 69 40
0.051 100 2 72 30
0.0.51 150 o 64 28
0.051 200 4 49 27
0.040 0 0 0 —
0.040 10 1:5 58 32
0.040 .50 1 64 37
0.040 100 2 69 29
0.040 150 3 63 20
0.040 200 4 46 20

a Volume of CC14, 50 ml; PPLLIIQ molar ratio, 0.021:0.021.
b LVN (limiting viscosity number) obtained by extrapolation to infinite dilution of 

data on polymer solutions in dimethyl sulfoxide at 25°C in the concentration range of 
1-10 g/100 ml.

a 0.5 N  NaOH system, shown in Table IV. Again, the LVN values are 
lower than those generally obtained with Ba(OH)2. Inspection of Table 
II and those experiments in the second half of Table IV in which sufficient 
NaOH was used to maintain an alkaline medium indicates that yields are 
diminished by reactant dilution in either the organic or the aqueous phase.

Table V shows polymer yield and LVN for the Ba(OH)2 system in which 
the molar ratio of the comers was varied. The uncommon result found 
is that as the comer ratio varies from unity, an increase occurs in both LVN 
and yield (based on the comer which is used in limiting amount). In the 
system with 5N  NaOH, shown in Table VI, the opposite effect is observed 
for both properties. Again, the molecular weights obtained with Ba(()H)2 
are superior.
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TABLE IV
Total Yield and Unfractionated Polymer Solution Viscometry Data 

in the Sodium Hydroxide-Promoted Polycondensation of Hydroquinone 
(HQ) and Phenylphosphonic Dichloride (PPD) as a Function of 

Aqueous Phase Volume and the Amount of Base“

Volume
ratio of 

H20 : CC14

Volume 0.5 Y  
aqueous NaOH, 

ml

Molar 
equivalents 

of base

pH of the 
final 

solution 
(calculated)

Total
yield,

%
LVN,
m l/gh

0:1 (2 g 
solid 
NaOH)

0.0500 ---- 0 ---*

1:1 25 0.0125 1.0 2 1
2:1 50 0.0250 1.0 IS 2
3:1 75 0.0375 1.2 47 3
4:1 100 0.0500 12.9 51 12
6:1 150 0.0750 14.0 58 24
8:1 200 0.1000 14.0 27 9

“ Volume of CCh, 25 ml; PPD:H Q molar ratio, 0.021:0.021.
b LVN (limiting viscosity number) obtained by extrapolation to infinite dilution of 

data on polymer solutions in dimethyl sulfoxide at 25°C in the concentration range of 
l-1 0 g /1 0 0  ml.

TABLE V
Total Yield and Unfractionated Polymer Solution Viscometry 

Data of the Barium Hydroxide-Promoted Polycondensation of Hydroquinone 
(HQ) and Phenylphosphonic Dichloride (PPD) as a Function of 

the PPD : HQ Molar Ratio“

PPD : HQ molar ratio Total yield, % LVN, m l/gb

0.048:0.021 95 47
0.026:0.021 89 41
0.021:0.021 64 38
0.021:0.026 79 38
0.021:0.048 86 44

a Volume of water, 50 ml; volume of CCh, 50 ml; amount of Ba(OH)2, 0.040 mole; 
b LVN (limiting viscosity number) obtained by extrapolation to infinite dilution of 

data on polymer solutions in dimethyl sulfoxide at 25°C in the concentration range 1-10 
g/100 ml.

Table VII shows the results of experiments with the Ba(OH) 2 system 
in which the comer ratio and the solvent ratio were each fixed at unity, 
but the concentration of the reactants was varied. Polymer yield is found 
to be fairly constant, but the polymer molecular weight increases with 
reactant dilution—results which are in contrast with that observed with 
the NaOH system (see above).

Table VIII shows that variation of the barium ion concentration, over 
the range investigated, has negligible effect on polymer yield and LVN. 
Relatively high concentrations of barium ion are present (i.e., calculated 
range = 0.038-0.91 mole/1 ., assuming the solubility product does not
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vary appreciably in the present range of ionic strength). Morganlb sug­
gests that the addition of neutral salts may have either beneficial or det­
rimental effects in interfacial polymerization.

TABLE VI
Total Yield and Unfractionated Polymer Solution Viscometry Data 

in the Sodium Hydroxide-Promoted Polycondensation of Hydroquinone (HQ) 
and Phenylphosphonic Dichloride (PPD) as a Function of PPD/H Q  Molar Ratio“

PPD : MQ molar rat io Total yield, % LVN, m l/gb

0.042:0.021 65 3
0.028:0.021 68 10
0.021:0.021 85 15
0.021:0.028 25 3
0.021:0.042 20 2

“ Volume of aqueous NaOH, (5N ) ,  25 ml; volume of CCL, 25 ml. 
b LVN (limiting viscosity number) obtained by extrapolation to infinite dilution of 

data on polymer solutions in dimethyl sulfoxide at 25°C. in the concentration range of 
1-10 g/100 ml.

TABLE VII
Total Yield and Unfractionated Polymer Solution Viscometry Data 

of the Barium Hydroxide-Promoted Polycondensation of Hydroquinone (HQ) 
and Diphenylphosphonic Dichloride (PPD) as a Function of the Amount of Comer“

Amount of each comer 
present, mole Total yield, % LVN, m l/gb

0.0350 57 29
0.0280 56 33
0.0210 64 38
0.0140 57 41

“ Volume of water, 50 ml; volume of CCL, 50 ml; amount, of Ba(OH)2, 0.040 mole; 
P P D : HQ molar ratio, 1.

b LVN (limiting viscosity number) obtained by extrapolation to infinite dilution 
of data on polymer solutions in dimethyl sulfoxide at 25°C in the concentration range 
of 1-10 g/100 ml.

TABLE VIII
Total Yield and Unfractionated Polymer Solution Viscometry Data 

of the Barium Hydroxide-Promoted Polycondensation of Hydroquinone (HQ) and 
Phenylphosphonic Dichloride (PPD) as a Function of the Amount of BaCI> Added“

BaCI> added, mole Total yield, % LVN, m l/gb

0.000 63 20
0.050 62 20
0.100 64 19

“ Volume of water, 150 ml; volume of CCL, 50 ml; amount of BafOITh, 0.040 mole; 
PPD : HQ molar rat io, 0.021:0.021.

b LVN (limiting viscosity number) obtained by extrapolation to infinite dilution of 
data on polymer solutions in dimethyl sulfoxide at 25°C. in the concentration range of 
1-10 g/100 ml.



INTERFACIAL SYNTHESES. II 169

In the interfacial polycondensation of PPD and 1,6-hexamethylenedi- 
amine, using the Ba(OH) 2 system, the present authors found4 that the 
addition of BaCl2 to the aqueous phase markedly improved the yield of 
the polyphosphonamide. If it is assumed that the effect of increased elec­
trolyte concentration acts to drive the diamine from solution in the aqueous 
phase (salting out) into the reaction zone, which is situated in the organic 
phase near the interface, then the conclusion might be drawn from the re­
sults above that condensation of phenoxide anions takes place in a reaction 
zone situated in the aqueous phase near the interface.

SUMMARY

The method employed, in which the pH of the medium is maintained 
effectively constant in a desired range during the entire course of basic 
polymerization, has been shown to achieve polymers of high molecular 
weight.* It may be expected that the molecular weight distribution may 
also be narrower than that obtained with the sodium hydroxide media 
commonl}' reported in patent literature. The method of Millich and 
Carraher3 also provides wider latitude in varying solvent ratios—for in­
stance, avoiding the limitation obvious in Table IV.

The polycondensation of HQ with PPD was investigated for conditions 
which varied about the reference point of equimolar amounts of the reac­
tants and equal volumes of the organic and aqueous phases, in the general 
reactant concentration range of 0.2 molar. Polymer yields and molecular 
weights have been found to vary, more widely in the NaOH than in the 
Ba(OH)-2 system. It is difficult at this time to integrate that data around 
the reference point into a simple, intelligible representation of a low number 
of coordinates, but it may be seen from the data presented that the Ba(OH) 2 

system has advantages over, and characteristics distinct from the NaOH 
system. Two specific examples of this are seen in the effect of varying 
the comer ratio, and the success of the Ba(OH) 2 system when CC14 is not 
used. Other parameters affecting polymer yield and molecular weight will 
be reported in a subsequent paper.

This paper is taken in part from the doctoral thesis of C. E. C., submitted to the 
University of Missouri-Kansas City, Kansas City, Mo., 1968.
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Benzimidazole Polymers from Aldehydes 
and Tetraamines

JERRY HIGGINS and C. S. MARVEL, Department of Chemistry, 
University of Arizona, Tucson, Arizona, 85721

Synopsis
A new method for the preparation of benzimidazole polymers is described. The solu­

tion polymerization of aromatic tetraamines with isophthalaldehyde bis bisulfite adduct 
in MV-dimethylformamide (D.MF), AVV-dimethylacetamide (DMAc), iV-methyl-2- 
pyrrolidone (MP), and dimethyl sulfoxide (I)VISO) produced polybenzimidazoles with 
viscosities (ijinh) in the range of 0.3-0.5 measured in formic acid solution. Also a model 
compound study with benzaldehyde, benzaldehyde diethyl acetal, and benzaldehyde 
bisulfite adduct with o-phenylenediamine was carried out. The results showed that the 
reaction of benzaldehyde bisulfite adduct with o-phenylenediamine in DMAc as the 
solvent gave quantitative yields of 2-phenylbenzimidazole. Excellent yields of 2-phenyl- 
benzthiazole, 2-phenylbenzoxazole, and 2-pyridylbenzimidazole were also obtained with 
the benzaldehyde bisulfite adduct and picoline-2-earboxaldehyde bisulfite adduct with 
o-aminothiophenol, o-aminophenol, and o-phenylenediamine. The reaction conditions 
for the preparation of the polymers and the model compounds are very mild and the 
reaction times range from 15 min to 1 hr for the model compounds and 3-5 hr for the 
polymers. Longer reaction times did not increase the viscosities of the polymers to any 
extent.

MODEL COMPOUND STUDY

In 1961 Vogel and Marvel1 were successful in preparing high molecular- 
weight polybenzimidazoles by the melt condensation of phenyl esters with 
aromatic tetraamines. More recently, Gray and co-workers2 were success­
ful in preparing poly-2,2'-(l,4-phenylene)-5,5'-bibenzimidazole from 3, 3',- 
4,4'-tetraaminodiphenyl and 1,4-diacetylbenzene using a reaction initially 
described by Elderfield and Meyer3 for preparaing simple benzimidazoles. 
A model compound study of this reaction using acetophenone and o- 
phenylenediamine showed that methane was evolved in the final stage of 
the reaction.

Another method which appeared to be promising for the preparation of 
polybenzimidazoles is the condensation of aldehydes with amines. The 
reaction of benzaldehyde with o-phenylenediamine has been reported 
several times in the literature, 4 ’ 5 but side reactions, such as the formation 
of disubstituted benzimidazoles (aldehydines), have prevented this reaction 
from being useful as a means of producing polymers.
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In order to determine if aromatic aldehydes and their derivatives would 
be useful in the formation of heterocyclic polymers, a systematic study of 
the condensation of benzaldehyde (I), benzaldehyde diethyl acetal (II), 
benzaldehyde bisulfite adduct (III), and picoline-2 -carboxaldehyde bi­
sulfite adduct (IV) was carried out in DMF and DMAc with o-phenylene- 
diamine (V), o-aminothiophenol (VI), and o-aminophenol (VII). The 
products obtained in this study were 2-phenylbenzimidazole (VIII), 2- 
phenylbenzthiazole (IX), 2-phenylbenzoxazole (IX), and 2-pyridyl- 
benzimidazole (XI). The results of this study are outlined in Table T.

TABLE I
Model Compounds

Reactants Solvent

Time 
heated in 

nitrogen, hr

Time 
heated 

in air, hr
Product

obtained
Yield,

07
/o

I, v DMF 2 20 VIII 2.5-31
I, v R)%

HOAe-
DMF

2 IS VIII 2G

II, V DMF 2 IS VIII 26
II, V DMF* 2 18 VIII 27
III, V DMF 2 18 VIII 92-95
III, V DMAc 20 0 VIII 98-99
III, V DMAc 15 min 0 VIII 98-99
III, VI DMAc 30 min 0 IX 93
III, VII DMAc 30 min 8b X 84
IV, V DMAc 40 min 0 XI 91

a Trichloroacetic acid (0.1 g.) added as catalyst. 
b Refluxed with an equivalent amount of sulfur.

The results in Table I show that the benzaldehyde bisulfite adduct 
condensed with o-phenylenediamine is the best method for preparing 
heterocyclics under these reaction conditions. The yield of 2-phenyl­
benzimidazole is essentially quantitative. By washing the product only 
once with water, it melted over a 3°C temperature range (294-297°C). 
Similar product isolation techniques with benzaldehyde and benzaldehyde 
diethyl acetal gave a thick oil, and diethyl ether was used as the washing 
solvent. The aliphatic aldehydes when reacted as the bisulfite adducts 
would not eliminate hydrogen under these reaction conditions. Also sulfur 
was required to extract hydrogen in the case of 2 -phenylbenzoxazole under 
these reaction conditions.

It is not exactly clear why the bisulfite adducts proceed to such good 
yields while the aldehydes and acetal give such poor yields. It is known, 4 6 

however, that when aldehydes are reacted with diamines the major by­
products (in many cases the major product) are the aldehydines. These 
disubstituted benzimidazoles were predicted to arise from the diimines
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formed in the initial stages of the reaction. The diimines undergo rear­
rangement under the reaction conditions to produce the aldehydines. From 
this knowledge it may be that the bisulfite adducts are less reactive thus 
giving more time for ring closure and preventing the formation of the 
diimines. The reaction of benzaldehyde bisulfite adduct with o-phenylene- 
diamine appears to begin around 60-70°C. This can be predicted by a 
sharp color change to bright yellow and the precipitation of sodium bi­
sulfite.

POLYMERIZATIONS

Three polymerizations were chosen for these studies. They consisted of 
the condensation of isophthalaldehyde bis(bisulfite adduct) with 3,3',4,4'- 
tetraaminodiphenyl (XII) , 1 3,3',4,4'-tetraaminodiphenyl ether (XIII ) , 5 

and 1,2,4,5-tetraaminobenzene (XIV) . 1 The results of these studies are 
outlined in Table II. The yields were essentially quantitative.

OH OH

XIV II
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The polymerizations were carried out by refluxing the reactions in the 
selected solvents for a short time in a nitrogen atmosphere and then con­
tinuing the reactions open to the air for the remaining reaction time or by 
refluxing in a nitrogen atmosphere for the entire reaction time.

All polymers were soluble in formic acid, however, as the viscosity values 
approached 0.5 the polymers were only slightly soluble in DMF, DM Ac,, 
and DMSO.

The bis(bisulflte adduct) was easily prepared from isophthalaldehyde in 
a 15% water solution of methanol.

TABLE II
Polymerizations

Reac­
tion

number
Tel ra- 
ami ii ea Solvent

Time
heated

in
nitrogen,

hr

Time
heated

in
air, hr

Viscosity
7Jmhh

r̂nax)
m/z

(H2S 0 4)

1 XII DMF 2 18 0.34 337
253

2 X ll MP° 0 18 0.29 338
253

■ > XII A IP» 5 10 0.33 337

4 XII DMAc 0 18 0.45 335
252

5 X III DAI Ac 2 16 0.38 326
245

6 X III DMSO 5 14 0.55 323
245

7 XII I )MSO 5 14 0.51 
0 .24d

335
252

8 XII DMAc 20 0 0.42 338
253

9 XIII DMAc 20 0 0.38 327
245

10 XIV DMA« 40 0 0.45 340
241

11 XII DMAc 40 0 0.52 338

12 XII DMAc 3 0 0.31 337

13 XII» DMAc 0 0 0.47 336
252

14 X IIf DMAc 0 0 0.38 337
252

a Equal molar quantities of monomers were used except where indicated. 
b Measured in formic acid except where indicated (0.025-0.500 g, '100 ml) 
c M-Methyl-2-pyrrolidone. 
cl Measured in DMSO.
e A 3% weight excess of isophthalaldehyde bis (bisulfite adduct) was used.
1 A 3% weight excess of 3,3',4,4'-tetraaminodiphenyl was used.
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EXPERIMENTAL 

Model Compounds

2-Phenylbenzimidazole from Benzaldehyde and o-Phenylenediamine

Nonacid-Catalyzed Reaction. Benzaldehyde (10.60 g, 0.10 mole) and 
o-phenylenediamine (10.80 g, 0.10 mole) were added to 100 ml of DMF and 
refluxed in a nitrogen atmosphere for 2  hr. The reaction vessel was then 
opened to the air and the solution refluxed for 20 hr. After the refluxing 
period all but about 15-20 ml of the DMF was distilled at 50-60 mm pres­
sure. Diethyl ether (50 ml) was added and the mixture stirred for 30 min. 
The 2-phenylbenzimidazole was filtered and dried at 100°C in vacuo over­
night to give 6  g (31%) of cream-colored product melting at 2S0-292°C. 
Concentration of the ether solution yielded 1-3 g of additional product.

Acid-Catalyzed Reaction. The same procedure as above was carried out 
in a 10% acetic acid-DMF solution. A 5-6 g yield of 2-phenylbenzimid­
azole was obtained (26-31%). The crude product melted at 279-290°C. 
Recrystallization (C2H50H -H 20) gave a pure product which melted at 
295-297°C; lit, . 1 mp, 300°C.

2-Phenylbenzimidazole from Benzaldehyde Diethyl Acetal and 
o-Phenyl-e nediamine

Non-Acid-Catalyzed Reaction. Benzaldehyde diethyl acetal (18.00 g, 
0 . 1 0  mole) and o-phenylenediamine (10.80 g, 0 - 1 0  mole) were added to 
100 ml DMF and refluxed in a nitrogen atmosphere for 2 hr. The reaction 
vessel was then opened to the air and refluxed for an additional 18 hr. 
All but about 15-20 ml of the DMF was removed by distillation at 50-60 
mm pressure. Ethyl ether (50 ml) was added and the mixture stirred for 
30 min. After filtering and drying, 5 g (26%) of 2-phenylbenzimidazole 
was obtained. The product melted at 296-298°C.

Acid-Catalyzed Reaction. The same reaction as above was carried out 
in DMF containing 0.10 g of trichloroacetic acid. About 6  g (31%) of
2 -phenylbenzimidazole was obtained. The product melted at 294-297° C.

2-Phenylbenzimidazole from Benzaldehyde Bisulfite Adduct and 
o-Phenylenediamine

Benzaldehyde bisulfite adduct (22.42 g, 0.107 mole) and o-phenylene- 
diamine (11.56 g, 0.107 mole) were added to 100 ml of DMF and the re­
action mixture was heated at reflux for 15-20 min in a nitrogen atmosphere. 
The DMF was removed by distilling at reduced pressure, and 50 ml of water 
was added and the mixture stirred for 30 min. The 2 -phenylbenzimidazole 
was filtered, washed twice with 2 0 -ml portions of water, and dried to give 
an almost white product (19 g, 98%) melting at 294-297°C.
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2-Phenylbenzthiazole from Benzalclehyde Bisulfite Adcluct and 
o-Aminothiophenol

Benzalclehyde bisulfite adduct (4.48 g, 0.021 mole) and o-aminothiophenol 
(2.62 g, 0 . 0 2 1  mole) were added to 50 ml DMAc and the reaction mixture 
refluxed for 30-45 min in a nitrogen atmosphere. The DMAc was re­
moved by distilling at reduced pressure, and 30 ml of water was added. 
The reaction mixture was stirred for 30 min, filtered, and washed with two 
20-ml portions of water, and dried to give about 4 g (91-94%) of 2-phenyl- 
beuzthiazole melting at 111-113°C; lit . 7 mp, 1 1 1 °C.

2-Phenylbenzoxazole from Benzaldehyde Bisulfite Adduct and o-Arninophenol

Benzaldehvde bisulfite adduct (4.48 g, 0.021 mole) and o-aminophenol 
(2.29 g, 0 . 0 2 1  mole) were added to 50 ml DMAc and refluxed for 30 min in a 
nitrogen atmosphere. The reaction flask was then opened to the air 0.9 g 
of sulfur was added. The reaction was refluxed for 8  hr and the DMAc was 
then removed by distilling at reduced pressure. About 30 ml of water was 
added and the reaction mixture stirred until the product crystallized. The 
crude 2 -phenylbenzoxazole was dissolved in 1 0 0  ml of ether; the ether 
solution was filtered and the ether removed at water aspirator pressure to 
yield about 3 g (80-84%) crude product. The crude product was sub­
limed to give a white crystalline product melting at 104-105°C; lit. 8 mp, 
103°C.

2-Pyridylbenzimidazole from Picoline-2-carboxaldehyde and 
o-Phenylenediamine

Picoline-2-carboxaldehyde bisulfite adduct (4.62 g, 0.021 mole) and o- 
phenylenediamine (2.27 g, 0.021 mole) were added to 50 ml DMAc and the 
reaction mixture refluxed for 40-50 min in a nitrogen atmosphere. The 
DMAc was removed by distilling at reduced pressure, and 30 ml of water 
was added to the reaction mixture and stirred for 30 min. The product was 
filtered and dried to yield about, 3.8 g (90-92%) of 2-pyridylbenzimidazole. 
Recrystallization (C2H50H -H 20) gave a product melting at 220-222°C; 
lit. 9 mp, 226°C.

Isophthalaldehycle Bisibisulfite Adduct)

Isophthalaldehyde (5.0 g, 0.037 mole) and sodium bisulfite (8.80 g, 
0.085 mole) were added to a stirred solution of 500 ml of methanol con­
taining 75 ml of water. The reaction mixture was stirred overnight at 
room temperature. The product was filtered and the filter cake pressed 
free of most of the solvent. After washing with 50-60 ml of warm methanol 
the white product was filtered and dried in vacuo for 8  hr at 100°C. After 
drying, there was obtained 10.5 g of white product, mp >300°C. Analysis 
by the silver sulfite method gave approximately 3% excess of sodium 
bisulfite in the product.
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Polymerizations

The following procedure is typical of all the polymerization reactions. 
The ultraviolet and infrared spectra of the polymers were identical to those 
reported previously. 1

Preparation of Poly-2,2'-(l ,8-phenylene)-5,5'-b¿benzimidazole

3,3',4,4'-Tetraaminodiphenyl (0.6310 g, 0.00294 mole) and isophthal- 
aldehyde bis(bisulfitc adduct) (1.0388 g, 0.00304 mole 3% excess) were 
added to 100 ml DMAc and refluxed for 5 hr in a nitrogen atmosphere 
After a short time some polymer began to precipitate. After the reaction 
time about two-thirds of the DMAc was removed by distilling at 40-50 mm 
pressure and the remaining solution poured into 1 0 0  ml of distilled water. 
The cream-colored polymer precipitated and was removed by suction filtra­
tion. The polymer cake was washed thoroughly twice with 25-ml portions 
of water and dried in vacuo at 160°C for 10 hr. A quantitative yield of 
poly-2,2,-(l,3-phenylene)-5,o'-bibenzimidazole was obtained. The in­
herent viscosity, measured in formic acid, was 0.47.

Also equimolar quantities of isophthalaldehyde 6 fs(bisulfite adduct) with 
3,3',4,4'-tetraaminodiphenyl ether (XIII) and 1,2,4,5-tetraaminobenzene 
(XIV) gave quantitative yields of polymers with viscosities similar to those 
reported for 3,3',4,4'-tetraaminodiphenyl (XII) (see Table II).

This work was supported by the Air Force Materials Laboratory, Air Force Systems 
Command, Wright-Patterson Air Force Base, Ohio.
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Kinetics of High-Intensity Electron-Beam 
Copolymerization of a Divinyl Urethane and 

2-Hydroxyethyl Methacrylate

S. S. LAB AN A, Scienlijic Research Staff, Ford Motor Company, 
Dearborn, Michigan 48121

Synopsis

The kinetics of the election-beam-indueed copoly merizal ion of di(2'-methacryloxy- 
ethyl)-4-methyl-»/i-pheiiylenediui'ethane (DVU) with 2-hydroxyethyl methacrylate 
(HEMA) were studied. Monomer mixtures containing 1.96-82.8% DVU have been 
described at dose rates of 1.7-17 Mrad/sec with the use of 270-kV electrons. Rased on 
rates of conversion, gel formation, and intensity-rate data, a kinetic scheme is proposed 
in accord with a model which undergoes unimoleeular termination and for which the 
copolymerization and gel formation take place in a crosslinked network swollen with 
monomers. The rate of gel formation is: In[(1 +  g)/( 1 — M->g)] =  A (  1 -f- M , ) t ,
where g is the gel fraction, J /j is the mole fraction of DVLT in the monomer charge, and 
A  is kpki/le,. Up to 55% conversion, the rate of disappearance of unsaturation for con­
centrated DVU solutions ( M ,  >  0.03) is: ln[A/0/ i l / ( l  — M nj)\  = A ( 1  +  where
.17 is the total unsaturation. For dilute solutions of DVLT, the rate expression for pregel 
copolymerization simplifies to: \ n ( M 0/ M )  = .1(1 +  M , ) t .  These results show that
at a certain optimum concentration of monovinyl monomer—70% in the present sys­
tem—both rapid reaction rates and complete copolymerization occur. Because of the 
inability of gel bonds to undergo polymerization, a limiting conversion is reached for 
copolymerizing mixtures containing insufficient monovinyl monomer.

INTRODUCTION

Copoly merizution kinetics of monovinyi monomers with divinyl or 
polyvinyl monomers to form insoluble networks using electron-beam 
radiation have received little attention so far: Burlant and Hinsch de­
scribe the kinetics of high-intensity, low-energy electron-beam-induced 
copolymerization of styrene with unsaturated polyesters, and explain 
their results on the basis of activated radicals formed in discrete volume 
elements, 1 although more conventional homogeneous free-radical kinetics 
apply when low-intensity 7 -rays are used. 2

This paper describes the kinetics of network copolymerization of di(2'- 
methacryloxyethyl)-4-methyl-m-phenylenediurethane (I) (DVU) with 
2 -hydroxyethyl methacrylate (HEMA), by use of 270-kV electrons.
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EXPERIMENTAL

Materials

2-Hydroxyethyl Methacrylate. An aqueous solution of 2-hydroxyethyl 
methacrylate (HEMA 96% from Rohm and Haas) was repeatedly ex­
tracted with pentane to remove dimethacrylate esters. The monomer 
was then dissolved in dichloromethane and washed with 5% aqueous 
sodium carbonate to remove methacrylic acid. The dichloromethane 
solution was washed with 1 0 % sodium chloride solution and dried over 
anhydrous magnesium sulfate. After removing the solvent, the monomer 
was distilled in vacuo through a 10 X 1 in. column packed with glass 
helices, bp 58°C/3 mm, »i'd 1.4505.

Di (2 '-methacryloxyethyl) -4-methyl- ?u-phenylenediurethane (I). The
diurethane I was prepared by slowly adding 4-methyl-m-phenylene di­
isocyanate (from Matheson, Coleman and Bell, mp 20-22°C), (0.23 mole) to 
a 60% solution of 2-hydroxyetliyl methacrylate (0.5 mole) in 2-butanonc 
containing 0.1% triethylenediamine. The temperature was maintained 
at 40°C by controlling the rate of addition of the diisocyanate. When the 
infrared analysis showed complete reaction (no absorption at 2270 cm-1), 
the solution was chilled to obtain the white crystalline product. Re­
crystallization from 2-butanono gave pure divinylurethane, mp 95°C. 3

Polymerization

Monomer mixtures containing less than 0.3 mole fraction (59 wt-%) 
of divinylurethane were deoxygenated by blowing nitrogen through them 
for 20 min. Monomer mixtures containing more than 0.3 mole fraction of 
divinylurethane were too viscous for gas bubbling and were degassed 
under high vacuum by the freeze thaw technique and stored under nitro­
gen. In a nitrogen atmosphere a thin film of deoxygenated monomer 
mixture was cast on a sodium chloride plate, covered with an 0.025 mm 
thick Teflon film and clamped in an infrared cell mount.

The polymerization was carried out at 30°C by exposing the sample, 
in a nitrogen atmosphere, to a 270 kV electron beam at intensities ranging 
from 1.7 to 17 Mrad/sec. The dose absorbed was measured by using the 
blue cellophane method. 4 The rate of polymerization was followed by 
noting the rate of disappearance of the “olefinic” 1639, 944, and 813 cm - 1
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peaks by use of a Perkin-Elmer model 237B infrared spectrophotometer. 
A Teflon film was used in the reference beam. The three peaks gave the 
same data for the disappearance of unsaturation up to 50% conversion. 
The disappearance of the 943 cm - 1  peak above 50% conversion was com­
plicated by the appearance of a peak of 962 cm-1. The data from the 943 
cm' 1 peak above 50% conversion, therefore, were not used. During the 
polymerization, a new absorption peak appeared at 746 cm- 1  and is as­
signed to the formation of a polymer of DP greater than 4 . 5 The ap­
pearance of the 746 cm- 1  peak followed the disappearance of unsatura­
tion up to 90% conversion and then remained constant. Conversions were 
calculated from the peak heights by using the baseline technique6 and were 
reproducible to ±3%.

Gel Fractions
For gel fraction determination, a known amount (about 0.5 g) of the 

copolymer prepared under a nitrogen atmosphere as a film on aluminum 
foil was placed in a double thimble made of monel wire cloth, 1 0 0  mesh 
inside and 200 mesh outside. The soluble fraction was first extracted for 
72 hr with acetone containing 1% ethyl mercaptan as inhibitor, and then 
with acetone containing 15% water. The extraction with aqueous acetone 
was carried out to ensure the removal of any poly(2 -hydroxyethyl meth­
acrylate) which is not soluble in dry acetone. The thimble with its con­
tents was dried to constant weight under vacuum at 65°C. The fraction 
of the copolymer retained in the thimble was taken as the gel fraction. 
Gel fractions were reproducible to ±7%.

Reactivity Ratios
Monomer mixtures of known compositions were polymerized to about 

5% conversions in 0.05 mm films on steel panels. The copolymer was
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isolated by successive washes with acetone and aqueous acetone to remove 
monomer and homopolymer, respectively. The amount of divinyl ure­
thane in the copolymer was calculated from nitrogen analyses. The 
divinyl fractions in the copolymer were reproducible to within 3 percent. 
The Fineman-Ross plot7 (Fig. 1), obtained by using twice the molar con­
centration of DVU in the monomers as suggested by Wiley and Sale, 8 

gave reactivity ratios of i\ = 1.4 ± 0.1 and r2 = 0.S ± 0.1 (r2 refers to 
DVU).

RESULTS AND DISCUSSION

Six compositions of divinyl urethane and 2 -hydroxy ethyl methacrylate 
containing 1.96-82.S wt-% of divinylurethane were copolymerized by 
a 270 kV electron beam at a dose rate of 3.3 Mrad/sec. The results are 
given in Table I and plotted in Figure 2 . The mole fraction of DVU in the 
monomer charge is represented by il/2.

The conversion curves obtained from monomer charge containing low 
(ili2 < 0.07) DVU arc quite different from those obtained from monomer 
charge containing high (M2 > 0.07) DVU. At very low DVU concentra­
tions (M2 < 0 .0 b), the polymerization is almost proportional to the dose 
absorbed up lo 20% conversion. Polymerization rates then decrease 
between 2 0  and 2 b% conversion before undergoing a rapid increase. Be-

t , sec

Fig. 2. Percent conversion as a function of time for DVU and HEMA mixtures at 
various DVU mole fractions: (0 ) M *  =  0.005; (O) M-< =  0.07; (A) M i  =  0.30; (□)
M i  =  0.59. Dose rate 3.3 Mrad/sec.
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l o g  ( D o s e  R a t e  , M R a d s / s e c  )

Fig. 3. A log-log plot of rate of polymerization vs. radiation intensity at various 
DVU mole fractions: (O) il/2 = 0.005; (□) Jl/S = 0.59. Dose rates 1.7-17 M rad/sec.

Fig. 4. ESI’ spectrum of irradiate monomer mixture containing 59% DVU.

tween 25 and 80% conversions, the rates are maximum. At DVU con­
centrations of over 0.15 mole fraction, the conversion curves show no 
inflection points, l’or monomer mixtures containing more than 0 .0 !) 
mole fraction of DVU, disappearance of unsaturation is not complete 
because, in the absence of mobile monomer, the double bonds attached to 
the gel cannot undergo polymerization. The initial rates are enhanced as 
DVU concentration is increased above 0.0!) molar. Thus, these results 
show that there exists an optimum concentration of monovinyl com­
pound—70%—at which both rapid rates and complete copolymerization 
occurs.

Continued irradiation of monomer mixture containing 2 0 % DVU 
= 0.07) up to a dose of 25 AI rad in nitrogen atmosphere shows neither
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a change in the crosslink density of the gel as measured by swelling in 
acetone nor produces unsaturation in the polymer. Therefore, homolytic 
chain cleavage by radiation during the polymerization is negligible.

Figure 3 shows a log-log plot of rates vs intensities for monomer mix-

TABLE I
Conversion of Unsaturation of DVU and HEMA Mixtures 

at Dose Rate of 8.3 Mrad/sec

DVU in monomers

Mole fraction M t Wl-% Time, sec. Conversion, %

0.0059 1 .90

0.010 3.20

0.047 14.2

0.070 20.0

0 .3  
0.6  
0.9  
1 .2
1 . 5  

1.8  
2.1
2.4
2.7
3.0
3.3
3.6  
3.9
4 .2  
0.3  
0.6  
0.9
1.2
1.5
1.8
2.1
2 .4
2 .7
3 .0
3.6  
0.3  
0 .6  
0.9  
1 .2 
1 .5
2.1
2.4
3.0  
0.3  
0.9  
1 .2 
1 .5
1.8
2.1
2.4  
3.0

4
7

14
18
20
23
26
29
31 
41 
70 
80 
90

100
3
8 

13 
18 
21 
23 
26
32 
60 
81 
98

5 
8

15 
20 
28 
66 
90

100
4 

18 
25 
37 
72 
82 
88 
97
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TABLE I (c o n tin u e d )

DVU in monomers

Mole fraction Vt/2 wt-% Time, sec. Conversion, %

0.30 59.0 0 .3 8
0 .6 14
0.9 25
1.2 36
1.5 48
1.8 50
2.1 00
2 .4 04
3 .0 70
3 .6 74
4 .2 77

0.50 82. S 0 .3 18
0.6 26
0.9 34
1.2 39
1.5 44
1.8 47
2.1 50
2 .4 53
3 .0 57
3 .6 61
4 .2 65

lures containing 0.006 and O.G mole fractions of DYU at dose rates rang­
ing from 1.7 to 17 Mrad/sec. Slopes of the straight lines for two DVU 
concentrations give intensity exponent of 0.97 ± 0.06, establishing that the 
rates of copolymerization are directly proportional to the intensity of the 
electron beam.

The dependence of the rate of polymerization on intensity may arise in 
two ways: from polymerization in independent tracks, which overlap at 
high intensities1 , 9  or from first-order termination of polymer radicals. 
In the present study, no decrease is observed in the intensity dependence of 
the rate of polymerization up to a dose rate of 17 Mrad/sec; this observa­
tion is taken as an indication that unimolecular termination of polymer 
radicals occurs; under these conditions, the spatial distribution of radicals 
does not affect the kinetics.

Unimolecular termination may result either by chain transfer to a 
stable, nonpropagating radical or by inactivation of polymer radicals by 
their burial in the gel phase. The EST1 spectrum (Fig. 4) of the irradiated 
mixture containing 59 wt-% DVU shows the presence of only the meth­
acrylate radical (IT),1"
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t , sec

Fig. 5. Gel fractions as a function of time for copolymerization of DVU and HEMA at 
various DVU mole fractions: (O) .!/•> = 0.07; (A) .!/_ = 0.00, (□) M>  = 0.69. Dose
rate 3.3 ilfrad sec.

hence the chain transfer to stable radicals is excluded. It is suggested 
that in concentrated solution of DVU—M2 greater than 0.3-—the uni- 
molecular termination of growing chains arises, at least in part but per­
haps not exclusively, from the “buried” polymer radicals which exist in the 
gal phase.

TABLE II
Gel Fractions From Copolymerization of DVU iand HEMA

Bv Electron Beam at 3.3 Mrad/sec

DVU in monomers

Mole fraction
Wf-% Time, sec Gel fraction, g

0.07 20 0.3 0
1.2 0
1 . 5 0.02
2. 1 0.20
2.4 0.40

0.30 59 0.3 0.10
0.6 0.21
0.9 0.37
1.5 0.60
2.1 0 . 8 5

0.69 S3 0.3 0.10
0.6 0.32
0.9 0.47
1 .5 0.67
2.1 0.87
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When DVU and HEM A co polymerize, the start of the gel formation 
depends on the amount of DVU in the monomer charge. For monomer 
mixtures containing 59 or 83% divinlyurethane (il/ 2 = 0.30 or 0.59), the gel 
formation begins at less than 5% conversion. For monomer mixtures 
containing 20% divinylurethane (il/ 2 = 0.07), the gel formation starts at 
40% conversion. Gel fractions are given in Table II and plotted in 
Figure 5.

Because of the insolubility of the copolymer in common solvents, the 
molecular weights of the copolymer could not be determined, nor could 
the gel be hydrolyzed either by sulfuric acid or potassium hydroxide. 
The kinetic chain length can, however, be estimated by using Flory’s 
equation" relating gel point ae to the fraction of double bonds, p, in the 
divinyl monomer and the degree of polymerization DP of the copolymer:

(DP - 1) = 1 / « gP (1)

For the data for monomer charge containing 4.7 mole-% DVU (p = 0.092, 
= 0.48), the kinetic chain length is calculated to be 22. It is to be 

noted that the deviations observed from the gel point theory always lead 
to a low estimate of the kinetic chain length. 1 2 - 1 4

KINETIC SCHEME

Solutions Containing Above 0.3 Mole Fraction DVU

Based on the rates of disappearance of unsaturation, gel fractions, 
and intensity dependence of rates, a kinetic scheme similar to that proposed 
for the homopolymerization of DVU3 is presented, which incorporates the 
following assumptions: at and beyond the gel point, the system comprises 
gel highly swollen with the mixture of the monomers; the gel contains 
pendant double bonds to which growing sol radicals are added; the radicals 
attached to the gel add to the double bonds in the sol phase and the gel 
fraction increases; because of the immobility of gel radicals and gel double 
bonds, reaction between gel radicals and gel double bonds is precluded; 
the same initiation, propagation, and termination rate constants apply to 
both monomer units in the sol and gel phases; and termination is unimo- 
lecular. This scheme is given in eqs. (2)-(8).

Initiation:

( l  -  g) - + S

Rate =  k,{\ —  q) (2)

•!? -»■ G

Rate =  k , g (3)
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Propagation
s  +  s  — s

Rate = 2&P[S][S] (4)

S +  G - * G

Rate = kP[S][G] (5)

G +  S -*  G

Rate =  k „ \ ( i m  (G)

Termination:
S -*  S

Rate = 7ct[S] (7)

G — G

Rate =  k,[ G] (8)

In these equations, g is the gel fraction; (1 — g) is the sol fraction; S is a 
sol radical; G is a gel radical; S and G are double bonds in the sol and 
gel phases, respectively; kt and fc„, and kt are initiation, propagation, 
and termination rate constants, respectively.

Assuming steady-state conditions for reactive free radicals in the sol and 
gel phases, the concentrations of S and G are given by eqs. (9) and (10), 
respectively.

[S]
fci(i -  g) 

+  k t

kt [kv[G}/kt +  g] 
7fj,[G] +  k t

The kinetic chain length n is given by eq. (11).

M [S] +  [G]) [S] fe,[S] ([S] +  [GD 
fc.as] +  [G]) +  kt a s ]  +  [GD

(9)

(10)

(11)

If [S] is small compared to ( [S] +  [G]), eq. (11) is approximated by

n = fcP[S]/fc, (12)

Considering that one double bond is incorporated in the gel phase for 
each DYU copolymerized, the unsaturation in gel and sol phase for co­
polymerizing mixture containing M 2 mole fraction of DVIT is given by:

[G] = MtgM (13)

[S] = ( 1  -  Mig)M (14)

which lead to

[S] =  (1 /M 2)[G ] (1 -  M ,g )/ g (15)
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For an average kinetic chain length of the copolymerizing system, taken 
at a point where [S] =  (l/il/2) [G], both il/ 2 and g being about 0 .5 , we 
get:

kP[G]/kt = nl'h  (16)

Subsequently we shall be concerned only whether nM2 is much larger than 
1, therefore a small error in the approximate value of /op[G ]/kt has no effect 
on the final kinetic equations. Substituting for kP[G]/kt from eq. (16) 
into eqs. (8 ) and (1 0 ), we obtain

[S] = kt( 1 -  g)/( 1  +  nM,)kt (17)

[G] = ki(nM2 +  g)/( 1 +  w A/2)A'i (18)

For a kinetic chain length of about 22, nM-> is large so that we can ap­
proximate

1  -|- iiA12 — nil/ 2 

g +  nilf2 = nM2

Equations (17) and (18) then simplify to

[S] = U 1  - g)/nM2kt

[G] = ki/k t

Unsaturation in the sol and gel phases can be described by

[G] = M2tjM

[S] = (1 -  M2j)M

where M is the total unsaturation.
Differentiating eq. (20), we get

dg _  1  d \G ]___ [G] ,W
dt ~ MGI dt ~  il/ail/ 2 dt

From the kinetic scheme, we can write

= kp [S J [G ]il/ 2 +  kp [G ] [S ]il/ 2 dt

which on substitution for [S], [G], [S], and [G ], and simplification yields,

d[G]/dt = A MAY -  ilhg)M  (24)

where A = kpki/kt.
From the kinetic scheme, the rate of the disappearance of unsaturation is

-  dM/dt = 2 k, [S ] [S ] +  kP [S ] [G ] +  kp [G ] [S ] (25)

Equation (25) on substitution for [S], [G], [S], and [G], and simplification, 
leads to

(19)

(18)

(19)

(20) 

(21)

(22)

(23)

- d A l d l  =  A (1 - (2 6 )
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On combining cqs. (22), (24), and (20), we obtain
dg/dt = A( 1 -  M,_g)( 1 +  g) (27)

which, for the limits t = 0 , g = 0 , integrates to

hr ( 1  + J ^ -  = (1 +  Ah) At (28)
(1 -  d f 2(/)

Fig. (i. A plot of ln [(l +  y)/{ 1 — M 2g)) vs. lime according to eq. (28) at various DVU 
mole fractions: (A) M  2 =  0.30, (□) M t = 0.39.

Fig. 7. A plot of ln[il70/4 / ( l  — M 2g)\ vs. time according to eq. (31) at various DVU mole 
fractions. (A) = 0.30; (□) M 2 =  0.39.
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As predicted by eq. (28), a plot of ln[(l +  r/)/(l — M2g)] versus times 
gives a straight line (Fig. 6 ) indicating the reasonableness of the scheme to 
describe gel formation up to a gel fraction of 0.7.

Disappearance of unsaturation can be described as follows. Equation 
(28) can be rearranged:

( 1  -  M,g) = ( 1  +  il/2)/( l +  M,em) (29)

where

B = ( 1  +  Mi)kpkt/k t (30)

On integration, for the limits M = M0a ti = 0,

I n -  Whg)] = .4(1 +  M,)t (31)

A linear plot of I n ( 1  — M^g) ] versus time, predicted by eq. (31), is 
shown in Figure 7, indicating that the proposed kinetic scheme satis­
factorily describes the disappearance of unsaturation up to 50% conversion.

Dilute Solutions of DVU

For very dilute DVU solutions, the initial copolymerization takes place 
without gel formation. The kinetic scheme in this region simplifies; con­
sequently eqs. (9) and (10) become

[S] = k,/k, (32)

[G] = 0  (33)

The rate of copolymerization is then given by

-clAI/dt = 2ktkpM /  kt (34)

Fig. 8. A plot, of lnlilfo/Af)] vs. time according to eq. (35) at various DVU mole fractious, 
(O) 4 /2 =  0.01: (A) M ,  =  0.0.5, (□ )  M-, =  0.07.
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which on integrating for the limit at t = 0, M = M0 leads to

ln(Af0/M) = 2  At (35)

For solutions containing less than 20 wt-% DVU (M2 <; 0.07), a plot of 
\n(M0/M ) versus time gives a straight line up to 30% conversion (Fig. 8 ) as 
predicted by Eq. (35). The above model, therefore, simplifies correctly to 
non-gel-forming kinetics at very low DVU concentrations.

Kinetic Parameters

The values of A, i.e., kpkj/k, calculated for different monomer concentra­
tions by various equations are given in Table III.

TABLE III
Values of k vk j k , For Copolymei■¡nation of DVU With HEMA

DVU in monomer charge Equation
Mole fraction fopk'i/fc t) from which

M  2 Wt-% sec-1 calculated

0.59 83 0.42 (28)
0.42 (31)

0.30 59 0.35 (28)
0.37 (31)

0.07 20 0.08 (35)
0.05 14 0.08 (35)
0.01 ') . o 0.08 (35)
0.006 2 0.08 (35)

These values of kpkjkt compare favorably with the value of 0.14 sec^ 1 for 
pure divinylurethane.

The kinetic chain length for very dilute DVU solutions is given by

n = 2/c„ [S]//c( (30)

On substituting the value of 22 for n and 4.8 mole/1. for [SJ in eq. (30), the 
value of k„/k, obtained is 2.3. The value of kt then is calculated to be 3.5 X 
1 0 - 2  mole/1.-sec. The free-radical yield. Gr (the number of initiating radi­
cals formed per 100 eV of energy absorbed), calculated from this value of 
k t , is 8 , a number reasonable for methacrylate monomers.

The author is grateful to Drs. W. J. Burlant and 8. Gratch for helpful discussions and 
to Dr. M. Darooge for obtaining the esr spectrum of the polymerizing mixture.

References
1. W. Burlant and J. Ilinseh,./. P o ly m . S c i. .4, 3,3.587 (15165).
2. W. Burlant and J. Ilinseh, J . P o ly m . S c i. .1 ,2 , 2135 ( 19G4).
3. S. 8. Labana, J . P o ly m . S c i.  A - l ,  6,3283 (1968).
4. E. J. Henley and 1). Richman, A n a l.  C h a n ., 28, 1580 (1956).
5. It. Zbinden, In fra re d  Spectroscopy o f H ig h  P o lym ers , Academic Press, New York, 

N. Y., 1964, p. 87.



HIGH-INTENSITY ELECTRON-BEAM COPOLYMERIZATION 193

6. R. T. Conley, In fra re d  Spectroscopy, Allyn and Bacon, Boston, Mass., 1966 p. 210.
7. M. Fineman and S. D. Ross, J .  P o ly m . S e i., 5 , 259 (1950).
8. R. H. Wiley and E. E. Sale, J .  P o ly m . S e i., 42, 491 (1960).
9. A. Chapiro, R a d ia t io n  Res., 6 ,11 (1957).

10. F. Szocs and K. Ulbert, J . P o ly m . S e i. B , 5, 671 (1967).
11. P. J. Flory, P r in c ip le s  o f P o ly m e r Ch em istry , Cornell Uiiiv. Press, Ithaca, N. Y., 

1953, pp. 138, 143, 391.
12. C. Walling, J . A m e r. Chem . Soc., 67, 441 (1945).
13. W. Simpson, T. Holt, and R. J. Zetie, J . P o ly m . S e i., 10, 489 (1953).
14. C. H. Bamford, R. W. Dyson and G. C. Eastmond, in M a cro m o le cu la r  C h em istry , 

P ra g u e  1965  (./. P o ly m . Se i. C , 16), O. Wichterle and B. Sedlàcek, Eds., Interscience, 
New York, 1967, p. 2425.

Received January 9, 1969 
Revised June 18, 1969



.lOlllW AL OF POLYMF!« SCIENCE: 1>AHT A-l VOL. if, 195—2055 (1970)

Polymerization of Coordinated Monomers. III. 
Copolymerizalion of Acrylonitrile-Zinc Chloride, 

Methacrylonitrile-Zinc Chloride or Methyl 
Methacrylate-Zinc Chloride Complex with Styrene

TADASHI 1 KEG AMI and HIDEEUMI HIRAI,
Department of Industrial Chemistry, Faculty of Engineering, 

University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan

Synopsis
The 1 :1 or 2:1 complex of acrylonitrile, methacrylonitrile, or methyl methacrylate 

with ZtiCl: was copolymerized with styrene at the temperature of 0-30°C without any 
initiator. The structure of the copolymer from methyl methacrylate complex and 
styrene wras examined by N JIR  spectroscopy. The complexes of acrylonitrile or meth­
acrylonitrile with ZnCU gave a copolymer containing about 50 mole-% styrene units. 
The complexes of methyl methacrylate yielded an alternating copolymer when the feed 
molar ratio of methyl methacrylate to styrene was small, but with increasing feed molar 
ratio the resulting copolymer consisted of about 2 moles of methyl methacrylate per 
mole of styrene. The formation of a charge-transfer complex of styrene with a mono­
mer coordinated to zinc atom was inferred from the ultraviolet spectra. The regulation 
of the copolymerization was considered to be effected by the charge-transfer complex. 
The copolymer resulting from the 2:1 methyl methacrylate-zinc chloride complex had 
no specific tacticity, whereas the copolymer from the 1:1 complex was richer in coiso- 
tacticity than in cosyndiotacticity. The change of the composition of the copolymer 
and its specific tacticity in the polymerization of the methyl methacrylate complex is 
related to the structure of the complex.

INTRODUCTION

When polar vinyl monomers such as acrylonitrile (AN), acrylic esters, 
and vinylpyridin.es form complexes with Lewis acids, their reactivities and 
copolymerizabilities change, as reported by several authors . ‘ ~ 3 Recently 
Arita et al. 4 showed that the copolymerization of AN with styrene (St) 
was initiated by the addition of zinc chloride to give rise to a copolymer 
with alternate properties. They concluded that the complex formation 
with Z1 1 CI2 changed the values of Q and e of AN and that the alternate 
properties were ascribed to the large difference of Q and especially e values 
between complexed AN and St. Hirooka and co-workers5 also reported 
that the complexes of acrylic monomers (nitrile and esters) with alkyl 
aluminum halides copolymerized with olefins to give alternating copoly-
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mere at a temperature as low as —78°C without initiator. This mode of 
polymerization was designated as coordination copolymerization.

During the study of polymerization of complexed monomers such as 
those mentioned above/ ’ - 8  the authors found that the complexes of AN, 
methacrylonitrile (MAN), and methyl methacrylate (AIMA) with ZnCl2 

dissolved in aromatic solvents, e.g., benzene and toluene, anomalously and 
the ultraviolet spectra of the aromatic solvents changed in the shape of the 
band at 250 ny*.* It is assumed that this phenomenon is due to the donor- 
acceptor interaction between the complexes and the aromatic molecules.

A charge-transfer complex is expected to form when the stronger donor, 
e.g., St, is used as the aromatic compound and an alternating copolymeriza­
tion of St with the complexed monomers appears to occur, as in the case of 
St-maleic anhydride.

In this study, the complexes of AN, MAN, and MMA with ZnCl2 poly­
merized with St at 0-80°C without any initiator. The structures of the 
resulting polymer chain were determined by NMR spectroscopy in the 
case of the MMA complex-St system. The polymerization processes 
were investigated by ultraviolet spectroscopy. The alternating copoly- 
merization was discussed in terms of the formation of an intermediate 
charge-transfer complex.

EXPERIMENTAL

Materials

MAN was prepared by dehydrating acetonecyanhydrine with phosphorus 
pentoxide. Other monomers and solvents were purified by the usual 
methods. Zinc chloride was purified by sublimation.

Preparation of Complexes

The complexes were prepared according to the procedures reported in 
the previous paper. 8 The complexes for polymerization were prepared by 
dissolving ZnCb in the mixture of monomer and solvent at a predetermined 
molar ratio of monomer to ZnCl2.

Method for Polymerization
In the cases of MAN and AN complexes, solutions of the complexes in 

benzene were used for polymerization. The MMA complex, which was 
liquid at polymerization temperature, was used without solvent. The 
typical procedure was as follows. The complex and styrene were mixed in 
an ampoule in an atmosphere of nitrogen below 0°C and then degassed and 
sealed off in vacuo. The polymerization began immediately after the 
temperature of the reaction mixture was raised to the polymerization tem­
perature. After completion of the polymerization, the contents of the 
ampoule were poured into a solvent (A/AMlimethyl-formamidc for AN, 
acetone lor MAN and chloroform for MIMA) and then precipitated by the
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addition of methanol containing hydrochloric acid. This treatment was 
repeated several times to remove zinc chloride from the copolymer. Tire 
purified copolymer was dried at 60°C in vacuo. The composition of the 
copolymer was determined by elemental analysis for the AN-St and 
MAN-St copolymers or by NMR spectroscopy for MMA-St copolymer.

Structure and Tacticity of Copolymer

NMR spectra were measured for MMA-St copolymer at 70°C to in­
vestigate its tacticity and structure. Peak area of signals for methoxy pro­
tons were determined and analyzed according to the method of Yamashita 
and co-workers.ln

Spectral Measurement

NMR spectra were obtained with a Japan Electron Optics Laboratory 
Model C-60 spectrometer at 60 Me.

Ultraviolet spectra of the polymerization system were recorded on a 
Hitachi Model EPI-S2 spectrometer.

Infrared spectra of the complexes were obtained by using a Japan Spec­
troscopic Model 102 and 103 spectrometer.

RESULT AND DISCUSSION 

Properties of Complexes

AN and MAN complexes are colorless crystals at room temperature, but 
MMA complexes are liquid above — 20°C. In both the 2:1 and 1:1 com­
plexes the monomers coordinate to the zinc atom by lone-pair electrons 
on either the nitrogen atom of the nitrile group or the oxygen atom of car­
bonyl group, that is, by v-type coordination (Table I). The chemical 
shifts of the protons, especially the vinyl protons of the monomers move 
towards lower field upon complex formation, as shown in Table II. The 
AN and MAN complexes are stable in benzene or toluene, since no absorp­
tion bands due to free monomer appear in their infrared spectra.

TABLE I
Changes in the Infrared Frequency of Monomer on Complex Formation“

Compo A r ( te N ) , A i/(C =0), A^(C=C),
Complex sitionb cm-1 cm-1 cm -1

ZnCh(AN) 1.05 + 5 0 —
ZnCl2(AN)2 2.02 +  50 —
ZnCL(MAN)2 1.99 +  40 — 5
ZnCh(MMA) 1.02 - 2 0 ,  - 6 0 - 3
ZnCk(MMA>2 1.97 - 2 0 - 3

a AN, y(Q =N ) at 2225 cm “ K C = C) at 1620 cmHi; MAN, r ( f e N )  at 2230 cm“ 1,
^(C=C) at 1623 cm“1; MMA, r (C = 0 ) at 1723 cm 1, p(C = C ) at 1635 cm -1_

b Molar ratio of monomer to ZnCL.
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TABLE II
Changes in Proton Chemical Shift of Monomer on Complex Formation“

Complex

At(ö:-CH3 
or <x-H), 

ppm
At(OCH3),

PPm
A r(ID b

ppm
Ar(Hi)b

ppm

ZnCb(AN) - 0 .4 2 - 0 .6 4 - 0 .6 0
ZnCh(AN), - 0 .3 8 - 0 .4 3 - 0 .4 2
ZnCb(MAN), - 0 .1 0 - 0 .3 3 - 0 .3 8
ZnCl2(MMA) - 0 .1 3 - 0 .2 5 - 0 .3 2 - 0 .2 6
ZnCl,(MMA>, - 0 .0 8 - 0 .1 9 1 o - 0 .2 1

a Chemical shift (r ) is referred to tetramethylsilane (t  =  10.00 ppm) at 60 Mcps.
For pure monomer; AN, r(a-II) at. 4.10 ppm, r(Hc) :it  3.90 ppm and AH,) at 3.97
ppm; MAN, t(«-CIT 3) at 8.00 ppm, r fID  at 4.18 ppm, and AH,) at 4.29 ppm; MMA
r(a-CH3) at 8.13 ppm, r(OCHj) at 6.30 ppm, t(Hc) £it 4.45 ppm and AH,) at 3.96
ppm.

b H„ and II,., vinyl protons cia  and t ra m  to the nitrile or the ester group, respectively.

The dissolution behavior of these complexes in aromatic hydrocarbons 
is very anomalous. When the 2:1 complex was added to benzene at a molar 
ratio of benzene to monomer (B/M) less than unity, it did not dissolve com­
pletely. When B/M was near unity, only one liquid phase formed. Two 
liquid layers appeared as B/M became larger than unity. I t was found 
by chemical analysis that the upper solution consisted of monomer and 
benzene, and that the lower layer consisted of monomer, zinc chloride, and 
benzene, B/M in this layer being approximately unity.

Copolymerization

All complexes began to copolymerize with St as soon as the temperature 
of the polymerization mixture was raised to the polymerization tempera­
ture. The results are summarized in Tables III-V.

AN ZnCb Complex. The polymerization proceeded smoothly; es­
pecially the 1:1 complex polymerized rapidly. Figure 1 shows the com­
position diagram for the copolymers of the 1:1 or the 2:1 complex and St. 
The copolymers thus obtained were found to contain St and AN units in a 
molar ratio of 1 : 1  over a wide range of the feed monomer compositions. 
Hie conversion in a given time had a maximum at a feed monomer com­
position of 1 : 1  molar ratio.

MAN-ZnCI, Complex. The rate of polymerization was not so high 
as that for AN ZnCL complexes. The resulting copolymer contained St 
and MAN in a molar ratio of about 1 :1 at lower feed monomer molar 
ratios of the complex to St, while the content of MAN in the copolymer 
increased at higher feed monomer molar ratios (Fig. 2). When hydrogen 
cyanide, which was produced during the preparation of MAN monomer, 
was not completely removed by the treatment with silver oxide, the com­
position diagram for this copolymerization system was similar to that for 
the MMA-ZnCh complex described below (Fig. 3). This is reasonably 
ascribed to a cationic polymerization of St by hydrogen cyanide.
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MMA-ZnCl) Complex. Cationic homopolymerization of St was found 
to occur in addition to the radical polymerization. The polymerization 
proceeded very rapidly at 30°C but slowly at 0°C. The cationic poly­
merization of St could be initiated by the 2 : 1  methyl acetate-ZnCb com-

TABLE III
Copolymerization of the AN'-ZnCL Complexes with Styrene“

AN coor­
dinated 

to ZnCL in AN unit in
monomerfmi], Time, Conversion, copolymer,

mole-% min 0/
VO N, %h mole-%

i : 1 AN-ZnCL complex

10 5 2.3 9.32 51.7
20 5 9.5 9.59 52.6
30 5 13.2 9.68 53.2
50 5 18.7 9.47 52.3
70 5 16.2 9.34 51.7
80 5 21.8 9.82 5 3 . 8

90 5 6.3 9.47 52.3

2 : 1 AN-Z 11CL complex

10 20 3 .5 9.69 53.2
20 30 10.0 9.23 51.3
30 30 10.7 8.87 49.9
50 20 24.4 9.24 51.4
70 30 7. 1 9.09 51.1
80 30 5 .0 8.63 4S.7
90 30 3.1 9.45 52.2

“ Reaction temperature, 30°C; a 50 mole-% solution of the complex in benzene was
used.

h By elemental analysis; 8.91% for the 1:1 copolymer

TABLE IV
Copolymerization of fhe 2:1 MAN-ZnCU Complex with Styrene“

MAN
coordinated

to ZnCl-2

in monomer MAN unit in
[md, Time, Conversion, copolymer,

mole-% min % N, %•> mole-%

1 0 1 0 0 2 .3 7.95 48.9
2 0 too 1 .6 7.85 48.5
50 100 1.3 6.77 42.9
80 100 2 .5 8.70 52.6
90 320 8.4 10.06 59.0

" Reaction temperature, 30°C; a 50 mole-% solution of the complex in benzene was
used.

b By elemental analysis; 8.18% for the 1:1 copolymer,
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TABLE V
Copolymerization of the MMA-ZnCL Complexes with Styrene*

MMA coordinated 
to ZnCL in

monomerfnii], mole-%
Time,
min

Con­
version,

MMA unit in 
Copolymer 

%  mole %

Tacticity•b

x, % y, % *, %

1:1 MMA-ZnCL complex

10 5 2 .8 51.5 26 27 47
30 5 3.4 63.8 20 34 47
50 5 7.9 58.0 27 32 41
70 5 2.4 73.0 41 33 26
90 5 1.6 72.6 52 27 21

2:1 MMA-ZnCL complex

10 40 7.3 51.5 26 48 26
20 40 2.2 49.0 28 44 28
50 40 1.6 56.5 26 40 34
70 40 2.7 62.0 30 41 29
80 40 2.5 67.0 40 40 20
90 40 1.4 71.0 50 33 17

a Reaction temperature, 30°C.
b Tacticity was determined by NM R spectroscopy according to the method of Itoh 

and Yamashita.10

plex, but the rate of polymerization by this complex was lower than that by 
the MMA complex; that is, MMA is a more effective cocatalyst for the 
cationic homopolymerization of St with zinc chloride as a catalyst. The 
composition diagram for this system seems to be anomalous, as shown in 
Figure 3. Treatment of the resulting copolymer with cyclohexane to re­
move polystyrene gave the composition diagram of Figure 4. At the lower 
monomer molar ratios of the complex to St, the molar ratio of MMA to St 
in the copolymer is 1:1; with increasing molar ratio of the complex to St, 
the molar ratio of MMA to St in the copolymer approaches 2:1.

AN in monomer feed (mo!e%)

Fig. 1. Composition diagram for the copolymerization of AN-ZnCL complexes with 
styrene: (O) ZnCla(AN)-St; ( • )  ZnCl2(AN)a-ST.
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MAN in monomer feed (mole%)

Fig. 2. Composition diagram for the copolymerization of the 2:1 MAN-ZnCL complex
with styrene.

MMA in monomer feed (mole%)

Fig. 3. Composition diagram for the copolymerization of the 1:1 MMA-ZnCl« complex 
with styrene: ( • )  at 0°C; (O) at 30°C.

MMA in monomer feed (mole % )

Fig. 4. Composition diagram for the copolymerization of the MMA-ZnCL complex with 
styrene after treatment with cyclohexane: (O) ZnCLfMMA)-St; ( • )  ZnCLfMM A)->-St,
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NMR Spectra of Copolymer

The NMR spectra of the copolymer obtained from the MMA-ZnCP 
complex-St system are shown in Figure 5. The copolymers containing 
equal amounts of each of the monomer units exhibit the three split peaks 
of a-methyl group. Among the three peaks of the methoxy proton, the 
two peaks at the higher field are intense. The presence of these charac­
teristic peaks indicates that the copolymer has an alternating structure of 
MATA and St.11 The splitting characteristic of the a-methyl proton is 
also observed in copolymers containing a higher amount of lVIAlA unit 
than St unit. The relative intensities of the three peaks of methoxy protons 
are summarized in Table Y. The relative ratio of coisotacticity x: hetero- 
tacticity y : cosyndiotacticity z was calculated to be 1:2:1 in the copolymer
with an MMA/St molar ratio of about unity which was obtained from the 
2:1 complex. This value means that the stereoregulation of the copolymer 
is completely random. On the other hand, the 1:1 complex yielded a 
copolymer with a higher content of coisotacticity. In the polymerization 
of the 1:1 complex-St system, a certain structural factor of the complex 
would contribute to the stereospecificity.

Y

Fig. 5. NMR. spectra of copolymers derived from the 2:1 MMA-ZnCl* complex with 
styrene: (a) 52 mole-% MMA units; (ft) 67 mole-% MMA units.

Ultraviolet Spectra of Polymerization System

Spectral measurements on the polymerization system are possible when 
the system is diluted with benzene, since the rate of polymerization is re­
duced by dilution. Figure 6 shows the ultraviolet spectrum of the lower 
layer of the polymerization solution of the ZnCl2(AN)2-St system. The 
molar ratio of AN to St in the lower layer approaches 1:1 with increasing 
St/AN shown in the figure, because of the anomalous dissolution of the 
complex as described before. In this spectrum a shoulder appeared, super­
posed upon the absorption band of St which shifted to higher wavelength.
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Wave length (m(i)

Fig. 6. Ultraviolet, spectra of ZnCl2(AN)2-S t system: (a-1) Sr,/AN = 0; (a-2) 
St/A N  = 0.2.5, (a-!) Hi /AN = 0.67; (a-/,) S t/A N  =  1.0; (o-5) St/An =  2.3, (a-6) 
St./AN =  9.0, (ft) St; (r.) pure AN-Rt (1:1); (d) ZuCl2(PN)2-S t (1:1).

Wave length (m[i)
Fig. 7. Ultraviolet spectra of (a) St, (b-1) ZnCI2(MAN)2, (b-2) ZnCi2(MAN)2-S t (1:1); 

(c-1) ZnCl2(MMA)2; (c-2) ZuCl2(MMA)2-S t (1:1).
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The shift of the absorption band of St was also observed in the polymeriza­
tion system of St-MAN or MMA complex (Fig. 7). The new absorption 
band and the shift of the absorption band of St are believed to be due to 
either the interaction of St with ZnCL or with AN coordinated to ZnCl2.

AN
St + AN

Fig. 8. Continuous variation curve of the band at 345 m/x of the ZnCl2(AN)2-S t system 
diluted with benzene solution of ZnCl2(PN)2 complex.

Fig. 9. Ketelaar plot for the ZnCl2(AN)2-S t system: (a) 310 m/x, (6) 320 m/x and (r)
330 m/x.
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The complex solution itself has no absorption band in the range of 300-400 
m/i. Neither a new absorption band nor a shifted band of St appears in 
the spectrum of the St-propionitrile (PN)-ZnCl2 complex system. The 
free AN-St system shows no indication of the formation of a charge-transfer 
complex as in the case of AN-isobutyl vinyl ether system.12 From these 
observation it can be concluded that the new absorption band is attributable 
to a charge-transfer complex of St with AN coordinated to ZnCl2. This is a 
new type of charge-transfer complex.

A continuous variation measurement of this new band showed a maxi­
mum at an equimolar AN/St ratio as shown in Figure 8, that is, the charge- 
transfer complex is of the 1:1 type. The equilibrium constant of the 
charge-transfer complex of eq. (1) was estimated by the method of Ketelaar 
et al.13

K
VîZnCLtANh +  St C-T complex (1)

For this system eq. (il) is valid,

— -  = ------ —------  +  ----1 — (2)
c l  d o  ( l l\  (JC’c l' à )  l' c, k t j

where a and b are the concentrations of AN and St, respectively, cl and do 
are the absorption of this system and that of the solution without AN, and 
kc and are the molar absorption coefficients of the C-T complex and of 
St, respectively. Values of b/(d — do) were plotted against 1/a as shown 
in Figure 9. The values of K obtained by this method are summarized in

TABLE VI
Estimation of the Equilibrium Constant K  of the Charge-Transfer Complex“

Wavelength,
m/x 1/K(kc -  kb) 1/(*. -  *,) K  X 102

310 0.50 0.02 4 .0
320 1.21 0.07 5 .6
330 1.99 0.18 9.1

Avg. 6 .2

“ The concentration of the 2:1 AN-ZnCL complex varied from 1.47 to 5.87 mole/1. 
and that of St was 8.76 X 10-2 mole/1. The solution of the 2:1 propionitrile-ZnCls 
complex in benzene (molar ratio of benzene to the complex =  2.0) was used for the 
dilution of the AN complex and St.

Table VI. No appreciable changes in the infrared and NMR spectra of 
these polymerization systems were observed because of the low concentra­
tion of the charge-transfer complex.

When the ATM A complex was mixed with 1,1-diphenylethylene, the 
mixture was colored green to yellow. The ultraviolet spectrum showed an 
absorption band at 420 mg, which suggests the presence of the cation of 
1,1-diphenylethylene.14
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Charge-Transfer Complex

Charge transfer complexes such as maleic anhydride-St15 and tetra- 
cyanoethylene-Benzene18 are known. AN, MAN, and MMA monomers 
have electron-withdrawing substituents such as CN and C = 0 , so that 
they are electron acceptors. They, however, are not so strongly electron 
acceptor in nature as maleic anhydride or tetracyanocthylene, and con­
sequently they themselves can not form charge-transfer complexes with St.

The complexes of these monomers with ZuCh are formed through the 
coordination of lone-pair electrons to the zinc atom. From the fact that 
the vinyl protons of these complexes are shifted to lower fields in their 
NMR spectra, the electron acceptability of the double bond is expected to 
increase; that is, the coordination of the monomer to the metal atom has 
an effect similar to substitution of the monomer by polar conjugative groups 
such as those in tetracyanocthylene or maleic anhydride. It is plausible 
that this effect enabled these monomers to form charge-transfer complexes 
with St.

The charge-transfer bands of the MAN-ZnC’b or MMA-ZnCb com- 
plex-St system appear to be hidden in the shifted absorption band of St. 
The equilibrium constant of K = 0.0b indicates that 15% of monomer pair 
is in the form of a charge-transfer complex at a feed monomer ratio of 1:1 
under the polymerization condition (concentration of monomer = 2.97 
mole/1.). The concentration of the charge transfer complex would be 
higher in the actual polymerization system, since the spectral measurement 
was carried out in a solution diluted with benzene, which is considered to be 
a weak donor.

Mechanism for Polymerization

Although the initiation is uncertain, the propagation step of polymeriza­
tion may proceed by a free-radical mechanism as suggested by Arita et al.4 
The polymerization would be initiated by a biradical form from the 
charge-transfer complex of the vinyl monomer-ZnCL complex-St or the 
abstraction of a hydrogen atom by the charge-transfer complex as reported 
by Matsuda and Abe17 for the copolymerization of maleic anhydride with 
St,

The alternating copolymerization may be explained on the basis of one of 
the following: (1) the difference of Q and e values between two mono­
mers;18 (2) electron transfer between the propagating radical and the 
monomer;19 (3) the formation of a charge-transfer complex.20 The first 
two explanations are applicable mainly to ordinary copolymerization. If 
the Q-e scheme is applied to this charge-transfer system, the values of 
Q and e of vinyl monomer coordinated to zinc chloride may be extraor­
dinarily large. However, Arita et al.4 calculated the Q and e values of the 
AN ZnCL> complex in the polymerization of AN with St in the presence of 
zinc chloride and obtained the following values: Q = 24, e = 2.53. In 
this case the contribution of the charge-transfer complex is small, since
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their experiments were carried out at a lower concentration of ZnCb and at 
a higher temperature (60°C).

The polymerizations in the present study were effected not at a low con­
centration of Z11CI2 but with the use of the vinyl rnonomer-ZnCh complexes 
themselves, and at rather low temperatures (0-30°C). The observation of 
the charge-transfer complex is favorable for the mechanism of the charge- 
transfer complex polymerization. In the case of the AN-ZnCh complex, 
the alternating structure of the copolymer is inferred from the retention of 
the 1:1 molar ratio of AX to St of the copolymer over a wide range of 
molar ratio of monomers in the feed. This alternating character is rea­
sonably explained by the polymerization of the charge-transfer complex of 
the AN-ZnCb complex-St. The estimated concentration of the charge- 
transfer complex is 15% of the monomer pair at the a monomer molar ratio 
of 1:1 in this polymerization. In consideration of this low concentration 
of the charge transfer complex, its reactivity will be quite high. The com­
position diagram for the MMA-Z11CI2 complex-St system is different from

MMA-St

\  , / cl 
ZnT

/  Vci

MMA— St MMA

Cl

/ X \ 
' 

O / X

‘Zn Zn IZn
\ /  ^  \Cl Cl Cl

MMA— St

(a) (b)
Fig. 10. Structure of the C-T complex for MMA-ZnCh complex-St system; (a) 1:1

type; (6) 2:1 type.

that for the AN complex system. A dimer structure was proposed for the 
1:1 MMA-ZnCl2 complex 0 1 1 the basis of the stoichiometry, the nature of 
the complex, and both its infrared and NMR spectra.7 At a lower 
MM A: St molar ratio, the 1:1 type of the charge-transfer complex would be 
predominant, while at the higher molar ratios the 2:2 type of complex would 
increase in amount. The structures of the charge-transfer complexes pro­
posed are shown in Figure 10. The similarity in behavior of the 2:1 and 
1:1 complexes would be due to the formation of the 1 :1 dimer type complex 
by dissociation of the 2:1 complex.

Many reports of copolymerization by a mechanism involving a charge- 
transfer complex polymerization have been published.21 The formation 
constant of such charge-transfer complex, however, is usually very low.22 
Provided that the propagation step proceeds through the charge-transfer 
complex alone, the reactivity of the charge-transfer complex should be 
quite high, since the concentration of the charge transfer-complex is low. 
It. seems necessary to assume that a molecular complex in which the com­
ponents interact weakly would participate in the copolymerization.
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Radiolysis of Poly(vinyl Chloride)

R. SALOVEY and J. P. LUONGO, Bell Telephone 
Laboratories, Incorporated, Murray Hill, New Jersey 07974

Synopsis

Allyl free-radical intermediates are detected by ultraviolet absorption at 255 him in 
poly (vinyl chloride) irradiated at — 196°C and stored at 25 °C. In vacuum at 25°C, 
allyl radicals are converted into polyenyl free radicals and polyenes. From the nature 
of allyl radical decay in vacuum, radical chain transfer between polyenyl radicals and 
poly(vinyl chloride) is inferred. Allyl and polyenyl free radicals are scavenged by 
oxygen on post-irradiation storage in air.

INTRODUCTION
The exposure of poly(vinyl chloride) to ionizing radiation at 25°C yields 

long sequences of conjugated double bonds or polyenes.1 Electron spin 
resonance studies are consistent with a radical chain dehydrochlorination 
reaction.2'3 Post-irradiation color formation occurs in vacuum at 25°C 
at constant radical concentration.4 The presence of free-radical scaven­
gers suppresses the formation of polyenyl radicals and color. Irradiation 
and electron spin resonance measurements at — 196°C reveal short-lived 
(at 25°C) primary free radical intermediates.3 Further information con­
cerning these reactive species may be derived from the absorption spectrum 
at 25°C of poly(vinyl chloride) films irradiated in vacuum at — 196°C. 
Absorption studies on thin films of poly (vinyl chloride) irradiated to low 
doses at — 196°C with 1 AIeV electrons are described. The resultant 
kinetic information may be germane to the mechanism of poly(vinyl chlo­
ride) radiolysis.

EX PER IM EN TA L
Experimental procedures are similar to those previously described.4 

Poly(vinyl chloride) powder (Opalon-660, Monsanto Chemical Co.) was 
molded in vacuum (127°C, 5700 psi) to yield colorless, transparent films, 
4 mils thick. Films were placed in quartz tubes (6 mm ID, pure fused 
quartz, thin wall transparent, Vitreosil, Thermal American Fused Quartz 
Co.). Tubes were evacuated for 0 hr at 10““ mm and irradiated in liquid 
nitrogen (—196°C) with 1 MeV electrons from a van de C.raaff generator. 
The total dose was 1.8 Mrad and the dose rate, 8.5 Mrad/min.5 Samples 
were irradiated in a rounded portion of t he tube and moved to an unirradia-

209
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ted flattened .section for absorption studies. Following irradiation, samples 
were stored in a dewar of liquid nitrogen for about 20 min. Visible and 
ultraviolet absorption (700-200 mp) were recorded in vacuum at 25°C, 
following post-irradiation storage at this temperature, with a Cary 14 
spectrophotometer. Band intensities were measured by using a standard 
baseline technique.

The effect of oxygen was examined by opening the tube and admitting 
air at an early stage of post-irradiation storage. In addition a film of poly- 
(vinvl chloride) irradiated at — 196°C in vacuum and stored for more than 
1 month at 25°C in vacuum was opened to air and its absorption spectrum 
recorded at repeated intervals.

R ESU LTS
The ultraviolet-visible spectrum at 25°C of poly(vinyl chloride) films 

irradiated at — 196°C and warmed to 25°C is characterized by a prominent 
band at 255 mp (Fig. 1, lower trace). The absorption at 255 mp increases

WAVELENGTH, mfjL

Fig. 1. Absorption spectra of poly (vinyl chloride) at 2o°C, irradiated at — and
stored at 25°C in vacuum.
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Fig. 2. Optical density at 255 and 370 nip at 25°C of poly(vinyl chloride) irradiated at 
— 196°C and stored at 25°C in vacuum.

o n  a g i n g  i n  v a c u u m  a t  2 5 ° C ,  a t t a i n s  a  r e l a t i v e l y  c o n s t a n t  v a l u e ,  a n d  t h e n  
d e c r e a s e s  ( F i g .  2 ) .  A  s e r i e s  o f  r e g u l a r  a b s o r p t i o n  p e a k s  c h a r a c t e r i s t i c  o f  
l o n g - c h a i n  p o l y e n e s 1  a p p e a r s  s e v e r a l  h o u r s  a f t e r  i r r a d i a t i o n  a n d  i n c r e a s e s  
i n  v a c u u m  a t  2 5 ° C  ( F i g .  1 ,  t o p  t r a c e ) . 4  T h e  f o r m a t i o n  a n d  d e c a y  o f  t h e  
b a n d  a t  2 5 5  m p  a n d  t h e  f o r m a t i o n  o f  t h e  a b s o r p t i o n  p e a k  a t  3 7 0  m p  i n  
v a c u u m  a t  2 5 ° C  a r e  p l o t t e d  i n  F i g u r e  2 .  A f t e r  a g i n g  f o r  9 G  h r  i n  v a c u u m ,  
t h e  p o l y e n e  a b s o r p t i o n  b a n d s  a r e  q u i t e  p r o m i n e n t  ( F i g .  1 )  a n d  i n c r e a s e  
o n  s u b s e q u e n t  s t o r a g e  i n  v a c u u m  f o r  3 0  d a y s .  H o w e v e r ,  2 4  h r  a f t e r  o p e n ­
i n g  t h i s  t u b e ,  t h e  p o l y e n e  a b s o r p t i o n  b a n d s ,  p a r t i c u l a r l y  t h e  b a n d  a t  2 9 0  
n i p ,  d e c r e a s e d  m a r k e d l y .

A n  i d e n t i c a l  s a m p l e  o f  p o l y ( v i n y l  c h l o r i d e )  w a s  i r r a d i a t e d  a t  —  1 9 G ° C  
a n d  i t s  u l t r a v i o l e t - v i s i b l e  s p e c t r u m  r e c o r d e d  a t  i n t e r v a l s  o v e r  a  p e r i o d  o f  
1 0  m i n  i n  v a c u u m  a t  2 5 ° C .  T h e  t u b e  w a s  t h e n  o p e n e d ,  a d m i t t i n g  a i r  t o  

t h e  s a m p l e ,  a n d  t h e  s p e c t r u m  r e c o r d e d  a t  i n t e r v a l s .  T h r e e  o f  t h e  s p e c t r a  
r e c o r d e d  i n  a i r  a r e  s h o w n  i n  F i g u r e  3 .  A b s o r p t i o n  c u r v e s  a r e  d i s p l a c e d  
v e r t i c a l l y  f o r  c l a r i t y .  T h e  f o r m a t i o n  a n d  d e c a y  o f  a b s o r p t i o n  m a x i m a  
a t  2 5 5  a n d  3 7 0  m p  a r e  r e c o r d e d  i n  F i g u r e  4 .  T h e  b a n d  a t  2 5 5  m p  d e c r e a s e s  
m o r e  r a p i d l y  i n  a i r  t h a n  u n d e r  v a c u u m .  T h e  p o l y e n e  s t r u c t u r e  a p p e a r s ,  
p e r s i s t s  f o r  s e v e r a l  h o u r s  a n d  d e c a y s .

DISCUSSION

F o l l o w i n g  t h e  i r r a d i a t i o n  o f  p o l y ( v i n y l  c h l o r i d e )  a t  —  1 9 6 ° C  a n d  d u r i n g  
p o s t - i r r a d i a t i o n  s t o r a g e  i n  v a c u u m  a t  2 5 ° C ,  a n  i n c r e a s i n g  c o n c e n t r a t i o n  o f  
l o n g  s e q u e n c e s  o f  c o n j u g a t e d  d o u b l e - b o n d  s t r u c t u r e s  ( p o l y e n e s )  i s  f o r m e d .
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Fig. o. Absorption spectra of poly(vinyl chloride) at 25°C, irradiated at — 196°C, stored 
at 2b°C in vacuo for 10 min and then in air.

A  s e r i e s  o f  a b s o r p t i o n  b a n d s  w h i c h  i n c r e a s e  i n  i n t e n s i t y  w i t h  t i m e  r e s u l t  
f r o m  t h e  p o l y e n e  s t r u c t u r e .  P o l y e n e s  a r e  p r o d u c t s  o f  d e h y d r o c h l o r i n a t i o n  
i n i t i a t e d  b y  p r i m a r y  f r e e  r a d i c a l s  r e s u l t i n g  f r o m  r a d i o l y t i c  c a r b o n - c h l o r i n e  
b o n d  s c i s s i o n .  M o s t  o f  t h e  p r i m a r y  f r e e  r a d i c a l s  p r o d u c e d  b y  i r r a d i a t i o n  
a t  —  1 9 6 ° C  d e c a y  w i t h i n  s e v e r a l  m i n u t e s  a t  2 5 ° C  i n  v a c u u m 3  t o  y i e l d  
p o l y e n y l  f r e e  r a d i c a l s .  F r o m  e l e c t r o n  s p i n  r e s o n a n c e  s t u d i e s  i t  i s  s u g g e s t e d ,  
b y  a n a l o g y  t o  i r r a d i a t e d  p o l y e n e  a c i d s 6  t h a t  t h e  c o n j u g a t e d  d o u b l e  b o n d  
s e q u e n c e  e x c e e d s  5  u n d e r  t h e s e  c o n d i t i o n s .  T h e  i n c r e a s e  i n  t h e  i n t e n s i t y  o f  
t h e  a b s o r p t i o n  b a n d  a t  2 5 5  m ^  c o i n c i d e s  w i t h  a  d e c r e a s e  i n  t h e  p r i m a r y  
f r e e  r a d i c a l  c o n c e n t r a t i o n 3  a n d  i t  i s  i n f e r r e d  t h a t  t h e  a b s o r p t i o n  b a n d  a t  
2 5 5  m / i  c o r r e s p o n d s  t o  a  s h o r t  c h a i n  p o l y e n y l  f r e e  r a d i c a l  i n t e r m e d i a t e .  
A n  u l t r a v i o l e t  a b s o r p t i o n  b a n d  a t  2 5 8  m g  h a s  b e e n  a s s i g n e d  t o  t h e  a l l y l
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Fig. 4. Optical density at 255 and 370 mu at 25°C of poly(vinyl chloride) irradiated at 
— 196°C and stored at 25°C in vacuum for 10 min and then in air.

f r e e  r a d i c a l . 7  S u b s t i t u t e d  a l l y l  f r e e  r a d i c a l s  i n  i r r a d i a t e d  p o l y ( v i n y l  
c h l o r i d e )  c a n  r e s u l t  f r o m  t h e  e v o l u t i o n  o f  h y d r o g e n  c h l o r i d e  b y  p r i m a r y  
r a d i c a l s  a n d  b y  r a d i c a l  p r o d u c t s  o f  c h a i n  t r a n s f e r  r e a c t i o n s  b e t w e e n  p o l y -  
e n y l  r a d i c a l s  a n d  p o l y  ( v i n y l  c h l o r i d e ) .  C o n t i n u a l  f o r m a t i o n  a n d  d e c a y  
o f  t h e  a l l y l  r a d i c a l  i n t e r m e d i a t e  l e a d  t o  a  t e m p o r a r y  s t e a d y - s t a t e  c o n c e n t r a ­
t i o n .  S i n c e  a  r e l a t i v e l y  s m a l l  c o n c e n t r a t i o n  o f  a l l y l  r a d i c a l  i n t e r m e d i a t e s  
e x i s t s  i n  t h e  p r e s e n c e  o f  a  l a r g e  c o n c e n t r a t i o n  o f  p o l y e n v l  f r e e  r a d i c a l s ,  t h e  
e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r u m  i s  c h a r a c t e r i s t i c  o f  t h e  l a t t e r .

T h e  f o r m a t i o n  o f  p o l y e n y l  f r e e  r a d i c a l s  o f  i n c r e a s i n g  s e q u e n c e  l e n g t h  a n d  
o f  d e c r e a s i n g  r e a c t i v i t y  u l t i m a t e l y  d e c r e a s e s  t h e  c o n c e n t r a t i o n  o f  i n t e r ­
m e d i a t e  a l l y l  r a d i c a l s .  T h e  d e c a y  i n  p o l y e n e  c o n c e n t r a t i o n  i n  t h e  s a m p l e  
s t o r e d  f o r  3 0  d a y s  i n  v a cu o  f o l l o w e d  b y  e x p o s u r e  t o  a i r  e x h i b i t s  a  r a t e  s i m i l a r  
t o  p o l y e n y l  f r e e  r a d i c a l  d e c a y  i n  e l e c t r o n  s p i n  r e s o n a n c e  s t u d i e s . 4  D i f f u s i o n  
o f  o x y g e n  i n t o  t h e  f i l m  a n d  r e a c t i o n  w i t h  l o n g  c h a i n  p o l y e n y l  f r e e  r a d i c a l s  
a c c o u n t  f o r  t h e s e  e f f e c t s .  T h e  p o s s i b i l i t y  o f  o x i d a t i o n  o f  l o n g  c h a i n  p o l y ­
e n e s  c a n n o t  b e  e x c l u d e d ,  h o w e v e r .  T h e  r e a c t i v i t y  o f  p o l y e n y l  f r e e  r a d i c a l s  
d e c r e a s e s  w i t h  i n c r e a s i n g  c h a i n  l e n g t h  a n d  r e a c t i o n  w i t h  o x y g e n  s h o u l d  
b e  m o s t  r a p i d  f o r  s h o r t e r  p o l y e n y l  r a d i c a l s .  T h e  b a n d  a t  2 9 0  m /x  w h i c h  
d e c a y s  r a p i d l y  i n  a i r  m a y  b e  d u e  t o  a  s h o r t - c h a i n  p o l y e n y l  f r e e  r a d i c a l 8  a n d  
a c c o r d i n g l y  r e a c t s  m o s t  r e a d i l y  i n  t h e  a g e d  s p e c i m e n  f o l l o w i n g  e x p o s u r e  t o  
o x y g e n .

T h e  d e h y d r o c h l o r i n a t i o n  o f  a l l y l  f r e e  r a d i c a l s  t o  f o r m  l o n g e r  c h a i n  r a d i c a l s  
a n d / o r  p o l y e n e s  m a y  b e  s u p p r e s s e d  b y  o x y g e n  s c a v e n g i n g  a t  a n  e a r l y  s t a g e  
o f  p o s t - i r r a d i a t i o n  s t o r a g e .  T h e  a p p a r e n t  d i f f e r e n c e  i n  i n i t i a l  a l l y l  r a d i c a l
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c o n c e n t r a t i o n  i n  F i g u r e s  2  a n d  4  i s  l i k e l y  d u e  t o  t h e  e x t r e m e  s e n s i t i v i t y  t o  
s t o r a g e  t i m e  a t  2 5 ° C  i n  v a c u u m .  S l i g h t  v a r i a t i o n s  i n  t h e  t i m e  a l l o w e d  f o r  
t h e  s a m p l e  t o  w a r m  u p  f r o m  —  1 9 6 ° C  a c c o u n t  f o r  t h i s  v a r i a b i l i t y .  T h e  
a d m i s s i o n  o f  a i r  s o o n  a f t e r  i r r a d i a t i o n  l e a d s  t o  a  d e c r e a s e  i n  t h e  b a n d  a t  
2 5 5  r r i / x  a n d  r e d u c e d  f o r m a t i o n  o f  l o n g e r - c h a i n  p o l y e n y l  s t r u c t u r e s .  P o l y -  
e n y l  f r e e  r a d i c a l s  r e a c t  s l o w l y  w i t h  o x y g e n  a n d  w i l l  a l s o  d e c a y  i n  a i r .  I t  i s  
p o s s i b l e  t h a t  t h e  s e r i e s  o f  a b s o r p t i o n  b a n d s  o b s e r v e d  i n  t h e  v i s i b l e  p o r t i o n  
o f  t h e  s p e c t r u m  ( F i g .  3 )  i s  d u e  e n t i r e l y  t o  r e l a t i v e l y  s h o r t  p o l y e n y l  f r e e  
r a d i c a l s .  R e a c t i o n  o f  t h e s e  f r e e  r a d i c a l s  w i t h  o x y g e n  a c c o u n t s  f o r  t h e  l o s s  
o f  t h e  b a n d s  i n  t h e  v i s i b l e  s p e c t r u m  o n  e x p o s u r e  t o  a i r .  T h u s ,  o x y g e n  
s c a v e n g i n g  s o o n  a f t e r  i r r a d i a t i o n  r e s u l t s  i n  c o m p l e t e  a n d  r a p i d  s u p p r e s s i o n  
o f  v i s i b l e  a b s o r p t i o n  s i n c e  t h e  a b s o r b i n g  s p e c i e s  a r e  s h o r t  p o l y e n y l  f r e e  
r a d i c a l s .  R e a c t i o n  w i t h  o x y g e n  f o l l o w i n g  p r o l o n g e d  p o s t - i r r a d i a t i o n  
s t o r a g e  in vacuo r e s u l t s  i n  p a r t i a l  s u p p r e s s i o n  o f  v i s i b l e  a b s o r p t i o n ,  a s  l o n g -  
c h a i n  p o l y e n y l  r a d i c a l s  a n d  p o l y e n e s  a r e  p r o b a b l y  p r e s e n t .

CONCLUSIONS

A l l v l  f r e e - r a d i c a l  i n t e r m e d i a t e s  a r e  d e t e c t e d  a t  2 5 ° C  i n  u l t r a v i o l e t  a b ­
s o r p t i o n  s p e c t r a  o f  p o l y ( v i n y l  c h l o r i d e )  i r r a d i a t e d  a t  —  1 9 6 ° C .  T h e  c o n ­
c e n t r a t i o n  o f  a l l y  1  r a d i c a l s  i n c r e a s e s  t o  a  t e m p o r a r y  s t e a d y - s t a t e  v a l u e  a n d  
t h e n  d e c r e a s e s  o n  p o s t - i r r a d i a t i o n  s t o r a g e  in vacuo a t  2 5 ° C .  A l l y l  r a d i c a l s  
r e s u l t  f r o m  d e h y d r o c h l o r i n a t i o n  o f  p r i m a r y  r a d i c a l  p r o d u c t s  o f  i o n i z i n g  
i r r a d i a t i o n  d u r i n g  e a r l y  s t a g e s  o f  p o s t - i r r a d i a t i o n  a g i n g .  A l l y l  r a d i c a l s  
a l s o  r e s u l t  f r o m  c h a i n  t r a n s f e r  b e t w e e n  p o l y e n y l  f r e e  r a d i c a l s  a n d  p a r e n t  
p o l y m e r  t o  y i e l d  p o l y e n e s .  S i n c e  t h e  r e a c t i v i t y  o f  p o l y e n y l  f r e e  r a d i c a l s  
p r o b a b l y  d e c r e a s e s  w i t h  i n c r e a s i n g  c h a i n  l e n g t h ,  t r a n s f e r  r e a c t i o n s  b e c o m e  
l e s s  l i k e l y ,  a n d  t h e  a l l y l  r a d i c a l  c o n c e n t r a t i o n  d e c a y s .  T h e  c o n c e n t r a t i o n  
o f  p o l y e n e s  a n d  p o l y e n y l  f r e e  r a d i c a l s  i n c r e a s e s  o n  s t o r a g e  in vacuo a t  
2 5 ° C .  T h e  c o n c e n t r a t i o n  o f  a l l y l  a n d  p o l y e n y l  f r e e  r a d i c a l s  d e c a y s  b y  
r e a c t i o n  w i t h  o x y g e n  d u r i n g  p o s t - i r r a d i a t i o n  s t o r a g e  i n  a i r .

We thank W. I. Vroom for vacuum molding of poly(vinyl chloride) films and Drs. 
F. A. Bovey and I). A. Ben-Ef rairn for stimulating discussions.
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Reactions of Polyolefins with Strong Lewis Acids

WAYNE L. CARRICK, Research and Development Department, Union 
Carbide Corporation Chemicals and Plastics, Bound Brook, New Jersey, 00805

Synopsis

Treatment of a cyclohexane solution of low density polyethylene and polystyrene with 
anhydrous aluminum chloride causes chemical reaction between the t wo polymers which 
results in the formation of a graft copolymer. The initial copolymer-forming reaction 
is very rapid, and prolonged contact of the polymers with aluminum chloride causes sub­
sequent degradation in molecular weight. Treatment of separate solutions of poly­
ethylene, isotactic polypropylene, and ethylene-propylene copolymers with aluminum 
chloride was studied as a function of t ime. The intrinsic viscosities of the polymers 
dropped from initial values of 2.4-6.5 to 0.55-0.85 in 5 min, followed by a slower decline 
over the next 2 hr. In the case of polypropylene, the low molecular weight fragments 
largely retained the isotactic structure, which demonstrates that stereochemical isomer­
ization is not a major reaction.

INTRODUCTION

It is well known that aluminum chloride and other strong acids attack 
organic compounds. 1 This is the basis of the large family of Friedel-CraftS 
reactions, 2 wherein aromatic compounds are substituted by reaction with 
alkyl halides, olefins, etc. Aluminum chloride also reacts with saturated 
aliphatic compounds to cause isomerization, 8 ' 4 cracking, 5 addition to ole­
fins/’ and a variety of other reactions. Although reactions of this type are 
very numerous in the chemistry of small molecules, except for carbonium 
ion polymerizations, 7 ' 8 they have not been extensively applied to poly­
mers. 2 ' 9 - 1 3  The present investigation was intended to determine the re­
activity of aluminum halides with polyethylene, ethylene-propylene co­
polymers, and other polyolefins.

EXPERIMENTAL

Polymer Degradation with Aluminum Chloride

A 3-liter round-bottomed flask was fitted with a stirrer, reflux condenser, 
and nitrogen inlet tube. The flask was charged with 2 liters of o-dichloro- 
benzene and 100 g of high-density polyethylene, melt index = 0.03, 77 = 
2.93, and heated to 140°C with stirring to effect solution of the polymer. 
The temperature was then adjusted to 130°C with a nitrogen blanket main­
tained over the solution. A solution of 5.0 g of anhydrous aluminum
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TABLE I
Aluminum Chloride Treatment of High-Density Polyethylene

Reaction 
time, min

Intrinsic viscosity 
M , dl/g Methyl, wt-%

0 2.93 0.25
1 0.06 2.66
5 0.56 2.94

10 0.53 3.09
15 0.34 3.13
25 0.35 3.10
35 0.29 3.05
45 0.26 3.15
55 0.28 2.90
65 0.26 3.15
75 0.25 3.32

135 0.23 3.80
Linear polyethylene wax 0.17 1.3

chloride in 50 ml o-dichlorobenzene was added. At periodic intervals, 100- 
2 0 0  ml aliquots of the solution were removed and quenched in methanol to 
precipitate the polymer which was recovered and dried.

Similar degradation experiments were carried out with the use of an 
amorphous ethylene-propylene copolymer, 60% propylene, i? = 2.35, and 
an isotactic polypropylene, 11 = 6.47. The results are summarized in 
Table I and Figure 1. The low molecular weight fractions from the poly­
propylene treatment were still stereoregular (isotactic) as shown by the

X-POLYPROPYLENE rrj = 6.47

MINUTES AFTER ALCI3 ADDITION

Fig. 1. Degradation of polyolefins by aluminum chloride: (X ) polypropylene, rj = 
6.47; ( • )  ethylene-propylene copolymer, r; =  2.35; (o ) linear polyethylene, tj = 2.03.
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sharp infrared absorption at 1 0 . 0 2  ¡ 1  (crystalline) 14 which was almost as 
intense as the 10.26 /r band (amorphous).

Preparation of Polyethylene-Polystyrene Graft Copolymer

A solution of 70 g DYNH polyethylene (2.0 melt index, 0.920 g/ml 
density) and 30 g Bakélite SGN-3000 polystyrene in 1 liter of boiling- 
cyclohexane was prepared in one flask and a solution of 5.0 g anhydrous 
aluminum chloride in 1 liter of boiling cyclohexane was prepared in a second 
flask. The aluminum chloride solution was rapidly added to the polymer 
solution with vigorous stirring. Approximately 100-ml samples of the 
above solution were removed at various intervals over a reaction period of 
100 min. Each sample was precipitated in 500 ml of methyl ethyl ketone

REACTION TIME IN MINUTES

Fig. 2. Percent bound polystyrene in polyethylene-polystyrene block copolymers.
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TABLE II
Physical Properties of a Polyethylene-Polystyrene Graft Polymer 

Property

Bound polystyrene, % 22
Yield strength, psi 729
Tensile strength, psi 2049
Modulus, psi 24,100
Elongation, % 22
Melt index, 190°C No flow

(MEK), and the resulting solid was removed by filtration, redissolved in 
benzene, and again precipitated into MEK. Polystyrene homopolymer is 
completely soluble in MEK, so this procedure extracts out polystyrene and 
leaves behind a residue of polyethylene and polyethylene-polystyrene graft 
copolymer.

The concentration of polystyrene in samples containing 0-f>0% poly­
styrene was estimated by comparison of the ratio of infrared absorptions at
13.9 /a (polyethylene) and 14.4 ¡i (polystyrene) with a standard curve of the 
concentration ratio of polyethylene to polystyrene versus the 13.9 /a/1-4.4 n 
ratio obtained with known mechanical mixtures of polyethylene and poly­
styrene. For samples containing 50-100% styrene a similar calibration 
curve utilizing the 13.9 n (polyethylene) and 6.25 n (polystyrene) absorptions 
was used. In all cases pressed films —1.5 mils thick were employed. 
Analytical data on the samples prepared above are summarized in Figure 2. 
Properties are shown in Table II.

When boron trifluoride etherate was used in place of aluminum chloride, 
no graft copolymers formed. Precipitation of the solution into MEK gave 
complete separation of the polyethylene and polystyrene.

In a control experiment a solution of 400 g of DYXH polyethylene, 25 g 
anhydrous aluminum chloride, and 3 liters of cyclohexane was heated at 
reflux (S0°C) for 1.5 hr and precipitated into methanol. The recovered 
material could be pressed into a film, cold-drawn, and superficially re­
sembled the starting material. However, treatment of polyethylene for 17 
hr under these conditions or for shorter times at higher temperatures, con­
verted it to a soft, waxy, solid.

Cationic Polymerization of Styrene 
in the Presence of a Branched Polyethylene

A solution of 50 g DYGT polyethylene (branched, low molecular weight, 
polyethylene by the high-pressure process) in 1 0 0  g of styrene monomer was 
prepared, and the styrene was polymerized by the addition of a few drops of 
boron trifluoride etherate. Styrene homopolymer was removed from the 
gross product by solution in benzene and precipitation into methyl ethyl 
ketone. The polyethylene residue from this extraction showed a small 
infrared absorption at 14.35 ¡j. which indicated the presence of about 2-3%
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bound styrene (or polystyrene) derived either from addition to the tertiary 
hydrogens in the polyethylene or by alkylation of a styrene (or polystyrene) 
molecule.

Cationic Polymerization of Propylene 
in the Presence of C2-C3 Copolymer

A solution of 20 g of ethylene-propylene copolymer (~50%, C3, pre­
pared by AlEt3-TiCl3 catalyst) in 150 ml of cyclohexane was prepared at 
70°C, then cooled to 30°C. Aluminum bromide (10 mmole) in 1 0  ml of 
cyclohexane was added, and propylene was bubbled through the solution at 
1 g/min for 2 hr. The product was coagulated in methanol, washed in 
methanol, and dried; yield 40 g. This product was successively extracted 
with MEK to separate the carbonium ion-polymerized polypropylene oil. 15' 16 

The copolymer residue, IS g, had an infrared spectrum identical with that 
of the starting material.

RESULTS

Prolonged treating of solutions of polyolefins with either aluminum 
chloride or aluminum bromide caused the viscosity of the solutions to de­
crease, indicating reduction in molecular weight. The data of Figure 1 

show the decrease in intrinsic viscosity of the polymer as a function of time 
for linear polyethylene, ethylene-propylene rubber, and polypropylene, 
respectively. In all three cases there is a rapid drop in intrinsic viscosity 
from the initial values of 2.4-6.5 dl/g down to the 0.55-0.85 dl/g range in 
5 min, followed by a somewhat slower decline in intrinsic viscosity over the 
next 2  hr.

The data of Table I show that there is an isomerization process, in addi­
tion to the degradation reaction. In the case of the high-density poly­
ethylene the methyl content increases as the intrinsic viscosity of the poly­
mer is decreased. In order to make a quantitative statement about the 
degree of isomerization it is necessary to know the number-average molec­
ular weights of the polymer samples which cannot be rigorously obtained 
from the present data. However, in a qualitative sense the methyl con­
tents of the samples are much too high to be due to endgroups alone, as 
shown by comparison with the last sample, which is a linear polyethylene of 
comparable intrinsic viscosity.

Somewhat surprisingly, it was also found that on treatment of mixed 
solutions of polyethylene and polystyrene in cyclohexane with aluminum 
chloride graft copolymer of polyethylene and polystyrene was formed. The 
grafting reaction is very rapid and occurs under somewhat milder condi­
tions than the polymer degradation reaction. As shown by Figure 2  the 
maximum amount of polystyrene bound to polyethylene molecules is 
formed in the first 5 min of reaction with longer reaction times giving less 
graft polymer. Presumably, the initially formed copolymer undergoes sub­
sequent degradation at the longer reaction times.
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DISCUSSION

The Lewis acid-catalyzed addition of isobutane to isobutylene to form 
isooctane has been extensively studied and is thought to proceed by the 
following steps: reaction of aluminum chloride with some polar species to 
form an ionic complex,

AlCb +  HX — (H)®(AlCl,X)e 
polar reagent

formation of a carbonium ion from isobutylene,
CH,
I

CIT,

CIT,—C +  (II)®(AlCl3X )e -> C il,—C® +  AlCUX0

k 1c n ,

(1)

(2)

addition of the carbonium ion to olefin. 
CH3 c h 3 CII,

I
C = C H 2 +  ®C—CII3 — CII3—C—CHo—c —ctt3

, <5h , ~ "
(3)

CH3 CH3 CH3 CH,

reaction of the new carbonium ion with isobutane
CH3 CH3 H c h 3 c h 3

e  I I l l i
CII,—C—CH,—C—CH3 +  H—C—CH3 -*  CH3—C—CH,—C—CH3 +  eC—CIt3 (4)

I I  I I I I
CH, CH, CH, CH, CH3 CH3

and repetition of the series makes a catalytic process.

R® +  R— CH.—  CH—  CH.—  CH,----- 5 ^

©
RH +  R— CH,— CH,— CH— CH—  (5a)

H H
I I

It® +  R'— CH2— C— CH,— C— CH,-

CH, CH3

H
cl

RH +  R'— CH,— C— CH—  C— CH,
I ■ CH,. - 

CH;
H H

n® +  R"—  ch2— C— CH,— C— CH, -

( 5 b )

H
©

RH +  R"— CH,— C—  CH,— C— CH,-

J -  ~ '
(5c)
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In the present case, it is also likely that the initial carbonium ions are 
formed by reaction of the aluminum halide with fortuitous impurities (such 
as water, olefin, hydrogen chloride, alkyl halide, etc.), with the resulting 
ion then attacking the polymer backbone.

The resulting polymer ions can then undergo cleavage simply by rear­
rangement of electrons:

'»
R— OIL— CH,—  CH— OIL---------->- ROIL' +  CH,=CHCH,— - (6)

Methyl branching can be introduced either by a direct isomerization [eq.
(7) J or by repolymerization of olefiuic fragments [eq. (S)].

R— CH—  CH—  CH— CH,~ CH,— CH— CH,~
I

CH,— R

(7)

KI1

CH3— CH— CH,—  +  R 

CH,— R

CH,
AICI,

2 C H ,=C H — CH,---------------*-  CH,— CH— CH,— CH,— CH,-----  (8)HX l  i  i  \  /

Graft copolymers of polyethylene and polystyrene could conceivably be 
formed when an olefiuic (or carbonium ion) polyethylene fragment [such 
as from eq. (5a) or (6)] undergoes a Friedel-Crafts addition to one of the 
aromatic nuclei of polystyrene.

~C H ,— C H =C H , +   C— CH,— C— CH

6 6
CH,

H H

Conducting the polymer degradation reactions in the presence of other 
types of aromatic ligands could conceivably be used to make a variety 
of graft polymer or telogen species.

It is particularly interesting to consider the fate of the polymer ions [eq. 
(5) ] formed when the polymer is either a branched polyethylene, a copoly­
mer, or isotactic polypropylene. In principle, those ions might react fur­
ther with polymerizable monomers to form new polymers [eq. (10)]
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H

R'— CH —  C— Cl
 ̂ I

C H ,

R'— CH,— C— CH.

CH,

H

CH,
I

CH
I

CH,

(10)

ll'C H i— c — CH,— c — CH,----

CH, CH,

However, when boron trifluoride etherate was used to polymerize styrene 
in the presence of a branched polyethylene and the resulting product washed 
free of polystyrene homopolymer, the recovered product showed only traces 
(estimated at 2-3%) of aromatic absorption in the infrared spectrum. 
This indicates that negligible styrene incorporation occurred. Similarly, 
when propylene was polymerized in the presence of C2-C 3 copolymer, the 
recovered copolymer showed no weight increase and no change in the

8.7 ¡i infrared absorption which is due to the —C—H structure. 17' 18 When
I

isotactic polypropylene was degraded in molecular weight by aluminum 
chloride attack, the recovered low molecular weight product retained its 
isotacticity. This fact argues that the formation of the polymer ion [eq. 
(5)] is essentially irreversible, since equilibration would form atactic poly­
propylene. The combined lack of equilibration in this case and lack of 
subsequent reaction in the C0-C 3 copolymer case probably means that once 
the ion is formed on the polymer backbone, chain cleavage occurs rapidly 
and probably irreversibly, even though the cleavage process necessarily 
involves conversion of secondary-to-primary or tertiary-to-secondary ions 
which is energetically difficult.

The author gratefully acknowledges Hie assistance provided by the Analytical Group. 
In particular, Miss O. At. Garty and Mrs. R. J. Turbett originally developed the infrared, 
method for determining polystyrene content 111 polyethylene-polystyrene mixtures and 
block copolymers.
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Synopsis

The preparation of poIy-4-vinylpyridme (poly-4VP) by electrochemical polymeriza­
tion of 4-vinylpyridine (4VP) in pyridine containing sodium tetraphenylboron (NaBPh4) 
is described. Information on the influence of monomer concentration, current density, 
polymerization rate, molecular weight, and electrochemical efficiency is presented. The 
polymerizations were performed under conditions of constant electrolysis current. 
Polymer formed in the cathodic compartment only, where a red-orange solution de­
veloped after about 15 min of electrolysis time. The optical absorption spectra of these 
colored solutions were studied. Cyclic voltammograms of 4VP in pyridine and NaBPh4 
are also reported, and the influence of the scan rate upon peak current is described. 
The results indicate that the polymerization was anionic and nontermmating. The 
characteristics of the electrochemical polymerization of 4VP in pyridine are compared 
with those of the same monomer in liquid NIL. In the former case, the catholyte was 
homogeneous, and polymer growth occurred in the liquid phase, while in the latter 
growth took place in a heterogeneous environment. Kinetic consequences of these 
physical differences are pointed out. Suggestions for the mechanism of this electro­
chemical initiation are advanced.

INTRODUCTION

In a recent study of the electrochemical polymerization of 4-vinyl- 
pyridine (4YP) in liquid NH3 containing NaCl or NaN3, it was shown that a 
polymeric red-orange mass formed exclusively around the cell cathode 
(Pt). This system produced high electrochemical yields and polymers of 
high molecular weight (~106). Chain transfer or termination with mono­
mer or solvent did not occur readily. However, the originally homogeneous 
liquid phase soon became heterogeneous because of the insolubility of poly- 
4VP in liquid NH3.

In the present communication we report investigations of the electro­
chemical anionic polymerization of 4VP in pyridine. Pyridine represents 
an attractive medium for electrochemical polymerizations since it dis­
solves a variety of monomers and polymers including poly-4VP, it provides 
a good electrical conducting medium by dissolving a large number of in­
organic and organic salts, and, since it has pKb = S.8, it may be expected
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to support many anionic as well as free radical polymerizations. In this 
latter instance, it has already been tested in a polymerization system with 
chemical initiation.2 Pyridine as a solvent for electrochemical polymeriza­
tion has not been fully tested, since only a short report on the electrochem­
ical polymerization of styrene in pyridine has appeared.3 For these reasons 
it seemed interesting to study whether 4YP could be polymerized electro- 
chemically in pyridine and, if polymerization resulted, to assess some of the 
characteristics of the polymerization and to verify whether this polymeriza­
tion possessed features different from the known heterogeneous, electro­
chemical, living polymerization of this monomer in liquid NH3.

The results of this study are reported in this communication together 
with information on monomer reduction potentials obtained by cyclic 
voltammetry under conditions similar to those employed for polymeriza­
tion.

EXPERIMENTAL

Materials

Pyridine was dried over CaH2 for several days at room temperature and 
then fractionally distilled in a wetted-wall column under N2 atmosphere. 
The middle fraction was collected in a flask containing CaH2. The flask 
was attached to a vacuum system and the pyridine was flash distilled into a 
thoroughly dried and evacuated flask with CaH2. The final purified 
pyridine was kept stirred over CaH2 on the vacuum manifold. 4VP was 
purified and stored as described previously.4 Sodium tetraphenyl-boron 
(NaBPlri) from a commercial source was used without further purification.

Fig. 1. Electrolytic cell used to study polymerization of 4VP in pyridine: (a) filling 
bulb; (&■) fritted glass disks: (c) micro Pt electrode; (</) reference electrode; (») vacuum 
line.
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Equipment

The electrolytic cell used is shown in Figure 1. Two Pt electrodes (1 X 
1 in.) were housed in the cell which was divided by two fritted glass discs 
(medium porosity) of 2 cm diameter. The cathode compartment of the 
electrolytic cell contained also a planar Pt microelectrode (l/ 6 in. diameter). 
An Ag/AgCl reference electrode with a Luggin capillary was also sealed to 
the cathode compartment. The preparation of the Ag/AgCl reference 
electrode has already been described.5 This type of multielcctrode electro­
lytic cell could be used for electrochemical polymerization and analytical 
work under high vacuum conditions. A Wenking 6IRH potentiostat, 
coupled with a Wavetek Model 111 voltage function generator and a Honey­
well x-y recorder were employed.

Polymerization Procedure

A known amount of NaBPln was introduced into the filling bulb (d in 
Fig. 1), and the electrolytic cell was attached to the vacuum line. The 
apparatus was evacuated and electrically baked at ~ 1 0 -6 torr and 60°C 
for 12-16 hr. The vacuum manifold and connected parts were flushed 
several times with purified N2. The required amount of pyridine was 
flash distilled into the bulb and degassed thoroughly by repeated freezing 
and thawing cycles. The apparatus was sealed off from the vacuum line 
and the contents of the filling bulb were thoroughly mixed at room tem­
perature, and transferred to the anode, cathode, and reference electrode 
compartments. The monomer was introduced into the cathode compart­
ment by breaking the ampule attached to the cathode compartment. The 
total volume of the solution was 105 ml and that of the catholyte 65 ml. 
All electrolytic runs were carried out at room temperature. At the end 
of a run the electrolyzed monomer solution containing dissolved polymer 
was slowly added to well stirred tetrahydrofuran (THF) at 0°C. The 
polymer precipitated as white flock; it was filtered, washed with THF, and 
vacuum-dried overnight at 50°C. Polymer molecular weights were ob­
tained as described previously.1

RESULTS 

Cyclic Voltammetry

The cyclic voltammograms of 4VP were obtained in anhydrous pyridine 
solution containing 3 X 1CU2 mole/1. NaBPhi. The monomer exhibited a 
cathodic peak at —2.15 V (Fig. 2). At higher potential (> —2.4 V) a new 
peak appeared, probably from the reduction of pyridine or NaBPhi. An 
anodic peak was found at —0.6 V. It was attributed to the oxidation of 
the reduction product formed at potential > —2.25 V, since it did not ap­
pear when the potential scan was limited to —2.25 V. The anodic peak 
at —0.6 V occurred also in the absence of 4VP.
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Fig. 2. Cyclic voltammogram of 4 VP, 8.1 mole/1. in pyridine with 30mmole/l. NaBPln 
at 25°C. Planar Pt microelectrode.
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Fig. 3. Plot of I p /i1'2 vs. v for the cathodic reduction of 4VP in pyridine containing 30 
mmole/1. NaBPh4: (top) 8.1 mmole/1. 4VP; (bottom) 15.1 mmole/1. 4VP.

The cathodic peak current increased with increasing scan rate. Plots 
of Ip/ v s  v, where I p and v are the current pieak and scan rate, respectively, 
showed horizontal straight lines (Fig. 3). A 40 mV shift in peak potential 
was noted for a 5-fold change in scan rate (from 0.1 to 0.5 V/sec). No linear 
dependence of cathodic peak current on monomer concentration was ob­
served.

The resistance compensation was not employed because the ohmic drop 
in the electrolytic cell was negligible (<0.002 V). The solution of tetra- 
phenylboron in pyridine provided a highly electrical conducting medium. 
Therefore, the exclusion of the resistance compensation did not affect our 
experimental results.

Polymerization and Polymer Characteristics

All polymerizations were carried out under conditions of constant cur­
rent electrolysis. Because of practical difficulties, polymerization with 
constant current electrolysis was not performed.
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Fig. 4. Polymerization rate (ffl) and molecular weight (O) vs. monomer concentration for 
the electrochemical polymerization of 4VP in pyridine at 25°C, current density 2mA/em2.

An induction period of 15 min was observed for polymerization but not 
for the formation of an orange-red mass around the cathode. Upon pas­
sage of the electric current through the 4VP solutions an orange-red mass 
(characteristic color of living 4VP anions) appeared immediately around 
the cathode but disappeared quickly in the solution and no polymerization 
occurred for few minutes. Probably this resulted from living anions formed 
at the cathode and initially consumed by residual impurities present in the 
solution. After the impurities had been purged by reaction with the 4VP 
anions, polymerization started, and the catholyte became viscous and 
orange-red. The induction period was dependent upon the impressed 
current.

Upon introduction of air, moisture, or other foreign substances, the 
catholyte color disappeared. Furthermore the polymerization did not 
occur without passage of the electric current or if these impurities were 
originally present. It was found that the polymerized orange-yellow or 
orange-red solution obtained after cessation of the electrolysis retained 
the ability to continue the polymerization if additional monomer was sup­
plied to it. In some experiments (All, E li, Table I), a second ampule of 
the monomer was introduced into the catholyte compartment after com­
plete polymerization of the original amount. After addition of the second 
aliquot no current was passed through the solution. The catholyte was 
stirred for 15 min and then polymerization was terminated with the addi­
tion of a few drops of methanol. The polymer yields were almost equal to 
the total amounts of monomer used, as shown by comparison with control 
experiments AI, E l (Table I). The molecular weights of the polymer in­
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creased from 305000 to 400000 (experiments AI and All) and from 
192000 to 263000 (experiments El and Eli).

Integral rates of polymer formation increased, whereas polymer molec­
ular weights decreased with increasing current densities. The observa­
tions on polymerization rate and polymer molecular weight are summarized 
in Table I.

Figure 4 shows the effect of monomer concentration on the integral rate 
of polymerization and molecular weights at a constant current of 2mA.

The polymers obtained were white and soluble in CH3OH, CH3C1, and 
dimethyIformamide, but insoluble in H20, (CH3)2CO, THF, and petroleum 
ether. C6H6 and C6HSCH3 were found to swell the polymers. Polymers 
melted in the range of 160-T90°C. No significant, differences were found 
in the infrared spectra between poly-4VP produced electrochemically in 
pyridine, in liquid NEE,1 or chemically in toluene with BuLi.4

When an equimolar mixture of 4VP and styrene in pyridine was subjected 
to electrolysis at 2mA, no copolymer formed, but only poly-4VP, as in­
dicated by the infrared spectra and solubility behavior of the resulting 
polymers.

Optical Absorption Spectrum

The absorption spectra of the orange-red solution, obtained by electrol­
ysis of 0.43 mole/1. 4VP in pyridine at room temperature, are shown in 
Figure 5 (curves a and b). Curve b shows the spectrum measured 20 hr 
after the measurement of curve a. The initial 373 mg peak decreased 
with time and a distinct peak at 570 mg appeared.

When a solution of 0.3 mole/1. 2VP in pyridine was subjected to electrol­
ysis at 1 mA for 60 min, the catholyte became viscous and yellow. The

Fig. 5. Absorption spectra of 4VP and 2VP in pyridine containing 20 mmole/1. 
NaBPh, at 25°C: (a) 0.43 mole/1. 4YP electrolyzed for 30 min at a current of 2 mA; 
(b) spectrum measured 20 hr after the measurement of curve a; (c) 0.30 mole/1. 2VP 
electrolyzed at 1 mA for 60 min; (d ) pyridine containing 20 mmole/1. NaPBln elec­
trolyzed in the absence of monomer at 3 mA for 28 min.
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liquid showed an absorption maximum at 470 niju (curve c in Fig. 5). The 
color and absorption spectrum of the yellow solution remained unchanged 
for a long period of time.

The electrolysis of NaBPlu in pyridine (3 mA for 28 min) resulted in the 
formation of deep yellow color at the catholyte. This color gradually 
changed to green and finally to blue. Curve d in Figure 5 represents the 
spectrum of the blue solution displaying a peak at 380 m/r.

To explore whether or not yellow and blue solutions of reduced pyridine 
would initiate polymerization of 4YP, experiments BI and BII (Table I) 
were performed. In run BI pyridine was electrolyzed until it became deep 
yellow and then 4VP was introduced. The catholyte rapidly became pink- 
red and subsequently turned again to faint yellow. In experiment BII 
pyridine was subjected to electrolysis until the catholyte became deep blue. 
On addition of 4VP, the blue solution again became deep pink-red and 
viscous. In both cases polymers with high molecular weight were obtained 
(Table I).

DISCUSSION

The results presented in the previous section clearly show that 4VP can 
be polymerized electrochemically in pyridine containing NaBPhj. As a 
result of the passage of the electrical current, polymer formation occurred 
exclusively in the cathode compartment, and the catholyte became yellow 
or orange-red depending on current intensity while the anolyte remained 
colorless. In the cyclic voltammetry experiments the peak at —2.15 V 
(Fig. 2) is attributed to direct electron transfer from the Pt cathode to the 
vinyl bond of 4YP resulting in the formation of monomeric radical anions. 
This has been further corroborated by the linear dependence of I p/v with 
(Fig. 3), as is expected for an electrochemical mechanism.6 Direct elec-

Fig. 6. Polymerization rate and molecular weight vs. current density for the electro­
chemical polymerization of 0.43 nrole/1. 4VP in pyridine with 20 mmole/1. NaBPtu at
25“C.
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tron transfer to vinyl monomers was previously reported.1 The absence of 
the anodic peak, when the scan was limited to —2.25 V, points out that 
anodic electron transfer from the radical anions is slow or irreversible or the 
radical anions react rapidly.

The integral rates of polymer formation increased and polymer molecular 
weights decreased with increasing current density (Fig. 6). This is ex­
pected, since a high current density increases the concentration of initiating 
species which in turn enhances propagation rate and decreases polymer 
molecular weight. Polymerization rates and molecular weights increased 
with monomer concentration (Fig. 4). A fivefold increase in monomer con­
centration enhanced the molecular weight by about a similar amount. In 
the 4VP-liquid NH3 systems,1 the integral rates of polymerization and the 
polymer molecular weights were found to be almost independent of mono­
mer concentration. The authors1 had suggested that hindrance of mono­
mer diffusion into polymer deposits, in which active centers were imbedded, 
caused the polymerization rate and molecular weight to be independent of 
the initial monomer concentration. Unlike liquid NH3, pyridine furnished 
a homogeneous reaction medium, hence polymer growth took place pre­
ponderantly in the liquid phase where monomer molecules were easily 
accessible to growing polymer chains. Therefore in such systems, where 
chain transfer and termination processes are absent or at least negligible, 
the molecular weight of polymer is likely to increase with the increase of 
monomer concentration. The two-stage monomer addition experiments 
(AI and All, and El and E li, Table I) indicate that the polymerization of 
4VP in pyridine is nonterminating.

The electrolysis of an equimolar mixture of 4VP and styrene in pyridine 
resulted exclusively in the formation of poly-4VP. This is to be expected 
in anionic polymerization, because 4VP, having relatively high electron 
affinity, is more reactive than styrene with growing polymeric anions. It 
should be noted that the increase in molecular weight upon the addition of 
the second aliquot of monomer does not exactly correspond to that expected 
if all the monomer were employed to add to the existing chains. Secondary 
reactions may have been responsible for this.

The electronic spectra of living polymer of 2VP and 4VP in THF exhibit 
an absorption maximum at 315 m^.8 In pyridine nonterminated poly-4VP 
showed a peak at 373 m/j. (Fig. 5a) and nonterminated poly-2 VP at 450 mu 
(Fig. 5c), Since pyridine is a more polar solvent than THF (dielectric 
constants: pyridine-12.3, THF-7.6), carbanions derived from 2 VP and 4 
VP may exist in pyridine as free anions or solvent separated ion pairs. 
Therefore the occurrence of red bathochromic shifts is likely.9'10 It was 
found that the initial 373 m/i peak decreased with time and a new peak at 
570 mjti appeared (Fig. 5b). This change may be attributed to side reactions 
of living polymers.11

In previous work12-14 it was discovered that the reduction of anhydrous 
pyridine by alkali metals results in the formation of a yellow solution which 
gradually changes to green, then blue.
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The electronic spectrum of tlie yellow solution was found to contain a 
broad band at 330 m/t and that of the blue solution t wo bands at 381 and 
590 ni/u. The yellow color was attributed to pyridyl radical anions and the 
blue color to 4,4'-bipyridyl radical anions.14 The absorption spectra at 381 
and 590 mg are equivalent to those in the same region found in this study 
(Fig. 5d). The results from runs BI and BII demonstrate that the electro­
lyzed solutions of pyridine are capable of initiating the polymerization of 
4YP resulting in the formation of high molecular weight polymers. Pyridyl 
and/or 4,4'-bipyridyl radical anions may be responsible for initiating poly­
merization.

Mechanism of Polymerization

In the present system three possible modes of initiation can be visualized, 
namely: (1) direct electron transfer from cathode to monomer:

M +  e -  M -

where M, e~ represent monomer and electron, respectively: (2) electron 
transfer to monomer from Na metal deposited on the cathode:

N a + +  Na 

Na - M :  !  M -N a +

(3) initiation by pyridyl radical anions formed by reduction of pyridine*

N - N Nr: N N

The results from cyclic voltammetry show that the reduction potential of 
the solvent (or NaBPh4) is more negative than that of 4VP (Fig. 2). There­
fore, scheme (1) would be preponderant for initiation, although other initia­
tion processes cannot be ruled out because of close proximity of reduction 
potentials of monomer, solvent, and salt. Ideal anion-radical growth is 
characterized by an electrochemical efficiency of 1 while for ideal dianion 
growth it is 0.5. The electrochemical efficiency is given by the average 
number of polymer molecules produced per electron. The observed elec­
trochemical efficiency is about 0.22 (Table I). This is attributed to residual 
impurities present in the polymerizing solut ion, and it is supported by the 
observation of an induction period during polymerization. It is probable 
that radical anions formed at the electrode dimerize, resulting in the forma­
tion of dianions which lead dianionic growth of polymerization. The sensi­
tivity of the reaction to air, moisture, and protic substances, the high poly­
merization rate, and the nonterminating behavior suggest that anionic 
intermediates are responsible for the propagation process.



ELECTROCHEMICAL AM OM C POLYMERIZATION 235

In the liquid NH3-4VP system, the propagation step occurred near the 
electrode surface or within the polymer deposited on the cathode because 
the resulting polymers were insoluble in liquid NH3 and adhered to the elec­
trode. In contrast to this behavior, polymer formation in pyridine oc­
curred at the electrode and in solution because of the solubility of the grow­
ing polymers.

CONCLUSIONS

The experimental findings of this work revealed the following.
(1) The passage of an electric current through 4VP solutions of pyridine 

in the presence of dissolved NaBI’lq produces homogeneous, nonterminating 
polymerizations of the monomer at smooth Pt cathodes.

(2) Poly-4 VP of high molecular weight (~106) is formed in the catho- 
lyte.

(S) The reduction potential of the monomer at Pt cathode ( — 2.2 V) is 
more positive than that of pyridine and NaBPlu (> — 2.48 V).

(4) The polymerization rate and polymer molecular weight increased 
with monomer concentration. The rate of polymerization decreases while 
the polymer molecular weight increases with current density.

(5) After having been subjected to electrolysis, pyridine initiates poly­
merization without further passage of electrical current and produces poly­
mer in high yield and with high molecular weight.
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Uses o f Electron Param agnetic Resonance 
in Studying Fracture

K. L. DEVRIES, D. K. ROYLANCE,* mid M. L. WILLIAMS,
College of Engineering, University of Utah, Salt Lake City, Utah 84-112

Synopsis
The uses of electron paramagnetic resonance (EPR) in studying aspects of polymer 

fracture are discussed. The sensitivity of EPR is such that all phases of fracture are 
not amenable to investigation by these means. This paper attempts to define those 
areas where the authors’ experience would indicate that success might or might not be 
expected. A discussion of the difference between the tensile fracture of drawn polymer 
fibers, in which strong signals are obtained, and cast and molded materials is given.

INTRODUCTION

The original studies of Zhurkov and his associates1 ' 2 in the USSR and the 
later work by Williams et al. 3 ' 4 and Campbell and Peterlin5 have demon­
strated the usefulness of electron paramagnetic resonance (EPR) in study­
ing polymer fracture. At first, this method would seem to open unlimited 
avenues for research and provide a panacea for fracture studies. There are, 
however, a number of areas where the authors have attempted to use this 
technique but have not met with much success. Because a number of 
groups have expressed interest in conducting studies using these methods, it 
was thought it might be well to describe the techniques developed. In 
addition, the areas of fracture research in which the authors’ experience 
would indicate that EPR will or will not be likely to reveal much in the way 
of quantitative information will be discussed. Since some of these studies 
(where negative results were obtained) have interesting implications, it was 
thought it might be well to report some of these findings as well as some 
limits on the usefulness of the method so as to reduce duplication and repe­
tition of searches along blind paths.

BACKGROUND

EPR is a form of absorption spectroscopy in which electromagnetic 
radiation in the microwave region induces transitions between energy levels 
arising from Zeeman-type splittings in an assemblage of paramagnetic 
electrons. As such, it deals with systems of elementary particles which

* Present, address: U. S. Army Materials and Mechanics Research Center, Water-
town, Massachusetts.
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have a net electronic moment (impaired electron spins). Thorough de­
scriptions of EPR, its uses, and applications are found in several recent re­
views and books. 6 - 1 0  In polymer materials, fracture under mechanically ap­
plied stress involving molecular bond rupture should result in the creation of 
free radicals and their accompanying characteristic unpaired electrons; thus, 
it might logically be studied by this method An EPR analysis, however, has 
two practical requirements: sufficient number of free radicals must be 
produced, and the half-life of the free radicals formed must be long enough 
to record. The Varian E-3 equipment used in these tests operates in the 
x-band region (~9.5 ghz) and has a sensitivity of about 5 X 10IOA// (AII, 
the line width in gauss) spins under ideal conditions.

If one views a polymer as being composed of long more or less parallel 
chains looped together in an orderly array, then a polymer having the 
density and molecular structure of nylon would have approximately 1 0 14 

chains passing through each square centimeter of area normal to the direc­
tion of the chains. 6 Assuming a covalent bond energy of approximately 80 
kcal/mole and that a fracture surface can be approximated as a plane of 
such broken bonds, the theoretical fracture energy per unit area is roughly 
250 ergs/cm2. Experimental macroscopic crack growth and tearing studies 
indicate a value more than an order of magnitude higher than this. It 
would appear, therefore, that fracture is more complex than a simple cleav­
age of atomic bonds along the fracture surface. Alternately, one can use 
the tabulated bond strengths along with the number of broken bonds to 
compute the ideal tensile strength of a polymer. If it is assumed that a few 
angstroms of displacement is sufficient to separate or rupture a bond, one 
finds that a polymer should possess a tensile strength of the order of 10° psi 
(see the discussion by Peterlin6). This estimate is one or two orders of 
magnitude higher than experimental values. This latter discrepancy might 
be reasonably attributed to the inhomogeneity of the internal stress field 
due to such factors as local stress concentrations, interchain entanglements, 
folds, or alternating amorphous regions between regions of crystallinity. 
There are several possible explanations for the large surface energy dis­
crepancy. (.1) Bonds will be broken throughout the volume of the speci­
men, not solely on the single plane of major cleavage. Energy is required 
to rupture these bonds as well as those nearer the fracture surface. (3) 
Bond rupture or cracks might nucleate at a great many sites but not all of 
them progress to macroscopic size and subsequent fracture. (3) The true 
fracture surface might be much larger than the apparent area due to the 
roughness of the fracture surfaces. (4) Other dissipative functions such as 
plastic or viscoelastic mechanisms are operative in front of a progressing 
crack. (5) Secondary (van der Waal) bonds are broken and absorb energy 
during the untangling of the chains.

It is likely that all of these mechanisms are active to some extent and one 
might expect the gross behavior to be the summation of simultaneous effects 
of several phenomena such as chain slippage, viscous energy dissipations, 
and bond scission. These processes would be expected to vary with poly-
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mor type, sample crystallinity, and testing conditions, e.g., strain rate, 
temperature, humidity, atmosphere. EPR spectroscopy, being able to 
detect and monitor bond breakage, should be a powerful tool for elucidating 
the relative importance of these various mechanisms and how they vary 
with testing or service conditions.

APPARATUS AND EXPERIMENTAL PROCEDURES

In addition to the Varian E-3 electron paramagnetic resonance spectrom­
eter used in these studies, auxiliary equipment included a variable tem­
perature cont rol unit and a programmed loading fixture. The former main­
tained the sample at any fixed temperature between — 180°C and +300°C 
and permitted control of the atmospheric environment. The loading frame 
and hydraulic servo system was designed to load the sample at constant 
stress, strain, strain rate, stress rate, or with relative ease, any reasonable 
preprogrammed loading.

For sensitivity reasons, the spectrum normally recorded on an EPR spec­
trometer is the first derivative of the absorption curve. Its second integral 
is proportional to the number of unpaired electrons in the cavity. In this 
study this integration was numerically accomplished on a Univac 1108 
computer. A comparison of this double integral with that for the “pitch” 
standards provided by Varian Associates gave a quantitative measure of 
the free radicals (ruptured bonds) present. It was determined, however,

Fig. 1. A comparison of the free-radical concentration (obtained from twice integrate! 
the spectra) with the height of the first peak.
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that in some cases this process could be substantially simplified. I t can be 
shown that for a Gaussian or Lorentz distribution, the peak height of the 
derivative of the function is proportional to the first integral. For polymers 
with simple spectra it often was possible, through comparison with the 
double integral, to show experimentally that the peak height of the spectra 
was proportional simply to the second integral. Figure 1 shows the number 
of unpaired electrons (spins) determined by numerical double integration 
versus peak height for nylon 6 . Similar results were obtained for nylon 6 6  

and polyethylene. These results greatly facilitate the experimental ob­
servations. The rate of bond rupture can as a result be monitored by tun­
ing the spectrometer to the field strength and frequency of one of the spectra 
peaks and observing its growth as a function of time.

OUTLINE OF STUDIES

These versatile techniques have been found to be useful in a wide variety 
of studies of fracture and other types of mechanical degradation or failure. 
Since the authors began using this tool approximately two years ago, they 
have begun investigations into: fracture of polymer materials under 
tensile stress; post-fracture analysis of materials after combined loading; 
fracture remnants from explosive and impact damaged specimens; fracture 
surfaces originating from machining, grinding, and crushing operations; 
cumulative damage in polymers during cyclic and other programmed load­
ings; the role of environment, such as temperature, humidity, atmosphere 
(i.e., inert gases, oxygen, and ozone) upon free radical concentrations; 
the effects of various solvents upon stress crazing in plastics; and free-radical 
concentration in living tissue, such as collagen.

In addition to studying the results of mechanical degradation processes, 
certain effects of y-radiation have also been explored. In this connection 
it may be observed that a comparatively large amount of work with EPR 
had been carried out on effects of radiation upon materials. Comparison 
with these studies permitted a correlation and standardization for our sub­
sequent studies of mechanical degradation because of the similarity in the 
spectra.

This paper, however, is restricted primarily to discussion of some positive 
and negative results encountered in attempting to correlate quantitative 
measurement of free-radical concentration with mechanically induced 
microscopic flaw formation.

EXPERIMENTAL RESULTS 

Tensile Fracture

The microwave cavity of the E-3 spectrometer is approximately 1.1 cm in 
diameter and 2.5 cm in length. The sample itself is usually restricted to 
less than 0.9 cm in diameter, which corresponds to a cross-sectional area of 
approximately 0.5 cm2. Iiencc, based on the background discussion above,
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Fig. 2. Typical spectrum obtained during tensile loading to fracture of nylon 6 fibers.

one might expect a plane passing perpendicular to the axis of such a cylindri­
cal sample would cut approximately 1 0 14 bonds resulting in twice that 
number of free radicals. 6 Because approximately 1 in. of the specimen 
length is in the microwave cavity, if bond rupture takes place at points 
removed from the primary fracture surface or if this surface is very irreg­
ular, the free radical concentration could be substantially increased. On 
the other hand, if untangling rather than fracturing of the chains takes place 
or if the crack can select a path requiring fewer chain scissions, the number 
could very possibly be reduced.

Studies were conducted on a variety of polymers in molded, cast, ex­
truded, and drawn fiber forms. Except for the drawn fibers, only barely 
detectable signals, at best, have been obtained in any of these materials. 
In these latter highly crystalline and oriented materials, strong signals were
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developed by tensile loadings (bigs. 2-5). Such signals were first produced 
at stresses greater than approximately 0 0 % of the ultimate fracture stress. 
Figures 2 , 3, 4, and 5 show spectra for nylon 0 (drawn 4:1), nylon 06; poly­
ethylene fibers, and polyester fibers, respectively. The nylon 0 was pro­
vided by Allied Chemical Company, the Xylon 00 by DuPont, and the

Fig. 3. Typical spectrum obtained during tensile loading to fracture of nylon 66 fibers.

Fig. 4. Typical spectrum obtained during tensile loading to fracture of polyethylene
libers.
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Fig. 5. Typical spectrum obtained during tensile loading to fracture of polyester fibers

TIME (SEC)

Fig. 6. Computer-reduced data from a constant load rate lest of nylon 6 fibers.

polyethylene and polyester fibers by American Viscose Division, FMC 
Corporation. All were stated by their manufacturer to be of high purity. 
For example, x-ray fluorescence studies of the nylon 6  fibers indicated that 
the only inorganic ions present in substantial amounts were copper, 61 ppm; 
iodine, 0.2%; and all other metals less than 2 ppm. To date, nylon 6  has 
been studied most extensively. We shall discuss it briefly as being some­
what typical of the behavior of polymeric fibers.

With the current spectrometer sensivity, the EPR spectra develop at 
stresses significantly below the fracture stress. At fracture, the nylon 6  

samples typically generated 1 0 17 free radicals/cm3 of material in the cavity. 
Figure 6  shows the increase in stress, strain, and free-radical concentration 
(obtained from computer reduction of the data) for a constant-stress rate 
test. The kinetics of the bond-rupture process has been interpreted by 
Zhurkov1 in terms of a pseudo-empirical relation in which, at constant 
temperature,

c = fie1"

where c is the rate of free-radical production, a is the applied (engineering) 
stress, and 0 and 7  are constants characteristic of the material. As dis­
cussed elsewhere, 11 our studies have confirmed this equation only for a 
constant stress rate loading. For other loadings it lends to discrepancies if
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\
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TIME (SEC)
Fig. 8. Decay of EPR signal produced by tension in nylon G fibers vs. time.

a is taken as the macroscopic stress and if c is measured from the time of 
loading. For example, the Zhurkov relation would predict for constant 
stress (a creep test) that the free-radical concentration increases linearly 
with lime. Quite obviously, from the data for this loading in Figure 7, 
this is not the case for the fibers studied. For very high stresses, the rapid 
increase in concentrat ion of Figure 7 decreased to a quasi-steady-statc rate 
that might be approximated by a Zlnirkov-type equation. There appears 
to be some reason for believing that the behavior can be explained in terms 
of rate processes and kinetic concepts in conjunction with macroscopic



EPR AND FRACTURE 245

Fig. 9. Very weak EPR spectrum from several pieces of PMMA after fracture.

stress relaxation or random distributions in the tie chains between crystal­
lites. Such a model is being developed but is too involved to be presented 
here.

For comparative purposes, a variety of different experiments was con­
ducted with molded and cast polymers in an attempt to obtain EPR signals 
during tensile fracture of PMMA, nylon, PVC, polyethylene, polystyrene, 
and polyurethane rubber. In all cases, any EPR signal was below the sen­
sitivity threshold of our present equipment for the specimen volume ex­
amined.

It was next attempted to increase the fracture surface and hence, the 
number of newly created free radicals by fracturing the samples before

Fig. 10. EPPi spectrum from roughly 1013 free radicals in the cavity resulting from
7 -irradiation.
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Fig. 11. EPR spectra of fracture pieces of nylon and polyethylene rods. Note gain for 
these spectra is increased by 3.2 X that for Figures 9 and 10.

inserting them into the cavity, quickly cutting off the fractured ends, and 
quenching to liquid nitrogen temperature so as to “freeze in” any free 
radicals formed. At liquid nitrogen temperature, free radicals are very 
stable and can be kept for days with little if any loss due to recombination, 
etc. These tensile specimens were rods initially 3/16 in. in diameter. The 
elapsed time from initiation of tensile loading through fracture and quench­
ing was never more than approximately 5 sec. In such a short time, our 
studies on free radicals formed by other means would indicate that very 
little of the initial EPR signal should decay. For example, the tests on 
nylon fibers indicate the decay constant in air at room temperature to be of 
the order of 800 sec as indicated in Figure 8 . This work is further sub­
stantiated by y-irradiation studies on similar materials. One complication 
here might be that if the newly formed free radicals lie almost entirely at 
the free surfaces, they might immediately react with oxygen or other agents 
in the surrounding air, thus substantially reducing this decay rate.

After quenching, the fracture “stubs” were placed in a quartz tube and 
maintained at temperatures below — 160°C while the spectra were taken. In 
this way considerably more fracture surface (up to eight or ten pieces) could 
be placed in the cavity at one time. Also by “freezing” the free radicals, 
the spectra could be recorded over much longer times with a longer recorder 
time constant, thereby substantially increasing the system sensitivity and
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resolution. Only for PMAIA was there then any detectable EPR signal. 
This result is shown in Figure 9 for six fracture pieces in the 2.5 cm length of 
quartz tubing. For comparison purposes, Figure 1 0  shows the spectra 
(gain and other EPR settings the same as in Figure 9) for approximately 
1 0 13 free radicals (total number in cavity) induced in nylon by 7 -irradiation. 
Figure 11 shows typical spectra for two other materials treated similarly to 
that of the PALMA of Figure 9. In this case the gain was increased by a 
factor of 3; the slope in the curve is due to a background shift at this higher 
amplification. No obvious free radical signals were present. The same 
materials were fractured under torsional stresses and similarly treated and 
observed. The PAIA1A gave a signal similar to that of tension (still ex­
tremely low); all of the others gave negative results.

Impact Fracture

C. D. Lundergan of Sandia Corporation, Albuquerque, New Alexico, 
recovered some PAIAIA samples from an explosive impact test. These 
pieces, originally in a large flat plate, had a typical volume of 1 - 2  cm. 3 

They were recovered within about 1 min of impact and quickly quenched to 
liquid nitrogen temperature. Some of the pieces contained visual cracks. 
By using a y 8-in. diameter core drill, samples were obtained at liquid 
nitrogen temperature and at slow speeds to avoid heating. These cores 
were then studied in the EPR cavity at — 100°C. Once again, little signal 
above the background noise was present, but those signals which were 
observed could possibly have arisen from bond scission during the coring 
operation. In these and other negative studies it might be possible, how­
ever, to enhance the signal by using a time averaging computer. Initial 
attempts along these lines have been encouraging.

Fracture Due to Machining

Grinding and machining operations also can produce large amounts of 
new fracture surfaces in comparatively small quantities of material, thus 
providing another means of generating EPR specimens. Every polymeric 
material tested, including such materials as collagen, tooth enamel, and 
dentin produce strong EPR signals after such treatment. (For example, 
Figure 12 shows a spectrum due to approximately 30 mg of ground nylon 6 .) 
Studies are now under way in which these methods are used to investigate 
the number of bonds broken per unit area of new surface formed and depth 
of damage at surfaces as a function of fracturing mode and fracture condi­
tions. Early results in this respect indicate that nylon 6  ground at liquid 
nitrogen temperature, where it behaves rather brittlely, develops between 
10l> to 1014 broken bonds/cm2 of new surface formed. These studies further 
indicate that the majority of these broken bonds lie within a few microns of 
the surface, and that the crack propagates through amorphous regions sur­
rounding the more ordered regions in semicrystalline polymers such as 
nylon and polyethylene. 12
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Fig. 12. EPR spectrum resulting from the grindings of 30 mg of nylon 6 .

Fatigue Fracture

Some preliminary results have been obtained by using EPR techniques to 
study bond rupture under alternating tensile stress. Figure 13 shows the 
cumulative increase in free-radical concentration when an alternating stress 
of ±35000 psi has been superimposed upon a mean stress of 70000 psi. It 
is found that in such cases the number of bonds that rupture before final 
failure is substantially lower than the value for fracture under a monotoni- 
cally increasing stress. For the case shown in the figure it is reduced ap­
proximately by a factorof ten . 11 Efforts to explain the bond rupture in terms 
of a Zhurkov-type relation1 with the constants determined from constant 
stress rate tests did give at least qualitative agreement with the experi­
mental results.

DISCUSSION

The most unexpected result of these studies was the very large differences 
in the behavior of the drawn fibers and other forms of the same materials. 
While the tensile strength of nylon and polyethylene is increased roughly 
ten times by the drawing operation, the radical concentration at fracture 
increases from something less than 1 0 n- 1 0 13/cms to approximately 1 0 17/cm . 3 

This increase of more than 10’ in number of broken bonds might be ex­
plained in a number of different ways.

(1) The extent of bond breakage along a fracture surface might be smaller 
in the cast or molded material than in the fibers. This could be the case if 
fracture involved a large amount of unraveling of chains rather than their 
scission. Alternately, t he cracks might be able to follow paths where fewer 
bonds need be broken to fracture the molded samples than in the highly 
oriented fibers.
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Fig. 13. Stress, strain, and free-radical concentrations as functions of time during cyclic 
loading of nylon 6 fibers.

(2) Chain rupture might be much more localized in the cast or molded 
material than in drawn fibers where it is distributed more uniformly through­
out the loaded material. Our studies do seem to indicate that in the fibers 
the free radical distribution is distributed throughout the volume. If this 
is the case, it might logically follow that what is observed in the fibers is 
growth of a great many cracks from atomic size until one or more attain a 
critical (Griffith) size at which failure occurs. Since in most of these studies 
we are involved with bundles (^5000 one-mil filaments), it is possible that a 
great many such cracks might be present and growing at a time. The 
other materials, on the other hand, might fail at pre-existing flaws or have 
very few microcracks growing at any given time, in which case damage and 
bond rupture could be confined to a much smaller region of the sample. 
Even in this case, however, if significant amounts of bond rupture occur 
along the fracture surface, it should be possible to accumulate enough frac­
ture surfaces to detect the breakage. To date, as previously noted, our 
attempts with tensile specimens have resulted in, at best, barely detectable 
signals. Also a few tests have been conducted on larger fibers; bundles of 
20 monofilament fibers (each about 0.030 in. in diameter) of nylon and 
polyethylene exhibited behavior similar in all respects to the smaller fibers. 
As a result we are led to the conclusion that the size of the fibers is not the 
most significant factor.

(3) As a final alternative, it could be that a large number of bonds are 
broken but due to impurities or other causes, the free radicals so formed are 
so unstable and short-lived that the concentration never attains an easily 
detectable level. Peterlin5 1 3  has reported the presence of an unidentified 
impurity in some nylon fibers studied in his laboratory which combined 
with the free radicals formed by fracture, forming a second free radical that 
is very stable, lasting several days at room temperature. It might be hy­
pothesized that other types of impurities are present in most polymers that 
can react with the free radicals in such a way as to annihilate them. If such
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DOSE (RADS)

Fig. 14. Free radical concentration vs. 7 -irradiation dose in nylon 06.

Fig. 15. Spectra in nylon 6 6  resulting from 7 -irradiation at liquid nitrogen tempera­
tures and (hen subsequently annealed at room temperature: (upper curve) annealed 1 

min; (lower curve) annealed 6 min.

were the case, these impurities need to be present only in sufficient quantity 
as to annihilate the free radicals formed by tensile fracture but not in too 
large of concentrations since strong reasonably stable EPR signals are 
obtained from operations capable of producing large numbers of broken 
bonds, such as grinding and 7 -irradiation. The decay constant of 
these signals depends on the temperature and atmosphere present but 
is of the order of minutes or more at room temperature in air. As a partial 
check of this impurity hypothesis, free radicals, were produced at varying 
levels of 7 -irradiation at liquid nitrogen temperature. The irradiation 
dosage was varied from 50 to 100000 rad. The number of free radicals
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produced for a given amount of irradiation is shown in Figure 14. Within 
experimental error, the number of free radicals is directly proportional to 
dosage. No significant difference in behavior was observed between the 
very low and higher dosage levels. Figure 15 compares the signal for 100- 
rad irradiation for a nylon 6 6  sample with a volume of 0.16 cm3 immediately 
after irradiation at liquid nitrogen temperature with the same material 
annealed for 6  min at room temperature. Quite obviously no very rapid 
decay is apparent. In addition, it is difficult to see why such an impurity 
would be present in the other forms of all of the materials but not in any of 
the fibers of some of the same materials that were tested.

A somewhat related possibility is that the free radicals so formed are 
largely at or near the surface where they can react quickly and combine 
with agents in the air or testing atmosphere. Quite likely this does take 
place to some extent and the problem is not easily treated. Our results 
here are not as conclusive. However, tensile tests were conducted in var­
ious inert atmospheres, including helium and oxygen-free nitrogen. The 
free-radical concentration was still not increased sufficiently to be readily 
detectable. Another problem with this explanation is that in the fibers a 
strong EPR signal is present some time before macroscopic fracture is 
apparent, independent of the testing atmosphere. Once again, it would be 
difficult to explain why the free radicals are so reactive with the atmosphere 
in one case but not the other.

It is our opinion that the most likely answer is a combination of (1) and 
(2 ) above, i.e., damage is more local, cracks are able to follow paths requir­
ing less bond rupture, and the unraveling of the polymer chains plays a more 
dominant role in the molded and cast materials than in the fibers. If this 
hypothesis is correct, it would appear that the materials scientist or engineer 
might have to use entirely different approaches for different forms of chem­
ically identical materials when attempting to “design” better and stronger 
materials.

In closing, we might speculate that the ultimate properties of semicrystal­
line polymers are to a large extent dependent on the character of the regions 
between the crystallites or micelles. If such is the case, the strength and 
fracture properties of such a material should be strongly dependent on the 
number, orientation, and length distribution of the “tie chains” connecting 
the crystalline regions. It can be demonstrated that a rupture surface by 
following a path through these “glassy regions” results in the scission of an 
order of magnitude less bonds than one might expect were it to follow a 
straight plane normal to the tensile axis. 12 In related but different types of 
experiments, Peterlin et al. have shown that these regions are significantly 
changed by drawing and working operations. 1 3 - 1 6  One might then hypothe­
size that both the difference in tensile strength and the even more drastic 
difference in the build-up in free-radical concentration before fracture might 
be explained in terms of these changes. Three changes apparently take 
place: (1) the size of the crystallites and amorphous regions between them
are altered; (2) the orientation and size of the crystallites and possibly
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the number, orientation, and length of tie chains are altered; (3) the amount 
of material in the glassy regions is changed.

Based on these microscopic effects the following alteration in fracture 
properties might be expected. The fracture strength in drawn fibers would 
be higher because first, more bonds would need to be broken and second, 
because of orientation and size effects, it could be more difficult to nucleate a 
catastrophic (Griffith) flaw somewhat analogous to the effect of grain size on 
ultimate properties of metals. Third, the orientation and distribution of 
tie chain effective lengths might be more favorable so that at any given gross 
load, more of these would actively share the load on the submicroscopic 
scale. The total number of bonds broken would be higher because more 
bonds would need to be broken to complete separation. This effect alone 
could account for perhaps a two- or three-fold increase, but not the observed 
four to five orders of magnitude change. Also, the distribution of free 
radicals (broken bonds) would likely be more uniform throughout the 
sample volume because of arguments similar to the second and third reasons 
given above.

It is a pleasure to acknowledge the support of the National Aeronautics and Space 
Administration and the National Science Foundation for major portions of this in­
vestigation.
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Radiation Chemistry o f Aqueous Poly(ethylene Oxide)
Solutions. I

1 A. KING and ,1. A. WARD, Sterling F west Research Center, Union 
Carbide Corporation, Tuxedo, New York 10987

Synopsis

The 7  radiolysis of aqueous high molecular weight polyfethylene oxide) solutions has 
been studied. The crosslinking and eventual gelation of these solutions appears to 
occur via an indirect effect. Solubility measurements on the gelled solutions showed 
that the ratio of crosslinking to degradation is about four. G(H2) increased from 1.3 in 
neutral solutions to 3.5 in O.liV HC1 solutions. In heavy water solutions, HD is the 
major gaseous product. Solvated electrons are not important precursors to hydrogen 
at neutral pH. Intramolecular crosslinking appears to be an important phenomenon 
in solutions of high molecular weight polymers.

INTRODUCTION

While most radiation chemical studies of polymers systems are concerned 
with direct effects of radiation on pure solid polymers, a number of workers 
have studied the radiolysis of polymer solutions. Aqueous polymer solu­
tions are particularly attractive, since one can study the effects of radicals 
produced in water on the polymer without interference by reactions of 
polymer radicals with the solvent. Since the G values for the intermediates 
produced in water are now reasonably well established, the interpretation of 
results should be straightforward, at least in regard to the initial reactions of 
these intermediates with the polymer.

Poly(ethylene oxide) is commercially available in various molecular 
weight grades ranging from CARBOWAX with Mn ~  G000 or lower up to 
poly (ethylene oxide) with weight-average molecular weighs up to 4 X 10". 
The properties of dilute solutions range from extremely viscous (17 >  1 X 10" 
cP, in a 4% solution) down to practically waterlike viscosity. Several studies 
have been made on radiolysis of poly(ethylene oxide) solutions, 1 - 3  but 
except for the most recent work, 3 these authors have been concerned with 
the lower molecular weight grades. This work is almost solely concerned 
with high molecular w eight samples.

I11 a study of the radiolysis of aqueous poly (ethylene oxide) solutions, 
Charlesby1 has arrived at the conclusion that the crosslinking and eventual 
gelation of dilute (~0.5 to 0 %) solutions arise from a “direct” effect,
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i.e., energy absorbed directly by the polymer molecules is solely responsible 
for radical formation and crosslinking.

ROCH2CII2OR,------- ► ROCH2CHOU +  II (1)
II +  ROCH2CH2OR — H2 +  ROCH.CHOR (2)

2 ROCIIiCHOR crosslink (3)

lie states that “indirect” effects are not important, i.e., radicals formed 
by energy absorption in the water do not contribute to the crosslinking.

H20  — e ~ „, H-, -OH, H20 2 (4)
■OH +  ROCH2CH2OR -*■ H20  +  ROCH2CHOR (5)

Since low molecular weight ethers are known4 to be quite reactive toward
both H and • OH, it is logical to expect that polymer radicals will be formed 
by reactions with these intermediates.

The results presented here have led us to exactly the opposite conclusion; 
namely, that the “indirect” effect must be the major source of polymer 
radicals.

EXPERIMENTAL

Several grades of POLYOX, Union Carbide brand poly (ethylene oxide), 
were studied, ranging from WSR-35 having a weight-average molecular 
weight of ~2f>0 000 to WSR-701 (coagulant grade) having a weight-average 
molecular weight in excess of 3 X 10r’. Solutions were made by several 
methods; the one most generally used was to rapidly sift the POLYOX into 
highly agitated distilled water, followed by more gentle mixing for several 
hours. No extensive purification of the polymer samples was attempted.

The highly viscous solutions were extremely hard to degas satisfactorily. 
Several freeze-pump-thaw cycles still left measurable amounts of oxygen 
and also led to a large percentage of irradiation cells being broken. Samples 
were, therefore, degassed by pumping directly on the solution. This pro­
cedure results in small quantities of water being pumped away, but the 
change in concentration of the solution is negligible.

Irradiations were carried out in two separate f'"Co sources, one a nomi­
nally 4000-Ci source at a dose rate of 0.11 Alrad/hr and a 1000-Ci source at 
a dose rate of ~0.05 Mrad/hr as determined by the standard Fricke 
dosimeter solution.

Molecular weight determinations were performed by using a static mem­
brane osmometer6 and a Ubbelohde viscometer at 30°C. Gaseous products 
were collected and were analyzed on an Atlas CH4 mass spectrometer.

RESULTS

The bulk viscosity of the POLYOX solutions decreased markedly at low 
doses. After this initial sudden drop, the viscosity remained reasonably 
constant until the onset of gelation produced a sharp increase. Typical 
results are shown in Figure 1.
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Fig. 1 . Viscosity of irradiated 2 % Polyox WRS-701 solution as a function of dose.

Fig. 2. Viscosity-average ( • )  and number-average (O) molecular weights as a function of 
dose for a 0.5% solution of WSIt-35.



256 KING AND WARD

The intrinsic viscosity also decreases at low dose but began to increase 
again with increasing dose. This initial decrease in intrinsic viscosity ap­
parently is not associated with degradation caused by the presence of 
residual oxygen since the number average molecular weight showed an ap­
proximately linear increase with dose. Figure 2 is a plot of the viscosity- 
average6 and the number-average molecular weights versus dose for a 0.5% 
solution of WSR-35. The G value for crosslinking calculated from the 
number average molecular weight data is (/(crosslink) = 0.27. A G value 
based only on the energy absorbed by the polymer is unreasonably large; 
G > 50.

Fig. 3. Charlesby-Pinner plot for a 2% solution of WSR-701.

The initial decrease in viscosity is an indication that degradation is oc­
curring simultaneously with crosslinking. A more quantitative estimate of 
the magnitude of the degradation can be gotten from solubility data. 
Figure 3 is the familiar Charlesby-Pinner plot7a of the sol plus the square 
root of sol (s +  Vs) versus the reciprocal dose for a 2 % solution of WSR- 
701. Similar results were obtained for other concentrations and for other 
molecular weight grades of POLYOX. In all cases, the intercept was 0.25- 
0.30, indicating the ratio of crosslinking to degradation is about 4:1. It is 
not possible to extend these data to higher doses, since syneresis occurs 
which eventually produces two distinct layers; the top layer being mostly 
water with the highly crosslinked POLYOX in a layer beneath the water. At 
high doses the soluble fraction begins to increase. This is not surprising, 
since the gel no longer resembles the solution and the absorption of radiation 
by this “dry” gel should not be directly comparable to irradiation effects in 
solution.
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Tig. 4. Gelation dose vs. concentration for (O) WSR-35 and ( • )  WSU-701.

Figure 4 shows the variation of gelation dose as a function of concentra­
tion for two different molecular weight grades of POLYOX. The WSR-35 
results are very similar to Charlesby’s1 data, except that the doses required 
to gel his samples were about, a factor of two larger. The discrepancy here 
cannot be explained by inefficient degassing techniques on his part, since 
even nondegassed solutions gelled at doses lower than one Mega rad.

Charlesby1 stated that the gel dose measurements were not reproducible. 
Ethers are known for their instability, 8 and polyethers in particular degrade 
upon standing. 9 The differences between our results and Charlesby’s as 
well as his poor reproducibility can, therefore, be explained on the basis of 
degradation of his samples prior to irradiation.

It was not possible to gel the solutions at either low pH (<3) or high pH 
(>12). Again, this was observed by Charlesby. This pH effect was ob­
served for several different acids (HC1, H2SOj, I ld ’Oi, and HClOj) and 
therefore, the effect is not peculiar to the anion.

The “molecular” hydrogen yield from irradiated aqueous solutions is 
0.45 while G'(H) and G(e~) are 0.5 and 2.8, respectively. 10 If all of these 
potential sources of hydrogen reacted with POLYOX to give H2, G(H2) would 
be greater than three. Since, as shown in Table I, the hydrogen yield is 
-—'1.3, not all of the intermediates yield hydrogen exclusively. At low pH,
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TABLE I
Hydrogen Yields in Irradiated 2% POLYOX Solutions“

pH G(H.)

3.5
8.0 2.4
5.0 1.3
7.0 1.3

“ Dose = 9 X 1018 eV/g.

TABLE II
Hydrogen Yields From Irradiated 2% POL VOX-DA) Solutions“

G(H.) G(D,) (>•<1 ID;

Neutral 0.05 0.29 0.59
Acidicb 0.6) 0.24 2.72

“ Dose = 9 X 1018eV/g.
b 0.1Ar HC1; solution acidified by adding concentrated HC1.

however, where the solvated electrons are quickly converted to hydrogen 
atoms,11 C/(|],,) increases to 3.

A further demonstration of the reaction of hydrogen atoms with Polyox is 
the distribution of H2, PID, and D2 in irradiated heavy water solutions. 
Here the “molecular” yield of hydrogen will be exclusively D2, while ab­
straction reactions by D atoms will lead to HD. Table II shows that most 
of the hydrogen arises from the abstraction reaction since the mixed isotope 
is the dominant product. In acidic solutions, where the electrons are con­
verted to deuterium atoms, the gas yield increases.

DISCUSSION

The proof that crosslinking occurs via an indirect process is straight­
forward. Since both H and OH, which are produced in significant yields by 
the irradiation of water, are reactive toward ethers, polymer radicals must 
be the result of these reactions. The gas yields demonstrate conclusively 
that hydrogen atoms are reacting with the polymer. Further proof comes 
from the heavy water experiments where HD is the most important product. 
Since OH is considerably more reactive than H, it is logical to expect that 
POLYOX radicals should result from reaction (5) also. Since the polymer 
radicals are produced indirectly, the crosslinking must be an indirect pro­
cess.

Charlesby’s evidence for a direct effect is the relative constant gelation 
dose over a range of concentration (Fig. 4). If the assumption is true that 
there is one crosslink for every two weight-average molecules at the gel 
point,12 an increase in concentration from, say, 1% to 2% requires a dou­
bling in the number of crosslinks. A direct effect easily explains a constant 
gelation dose since a doubling in concentration doubles the amount of en­
ergy absorbed by the polymer, and presumably twice as many crosslinks
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will result. An indirect effect nominally requires that the gelation dose be 
directly proportional to concentration. Figure 4 gives rather powerful 
evidence for a direct effect, and we must attempt to explain it.

We can explain this behavior while maintaining that gelation occurs via 
an indirect effect by invoking intramolecular crosslinking. In both cases 
above, it is tacitly assumed that all of the polymer radicals lead to inter- 
molecular crosslinks, i.e. G(radicals) = 2.0 6'(crosslink). It is generally 
agreed that the increase in gel dose at very low concentrations (<0.5%) is 
due to effects of intramolecular crosslinking.13’14 At low concentrations, the 
probability for a radical site finding anot her radical site on the same mole­
cule becomes greater than the probability for finding a radical site on a dif­
ferent molecule. The gel dose would correspondingly increase as the con­
centration decreased. But once the minimum in gel dose is reached, for 
some reason it is assumed that no more intramolecular crosslinking is oc­
curring. There is no reason to expect that this would be true.

If, instead of assuming that G(intra) = 0 at the minimum, we assume 
that G'(intra) is further decreasing with concentration, then we can explain 
the gel dose behavior. If direct effects can be neglected, we would expect 
that the total crosslinking yield would be constant, G(total) = G(inter) +  
G(intra) = constant. Since G'(intra) is decreasing, G'(inter) must increase, 
and the total effect may be to keep the gelation dose constant. While this 
explanation is not proven, it at least shows that the two sets of experiments 
are not incompatible.

This point of intramolecular crosslinking should not be underestimated. 
I t is common practice to assume that the radicals are produced homo­
geneously throughout any irradiated system. This is almost certainly in­
correct. Even in an isolated spur where only one event (one ionization or 
excitation) occurs, two radicals will be produced. It is entirely likely that 
the two radicals may be on t he same molecule, and intramolecular reactions 
are possible.

In the “average” spur where, say, six radicals are produced, the likelihood 
of intramolecular reactions becomes greater. When it is realized that some 
30% of the energy is deposited in “blobs” and short tracks15 where the 
radical density is extremely high, then we must conclude that intramolecu­
lar crosslinking will be important even in concentrated solutions.

Charlesby’s estimate of the G value for crosslinking radicals was 4.40 
based on energy absorbed by the polymer. In this calculation of G (cross- 
linking) he used the original weight-average molecular weight (really the 
viscosity-average molecular weight) of the POLYOX sample. No correction 
was made for the degradation which was occurring simultaneously. The 
molecular weight which should be used in this calculation must take into 
account this degradation.71’ In effect, the sample is first degraded to some 
lower molecular weight and then crosslinked. The correct molecular 
weight is this new, lower one which would result from the degradation be­
fore crosslinking occurred. The magnitude of this correction depends in 
large extent on the molecular weight distribution, and in particular on the
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ratio of weight-average to number-average molecular weights Mw/M n. 
The larger this ratio is, the larger the correction will be.

POLYOX samples, in contrast to the lower molecular weight Carbowaxes, 
are well known for their very broad molecular weight distributions16 and 
have Mw/M n ratios as high as 40. The correction for Polyox samples will, 
therefore, be substantial. For example, suppose that Mw/M n = 14 with 
M w = 2.7 X 10s and M n = 0.19 X 105 (Fig. 2). The initial (fictitious) 
degradation will reduce both of these numbers, but Mw will be decreased to 
a much larger extent than will Mn. The result will be that Mw/M n will de­
crease and may even approach 2. For 0.25 degradations per initial weight- 
average molecule (see results) which is 0.018 degradations per number- 
average molecule, M„ will decrease only slightly to 0.187 X 105.

If Mw/M„ decreases to 5 (Fig. 2),* then Mw = 0.935 X 105, and the cal­
culated G(crosslinking radical) is 12.9. If larger values for Mw/M n were 
assumed, this large G value would be even higher. While radical yields of 
this magnitude cannot be ruled out on thermochemical grounds, still we 
believe that the indirect effect offers a more satisfactory explanation.

In neutral solutions Cf(H2) is only ~1.3, but as the pH decreases, G'(H2) 
increases to 3. The low G^H») at neutral pH is comprised of “molecular” 
hydrogen, hydrogen atoms, and only a small contribution from solvated 
electrons. At low pH, all of the electrons react to give H atoms:

e~a +  II +s — H • (6)

which in turn react to give IT. However, at neutral pH, most of the elec­
trons must be reacting with some other species in the solution before they 
can react with water to give hydrogen atoms.

A reaction with peroxide is likely,
+  H2Os -*■ -OH +  OH-  (7)

but this cannot account for all of the electrons, since G(e~s) > G'(H20 2). 
Pulse radiolysis of low molecular weight (Mw ~  15 000) poly(ethylene 
oxide) solutions17 gives some evidence that a reaction between electrons and 
polymer radicals is occurring.

+  ROCH2CHOR — Products (8)

At short times after the pulse, the ultraviolet absorption attributed to the 
polymer radical decayed at approximately the same rate as did that of the 
solvated electrons. While the possibility was not mentioned, a reaction 
between the two species is likely.

The reactions leading to degradation and particularly the degradation at 
low pH are not clear-cut. A reaction between polymer radicals and per­
oxide is a distinct possibility:

ROCtRCHOR +  H20 2 ROCH2CIIO +  ROH +  OH (9)

* Actually these data include the effect of crosslinking on the viscosity average molecu­
lar weight,. Since crosslinking will increase M v and since what we really want is M w 

after degradation occurs but before any crosslinking occurs, the M w which we should use 
in the calculation should be even smaller.
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A similar reaction has been proven in the photolysis of ethanol-H20 2 solu­
tion.18 In addition, the reaction between electrons and polymer radicals 
may lead to chain cleavage.

e~. +  ROCIUCHOR RO~ +  RO CH =CH 2 (10)

A unimolecular dissociation of the backbone radical
ROCH2CHOI? -*■ RO CH =CH 2 +  RO — ROCHCHO +  R (11)

has not been considered, because these reactions are expected to be quite 
slow. Furthermore, the pulse work gave no evidence for a first-order decay 
of these radicals.

Since (7(H2) increased at low pH, (/(polymer radical) must also increase. 
We might then expect that the crosslinking yield would increase since there 
are more radicals present. This is obviously not the case since degradation 
predominates at low pH. Unirradiated POLYOX solutions are particularly 
unstable at low pH, but this degradation occurs over a period of days 
whereas irradiated solutions degrade immediately. An acid-catalyzed 
decomposition of the polymer radical may be the answer, but there is no 
obvious reason to expect that the unimolecular reaction would subject to 
acid catalysis.

While it is tempting to explain the decreased efficiency of gelation at high 
pH by the lack of reaction between 0~ and POLYOX,19 c.g.

•OH +  O H - <=i O - +  ILO (12)

O-  +  ROCH2CH2OR —*■ no reaction (13)

or the conversion of H atoms to electrons,20 this explanation is not favored. 
Recent work21 has shown that the rate constant for the reaction of O-  with 
alcohols is still quite large.

It is possible to explain this behavior in accordance with recent observa­
tions made in this laboratory on the effect of structure breaking salts on 
conformational changes in polyethylene oxide) solutions.22 At high salt 
concentrations, the neutron inelastic scattering spectrum shows that the 
polymer chain begins to behave more like a disordered molecule and loses 
its helical structure. 111 other words, the polymer will become less extended 
(more spherical). With the polymer contained in a more tightly packed 
spherical configuration, the chances for an intermolecular reaction will 
lessen since it is more likely that a radical site will be situated in the interior 
of the sphere. The rate of intermolecular crosslinking will, therefore, de­
crease and the overall effect will be to form more intramolecular crosslinks.

The hydrogen yields in Tables I and II deserve more comment. In 
acidic solution the G values for hydrogen in light and heavy water are the 
same (~3.5), while in neutral solutions the total amount of hydrogen 
produced in H20  is significantly higher than the yield in D20  solutions, (1.3 
compared to 0.93).

While there is still some disagreement,23'24 as to the absolute magnitude of 
the yields of H and e- ,q, it is generally agreed that the sum of H (or D),
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e~aq, and molecular hydrogen is the same in H20  and D20. In acidic 
Polyox solutions where all of these intermediates eventually go on to pro­
duce hydrogen, we would, therefore, expect that the total hydrogen yields 
would be the same in I)20  and II20. This is observed.

In neutral solutions, however, where it is apparent that solvated electrons 
are not contributing significantly to the hydrogen yield, we would expect a 
correlation between the G values for atomic and molecular hydrogen and the 
total yield of hydrogen. In H20, G(H) +  GH2 « 1 .0  while in D20, 6(D) +  
Gm — 0.85.23 A smaller G (total hydrogen) is expected in the heavy water 
solutions. This is observed.

We wish to thank Dr. R. D. Lundberg for making the molecular weight measure­
ments. We also thank Drs. P. M. Slier, G. .1. SafTord, and P. G. Assarsson for helpful 
and stimulating discussions.
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Precipitation o f Some Nonionic Polym ers by 
Octyl am m onium  Thiocy an ate

SHU.TT SATTO, Momotam Juvtenkan, Ltd., Minatoku, Osaka 552, Japan

Synopsis

The effects of various alkylammonium thiocyanates (ethyl, butyl, hexyl, and octyl) 
on aqueous solutions of polyvinylpyrrolidone (PVP) and poly(vinyl alcohol-acetate) 
copolymer (PVA-Ac) were studied and compared with the effects caused by the respective 
chlorides. Whereas the PVP solution was hardly affected by the chlorides, it was pre­
cipitated by n-octylammonium thiocyanate (OASCN) at dilute concentrations and dis­
solved at higher concentrations. On taking the effects of ammonium chloride and thio­
cyanate on the solubility of PVA-Ac as references, with increasing of alkyl chain length, 
alkylammonium chlorides raised the polymer solubility steadily; on the contrary, the 
thiocyanates at dilute concentrations, except for ethylammonium thiocyanate, lowered 
it, and OASCN at dilute concentrations was a particularly strong salting-out agent. 
The amount of binding of OASCN to the polymers in the precipitated systems was mea­
sured. The precipitation was attributed to ion-pair binding of OASCN to the poly­
mers, and the mechanism was discussed in terms of the interaction between the water 
structure-breaking SON-  and the water structure-making hydrophobic groups.

INTRODUCTION

A previous study of the salt effect on a nonionic polymer in aqueous solu­
tion1 suggested considerable cation-anion interaction on the polymer chain 
for tetrapropylammonium iodide compared with the bromide. In such 
a combination of cation and anion both having a tendency to accumulate 
to the nonionic polymer, an irregular stilt effect takes place. As an ex­
treme case, when the cation has a long alkyl chain and therefore tends to 
associate well with the polymer, its sails exert quite an interesting effect, 
depending on the nature of the anions. For example, it was found that in 
sharp contrast to the chloride, in aqueous solution dodecylammonium 
thiocyanate changes remarkably the configuration of some nonionic 
polymers such as polyvinylpyrrolidone2 and even solubilizes water- 
insoluble poly (vinyl acetate).3 This was ascribed to the binding of the 
long-chain cations to the polymers with the aid of thiocyanate ions. Since 
in this binding the length of the alkyl chain of the cation plays a dominant 
role, it seemed desirable to investigate further the effect of alkylam­
monium thiocyanates with various alkyl chains on the solution properties 
of some polymers and to compare it with that of the analogous chlorides.
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EXPERIMENTAL

Preparation of Alkylammonium Thiocyanates

Alkylammonium thiocyanates were prepared from the alkylammonium 
sulfates (RNH*)2S04 by a metathetical reaction with barium thiocyanate. 
Ethylammonium and n-butylammonium sulfates were made by neutraliza­
tion of the respective amines [70% aqueous ethylamine solution, and 
Extra Pure grade w-butylamine (Tokyo Kasei Kogyo Co., Japan)] with 
sulfuric acid in aqueous solution. As ethylammonium sulfate is very 
hygroscopic, its aqueous solution was separated and washed repeatedly 
with acetone and dried over P2O5 under vacuum. The butylammonium 
sulfate was precipitated with acetone and recrystallized several times from 
methanol-acetone. n-Hexylammonium and n-octylammonium sulfates 
were converted from the respective chlorides by metathesis with silver 
sulfate in methanolic solution. After it was confirmed that no free chlo­
ride ions were detected, the filtrates were dried. The hexylammonium 
and octylammonium sulfates thus produced were repeatedly recrystallized 
from methanol-acetone.

Each alkylammonium sulfate was reacted with an equivalent amount 
of barium thiocyanate Ba(SCN)2 -2H20  (Wako Pure Chemical Co., Japan) 
in water. After removal of BaS04, a small excess of either component in 
the filtrate was further adjusted by careful titrations of solution of the 
coreactant. By repeating this procedure, the sulfates could be changed 
into the thiocyanates of sufficient purity. It was estimated that any 
excess component was on the order of 10~ 4 in mole ratio. In the case of 
octylammonium thiocyanate (OASCN), however, since the BaS04 pro­
duced was dispersed very stably, the colloidal solution was flocculated with 
methanol before filtration. The filtrates were then condensed over a water 
bath at about 60°C (prolonged heating at 100°C. caused decomposition).

The concentrations of the stock solutions of these thiocyanates (about 
0.5-1 M) were determined by gravimetric analysis of SON as CuSCN with 
cupric sulfate and sulfurous acid; 4 results were checked by drying the 
solutions over P20 6 in vacuo. The results agreed within 0.5%. All the 
alkylammonium thiocyanates were extremely hygroscopic.

Other Materials

n-Alkylammonium chlorides (ethyl, butyl, hexyl, and octyl) were the 
same as used before. 1

Polyvinylpyrrolidone (PVP) was a commercial product (Luviskol 
K90, Badische Anilin & Soda Fabrik, Germany) and poly(vinyl alcohol- 
acetate) copolymer (PVA-Ac) with 30.0% acetate content and a degree 
of polymerization 2000 was supplied by the Nippon Synthetic Chemical 
Ind. Co., Japan. Both were the same as used previously. 2
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Methods

The viscosity of PVP solution, the cloud point, and the solubility of 
PVA-Ac solution were measured as described previously.1'2 The cloud 
point of the PVA-Ac solution was determined as the temperature at which 
the system became cloudy on slow warming.

RESULTS

Figure 1 shows the reduced viscosity of PVP solution in the presence of 
various alkylammonium chlorides and thiocyanates. Whereas butyl- 
ammonium, hexylammonium, and octylammonium chlorides increased 
the reduced viscosity only slightly, the thiocyanates decreased it, and 
octylammonium thiocyanate (OASCN) precipitated PVP at a concentra­
tion of about 0.1 M, and redispersed and dissolved it at concentrations 
above 0.5 M. I t was shown that at room temperature thiocyanate ions 
cause an increase in viscosity of PVP5-7 and PVA-Ac.1 As explained pre­
viously regarding the dodecylammonium-PVP system,2 the decrease in 
viscosity or coiling of a polymer chain at dilute concentrations is due to 
cooperative binding of the long-chain cations and thiocyanate ions as pairs 
to the polymer. Because octylammonium cation is moderately surface- 
active, the salt was markedly bound to the polymer with increase of con­
centration. When the polymer chain is fully covered by the pairs, sup­
posedly the binding of the long-chain cations prevails, and as a result the 
shrunken and precipitated PVP chain is redispersed, uncoiled, and dis­
solved at higher concentrations. In the case of dodecylammonium thio-

Fig. 1. Reduced viscosity of 1.70 g/1. PVP in various alkylammonium salt, solutions 
plotted as a function of salt concentration at 25°C: (1) butylammonium chloride;
(2) hexylammonium chloride; (3 ) octylammonium chloride; (4 ) butylammonium 
thiocyanate; (5) hexylammonium thiocyanate; (6) octylammonium thiocyanate; 
(7) dodecylammonium thiocyanate (from ref. 2).
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Fig. 2. Cloud point of 0.21% PVA-Ac solution plotted against concentration of 
various alkylammonium thiocyanates added: <1) NT14SCN; (2) ethylammonium
thiocyanate; (3) butylammonium thiocyanate; (4) hexylammonium thiocyanate; 
(5) octylammonium thiocyanate (dotted portion; see text); (6) dodeeylammonium 
thiocyanate (from ref. 2).

Fig. 3. Plots of log S/So  against salt concentration C s: (1) N II4C1; (2) octylam­
monium chloride; (3) NH4.SCN; (4) ethylammonium thiocyanate; (5 ) butylammonium 
thiocyanate; (6 ) hexylammonium thiocyanate; (7) octylammonium thiocyanate. 
So (0.042%) and S  are solubilities of PVA-Ac in pure water and in salt solution at C „  

respectively,[at 25°C.
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Fig. 4. Amounts of oetylammonium thiocyanate (OASCN) hound per gram of pre­
cipitated polymers plotted against free OASCN concentration in the mother liquors at 
20°C. Initial polymer concentrations before precipitation were 1% in both cases.

cyanate,2 however, the coiling and uncoiling regions of surfactant concen­
tration were so closed and partly overlapped that only a minimum ap­
peared in the viscosity curve and no precipitation occurred.

The difference in alkylammonium chlorides and thiocyanates in the 
effect on solution properties of the polymer was shown more systematically 
and clearly by the cloud point (Fig. 2) and in the solubility at 25°C. (Fig. 
3) of the PVA-Ac solution. In Figure 3, log S /S 0 is plotted against salt 
concentration Cs in the form of the Setsehenow equation for the salt effect 
log S /S u = /••(?,, where S0 and S are the solubilities of PVA-Ac in water 
(0.042%) and in salt solution at Cs, respectively. As shown previously,1 
NHjCl and \  11,BOX exert a salting-out and a salting-in effect, respectively, 
on the PVA-Ac solution. With increase of alkyl chain length and con­
centration, addition of alkylammonium chlorides resulted in a steady rise 
in the cloud point and in the solubility of PVA-Ac,1 but addition of alkyl­
ammonium thiocyanates showed complicated effects. At low concentra­
tions, compared with the reference curve of NFFSCN, ethylammonium 
thiocyanate tended to raise the cloud point (Fig. 2) and to increase the 
solubility at 25°C. (Fig. 3) only a little, but butylammonium thiocyanate 
lowered them, and with greater increase of the alkyl chain length this ten­
dency became marked. The salting-in action of thiocyanate ions is there­
fore not only cancelled out by hexylammonium cations, but changes to a 
salting-out action in the presence of the longcr-chain cations. Actually, 
the effect of OASCN was more powerful than that of a strong salting-out 
agent such as potassium fluoride. Thus, as the effects of NH4C1 and NHr 
SCN on PVA-Ac solution are opposite, so the contribution of the alkyl 
chain of alkylammonium chlorides and that of the thiocyanates are oppo­
site.
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Fig. 5. Plots of 1 f t  against 1/(CS — Co). Co for PVP and PVA-Ac are 0.125 and 0.10
mole/1., respectively.

The PVA-Ac solution became cloudy with increasing temperature. In 
this case the cloudiness is related to the interaction of water with the hydro- 
phobic acetate parts of the polymer. Above 0.25 M  OASCN concentra­
tion, however, cloudiness disappeared with elevation of temperature 
(dotted portion of curve 5 in Fig. 2), and above 0.5 M  the precipitates dis­
solved. Because the acetate parts of PVA-Ac are covered by OASCN 
as shown subsequently, with a rise of temperature the attraction between 
the alkyl chains bound to the polymer may be weakened and the pre­
cipitates dissolve. For the same reason as mentioned regarding PVP, 
dodecylammonium thiocyanate produced no precipitation of PVA-Ac 
but showed a minimum in the cloud point curve.2

The amounts OASCN bound per unit weight of the polymers were de­
termined in their precipitated systems at 20°C by measurement of thio­
cyanate concentration in the equilibrium transparent mother liquors, on 
the assumption that the mother liquors contained practically no polymer. 
As shown in Figure 4, the binding increased abruptly at a certain concen­
tration Co depending on the polymers (0.125 and 0.10 mole/1. for PVP and 
PVA-Ac, respectively) and their concentration, and this is a feature of 
surfactant binding as indicated also in the system sodium dodecylsulfate- 
PVP.8 With increase of OASCN concentration Cs above Co, the binding 
was enhanced by Langmuir type adsorption, and eventually the precipi­
tates dissolved in the solution. On applying the Klotz equation9

1A  = (1 /nkC) +  (1 fn)

(where r  and n  are moles of cosolutes bound per unit mole of polymer at 
free cosolute concentration C and C respectively, and n k  is the
equilibrium constant of the first binding of the cosolute to the polymer)
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to these binding equilibria and putting Cs — Co instead of C, we obtained 
the straight lines in 1/r versus 1 /(Cs — Co) plots shown in Figure 5. Orig­
inally, this equation was derived on the assumption that each adsorbate 
is independent of others. Because the polymers were precipitated by 
OASCN by its mutual attraction upon binding, the validity of the Klotz 
equation for the present systems is questionable. Moreover, as OASCN 
is a surfactant, the concentration in the above equation should be replaced 
by activity. Accordingly, the linear relationship of the Klotz plots for 
these systems shown in Figure 5 seems rather fortuitous. Since hydroxyl 
groups in PVA-Ac are considered not to be related to the binding,2 r 
values for the copolymer in Figure 5 were expressed in terms of the acetate 
residue. The values of n k  (133 for pyrrolidone and 29 for acetate) calcu­
lated from the slopes are only qualitatively reliable, but a pyrrolidone group 
clearly has a greater affinity for OASCN than does an acetate group.

By extrapolation of the lines to 1/(CS — C0) -*■ 0 in Figure 5, the maxi­
mum moles n of OASCN bound per mole of pyrrolidone and acetate was 
estimated to be 0.60 and 0.85, respectively, and this may imply that an 
acetate group located in the copolymer can afford more space for the bind­
ing of the long-chain molecules than a pyrrolidone in its own sequence.

Methvlcellulose also was precipitated by OASCN, but poly (vinyl al­
cohol) (PVA) and polyethylene oxide) (PEO) were not. As shown pre­
viously,2 dodecylammonium thiocyanate had hardly any interaction with 
PVA but weak interaction with PEO. Both polymers were the same as 
used before.2 It is plausible that polymers with more hydrophobic groups 
interact more strongly with both alkyl-chain cations and SCN- , and there­
fore, with long-chain alkylammonium thiocyanates.

DISCUSSION

It is known that, following the lyotropic series of inorganic anions, SCN-  
is closer than Cl-  not only to uncharged water-air,10'11 water-low-dielec­
tric substance,12 and water-mercury13 interfaces, but also to charged poly­
mers.

In the latter cases, counterions accumulate around the polycations, 
and SCN-  or I -  is fixed more tightly than Cl-  to the cationic polyelec­
trolytes14 by long-range electrostatic forces and also by a specific attrac­
tion, and this induces a significant change in the conformation of some 
polypeptides.15-17

The specific behavior of these large, water-structure-breaking anions 
together with cations having hydrophobic groups may be caused by 
changes in the arrangement of water molecules around the cation and anion 
concerned.18 In a study of aqueous solutions of tetraalkylammonium 
halides,19 the fact that the salts of the more water-structure-breaking anion 
(I-  > Br-  > Cl-  > F- ; F-  being water-structure-making) have lower 
activity coefficients has been explained by the possible mechanism that 
the more water-structure-breaking anion makes more water molecules
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available for the self-salting-in of the water-structure-making tetraalkyl- 
ammonium cation, this effect outweighing the salting-out effect of the anion 
by the cation. Thus, in a comparison of the salting-in effect of PiyNI 
and Pr'iNBr on PVA-Ac,1 for example, supposedly iodide ions drive the 
cations to the polymer (salting-in), but at the same time the anions also 
are attracted to the polymer much more tightly than are bromide ions, 
and therefore the salting-in of the polymer by the cations is lessened by 
iodide ions, which reduce the effective charge on the polymer. Generally, 
the activities of a polymeric salt are much lower than those of the mono­
meric salt.20 In this regard, when a single component of a salt is bound 
to a nonionic polymer forming a high-density charged field, the counterions 
are much less mobile than those of the unbound ones.

By application of this idea to the present case, it is considered that 
SON-  also may promote self-association of the alkylammonium cations, 
though not in such a characteristic way as in the PiaXX compounds. 
When a hydrophobic polymer is present, SCN-  enhances binding of both 
cation and itself to the polymer more tightly than does Cl- . This re­
ciprocal attraction encourages binding of the ion-pair to the polymer in 
the neutral state, which tends to cause mutual intramolecular attraction 
(the viscosity or solubility depression) between the hydrophobic parts of 
the salt-bound polymer complex. When the chain of the cations becomes 
longer, the ion-pair binding to the polymer and the attraction between 
the bound salts increase, inducing a drastic change to precipitate the poly­
mers, particularly by OASCN, whereas the salt itself is highly water-solu­
ble. (o-Dodecylammonium thiocyanate might be a more effective pre­
cipitant for the polymers at dilute concentration.)

On the other hand, when the counterions are chlorides, since they are 
less confined to polycations than are thiocyanate ions, the cations may pri­
marily be subjected to binding to the nonionic polymers. Thus, on addi­
tion of alkylammonium chlorides, the solubility of PVA-Ac and the cloud 
point of its solution profoundly and steadily increase,1 and also the reduced 
viscosity of PVP solution increases, though only slightly (Pig. 1), with 
an increase of the alkyl chain length. Also, because anions generally 
have greater influence upon the water structure than do the cations and 
because sodium ions are water-structure-making,21 it may be natural that 
sodium salts of long-chain anions show considerable differences in their 
mode of interaction with nonionic polymers from chloride and thiocyanate 
salts of long-chain cations, as already described.1,22
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NOTES

P hoto  P o lym eriza tio n  o f V inyl in  th e  Presence of 

T etrach lorides o f C roup IV  E lem en ts

In radical polymerization in the presence of carbon tetrachloride, CCL is a well known 
chain-transfer agent. In a previous study1'2 it was found that SiCl4 also acted as chain- 
transfer agent in radical polymerization.

SiCL and GeCl4 do not act as cationic catalysts in benzene, but it was previously ob­
served that when metal halides, for example, HgCL, are present, they can be cationic 
catalysts.8

SnCh is a well known cationic catalyst but styrene does not polymerize in ether with 
S11CI4.

There are some reports4,6 that methyl methacrylate and vinyl acetate form complexes 
with SnCh and their radical polymerizability increases.

We carried out the photopolymerizations of methyl methacrylate (MMA, e == 0.40, 
Q =  0.74) and vinyl acetate (VAc, e = —0.22, Q =  0.026) in benzene and styrene (St, 
e =  —0.80, Q = 1.00) in di-ethyl ether at 30°C in the presence of tetrachlorides of group 
IV elements.

Photopolymerizations were carried out by the usual sealed tube method at 30°C. 
The sealed tubes were placed at a constant distance (10 cm) and a SHL-100 UV high- 
pressure mercury lamp manufactured by the Toshiba Electric Co., Ltd., was used for 
irradiation.

The effect of tetrachlorides of group IV elements 0 1 1 the rates of polymerizations of 
methyl methacrylate, vinyl acetate, and styrene are shown in Figures 1, 2, and 3, re­
spectively.

It was found that the rales of polymerization increased with addition of the halides to 
the polymerization systems and these chlorides acted as photosensitizers.

The effect of the concentration of chlorides on the rates of polymerization was not as­
certained, but the activities for St of tetrachlorides of group VI elements in this experi­
ment decreased in the order, SnCh >  GeCh >  CCL >  SiCl4. For MMA, the order was 
CC14 >  SnCh >  GeCL >  SiCL; for VAc the activity decreased in the order, CC14 >  
SnCh >  GeCl 4 >  SiCl4.

The differences in the rates of polymerization Rp in the presence of these chlorides 
seems to be attributable to the differences in the rate of initiation, the increase of the rate 
of propagation, by the interaction of monomers with the photosensitizers, or the de­
crease in the rate of the termination.

To clarify these points, the degree of polymerization P„ of St and MMA was deter­
mined for the polymers obtained at approximately the same conversion by using cqs. (1) 
and (2) for ¡81 and MMA, respectively.6,7

The rat es and the degrees of polymerization are shown in Table I.
The degrees of polymerization of St in the presence of the tetrachlorides decreased in 

the following order: SiCU >  CCI4 >  GeCU >  SnCh- From the relationships between
the rates and degrees of polymerization, it was thought that the difference of the rates of

P n =  1770 M '-4 (1)

(2)P n  = 2200 h i 1-18

©  1970 by John Wiley & Sons, Inc.
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Fig. L  Photopolymerization of M M A  in the presence of tetrachlorides of group I \  
elements: ( V ) S n C ' L :  ( □ )  G e C L ;  ( A ) S i C L ;  £0) C C L ; ( X )  blank, in benzene at 3 0 °€ ,
[MMA] = 4.68mole/I. (4.68g); [halide] =  6.24 X It)“ 2mole 1.

Fig. 2. Photopolymerization of VAc in the presence of tetrachlorides of group IV ele­
ments: ffQJSnCL; (X ) GeCL; (A) SiCl( ; (V) CCL; (O) blank, in benzene at 30°C. 
[VAC] = 6.44 mole/1. (4.67 g); [halide] =  6.24 X 10~2 mole/1.

polymerization depended on the difference of the rates of initiation and was inde­
pendent of the rates of propagation. The rate of initiation seems to decrease in the fol­
lowing order: SnCL >  G eC L >  C C L  >  SiCL- This order of the rates of initiation was
thought to be dependent on the quantum yield of cleaving these chlorides into radicals 
or on the difference of the react ivity of radicals formed with St.

On the other hand, the degree of polymerization of M M A  in the presence of the tetra­
chlorides decreased in the following order: C C L  >  SnCL >  G eC L >  SiCL. In  the case
of M M A , the degrees of polymerization increased with increasing rates of polymerization. 
It  was considered that the rate of propagation was increased by the complexes formed 
between M M A  and these halides. It  is known that, complexes are formed between 
SnCL and M M A  or VA c and therefore the rate of polymerization in the presence of 
SnCL increases. In the present experiments, the increase of the rate of polymerization
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Fig. 3. Photopolymerization of St in the presence of tetrachlorides of group IV 
elements: (A) SnCL; (V) GeCL; (X ) SiCl4; (□) CC14; (O) blank, in Et20 at 30°C.
[St] =  4.35 mole/1. (4.52 g); [halide] = 6.24 X 10~2 mole/l.

seems to be due to the contribution of SnCL not only at the initiation stage but also at 
the propagation stage. Otsu et al.8,9 have shown similar examples in which the com­
plexes are formed between MMA or VAc with ZnCL and the rate of polymerizations is 
consequently increased.

As mentioned above, the photopolymerizations of MMA and VAc were also accelerated 
in the presence of SiCl4 and GeCl4. It was considered that radicals formed from highly 
ionic SiCl4, GeCL, and SnCl4 as well as CC14 on irradiation of ultraviolet light, and the 
rates of propagation increased as a result of formation of complexes of MMA or VAc with 
these tetrachloride.

These results indicate that halides of group IV elements act as photosensitizers. Fur­
ther studies of the photopolymerization of vinyl monomers in the presence of various 
halides are continuing, and full details of the results will be reported at a later date.
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R o o m - T e m p e r a tu r e  C o n d e n sa t io n  o f  T S -(H ydroxya lky l)am ine  
w i t h  C arboxylic  A c id  E s ter

INTRODUCTION

It was reported in the previous papers1-3 that iV-(hydroxyethyl)amine reacts rapidly at 
room temperature with carboxylic acid ester to form an amide compound in the presence 
of a basic catalyst. Thus, AT-(hydroxyethyl)polyamide was obtained from N,N'-(bis- 
hydroxyethyl)diamine with a carboxylic acid ester in alcohol solution at room tempera­
ture.

In this study, the condensation reaction of several iV-(hydroxyalkyl)amines with car­
boxylic acid esters was carried out in order to elucidate the reaction mechanism of the 
room-temperature condensation reaction.

EXPERIMENTAL

Synthesis of !V,iV'-(Bishydroxyethyl)alkylenediamines

An aqueous solution of 1 mole of alkylenediamine and 2 moles of ethylene chlorhydrin, 
each in a concentration of 20% (w /v), was heated at 70°C for 1 hr. The solution was 
neutralized, and each monomer was then obtained by fractional distillation in vacuum: 
HOCH2CH2NH(CH2)2NHCH2CH2OH, mp 95°C; HOCH2CH2NH(CH2)4NHCH2CH>- 
OH, bp 150°C/3 mm lift; HOCH2CH2NH(CH2)6NHCH2CH2OH, bp ir>5°C/3 mm Hg.

Polycondensation

A^tV'-lBishydroxyethyTalkylenediamines and dicarboxylic acid esters were dissolved 
in ethanol, each in the concentration of 1 mole/1., in the presence of 5 mole-% lithium 
ethoxide, and the solution was allowed to stand for the desired time of reaction. The 
white polymer which precipitated from the solution was filtered off, dried, and weighed.

TABLE I

CH3(CH,)3-
NH(CH2)„OH Yield, % Bp, °C

n = 2 48 204-205
n =  3 72 218-220
n = 5 45 145-150 (16 mm Hg)
n — 6 .50 155-158 (17 mm Hg)

The ethanol solution was evaporated and the residual polymer was weighed. Solid- 
phase polycondensation of the alcohol-insoluble polymer was carried out in the presence 
of 5 mole-% of phosphoric acid at 164°C under vacuum (2 mm Hg). The inherent 
viscosity of the polymer was determined in concentrated sulfuric acid at 30°C.

Model Reaction of Amide Formation

Several iV-(hydroxyalkyl) n-butylamines were synthesized by the reaction of n- 
butylaldehyde with amino alcohols as shown in eq. (1). The products are summarized 
in Table I.

Hs
CH3(CH2)2CHO +  NH,(CH2)„OII — CH3(CH2)2C H =N (C H 2)„OH---------->

CH3(CH2)3NH(CH2)„OH (1)

©  1970 by John Wiley & Sons, Inc.
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The model reaction of the amide formation between ethyl acetate and ;V-(hydroxy- 
alkyl) n-butylamine [eq. (2 )], was carried out at 30°C each at a concentration of 1  mole/ 
1., in ethanol in the presence of 5 mole-% lithium ethoxide and the reaction rate was 
determined by titration in a given period of the reaction.

(CH2)„OH

CELCOOC2H 5 +  n-BuNH(CH2)„OH n-BuNCOCLL +  C2H5OH (2)

RESULTS AND DISCUSSION 

Polycondensation

The polycondensation of jV,Ar'-(bishydroxyethyl)ethylenediamine and ethyl succinate 
was carried out in ethanol at 0, 30, and 60°C. As shown in Table II, the yield of the 
polymer was not appreciably affected by temperature, while the polymer of highest in­
herent. viscosity was obtained at 30°C.

TABLE II
Polycondensation of N ,N ,'-(Bishydroxyethyl)ethylene- 

diamine and Diethyl Succinate at Various Temperatures“

Alcohol-insoluble polymer

Temp, °C. Time, days Yield, % V'inhj d i/gb

0 2 51 0.08
0 4 76 0.08

30 2 49 0.15
30 4 73 0.13
60 2 57 0.13
60 4 77 0 . 1 2

“ Conçu., 1  mole/1. in CJLOH; catalyst, 0 /H t,OLi, 5 mole- 07/(■•
b III ILSO, at 30 °C.

TABLE III
Polycondensation of JV,V'-(Bishydroxyethyl(diamines

and Dicarboxylic Acid Estere“

Polymer
Monomer Yield. %

Di- Di-
amine ester Catalyst Alcohol Alcohol- IJinh, Mp,

m n (5 mole-%) soluble insoluble d l/g1' °C

2 2 C2H6OLi — 50 0.13 185-195
2 2 G,H6ONa — 18 0.16 190-195
2 2 C2H5OK — 2 0 0.18 192-197
2 0 C2H5OLÌ — 46 0.08 180-190
4 0 C2H5OTJ 100 0 0.08 Grease
4 2 CjHsOLi 100 0 0.08 Grease
0 0 C2H5OLÌ 100 0 0 . 1 0  Grease
0 2 C.H5OLÌ 100 0 0.08 G lease
6 4 C2H5OLi 100 0 0.06 Grease
6 8 C2H5OLi 100 0 0.05 Grease

* Concn, 1  mole/1 in C2H5OH, 30 °C, 65 hr.
L In I LSO< at 30°C.
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Results of the polycondensation of various .V,N'-(biahydroxyethyl)alkylene diamines 
and dicarboxylic acid esters [eq. (3)] are summarized in Table III, where it is seen that 
the inherent viscosity of the alcohol-insoluble polymer obtained from the monomer 
combinations of m =  2 and n =  2 depends on the catalyst and decreases in the following 
order: K >  Na >  Li.

CHoCH,OII ClhCIIoOH 

(V llJK )(’((1l,':,,C()0('dl +  HN—(CfL),,,—N H --------->

CH2CH.OIT CH,CH>OII
I I

f ( X X C  I f  ) , ( X ) N  t o i l . ' . , , ,  \ |  +  C , F I  o i l  ( 3 )

Alkylenediamines with in = 4 and m = 6 gave only alcohol-soluble and greasy poly­
mers which did not show a distinct melting point.

Solid-Phase Polycondensation

The alcohol-insoluble polymers obtained from .V,jV-(bishydroxyet.hyl)ethylenedia- 
mine and dicarboxylie acid esters were heated in the solid phase at 164°C in the presence 
of 5 mole-% of phosphoric acid under vacuum. Results are shown in Table IV. The 
prepolymer obtained from A’,-V'-(bishydroxyethyl)ethylenediamine and methyl succinate 
gave a high molecular weight polyamide with a melting point of 200-205°C on solid- 
phase polycondensation. The infrared spectrum of this polyamide is shown in Figure I.

T A B L E  I V

CILCH.OH ÇH2CH2OH

Solid-Phase Polycondensation“ of RO-(-OC(CHî )bCON— —N-f-

Prepolymer

R n
■tyinh)
dl/g"

Time
(hr.)

??inhj
dl/gh

Alp (dec), 
°C

CJTr, 0 0.08 S 0.10 195-200 (210)
c ,h 6 2 0.13 8 0.16 200-205 (220)
CH:1 2 0.16 4 0.20 200-205 (220)
Cl Is 2 0.16 f> 0.26 200-205 (220)
C R 2 0.16 8 0.30 200-205 (220)
CIL 2 0.16 17 0.52 200-205 (220)

a lG4°C/2 mm Hg, catalyst HsPO<, 5 mole-%. 
b In H2S 0 4 at 30°C.

As can be seen in Figure 1, with increasing reaction time, the intensity of the carbonyl 
absorption at 1720 cm -1 increased and the solubility of the polymer decreased. The 
polymer did not dissolve, even in concentrated sulfuric acid, after prolonged heating. 
Therefore, it is presumed that a erosslinkiug reaction between pendant hydroxyl and end 
ester groups occurs during the solid-phase polycondensation. All of the polymer decom­
posed rapidly at temperature above the melting point of the polymer.

M o d e l Reaction of Am ide Form ation

The rates of the reaction of several jV-(hydroxyalkyl)amines with ethyl acetate, each
at a concentration of I mole/1. were determined at 30°O in ethanol; results are shown in
Figure 2.
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The reaction rates of jV-(hydroxyalkyl)amines with ethyl acetate decreased with in­
creasing number of carbon atoms in the hydroxyalkyl group in the following order: 
n = 2 >  3 1S> 5, 6. The hydroxyl group on the amine nitrogen has an important role in 
the condensation of amine and ester; particularly .Y-hydroxyethylated amine underwent 
condensation with esters at room temperature.

Fig. 1. Infrared spectra of (—) prepolymer and (------) polymer obtained by solid-phase
polymerization (H3P 0 4 catalyst, 164 °C, 17 hr).

Fig. 2. Reaction of ethyl acetate with various Ar-(hydroxyalky 1 )-»-butylamines: (O)
n =  2; (X ) n =  3; (A) n = f>,6. Monomer concentrations, 1 mole/1.; in CJLOII at 
30°C; catalyst CjHjOLi, 5 mole-'/,'.

It is presumed that the room-temperature condensation of IV-hydroxyethyl amine wit h 
carboxylic acid ester takes place through the reaction scheme (4). Amide formation 
occurs by an exchange reaction through a cyclic intermediate between AT-hydroxyalkyl 
amine and ester.
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O R' O R'
If J  B- g  j

R—C +  HN(CH2)„O H---------» R—0  +  -0 (C H 2)„NII

OR OR

o -
I

R— C—0(CH-2)„NHR '
I
OR

OH O
-RO- ! /
------- > R—C

N

(CH2)„ — O (CHo)„OH
/  Il I

R—C—N—R'
(4)

Termination may occur by an ester-exchange reaction between pendant hydroxyl and 
ester end groups as shown in eq. (5).

CITCH2OH CHaCHaOCOR'

R—NH +  R'COOEt — R—NH +  EtOH m

This transformation of the pendant hydroxyl group may disturb the whole reaction, 
and thus it would be difficult to obtain a high molecular weight polyamide directly by 
room-temperature polycondensation unless this ester-exchange reaction is completely 
inhibited by using an appropriate solvent.
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BOOK REVIEWS

Preparative Methods of Polymer Chemistry, Second Edition. Wayne R. 
Sorenson and Tod W. Campbell, Eds., Interscience, a division of John 
Wiley & Sons, Inc., New York, 196S. 504 pp. f  15.00.

Polymer synthesis has grown in the past 25 years from a few relatively simple polymer­
forming reactions to a large number of quite sophisticated syntheses. The success of 
these more complex syntheses in terms of molecular weight control, stereo-structure 
control, and the elimination of side reactions, often depends on subtle changes in rea­
gents and syntheses conditions. The student or chemist wishing to synthesize a poly­
mer was often faced with a lengthy literature search as well as the expenditure of extra 
time to learn the exact conditions required for successful preparation. The first edition 
of this book, published in 1961, was a remarkably successful attempt to assemble a 
number of polymer preparations that had been produced by the authors and their 
colleagues and friends, and hence were quite reproducible. The second edition has 
been extensively updated maintaining the quality standards set by the first edition.

Sorenson and Campbell’s book interweaves general sections on polymer synthesis and 
characterization and the scope of the various types of polymer-forming reactions with 
434 specific polymer preparations. The general sections give perspective to the prep­
arations. The specific preparations give the directions needed for synthesis of the 
polymers described as well as giving guidance to the synthesis of homologs. The 
material is grouped under chapter headings of Polycondensation and Hydrogen Transfer 
Polymerization, Addition Polymers from Unsaturated Monomers, Ring Opening Poly­
merization, Nonclassical Routes to Polymers and Crosslinked Synthetic Resins. This 
grouping brings together allied polymers so that alternative preparations can be com­
pared. Revisions have been made to each of the chapters. The most extensive re­
vision is to the chapter on Addition Polymers from Unsaturated Monomers necessitated 
by the advances made in coordination and ionic polymerization since the first edition 
was published. A section on High Temperature Polymers has been added and extensive 
revision of the section on Block Condensation Elastomers has been made.

Both students and experienced polymer chemists will find this book a valuable source 
of polymer preparation information. This reviewer regrets the untimely death of 
Tod Campbell shortly after this book was completed partly for the reason that poly­
mer chemists cannot look forward to his contributions to a third edition of this book.

J. R. Elliott
Loctite Corporation 
705 North Mountain Road 
Newington, Conn. 06111

Advances in Polyurethane Technology. ,T. M. Buist and H. Gudgeon, 
Eds., John Wiley & Sons, New York, 1969. $12.00.

Advances in Polyurethane, Technology is a well organized series of lectures on some of 
the most important aspects of polyurethane technology. The various chapters are 
written by a group of British experts from Imperial Chemical Industries Ltd., a com­
pany which has played an important role in the early pioneering as well as subsequent 
technological advances in the field of polyurethanes. Most of the names of the authors, 
headed by J. M. Buist, are well known for their many technical contributions in this 
area. The book contains eight chapters: (1) Isocyanate Reactions: Nature, Control

233
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and Significance in Manufacture of Polyurethanes, by I5. C. Johnson, (2) Polyurethane 
Elastomers by Li. Trapp®, (3) Relations between Structure and Properties of Polyure­
thanes by G. Trappe, (4) The Mechanism of Polyurethane Foam Formation by F. T). 
Hartley, (5) Flexible Foam: Manufacture and Properties by J. M. Buist, (6) Rigid
Foams: Manufacture and Properties by J. M. Buist, R. Hurd, and R. L. Stafford, (7)
The Utilization of Isocyanates in the Surface Coating Industry by A. Lowe, (8) Health 
Hazards from Isocyanates by A. Munn.

In addition to references at the close of each chapter, there is a Bibliography at the 
end of the book listing additional references for various areas of polyurethanes. In 
view of the large amount of published literature in the last decade, the number of refer­
ences are somewhat sparse and this section deserves a better coverage.

As the editors point out in their Preface, the book is not intended to be an all inclusive 
reference work on all aspects of polyurethanes, but rather aims to stress scientific prin­
ciples involved in the various branches of polyurethane technology. Another obvious 
aim of the editors was to present more recent advances in the respective areas which 
are covered in the book.

In the opinion of this reviewer both of these goals have admirably been met, and the 
editors and authors are to be commended in the assem bling and presentation of highly 
useful and pertinent data in an interesting and clear style. Of particular value are 
the structure-property relationships which are treated in several chapters and are well 
documented by means of numerous experimental data, tables, and figures. However, 
it is regrettable that certain important aspects of polyurethane chemistry and tech­
nology are not discussed at greater length such as catalysis and more recently developed 
relationships between chemical structure and flammability characteristics. At times 
many of the sections are so short that, although they are well presented, leave the 
reader avid for additional information on these topics. There is also an inconsistency 
with regard to units shown in the various graphs by employing both units of the metric 
and British systems.

Despite these minor flaws, this reviewer highly recommends this book to any person 
engaged in research and development of polyurethanes. It could serve also as a valu­
able stimulus for future research for investigators in this rapidly growing field of poly­
mers.

Kurt C. Frisch
Polymer Institute, University of Detroit 
Detroit, Michigan 48221

Carbanions, Living Polymers, and Electron-Transfer Processes. Michael 
Szwarc, Iuterscience Publishers, a division of John Wiley and Sons, Inc., 
New York, 1968. 695 pp. $25.50.

As in all endeavors, chemistry has its scholars, investigators, craftsmen, prospectors, 
speculators, adventurers, entreprenuers, statesmen, and chroniclers whose combined 
functions give movement and substance to the science. In the early stages of develop­
ment of a branch of chemistry occasionally one person integrates some of these activities. 
But as the field expands, the hard economics of time drive investigators into specializa­
tion, both of subject matter and function. Polymer chemistry, in general, and earb- 
anion chemistry, in particular, are now vast fields with hundreds of practitioners, objec­
tives, techniques, and approaches that range from almost pure physics to synthetic or­
ganic chemistry. Ideally, a monograph possesses enough breadth to encompass a field, 
enough depth to critically evaluate its current state, and enough insight to anticipate and 
define the goals of the future. Ambitious, indeed, is the man who, understanding these 
things, writes a monograph embracing two vital fields, one of practical and the other of 
theoretical significance. Professor Szwarc is such a man, and Carbanions, Living Poly­
mers, and Electron Transfer Processes is such a monograph. The functions of scholar,
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investigator, and chronicler are nicely blended in this book, as are the arts and crafts and 
theory of physical, organic, and applied polymer chemistry.

Carbon with a partial or full negative charge is the unifying theme, with polymers and 
their models, the vehicle. The first chapter provides orientation in the general field of 
anionic addition polymerization and provides a context in which living polymers are 
placed. The structural, stereochemical, and kinetic problems are stated. The second 
chapter deals with the environmental factors that control molecular weight and its dis­
tribution, and the means by which block and other “tailored” structural features of 
polymers are generated. Chapter three is concerned with the thermodynamics of carb- 
anion addition and of polymerization. The interplay of techniques and fundamentals 
is stressed. The next chapter details techniques applicable in kinetic studies of carbanion 
reactions and most useful from the point of view of extraction of mechanistic information. 
These four chapters provide a background for discussions of the next several chapters 
that deal with reaction mechanism. Chapter five is a wide-ranging discussion of ions, 
ion-pairs, rates of dissociation and association of ions, their structure, their solvation, 
their reactivities, and their thermodynamic properties. Radical-ions, particularly radi­
cal-anions and solvated electrons, are similarly treated in Chapter six, along with 
electron transfer phenomena. These two chapters build a foundation for the remain­
ing six in which physical-chemical concepts are applied to the anionic polymerization 
process. Initiation, propagation, copolymerization, and termination are given explicit 
treatment, as are the special problems encountered with organolithium compounds, both 
simple and polymeric.

The character of this book springs more from what is found at the paragraph level than 
in the formal organization. Professor Szwarc is equally conversant with quantum and 
and molecular models. The concepts and tools of the physical chemist merge with those 
of the structural organic chemist in many of the chapters. His quest for knowledge 
of the structure, properties, and reactivities of short-lived ionic species represents a con­
fluence of streams of ideas and techniques to which all the chemical disciplines contribute. 
Stereochemical and kinetic probes of mechanism stand side by side wTith spectroscopic 
and conductivity results obtained on static systems. Equally impressive is the evolu­
tionary flavor that emerges enough times from the print to remind the reader of the his­
torical dimension of chemistry. The enthusiasm of the author for his subject is always 
in evidence, and his use of words and imagery are pleasing and natural. For example, in 
discussing changes with temperature of equilibrium constants between contact and sol­
vent-separated ion pairs, the author states: “The same solvent at two different tempera­
tures represents, after all, two different media. For example, tel rahydrofuran at +2.5 
and — 70°C has different densities, viscosities, dielectric constants, etc. One may say, 
with some justification, that it is only the label on the bottle that remains the same, but 
the content is different at different temperatures.”

A monograph oriented toward research that draws from so many disciplines must lie 
written by a practitioner of those disciplines, and here the author shines. He knows 
what he is writing about because he led the way in many of the subjects treated. This is 
particularly true in his discussions of living polymers and the treatment of ion-pair phe­
nomena. This book should be of value to those investigators who wish to look behind the 
curtain of empiricism and find t lie beginnings of a science of anionic polymerization. 
For creative readers, the book points to many unsolved and intriguing problems. For 
the scholarly, (he book reflects the critical judgment of a talented and seasoned investi­
gator.

Donald J. Cram
Department of Chemistry 
University of California 
at Los Angeles
Excerpt from Forward of Book entitled, Carbanions, Livuuj Poli/mers, and Elec­
tron-Tram for Processes.
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Newer Methods of Preparative Organic Chemistry, Volume IV. Ed.,
W. Foerst, Verlag Chemie GmbH, Weinheim/Bergstr., Germany. 1968. 
348 pages $15.00.

This volume consists of seven selected reviews written by experts and characterized 
by the same high quality and general format as those in the previous volumes. The 
reviews have been brought up to date and expanded, particularly in regard to the num­
ber of detailed experimental procedures, since they first appeared in “Angewandte 
Chemie.” Each contribution presents historical material, the scope, limitations and 
variations of the synthetic technique, tabular summaries of literature examples, de­
tailed representative procedures, and extensive literature references. The latter in­
clude pertinent publications up to the period about 1964-67.

The reviews are: (1) «-Additions to Isonitriles. Triple Additions and Four-Com­
ponent Condensations (I. Ugi). An illustrative triple addition is the general synthesis 
of an «-acyloxy carboxamide via the reaction of an isonitrile with a carboxylic acid and 
a carbonyl compound (the Passerini Reaction). The major portion of this review sum­
marizes the “four-component, condensation” (or Ugi Reaction)— the condensation of an 
isonitrile with an amine derivative, an aldehyde or ketone, and an acid. Such conden­
sations can be used to generate a variety of product types including amides, thion- 
amides and selenomides of «-amino carboxylic acids, 1,5-disubstituted tetrazoles, hydan- 
toin and thiohydantoin imides, amides of «-acylamino carboxylic acids, oligopeptide 
derivatives, (3-lactams, penicillanic acid derivatives, urethanes, diacyl imides, and hy­
drazine derivatives. (2) Isonitrile Syntheses (I. Ugi, U. Fetzer, U. Eholzer, H. Knttp- 
fer, and K. Offermann). .Mainly a summary of isonitrile synthesis via the dehydration 
of N-substituted formamides using phosgene and a tertiary amine. (8) Reactions of 
Sodium Hydrazide with Organic Compounds (T. KaufTmann). The reagent is a versa­
tile one, affording addition, substit ution, reduction or cleavage products with a variety 
of substrates. (4) Ethynation Reactions (W. llied). A summary of the addition of 
acetylene and terminal alkynes to carbonyl species, particularly quinones. (5) Syn­
theses with Nascent Quinones (H. W. Wanzlick). Treatment of hydroquinones with 
an oxidizing agent in the presence of a nucleophile affords products viewed as arising 
from Michael-type addition of the latter reagent with the quinone produced in situ.
(6) Cyclizatiou of Dialdehydes with Nitromethane (F. W. Lichtenthaler). This con­
tribution describes the syntheses of cyclic nitrodiols and aminodiols via the base-cat­
alyzed condensation of nitromet.hanes with aliphatic, aromatic, and sugar dialdehydes.
(7) The Use of Complex Borohydrides and of Diborane in Organic Chemistry (E. Schen- 
ker). This review, the longest by far in the volume, probably represents the most com­
plete summary of the subject that is currently available. It covers all aspects of the 
subject, has nearly 2000 literature references, and gives 49 detailed procedures for the 
reduction of diverse functional groups and the transformation of organoborane inter­
mediates.

Schenker’s review alone makes this volume a particularly valuable reference work for 
synthetic organic chemists.

Daniel T. Longone

Department of Chemistry 
University of Michigan 
Ann Arbor, Michigan 48104
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p o u n d s  o f  c o a l  

w i t h  o n e  p o u n d  

o f  s e a  w a t e r !

The all-chemical laser!
Scientists have been searching for it for years. It could 
initiate controlled atomic fusion and thus open the door 
to such things as electrical power using sea water 
as fuel instead of uranium. With atomic fusion, one pound of 
sea water could produce the same energy as a million pounds of coal.
And the September 1969 issue of International Journal of Chemical Kinetics 
was first to report the breakthrough. Twice!
We ran two separate articles from two independent teams of scientists.
They both developed all-chemical lasers.
This is just one example of the current and relevant scientific reading 
you will find in the International Journal of Chemical Kinetics. It is an essen­
tial medium of exchange and communication for kineticists in all fields who 
are concerned with the quantitative relation between structure and reactivity
And it's a good reason why you should subscribe. It only costs $20.00 a 
year to keep up to date on important scientific breakthroughs, and you 
receive a volume of six bimonthly issues. The most recent issue (Vol. I, #6) 
includes the following papers: "Kinetics of the HBr-Catalyzed 
Photoisomerization of the Allyl Halides," by P. I. Abell and P. K. Adolf; 
"Some Hydrogen Atom Abstraction Reactions of CF2 H and CFH2 Radicals, 
and the C—H Bond Dissociation Energy in CF2H2/ '  by G. O. Pritchard 
and M. J. Perona. Of course, you can have the special laser report issue 
(VOL. 1, #5*), for only $4.00
To subscribe, send your check or money order to E. McIntosh, Manager, 
Subscription Dept., John Wiley & Sons, Inc. If you are not satisfied with 
your first issue, we'll refund your money.

iiiiteu□ John W iley & Sons, Inc.
605 Third Avenue 

O N ew  York, N.Y. 10016

’'■"Continuous Wave Chemical L a ser /' written by D. J. 
Spencer, T. A . Jacobs, H. Mirels and R. W . F. Gross 
o f  the Aerospace Corporation, El Segundo, California, 
and " A  Continuous-W ave Chemically Excited CO2 
Laser" written by Terril A . Cool and Ronald R. Ste­
phens, o f  the Laboratory o f  Plasma Studies, Cornell 
University, Ithaca, New York, and T. J. Falk o f the Cor­
nell University Aeronautical Laboratory, Buffalo, N.Y. 2ll UJ.11.2513
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