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Structure and Property Relationships in
Ethylene-Vinyl Acetate Copolymers

l. 0. SALAER, Monsanto Research Corporation, Dayton Laboratory,
Dayton, Ohio 45407 and A S. KENYON, Monsanto Company, Central
Research, St. Louis, Missouri 63166

Synopsis

The effects of vinyl acetate content on cr¥stalli_nity of ethylene-vinyl acetate (E/VA)
copolymers were irivestigated by x-ray ditfraction” and_differential thermal analysis
DTA). The values of thigse pardmeters obtained from DTA were found to agree quan-
tltatlvel¥_ with data calculated from x-ray, probability equations, and copolyrer theor}/.
The melting points of the crystalline copolymers, and the molar amounts of yinyl acetate
to produce a completely amorphous rubber corresponds exactly to that predicted by the
Flory theory.  The random character expected in E/VA copolymers is thereby confirmed.
The physical properties of E/VA copolymers of all ,ran?es of compositions and crystallin-
ity were determined. ~Depending directly uP_on vinyl acetate content, the copolymers
changed progressively from highly cryStalline polyethylene to semicrystalline “poly-
ethylene, a completely amorphous rubber, a soft plastic with a glass transifion near room
temperature. Properties which_ were correlated with copolymer composition inclue:
c_rFstaIIml_ty, melting point, density, modulus, tensile strength, gilass transition, and solu-
bility. Fmall)é the"effect on crystaII|n_|t¥] and Physwal properties of replacing the ace-
toxy group in E/VA with the smialler, hignly polarhydroxyl group (ethylene-vinyl alco-
nol copolymer) was also Investigated.

INTRODUCTION

Ethylene can be read%ly copolymerized with vm)(]I acetate by the high-
pressure process to yield a rande of copolymers having a wide variét
of physical properties. ~ The Incorporation “of vinyl acetate comonomer
units “into, a polﬁethylene backbane chain has three separate effects.
Crystallinity of the polyethylene is reduced in proportion fo the molar
concentration of comondmer.  Vinyl acetate js more polar than ethylene
and causes a corresp,ondmg change In solubility. ~There is a gradual
shift. in the glass transition of the copolymers to Higher Tt with Increasing
V|r11yl acetaté content, ,

he reactivity ratios of ethylene and vinyl acetate monomers are hoth
near 1 and equal. .The equal,,reactlvng as several important conse-
quences.  The chemical composition of the feed mongmers and the product
copolymer will always be equivalent (regardless of the monomer ratio,
or thé Qonversmnz. Uniformly random copolymers containing from 0 to
100% vinyl acetate comonomer can be produced. The sequence length of
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3081 SALYER AND KENYON

each monomer unit in the copolymer chain will be determined on a proba-
bility basis, and by the concentration of the monomers in the feed, The
most probable seduence Ien(rnh for each monomer, and the distribution
of se,%uences, can pe calculated from probab|llt¥) e(watmns. The results
Bred| ted from such theoretical anlysis can then be checked experimentally
y various analytical determinations. From a Structure and property
rélation standpoint, the most _sqmﬁcant single phenomenon investigated
was the variation in crystallinity with vinyl acetate content and the
accompanying systematic changes in the physical properties of the product.
The' secon; Iarﬁest effect was the grogres,swe change In solubility and
olass transition that occur with incorporation of Increasing amoufts of
vmell acetate comonomer. _ . .
ven more pronounced changes in solubility and glass transition were
observed in the replacement of vinyl acetate with vinyl alcohol by hy-
drolysis. .~ . :
The wide variety of E)roducts which can be produced. and the theoreti-
cally predictable Tesults which are obtained' in ethylene-vinyl acetate
and’ethylene-vinyl alcohol copolymers makes this a riear ideal system in
which t0 determine the validity”af various copolymer theories, “and. the
relationship of chemical compasition and structure to the crystallinity
and physical properties of the products.

EXPERIMENTAL AND DISCUSSION

Analysis of E/VA Copolymer Composition

_ Tire basic parameters which determine the physical.and chemical proper-
tigs of a polymer or copolymer are the molecular weight, and distribution
of molecular wejghts, which make up the po,Iymer chains; and the chemical
composition and Stearic disposition of the units,

The overall chemical composition of the E/VA copolymers was deter-
mined by elemental analysis (C, H, and 0), saponification (alcoholic

TABLE |
Relationship between Monomer Feed and Product Composition in
E/VA Copolymers*

E/VA copolymer Vinyl acetate _ Vinyl acetate

composition in feed, wt-% in product, wt-%

1 96/4 40 4,

2 85/15 15.0 154
3 69/31 31.0 29.6
4 60/40 40.0 418
5 50/44 44.0 43.1
6 50/50 50.0 oLT
[ 40/60 60.0 62.2
8 25015 750 759

*Product analysis hv elemental determination of C, H, and O.
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KOH and infrared absorption. Of these three; methods, the elementa
ana srs roved to be the most accyrate and reIrabI
3 re allrons |[p of monomer feed to epro duct com srtron Wag det%r
mine byeemen al analysis for copolymers containin rom4to 9%
weight vinyl acetate, . The_close agreement between monomer feed ratro
and"product composition (Table I)"indicates that the E/'YA copolymers
are uniform as predicted by reaction kinetics.
Using elemental analysis and saponification for determrnrn[q overall
vrnyI acetate content, correlations with proguct densrty were established.
raph of density versus product 00 /posrtron 15 shoin |n Figure 1 for
copolymers contaiing from 0 vinyl acetate. Because of off-
setting effects, a curved relatronshrp of densrty to composition is found
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in semicrystalline cqpolymers con,tainin% 0-40% vinyl acetate. Product
density 15 a linear function of vinyl aCetate content in the amorphous
copolymers containing 40-100% acefate.

Molecular Weight and Distribution of
E/VA Copolymers

In concurrent research, the molecular weight and distribution of four
E/YA copolymers were determined as part™of a grolgram of extensive
characterization of the solution properties of these products, Detailed
presentation and discussion of the solution properties of the E/YA copol¥-
mers is reserved for later publication.  However, a summary_of the resufts
I appropriate to establish that the molecular weight of the E/VA copol?/-
mers were sufficiently high that physical properties would be relatively
unaffected by furthér increases In” this parameter. Molecular weighit
dlsérlbutllons Were normal for high-pressure-polymerized ethylene polyrer
and copolymers,

The pm lecular weights of four E/VA copolymers were determined by
solvent-nonsojvent fractjonation of the whole copolymer in a mixed
solution of x¥lene and cellosolve at 124°C.  The whole” polymers and the
fractions obtained were characterized b_}( elution fractionation, |I(1ht
scattering, osmometry, and intrinsic viscosity. Welght-average molecuar
Wmt W number-average molecular weight M,,” and thé calculated
MwM nratio are shown in Table 1.

: TABLE Il
Molecular Weight and Distribution in E/VA Copolymers

Copolymer Vinyl
composition  acetate, wt-% M., Mn MwMn

} 91/9 9 258,800 33,500 1.1

84.6/15.4 513,700 33,500 15.5
3 b5/45 285,000 26,400 10.8
4 29.4170.6 566,000 38,800 146

D
oo

Although the solution properties of the E/VA copolyfmers exhibited some
noteworthy differences from polyethylene, . the ‘molecular weights_ and
distributions are similar to polyethylene in overall character. There
5 no Indication that V|n¥I acetate comonomer Causes any Increase |n
the long chain branching of the polymer chains over that which is normally
Present in polyethylend. The Mn of the samPIes Investjgated ran%%%
rom a low of 20400 for the E/VA (55/45) coloo mer to a figh of 48
for the E/VA (29/71) copolymer.” Thus, all of the copolymers have
chains whose lengths are greater than 1000 vinyl monomer units;

Short-Chain Branching in E/VA Copolymers

_Accordin? to Mandelkern’s definition of a copolymer 1 the ethylene-
vinyl acetate copolymers may be considered as tergolymers made”up of
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segments of linear polyethylene, a-olefing other than ethylene, and vinyl
acetate. When the copolymer theory _is assumed and the a-olefin and
vinyl acetate considered as mongmer”B, the molar concentration of the
lindar polyethylene portion may be calculated. ~ If we consider an E/YA
coBOIymer naving a meltmq point of 103°C and the AH for the HDPE as
1600 Cal, the calculated molar concentration of linear polyethylene will be
8 mole-%. Such a polymer contains a total of 16 mole-% of branched
monomers (combined Vinyl acetate and a-olefins). - This particular polymer
contained 4.3 mole-%" vinyl acetate and “therefore the remaining
comonomer or branched olefin'must be present as 11.7 mole-%.

On the hasis of the E/VA contammq some alkyl sjde branches as well
8s the acetate, the CHJCH2 were calculated for alkyl groups ranging
from methyl to butkll. _ _

The results of the calculated methyl/methylene ratios. are shown in
Table 111 and compared with CHICH2ratios measured by infrared. _This
agreement between observed and calculated values indjcdte that in E/YA
cOpolymers the short branches have an average length of Cawhich cor-
relates with previously reported data of Bryant and Voterzon high-pressure
polyetf&ylene. Considerations apply only to the short-chain”branching
which diirectly affects crystallinity.

_ TABLE Il
Length of Ethylene Side Chains in Ethylene-Vinyl Acetate Copolymers

Mg, \H, _ ch3iooch? ch¥ioo
° cal/mole  Assignment (cal)  CH2(IR)

E/VA (88/12) 103 1500 Methyl 5 —
(4.28 mole-% Ethyl 4.75 —
vinyl acetate) PropYI 4.55 —
Buty 4.3 4.2

Sequence Le\r}%t\h of Ethr%lene and Vinyl Acetate
Units in E/VA Copolyrher Chains Calculated
from Polymerization Kinetics

The Iength of uninterrupted ethylene sequences, and uninterrupted
vinyl acetate seguences . in ethP(Iene/vmyI acetate copolymers can be
calculated from the reactjvity ratios and probabilities by assuming Monte
Carlo type statistics app(ljy in the copolymerization.  Since the monomer
activity for ethylene and’ vinyl/acetate” are both nearly one and equal
(monomer A ="monomer B = 1), the most probable and the maximum
sequence length can be calculated as a function of monomer charge compo-
gghgno\év? é:h, In this case, is also approximately identical with the product
Ition.

Several different values of a monomer activity,  for ethylene and
2 for vinyl acetate, have been reported in thé literature. *Although
all of thesé reported values are near 1 and nearly equal, some dependence
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Fig. 2. Calculated ethylene sequence Iengtt,h in E/VA copolymers vs. product com-
position.

on polymerization pressure and temperature has been reported. For
example, an rxvalue 0.79 and an r2ylue of 0.85 has been determined bg
us_for polymerization of ethylene and vinyl acetate at a pressure of 30,00
psi and 120°C. Using thése Ri and R2 values, the polymer product
composition, number of breaks per 100 monomer units,” the number-
average sequence Iength for hoth monomer A (ethylene) and mongmer
B (vinyl acetate), and the probabilities for sequence composed of A-A,
-B, B-B, and B-A were computed by methods of Meyer and Lowrys
and Harwood and Rl_tcheg,zlfor_three different feed compositions, as showin
in Table 1V; for initial conversion (case A) and 25% conversion (case B).
The same data were then computed for rx="1.07 and r2="L08 for polymer-
izations conducted at 25,000 85| at 90°C and are summarized in Tatfle IV

ase C.

These data collectively illustrate that the composition of the product,
number,average sequence Jength, etc., are not sensitive to small changes
in activity ratios within the scope of those reﬁorted, or in the percent
conversion of monomer to 'oolymer. Second, tne data also showed that
the sequence length of ethylené and vinyl acetate units should be present
Inthe polymer ina random'manner, _

The same type of data are shown in Figure 2, wherein the most probable
ethylene sequence length is plotted as the ordinate a?amst the mole percent
of Vinyl acetate as thé abscissa. ~ As expected from the above calculations,
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the most probable ethylene sequence length is approximately equal to
the ratio of the monomers charged. and “the sequence length becomes
very short at equal molar comPosrtrons of ethylene and vinyl acetate.
Longer seriuenoes of vinyl acetate units then occur in the same manner
at high molar ratios of vinyl/acetate,

Ethylene Crystal Sequence Lenqth in Ethylene-
Vinyl Acetate Col&olyrlrrr]egrs 8a]losu ated from DTA

If it is assumed that the crystals within a polyethylene chain can be
considered as a mrxture of normal paraffin hydrocarbons, then an estima-
tion of the crystal seﬁment len ths may bé determined from the DTA
thermogram by using the Charlesby equafion 6

UTm= (UA,) + (BIAO

where Tmis the melting point of the polymer, An denotes the melting
point of an infinitely Iong segment of cnr als, N5 the number of mono-
meric units, in a crystal,"and B is the Slopex of thie plot of reciprocal of
melting point of copolymer Versus recrprocal of number of monomer
unrts in the Py rocarbon c%s

It po ¥et ylene 15 considered ag a mixture of paraffin hydrocarbons,
many._ reference materials aie avatlable to establish a melting curve for
para ins of different length. The estimated lengths of crystal segments
of ethn/ene for the various vinyl acetate concéntrations ‘are shown in

TABLE V
Ethylene Chain Sequence Length in Crystals
of Ethylene-Vinyl Acetate Copolymars

Comonomer (VA), Meltin Monomer
mole-% range, lengths, A
43 83-103 21-30
7.6 12-98 18-30
16.8 61-77 14-18
21.0 41-44 10

The longest crystal se uence in the 1G8 molc-% VA copalymer would
have a segment Correspo rng in ength to dotnacontane 32 carbons (Id
monomer units) and a melting point of 7 OC The 27% polymer would
ave se uencese uivalent to eicosane (mp 38°C

ylene sequences exrst n the s rcrg/stallrne range; the Iength of
these sequences depend upon the monomér concentrations. The above
crystal sequences re resent those segments which are not interrupted
by a branch or by entanglement,
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The total ethylene sequences in both the cr¥stallrne and noncrystalling
Phases as determined from melting point data, can be. compared with
hat calculated from the reactivity Tatios and, probabilities by assuming
Monte Carlo type statistics in the copolymerization.

Meltin Pornts of EIVA Cogolymers Determined by
Ditferential Thermal Analysis and Dilatomegtry
Compared with that Predrcted by Copolymer Théory

Meltrn of crystallrne polﬁmers and copoIXmers has received. a lot

f attenfion %/ many workers.. Flory.7 Mandelkem 1 and Nrelsens
have drscussed he theory of melting in systems where the comonomer B
IS not caﬁa le of entering into crystallization. These theories lay the
foundation of this work. ~ Since the Flory and Mandelkem theorfes of
meltrnq require some measure. of heat of fusion in order to be applied to
a copo ymer system, teapplrcatron of this theory is limited to Systems
where d ata for eat of fusion are available,

Dole an Wunderlichohave measured the enthalpies AH)[and entropres
(AS).In po ymer systems by precise calorimetric methods. These methods
requrlre very high precision equipment and are applicable to all types
0 mers sems

Pnt e eth ()j/ene go ymer and copolymer systems, it is possible to measure
enthalpy and entropiés of fusron y means of differential thermal analysis.
Kero re orte such as(Ystem of measuring AH and AS for several poly-
ethylenes. ~ The method of DTA lends itselt to such measurements because
suifable reference standards exist.

The melting points of E/YA copohimers determined by DTA, versus
vinyl acetate Content is shown graphically in Figure 3. . The linear relation-
ship between copolymer C0 (Posrtron and melting pornt Is clearly apparent.

Mandelkern: hds classed polymeric .materfals as copolymers where
unitsare introduced info the chain which are either chemically, stereo-
chemrcally or structurally drfferent from the predommant chain repeating
element. ” The introduction of such roug Rro uces certain limitations
and restrictions on the crystallization proce sand also changes the fusion.

The predictions of the copolymer theory has heen used for ethylene-
vinyl acetate copolgmer systems to determine the effects of the different
monomer ratros an hetero eneity of the units within the chain. In the
case Where the —and r2 ithe reaction rates for the two_comonomers)
are nearl ua(! an%cose unity, as is the case for EYHA then te
monome istributed in purelﬁ random manner. In the case of a
rangom cop oymerwere p is unity, then the melting is proportional to the
molar concentration of the monomers present, as follows:

[(1/Tm - @l3V)] = - (R/m InXa

where Tn] Tnf denote Melting Points of copolymer and homopolymer
respectively; R 1s the gas constant; Adenotes the heat of fusion of
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Fig. 3. Melting of E/VA copolymers by DTA vs. chemical composition

Fig. 4. Melting point of E/VA (82/12) copolymer by dilatometry.
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homoPoI mer; pisa probability derived from monomer activity, and Xais
mole fraction of crystallizing monomer;

The melting points of four E/YA copohémers were determrned by DTA,
The melting points were also calculated Dy the copolymer theory, hased
ypon the fréezing pornt depression by a comonomer which cannof crystal-
lize ang the hedt of fusion of hrg ?/brance RO yethylene as 960 cal/
mole of repeat unit when the cryStall rnrtY 1S In t eorder of 60%. Table
VI shows the comparison of observed and calculated melting points.  The
calcu(!atated vErIues agree with the observed, which is characteristic of
a random copolymer.

Comparison of DTA Melting Point of E/VA Copolymers with Values Calculated from
Copolymer Theory

Comonomer (VA), Melting point, °C

mole-% Found by DTA Caled by theory
4.28 103 106.2
7.60 B 97.6
16.8 1 12,0
21.0 44 44.0

The melting point observed in the E/VA copalymers by DTA agreed
with dilatometric data as shown in Figure 4. The melting point for a
4.28 mole-% \TA copolymer (12 wt-%"VA) was observed at 103°C by
DTA and 104°C ber dilatométyy, Such small difference is due to the
variations of heating rate and the fact that both methods represent
approaches to equilibrium, but to different degrees.

Correlation ofC staIIrnr vraXRay with E/VA
/VOH Copolymers

The crystallinity of ethylene vinyl acetate copolymers. as measured by
x-ray (Fig. 5? show a Pradual decrease unti] zero crystallinity is observed at
RproxrmateyZS mole-% vinyl acetate. - The hydrolyzed E/VA polymers
OW a decredse but on a molar basis, the rate 0f deCrease Is much Tower.
The h;rdrol yzed EIVA polymers Passthroug a minimum at approximately
52 male-%; however, sonie crs Ilinity exists.  Crystallinity was present
In all compositions ofthe(/y r{ lymer.

Since. XRD can detect r¥stalrnrtyr the order of 1% acheck of the
crystallinity was made by di ferentra thermal analysis. ~ The heat of fusion
was observed as a function.of composition and thie heat of fusron lotted
against the mole concentration of vrnyI acetate (Fig poin where
the heat of fusion | rszero (AH) defines the rbornt ofzerocr}/stallrnrt}/ This
porntoccursat 2 moe% branch poi trnapoyethyene crystal jnter-
rupts crystallinity four carbqn atoms on each side of the branch and pre:
vents these atoms from entering the ethylene crystal.  Thus, 25 mole-% of
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randomly spaced, branched comonomer units would interrupt crystallinit
four carbons on each side of the branch and leave no carbons for possible
crystallization. . The results here would confirm the prediction of the four
carbon interruptions on each side of the branch.

(VINYL ACETATE OR VINYL ALCOHOL

)
Fig. 5. Crystallinity in E/VA and E/VOII copolymers by x-ray diffraction.

Fig. G Heats of fusion for E/VA copolymers.
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When the acetate [oups s hydrolyzed to reglace the acetox|_¥ |9
bKahydroxt{ very different meft Pomts are also observed. Here

Served me ttng? pomt is much highér than the calculated even though
molar concentration of the comondmers are the same as the ethYIene VII‘
acetates. I{ Is also noticed that the spacm&whhm the crystal gradually
Increases.  The increased melting point and the spacing is evidence that the

OH group enters |nto the ethylene C gstal but onIy causes the crystal to be
stratned Bunnu has also indicated that OH groups can enter into the
ethylene crystal lattice. Table VII showsthe x ray dlffractlon data for the
ethylene-vinyl acetate and ethylene- vmy aco hol copolymers As the
vinyl acetate concentratton increases, the' ethylene crystal lattice dimen-
sions (Duo) changesver little, W|that¥p|cal stance ot41655A Onthe
other an increased hydroxyl branc mq instead of the acetoxX %roup
2a2u§§% 'tq e Dnoplane to edlstorted resulting in a change from 4.181 to

Differential thermal analyses show the meltin Rpomts of E/VA copolymer
to agree W|th calcylateg meItlng points of E/V/A copolymer on the basis of
cot%o ymer epressmn of the freézing point.

hé calculated Tmfor etliylene- vmyI aIcohoI copolymers do not agree
W|th the expenmental melting 0|nt These data shoiw evidence that'the
tXroxy %rou D enters into the et lene cr gstal lattice and will not depress
te reezuog oint proportional t0 1ts molar_ concentration. ~ Size of the
ranc bec svery |mportant |n the crysta lization process.

The importance ofthe S|zeo te ranch omt in reducm cr stallinit
has been experimentally verified by us in other ethyleng capolymers.
Table V111 shows the atomic radius a$ estimated by the method of Paulingz
for several ethylene copolymer s;rstems Including copolymers W|th vmyl
fluoride, vinyl™alcohol, vinyl chiloride, propylerie, liexane-1, a mt/
acetate. Good qualitative Correlation between the observed crystalhmy

_<

pu—

o TABLE VII
X-Ray Diffraction Data for E/VA and E/VOH Copolymers
Melting point, °C

Comonomer, CQstaIIinity Crystal _ Found Calcd hy
mole-% RD, % size A Tilo, A by DTA  theory
EIVA
4.28 214 19 4.1655 103 106.2
1.60 199 160 41713 R 97.6
16.8 Amorphous — — [l 2.0
21.0 Amorphous — — 4 44.0
E/VOH
4.28 381 215 41811 112 100.2
1.60 349 260 4.2025 113 97.6
16.8 28.2 % 4.2583 107 2.0
21.0 232 40 4.2887 110 44.0



TABLE VIII. Correlation of Crystallinity Reduction in Polyethylene with Atomic
Radius of Interrupting Unit

Crystal-  Comonomer

Comonomer Interrupting int_errth}'ting crygtraﬁ?rﬁ?ty, r/é\é?t?g,lc

type group distance”™ ‘mole-% Ab

Ethylene -c—C- 1.29
(h)

Vinyl fluoride -c—cC- <2 >50 1.35
(F)

Vinyl alcohol -C—C- 1.5
(CH

Vinyl chloride -c—C- 2.5 3 1.80
[a)

Propylene -c—cC 3.0 kil 2.00
()

Hexene-10 -c—c- 4.0 25 3.07
[ ¢\
i J

Vinyl acetate -C—g- 4.0 25 2.00
it
g AN

|];I_

\

*Crystallinity mterruPtm? distance is the number of carbon atoms on each side of the

branch paint that crystallini %/ IS prevented by the interfering group.
Atomic radius estimated from data by Pauling.22 _ o
[lexene-1 describes the comonomer e%uw,alen,t to produce re-hutyl side chains which

are generated by the “back-biting™ mechanism in high-pressure, free-radical, ethylene
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Fig. 7. Clash-Berg modulus curves of E/VA copolymers.

eduction in o ethylene with hecalc atedat ic radius of the interrupt-

Enguunltwlas t}/ J%rthevevtlhy ene cop% ymers g]ted P
Physical Properties of E/\VA Copolymers

The ph sical apropert]es of E/VA CO,E gmers Were determmfd by stan-

Tas -Ber Mmtg H I%g!tstﬁgtsst? vvgreelgﬁng{ ns. Ttteg ens

oInt,

%a(t)%vvfre btained at a straining rate% 5 In./min gna L-in. test ingth
1)

Densmes were obtained by the displacement method in silicone fluid at

The p Lot of density versus composition EF'9 \) tiowed astrat ht-line
relations W In the copolymers con a|n|n 0% vinyl acetate. H BVer,
It |s near Over the entire %om on ran e bec use of ined

T arts romt estratgt Ine In

n|t and com smn
')é X taln esst an4s acetate
netpt’1 %Esm }}V)ert ts%ar een tuon [allt eshate a
ety Wegvh

st melt ng rgroces ear thhe
cop VIer s prop rtigs. ° Flgure 3 ow triedmelting:
pon}t ter g/merc ast evmgl AChtae VATl

Berg modult™were obtained over a temperatUre range of —50
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The Clash- Berg Tr, the tf mperature where the modulys equa|s 135, 008
Pes ives a meastire. of the low-tem erattire rrogfeme?o he polymer an

résents the ractjcal low-femperat application.” Below this
temperature, t epo,ymerV\nI|terP<§é to eebntt "

% Vinyl Acetate in Copolymer
Fig. 9. Tensile yield strength vs. chemical composition is unvulcanized E/V A copolymers.
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The qlass transition Tﬂ,lres%l%wﬁrnallc stalline com?osrtrons ere
the ethylene concentration 1S TOlIes 3/ 0se to TT In amorphous
corrw t, rhscontarnrng vrn¥ acetate or more.

The Clas Berﬂ Tam IS th ?ﬁ faure ere { modﬂlui is 2000
The accepted teniperature of the meltin orntg usu IeS near
tem eraturf Com Iete ressu o

VA cop ymers and for poy |nyI acet te ares own in

| %‘Wene two E
e Clash-Berg curve (T,.and 75Gn) of a polymer is & combined function
of crysta Pnr anqd echgemrc comgg trorP / Hrrevrrpl acetaAe content
rnt e.com osrtron INCreases, t ulus grad ? eCrease rge to the
euctronr rystalrnrty The ( 5 decrease In 19 us due.to lo cryst
Ini dYr quea than “the adrtrri effect of composition change. = The
lus continues to decrease until a composition IS reached wWhere the

TABLE IX
Physical Properties of Crystalline and Semicrystalline E/VA Copolymers
(without Vulcanization or Reinforcing Fillers)

Copolymer
wt-%  154wt-%  26.3wt-% 309wt-%  45wt-%
Property VA VA VA VA VA
Clash-Berg Tf, -38 -40 -41.0 -46.5 -42.5
Clash-Berg T,m, C 73.5 58.5 40.0 135 -17.0
Stifflex ran%e °C 1115 98.5 81.0 60.0 25.5
25°C modulus, psi 18,000 7,000 3200 1600 100
Density, glcc 0.926 0.934 0.940 0.954 0.976
Tensile strength psi» 870/2700  670/2980  420/2640  290/1900 1667
Tensile elongation,»
% 7/800 28/970 46/1200  37/1390 ..1196

*Tensile strength and elongation of yield and break respectively.

?ro ) 108(V vinyl acet tt%nr e’riatures Fi urre/A C% SE cogrtar I g
Fr%?/tlls teort ooﬁVAeifog iergs%rregmg ﬂre ractrcal temperatur %tr Ity

o e g o s

A B L ol Adi ;

rou
IX S owsga summa%of the ghysrcal rogertre as,a funcrbon of

Vr\ﬁcrrrrrrs TP

Vin
Ir-ll?wever U can% 45m1nd 05% vI \r]ng 8cet te coRo 1S, unfi } and
ed, have exce ?nt tensile strength andother physical properties, as
summarized in Table X. B
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. TABLE X
Tensile Strength of Vulcanized E/VA Copolymers

44% VA 65% VA
44% (Carbon (Carhon
44% VA, srlrca frIIed black, Ster- black, ster-

gum (Hi Sii 203, ling SRF,  ling SRF 60
Property unfilled 30 parts) 50 parts) parts)
% 200% Modulus, psi 305 1720 1445 1500
Tensile strength break psi 1405 3360 2395 2175
3 Tensile elongation break, % 660 590 350 290
4 Shore hardness (Shore number) 59 62 69 67

Physical Properties of E/VOH Copolymers

S ararrrrgra;arrrr age

f read éHorne () er vell into t
g K hylene cryst Iattrcesothat onan(]oe asis about twice as
raSta to

oints are required. (as co vrn acefate) 1o re uce
th ) fero grtrorr %ﬂj #

ﬂ W]bon {5 enter |q to
|n rease Intermolecular attractive forces to Nigher Iev e net result IS

CLASH-BERG MODULUS - ETHYLENEVINYL ALCOHOL
(%VA in Original Copolymer)

Fig. 10. Clash-Berg Tf and i'Zwovs. E/VOH copolymer composition.
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WEGHT PERCENT VINYL ALCOHOL IN EMOH COPOLYMER
5.4 114 176 255 345 435 546 67.3 823 100

Fig. 11. Room temperature (25°C) moduluts of E/VOH copolymers vs. chemical com-
position.

(7not rou$ ﬁnounce m|n|mtim|n heamorghu ﬁ onas

E/VA Drec rsos The E/VOH copﬁlgmers Increase stea %m modulus

o
fR P he E/V

e e

#3 Joeratuem ulus, ass mmar ? in abé a maximum

In stifness In the com osmon er (}/ rp 0 uctl Itially contal lnﬂ

225 wt/ovm% ?cetat Thlspoucth | ermouust an most -
Pressure olyethylene an mu %ttgman A minimum In.the roo
R}p tre us IS found In hydro ze com os|t|0n denved r

E\/A 5050 The modu sthen ISeS ?:W fo Very.n vau 8
%) eymers denve ro startin 'S cont |n| Initl %

o? /\/ ore vinyl acetate. . The room temper turﬁ moaulus or fydro-
yzed E Acopo mer compositions i shown grapnically n Figure 1L

CONCLUSIONS
\cal Proﬁgrtms e1nd the melting behavior of ethglene -vinyl

The phys
acetate co Mers | catg early t thhe omonomers react t producea
Ban omi gmer

tly pr

Rress cino e melfing (ﬁowt as been sho
irectly” proportional to the molar compositiorcf the comonomer

Jwat in E/\V/OH %ogollymers méJduJus tenSJIe and other physical rop(frttes
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the comonomer cannot enter into ¢ stalhzaﬂop. Trgf replace{]]ent of the
?cetate roup b egwmo conge frations of OH 00es not aepress tne
r%eﬁm ot proportionally and the. VOH. comonomer enters into the
et %/e stal with some gistortion oLt e lattice :

e eth ene-wg I aceﬁe]lte system has heen shown to follotwyﬁhe |deeﬂ

copolymer theory alie to the very close reactivity ratios for ethylene an
vnﬁ)yl %cetate. Y Y y
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Rediosd SneCOoaic Faoddswih
Tndenidogdiread ScoumDaik gogdies

A W. P. JARVIE, C. G MOORE* and.D.. SKELTON, De Partment of
Chemistry, Umvers% Astop g Btrmmgham Gosta
Birmingham 1, Great Britain

Synopsis

The reactions of the allylic peroxides asearidole, cyclohexadlene endoperoxide, and
0-phellandrene peroxide with trip hengll phosphine follaw an iSLU-type mechanism. In
contrast, the acyclic allylic compounds, allyl tert-butyl peroxide, a-cumyl cyclohexenyl
Beromde and ;cri-butyl cyclohexenxl peroxide apparently react with tnphenylphosr)hme

y a free-radical mechanism. The saturated cyclic peroxide d|hydroascar|d0e in
which there is no_possibility of an allylic rearrangement, gives with triphenylphosphine a
mixture of olefinic alcohols. Di-re-butyl peroxide is readily cleaved by sodium dialkyl
%hosphttes but sterically hindered peroxides do not react under similar conditions.

eaction can, however, fake place at the oxygen adjacent to a large group if a smaller
substituent is present on the other oxygen atom.

INTRODUCTION

ot S S i Sl

ét cﬁtr hen%lphos

ave hegn esta

? e elucidation O the structures
|fur-vulca ze ru Ders.

extenswe? mlcal 3oro es
enﬁw reEJortt results oé st| tlon of he reactlons of tr|
g ey ?P sodium l%/ |tes W|t S0
XI(les, T%se StF l)eswe carre utw aVviewto deveo
Rro es whic cou e useqd for de umﬂg estructure of oxidiz mer
orks. We  ex ,ned Init react so tri en hine
sgme sim Ilea |cpro>1] es S ce thea |c DeroX es con
SI f] as model systems for. the oxi ze tvvor
ereactton 0 teaI erOX| eas ar W|t t{ he é)hos
hine aﬁprewousl been nve t| ated b ornera ee P
ested that '[QIS reqction . proceeds % e Intermed ate on pﬂ'} %
|vgethe products 1, 4-oxioo-p-mentn-2-ene (I1T) and triphenylphoSphine
XI

*Deceased.
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RESULTS AND DISCUSSION

We found that tri ﬁheny hos ﬁhlne reacts V\ch ascaridole in the dark

Ik S e o St

I \Y
Smce the expenmenta(lj cond|t|ons \Were sh?htly different from those re-
orted Ijorner an Jur elett, dﬂﬁ ?act on"was repeated unger their
r|g ai nations *nu case diffic encountered n se aratm
V0 atl roduct rom fhe solvent tr um ether): owev

? nalys Asot e reaction mixture Ing tatte ro ucwwasa al
?r ed. In ordert overﬁome the QITriculties asspciat ed with the rem va
the petroleum ether, the rea tlonwascarne ut %;am at 100°C In
tquen and once agan the %rsu

In‘the r actl n of allyli e |ﬁ%tr| hen hme Moo
proposed tﬁat esulfurati on occurre g )r/r{?ec anism cq 31

CH, (fHZ CH, CH,
; : -} + PhPS (3)

I i!

gart from estabhshm% th% ascaridale does ot under othermal homow

IS or |somer|%athon under t e?on t|o suse We lhexa medte

ec anism of this reaction or ascari %e W|th tnp H
an onlc pat

the pro lfCt composition Su ?sts%att treac jon'fo
way similar to that proposet for the desulfuration react|on
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Th structure of the rodugt (|V) was eIucrdat lfyusrngs ctroscopi
emrc te hni es Oxidation of IV wit ere orca Indicate
em ecueco talned on Iy ne ubIe on and the oxidation prod-

uct Was shown to e Isoascarrdole

(G)[Z%h érrllrt%genatron one moI of mgfro en per .nole: or \% %tlrs rbeg

Irming that this cdntained only one couple bon
é” romato ra rc GLC ana IS of the h ro enatron
ucts jndicated tw co Onents a t
Lea tion mixture sh rtense band a cm rndrca rve o

e Infrar rum o

roxyl group. The sim est [nter atron ata IS that the

ae oxc}eg ashe nrer{r)rceg %erence to the out(rjl %ond to yreq
IXture 0 etwo acoho

Vi VI
The drs(aéppearan e of the anrared bapd at. 870 cm- attrrbutedﬁ the

aepﬁ rovides ome rther con Hmatron (Sha this reaction follows
to {

ee eot tro of the epoxide ring In I\ must edue
E g he a vrc ou g bond p%ecause £the iepoxide,  150-
as rrdoe |s sta nder the same con dtrons
The_allviic eroxr ES cycohe gene an %J)

hellandrene endo eroxrde
react the same w; ewrth ;ﬁ h h)

a}/ ﬁs Ine. T P
uctso theragtron a-phe andre ero ot comdp ete
acterrzg fin ormatro arne fro ern red an epect
rn Icated t t IS reaction o ethe ascarrdol reac-
tion, triphen posphrne attaﬁ< occurs at ot en aorns .

In contrast,”the’ acyclic. allylic pero%odes aI r-ou erox
cumyl cy exen L eroin e i cy lohexe ero

arentl eact Wit Arr eny rne ree ra mec anrs
ecaus f eroxide are to .unde o radic com osrtron7
at relative tem er%tures tereac rons re rnrfra CalTl rthUt rat

; eC Iphjonsg rrnte esgvg Peslst I(t)t?gn a189/0 of tVC ﬁeﬁg(f%s%mg OXle a er
EJ; . These r trons re therefore re.ppeat % % eveng
this temperature, after 200 hr, less than 50% of trip enyIp ospnine oxide
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heg]formed Sugarésmg ay the 3/|eld of triphenylphosphine oxide decreased

'”%%ﬁﬁ ﬁe Volg i SP&S%‘ producﬁ ]rom the reaction. of
a-cumyl (exehg/l p%ro t!em jcated that cumyl alcohol was tﬁe major
e remamtrig corhgonent TES ndne

com
more than 10% of the er of products were
ﬁgt tereocttons ot he otﬁerl(\{% HZ' pt?es W|Sth tri-

tse Rtg é)o?ﬁ)alb rom thgtheaq]tﬁe and t r%a etE/%rl o %ﬁuct% oru CteS

that these reactions of ac CIC erOX| sare ocesse Irst
staet actton eing ¢ aeo pero>1| ndt e orma
t|o 0 radlca eactt ns of ko SWI hvartou

com ouns have een mves ate y om an

0rgano
r%sm% o ound th é ese eacttons f%llowavaht of athw
the articular ro te Use ont

ho us, com I1al e]n reacet rtlztlnt Cie a?g |cafs
o produce ﬁ&yl radtca\ kae ik rom the phosphine ?eq %83?9

1KP + cezaeo —RPOC(CH33+ R- B
%Eter?% with trialkylphosphites only the teri-butyl radical wes detected

(RO).P + ((il:i,CO- — (RO)JPO + ifil:,1%-

_ 9)
aarlt |c|eﬂ tvh,&e1S r% CsteIP\/ne (?f[trtalhfl ?hosphttes only the spectrum of the ally]

(CHECHCHD)P + (CHACO-

(CH?CHCHZO)Z?OC(CHA +

g
A0 RSP o e o
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R@vg:—ow R—%(—OR

intermediates fragment to Yield the most stable radical [eg (11)]
R R + RPCR
R-P—O4+R — H
R+ RPO

nce tr henylphos hm oxige is a product of the reaction of triphen
os P(H) cyc?o exenx{ oxide the ?ragmentaﬂo% mﬂ/st

[
roceed at least | athwa %

n dﬁa‘@cﬁ.&upgﬁ% R J@ mﬁdepwcwﬂ?ge@%&ﬁ@%
S %m%t r%aatc“%heof%ﬁrpﬁe”n'ﬁ ”é‘%ﬁYé’”ﬂ dhytio
ascar&}ﬂ w)ésofS ?? e Interest, since In thll 38 Eeroxgyv thee ISH
Posmb fy oran a rea[]rangem nt ana oagcius to that observed In t
eaCthO%rggsEgﬁang Eea%%? leﬂeh vtvrlt aSCF lwos hine in the_dark at S0°C
to gwg a mIXture of the 1S0meric alc%hor@/ )% H f ?H

Sin anarldoIe and dih roascarJ ole hve sm|Iar ste eochemistry, Tjt
f icult to see why attdc ”? TX os Ine shoudoccur |
%Pneo g man ridple é)tbohoxy natoms In

asc I pOSéItET% Panatlon i) carl e Mad eact
10NIC echanlsm gq oascaridole V. a mlo IC M C anism an
at ¢ CUO IC €Tfects are 1ess | IS 1

ortant |n \We have
it e

at
aren %ormed ¥ n]al 0 zmso € PEOX di Ik l)
Slb owever hat homolysis 0 o may be duce
ik me \We haveaso exmnedt € IR of Soe §
ﬁ anlc erch dezwmso ium dieth Eosphnerg

ra 1CalS

?’Se

ne solution, Dl eromeueﬁ
el A e

oo+ ROPON—(ROPO)0BY) + BON. (3
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D| ierf-putyl oxlde andd cumyl ér%r g re both recov rad un-

ane afte etm a This stapility 1s
etaml VAfaeb Ian ac Igro ES hmdleyn
nu eo ca ac on 0 eact| can, owé?e acea

oxg/ acent to a (eI u I roup| a smaIIe Icnst tuent

ré]%nt tEe second oxa/gen atrr? ac o S o (f< (}N
« eroig e burt¥ erOX|d y|eI products

corresp ndmg to attack at bot oxyge atons [D e]

i-BUOOEt + (Et0)PONa  (Et0)P(0)(CM- Bu + EtOH

+ (E10) (0) (EY) + i-BuOIt (14

Ascaridole react? in-a mildl exotherm|c manner with XIII to give
3 A-oxido-p-menth-l-ene quantitatively.

1/0OP (O kO-«-Bu)2
02| + (n-BuO)PONa —
M0 (“Na<)

NaOP(0X0-n-Bu)?2 (15)

Th|sa(! lic regrran meq hssnﬂllar to the on obse ed.in the reactlon?
sk BN B s
Ph orm risabh }te nucleo ‘e 15 pro a%i? erte eterermP
hg eava the peroxi H? Asin theceavage by triphenyf-
P ?lne atac occusép atoneo %

roascaridole reacted with XI11 to give pro ucts ich could not
be i Ktme The reaction mlxturewas hg/(}lrol zed and ether- extracteg,

XV
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an th res étue otﬁamed after removal of tne ether was investigated bg
In are ect ros 0 ﬁrom these spectroscogtc ata an
B e reaction

eIementaI anaI Atta eare ag roduct was X1V or XV
or a mixt ut]eo these ers, byt the rgwere too complex for a

Bgect
complete characterization 0 { epro uct to

EXPERIMENTAL
Materials

trtttaoxlttet'ta.eaatggta T S

et eI) «-hutyl e a erom I
rt/ fc ohexen n cumyl perox| hel-
neﬁe N erox ||hy |so crl oe%t ,
h aPe Wer%t%rfes rare t)a/ts elgér osp aeten et%nure uty

exene. Endoperoxide. cIo exadteneiﬁ 0.75 mole

ca OXI |z mtso ropano 1 m containin 5 o t

ene the re ct| on was complete, the solvi ent
Bng égsntététresedrtsttlle]e o he fraction bo%trvtﬁtﬁt 38°CI0.1 mm sol |d| e

I was gxiracte enzeng: evaporation of the
et Cale the roice SO/o ield ecrystaﬁtzatup fom n-pen-

tane. gav [%rod ct, m The Infrared ‘and NMR spectra Were
conf istent with this co 8und vmg(the structure as?l ned. " Elementa
ana aswasur;su?cess He 0t prostve natureg 1S eromg -

n-Bugyl ter-But th his compou
sodium;ert-hutoxide and dieth P 10 hosphat ﬁ tge methoefgutFne
Alinﬁ The proguctwaso faine QR E}oyieett/ p 95-96°C/0.05 mnt/

Anal. Calcd for CyIRAP: C, 54.30%,- H, 10.24%; P, 11.60%. Found: C,
54.26%; 11, 10.06%; P, 11.79%.

Reactions

Reaction of Peromdes with Triphenylphosphine. Ascaridole (
|e3 an tri henx Bvassphme EO 1% oF yv&ere %Psscﬁvedt 6]benz ne 0?190
B thes maintained at Lwern ro?en |[] ak

e nzene Was re ove ar]D %E g distil un er
,\ﬂ)ﬁﬁ”}, t%l I|fcantaso men owe auartet r89 n n5|t %
sm et r8 t}enstt% bet gtn3| ? lttgﬁet ¥4
(in en5|ty fra ed owe a-epoxide absorption, 860 cm-1.
1&%% Calcd fur CuHi«0: 0, 79.0%; R, 10.50%. Found: C, 79.08%:; II,

The resid e was shaken VYItEIe 0 rgl dl??l ether to ﬂssolve tPF tri-

Her& POS&S/T TThhee eltrt]tser Was evaporat E Rgmegtc(e)é(sl trip aesnylpegesd
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B AL o ToUAE Dl o e it
s 201 U é 0 1

ﬁme Becau |cu In 150 roguct, the total
?wcidp was determined by GL S met 3 %\esfop that the reac-
lon ave nt|tat|ve

0 at| ro uct
ando rea te tr Y]eny e in toluene and petro-

Ieum ether and [ 1es |ve
s O ﬁ% %Cdé°?or s %Wagcna% i 'HSH“% 0
ehme In Benzene the onl glfFerence being n t?le reactlon |meywh|ch

arled from system to s stg
: a%“°”° i?sﬁnégr?f a%“fnﬁ"t'ﬁewa'éﬂaﬁdde” J%*%Psd“'”e Pl i
os |ne OX|ewas ua t|tat|e Tevoat|e raction a
mm. TeN snowed a multiplet, r 4.7; ‘broad singl
2movm 01 ilytion: mu i et 80 singlet 1 8.3
infrared Spectrum owe yroxyI stretching, 3400 cm-L.

Anal. Calcd. for C,HB): C, 77.80; H, 11.77%. Found: C, 77.26%; H,
11.48%.

Reictlo

il

fiplet,

Anal. Caled. for Cidlicd: C, 79.0%; II, 10.5%. Found: C, 78.04%; I,
10.18%.

R

ellndren End erOX|d with Tn{phen%ehos

|
det}ne (f of Ir her% pho%) ne omﬁ e W

PI%t r4l mu(ﬂp?et [ 46; mu?dpet r6772 snﬁet r8 ﬁ

%actmg I cIohexaﬂ|ene Peroxide with Tnahen [r)ho%th §28 hrr)
Att this time.t ebenz ne was remove under reduced pressu
i The remaining vol |e material wgsr ove atat%rp;t)era

tre 0 5C an 0001 mm ?raccng?] s ?:Oat ]38
e My et%foél iy 2% gnlflcan; A
ﬁﬁt r6% nfens| (545 HX

e)/o file roguct? * rer%rgct ated an§
[d) } | rﬁ%“i
mu t| let "r 65 (intensity 1
Brect hing af 1

frared Shoved aso Ptmns tr| ute to
21 0 cml a-cpoxide ring vibrations at 1

Reaction o « Cum clohexenyl Peroxide WI h Triphenvl ho hm
The peroxi e ole%\ds adde to trQ hedd o%phﬁ)n 26 e
%nz ne% e solution was 0 tga t ogen Seqle d na
arus tube, adheatg at 80C|nt The ene
wa%remove under re uceg res ure %an t oducts st

% 0L mm. There was,obt terjal

racdonAe} The re5|dd moe ny Istilfe W
temperature was raised slowly to 100°C and liquic- stﬂ troughout



e (fraction GLC analysis of fractions A a indic ted
Pt oﬂt ViEre com II%e) xturF ﬁte resrd e con rnedW trrrﬁtenyllp
e, yIeld 25 § dg en pos Ine
xr trono 4-Ox1 -ene ﬁ )[was reacted
£ eXCess pe enzorc acid rnch oro orm at he resu tant
SO utr rre Sere rerrrrcsrrra ft?
vrﬁos

e% ar onate and th n wit Wa%er
cjoro orm therev(yasotarne 15 d
rsoasca e NMR and infrared spectra were identical to those 0

Reactr? of Ascaridole with Sodium Di-n-hut LP(J Pho phe Ascarrdole
e) was aqded dropwise t Sostrr[ed solution of sodium di-n-b
os Ite %Olmo e) In benzene 2 er ad Ition was com e
olution was kept at 403Cf urrn this fime t‘tewg
so utron iep rated | oac ru ger a ra a]g onvrscous ﬁg
waerwlas wer ayer ﬁr et
xtractron f (f hol_produ e et er

t T
then rem Vi % ale eﬁ Wl qu Distillation gave
gofacoﬁ)rfess?rqurg %8(136}p % \
Anal. Calcd for CioHieO: C, 79.0%; H, 10.5%. Found: C, 77.9%; Il, 10.68%.

The N R and rrH‘rlared spectra of this product were identical with those

?y]r -mentn-|,2-ene.

The lowing reactions yere car ed out by usn the ro edures gescrrbed

aﬁtove fort eactf)on OF ascaridole wit so md M osphite

the onl mdr erence being in the reaction time, which varre rmsystem
action of Di-n-butyl Peroxide with Sodiym Di-n-butyl Phosphite

(05%3 Theproductha)dbp94 C%04mm )ﬂeli% Al

Anal. Calcd, for CiH,08: C, 54.20%; II, 10.25%; P, 12.80%. Found: C,
55.53%; H, 10.81%; P, 13.02%.

Reaction of Dj-n-hutyl Peroxide with Sodium Diethyl Phosphite (0.5 hr
The pro uctftdbp8ttj)¥32°c1Xbm\rlnvI yrse?glu gI Y Phospht 05).

Anal. Calcd. for CslinsChP; C, 44.1%:; 1l 12.4%: P, 142%. Found: C,
43.82%: 11, 12.14%; P, 13.3%.

Reaci nof Di-a-Cumvl Peroxide with Sodium Di-n-tutyl Phosphite

% d% The ro ctyt]adtr) 80M00°C/0.01 m gqy n%;ptt
red Spectru qur vva]s ddentrca]t t &u F¥ er-
ean on stan rn tor seve sthe qérr soli rfre ecrys

ta rzatron av 10 rh H}D

eact ron R/ er xr ewrt Sod th IPhosthrteand

3 ItLrJrr)?r Ofrﬂr]r Melrr 83 e eLC analyses showed tfat there was no
eac rono P/droa cal?r i<ewrth Sodium Di-p- butyI Phosphite (120
. The producthad bp 35- 50°C/0001 mm; yield 753,
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Anal. Calcd for CBHID#: C, 59.3%; H, 10.15%: P, 8.52%. Found: C,
58.94%:; H, 10.01%:; P, 7.96%.

Reaction_of ferf-Butyl Ethyl Peroxide and Sodium Di-n-butyl Phosphite
(5days).  The producthad bp 90-94°C/0.05 mm,

Anal. Calcd. for Era BuOJZD(O 04-Bu: P, 11.67%; calcd. for (ra-Bu0)2 (0)0Et:
P, 13.0%. Found: P, 12.4%; uOH EtOH, 317.

eaction_of ferf-Butyl Ethyl Peroxide and Sodium Dieth
ﬁa i, 14%1 roE? 8%5) =4 %Z%Bo]mm o

Anal Caled for (Et06)23(0)0 -riBu: P, 1475% caled for (EtO)2(0)OEt: P,
1705%. Found: P, 15.61%. BUOH: EtOH, 4:6.

Reactions of n- B ferf But | Peroxide W|th Sod|um Diethyl Phos-

hlteO(ZBD W] Bu 5040%05 (aEtO%%J 0?0 - Bu rag 1411 fB%S
A

We thank Albnght and Wilson Ltd. for the gift of chemicals and one of us (D.S.)
thanks N.R.P.R.A. for a maintenance grant.
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Cliaic Riynaiaiond 2MnH 3doaic

HIROSHI SUMITOMO, MASAHIKO OKADA, and HIROSHI ITO,
Facu%ty o% gnjcu ture, Nagoya Un|versc|)ty Chikusa, Nagoya, Japan

Synopsis

The cationic polymerization of 2-vinyl-I,3-dioxane initiated with triethyloxonium
tetrafiuoroborate was studied with partlcular emphasis on elucidation of the structure
of the polymer. The polymer was a light E)/ellow powdery material with a molecular
weight of several thousands which was soluble in most organic solvents. The infrared
and NMR investigations on the ﬁolymer together with chemical analyses, showed
that the polymer consisted of the three structural units I, 11, and_I11, the contents of
which were estimated to be 5-10%, 20-25%, and 65-70%, respectively.

— CHLHTOCHTHTH- — ochzhhbeh—  — chkh—
0 H
| ] qCH\
ch?2 q_
I Cil2 Teh?
ch?

1
The formation of the structural units | and 11 was discussed in detail.

INTRODUCTION

Acrolein cyclic cetals sch as 2-vinyl 13d|oxolane and 2-vinyl-1.3-
dioxane, have two unctlona gro sw |c rt|c ate |n cationi poI
enz?uon t at| a carbon-caron ou an a CyC %c acetq rng.
Tere ore |tqu e Indis ensbetoclan estructure theﬂgy{n
talped from_these mongmers o evalyation of the reacinw 1S oL Unc-

t'oﬂfi &rg |er\1N the|r$at|8rr]n% ogmerr%zatlo | ﬁgenlt ?qh ave beE

UG b T S i Ti
ercfam 0f 2 vmy 3d| e are({ i’ dint
the ormatlonl ter y aydél t

ba/ BWIS acjas er-
rete ft aceta ro ento
e carbonium 10 ro uc vm t|on loweq b hen enmg
rearra 0qemento t ereu P é ioxolenium |o

strom orte
thatp y-2-vinyl-4-methy |oxo ane prepare W|th oron trlﬁuorlde

Taper presented at the 23rd Annual Meeth/? of the Chemical Societ]' of Japp
Tokyo, April 1970, and the 19th Symposium on Macromolecules of the Society of Poly-
mer Science, Japan Kyoto, October, 1970.
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therate as an.inifiator consisted of three kinds of stru gtural und ds resultrng
rom. simple, vinyl (ftd gon ring- enrn reaction, an vrnyla flon wit
g ride ‘shift, Unse uen arra menh resrt)ectr ely. More re-

IIy Ma rr ohserv att (ﬁi nrc oly e[)ofz
vrn dZ | oxo ane Ich has no acetal en availa ?

[t " also contameq! ester rnrts SU gestr % rajtron of
tl rou Astot ecabogrc rﬁ H loxae errvatrvei
d an Solrch4 escripe riefly t epolymerrzatron of 2-viny
oxar]e and InroPeR loxane.

merrzatro 5’ c clic aﬁetals mrtrateii wrtt] conventtonal

Levvrs clds

ene IVES Tise to t/ro semi-solid E n)&m(ers With a
nrtgcl) aryver |nt er %e ofsevera ndreds, o crossli materrals

o 0N Organic sov ur pre na
mo ricu ar WGI? mﬁfdct? ?tte Trom tnyaﬁ |oxaa<e0§ %ts% owh

hyloxonium oroborate as gn Initiafor 0se of the present
stu 30 elucréate the structure oé} the polymer thus o%t%rne P
EXPERIMENTAL
Materials

ZthyI 131trox ewaerePar%d from the co den ation of & 0Ie|na
il TSR e b e
¥V“0vv§ y repeate ractronaY\%stp tillation eg t%]se p71572
bl e e b
was ept

carem?cct% ng:r ﬁsﬁﬁ%te ecrh”r])rfildree él Sﬁaté’ta%%car 9rade was purified by

ation over phosators entoxd
ropy ce/ta axt(rpelt mkt)et(ralu Nt tueoro 0 are?p%red fro%%estpn.t [
fo tha %escn% afor om th)yrtp doxalenim tetrat ofoboréte

Polymerization Procedure

Cationic Polg/merrzatron A cold %?Iu lon of triet arloxonrum tetra-
quorotﬁ %te dli oIved hn methyleitec orjge was adde 0.2 50 utri)n of
rn}/ |oxae esamea vent, Te 0ﬁmpoue then cooled |
alig dnrtroqen at evacuated, and se %ovved tostan
Btac(%astan amre After the errzat on nad been terminate
n?ma rg Iters of p rrdr hano solu |on the reaction

Ixture Was washed wit water 0 rem vet Initator residues and sub-
ently poure mtoa e Vo meo etro eum et[t)er 0 rec tea

U
ﬁ\/mer Itwaspurrfre repeated reprecipitation yusr ene
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ch orrd etroleum ether as a soI ent-precipitant pair and dried under
re uce essuretoac nstant Wer

T ec nsum tr noft emonome urmg theﬁolymerrzatronwasf%lowed
CPrroetermmr eu reacted mon mer'in te fe y 0aS

a?tron mixture
maogr wrt the use of § etramasan Internal stanclarl,
Radrcal

wascarrre i éﬁ%‘é’n”e il %W%'Zﬁts'?”g%fngv'“% 13%‘8@%
as an Initiator, e reaction mrxturempoure I[’I{e X IH olume of

etroleum ether to isolate a polymer, which' was purii e same Wa
S Cocrned bove oy P y

Characterization

eter matr n of Ester Units onification.  To a solution
i merEsa o 1550 bve i benzT newaé de 1:l(l)or(r)r
0?0 OT c otasm roxide o?utron a dt eres ﬁng mi ure
Wasre e ma aer r several hours, exce arwas
tr ted by 011V by orrc acrds tr nm et co rsopropano
volu eratro yusr peo c
eter matron o Carbo r Bonds anus Met od
To a ourono mersm le dissolved in 10 m
chloroform 25 mI res are anu ro me mo 0 ro r e
50 utron an a been ma mo eNneous yt orou sa Ing,
th mixfure stand at 0° *nmadarkg Al

ortron 0 %dﬁ SU se eﬂt 15% aque F%éig%éels {IL\JIQ]S

rodrde the react ro rur he iodipe
fitra erﬁ ueous sodrum t rosuI ate with a fe P arops Of aqueous
starc tronasaa

Indicator.
term nation of 1,3-Dioxane Rings b Acrdrc Et nolysis.. Ethanol
55 nﬁ) %onceng teds ﬁ( rrc acrrJ1 ((] d 38 }/ rggerto
trono 300-4 o a pol mer am drssove m5m 10X
temrxt rewasstr e me anca) roomte erat e orone ly
r es utron Was neutra IZe /A

aqueou so roxrde
eneg col tu ro duced rmined by gas ch matography
eus ocreso anmtern standar
rrc t noI rs under more arastic re Ction con itions, such as In a
tureo et (a%ueoush arpeh orrc acld volume ratr ar
re UX tegrperature rede consre eamount krr]y%o ucts, wic
grevente an accurate etermmatrono estructura t'having the 13

Kttem tgd acig-catalyzed hydrolysis of the. 1.3-dioxane rings, of th
polymer qn 14 (rjoxaneywat y ></fume ratro% Was unsucce Sbeotﬁ
at oPmte D J?\l ateev te tem,oe atur(e

nitared an asureme s, Infrare speftrZa Wwere tek%n wrtn(
rtac ratm rare (%) ctro otomete( Mode ? r dis
NMR sp ctra ere [ecorcied on Japan Electronics Model . JNV-4H-100
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working at 1 MHz in ca. 10% car on tetrachlorlde solution at 70°C by

usm tetramet |n ma stan

ter |nﬁt|ox P I\ﬁofscu el%ht aenumbe averagce< mé)lecular
we| rﬁ gmerw eterm d with a Hewlett PaCkard vapor
pres ure osmometer, Model 302, on so ut|ons In benzene at 3/°C.

RESULTS

The g merizatign of 2-vinyl-1,3- d|o>1ane was carried out in methylen
chlorid usmq tneth;loxon um fe raf Bob(()[ateasan Initiator. ~ T
course of the po merizatiqn Was etermining the unreaetc
onomer. In the react nmlxtureb ato none5| de, a
|soa|ngan we| Ing the pe um et er- |n e polymer ont
er3|e urel 0 |ca fime- monome consum tion and ti e
% ?%mer durvest US 0 gledco fter onaed reaction fime,

ome com me utt ere Was a i ﬁ nt
er nee W wes ons [n%t onoft uh “monomer andV\%se P(PHW
etro eum et rmso er In t IS connefuon Nor strom
eorte tata ream? of acmgd er 1S ormed mtecanomc

merization 0 ¢ oP 10X0 ani 0 rese lbcase

te
Rﬂ ver, only atr nunné #|e compoun L#dbed cte
romatograghy ora ponmer|zat|on mixture. ~Therefore the ormat|

Fig. L Cationic polymerization of 2- vaI |,3-dioxane: () monomer consumption;
SO) yield of petroleum ether-insoluble fraction. Monomer, a g; methylene chloride,
5 initiator (triethyloxonium tetrafluoroborate), 4.5 mole-% tempefature, 0°C.

Fig. 2. Dependence of molecular weight of polymer on polymerization temperature-
initiator, 1 mole%; conversion, 10-37%.
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4000
3000
§

2000
1000

0123456789

INITIATOR CONCN., MOLE %

Fig. 3. Dependence of molecular weight, of polymer on initiator concentration. Poly-
merization temperature 0°C; “conversion, 12-36%.

e condit 1S Was substant

X amrnrné%the etrofeltjrSe etpter srﬁrﬁe?éasrltj%t[the W%actron éproducts A

chr imer of 2-vinyl- 1,3 rox nc in a similar manner seems to be negli
ﬁleyun |oh Ft Pat(e]

rom which t grecr Itated

roluem ether solution o areactron mi
Z J been Rarate \Was evaporated. at room temper ture” unaer
ce gressure eresu trnP vrfcous re% e (t t cnsrst of
Rlol\xmerr magerials with a mofecu arw ) sever undreds.
R and. injrare pectra 0 hrs etro m ethel- so epart1 ern
f%F wrthtri de the ns u art. Ln additi ewer to n
art o ac erence befween econsump lon of t
monom (Lte leld etro eum ether-Inso 9
Some o ts o te menzatron o \rn II3 loxane are
mmar ized In Ta [ an (J: 3/ l0xane t
otarne Was a e ogv soa oFso |th so enrngp nto out6 °C, squ

ost]or anicso mewr% ?]/grocb IC.  The number- averarI;
mo cu el htot%go Mer Was Tou ﬁ |ntheranerom2500
egen entot conve sro the ymerza lon temper ure an
ternrtratr oncentration. ee mentary a{taﬁ/srs on the_polym
shownin T abel seems to indicate that the errzatronofz n ﬁ
|oxTaB rproceedfswrt ou destructro the onomerrc unqt nameI wrt
Ibera vvh] an acrétern molecule from the growin carnenﬁ Hgvrr
evr(e{ evenwnensucha eHuctroq the monom rrcun ceurs, H
? hgtltrogen contents the resultin %m ? ersomuc eae
(i %: H, 1042/ 0 eoa vr aﬂ
lhnlt Accor n ythe excellen ac nceo eanalyt Wrth the
eoretfca] 3 s.can not completely rule out the pos br the.occur-
rence of {

ch ent of an cro?e*n moIecull rom the ac vec ain end.
hrs mattervvr IScUSse |nt ater sect on.
(e)épecte t2vrny aneu er 08 radrcal merrzatron
to Je orwar vrn mer ecause the rin J)
Izatlo o |c acetas e Induced with an I trt

tatteeamrna ono ~and Inir. red Spectra 0 th ra a
Pﬂ mer, toget rwrt thoseo t]e catronrc mer m sthow nse

rmafion”on the structure of the lafter e resylts
the radical polymerization of 2 vrny\ fg droxane n |henzene at 68§ wﬁn
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o TABLE | _
Cationic Polymerization of 2-Vinyl-1,3-dioxane*

Initiator, Temp, Time, Conversion,
No. mole-% °C day % M b
17 11 0 8 18.1 3780
121 4.1 “ 12 62.0 3890
160 5 4 44.0 3390
161 ( « 7 61.6 5420
124 5.5 I 4 33.2 3280
130 1.4 10 1 9.4 4090
126 55 u 19.7 3980
122 4.% 15 40.2 3110
135 1. 30 Yls 11.1 2870
141 4.7 40 58.8 3420

“Monomer, 5g; methylene chloride, log; initiator, 0c2tH5a0+BF4-.

1Bly vapor-pressure oSmometry, benzene, 37°C.

cElementary analytical data for the resulting polymer are as follows. Caled for
CsHioOa; C, 63.13%; 11,8.76%. Found: C, 63.24%; H, 8.94%,

ob||3|sobutyron|tr|easan initiator. Th(i polymerization proce dve_r[y
s?tho IVe a o mercifa ow, molecular Weignt, & expected from hs
IC. structure.. The polymer thu(f o%ﬂpe as very similar to the
cationic polymer in its appedrance and solubility.

. TABLE Il _
Radical Polymerization of 2-Vinyl-1,3-dioxane”

Initiator, Conversion,
No. mole-% % Mnh
149¢ 2.55 12.7 1670
150 2.45 14.0 1550
151 0.83 44 2220

*Monomer, 10 g; benzene, 10 g; initiator, azobisisobutyronitrile; 60°C; 90 hr.

h Vapor pressure osmometry; benzene; 37°C.

“Elementary analytical data for the resulting polymer are as follows. Calcd for
CH,,02 0, 63.13%; H, 8.76%. Found: C, 62.48%; I, 8.78%.

.The infrared spectra of the cationic and radical polymers are giver.in
Figure 4. Bohgfthe stp%ctra sﬁow a.C=( sretcln%oqny sorpet1|r ngat 1
cnt-1 and C —Cstremp as%r tions mtere% rom 1000 to. 1

m-1 With resPect the aterﬁ orption band. ere@tlve |Pten3|tr}/o

ort eralomcpol mer 15 Qoviously Stro ger

esepc hof

the ansor t|or}]a1 cm-1 (%

than that Tor the radical QQI[)(mer. ISISan |cann or the
Open-chain ether ImkaPe In the forEnBr Eoymer. urthermore, only the
%&eq um of the cationic polymer exnibits a'clear C=C absorption at’ 1640
Figure 5 shaws the NLVR spectra of the cationic, and radical polymers.
The% ? qp 1 %

omplex signals appearing at 1.8-6,5 r are ascribable to the methylene
protons djacegt to okygen atoms of the 1,3-dioxane ring, and Slan|S at



POLYMERIZATION OF 2-\JNYL-1.3-DIOXA NE 3121

around 8.8 1 tq one of the /3- ethylen rot ns tthe fin from he com-
arison with the spectrum of 2-vmyl-L, oxatc monomer. ewea
|na sat 75r shou edu tothe eth tons adjacent to carbo
the resenceo wh| |sc |rm ar ctros 0
rumo ecatloH mer ers rema a ro that of t dlca
mermt at a etovm roons |n ere on

o rand uetot em ene pr acenttot e0 enatoms
of [ine ret er Furt erm re, the f ormer critm 1S

es at b I
somew at com fex the.re lon ronl 3t058 ompared wit Tt ﬁ atter
S%%Ue”ng Ich Shows S|m8e5|gn als due to methin proton of the 13-

N the ba3|s of the mfﬂed and NMR S ectra LIS erred that the
ra caP 3/merc ISts of t est(uctura W aHiIII e the cationic
polymer consists of the structural units 1, 11, and

— CHXH,COCHTHTH— — OCHTHLHDCH—  — CHTH—
0 (ﬁH oA
! 20
I ch2 p h?
ch2

The determination o{the?estructu[]al unttsmtt} e polymer attempted
BX NMR an cemlca analyses.  The content of the structura nlt|Cﬁ

stimated from tge relative peak reao eS| a at75r Ue fot
met eneforotonsa Jacent to the caﬁ %{ag R% £ ester unit.  Sapon-
ification of a sample™by potassium hyaroxice h benzene-ethanol mixture

000000000000000000000000000000000000000
EEEEEEEEEEEEEE

Fig. 4. Infrared spectra of radical and cattomc polymers of 2-vinyl-l,3-dioxane.
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Fig. 5. NMR spectra of radical and cationic polymers of 2-vinyl-1,3-dioxane. Solvent,
carbon tetrachloride; concentration, 12%; temperature, 70°C.

JE——

. a 0
{Jj'zs B {5 C=C UNIT(H) =
0 20
Hb \ )
24 |

’ L]

ESTER UNIT(I)
A

1 A
vl.;wﬁv l..jﬂ— 1 1_1_Al_

POLYMN.TEMP., °C

Fi?. 6. Dependence of contents of structural units I and II on polymerization tem-
perafure: (¢, A) from NMR analysis; (O, A) from chemical analysis. Initiator con-
centration, 1-5 mole-%; conversion, 33-58%; ‘molecular weight, 2800-3400.

C=C UNlT(n)

A A A
A . . * ESTER UNFKT(l) =
T O A A
-3 -5 - 6 7T 8 9
INITIATOR CONCN., MOLE %

>

Fig. 7. Dependence of contents of structural units | and Il on initiator concentration:
(e, A) from NM R analysis; (O, A) from chemical analysis. Polymerization temperature,
0°C; conversion, 12-36%; molecular weight, 2600-3000.
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Iso rves the C ntewt] of the st uctural unit 1. Carb ncarbon doul%
zé ch are re evantt the strnctura units [l can be
etermrne tere atrvg eak areao thg total viny grotons from4to
orinitsN Rsetrum an soc micall y anus’ pr ure 8
contra rec etermrnatronr% the struc # unrtI g H
chemical tan] lyses was nsuccessu exce ? e radica P/mer
ontento e'structura rrhrtlllrn the radica merwas ated from

g e atIVGI\[f area of tne methine p OIOH Oft acetaI rrngn earr

[ Iﬂd% sectr n aso e]rmrn trr € g)

Iberate }/ eacr cata i ethanoF%/ 1S 01 { %P anso a as
f

chromator% ag wev Spectru onrc

ShOWS €O rp >fsr na rs re lon, and It rs ere ore dr rcuIt %

mine accurate erea areao the aceta grwoton y naso

structur rtII Nelt ert Fﬂnasofteamt rot ns nor

those of the 8-methylene protonso ? 3-(lioxan h an pe Lort

ef Lmrnatr naQrt Fstructura unHI | Decause of the overla prnq

HI tI)ourrn signals the other hang, uantrtatrve anosy S or
0 srso the]] drox%nerrno Int ectronr polymer int Fg%ceo

rner 5 00U not e achieved without heing accompanied by the

ceavageo the majn chain.

Theresults on the NMR. and chemi dcaI analyses of the str %tural units
and Il are | ustrﬁte In FI Cqurefian . The cohtents of the structura
Prtﬁlanﬁtll In the cation f Mers remarn'aear constant, rrreso]ectrve

e no meﬂzat% n temperatlre, the catalyst Concentration, and the
moecular eignt or the polymer,

DISCUSSION
The reIatrve content of éhe struct ral unit 11 in the catfon]
the

%/mer a sh Ures 6 an n su sts that so
ONoMer o merrzed Incor orat t merc rrn
enrngi mechanis at oha ato the ca on ca on dou

% PI er might arise. from carH trans er reactron or s
mem gyclrc acetals, gn}genera 0 noﬁ opol merrze8 ut Under
certaqn con trchs some of these cyclic aceta Ot/r erize to grve not po
aceas t at aPO ethers he Iattraeé gse? X

eterentjal eliminatio e_corresponding alde rom e rOWIN

t t th I t
rnn eoreteadrtr

n of the next mondmer occurs,
n| s]or Sent stem
ré) Inisli erat during t

erefore It Seems rmoort Pt 10 reveal hether

Hn{g genrn% reari onor2 loXane,

an hIS IS ot ecas et tt] stru tura unAsII or f;e Lences In
t o ercpain, In act nodacroegnwas etecé Inth eﬁ Y erization
mrx uré, but this does not rov econlr]matr e evidence against tne gestruc-
trono e monomer unit urrng Hpo ymerization 8r 06SS, ecause
ro ein, a Very reactive, compouH even if 1t 1S liberated from an active
arn end, may not remain as such under acicic conalitions.  However, It is
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unlikely that acrolein, once Irberate trom a L%rowrr&%%{char end IS, In-

orpor te |nto a polym n thro g Xmerrzatron
E m}en Pi? e proton éte etec ed pectroscopy n
int getro eu rsolub an msnlub olfmers

Psenceo the structur unit 11 rnte rveénse toHt
ene otonsa aeNH tn the et ero en to s |n icate (]nabol ae
nsr cture | Icn 1S acomp eo structures 11 ana 111, an
which is a composite of | and .

— CHZH— OCH.CH.CHjOCH— CILCH—

CH CH CH
[ X0 éth 0/ N(t
ch2 ch? C{'l, CH
CH,
\Y

-CHZCHEACH,CHZCHZ—ochZ:h kh bm—
CH,

These rotons should Wc?]rv%NMR signals in the reﬁron of Otﬁl9r the
relativi ak area of was, fourd row 15 mes [{hant at of the
tota VIB protons the estimation of the former peak are sacco
Banre an Fpprecra%eerr ronacc the overl I%prn tene
our;fn H the serve ratre tepea areas e taken
Eroo r the ex ect tru tures R]olxmer From eoregor)eq
Pssron% the %]oft ana sis, 1t can not be con
clusive ereasona e f0 sag tha en %o[penrn? reactrori
2vn8/t 3d|ox ne s not accompanied by the elimination of an acrolen

| %truct ral units 11 Lorm se%uences ?f two or |onger units in a
polymer chain, t ere appears the acrolein acetal structure V.

0(CH2D gHO(CH,)?OgH— cns:n,ognocn,cns
H H H

H, H, H,
Vi "l

Itr 5 ex ecte therefor that the acetal rnton of this structure fhould grv?
NM ft he same magnetic eld as the acefal proto
a? eln ret aceta VL owever, no sjanals can be seen In thi 3 er?bon
oft Ist

e NMR spectrum of the polymer.  Ontrie assumption that the
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tion of the structural unit |1 ina polymer chakn IS statrstrcall andom the
raﬁro Pft e coBsecutrve structaral gn s H to the totﬁ structural ynits 11 is
ated t0 e a roxrmate . TNIS means ({We aceta rotons

resuv from suc secu sructural ts IsouI Iveriseto N
mtensrtyo chisa ourton o the met eprotons
vrn rous Astesr nasosu an e}rrsrt can be. detected,
ahsence gnal r}the MR s ectrumo Q/mer n rcate t at
there are, if any, BW Conse hestructuralu Its 1 rnt 0fymer
Rarn Tther are euences fo tructrm unrt% 8 r
Pcata(! Xdro eg Rymer oved zacr ic etlian %e

H G pro er acetal, lee er atteln
It outsccsstorgf enate uantrtatrve the vin rg)u 51N
te polymer wit teuse Ad g tinum cata}/st presum Tause
the dso tion of the vinyl oer eactrvgaesonthesurf ce of the
cata]ys |n ered stericd 10Xane 1ings
that the stru Ha vnrts amou trng {0 more than. 20
moe are orporate Into t rcharnrnt ron ol merrza
ono r! ]deroxane sno ort n vrewo %
oxane an eriv trves not omo oIP/ %rze ata possr IY due to
e qre tsﬁabr rr]yoft loxane [l n rr}te resent system, trsver?]/
Pro abet fhe mP/ grou attac 1.3-00X “}r ag
mpartant ro?mthg ng- g Ing eactron it acrlr;ates e Clea a%e
oxonium Ion or ed byt lbac fa roer% ain end to. on %
xyﬂen atoms of the m nomer ocalr Ing the Incipient positive charge
onthe ar:ﬁtal carbon a\tom
Asto (s fest ucturfr unit I, it seems reas asblg sume asTad etal.
ro ose [ e errzatrono vrn” |oxoane th trtr orme
| rreactron of the Car onrum ronP ey nrr
%tron ollo th rrn openrn re emen tersgrg
carboxonium ronb nuc eoph lic atta monomer.  The qlirec

Rearrangement  p__ CH,CH%OCH,CH,CH/

R— CH,CHX R— CHCH, |
Hdft,, zf] ©8

2 CH \ R— CH,CH,

T el -

Direct addition 07 \)

CH, CH,
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%tton of the monom rt the elechron deftuent centra at%m of the
roonlum 1on WOU ea fo t estructu[W unit VIII retaing
loxane ring. (!-Iowever the QOS'“V arge on this carbon atom s (J
t ea e]xte local |ze he a éacent 0 oxygen atoms, an
In V|e act tha on % onP bgs Fttac the eectrn eficlent
ce tral carbon. atom eth o>io enttfm 106 suc a dt[)ect
ad |t|0 2-vinyl-1,3- |oxane a ea %eophte totecentra car

the ca OX pim on 1 ess | %rﬁﬁ) taktffgta%ﬁe | ter %dy Pte'

car %’rt%’#t“m tetra orogeer t?ro%t rgo acetate a trtet
oxop?um tetra?Puc;NafttPrae? |ts NMﬁ @Bti mr?taestmen e|n rglto
?ower X)agneﬁ %Oqé

methane solution showed the triplet ¢ nai
?t49 [ tﬁe sEn‘t Femg more tftp Og Ht
omtes%so the cgrrespondmg H rofons 0 dy ?
loxane amarkﬁ chemhc snitt implies that a onsiderab
Roagve charg 6 on thes met ne carbo atom Furthermore, 1t
as heen reR b}/ amas |t |sc o e D t the o ertza
tlon of tetra rofu an Initlated with 2- Y 10X0 enlum orat
roduces mer eac oec e of wnich’ co fains. an aeo>%
rouﬁ % g{ IS Hro Iet at, once the car oxogtum |on\J rme
% th r| e Shift, 1t leads Ki the ‘structural unit 1 by the su sequent
I%ope q tearr%ngement | ustrate OVe,

conglosion, 2-vinyl-1,3 dtoxane er oes |o i épo’{ f at|0
!)n three different ways,"that is va th %I’Id ftfo
g nn%openmg reﬁ rangement f qopenmg re ctto and SJmtI)e VI
adati ?% etestuctthral units 1. 1172 A re ecttve
cogtentso es% unttjs i the polymer were foun t
and 65-70% In t eoh er ahove |rra ecttvE of the poly erhzatton con|
tions. employ (i [1 resent st The coné nt’of t ﬁtructural
untII ISa Itt ower than that of ecorrespon structu unit for
OK vm% To>1<])|ane3 This difference IS Ipﬁ) h/scrl to the
geiar%teanlrlb the 1,3-dioxane ring compared witr t at o the 13
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Kiretic S .d/ of Bhjae Riynaizianwith
Neiekydoes byl o | sl

V. A ZAKHAROV and YU, |, ERMAKQV, Institute of Catalysis,
S%BAeﬁan Branch o? the Acgdewy of Sc?ences o‘ USSR, ¥
Novosinirsk,” USSR

Synopsis

The quenching off)olymenzatlon with a chromium oxide catalyst by radioactive meth-
anol MCH30H enables one to determine the concentration of propagation centers and
then to calculate the rate constant of the propagation. The dependence of the concentra-
tion of propagation centers and the polymerization rate on reaction time, ethylene con-
centration, and temperature was investigated. The change of the concentration of prop-
agation centers with the duration of polymerization was found to be responsible for the
time dependence of the overall polymerization rate.  The propagation reaction is of first
order on ethylene concentration in the pressure ran?e 2-25kglem2 For catalysts of dif-
ferent composition, the temperature dependence of the overall Folymerlzatlon rate and
the propagation rate constant were determined, and the overall activation energy Eow
and activation energy of the propagation state E,, were calculated. The difference be-
tween Eov and Ep is due to the change of the number of propagation centers with tem-
Ferature. The variation of catalyst composition and preliminary reduction of the cata-
yst influence the shape of the temperature dependence of the propagation center concen-
tration and change E ay.

INTRODUCTION

he d%pendence of thg. POl merization rate and moleiular we|ght of a
o[ymer on reaction.conditions IS often used to qraw conclusions a Olétte
0 me{|zat|o_n mgcham(fm. However, the polym nzaﬂi)n rate and the
olecular e|9ht eﬁen on vapous aiamet IS 0f t eﬁJo menéanops S-
Fem. For heterogeneous catalytic o menzgnon, e fate o ony er
ﬁrmanon F 15 equal to the r|or0 aqﬁm rate Vv, which is IEro1por jortal to
tepropa%itmnr fe constant Kip, the su afe concentration of active cen-
tersnB'and the effective surface of the catalyst Se.

V = Kmse

I | K SRarc variahles and depend on the catalyst com-
pos?tigﬁ?%ae mgﬂquagp cata?ystV prleparat%n, ar1pdE conélltﬁons o%e poR/]-

*Paper presented to the Symposium on Macromolecular Chemistry, Budapest, August
69.
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mertzatlog tt)rocessasvvell Therefore the use of methods which provide a
se[t)arate ermination of the actlye center concentratton and the pro

ation rate ¢ ons%fnt 0 L overa\ tf?t!Vl erle on rafe 1S Very. m?%rtgnt

or an understanging of t ekmettc [o £ o ;P h/ erization ¥stﬁ
Inthis pa B mettes of ethté pé)Ymertz fjon by means of ¢
mium oxide Catalysts was (!ovved e (etermination 0 the pro aélo&
center concentragion. . To eerm| alue we used
uenchm g ehzatljon g/ (;oo Iil eled wigh u0.n the

ﬂt] esults ontained give valuable, inform t|?n abovt t
ec amsm of Initiation angl propadation stages in the ethylene polymer-
IZation with chromium oxide cataly3ts.

EXPERIMENTAL

Tpe com[fosmon of the chromium oxide gatﬁtlyst used is gt venin Table I.
The cata Ve/e tg gparatt(? [ocegure an eCOHdItIOIn the vacuum
activation escribe h

Qsome Case cata st ||| after vac-
uunhtre%n]entw reduced. with carbon rgonom e at 300

merléatlon was carrled out at 40-9Q andeh lene
Eessureﬁ enzine or cgco %xane In a stainless ste aut
%:/teec |[tl Stiri g f

h ara usued olg/mehzatton an enc
Spec ca ono re enst mertreat ent and re-
COvery, an the measurement 0 po mer radtoac vity were descrioed in

a prewous §)a er.

a0 ro%g%i Dot atton(tcentﬁ ?‘J
It ﬁ)

concentra%Jon 5 reIate] t0 the quah

{
RENT O o et ol ke (e h"
n = Ab/aQ 2

From the co centratton ?f the] ctive centers, the va the of the ”pol meriza-
on rate V molegcata st moment hitor | [|ec lon and
onolm I conCentration moe ropaga |on rate constant
P (I./mole-hr) was ca cuIate i accor ance ith'eg” (3

V = KmCm 3

L
at

e Cata yﬁ an spec%c radio

TABLE |
Chromium Oxide Catalysts
Chromium  Specific Pore

content in surface volume,
Catalyst Support catalyst, %  area, m2g cmdyg

I Silica _ 2.5 400 1.0

I Silica + alumina 2.5 300 1.1
(3.5% AhQa)

[ Alumina 1.4 170 0.42
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RESULTS

The polymerization of ethylene with chromium oxide catalysts in gz_en-
eral is a nonsteady-state process: the overall rate varies with the reaction
duration. We have found the number of propagation centers and calcu-
lated the propa%atlon rate constants corresponding to different reaction
moments. - For this purpose the polymerization was stopped in the course
of each run by injecting radioactive methanol. For each catalyst the
polymerization' rates thus obtained in different runs are on the same ki-
netic curve within some error (curves A, Figs. 1 and 2). These kinetic
Curves were comRared with the time dependence of concentration of propa-
gatlon centers which was obtained in the same runs (curves B, Figs. 1 and

An increase of the reaction rate in time was in good agreement with

Fig. 1. Change of (A) |po%merization rate and B)_numberofPropagationcenterswith
reaction time (gcat_alyst , 75°C. 13 kg/cm?2). Various symbols are used for different
runs. - Arrows indicate the moment of inhibitor injection In every run.

Fig. 2. Change of (A) polymerization rate and g/»’) number of propagation cen-
Eeﬁ with reaction time (catalyst 11, 75°C, 15 kg/lcm2). Various symbols are used for
ifferent runs.
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TABLE Il
n and K p for Different Reaction Timesl

Reaction rate
_ at _IFHQC_IIOH
Reaction  of inhibitor, ~ Polymer

time, % yield, nX 106 Kp X 10,
Run min catalyst-fr g mole/g ./mole-hr
9-VI 13.0 36.0 0.46 0.55 2.32
3-1 20.0 65.5 1.60 1.05 2.20
10-V 22.5 75.0 1.80 1.15 2.34
5-V 28.0 86.0 2.73 1.21 2.42
20-11 35.0 95.0 4.05 1.37 248
2-11 40.0 90.0 5.00 1.40 2.21

a Conditions: 0.1 g catalyst I; 75°C; 15 kg/cm

the increase of the number of propagation centers. In our experiments,
after a period of an acceleration of the reaction of a duration dependent, on
the catalyst composition and the reaction parameters, a constant i)oly-
merization rate was achieved. The propagation rate constants calculated
on the basis of nvalues for different polymerization moments were inde-
pendent of the reaction time and polymer yield within experimental error
and were characteristic of the catalyst composition (Tables Il and Illg.

The influence of the ethylene concentration in the pressure range 2-25
kg/cm2on the polymerization rate, the propagation rate constant, and the
number of active centers was studied for the chromium oxide catalyst on

TABLE Il
n and K pfor Different Reaction Time®

Reaction
rate at
_the in-
, . Jection of
Welgihtof Reaction inhibitor, g Polymer
catalyst, time, CZ—I4/% yield, —n X 1206 KPX 10"6
catalyst-hr

Run g min g mole g I./mole-hr
3 0.109 30 17 0.95 0.81 0.75
1 0.183 45 3 2.10 0.99 1.12
b 0.103 10 39 3.05 1.45 0.96
8 0.103 80 3 3.20 145 0.92
4 0.113 90 56 5.91 1.63 1.23
9 0.104 130 1 10.43 1.97 1.29
14 0.10 25 24 0.29 0.73 1.19
16 0.10 35 32 1.35 1.40 0.81
13 0.10 37 335 1.38 1.28 0.94
17 0.10 50 46 2.86 1.80 0.91
18 0.10 10 67 4.75 2.00 1.21
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silica.  Figure 3 shows the kinetic curves for one of the experimental
series.  Figure 4 shows the dependence of the steady polymerization rate
on monomer concentration. These data were obtained both for different
experiments at various ethylene pressure and for a single experiment in
which the pressure was dgcreased ste?wme after the achievement of a
steady-stage rate period. The steady-stage polymerization rate was found
to be directly proportional to the pressure of ethylene. The number of

Fig. 3. Kinetic curves for runs at different ethylenefressures (catalgst [, 75°C): (1)
2kglem2; (2) = Skglem2 69 = 10kg cm2 (4) L3kg/em2 (5) 25 kglern2

active centers was measured, and the propagation rate constants were cal-
culated for various monomer concentrations éTabIe 1V); Kwvalues calcu-
lated according to eq. (3) were constant and not dependent on ethylene
Pressure. The stationary concentrations of active centers corresponding
0 the steady-stage poI}/me,rlzatlon rate; were calculated on the basis of Kv
values. These concentrations proved to be independent of the pressure
in the considered range (see Fig. 5). o

The influence of reaction temperature on the polymerization rate, con-
centration of active centers, and propagation rate constant was invest!-
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gated at 40-90°C. _Du_ring these ex?eriments the monomer concentration
in benzine was maintained constant by changing pressure according to
ethylene solubility in benzine.4 Figures 6-8 show kinetic curves for some

Fig. 4. Steady-state polymerization rate at different monomer concentrations (catalyst
[, 75°G): (-©—) runs carried out at different monomer pressures; (-A-) experiment
with stepwise pressure decrease.

experimental series* performed at various temperatures with different chro-
mium  oxide catalgsts. At 40-75°C the polymerization rate increases
with temperature, but above 75°C the polymerization rate becomes slower.

£3,0-

<D
110

4 8 12 16 20 24 28

Ethylene pressure, Ky/sm2

Fig. 5. Stationary concentration of proi)agiation centers at different ethylene pressures
(catalyst I, 75°C).

The overall activation energy of polymerization (o) was calculated from
Arrhenius plots for the steady-state polymerization rate at 40-75°C éFlgs.
9-11). For various Polymerlzatlon terperatures, K, values were deter-
mined (Tables V-VII). ~ The activation energies of propagation reaction
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Fig. 6. Kinetic curves for runs at different polymerization temperatres Ecatalyst [, Cm
= 0.95 mole/l.) (1) = 90° (2) = 75°% 3) = 60° U) = 50° (5) ="40°.

(& were calculated from Arrhenius plots for the propagation rate con-
stants (FI?S. 9-11). Eovand E,, thus obtained are given in Table VIII.
Figure 12 shows the dependence of stationary concentration ofthe_Propa-
gation centers on the reaction temperature for the catalysts of different
composition.  One can see that at 40-90°C the steady-State number of

Fig. 7. Kinetic curves for runs at differentgog/merization temperatures (catalyst 111,
Cm = 0.95 mole/L.): (1) 50°C; (2) 75°C; (3) 90°C.
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Fig. 8. Kinetic curves for runs at different polymerization temperatures gcatalyst
[11, reduced by carbon monoxide; Cm= 0.95 mole/L.): (1)40°C; ~ 50°C; (3) 60°C;
(4) 75°C; (#)90°C.

active centers becomes higher with temperature. The temperature de-
Bendence of the polymerization rate was also determined in a single run
y decreasing the temperature stepwise after the achievement of a Steady-

qu. 9. Arrhenius plots for steady-state polymerization rates and propagation rate
constant (catalyst I, Cm = 0.95 rnole/L.): (Jf)ydependence of polymerization rate on
temperature, changed from run to run, Eov = 10 kcal/mole; (2) K, dependence on
temperature, Ep = 4.2 kcal/mole; (3) dependence of polymerization rate when tempera-
ture change in single run, E = 4.6 kcal/mole.
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Fig. 10. Arrhenius plots for (1) progagation rate_constant and (2% steady-state Eoly-
melrlzatlon rate (catalyst 111, Cm'= 0.95mole/L.); Ep= 5.4kcal/mole; E., = 1.6kcall
mole.

state polymerization rate. The dependence thus obtained differs from
that found for the case when the reaction temperature was changed from
run to run (Figs, 13 and 9, curves 1and 3. The activation energy calcu-

lated on the basis of the data obtained in a single polymerization Tun was
46 + 1kcallmole.

t>8 29 3P 36 0 ¢3 UTI03

merization rate (catalyst 111, reduced by carbon monoxide; Cm = 0.95 mole/I.

Fig. 11 Arrhenius plots for (1) proBagation rate constant and (23 stationary)pole/-
= 4.7 kealimole Eoy = 6.5 kcallmole. 7
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TABLE IV
n and K pfor Various Ethylene Pressures*

Reaction
rate at
Catalyst  injection
Ethylene concén- of inhibitor,
pressure, tration gCZH4/g n X 106 KIpX 10-, KpIX 10-«,
r :

Run kglem2 — gfi  catalyst- mole/g  L/mole-hr ~ Lihr
14-V] 2 2.6 215 2.48 231 0.29
11-VI 5 1.3 50 2.04 2.63 0.88
10-VI 10 1.3 102 2.03 2.68 1.78
16-VI 15 1.3 160 2.38 2.40 2.53
13-Vl 25 0.7 242 2.65 201 331
*Conditions:: catalyst I; 75°C.
TABLE V
n and Kv for Different Temperatures of Polymerization®
Reaction rate
at _mAec_tlon Kp X 10"g
of inRibitor, Favera e
Tempera- ng—IA/% nX 106 KpX 10 vaIue)q,
Run ture, °C  catalyst-hr mole/g [./mole-hr 1./mole-hr
6-V 90 53.3 1.30 1-531
28-V 90 55.0 1.95 1.02/
31V 5 121.0 1.82 2.48]
5V 5 86.0 1.27 242 240
10-v [ 75.0 1.15 2.34 '
9-v 7 36.0 0.54 2,39
12-V @ 38.0 0.83 1.63 168
25-V 60 22.0 0.46 1121 '
8-V 50 24.0 0.64 1-3%]
-V 50 30.0 0.65 1.65/ 1.48
16-v 50 9.5 0.24 1.45/
13-V 40 11.3 0.30 1.381 1.20
20-V 40 8.5 0.30 1.02/

Conditions: Catalyst I; Cm = 0.95 mole/L.
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TABLE VI
n and K, for Différent. Temperatures of Polymerization*
Reaction rate
Tempera- at injection K, X 10"
ture of of infibitor, (average

polymeriza- C2H4/% nX 1k K, X 10« value),
Run tion, °C  catalyst-nr ~ mole/g /mole-hr I/mole-hr
3V 90 13.0 2.42 0.211 -
29-V 90 15.5b 2.36 0.24]
-V 5 10.0 1.88 0.191
2-V 75 12.0 1.72 0.257 0.22
9-v 75 12.0 1.86 0.23
4-v 50 7.0b 1.90 0.13])
18-V 50 2.0 0.46 0.157 0.12
11-v 50 1.6 0.67 0.00l

“Conditions; catalystlll; Cm= 0.95mole/l,
b Experiments from other sériés.

_ TABLE VI o
n and K,, for Different Temperatures of Polymerization®

Reaction rate
Tempera-  at injection KF X 10%«
a

ture of of inhibitor, verage
polymeriza- CZHA/% nX 1k  KpX 10 valueg
Run tion, °C  catalyst-nr -~ mole/g mole/hr | /mole-hr
2-V 90 19.0 1.59 0.44 -
2-V 75 27.0b 1.76 0.54]
24\ 75 16.0b 1.20 0.48) 0.50
19-V 75 22.0 1.65 0.48)
23-V 60 18.0 1.74 037} 0.37
25- V50 11.2 1.25 0.32l 030
26- vV 50 4.50 0.58 0.28] '
21V 40 6.9 1.18 0.1} 0.21
“Conditions: CataIYstIII reduced monoxide; Cm = 0.95 mole/l.
b Experiments from other series.
TABLE VIII
Activation Energies for Chromium Oxide Catalysts of Different Compositions
Catalyst [11
greduced by
Catalyst | Catalyst Il carbon monoxide)
Eoo, kcal/mole 10t 1 16 6.5
Ep, kcal/mole 42+ 05 54t 1 47+ 1
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Fig. 12. Dependence of steady-state concentration of propagation centers on pol
merlzatlon tem erature for dlfferent chromium-oxide catalysts (Cm = 0.95 mole/1 %
(1) catalyst 1, {2) catalyst [11; (3) catalyst 111, reduced by carbon monoxide.

Fig. 13. Kinetic curves for runs at different polymerization temperatures (catalyst
! Cn&- 02 niole/L): (1) 75°C; (2) 40°C; F) 3) ‘experiment with stepwise tempera-
ure decrease.

OSSO B3ON
Rsiality o Q adtitatinve Ddfamretiond n adk,,
The determination of the number of propagation centers by the quench-

mg technique with the use of a radioactive inhibitor is possible when the
interaction between an inhibitor and propagation centers is of a quantita-
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tive character. The, occurrence of a reaction in the kinetic reglon provides
a HJOSSIbIlIty of Kwealculation from the PoIYmerlzatlon rate and the number
of propagation centers. Dissolving ethylene was not a rate-controlling
step. In"our case the .steady-stage polymerization rate per fqram of cata-
lyst did not deFend on the catalyst conCentration in a solvenf.

_For the catalysts of the same chemical comP03|t_|0n the following factors
did not influence the p_ropa?atlo,n rate constant (within possible experimen-
tal errors): %1) quantity of inhibitor injected (provided there is complete
stopping of the polymérization; the quantity of methanol-4C used for
quenching varied from 1 X 10-4to 1 X 10 3mole/ﬂ of catalyst); (2) cata-
|yst concentration in a solvent (from 0.0 to 4.0 L. in our ‘experiments);

) polymerization duration up to quenching (from 13 to 130 min): ()
polymerization rate (and the number of propagation centers) at the mo-
ment of inhibitor injection (the polymerization rate varied from 17 to 150
g CH,i,g catalyst-hr and the number of propagation centers for catalyst |
Varied from 0.5 to 25 X 10-6 molefg): (5) Pore structure ofasupgort %as
proved by using two types of silica with surtace areas of 400 and 200 m4g
and two t;g_)es of silica-alumina with surface areas of 300 and 400 mZP);
(6) initial dimensions of catalyst particles (fractions of silica-alumina fess
than 0.1 mm and 0.25-0.5 mm were studledl); (7) Physm_al state of the re-
action medium; K, did not depend on whether polymerization took place
in a liquid (benzine) or in a gas phase (without solvént).

At 75°C the average value of the g(rogagatlon rate constant was 1 X
106 I./mole-hr (catalyst I1) and 25 X 107 |./mole-hr &c_atalyst I% when
silica-alumina and silica were used as supports, respectively. The con-
stancy of the Kyvalue should be taken as a reason in favor of the quantita-
tive character of the measurement of the number of propagation centers
for mve_stlgated catalytic systems. o _

Within the temperature range up to 75°C the polymerization process is
not limited by ditfusion of monomer from the volume to the propagation
centers on ihe surface of a catalyst; it follows from the fact that the poly-
merization rate per propagation center (that is, Kipvalue) does not depend
on concentration of Propagatlon centers or catalyst particle size.

When diffusion jnfluences the polymerization rate, the change of calcu-
lated K, with variation of time, with the number of propagation centers,
and with an overall polymerization rate should be expected.57 The con-
sideration of the role of mass and heat transfer in ethylene catalytic poly-
merizationd also illustrates that the diffusion of monomer to propagation
centers on the catalyst surface does not control the overall polymerization
rate while porous grains of insoluble polymer are being formed. _
~The data obtained at 90°C when a low molecular Fal’l of polyethylene is
likely to be soluble indicate the diffusional restrictions at this témpera-
ture.  The polymerization rate at 90°C is less than at 75°C, while the
number of propagation centers either increases or remains constant.  As a
consequence the Calculated Kpvalue at 90°C is lower than at 75°C. W
assume this phenomenon to be caused by a decrease of the monomer con-
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coniration below e?uilibrium in the environment of an active center.
Therefore for the calculation of activation energles onQ{ the data obtained
at40-75°C were used; those data were not effected by diffusion of ethylene.

Rgotonhd “Wakarg” Granium

The_number of propagation centers on chromium oxide catalysts mea-
sured in our experiments under different conditions was 0.3 X 10 62.5 X
ICO6mole,q of catalyst. It is easy to calculate from these data that onIY],a
small part of chromium was active. In the experiments described this
part approached 0.5% of the total content of chromium in a catalyst (a
propagation center is assumed to involve one chromium atom).

Possible reasons of the low concentration of propaqatlon centers of chro-
mium oxide catalysts may be the following: '(a) a low content of initial
surface compound (active_component) whose interaction with reaction
medium ﬁrodu_c_es propagation centers; &b) a low yield of propa?atlon oen-
ters in the initiation [process; (c) effective surface of catal%_s, IS only a
small part of the total surface area of the support; (d) inhibition by the
|mPu_r|t|es inreaction medium. _

It is difficult to evaluate the relative importance of the reasons just .men-
tioned, but it should be pointed out that the catalytic activity and there-
fore the proportion of “working” chromium depends to a great extent on
the presence of poisons, A sg;nlflcant increase of polymerization rate and
a polymer yield were observed when pure raw materials were used. Nat-
urally, a catalyst will have maximum activity when all the chromium
atoms deposited on a catalyst are involved in propagation centers. The
value of maximum catalytic activity can be calculated by using the values
of propagation rate constant found:  For the chromium oxide catalyst on
silica at 75°C and monomer concentration of 1 mole/l. (15 kg/cm2 in
cyclohexane) this value is 1.4 X 106? of polyethylene/g of chromium per
hour or 33.5 X 10* g of polyethylenelq catalyst per hour for catalyst with
2.5% chromium content, _ _ _ _

The polymerization of ethylene with chromium oxide catalyst is as usual
a nonsteady-state process. “An acceleration period of the reaction is fol-
lowed by a constant polymerization rate after which the latter decreases.
In some cases a stea g-state period was not observed: the kinetic curves
showed @ maximum.49 Our data on the measurements of the number of
Propagatlon centers at different polymerization times (Fl?s. 1and 2) showed
hat an increase of polymerization rate with time is defermined by an in-
creas in the number of propagation centers and the steady-state period on
kinetic curve is due to establishing a stationary concentration of propaga-
tion centers.  To explain the increase in the number of propagation centers
with polymerization time the following reasons should be mentioned:
(@) a low rate of the initiation process; (b) an increase of the effective
surface area of a catalyst due to Its disintegration.
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Besides, there is a possibility of a decrease in catalyst aCtIVIt)( and in the
P_roportlon of “working” chromium due to the inhibiting effect of impuri-
IeS.

_In the case of supported oxide catalysts the _poI){merlzatlon rate and its
time dependence seem to be determined by simultaneous interference. of
all the three processes. Depending on thé conditions of po_Igmerlzatlon
Process, the method of catalyst Preparatlon, chemical com?om lon of cata-
yst, and structure of the support, the relative importance of these processes
can vary so governing different forms of kinetic curves for various cases of
polymerization.

Dy | d Rgacstion Rtie onMooa Goatratian

Our measurements of the number of proP_agatlon centers at different
ethylene pressures show that for the propagation stage an equation of first
order on monomer concentration (and of ‘overall second order) is valid.
The Kwalues calculated for different runs on the basis of eq. (3) are con-
stantt,(2.4 X 106+ 15% |./mole-hr, see Table 1V).  As calculated from the
equation

V =KVCV 0

1.e., on the assumption of a zero order equation on monomer, Kwvvalues
va_r%from 0.28 X 106to 3.3 X 1061./hr. _ _

e stationary concentration of propagation centers experimentally
determined does not depend on monomer concentration in the pressure
range from 2 to 25 kg/em2 (Fig. 4), .and the overall polymerization rate is
proportional to monomer concentration.  The reaction is of the same order
on monomer both when ethylene pressure is changed from one run to an-
other and when monomer pressure is changed in the course of a single run
after approaching a steady-state polymerization rate. These results show
that af a constant temperature an initiation Process proceeds up to estab-
lishing a definite stationary state of catalgs , regardless of the monomer
concentration.  According to the data of Clark and BaileyDat the hl?her
ethylene concentration a polymerization rate does not depend on ethylene
pressure; propagation reaction in this case is likely to be of a zero order
on monomer concentration and is governed by eq. 4).

IMluee 0 Rdynaiation Tenmaature onKrgic Pranaas o
) .

From the temperature dependence of the overall polxmerlzatlon rate the
overall activation er]er%y PEo)can be calculated.  As usual, this value
differs from the activation energy of the propagation stage (53 The
coincidence between Ermmand EpiS possible only in the case when'a tem-
P,erature dependence of polymerization rate is determined only by varia-
jon of Kpand the concentration of propagation centers remains unchanged
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with temperature. For catalytic polymerization processes the tempera-
ture as a rule influences the number of active centers, and EPmay be found
only from a temperature dependence of the propagation rate constant,

For chromium oxide catalyst activated inveaoEPdiffers from Eav(Table
VIII).  This difference is caused by the dependence of the concentration
of propagation centers on Polr;]/_merlzatlon temperature (_|%. 12, curves 1
and 2. “The character of this dependence changes with variation of
catalyst composition. The value of effective activation energy for chro-
mium oxide_catalysts changes when different _supPorts are used (silica or
alumina). The dependencé of non the reaction temperature may be ex-
plained on the assumption that the formation of propagation centers occurs
as a result of reduction of chromium in an active component with ethylene.
The difference between temPerat_ure dependencies on Si02 and Ak03 is
caused by the difference in stability of Cr+6compounds on the surface of
these supports. It was shown2L that one expects an increase in the ability
of surface chromate-type compounds to undergo reduction when electro-
negativity of the carrier cation increases. So in the case of SIO» a deeper
reduction degree of Cr+6is possible than in the case of ALD3  This was
observed elsewhere.2 _ _ _

The role of reduction in the formation of propagation centers is proved
by a comparison of catalyst prepared on the same support and activated
invacuum (system ||2_Wlt one reduced with carbon monoxide (system I11).
A preliminary reduction, of catalyst with carbon monoxide nearly excluges
the influenceof polymerization temperature on the_ number of propagation
centers }Flg. 12, clrves 2and S); the overall activation energy becomes
(35 kcal/mole,instead of 13 kcal/mole.

The oxidation number of chromium in the catalyst reduced by CO at
300°C is.not more than 3. In the case of catalyst reduced with ethylene at
polymerization temperatures the oxidation number is more than 3"and in-
creases when the reduction temperature decreases; for example, in catalyst
| reduced with ethylene at 75°C for 90 min the oxidation number of chro-
mium is 3.37; for'the reduction 40°C the oxidation number is 3.70. So
the preliminary reduction of chromium oxide catalyst may result in an in-
crease in the active center concentration in comparison with the vacuum-
treated catalyst when the polymerization temperature is not hI?h enough
for the deep reduction of initial chromium comP_ounds with ethylene. For
catalyst 11, the increase of the number of the active centers as a result of the
;%rellmmarl\é_ reduction occurs at polymerization temperatures less than

0°C (see Fig. 12, curves 2and 3. o _ o
_ If (> formation of the propagation centers is an irreversible reaction, it
is possible to avoid the influence of temperature on Ihe number of propa-
gation centers by determining the dependence of the steady-state poly-
merization rate on temperature in asingle run. In this case, the value of
the activation energy should correspond to the Evvalue. The results of
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the determination of activation ener%y with variation of temperature in
the same run show (Figs. 13 and 9) that the value thus obtained F~4.6 keal/
mole) differs considerably from the overall activation _ener?y and coincides
fairly well with the activation energy of the propagation stage.

|t'is known41013 that the chromium oxide catalyst is very active at 110—
140°C.  As is seen from our data, the overall rate decrease at 90°C is not
due to a decrease in the number of active centers but is caused by diffy-
sion restrictions. At higher temperatures (above 110°C) polyethyl_ene IS
soluble in a hydrocarbon solvent; " in this case, diffusion seems to vanish.

CONOLHONS

The method of quenching the polymerization by methanol labeled in the
alkoxyl groqlp seems to have a successful application in the study of oxide
catalysts. This technique gave valuable information on the reasons for
the change of the polymerization rate with reaction conditions,

For the typical Ziegler-Natta catalysts the applicability of an alcohol
quenching technique s restricted56"415 as the fotal number of metal-
Polymer onds is determined when Polymerlzatlon is stopped by alcohol
abeled with tritium in the hydroxyl group. Some of these metal-poly-
mer bonds are inactive, o the quarititative determination of the propaga-
tion centers becomes ambl([;uous._ _

The t;g)lcal Phillips polymerization catalysts are one-component sys-
tems, arid all the catalyst-polymer bonds aré active. The determination
of the number of these bonds makes it possible to tglve important character-
istics of the propa?atlon center—the rate constant of the propagation stage
—and thus to obtain real kinetic_parameters for one of the elementary
stages of the catalytic polymerization.
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Polysulfone—Polydimethylsiloxane Block Copolymers

A. NOSHAY, M. MATZNER, AND C. N. MERRIAM, Chemicals and
Plastics, Union Carbide Corporatian, Bound Brook, New Jersey 08805

Synopsis

Alternating block copolymers have been synthesized from dihydroxyl-terminated
polysulfone and bis(dimethylamine)-terminated polydimethylsiloxane oligomers. The
products are soluble, amorphous, and transparent, and display excellent thermal and
hydrolytic stability. Elastomeric and rigid compositions can be prepared by varying
oligomer molecular weight. Copolymers made with oligomers of 35000 molecular
weight are two-microphase systems which display glass transition temperatures at
—120°C and at +160°C, and therefore have a wide useful temperature range.

INTRODUCTION

The interesting and useful properties of two-phase block copolymers
such as the styrene—diene block copolymers are well documented.! How-
ever, from a practical standpoint, the utility of these materials is limited by
the relatively low glass transition temperature of the polystyrene segments
and by the poor stability of the unsaturated polydiene blocks. Poly-
sulfone-polydimethylsiloxane block copolymers have now been synthe-
sized which overcome both of these drawbacks. Polysulfone has a high glass
transition temperature?—® and both polysulfone and polydimethylsiloxane
are very stable.2—$

The synthesis and properties of bisphenol A polycarbonate—polydi-
methylsiloxane block copolymers have been reported.”~!! The poly-
sulfone—polydimethylsiloxane block copolymers are superior to these ma-
terials in elevated temperature properties due to the higher glass transition
temperature of polysulfone (190°C)2—* as compared to that of bisphenol
A polycarbonate (150°C). 71t

The polycarbonate—siloxane copolymers are synthesized by the phos-
genation of a mixture of bisphenol A and a bisphenol A-capped siloxane
oligomer. Three different types of carbonate-forming condensation reac-
tions take place simultancously: (1) bisphenol A-bisphenol A, which
builds up the polycarbonate blocks; (2) polycarbonate-siloxane, which
forms the bridge between blocks; and (3) siloxane—siloxane, which in effect
increases the siloxane oligomer moleeular weight. The net result is that
the block structure of the copolymer produet is uncertain. In contrast to
this, the polysulfone-polydimethylsiloxane block copolymers are synthe-
sized from preformed, characterized oligomers bearing different, mutually
reactive endgroups. Therefore, the block structure of these materials is

3147
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well defined and strictly controlled. The average molecular weight and
the pol¥dlsper3|ty of thé segments of the block copolymer are the Same as
those of the parent oligomeric startln% materjals, N

The following is a discussion of the synthesis, stability, morpholog){,
and wide-ranging mechanical properties of polysulfoné-polydimethyl-
siloxane block Copolymers.

BEXERIVENTAL
Qigoas

_Polysulfone is synthesized from the disodium salt of bisphenol A and
dichlorodi hon}/lsulfo,ne in chlorobenzene-dimethyl sulfoxide solution.2-5
The dihydroxyl-terminated oligomers used in thi$ work were prepared by
this procedure, b usmlg excess bisphenol A disodium salt, followed by
neutralization with oxalic acid. Oligomers of varying Mn as measured
by potentiometric end group titration, were prepared by using different
ratios of the two monomers, At){plcal synthesis follows.

Bisphenol A (113 g, 0.49b mole), 450" ml of chlorobenzene, and 450 ml
of dimethylsulfoxido were heated to 100°C. A solution of 39.6 g (0.99
molez of NaOH in 45.0 ml of HD) was added, and water was removed by
azeotropic distillation. When the pot temperature reached 178°C, 73 nil
of HD) and 458 ml of solvent had distilled out. The temperature was re-
duced to 145°C, and a solution of 129.2 g %0.45 m.) of dichlorodiphenyl-
sulfone in 240 ml. of chlorobenzene (kept at 75°C) ‘was added. The pot
temperature was raised to 165°C to remove the last traces of HSO (160 ml
of moist_solvent distiled offg. The temperature was then again reduced
to 145°C and maintained at that, level for 3 hr. 1t was then raised to
174°C, during which time most of the remallnln(t; chlorobenzene (57 ml)
was removed.” After cooling the reaction solution to room temperature and
diluting with 120 ml of dimethylsulfoxide, the product was neutralized and
coagulated with a solution of 60 g of oxalic acid in 3000 ml of HD. The
filtered product was slurried for 8'hr with a solution of 1.5 g of oxalic acid
in 400 ml of HA), and then was water-washed four times.” The product
206.8 g; 98.8% yield) was an off-white powder which had ati Mnof 4700.
Mnwas determined by the potentiometric titration of 0.5-1.0 g of sample
in 50 ml of Byndme with a 0.025A solution of tetrabutylammonium hy-
Erox@e in 90710 benzene-methanol by use of a Metrohm Potentiograph

" The bisdimethylamine-terminated polydimethylsiloxane oligomers used
in this work were kindly supplied by Air. T. C."Williams of the Silicones
Department of Union Carbide Corporation.

Riyalfioe Rivdnah/sloae Bak Guyas

~ The block copolymers are synthesized by reacting the above oligomers
in chlorobenzene (%referably) or in tetrahydrofuran solution at tempera-

*This analytical procedure was developed by Mr. 1L C. Ilazelton of these labora-
tories.
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tures ranging from ambient to 120°C. Both of these solvents form
azegtropes with water, which allows the system to be dehydrated before
addition of the siloxane oligomer. Dehydration is important, since water
can,_ react with the amine end groups of the siloxane oligomers. The fol-
lowing is an example of a tgplcal block coPolymer s?/nt esis from a 4700
Mnpolysulfone oligomer and a 5100 Mnpolydimethylsiloxane oligomer, as
determined by endgroup titration. _ _ o

A four-necked, 1-liter Morton flask was fitted with a mechanical stirrer,
a reflux condenser with a Drierite drying tube, an addition funnel, a ther-
mometer, a short-path distillation take-off, and a dry nitrogen inlet.  The
apparatus was dried with a heat gun, and a blanket of dry nitrogen was
maintained throughout the reaction. Chlorgbenzene (700 ml) and 25.0
g (0.00532 mole) of a 4700 Mnpolysulfone ollpomer were charged to the
reactor.  After the oligomer dissolved, 300 ml of chlorobenzene was dis-
tilled out, after which the temperature was adjusted to and maintained at
70°C. A small excess of a 5100 M, polydimethylsiloxane oligomer: fluid
29.0 ml; 27.9 g; 0.00547 mole?? was then added to the reaction solution in
the following increments, at 30-min intervals: 10 ml, 5 ml, 5 ml, 3 ml,
2 ml, 2ml,"Lml, 1ml Shorter interval times may also be used. This
incremental addition Procedure allows the true stoichiometric endpoint to
be aﬁproached gradually, thus as_surlnﬁ high molecular weight product.

The evolution of dimethylamine throughout the reaction was detected
with moist litmus paper and by a change in the color of the Drierite (Ilgiht
to dark blue). There was little change In the viscosity of the reaction solu-
tion until the first 2-ml increment of siloxane was added. The viscosity
then increased dramatlcal(l)y with each additional increment, the final vis-
cosity being very high. Cne hour after addition of the final increment of
siloxane, the redction solution was cooled to room temperature and coagu-
lated with 3 liters of methanol. . The product (48.0 g, after drying over-
night inveaoat 80°C) was a white, flutfy material with a reduced viscosity
0f0.50 (0.2 g/'dl in CH&C12at 25°C).  Films cast from the reaction solution,
or from'a 10% methylene chloride solution of the coagulated product, were
colorless, transparent, flexible, and tough. _ o

A sllghtlk/ moified procedure was used to obtain the stoichiometry and
reaction rafe data shown in Figures 1and 2. All of the siloxane was added
in one portion in these runs. ~In the case of the rate experiments, aliquot
samples were periodically withdrawn from the reaction solution and cast
into films for reduced viscosity measurement.

REELTSAND OSSO BS30N
Sritess
The polysulfone-polydimethylsiloxane block copolymers were Tprepared
by the interaction of ‘preformed dlhydroxyl-termmated polysulfone and

blsdirr}elghylamne-termlnated polydimethylsiloxane oligomers as shown
ineq. (1).
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The reaction was carried out in chlorobenzene or tetrahydrofuran solution
at 25-120°C.  The evolution of gaseous dimethylamine by-product leaves
an essentially pure solution of block copolymer product.  Product isolation
wasI achieved either by solvent evaporation or by coagulation with meth-
anol.

_This reaction scheme was developed after a model study indicated that
bisphenol A and I,9-b|_s(d|methylam|no)decamethyIPenta5|onane reacted
very smoothly in refluxing tetrahydrofuran to give polymers of high molecu-
|ar weight.  The reaction is very facile due to the high'reactivity of the Si-N
bondsZin the siloxane oligomer toward phenolic compounds, ‘A somewhat
similar reaction has been reported3to give polymers from dianilino silanes
and bisphenols.  This latter reaction, however, is carried out via a melt

Fig. 1 Effect of stoichiometry on block copolymer molecular weight based on 4700 Mn
polysulfone and 5100 Mnpolydimethylsiloxane oligomers.

process at *300° C and is not amenable to the synthesis of block copolymers,
due to oligomer incompatibility. The reaction of bisphenol A with chlo-
ring-terminated siloxanes in thé presence of pyridine was also investigated.
In comparison to our preferred procedure, this technique was more sluggish,
?ave lower molecular weight Polymer, and was not as “clean” due o the
ormation of pyridine hydrochloride by-product. _
As can be seen froneq. (1), the black copolymers have an aIt_ernatmg
T-A-B-h, block sequence structure, These structures are well defined an
strictly controlled, since the two oligomers can interact with each other but
not with themselves. As aresult, the structure of the blocks in the copoly-
mers is identical to that of the oligomers. The structure shown in the
equation is_idealized. In practice, the end blocks are hoth polysulfone or
?ﬁth po{ydlmethylsnoxane, depending on the actual final stoichiometry of
e reaction.
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REACTION TIME (MINUTES)

Fig. 2. Rate of block copolymer formation.

While the molecular weight and composition of the block coRolymers can
be varied by usmq stoichiometric excess amounts of either of the oligomers,
maximum molecular weight, is, of course, achieved at the e(1uwa|ent stoi-
chiometric point._ The effect of stoichiometry on product molecular weight
i illustrated in Figure 1 Since there is some degree of uncertainty in
determl_nm?hthe exact molecular weights of the oligorners, it is more difficult
to predict the stoichiometric point, a priar, in this sYstem than in tradi-
tional condensation polymerizations which use low molecular weight mono-
meric starting materialS. This problem has been circumvented Dby adding
the siloxane oligomer to_the polysulfone oligomer reaction solution slowly,
in progressively smaller increments, in orderto approach the stoichiometric
end point gradually and, thus achieve high, molecular welqht._ Block co-
polymers with rediced viscosities &0.,2 g/dl in methylene chloride at 26°C)
as Nigh as 1.60 dl/g have been obtaingd by this technlgue. This corre-
sponds to a weight-averagelmolecular weight of about 2RS.000, as determined
by uItracentrlfu?atlon intetrahydrofuransolution.4

The facile nature of the block copolymerization reaction is illustrated
by the extremely rapid rate of reaction in chlorobenzene solution. As can
be seen from the rate data in Figure 2, the maximum molecular welght
level is reached almost instantaneously at a reaction temperature of 70°C,
Even at 25°C, the maximum molecular weight level is achieved in only 46
min.  The success of the incremental addition technique, described above,
IS lue to this rapid rate of reaction. _

The rate of copolymerization is affected by the type of reaction solvent
used. Figure 2 illustrates that reaction at 70°C was much slower in tetra-
hydrofyran than in chlorobenzene. The reason for this effect is not en-
tirely clear. It does not appear to be due to a difference in the degree of
chain extension, and therefore endgroup availability, since the reduced
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viscosities of polysulfone oIig(ngers and block copolymers are essentially the
same in both solvents, (e.g., 0.14 and 1.24, respectively in chlorobenzene vs.
0.16 and 1.31. respectively, in tetrahydrofuran). The effect may be due to
hydrogen b_ondlnq of the poIKsquon_e oI_||gomer hydroxyl with fetrahydro-
furan.” This would reduce the availability of the phenolic hydrogen for
hydrogen bonding with the nitrogen of the silylamine endgroups.” This
—N-----H bonding in a solvent such as chlorobenzene would be expected to
weaken the Si— N'bond and make the Si more susceptible to attack by the 0
of the polysulfone endgroups.
Stility

As expected from the known properties of the parent homO?onmers,Z-ﬁ
the thermal and thermal-oxidative stability of the polysul one-ﬁolydl-
methylsiloxane block copolymers were found to be very good. Thermo-
gravimetric analysis of a block coPoIYmer prepared from ~6000 molecular
weight polysulfone and polydimethylsiloxane ollgiomers ave results inter-
mediate to those obtained with polysulfone and polydimethylsiloxane homo-
polymers (Fig. 3). o o

his block copolymer ElO-mll cast film) was also aged in a arculatmg air

oven at 170°C along with a commercial elastomeric polyurethane (Estane
X-T) block copolymer for comparison. The polyurethane became badly
discolored arid crosslinked after one day.  After 14 days, the polysulfone-
Bolydlmeth Isiloxane block copolymer was unchanged in apeearance, solu-

le, and had retained 90% of its initial reduced viscasity (see Fig. 4).

The palysulfone—polydimethylsiloxane block copolymers also dlsplag good
hydrolytic stability, even though the segments are linked b’Y Si—0—C bonds,
which are reportedly unstable"hydrolytically. 5 This is illustrated by Fig-

TEVRERATLRE (O
Fig. 3. TGA of polysulfone-polydimethylsiloxaiie block copolymer and homopolymers
(in nitrogen at 10°C/min).
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Fig. 4. Polysulfone-polydimethylsiloxane air oven aging stability at 170°C (10 mil
g / d }%ilm; in¥tial reduced viscosityg: %.84). / (

EXPOSURE TIME (DAYS)

Fig. 5. Boiling water stability of 10-mil films of polyurethane and polysulfone-polydi-
methylsiloxane.

tire 5, which shows the suPerior boiling water stability of a 10-mil film of the
pol?/]sulfone-polydlmeth siloxane block _copo(ljymer_ln comparison to that
of the polyurethane control sample.  This hydrolytic stability may be due,
in part, to the hydrophobic nature of the bldck copolymer film. - However,
solutions of the block copolymer also exhibited good hydrolytic stability.
Little or no loss in reduced viscosity was_observed when wet tetrahydro-
furan or chlorobenzene solutions (containing 5% water) were refluxed for
ghda S. OThglsuggests that the stability may be due to steric hindrance of
e Si—0 —C linkage.
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TABLE |
Environmental Stabilitr of
Polysulfone-Polydimethylsiloxane Block Copolymer*
Days Reduir el viscosity, % retained after exposure tob
exposed Water 10% NaOH 10% HC1 ~ ASTM Oil #1
30 99 100 82 9%
60 9% 100 46 9%

*10-mil cast films exposed at room temperature. - _
b,tRedu(c)egzwscosny determined at 0.2 g/dl in CILCL at 25°C. Initial reduced vis-
cosity = 0.82.

Other environmental stability tests (see Table 1) showed the block co-
olymer to be essentlallg unaffected by two months’ exposure, at_room
emperature, to water, 10% NaOH, and ASTM oil #1. However, signifi-
C?rg degradation did occur during exposure to 10% HCL for the same period
of time.

Rgsaties

Block copolymers were synthesized from polysulfone oligomers of 4700
to 9300 M, (number-average molecular We|8ht) and polydimethylsiloxane
oligomers of Mnranging from 350 to 25,000. ~The temperaturé-modulus
curves shown in Figure © for the products obtained with 4700 M,poIYsuI-
fone oligomer and three of the polydimethylsiloxane oligomers illustrate
the effect of siloxane block molecular weight on the morphology of the block
copolymer.  The 350 Mnsiloxane oligomer gave a single-phase system
which had one glass transition temperature (T,) at 125°C, as determined
from modulus and resilience measurements. A 1700 Mrsiloxane oligomer
Produced a_copolymer which showed a very small degree of phase separa-
jon, as indicated by the slight shoulder at —100°C and the major transi-
tion at +140°C. 'The block copolymer synthesized from the 5100 Mn
siloxane oligomer ol_lsplai/ed a high degree of phase seParatlon domain for-
mation) and exhibited two very definite TJs, one at —120°C due to the
polydimethylsiloxane phase and another at +160°C due to the polysulfone

ase.
g The very broad, flat modulus plateau between the two transition tem-
Peratures ol_lsPIayed by these two-phase block copolymers indicates that
hese materials have avery broad useful temperature range.,

It is interesting to note"that two-phase systems are obtained at such low
block molecular Weight levels in these amorphous copolymers (i.e., both
blocks = ~5000 M% Much hlgher block molecular weights are required
for domain formation in styrene-butadiene copol¥me,rs (e.0., 5,000-10,000
Mnfor polystyrene and 250,000 M, for po(livbu adiene). b We interpret
this as being due to an inherently greater degree of polvsulfone-polydi-
rt?etth(yl siloxane incompatibility than'is the case with polystyrene and poly-

utadiene.
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Fig. 6. Temperature-modulus curves for block copolymers of polysulfone (Mn =
4700% with polydlmethglsnoxane: (A) polydimethylsiloxane M, = 350; (B) polydi-
methylsiloxaneMn = 1700; (C)polydimethylsiloxaneMn = 5100.

The mechanical properties of the polysulfone-polydimethylsiloxane block
copolymers vary W|del% depending upon their composition, which in turn
depends primarily on the molecular vvelght of the oligomers used in their
synthesis.  The data shown in Table Il demonstrate that copolymers have
bieen prepared which ran?e in properties from rigid, low elongation materials
to very flexible, high efongation compositions. All of the solution cast
films on which these properties were measured are transparent and colorless.

The compositions of high siloxane content display substantial recovery
properties and behave like_crosslinked silicone rubbers, even though they
are not crosslinked.  This is the result of their two-phase morphology, the
polysulfone domains acting as “anchor” sites to produce a pseudo physically
crosslinked system. The strength of these compositions, is greater than
that of unfilléd, crosslinked silicone rubbers, and about equivalent to that of
filled silicones.  This is presumably the result of the reinforcement effect
of the polysulfone domains, which act as “filler” particles, The excellent
clarity of ‘the block copolymers is due to the small size of these domains,
about 150 A as determined by electron microscopy. T
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S_MVARY AND CONOLHONS

Block copolymers of polys_uIfone--poIKdi_methyIsionane have been pre-
pared. The synthesis is carried out by the interaction of oligomers bearmg
mutually reactive endgroups, i.e., dlrg{droxyl-termmated T%olysulfor]e an
bis(dimethylamine)-terminated polydimethylsiloxane. The ' reaction is
very rapid (minutes at 7,0°C2\, and product isolation is facile, since the only
by-product is gaseous dimethylamine, The block copolymers are solublg,
atmgr_tr}ous, and transparent, and display good thermal and hydrolytic
stability.

The Xlternating -f-A-B-)-«block structure of the coPOIymers Is strictly con-
trolled since the starting materials are Ralrs_of preformed, well-character-
ized oligomers which can react only with their opposite kinds. ~ Properties
ranfg}mg from rigid to flexible arc; obitained by var%/mg the molecular weights
of the oligomers, and therefore the composition of thé products. ,

The morphology of the copolymers can also be controlled by varying
oligomer molecular weight. = Very low molecular weight oligomers produce
single-phase copolymers, while higher molecular weight oligomers (i>5000
Mg give two-phase systems. The latter display dual glass transition
temperatures, efg —120°C and +160°C, indicating a broad useful tem-
perature range or these materials,  Compositions of high siloxane content
and low modulus exhibit good elastomeric properties Tesulting from the
reinforcing and physical crosslinking effects of the polysulfone domains.

The authors wish to thank Mr. T. C. Williams for supplyi\r;\ﬁ the ’aolydimethylsiloxane
oligomers used in this work. We are also indebted to Mr. W. D. |e%!sch for the elec-
tron microscope results, to Dr. J. V. Koleske for the ultracentrifugation data, and to
Mr. R. C. Hazelton for the polysulfone oligomer end-group analyses.
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Photochemical and Thermal Isomerization in Polymer
Matrices: Azo Compounds in Polystyrene

W. J. PRIEST and Al. AL SIFAIN, Ressach Laboatoies, Eastan
Kodsk Conpary Radedte, Naw Yark 1060

SgEs

Photochemical and thermal geometrical isomerizations of monoazo compounds have
been studied in r[])ol styrene-n-butylben zene compositions. _Cis-trans isomer ratios
established by lignt absorption were found to depend on matrix viscosity. Where the
compositions were above their respective glass temperatures, all thermal isomerizations
conformed to first-order kinetics, ~Where compositions were below their respective glass
temperatures, the initial isomerization rates were abnormally fast, decaying to normal
first-order processes after substantial amounts of reaction "had taken “place. These
effects have been interpreted in terms of the vitreous properties of polystyrene.

INTRCOOUCTION

Two recent publications deal with the influence of Poly_mer_ matrices
on thermal bIeachlng2 of photoproducts obtained by illumination of in-
dolinyl spiropyrans.2 These isomerizations are combinations of valence
bond” and configurational changes wherein transformations among the
several labile (ground-state) species formed by absorption of light in the
spiropyran may occur as sequential processes. ~In fluid solutions, according
to these reports, fading of colored photoproducts follows first-order kinetics.
In compositions in which pol){]mers below their respective glass transition
temperatures are “solvent,” the bleaching does not conform to first-order
kinetics,  First-order plots show maximum nonlinear portions at the start,

radually reverting to slower, constant values in the terminal portions.

arlund3 proposes that these kinetics could be resolved into two first-
order sequential processes, which are differentiated in polymer (below
glass transition temperature) but not in fluid solutions, _

We have examined a number of thermal isomerization processes, in-
cluding ds—> trars configurational changes in monoazo compounds under
similar’ conditions. Thefirst-order plotS obtained for all of these show
the same form as those reported for the indolinvl merocyanine thermal
bleaching. In isomerizations such as these, which involve only one labile
form, Garlund’s mechanism is inapplicable; hence it is necessary to account
for the observations in some other manner. The work reported here
embodies a detailed study of isomerizations of monoazo compounds in
polystyrene.

3161
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EXAERIVENTAL
Netericls
n-Butylbenzene (Eastman Reagent Grade) was used as received.
A commercial grade polystyrene, Koppers 8X, was purified by precipita-
tion of the p_olrmer froma benzene solution to acetone.
Commercial 2,2'-azonaphthalene (1) was recrystallized from benzene;
e M= 21G X 104 £3 ym= 2.54 X 104én-butylbenzene).

4-Ethoxyazobenzene (I1) was prepared from p-phenylazophenol by the
ethylationyprocedure of(Jagzobsonpan?j Fischer.4 Al y

)

“Solutions of d}/e, polymer, and small quantities of a stabilizer, 14-
diazabicyclo [2.2.2]octane (to prevent the acid catalysis), were dissolved
in the solvent which was normally benzene. A portion of the solution
was coated on a film of Polyester squort with a coating tool. _The volatile
solvents were completely removed by heat treatment of the film for about
20 min in a vacuum oven. _The film thicknesses were about 10 uand dye
concentrations were about 25 X 10-2il/.  Where films containirig residual
solvent were required, evaporation of the solvent was mterruprted at stages
following coating by covering with a sheet of polyester. The laminate
was thereafter bonded bg passing through a set of warm pressure rollers.
Samples which contained no solvent were normally cooled rapidly_in air
following heating to the vicinity of polymer glass temperature. "Except
where specified “otherwise, these “quenched™ samples were standard.
Annealed samples were heated for three weeks at S0°C, a temperature
which is about 30°C below the glass temperature.

Mesraats

Film samples were placed in 1-cm, Nujol-filled spectrophotometer
cells and held vertical by 9-mm silica spacers. For photoisomerization,
solution of film samples were illuminated with G. E. Black Light fluo-
rescent lamps arrayed in a flat bank. Corning glass band-pass filters
were usually used to modulate the lamp radiation. ~Absorbance measure-
ments were made in a Beckman DB spectrophotometer. Thermal rates
of return following illumination were measured in thermostatted samples.
The samples were emoved at selected times for absorbance measurements
in the spectrophotometer, whose samPIe compartment was maintained
near the temperature of the thermostat by circulating water. Tempera-
tures were maintained to 0.15°C. o _

The rate data throughout are displayed in first-order format according

to the relation:
log [(/),, —DOAD. —13)] =KI23
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where DQ Dtand D,, are observed absorbances in the peak of the long-
wavelength hands of the respective trars isomers at' subscript times,
These, absorbances are substantially. proportional to concentrations of
trars isomers in view of the low extinctions of corresponding ds forms
at the wavelengths monitored.

Measurements of glass transition temperatures of polystyrene and n-
butYIb_enzene were made by Mrs. A. S. Marshall by differéntial thermal
analysis.

1TSS

— .

Both of the azo compounds were wholly trars after dark equilibration.
Absorption spectra of trarsand dsisomers are shown in Figure 1~ Steady-
state conversions were obtained by illumination for a few minutes by use
of a Corning 7-39 band-pass filter.~ Initial absorbances of all samples were
adjusted to give an absorbance_ of about 1.0 in the, long-wave-band max-
imum.  The"amount of conversion to respective dsisomers was monitored
in terms of decreases in absorbance of these absorption bands. _Steady-
state_ isomer ratios were achieved somewhat more rapidly with fluid
solutions than with polymer samples. At the temperature of Tllumination,
the respective thermal return reactions were not rapid enough to influence
the steady-state isomer ratios %H)reuably._ The amounts™of conversion
in the steddy state under the conditions described are given in Table I.

~ TABLFI
Photochemical Conversion of Azo Compounds
Solvent
(butylbenzene- %_cis
polystyrene), _ i
_ wt-% Concentration, th steady
Species butylbenzene mole/1. °c state
2,2"-Azonaphthalene 0 22 X 102 + 109 31
Al _N=N_—_ 0 il + 109 45
Vol =N=N I + 75 B
e AR i : P85
(i) m P15
75 2.6 X 10~6 - 15 13
100 -136 8

4-Ethoxyazobenzene

r —N=N—=* —CJT 0 26 X h)-2 +109 93
0 +109 9%
ai) 100 30 X KD5 -136 9%

+ Annealed.
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(0)

Fig. 1. Absorption spectra of azo species: (a) 2,2'-azonaphthalene I, L

: : (i) data for
tram isomer in n-butylbenzene at room temperature and (2) a construct of the cis isomer
in isopropanol at —40°C;5 (6) 4-efhoxyazobenzene [(1) data for the trans isomer in

n-butylbenzene at room temperature and (2) cis construct in n-butylbenzene at room
temperature, method of Fischerd.
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Thermal Isomerization
Therr?al cls. ¥ tr. hsomen%anons re measured follo Peg hoto-
chemi dpulan n of the cis form to % reatest gtm d;ent
F@osure 6 ﬂthose necessar?/ ?c e the steady state dig not
ead to observable ¢ r}]kmet cs of the thermal refurn reactlons
Rate measurements mace with a series of compositions of azo Species 1

Fig. 2 Thermal u 31 Irans isomerizatigps of | in polystyrene-2jsbut Ibenzene com-
itions at 450C: A nbut Ibenzene (Q 56% polystyrene; q % polystyrene;
w 100% polystyrene (quenc ed 00% polystyrene annea

Fig. 3. T:& mal isomerizations of az omgounds [ and 1 in polystyrene and re- butYI
benzene: il 35°C, polystyrene; 683 5°C, n-butylbenzene; (C) II, 55°C, poly-
styrene: (D) 11, 55°C, n-bitylbenzene,

|Fn (r)(leySt rene 6H)teylbenzcne compositions gave the data summarized in
Iqu

%pml lar rate measurements were made for azos | and 11 in butyl nze
fln mg olystyrene at eaci‘woftwo temgeratures Curve oh |ne ort
v(\)/ggnt fmrz erature In each case are shown In F gure eratHres

rate measurements of polymer samples wete such that there
Were vvel? de neommear portions mpt?]g rHrst ordgr plots In |§|gure 3 Rate
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~ TABLE Il
~ Isomerization of cis-2,2'-Azonaphthalene
in Butylbenzene-Polystyrene Mixtures at 45°C

n-Butylbenzene in Iz Isomerization rate X 102
composition, % C min-1
0" + 109 0.82
0 + 109 0.80
11 + 75 1.97
3 + 28 2.26
44 11 2.60
75 — 75 2.67
100 -136 2.33
* Annealed.

TABLE Il
Comp:arative Rate Constants for Azo Compounds
in Styrene and Butylbenzene

Species Solvent T°C Iorr21 |)r§ f kcal?r'nole
2,2'-Azonaphthalene Butylbenzene 45 2.326
p PoI;/styrene 3? 8%% Zi
+Ethoxyazobenzene Butylbenzene (352 %%% 18l70
55 1.278 -
Polystyrene gg %%i% 0

at the same temperatures are summarized in Ta
DISCUSSION

(L B L e TR
elTects St [ENne 9 mle OR/S renc-ra-pu lbenzenc

conﬁtants corresBondln to these and. alsp. for tBF lwtylbenzene solutions

are simila to {t)h deorte r.similar spemeg qasses at low'tem era—
tures, an ersJ od in ermsg competitive react|ons
excited sE)emes ? Sy Malkin sch [6 hotoch

VrsIons nanneae ymers were smaller t ant ose oht me rs|

ut Uenched s Eg Annealed samples su se uentl eate e
cm| e Qlass transmon temperat e t trix,
enc ave e “same . pro rt eS a5 unannealed samp s, ese
ec su est that g fraction overaI re uct|on In ‘freg volume
|% occlrs In anneall %lsPamtlone among t %Kﬁ mo ecue5| s,

Thermal 1somerizatio I a Serles 0 ene yStyrene
compositions (Hig. 2 éSshovvs that curvature mt e |n|t|a po %/fr
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respective first order Plots IS obtarned only .when the tem erature cﬂ‘

measurement IS lower than the asg ransition temperature.x Wit

Increasin ﬁmounts t”]/benze rfastrcrzer the curvature drmrn

rs ?s and the onset o the ifiear termina fPortrontg‘t erate curve 0ccurs

ear der Inthe urlseo eactron When su vvf'rlem g/benzene IS present

ﬁ ress T the tem gerature at wnich omenzatrri IS run
Ire (iourseo he reac]t N can.e re res nt rY lineg

errca values for ratfs 0 rsomenzat1 ca cu ate rom t gter rnaI
Inear Portrons ofthe ots tor | show that the 1somer atronf vvere? owest
nH trcrzeF polystyrene. - An estimate of the sne Ic solvent | encg
B got ﬁrca m h goyst rene on the ate% reactronwasotare
xtraﬁ)%atrrfg [) es o tained with co éposrtrons of o
rene enzeng a comptisrtron [ 9nresentrng
R] mer, For | at 45°C teextraB aed¥ ue r? (‘
bo tfour times the observ ue or Anp astr jzed po ystyreng
run un ert %alme conditjons (8 g mrn
In solvents of fow ome ium oI rity, rate SQmeriza onofthes,m ple
0 protot ehave n found to ecorn (aratrvg rnselnsrtrve to solvent,
rn o rate InCrease n] K ns re attve (0] acetlones
R dr i e e
lon 8t0 Xo%r uratros corre?ﬁon rn& 0] actrvatedpco gt exywrt r "n

[]ee volu easo lated wit any B SItes. nater IVG OS

at sign |rcan ractronls of aye molecules have enve lrk
Sﬁ ar o vent In uencef 1S less atf ractr Ine er case rtt

v
reajustment Individua de e SIteS g earst occu
nggr the congrt ons | uwﬁ) tge roduged srncep “1 n therma

SOMer 1s.
Inetics ren t meas f ce ﬁere sing times of 1llumination
or% olding p%oto rsomen%le(? sampfles Ynt 3 kqpnor to rate measure-
VIues for acti tron e characterizing thermal bleaching of mero-
ar%nes (t?/tsatmrene romi os'r]%“on og rné%rr?tryrsrgrrg ’y &ans rg% ese\rra % gf
% a t IeWF 100% t ons. nvrewo%

m
e? rnéI srtwaso; rnterest f0 8etermrnewethrtere were similar
eren nrte ameters or romenzatroRs o te?zo Species. In

emrca srm vent mers 1he valu%ﬁ or actrva on
energgf tarne o eac o (fom ounds stu re do nP
stematic differences be een Uid Vitreoys sit aro
en es ﬁrst eyarewrth fthe IMIES OF aceur CR/ the able
reporte (i 3, 3-trimethylindolinyl- nr 0s rrnrant
r%r(m at the largest rncreae n actr tro ener%
ot cc#rs wrt chan%es o comp0frtron

po]ystyrene these compositions have’ glass transition tempera

The referee has called attention to a similar observation.7
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tures well belo []oom temﬁera ure. Values for activation ener gof the
same compoung have recent 8/ een measutred In & numper o ,ven
FO,’ benzene the valug' giv comPares ?R E}/Wlt the value:
ene; However, evenin t g solvent. 0 ot golanth/ ethanol
eact|vat|on ener 1S onlalz keal/molc. F m. these  consjderatjons,
|t pé)earst at the i gh valtes reported for ?twatlon ener P xylene-
req egelrg)en i) mposm ns containing appreciable amounts of polystyrene:
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Novel Aliphatic Polymers Containing Imide Ring- |.
Polyspiroimide Based on Methanetetraacetic Acid

LESTER T. C. LEE, ELI M. PEARCE, and STEPHEN S. HIRSCH,*
Corporate Chemical Research Laboratory Allied Chemical Corporation,
Morristown, New Jersey 07960

Synopsis

dgh molecular weight polyspiroimides have been prepared by reacting diamines with
the dianhydride of carboxymethanetetraacetrc acid in polar organic solvents. Alter-
natively, thermal condensation of the preformed salt made from equimolar amounts of
diamine and methanetetraacetic acid (MTA) can be used. These all-aliphatic poly-
|rtn|éjeist are soluble in certain organic solvents, and possess good thermal-oxidative
stability.

Introduction

Imrt%e -ring formation has oc rfc upied anr ortant pasition mthe [
tion 0 hr temper ture. (El or an ers Outs mg Pgs
are, the .aromatic y IS derrve e%yrome trc lanh

and various aromatic” glamines. s ese f trc o Imictes are
usual nonmeltrn resistant to organrﬁ sojve ts and t sransrtron
temperatures ar ’ften ve There ore thes nt es é)
tion of § ewho aromat |m|des are ocese asth poly-
amr%aor mterm |at4es r]%converte nt the Im eforrrh T hei

The Jnvesti atrono alrgmrc Imides rIesse tensre
ar?matr(r] cou er,garts 5

er worl|< aovved the ai hatrc
P_lo mi esarern lor in therm ﬁ rtres and low in melting po tgrt

olyImides avr 000 high-temperature physical” properties
GAed o 2,34 utan acarboxylic. A and% dimadcd s
av§ régsecnrr\;v en re%orte by oncriniz, and . Kudr
es

arafion an pro rties af no etla\frpv13 o
errve rom n?et (WFA% and various |am nesl

anetetraacetic ac
Results and Discussion

h molecular wei ht piroimides, wepe obtained via solutig
b)vorl rizafion L{y [eac %X dranﬁygrrrie ot methanetetraai;ﬁtrc arirq
tamrnes n di etﬁylacetamrde at low tempera re. The po ry
merrzatron was completed”by removing the solvent uncer vacuum, arid

1 "Present address: Geigy Chemical Corporation, Ardsley, New York.
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_ . TABLE | o
Properties of Polyimides Based on Methanetetraacetic Acid

Weight loss
Inherent or 0
o VISCOSIty, Properties at 400°C, %
Diamines dl/g T, °C of film* Air n?2
Ethylenediamine 0.31 205 Flexible —
1,6-Hexanediamine 1.03 125 Flexible 2.0 0.40
1,10-Decanediamine 0.70 78 Flexible 3
4,4'-Diamino- - Not Brittle - 0
diphenyl ether definite

“The film was {udged to be erX|bIe if it would taken two full 180° bends against a
sharp rod without wrinkling and cracking.
Thermal-Oxidalive Stability

cellent ther al-oxidative stability to 400°C sownb these
ali Eatlcep IMIgES. T%e mo wmt analy5|s L data ¥o

|m| TA an exane laminc are /gu%e
ea senceo (?en welght rg fention of 996/0 arh ]7, the
g r%/mer\zvasm asur ziaé% 1 , respectively.  The p g Yvas
aratlveIX eo% stable when heated in air, wiflf a 2.0% weight loss
oceurrin q
The therma 0XIHa'[IV6 stab(!lt of th ahWatIC Xnéld was also
stu led Hnder othermal condjtions. . Thin dpre rom MTA
1 s-Nexanegjaminc ﬁ in an air C"H g, Ve at 2(i
or 230 Ctor 100hr. T e|r Ight-loss was 17 ana 7.0%, respectively
100 1" X
90 s
80 R
70 - xi_ n
0 5 -
E} X - AR ]%
i e i
X 40 - 1
0 ﬁ'*
%I) 30 - oON
&b 20
10 -
00—1|60 2%)0 3%0—4%):) ------------- 5 -013 600 70|0

Fig. 1. TGA thermograms of polyinide fr%m.MTA and 1,6-hexanediamine in nitrogen
and air.
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(Table I1). The TGA curves (Figure 2) of this polyspiroimide [poIY(hexa
nie herneRmethane tetraacetodiimide] are compared with several other
classes of polymers including poly(ethylene "terephthalate), poly(m-

Fig. 2. Comparisons of TGA thermograms in nitrogen of (O) spiro polylmlde poly
[(hexamethYIene)methanetetraacetodum|de|] with other polymers: (') polyeth %ene

terephthalate (PET oly-m-phenyleneisophthalamide (P1A olv[bis
cyclrt))hexylene)r(nehylenedodecarx{nde]D a/ p 2] polvbis(4

phenylene isophthalamide) and poI% gbls (4-cyclohexylene) methylene
dodecamide] which is prepared from amanC}/cIohexyI )methane in
isomer ratio of 75% trans-trans, 20% cis-trans, and 5% cis-Cis

Physical
Some tyé)lcal physical properties of the polyimide from MTA and
1,6-hexanediamine were determined from a 5-mil thick film (Table I1).

TABLE |l

Physical Properties of Polyimide from MTA and 1,6-Hexanediamine
Tensiles
Ultimate _
gﬁgﬁg?h ELIJ()lrEIgrgtaiEn, 1% secant Weight loss in 100 hr, %
psi X 103 0 psi X 105 At 200°C At 230°C

7.84 3.6 3.4 1.76 7.00
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Experimental

Preparation of Polyimides

Methanetetraacetic acid and its diatihrdrjde were prepared according to
the method described b Ir]PoId.m A typical procedure for preparation
of the polyspiroimide is detailed for the reaction of MTA and 1,6-hexanedi-
amine.

Low-Temperature Polymerization. A solution of 4.64 g (4.0 mmoles) of
1,6-hexanediamine in 40 ml (V,iV-dimethylacetamide was added to a
stirred solution of 8.48 % (4.0 mmole) of the dianhydride of carboxymeth-
anotetraacetic acid in 80 ml of A'A-iimethylaeetanii(le maintained at
10-15°C under a nitrogen atmosphere, and stirred at room temperature
for 2 hr. The initial cloudy solution became clear. The temperature
of the reaction was raised ﬁradually until it reached 165°C, and remained
at that temperature for 3 hr.  The solvent was then removed under high
vacuum and the solid residue heated at 250°C and 1.0 mm Hg for 1 hr
and 300°C/0,3 mm for 25 min. After cooling to room temperature, the
solid mass was separated from the glass by cooling in liquid nitrogen.
The poIKmer was ground to small particles and washed with acetone and
water, then dried to constant Wel%ht. The yield is 10.5 gT(85%). The
reduced VISCOSI(ij (05 concentrated m-cresol) is 0.98. " The infrared
spectrum showed major bands at 725 and 1725 %nrltor an imide group.

he ?Iass transition temperature, as measured by DTA, is 125°C.

Salt Polymerization. A solution of 1,e-hexanediamine (141 g or 1.21
mmole) in 15 ml absolute ethanol is added quantitatively to the methane-
tetraacetic acid (3.00 g or 121 mmole) in 100 ml absolute ethanol and
crystallization occurred. After standing overnight, the salt was filtered;
the yield was 4.38 g (99%). The salt melts at 225°C and had a pH of
1.3, determined on a 1% solution of salt in distilled water.

The salt was charged into glass am[)oules which are then sealed under
vacuum. The ampoule was heated at 245°C for 3y2hr, then heated at
260°C for 30 min. The reduced viscosity (0.5% concentration, m-cresol)
was 1.03, and the glass transition temperature was 125°C.

Physical Measurements

~Infrared measurements were obtained on the. Perkin-Elmer Model 21
infrared spectrometer. Reduced viscosities were determined in m-cresol
or trifluoroethanol. Glass transition-temperature data was obtained on
the DuPont 900 differential thermal analyzer or the Perkin-Elmer DSC
12 differential scanning calorimeter at a heating rate of 20°C/min in
nitrogen. T.hermoH{awmetrlc analysis (TGA% ata were obtained by
using the Ainsworth TGA balance (RZA with AU recorder), 25 mg of
sample being heated at a 10°C/min rate.

We wish to acknowled%e the contributions, of Mrs. E. Turi for obtaining and inter-
preting the TGA and DTA data; Dr. John Sibilia and Airs. L. Komarowski for obtain-
mgi the IR spectra; Mr. H. D. Fardon for determining the phgsmal properties of the
polymers; and Mr. George Brunner for obtaining the viscosity data.
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Or%anpmelallic Polymers.  XIV.  Copolymerization
of Vinylcyclopentadienyl Manganese Tricarbonyl
and Vinylferroeene with TV-Vinyl- -Pyrrolidone

CHARLES U. PITTMAN, JR.* and PAUL L. GRUBE,
Department of Chemistry, Umversﬂy of Alabama,
University, Alabama 35186

Synopsis

A'-Vin}/I-Z_-pyn‘oIidone(l) has been copoIYme_rized with vinylferrocene(l1) and vinyl-
cyclo?en adienyl manganese tricarbonyl(Ill) in degassed bénzene solutions with the
use of azobisisobutyronitrile (AIBN) as the initiator.  The polymerizations proceed
smoothly, and the relative reactivity ratios were determined asr, = 0.66, r2= 0.40 (for
coiJonm_erlz_atlon of I with II, Mi defined as II? and n = 0.14 and r2= 0.09 (for co-
Eo ymerization of | with I, Mi defined as 111). These copolymers were soluble in
enzene, THF, chloroform, CCL, and DMF.  Molecular weights were determined b
viscosity and gel-permeation chromato rthy studies %unlversal calibration techmque.{
The copolymers exhibited values of Mnbetween 5 X 103and 10 X 103and Mwbetween
7 X 103and 17 X 103with MwWMn< 2 Upon heatmﬁ to 260°C under Ns, copolymers
of 111 underwent gas evolution and weight loss. The weight loss was enhanced at
300°C, and the polymers became increasingly insoluble. Copolgmers of vinylferroeene
were oxidized to polyferricinium salts upon treatment with dichlorodicyanogquinone
(DDQ] or o-chloranil (o-CAz in benzene. ~ Each unit of gninone incorporated into the
pol_Ysa ts had been reduced to its radical anion. The ratio of ferrocene to ferricinium
units in the polysalts was determined. The polysalts did not melt at 360°C and were
readily soluble only in DMF.

INTRODUCTION

IV-Vinyl-2-pyrrolidone (1) is a versatile vinyl monomer which is readily
copolymerized with other vinyl monomers in virtually any proportions.
Its homopolymer is soluble in ‘water, and it forms hard, transparent films
quch ahe strongly adhesive to smooth surfaces, and it is largely inert toxi-
cologically. . : :

Monomer | is of special interest for paints based on poly-(vinyl acetate)
oracrylates. Forexample vnljyl acetate-1V-vinyl-2-pyrrolidone coPonmers
exhibit unusually strong bon ing to glass, Mylar, nylon, and cellophane,
and mlplastl.sols improved bonding to aluminum is exhibited.12 Copoly-
mers of | with acrylic acid or its esters show excellent adhesion to glass,
form clear hard films or films which are very tacky, flexible, and resistant

*To whom inquiries should be addressed.
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to water spotting.~® The patent literature teaches the use of acrylate—
N-vinyl-2-pyrrolidone copolymers in silver halide emulsion vehicles and
backing layers for photographic films, as antifoggant in films emulsion or
developing baths.f=® The adhesive properties of I have been capitallized
upon in acrylamide copolymers used as binding agents and in vinyl chlo-
ride copolymers used as glass fiber finishes, precoating agents for polyester
laminates, safety glass laminating agents, and as protective coatings for
aerosol bottles.!! Copolymers of I and acrylonitrile have been reported in
compounding adhesives and in coating formulations.!?:'* N-Vinyl-2-
pyrrolidone is an effective dispersant and wetting agent for pigments, and
it increases dye affinity in copolymers.” 1416  These properties make I an
ideal potential comonomer to use in organometallic coatings and plastics
containing

CH=CH, CH=CH,
CH=—CH,
N 0 F
SN AF € Mn
oL P oc” | co
H,C—CH, (:7 0
1 i il

vinylferrocene (II) or vinyleyclopentadienyl manganese tricarbonyl (11I)
(common name is vinylcymantrene).

The homo- and copolymerization of vinylferrocene has recently been
described in detail by one of us'7=1!? as part of a general study of transition
metal-containing organic polymers.? The relative reactivity ratios, which
were obtained in the AIBN-initiated solution copolymerizations of vinyl-
ferrocene with styrene, methyl acrylate, methyl methacrylate, acrylonitrile,
and maleic anhydride, illustrated that vinylferrocene was much less reac-
tive vinyl monomer than sytrene.’®:'® Ferrocene-containing acrylates have
also been polymerized.?'22  The ease of incorporation of vinylferrocene into
organic polymers coupled with the fact that ferrocene can serve as both an
efficient quencher and sensitizer of photochemically generated triplet
states?® 24 make II an interesting candidate for coatings which would serve
as UV stabilizers or as a photochemically active material. Ferrocene’s
low toxicity and high absorption of ultraviolet? and vy-radiation? further
encourage its use.

Vinyleyclopentadienyl manganese tricarbonyl (I1T) has only been briefly
reported as a polymer precursor. At 170°C in the absence of an inhibitor,
IIT homopolymerizes to give an orange, glasslike polymer softening at
80°C.# Pittman et al. have copolymerized IIT with styrene, acrylonitrile,
vinyl acctate, methyl acrylate, and vinylferrocenc in solution and obtained
the relative reactivity ratios in these AIBN-initiated processes.? The
presence of manganese and its polar carbonyl groups might lead to useful
adhesive properties, especially in N-vinyl-2-pyrrolidone copolymers.
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RESULTS
Copolymerizations

N-Vinyl-2-pyrrolidone was copolymerized with both vinylferrocene and
vinyleyclopentadienyl manganese tricarbonyl (III) in degassed benzene
solutions at 70°C with AIBN initiation. The polymerizations took place
smoothly to give benzene-soluble polymers which were purified by repeated
precipitation from 30-60°C petroleum ether. For each monomer pair, two
sets of copolymerizations were carried out at starting mole ratios (M,°/M,?)
of 70/30 and 30/70 (M, always refers to the organometallic monomer, II
or IIT). In each of these sets a wide range of conversions was obtained, so
that for each monomer pair, two polymer composition-conversion curves
could be constructed at each of the initial M;%/M,? ratios. The copolymer
composition (M;/M, ratio in copolymer), in each case, was determined by
elemental analysis.* Irom these data the relative reactivity ratios werc
determined by employing the integrated form of the copolymer equation.?®
The computer programs of Montgomery and Fry® were employed in these
calculations, and our use of these techniques has already been described in
detail.2"-22  In addition, the programs of Mortimer and Tidwell,?! involving
use of a nonlinear least-squares statistical approach to fitting the best rela-
tive reactivity ratios to experimental data, was employed. Tables I and 1T
summarize representative experimental runs. The values of the relative
reactivity ratios are summarized in Table III. The poor correlation between
time and yield in each set is attributed to traces of oxygen which were
present, in spite of the degassing procedure used in these runs. This is
emphasized by the higher yields of runs 10 and 19 performed under N,
pressure. However, for the purposes of i, studies, this variation is not
important.

Copolymer Characterization

Molecular weight studies were performed by viscosity and gel permeation
chromatography studies in THF. A Waters, Model 301 GPC was cali-
brated by using narrow distribution polystyrene standards whose viscosi-
ties had been measured in THF. This permitted the use of a universal
calibration®?% to which the copolymers could be compared once their in-
trinsic viscosities had also been obtained in THF. Several representative
copolymers were examined and shown to be true polymers of a relatively
narrow molecular weight distribution (M,/M, > 2) in each case (see Table
V).

* Elemental znalyses were performed by Galbraith Laboratories, Knoxville, Tenn.
and Atlantic Microlabs, Atlanta, Ga. The metal analyses were performed both colori-
metrically and by atomic absorption spectroscopy and agreed quite well with each other
and with the analyses for percent carbon. Also, a known manganese or iron compound
of known structure was included in each set sent for analyses, and results were only
accepted when the metal analysis for this standard was correct.
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TABLE I
Copolymerization of N-Vinyl-2-pyrrolidone with Vinylferrocene
at 70°C in Benzene Solution®

Mole
Mole ratio Fe in co- fraction
Run  Vinylferrocene in feed Reaction Conver-  polymer, of M; in
number in feed, g Me/MP?  time, hr  sion, 9 % copolymer

1 3.9202 70,30 24 16.00 22.30 0.704
2 - “ 4% &.42 21.43 0.696
3 ¢ “ 72 6.98 21.45 0.697
4 “ “ 96 10.40 21.53 0.701
5 ¢ £ 120 9.02 21.36 0.692
6 H “ 86 18.90 21.25 0.686
7 “ ¢ 182 19.50 21.31 0.689
8 # & 350 18.88 21.87 0.719
9 “ “ 288 28.60 21.40 0.694
10e¢ “ “ 192 54.50 22.30 0.743
11 2.1379 30/70 24 16.00 15.10 0.413
12 ¢ “ 72 28.70 14.87 0.404
13 t “ 144 22.37 15.00 0.409
14 ¢ ¢ 264 20.80 14 .4% 0.390
15 “ L 432 20.20 14.91 0.406
16 ‘ ‘e 600 12.33 14.65 0.396
17 “ ¢ 28% 21.00 15.08 0.412
18 ¢ t 7 10.70 15.29 0.420
194 “ “ 192 46.00 16.46 0.466

s [lach polymerization was run in 19 m] of degassed benzene unless otherwise speci-
fied. In runs1-10,0.9215 g of N-vinyl-2-pyrrolidone used; 2.6120 g used in runs 11-19.

b M, is vinylferrocene.

¢ Under N, pressure.

d In 8.5 cc benzene.

TABLLE II

Copolymerization of N-Vinyl-2-pyrrolidone with Vinyleyclopentadienyl
Manganese Tricarbonyl at 70°C in Benzene Solution®

Mole Mole

Monomer ratio in Mn in co-  fraction

Run IIT in feed Reaction Conver- polymer, of M, in

number feed, g Mo/M2b  time, hr sion, % % copolymer

1 0.7771 70/30 24 18.59 17.18 0.553
2 “ “ 5.0 7.06 13.14 0.371
3 “ ¢« 10.0 11.05 16.87 0.537
4 & “ 72.0 23.80 18,22 0.60¢
5 “ H 144.0 33.50 1R.4¢ 0.623
6 . 0.5126 30/70 24 64.13 13.54 0.387
7 & L 2.5 12.08 15.82 0.487
8 i o h 26.88 15.91 0.491
9 ‘ “ 10.0 43.87 15.37 0.466
10 ¢ f 14.5 55.33 14.67 0.435
11 4 = 192.0 72.30 14.60 0.432

2 Each polymerization was run in 19 ml. of degassed benzene unless otherwise speci-
fied. In rums 1-5, 0.1282 g of N-vinyl-2-pyrrolidone used; 0.3919 g used in runs 6-11.
b M, is vinyleyclopentadienyl manganese tricarbonyl.
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TABLE Il
Relative Reactivity Ratios in JV-Vinyl-2-pyrrolidone Copolymerizations
with Vinylferrocene and Vinylcymantrene

Monomer 1 Technique® n r2

Vinylferrocene MF 0.66 0.40

_ MTh 0.67 0.33
Vinylcymantrene ME 0.140 0.094
MTb 0.053 0.085

*MF = Montgomery and Fry method;3 MT = Mortimer and Tidwell method.

b The 9,5% confidence limits computed as previously reportedd for the values of r,
and 1 in vinylferrocene coPonmerlzatlons was rj 72-0.59 and 2 = 0.334-0.290.
Forvmylc%mantrenethese mits weren = 0.05- leandrz 0.05-0.09. Considering

other possible errors these limits are probably optimistic.
TABLE IV
Representative Viscosity and Molecular Welght Studies of X-Vinyl- ane/rrolldone
Copolymers with Vinylferrocene and Vinylcymantrene at 70
Polymer Comonomer M, ml/ga Mn Mw MJIMn
2 Vinylferrocene 3.28 6,500 10,200 1.57
10 4.25 7,300 11,500 1.57
9 3.25 5,800 8,000 1.20
12 2.85 5,760 9,400 1.63
19 _ 3.15 6,400 10,454 1.64
1 Vinylcymantrene 3.62 6,400 1,120 1.20
5 3.08 5,300 7,500 1.40
8 3.42 6,700 7,700 1.27
10 3.30 5,540 7,800 1.40

* Intringic viscosities were obtained in THF at 30°C at the same temperature at which
GPC studies were performed. Viscosity and molecular weight values cannot be directly
compared through this series, since the My/M 2ratio varies in these polymers.
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* Q factors were determmed in the usual way by employing vapor pressure osmometry.
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D ﬁﬁ eymers could ecast into rather brittle Jrlms which showed only
Wweak a rrfnce to Teflon and a tendency to undergo a transition Info a
more crystalline material.

Preparation of Polyferricinium Salts
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e tron transfer from 1ron to quinone. esu tin ysats

recr Itated from solution. . Reaction wrth e conauc tro
rat re Ie oewrtho re unfor minat./ esats

er§ ch were solub err] rpe?rhg ormamide but onge r}{

solu em aceone Therr so or IS summarized
Tayl )</ \ [)

V
(5 Ifjed yre eateﬁwashrnswr&1
an acetone H at ng to

enz ri
not cause melt
change In the polysalts.

ing or any other visible

0

Infrared spec scop‘% de onsrat drhat eacqurcnee!e of qurn ne, which

rncorrO nto salts, had been re ca ron
V\ﬁe? r?u? c;r}lrt strpet It ; (éleé%gcmll

on fr ue Cles
1640 cm- uen For exd Fe
d.to 15 ﬁr

salts th 'Wa¥§ ST%F an vc\)r\alrvse ghrﬁ crp
jnron BB g o rna

In the DDQ pﬁ)l
shift Is us what 1S expecte Ica
]h c- an wasasentrntes ctraote salts. In addition 1o
teci ngen —H out-of ane bendin %re CB/
norm g/ Ited 3{ rrocen rivat]ves,za andwas oun
| 60.cm=11n epoey? alts.. This's uetoterrngC—H 1n

plane bending frequency ofthe terricinium nucleus.s  The presence 0 both
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bands | IIustraIes that ot all the ferrocene un Its have bleen oxrgrzed Ag
jarent V. 1rhrecrp tatro rom S0 utrono curs beoec?mp ete oxidation takes
ace S tem are spectra 0 tnese go salts are co etey con-
Istent wrt th eta] ed drc 510N grrare Btra 0 ijerrrc Inium
gum ne?J alts f Was Ht stantuate y. Mos 3 1rspectros
Cn B lsgess'ear ler. 7 The reader IS referred to'this study for a more

ementaﬁ anaP 5eS c?nf rmeg the rrWared results. T ler tros of

um ne to feroc ne cuate rom these ana sm sasvver

anon see abeVI rsresutwascnrrme yrronan
chlorine ana yses

EXPERIMENTAL

v, V n%\n #]yrrolr Onﬁm tr(agre O?S{Fc?a \anFr)iY\B ((?u'um drstrl éarnefd refru)m

ener
gm C/Ol mm wrth center Cuts use L r%%%’%é‘eas ecr%eg”érle

Clopentadienyl manganese tric onjla
i
ferro ene wa% %irmer? (? cggsta(! zea Hom e ebePor%useyfm olC,
l}:em &)nta leny /nan anese {ricaroon u
r)r(r)gdb vacumdrst ton p 60-65°C/0.05'mm H, Itzob P2

opi) rn%nre.mmrerauaruagrnn.ry s frenrn;r
| ﬁ‘ % g fjator Trstec nl &s

re OUS b rr?escr T e theJ € merrzat%une
ep %Ly ene solutions

hee etall owing th
L At

0 raﬁ/ (r” ik g%r%ateetrg erO \e\{sgraan ectep iltration. . [his
ate J tn ow?a nYer drreJ

e times omsure rrty Were
rotar ny eva oratron an overn er amp es In a vacuu
?l ven at 60 rements WWere per-
stand rd me ho e eser e ese erF 17.22
re reate t commercial DDQ and 0-CA
er urificat ron B nzene solu-

re recovered as blac rtates ebnzene solu
\éréenrg (Pu(rrfred yrepﬁ]ated washings of mnr pow ered ma erra wrth ben/

etone remove unrea ) Prmera |none
506 co o;im [S are sum arlz 29@0 mers of

%n(fipo%t eegfqu){)cr?” esusereva@ cfo enzene solution nones
3rgomtem eraurem WEgan {0 or5 Tsor Theﬁ |yrq

C
d % pectr

|
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Organometallic Polymers. XV. Synthesis and
Characterization of Some Ferrocene-Containing
Oxysilane Polymers from Bis(dimethylamino)silanes

CHARLES U. PITTMAN, JR..* and WILLIA
PATTERSOt\i Departmento Chemist Untvers t\% 0 Aabama
University, Alabama 54 and S A
Department of Chemist |ver ama at Huntsw
Hu sw Aa ama 35

Synopsis

Three bts%dtmethylamtno)snane monomers have been poRmerized with 1,1-bis-
(hydroxymet yI)ferrocene to gilve ferrocene -containing polyoxysnanesl and 1. The
were bis(dimethylamino)dimethylsilane III] bis(dimethylaniino)diphenylsilane (IV)y
and I4b|5(|VArd|methylam|nod|methyIS|R benzene .. Mixing of the dial and
111 or IV at 0°C followed by heating Tesulted in polymenzatlon fo higher molecular
weights than when the monomers were initially mixed at higher temp eratures At
higher temperatures the formation of monomeric cyclic products senousg competed
with 0| merization, and the five atom bridged derivative, 3-sila-2,4-dioxa-3,3-di-
phenyt ferrocenophane VI? was isolated in good %leld The use of silane V, where
cyclization is not expected to compete, led to hlﬂ er polymer yields and molecular
weights. - The polymers were low meltln‘q and | (R = Cells) could be cast into films
and weak fibers were drawn from irs melf. The polymers were sensitive to hydrolytic
decomposition: those containing Si-CIL linkages were completelté hydrolyzed in” re-
fluxing THF-H® (10:1) in Lhr.” The polymers were characterized by viscosity studies,
gel-permeation chromatography, and infrared and NMR spectroscopy.

INTRODUCTION

Oran05|¥coP gol n]ers are currently. ot| mense |ndustrial Im ortane
nbe ass of silic é Mers, 0rgancs |con tero 0 Bners ave%eent
su $ect of Intense inte eﬂ In récent vears 1 rou oft |sc

|nc[ rates organometallic . structures into te SI Icon  polymer
avallahill 19 rrocene, Which 1S § ermaﬂ stable,_has st| ated mu
mers Thi Wor 8 recent

[)esearch 0 O“)ocene -containing sili on
%n [eVIEWe Neuse nd ROsen et owever COSEGX minatiqn
ti Itshe {eseac re eas that eX|s ferrocene sill on ép %mﬁrs ave
(JVSY W molecular Welgnts, T IS trl16 f8 an% IS sticon
0 the CyC opentadten [Ingss-7 Or IS0 ated from the nngs 89
*To whom inquiries should be addressed.
f Present address: Marshall Space Flight Center, Astronautics Laboratory Ma-
terials Division, Huntsville, Alabama 35812.
3187

© 1971 by John Wiley & Sons, Inc.



3188 PITTMAN ET AL.

AS gart of an extensjve rnvestrgnatron of trﬁnsrtron metal- contfrrnrng
errg/ 0 l {Rrj rrm%eﬂ%mt%ed rrger 5 aégnt den arr0 ensr %fsle regl%
meé n¥ Ssr?fnes The ?gnerp ? reaction 0 dros With [ns dI-

yIamrrro silanes [eg. (1)] was first employed by Curry and Byrdn 0

(CHAN— j N(CH32 + HO—R'—OH —* -fR'—O—ji—Ofy + 2(CHANH
R (1)

ﬁrePareIr n}?Iec R loxysilane poly mers ne of us has fur-
ed eutrw rsractron Inavar etey rP(WS” Xane re ar-

onSmswher drm mrne evo d uride dcon Ition i

T IS reag rons I beo srnH F ewhen using ferroene i

because rmeth amli Ino e Terrocene under t reactlon condr

tions. The US rch oros como Qmers wou e

ener tron during heatin ec avaeo rrocenesc copentadre ey
rron er SU con Itions rs nown rea Lon 1416

roc es icon, merso stru ture? | or II afe not yet been rePorte

this reaction ppeare to offer a Tacile route Tor their preparatio

RESULTS

Thre brs drmeth ino srlanes Were pre ared aﬂd condeqsed With
11 rs err cene to rve a s% res;ﬁ)ft [eg New, errocene

dr xymet
containin 0Xd P}] The i ?]use
dim yIerane I(a Ime Ylamrno
met mnodr

WETE DIS rﬁet r%amrn

irf]ane 8 ri |)ben e
ese. polymers st efficient Ereﬁfr %Y ena %sor
ometric amounts o eac monomer in‘a Small amouft of dried toluene at
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CH, o ch3

n: "1 MR

ch3
11

ﬁbot0°C under nitrogen (method on»g After strrrrggnat 0°C for 12

the reaction was warme Otgroom mperature an (irtedhr er.an

a uator vacuum tci anout 100°C to drive off remaining dimethylamine
ently an comp ete the Polymerrzatron

this reaction to formc cI|c roducts [eq L g

Was rea[:?ee t|n Péé’ tergﬁls ich were stgrted at rci erat
actions g g at room temperature or anove gav% lt J” fe werggr
proguct§ werelps ct)%ate e of monomer 1V, reasonable yields of cyclic VI (R

0 11}

Fe ’\!
CROH N(CH32

Polymer |

Y

The ra rate of dimeth Iaprne displ eme tat| temperatures
e%r eoneavant srn |met Iam 0)silane ms‘ J
ichlorosilanes. Srnc zat orr reactron song avore t evate
ﬁmper tures success merrzatrons wer carréd out a [
epo mer zation ate still conveni nt aprd Thus reaso

ne mspteothrscc

h ecu ar vvﬁ g go ¥sr|oxanes Were 0 tia hz
_reaction, US monrfmer V/ should reduce the fate of sUc
ccrzatro[r gactroH* The cyclic ferrocenophane ehrrv%trve VII, was
never Isolated.  Thus, it was ot strprising to find the highest polymer

* It should be noted that the cyclic molecule AHI could be constructed usrn? molecular
models, and it did not appear t0 be strained. However, the frequency factor for this
cyclization should be markedly lower than that for the cyclization in eq. (2).
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SIrelds and molecular weights were obtained when bis(dimethylamino)-
WenWbrs drox methyl)ferrocene . was condensed with. monomer
) AT

IV rnrefI xrn t ene a8ﬂ6/o the Eyclrc producE)Bs
% en J[S erroceno ang(VlJ, R = ({ arn

whrc a e[tw re rz5atrons rom otnhexn ave an ana
ure sam e aiss pectrum, 42 are £ jon: rare
ysrs a reemen wrt sstrticture

Ctaan eementala
Asrmrlar re ron wrt monomer gave ow molecular welght (mrnqers
gres ma ccrc = CH? Weve[ this c{v&lrc g {

ud dal atte ﬁrsola in.{o olymer
U

duct
ertrrortnr e LR R

tnese ractron on h
several solvents; However ana(}/%

zﬁ ermeatron cromatograp
rndrcate cyclic VI remained mixed w rt po ymeric products.

Ponmer Characterization
The. a/relds molecular wer hts, a proxrm te meItrnggtem erature an

;T};g)?lese\rl]l?ggSlﬁQf_a% epre% tar%e% [)103/SI OX?? Uj) a[ In t IS WOT

ids, an &o mer ossy so ere so Ie rn

ben z€ne an?] vvere eas recrgsrtated from ertt}erﬁpetro

I1eum ether or methanol. Polym r% st contrnuov rom
H ers coud rawn rom Its melt

enzepe, an Wea
Omer mixing temperature on molecul ar
In Tzﬂ) (r]nof b

we@retres cieaé%rWus rnrtrg ar iXing of mo omers

resulte rnasr nr?rcantF ower oduct oIec ?%
to rn ra mrxrn at 0 3 arn
cuarw trrs enera %VIII ugto ea tron
err ce et afenfo excess silane [V at *50° over
metho A er 70C or an]addrtrona
our enew remove at'l eex

Was co letely remove 100 er?J damoa
Cfsnto m”{nrfrx ocneran oqene

at room tempera en to? ene
wasstrtrpped dtepoymerfuryher%% to 100 at005 mm%orl
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Vil

r. - The molecular weight of th re ulting materjal was.significantl ovver
nl)serve by u%rng met odS vor?ere Initial mixing'at 0°C

t%r/rttr\at

ach of these polym rs contar he —CH Irnkaevvhrch
orma| exnl |ts[r)r gro l}{ér msta In ese ? er car

etc r}chceava g romo dbyt eexe sta

resu(!t % erTocen arbon uw J ri17 9 t ea SP clent
ri Itioh to promote ar}] r é}ﬁrs mecuanr m In polar solvents.
Alternatively, water mi tprefe attac sr con to |ve a penta
o mté?a}r“"”s tc%’hr“m“h ecrﬁr rr.r V'fol' vo T
g 3/1 J %/hw?st Orlh[

|0nso ea res dues
wer§ analyze ese condl |on polym [ ty es

an IIwerZ entrrecy He ra Q nd aboute ak
etect edE F? OnVer. % rolys ﬁ
rre.reer e L A P
uarwer %rom n= % 806 %fﬂ m?ﬁ?n?fﬁ
0and o= Thu rtrsceartese

I/
po Tymers arfonot suita Ig for UT underr gdrg]ggmziond tron§ s avi e ce
of Water on silicon.

? \ver rate of hydro
]

Q

ould

that?’ Xsrs oceurs g/nuc Shcat ac ?

o ? r /1 & SUUCte suen g | “er&v”r%evetr" r‘“t 8"&?&60 aé%?ﬁona

eede Liar fe- etermrenrn %Iec % eavag 8

g IS oo w)@yt r#p enyls oxan J)o%/n(rjersh

roj 76 M res an |ts ana ﬁr fI 3/ SIS M
it B e

mrg ¥elreveddurrng ﬁSZ—g] bond cleavag s

EXPERIMENTAL

Preparatron of Bis( drmethylammo)drmethylsrlane (1)

Drmet e emical_Co.), which was distilled prior
tousew Ug@ ’}toaS eexcessodrmet!r Fa Ino
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in anhydrous dieth Iether3 m to 0°C uncler nitrogen.  Particu-
arc% K (Pryallﬁ e g [I

aken fo th oro Sware prior t0 It use. Fo OW-
t|s d|t|0nte r%eadS \wp fisuéreéJ t ether re-
r. The or| esats Were t tere uncer nitroge
tvwc |t excess ether, E ﬁrv¥asremove
om t e com ne trats the residug as carefu aguonate
{Ol)J(g a vacuum-Jac ete vere? 15-n, Olaer g olumn. un %2
reflux ratio. A center cut was collected at 125°C/760 mm Hg It g
24-121°CI760 mm). Te rre and NLYIR spectra agreed with t
|terature nd were naccor WIth the structure. GLPC aIyS|s ona4
Tt SE 30-Chromasorp W col Lé[nn at 100 é: emononstr % the” purity was
greater than 99%.  The yielas of purtfied silane ranged from 55'to 60%.

Preparation of Bis(dimethylamino)diphenylsilane (1V)

henyld|chl rosn ne (Pi rc Chemical Co{ distilled prior ous
BE reate Wlt di eﬁy amlré gn exac \k/las r}]arée rewlousx
igss\%l or onomer Izlé CIOe crmul_I Qcﬂon gur rl)%/ It at|c§
q a, SIS at 75C a(nﬁe cr;]umna Use ?orllp owed t epur?

exceedeoP ? T e| gs JF% spectra a GG(B with tne strug
ture.  Yields of purlfle product ranged from 50 to

Preparation of I,4-bis( dlmethylam|n0d|methy|5|lyl)benzene (V)
The at|ono | 4-bis(chlorodimethylsi benzene |ed out
Je %f ve%a%%amf g‘crac rpn teJ t)c/) 'h? a ma erla] [) 100-
§ nb nﬁ The |cier|ew con-
verte fo \/ eatment W|th excess Amet yam|g \)/ ?ame roce
dure use e pre ar tion of | Grude V' was raci) nated
t\%lce aer otalne had ?})4C006 mm (lit.2op 100-

J R spectru exhibited three sha sm ets at
a0, 1 area 1 area sz 6v 7 a A7phenyl
Brot nsg ! ZrCare W&%glé] aceor 28|7t 92%% ures0 T altrac e5|3s75c
J%HS)ICE]C ép ? 82&? Zout o? %ane C—Hg@matmn
mexcesso 9%,

(P ?Ocml GL Canalgasm the purity
elas or pure monomer were about 40-60%.

1,1 "-Bis(hydroxymethyl)ferrocene

This was obtained from Strem Chemical Co. and was purified by repeate
recrystaV\i?; Pon qrom qhexane methano(i t0 a constahp me?tqn D mtcﬂ
107-108°C ?n Zmp 107-108°C

Preparation of 3-Sila-2,4-dioxa-3,3-diphenyl[5]ferroceneophane (V )

S 71440 R ) e sained i ol 0
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t‘rﬁrh?'”c% i 2 Hsdy o asfwtrgnet % %'Xtﬁéteo Sgrhefé bt

tere ’ merc p%ttrl u e}t?err %Cté?” rOcouncct reaCt tate ar?e w%% a
? s rn vmrch re nedwaswasﬁ wrS meth-
no unt ewas r es to remove resr ecr
uct rec ta rom ot exane twice
tam rs com oun not prevrousyr ?00 e mte rte

ure Was orqugh 2c rac rr 134 13 mass § e trum
6parent Ion t 4 [ spectru

m, are an peny rotons 774 m area meta
%heny rohons are4 2 b,t,J -1

re%S) ngee a 1%% %ogntadr _¥| rrn rot%ns nrarﬁ%()abserptr ns

17 1 22, 809
B 713 a al Cm 5-5i) 23 0/0-1090 (S—0—C), 89

Anal. Csilcd for ISCrJfr‘%FeO Si): C, 67.60%; H, 5.21%; Si, 6.59; Fe, 13.09%.
Found: C, 67.70%; H, 5.15%; Si, 6.65%; Fe, 12.58%.

Preparation and Analysis of Polymers
Polymer | (R = CHs)

Silape 111 (L2754 g, 00090 mole), and 11 "-bis(hydroxymethyl)ferro
ene?g?% 0,009 rea§r? he’r undﬁﬁ)hrtro enin ?4? grred
assware atOC P io uene, A m ected beyf w’%e
rxtgrewasstrrred or1]irat(° Jess rernthf aS then re-
uced to 100 usm anaprrator rying train se%gmee an t]
temperature Was qr totual raised to roo atuga eld at this
0Int ynder vacuum for a other our, ouene asnecessaryt
eep e reaction flu A a?f Xt, the tem eraturewas a sed t%
eto Uene strr Then the res ure owere 10 mm
the tempe {atur marn ameda(t130 or 1hr. At this omtt

1SCOUS olymeric resicue w drt themmrmu outo
h g%yahd adcf rt 258?) g rq 0-00° Cﬁetr eu ete Ht
Pgnerrc fraction rechrtated & a rwn %J-I iltered. r
es fwice a Fm %recrgrtate A ortion waserﬂe:
an alumina cPlymn ?/u esovnt 5 ue Ce, exane
met anol. os%ot ofymer Elyte mt F raction.  Intrinsic
vrscosrtreso ot tech ogrape a ne ro %rae\h hr[Jro uct
were esseg gy he same ecuI elohts Wwere
determine % ge ermeati nchr ato ra rn TH F and are sum-
mayize riTaI getherwrth and | termrna lons,
ectral d aﬁcor rt struct re |, Th M showed rr
unres ve rea
rea rption

e
3%05 area) Fﬁr g n rare

rjng protons entag
Sk ey bang at 3300- 3500 traces 0 'termmatrng Sr Hor upsé
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100 (sp2 G--H), 2960-2830, 1240 (S—CH,),. 1070-1090 (S—0—C), and
ngc i (ﬁng oLt o? -plane Ry rogen deformahons) o ha

Anar. Calcd for (C,(HB) FeSi): C, 55.63%; H, 6.01%; Si, 9.29%. Found:
C,55.20%; 11,5.85%; Si, 9.05%.

Polymer | (R = CE)

Met od 1. Silang mole), an roXy-
Silane 1V 24344 0009 mole), and 1,1-his(hyd
P/ Terrocene, 82 2148 | mole), were Aymenzed nﬁ)
ceue tJneg ahove, an thﬁ epo merwaswork< %lnthe e a]
ner, aJwe in 62 /o%‘edt e Py s aralze yGPC moleculay
? htsa ecT It |ntnn3|c VIS osnyh Was 5./
pectr afa Wer ccor t structure. “Tne N R s owe
tqare meta en rotons 74tq rea og %n ara
r] rotons -area 4 r0a 3
nt |ey nngnpr to In a bans IvBr %009 an
—Hstret erroc ne 352 02 con
bin t| 1425 120-1130, a S| 1080- 1020 S—0—C), 740,
an 700cm1 monosu stltute

Anal. Calcd for ( CngaOgFe& C, 6760% H, 5.21%; Si, 6.59%. Found:
C, 67.40%; H, 5.65%; Si, 6.35%

vdféﬂ‘adna% beg’]ha!’l;%eajg%%'d éltlllld the. prior pﬁggggnon ?f jadduct

eth XSA(E\SC“ edmtetl wasa ed fsnn%eto
adAr ueneso,utlon of ?22148(1 e? In a%d/ rie

aSSWare unde{ nitrqgen at 50°C.  The em[e)eratdre Was then Incre g

?ﬁopwne 0 2508rn£11I '30T606c(l,0 leterrd?e%n%/ rrnErSOT o en i

recipitated
mer was reprecipitated from a minimum amount of THF nm? etroPeu?n
ether, reco eredpand djn Its properties are rdescnbed n Ta8 P

Polymer II

S|IaneV (27801 n% 0099 moI and I hydrox methyl ferro ene
%44 go le rea ernroen| |ed
assware af Dry ouene %sn e, and

re was st rred for 1hr at 0°C. Th ressue re uce

g , an Spirator-ryin ?]edgence an tetempe[]
ewas radually Taised to 30°C wher |t ndFrvacuum or'l
ete erature” was then raised t 901 C and t uenewasstinABS
ressurewas en lowered to (.1 mm and the temperafyr

eld on nt at 100°C for 1hr, TentevscusR el 8 e Was
|ssove |nt Inimum amour]t of tetahydrofuran a ade FOpWISE
t0.50ml o ne 30-60°C etro eume e, TheP ty Petc g
tate as a Drown gum, was sub seqlu y Ie rempta twice mo [
‘oledm etheLto Ve a 3/oa/ ro ct ntnn3|c VIS osnyr%

olecular weignt were determined rth poymer summanze In a
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s? togetheﬁ with yield and Tm Oete ernatrons SpectraL dalla WWere
4c500r sV\gre structure sowe eérg fot nsr>

S, area
2unres veam, ar a8g€ nt re

rot ns): s are The' Infrare ectu KB
sa 03450 Ja ermr al Sr—OH 31 95(-
sp e -1080

r
815 C—H outo plane rrnglrj formatro(ﬁ)% 5cm1

Anal alcd for CHRB FeSi2 C, 6053%; H, 6.48%; Si, 12.8%. Found:
C, 60.30%: H, 6.60%: Si, 12.45%.

This paper is taken from work submitted by W. J. Patterson in his Ph.D. thesis.
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Caadgiaiond tre CGllagay\ing Gett
CpopiyhasiPgaadb/teCaicionNad L
Siuion Rgoaties

K. PANDURA NGA RAO K. T OMA? JOSEPH, F
Y. NAYUDAMMA, IR enartment o Emg gme[f nira
Leatner Researc Istltute Madras 20, India

Synopsis

Graft COJ)olymerlza ion ofvm?/l monomers on to collagen was carried out by the ceric
ion method. 'The grafted vinyl polymer chains were isolated by both acid and enzy-
matic h¥dr0|¥5|s of the collagen backbone in order to characterizé the graft copolymers.
Proof 0 (]J ting was obtalned through the detection of amino acid endgroups in the
grafts isolated by both the methods. ~ The ?rafts isolated gave the characteristic blue
color normally associated Wlth he presenceo amino acids. ~The presence of amino acid
endgroups was further confirmed by dinitrophenylation of the |solated grafts. The ab-
sorption spectra of the dinitrophenylated( DNF% grafts showed absorption maximum
in the ultraviolet reglon of 340-360 mu, characteristic of DNP-amino acids. Soluble
collagen grafted wit polyacrylam|de(PAA) formed fibrils on heating to 37°C at neu-
tral pll but, unlike the native collagen, these fibrils did not redissolve on cooling at 2°C.
These results show that the redlxerswn property of soluble collagen was impaired,
probably by attachment of the PAA side chains to the collagen molecule, The turbidi-
metric titration behavior of the grafts, their general behavior of swelling in different sol-
vents, and the intrinsic viscosity of the copolymers in mixed solvents also provided addi-
tional proof of grafting.

INTRODUCTION

dlfcatlo of natural and synthetic polymers by graft copolymeriz
||onh th sugjectofa Xrou |nv stlyahons %oweveP rg'?tl eﬁy
Ittle ¢ ort een d|rect owar st maic lnvesh ation of t
strgcture an pro[%erhes %u|e rece tI vesh tions off the structure
iPeropertles of the graft ¢ poymers een en up by a number of

S -
o ra(g (i%)P er%r?cf cf% SHI L?t?ﬂd n% | methac Iate SPMI\/IA%
;f acto 0

|nt|aor
stu ?]d810| etayl to etermlne what ))ernt ergent graﬁ;\
e number of gra |n%3|es antgthe olecular wel to@te 312

na t
hg It| comrhon copoly! esare |n ami-
ate ers o speues

with at east one 0 opo
ecopo ymer segments.  For an un IQuous charactehzatlon o ese
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cop Igmers It IS necessa% dto |soIate them from the homogo mers pr%ient

\IrUt]Ent eso ytn%rﬁt%rl enclegLRetwee the) datto ég fmers aartr? thgm
Eo mers Pre not Iarfe enoygn 1o aﬂowe? Separation. Ea

r? copolymers In the case of woo t’\ose ands arch
olymers, have ée tw? rivant rom the ornthof wof
(zthgs ub t a en

osfon tycles :ﬁ%g (0

g renceb
ne an tegra srec |susuag
na Ie ade uate Se aratront 2) the cg tq
roz X Us enab moIe lar weight'and the grafting
re uenc o fted s ech |n to emeas%red
hrs eher rs ncerne with t S| oc emrcal character]zatron of
co age ymers ra ed. vinyl po Cymer cg i(were
150 X ot acr matrc dro irso llagen hac bone
toc aract rrﬁe the otrrtu ra ever Ines evh ence were sougot

strn - copolymer and a physical mixture
co agen i vrny po ymers

EXPERIMENTAL

Materials
Collagen.  Collagen prepared from the middle corium of buffalo hide
Was usgrte t] g OrBepo fghsoluhle rhol Since a uniform stock 8f
flterra lch woul icient for t ﬁ?%mvestrﬂatronwasre%urre
arVlea ount was rnrtrlae yprepared and all the experiments were Carried

ame sam
srmgiaur tgt aﬁt g? vrragarr)]rne%?]rgd frfom calf dermrs following a procedure

Monomers. Met methacr Fate MMA ethy| acrylate
¥\rr(e)lre] o%%rrnggnfrorgng%h & Hass, acry amtg hél htgA]Ag
Chemicals.  Ceric a m njtrate an errc
mmonium. sulfate [C ét u d u wrt ouA
ur er urr catron Onase a Was. Use

Wlt OUt urt er purrfrcatron mrcasuse Were reage tgrade

Purification of Monomers

MA and MA wer urrﬁ%db Washin \r\]rrtha68% sodrH
solution fo rem%vg ae) Itor. t e]ment te 8
Were aﬁhe Wit |ater 0 remove the ar}r ali completely an r]
0 s ot e e, W
crystaﬁrzeé] twice wrtw benzene-acetone.

e
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Preparation of Initiator Solution

The r? vired quantity of CAN dhssolved in LA nitric acid was used.
Fresh solutions were pre%ared Or each experiment,

Grafting Procedure

The qraft copolymerization reactions were carr
?med ﬂtree negke)tltn}f ?oneat ter ca aC| ﬁtt With a ater sealed
ﬂqass st.rrer a as out et and. a. thermometer the %exPert
ents vvere ‘carme outl asttrrtn eed% 100- 150r tro m
perature a ica ex eriment, 1 f owde W%FIS erse
00'm dtstt ter, After o gnfee mtro N was bubb (?t%
e solution for 30 min, the required amount o monomerwas al

0 CEric ammonium nitrate so utton [tAQ Jt n| rc acid. e
Inal co ce?t}atton of mongmer was? n to CA was
>§1-5mﬁ 1 ThereacHonwasaowe to&)rocefe t3ratee
ﬁtstt |ee£t e resulét % roducts tﬁ separated b r

atton Wwashed w
water and extracted wit pproprta 50 vents 0 removete
oosely bound homopolymer.

Lﬁ out in a round bot-

Homopolymer Extraction

I|m|na studies with the use of thehtumbled bottleﬁmethod aﬂd thg
ox textr cion method o compare t extra?tto |Clencles s?
att etum Ied bottle m ho IS moree Icjent for t eexéracttop? the
omopolymer. encet fsﬂtte stu e thl? metho ol
ore traction of homogg mersrr] COR eymetr The ratce
P mers Were extracted Tor 7|2 [ Wit R g frﬁsh soI fs at

temesta]ture In general. extraction oft il ec?

ofymers solvent for the homo o mer removed on ace

olymer, an ence no s st matiC Inve %% ons Were carfied out ont
tmattono ea ounts o thes un ra omopolymers.

raffjng on skins, emu merization technique was, fol-
Theg er cent grating In t eft y roducts were ete?mtnmﬁsfrom

tﬂe tot% nitrogen vanteiJ as regorted prewoB ?y 0
Hydrolysts of the Collagen Backbone with Hydrochloric Acid
HCL\ t I%dtrtOl Csé% r\QFS Ct%rrtlﬁg out by heati gﬂraft copolymer with 6N
procedure outfined iR a previous paper.
Digestion of the Collagen Backbone with Pronase

ST L A o s .t

Eaina L

é\ue e 0
prevent bacterta growth.  The mixture was then Incubated at 3/°C for
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18h whlleﬂ&e pras tconstant b}/ addition of%OdIA OH. The
IS0 uble d by_ centrifu atmn Washed, an rde

%Xalca xtue co en and” PMIVIA was also digested under | entcal
{

ltlons. T ﬁ Physm mlxtureh 111 W %repare(? g (ﬁnnomﬂ
e mixture we namortﬁr e resid uese alter eng/ 0estio
were thoroughly washed with hot water, centrifuged, and ariéd.

Treatment of the Isolated Grafts with Ninhydrin

t fed grafts obtained by the ab
o Lo e g ey e e

swere

atgmn agg It S f@?ﬁ?n”“%??ef? b

I min. esoPn F§ H l? Pln (ei;%anoanvat?r
so t|nwasa dan the who emeedan cen

V r1fuged
éllg ENCe 0 t Pernatant was measured In a Beckman D% spectro-
pno meter at o/l

Graftmg on Soluble Collagen

For ftmg n sl bIe en it was desjrable to_use monomer th|
ero Mnc vnI rem%n |r}so tion after graft mg*1 Ac
ami ence at-

temg | e eto rtto e sult ?r |s purposé, and
ulp(% \g//oe |ution of S0 ubIe coqagen m% acet|c acid was used for th|s

Te rafting congitions Were exactly same as in the case of in-
g%%ecolla QA{{]Q

e roams?e(?lA aC “graauéng Tp] ¥'E‘i ormynlonr\ovagret)éh Twel( ﬁ
7 9 then stoh led F]n coro parison wi § ec agen
solutfon and also with a physical mixture o co ae an ?

Fibril Formation
Soluble collagen in cold neutral saIt solutions hﬁst e mteresﬂag dor?

recipitating on warmin ar CoMpose

{ R} ed mmed%? f}j vﬁ' Edlésolﬂg Wil orm
amu onre e?%‘? Itjons Which enhance hydrogen on%m avor
t e Tor agmno ls 0se wWhich ru;[)ture 5 Jeverse
the equiliorjum Itwasthere ore, 0f Inferest to exd met Ier- ormmg
andrso ution properties of the qr ga o gen 50 tbon Fiber Torma-
m(y carried out and measured mainly s described by Gross and

rS|o was studied by placing the opaque gelled system in an ice-
ter t an measur (ngth cTeanné ? nl&ug%c!a txrtvnous times.

i
18ﬁnges Were measured at 05-r in rva{s for and again after
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Dinitrophenylation of the Iolated Grafts

SRS
? ? y[ et af£?¥the endgreup anal %tjs of 150 ated rom
e qrart copolymers of wool, en%mteﬁesentlpaper In con Inuation
ﬁ e Wo orte ea e9th orptio dpectao the dmdro en-
ated ra SIS ate ot aCl an on se %esttft%n Were studie

rst met tets atwﬁpglr erw gtts ene N aqueous sodium
|car ongte an treate§ ﬁ coho |on o 24 § nitro oro
so ate e
trea W|t (H) reseng th trhetytaslamm
owe
orouH1
sam |es, ensu te tot m aver ¢
E orte ear||er
ac?s] Were (%bs rve

m|tr atVo rled out erent methods In
enzene DNFB) accordin 0ce ure ao anler.
the second pro eduret p ﬁgg ber?z (ana
Aral et a Initro \i?m [-
ij }(mer |tatedb addm eXCess oI ﬁ
IS obt | roeures rew
t Wate an he ext thm ano
rom to%raltp n¥ on sﬂtca
ates as re t] oweg on|¥ ne sPot f ameR
rigin. -~ No_ other (fpots cor[esgon ing to dinitrophenol or any other artt
uri |e P&eers were dissolved.in &th Iacetate%P ), and
ta re measure ma n DU-motlef spectro-

the absorption sp
fEOtO etg th t?te useoutl 8mlﬂuartznces T eabfor tion S ctra of

Isolated polymers with atlon, were also measured uncler
entica co Itions.  In the ¢ eo er 150]ated by pronase digestign
f er was not realy soluble In ethyl acétate, and

this caset Issolved In dichlo

ce In
acettc acid(DCA).
Precipitation Turbidimetric Titrations
Collagen atted with PMMA san}nle GCi) was dissolved in dichloro-
acetic a eeptng the sus[?ens (?” or a fevl (la e}/s atI room temperattLF
es utt Was t ncentrtue and the_ cledr solution was suital
th CAto vea01 solution. Turbld e}/me surementsmee
ema Klett- um crson ghotoe egtrtc colortmtrwn ﬂreenf
D erent recipi ntswe{e tried F inally selected.
ptt on o the polymer so uttoH ta en an teprec |tantwas
ed rapi (I]y fom a microburet th ntIe hand rrmg recipl-
tantwasa Im a \s unt| m m oftecmmence ent of
gre %)ttan%n T en01 uots were agded until 50% v%eugttat{on
Aq ml aliquots weret N used unti ﬂrempttattn 8%
the tttr tlon_ experiments vvgre performed in a room kept at 21°C but
Were not otherwise thcrmostat
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The turbidity of the solu%ona er addition of each incre entgfthe &r
C dprtant n]as as&rred In t ffe €0 orrmeter and the observed readings
rrected for the dilution effect by the formula®
D(V + v)IV = D(corr.)

ere D is the optical density, V the ori rn qumeofsqutron and v th
VO umeo ecrﬁtant arfr% ty The resu g dltteg

o é] ate 3R JJIQGIF%]IE% da%arnst vojume (m F Xﬁ “{EFSEBO HOH% venI

cio meradt(e ysica
mixture ofc agen an A were also dissolved in DCA and the titra-
tion performed tinder identical condltions.

Equilibrium Swelling Measurements in Drtterent Solvents

Goat skins grafted with PMM and PMA Ie?[ SPr and GP
Were use mt se ex rrments e samp es vver
Eccnrate erse urds In vrer hing-
oft esa we osvve Tesa]mpes vvere the ta en out at nt
vas 0 urs vs% ace eaned wifh Tilter In a prﬁvrous

Ickly wel an czﬂ %C? }’
ga ﬂ‘ﬂerwsf of Nouid a kerea eg a?te A%Ph wereﬁcrﬂatedasvof(tn

er ramos e All' me urementswe
rre in a oom marnta flum

i H% ! trr?e tee?rtg any tthe 0 ubrﬁty parameters f dvent power er T

Determination of Intrinsic Viscosity of Collagen
Gra?t Copolymers in erer? tSyo vents .

The infrinsic vrscosrtr raft copolymers were measured in DCA-
benzenoh sing %ﬁelohdeegdqutroh) vt/ cometer at a temperature of

J0°C. F(Y this. teco ra copolymers mﬁes (SGC
vreredssove n oned earlie terntr nsrcvscosrtre
O,oo dasa unctron &er enaeo %\%nt zene
de e composif] no mixed s nts
voI )0 benzene. rgher enzene content gave turbrdrty ea ng to
precipitation.

RESULTS AND DISCUSSION

rie of the m?st r gortant r%oblerrﬁ In the characterjzation of colt ﬂ
vin rira COP IS I COMMo of er ra copolymers is the dAﬂ
ent uest n.Wi ether rue gra rn g ccrred or not.
LEJ rs e atrveI sr ple to te[ et att onomer tobegrafte
as e co verted t mer an 50 the reeo CONVers on It 15 muc
more rcutto estabr the proo ot raftl unelq%vo a & gose
mica een

0 Fn rn timate mixture where no prh
collagen and the vinyl polymers. "The agparent per cent ora rng in the
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N TABLE |
Composition of Collagen-Vinyl Graft Copolymers
ApP_arent
Nature of modified collagen grafting, %
PMMA-collagen graft(GCi) 159.60
PMAcoIIa en raftCGCi 121.80
Goatskm Ag raft& Pi) 26.89
Goat skin- PMA grafffGPa) 27.56
varioys products used in these studies is given in Tabl esults ob-
tameg wﬂ% the varl(ﬁjs methods useé 0 gcharactenze t%e coﬁagen ora

OW.

Solvent Extraction

he simplest method of obtamm eldeneof formation of gra
go mer |s% ndlﬁer NCES I so ub etvveenrﬂ raft ¢ OFmer

nongr oun homopo mer xtrac n ex f ents
e carrfe outtoot newde ceof ftev ersto
collagen su str te One wou expe olyme erea

e ically bound.

e e 53 er% iy

omopo rre[nove onI 05 O romte roducts
ents or omopo d?{ed Some |nf

copo YMEYS WETE aS fo

Etrac“o
ut stifl not com ete 100 of aftm en collagen was rae Wlt

vin ? ErS Crl |0n € I€ utlng 10 UCt ma ntalns
BT e e
v B i o s o e
ma eintF\ femﬂar r%e J Py d

Treatment of the Isolated PMMA Grafts with Ninhydrin Reagent
?Eroof of %aftmg canb obt Ined Ihrough the deteclho of aming

Bette
qﬁd enqgroups, in egr SISO te ac|d and enzymaic roI SIS Of
ﬁ;g Ers, %%r SP oth ‘acig ang enz gtlc
methiods %%ngc ed with fe trea with in H
reagent ave haractensnc eco rnorma yassouate Wlt
the rﬁ)r sence of hno Acifl,

éecaseo Jca mixture of P MAagcoIIa en, the resdueo
tained after ep] mt|c qes on o oaen ?[t Ve ahg/ or wit
nin Xdrm eSe results Tnajcated t at ctua rafting of thé polymer to
the amino acid residues in coIIagen has occurred.

Dinitrophenylation of the solated Grafts

The presence of amino acids could be further confirmed through the_ge-

tectlonpo$ gmltropﬁeny?ate(! amino endgroups with |so ateg orafts. T(i]
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Fig. 1. Absorption spectra of (A)DNP-serine; (B)isolated polymer, (C) DNP-polymer
Y g pm ethyl egce)ta e (isolated b(y e)md hydroply53|{5) R P

Fig. 2. Absorption spectra of (A) DNP-sering; (B )DNP polymer in dichloroacetic acid
(isolated by pronase digestion); (C) isolated polymer.

spectral absor;%tton curves from 28 0 4 p for i oIat d DNP-MMA

P ers are Shown In F| reslan |n|tro en ated ra S ISQ-

both the, aC|d a me met o Snowe an sorpt on maxd-

muma r]tép aet te an at 360 mp In d|c orPacettc ach
rm a os

tY 5 enttc% ectra IH ese two solvents
ISolate P ?/merw out |n|tr ergf(att not show an aX|mu
|n these egions. . The DNP grafts isolate E g né

% enz me method showe
unced absor maxima |nt mp region,

Sorptio
|ca st at the num %gr op DNP- ?mln acid en é]roup |nth§5ﬁ d(r)(%mer

c S IS greater than In the case of grafts ISolated by the aci
metttod qr?ns 15 t0 he expectede becguse mt?te enz egtgestto metho é
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TABLE Il
Average Molecular We|ght of Isolated PMMA and Number of DNP-Amino Acid
Endgroups per Polymer Chain Determined by the DNP Method

Number of DNP-amino acid
endgroups per polymer chain

Average mw of By sodium
isolated grafts bicarbonate By triethylamine
Sample (by viscosity) method method
CoIIa?en-PM MA
raft copolymer
iGcsp 0.82 X UP 041 04.)

Co Ia%en-PM MA
rait copolymer )
%GC|) 2.070 X 106 Trace Trace

In the preparation of this sample, the ceric ion concentration used was 1 X 10~2

b'?ﬂ eptide fra ments will be tache to th D&mer chain which may
(ﬁore ami ofgrou rﬂmo amﬂ vaIues

GFaIO ea (I)r the éaen({gﬁatpegg Cﬁlfate(l il/ Jr)% ﬂ]sermgham IS-{GSS tHan

lhnlt}/ in ot s The lower valu % tained may be ue to
na cess ? mo rou S 1o t rea ent, nthe
molecu ar the od ctwasextrem tenu

amino acl e rous 30| sjonificant as barel ete ted
%tro phen Ia|o []aceog NP- amm? ac%cou % etecte%l |n
these |soI g[ %t e Case Of grafts Isolated by pronase, no atte

Was made toc culate t

NP-amin g?ups since Yn this case the pn]?/
mer ains are attached to large peptide fragments.

3. Redispersion of acrylamide-grafted soluble collagen rafted collage
cof a%e%/smaf I B(turle of soallubYe coIIIag%n and poK/acryIaml e; %ntrol untredt g
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Fibril Formation

T f soluble coll
he redrspersrog D cafe(r) 0f S0 Ubj %aﬁg& rsztftttetge\r,tvtlanls ret! PWH

in rgure ? teﬁontro
t0 t xtﬂrto a\out 0% atteen eas In the case of P
rafted ¢ the redlis ersron ab Ut /o These resul
attere ertsnrpe ewasrmarre

atta hmen t amr sPAA sr car tot

ecu rs o ehat recip tated co en a er r
sosowe res AApo er rn e JJ ecr rt rca
mrﬁture OB eco en and P ther redrss
cooling and benaved as u treated soluble co agen
Precipitation Turbidimetric Titrations

The tu]rbrdrmetrrc trtratro method is closely related to the rEethod of
fra flona %ecr Itation. . The time-consumi Toeratron Wor 8 antl
re racronss ere, rntewor 0 or%lan Tamblyn. B

SIS Of 1

c%d% optica wer & ven th Oélq the turb etrrc fi

1S onI areattv m hd or the. determin trogot n(]oecuﬁar
tdrstrrb jon, It | asrmPe rapid, and reproducible method Tor t

er
‘Af] ?actgnzaltrr]oln ureq 4recos% t@%e turerrmetnc trtratroB gfas |ution

f colla gen inD éagarnt rrsor vl etner. Per cent turbidjty, that Is,

erag of 0 tr al P dens| complete recr atron |s

Potte 8? & V0 t%m |tant a ded, efsenltf
tr tron a solution of P of collage

ofa ysrca rxtur
’\/I (ia cun/eDt ofco enP MA radﬁ lymer, un er
rdentr a co érons It can esent (ﬂcurve srca mrx

teltneer tan%tajgrr}a)m ona Hdr (te?osr?sota& Zg r(r)rT adT tegens(t)gp% rlnoa eattrrBtP rP K)

Fig. 4. Variatjon in tyrbidity with added nonsol collagen: (fi) PMMA: (C
Igphysrcglnr%r:gtnurg olt”coll?alr enN a{ndé1 eM A venh ért t?\l/?A grgﬂ) copolymer()
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ﬁ) |ta§|on f collagen and PMMA fractions, resPectlve However
the a& Pa?i/mers he ch/e IS More o 1ess ¢ tlnuons an[d
opserve Th|s n catsthat actua ﬂas -

I aﬁ(e le

as occurred,  Genera em|ca nature o

reater Influence on | soub an |t moecu w

mea aéa avallable | qthe |terature \ |catet ata r ervn
r}er Og J&mgrso ub ig cten t|cs mtermeda 0Se 0
med|ateb

s o corregpond?n)gagﬂ/ s, COpO‘\Nmer 5 et

Viscosity in Mixed Solvents

r}on and his o -workersD 2have eﬁtaWsheg Ehat the solution proper-
t|es aq[aﬁ c? oymers are ver much afrected by Interactions betyeen
me q £ " SAqUences, |sc03|% meas reme fS are mage IH
solvent-nonsolvent medium In which one solvent Is a oo ?olvent for bot
h? backbcine and branches, an tenonso vent 1S a sofvent for the branches
?n repulsive Interactions hefween th% backho eanF nso ven can ho

ar]eeoug fo catﬁet e formation le mo cu ar m|ce VAL
The molectlar micellag are mﬁmgnne In so unontz}/ surroun Ing sol-
vated hranches evenF ought a Ebone remains unso vae

In FlgureS |ots of pertentage 0 enzenea mst e Intrinsic wsco\m
Lcol gen-PMMA “and coa qen-PM Z ers re S
There. 157 Slight Increase in the intri sm Vi c03| Nt fo owe

3| n?lc nt eg[)easefs gam unt of benzene |s%crease Protectlo
one ated grafts ofte eve ts ecipitation, Thi a

ue tot e foymation of the so-call molecular micellae.
e protectjon effect IS not sufficient to ee the solution in molecy| ar
|sp rsion (as the benzene content Increases) the macromolecule shrinks,

Fig. 5. Variation_of intrinsic wscosmes for %raft copolymers of collagen as a function
of solvent composition: (A) collagen-PMMA graft copolymer; ( ();co |lagen-PMA

graft copolymer.
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S R e
8 0-5 9 9-0 10 T10-5 [
SOLVENT POAER FUNCTION (I J/callc.c)'fa

Fig. 6. Dependence of swelling of copolgmers on solvent power function: (A) eollagen-
PMMA graft copolymer; (B) Collagen-PMA graft copolymer.

Jth the result. th?]t the jntrinsic VISCOSI decr asesv ra %g The
slight mcreas |ntr n5|§ VISCQS! g due to
an‘incr aseo em lecular dimensions o 5 by changes

GI'VG |n|t|a
n con 0 fion.or aue 0 the EX ’clﬂSIOﬂS 0 ﬁ‘ é‘ hains
enzene IC IS a 00 SOV e SI0€ Cha IS a tO the sol-
ecopo melsz

vent S
CUI'K -
dint pres nt stud vvere OWEVEr, (N general a %mentW| those

ot ergra copo ymers btame y other Investigato
Equilibrium Swelling Measurements in Different Solvents

rure6|llustratsthe uilibrium svvelllngof e collage qun -PMMA and
|a0en-PMA H ers 1N a Series fsove S C pnﬁln esters,
eton an ch anat r%c rhons.  The equiliprium svve? LgS

S0 }nt OwWer ftnction

agamstt ? ara et IS
th Horent vents use [h eneral shape”of the curves.is simila
10 that o cves obained Wi other pes of graft copolymers. 23
CONCLUSIONS

ne dlffereBt lmea f evidence obtalned this st UdPl indicate that the
C0 oymers obtaine E ceric ion-Ini ated reg-radica enzangn of

Bﬁ e .0 e dte notIO #Cal MIXUUres Ora 96“8?”VKS8

olymer.  Indications cts are tru
g l}/ g]n(lmetne tltratlon thaV| o e grafts, t rgeneral avior

|n|t| ans é) (fontr cll
|n Ot er S vents rea y e(ﬁ) T\ ’ﬁr
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with respect to swelling in differ nts vents, the intrinsic viscosity of th
coHoI m%rs In |xedI oqvents (? edetectlono tﬂ %%’ ?ﬁo ac@

S in the 150 ated rafts, cenc 10N methodo (%a vin
In om sonto varlous Sunstrate |s %nto have the a antaetht
tt e 0r no homopo nP gml epresent stud rlatte

1S for
50 made to re ? jocclu gand Pﬂoseg bound ho og \Mers by ex-
EaustNﬁ and pro onﬁC xtraction wit erthcenatlpgr 1[gnate olvents foE ?

et ap arent n sho in Table
aG Vb

drolysis of the ﬁtrg rotl? t§0?§ eeect |crosco IC"stu
coI gﬁ)nlsp ﬁtra thin sections orf] mmls arc reported In
gno ther papegunder pub?%ano

This research has been financed in gar by a grant made by the U.S. Department of
Agriculture, Agricultural Research Service, under PL-480. Grateful acknowledge-
men{s are made to Prof. Dr. M. Santappa for his valuable suggestions and encourage-
men

This paRAer is taken in part from the doctoral thesis of K.P.R. submitted to the Uni-
versity of Madras, 1970,
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Gdlirg o Mihyt Mteanyiatead
lts Canatinves ato Baod

KUNIHARU KOJIV(\{IA?]eSUSUlUU IWﬁBlrJ]CHI KOICHI KQJIMA,

ent C% pIre rstr%2 acu n errné; Chiba Universy
a0I-C H
Ins? fute, or drca an Den (En rneerrn% To{yo Merjrcha/k&and Deﬁ%l
University, Kanda- Surugadar CHiyoda-t, Tokyo, Japan

Synopsis

Thetgraftrng of vinyl monomers b% tri-n-butylborane to blood has been investigated.
The infrared spectra indicated that the monomers were grafted onto blood comﬂonents
The grafting seems to occur onto blood proteins, marnIY onto hemoglobin. The pres-
ence of water was essential to the grafting. The hydrolysis of the graft suggests that
basic amino acids in the blood proteins, such as lysine and histidine, play an important
role in the grafting.

INTRODUCTION

ince the Ufe of alkylboranes, as the initi %ors for the gol merrzaéron of
or mar l) 0no erswas rst re ort Furuka et al Tand Inde-
en enfl esnr ov et ah, m urctr ns on t ea Ioraner
ors veape ?Fure ngicated t ato en acce ratedt
rr atro ace te trret rane an tsma m unt
co andwte re e ectr Ve aS CO atags(fs pFuru %neta oun

en an )8/ (ncont inin comép romoted the action 0
or ane com ’:?1 SN ﬁ aflon, 0 Vin acetat
Z vve [EpoIe rrdr € tS errvatrves ga%e eoiatg

rce
ects’on the po errzat meth ar: g/\ tri-n-
utylh rane BuyB 0 We aso esc Ybed th copolymerization of
A g % na ura and snt etrc ers
On the. of e{ 8 aut IS have errsudre on the
Pres rvatio bI Pr rc tﬁeajtmen uzu |et aI trled 1o p
e lood g reaction ewr hemoglobin.  Kon 01) %
tat oo can e sta |I|ze yencosrng or “wrapping” 1t wit
C0 ra \9

elatin
tried 10 dev Io a\new method for the r\ greservatron of bgood b,}’
an egra viny Prﬁmers nto the |
are s%ctraot ceéone insolu epro uct in catedt at the monomers
afted onto blood com onent% %ra rng seems to occHr onto
dproteins, mainly onto hemoglobin. It S intergsting to note that the

213
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H roge eroxide geco osm qhomdatton -reduction erttes of
ob|

St Gfour reeentvark. ange The:present paper cescr el O
EXPERIMENTAL
Materials
it e twtﬁ?ns t%”eat'dt%tegf (?3@%2 i St,tas

t%ttttt S ttgt W oo o DTSl
t

was allowed to stand over lica efover Nl t
g el{gdC End dlstﬁf(? In a nitrogen atmos rttere Uncler reduced press[gtre

Tr|n It)n ane” (BuB).  Commercial Bu® (Callery Chemical Co,
US Was urtJ H tlt_t( vac)thum (rttt]srptﬂatﬁm un er( rﬁtrogen aimosphere;
rf X 0 mm e purity was determined by’ gas chromatog-

o?fo u0r|n Pts 80 3(%nettts Healthy and fr sh rat d v&a tts
e t

W | saI nus) ustbeoe semagasstu H
etwetw arl so ution to prevent co ?tlon Drte
o are rom lood qf & H(? stein cow 0V Tregze- rymg
mmer |a 00iN cattle hemin, and hematoporphyrin were Uséd

W|th0ut urther tr atment

Grafting Procedure
mixture ef 10 ml of |sotoE|c NaCl soluti ﬂn and 2.ml of 5% he arlit

tOttlgrtv\évsasegd%Fglhf B s tube wit acaPacK)(ofaout

Ixture or M
oured init._Then, t tﬁass tubewassﬁa e mathermostatte shaktn
g ar?tu? at 37°C. 1

e ﬁ%t%‘t%tttté oo erett st d”tttt"tttttat”tﬁ
and drte In vacUo to_copstant weight, . The pre Itate Was
ext te W|t acetone In a Soxhlet extr or for . acetone-

extractwasr Initateq with met no to yjeld the ho oI mer,
r|e 0 3§§%tone IS Iu res| ue the ?ra d e homopolymer were

In vacuo to constant weights

Calculations

The total conversion, the percentage of grafting and the efficiency of
grafting were czﬂculated Aot Ing for o O e y
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W'ht f PMMA qrafted
et Omol\/\n%rae I+ I

Total conversion = We|ght of MNIA charged |

Percenta %e of Weight of PMMA grafted I
graftin Weight of MMA charged |

Efﬂm%n% of Weight of PMMA grafted I

graftl Wei ts fPMN| geraﬁed I+ |l
omopo

whe? | denotes weight of Mlvlﬁ %}ar | dgwotes weight of aceté)ne -in-
solu[%ec mponentr% S weight 0 %hd blood components; 11 denotes
WeIgt of acetone-solu ecomgonent omopolymer?

Spectral Measurements

The mfrared spectra were recorded on a Hitachi Model EPI-G2 spec-
trophotometer.

RESULTS AND DISCUSSION
Grafting of MMA onto Blood

n order to investigate w therMMAcuIdbe rafted anto hlgod, the

pr%l meﬁfattmn ofe Wﬁ rgo 00d Was carr?ed out %ﬁ vaﬁous ?n?%a tors.
resu are |ven In Taole

\/Knt {JO mer|zat|o sm| te% b¥tebenzo PEroxi ed;f

met Tl Ie system BP the total conversion an eﬁ

ficiercy of grafting were 21.4% an 02 h, respecnvey vvhlle those for t

_ TABLE |
Grafting of Methyl Methacrylate onto Blood*

Welght Weight Percent-  Effi-

Re- of age  ciency

N ac- homo graft ~ of of
Initiator ~ tion Total Conver- poly- pon graft- graft-

(BuB),  time, yield, sion,  mer, i ing,
Expt. ml hr " g % g g % Bg
2 0.2 1 174 108 048 108 05 4.8
3 0.2 2199 169 074 111 12 7.0
4 0.2 4 250 282 12 115 21 1.5
5 0.2 § 324 37 161 121 32 8.6
1 0.1 219 155 071 107 04 2.8
10 0.4 2 216 194 082 115 19 10.1
47 BPO/DMTb 5 237 217 102 106 0.05 0.2
mﬁu conditions:. MMA, 5ml: blood, 5ml: isotonic NaCl salution, 5ml: 37°C.
or cor%parlson with BPO/DMT, 05geac‘1 o?%enzoyl peroxide and dimethyl-p-

toluidine.
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Fig. 1. Infrared spectra of (/) PMMA; (I1) blood protein; (II1) graft polymer.

rrza jon by BuB we oa 6, TESPEC |ve is indi-
f b B 10.8% and 4.76% t Th di-
t mor erfective ont %Frn gthan B
etn rare ectao he acetone mso e com onent %Dt e copo rY
merrzatr(?n pro ts w%w% caracterrstrc sorptions at 17 and
eassr nabet Cz Ostretcrhrn% CH3—C

en ing, (ester €0 sret ectrve ince { (Pectrfa
how e same vvere not ounrlt Lrl se of the
met ano -INs0 qe c%(hg% he acetone nsoluble component

sooﬁtarne IS believed t ra oI mer

T de WOrk-Up Rroce ur co nau |s po sible th t the
bI Proternso be* enature enca su ePM omopo mer
extraction 0 ? mer wrth acF ge |s not possible. I, order .o
thést er was dissolved In MAmonomer miXe wrt

oo and worke UID out Bu:BaSLi?uaI No. |Hcre ‘n the erg
the athone rnsoltr]be comPonent Was bserved Wlh In the |r]mr ? erl-
mental error. IS experiment would indicate that no physical entrap-

mentrﬁ‘ eymer CC rre

n the polym |zat|0n the higher the taI conversron the
featervvast epercerrtarrr qra Ing.and ¢ |cre gra Ing, s Table 1
S0 shows; 1.2, an Increase Tn eformer resu {n an Increase |n e
atte nordisr to raise the to aI conversion, the Tol ovvrng are assu
ﬁ ective: onper reaction trm g er Initiator concéntration,
acknone- E mef’ concentration, rMMA concentratroq ad
reaction t Batur IncreasBF actrn gaerature coa Qwe er
exert unfavorable influences on blood, such as dehaturation of protein, and
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¥h|s seems 0 Re not sunab#e for the puuoose Th?0 effects of the fi Jst

our Items on J raftlrJ‘g Bontﬂ 00 Were studle
In order to determine rgrafg Vg d occur on garm control ex?en-
ments Were carrle out wit cl out heparl un ?te 1S Iclenti
Fon Itions.  Since thlerev\m% iterence In the total yield within the
h X en ental error, heparin was assumed to have'no effect on the
oratti qun er these condi |on
Reaction Time. F| ure ||ustra(s shthef?e enden eofthe total conver-
sjon, the percentage of grattin rafting on the reac-

Hon' e These al? i graéualy as tfte regctmn time_became

Reaction Time (hrs)

Fig. 2. Effects of reaction time on & ) total conversion; (») percentage of grafting;
() efficiency of grafting.

Ionrger Thds suggests éh t a considerable number of the active centers
formed as expecte €|ng
ImHator oneentrati h effects of th nitiator concentraﬂo%

e ra In are s ure, 3 e concentration._ran
WWo%nthe 00d solitio to 4mq ?Bu:B P%
ofthes t|o tota conv |o reached a max atacge}?
tr lon of or mor eperc nta eo {
C|enc once at|o ECame

a |n ease
he[ |s u{dcbe Inter rete ssuml gth ttea dition oF
S|e resut| tecon mtlono

re|n|t|at0 dsm re raft
A more me or m@an ance etweth erz1teo #oy
mer|zat|on and t ato grafting, |e No Increase in the total conversio
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(%)

Conversion
s s
L

Fig. 3. Effects of initiator concentration on (O) total conversion; (s) percentage of
grafting; (¢) efficiency of grafting.

=phieloroy o= CeaRbTen

oA o CoafRtting |-

Fig. 4. Effects of blood concentration on (O) total conversion; (3) percentage of graft-
ing; () efficiency.of grafting.
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Blood Concentration.  The dependenctes of the %raft da on the b#ood
B?nc ntration were studied in the range of 1-4 ml o[ er20mlo n
00 solut|o contammg epannqan |Sotonic NaCs ut|o The results
re| ustrate In Irga red | lncrease n the blood concentration,
e percentage of an ee ICI ney 0 ra Ing Were ops n/ed
cr ase arkab % ou% etta 0nve S|on eCrease
|swou meanthatt ert od concentration, Hae n%)r% rftln
Sites were ?rme du 9 oncentra 0
MMA are also expected to give |g ere aenueso gra Ing.

«©« = K
e ch@th=s S
e cha@iRiny

125 10 5 h2

Fig. 5. Effects of monomer concentration on (O) total conversion; (3) percentage of
grafting; (¢) efficiency of grafting.

MMA Concentration.  Fiqu re5;t)resents the effects of the monomer cen
centration on.the aan Eb(Yen he MIMA concentration.was ralsed;1

totaﬁ conversion v?as g ther to decre etFan {0 increase. T
seem {0 geviate mtefactt at the ate 0 oginenzatlon 1S gfro or-
tlona to the mon Fbconcentratlon In rP merization
monomers tna ora e|n| lators, ent el A tor congentrﬁnon |s
const nt. e he eVJat n can be explained by the idea that the
rate? raftln en spractlca not on t emnno er concentration but
rnaln on th Inftigtor c? ﬁentr tion aRdtgnoo concentration; smce

le concentration. of the MMA charoed far excesds those of Bu
and ood, an Increase In the MMA concenitration causes a decrease |nthe
total conversion,
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It is obvious froga hhe above assumption that the numerator becon]es
Imost constah)t and t a en the m nomfr concentration |s raised
enomlnator ecomes Targer and the total” conversion wall” recuce ac-

‘t |9 Ynterestm to note that water exerts a arked ﬂuence on te
n yapee ”ezatrla) no atef ﬂ%g ?eerrge\pvtaa ? 8ogtentm%|a tGh aene ero
g de o R mﬁh d

L 0 LA o n e St o it MV G o
Solvent Effects

The same gmf dure was repeated in he us Ior anic éolvents such as
chloroform, exan e ttra dro uran THF], toluene. T
resu fs ar || |n Ta e ercenta e 0 raftmg

|C|enc ]gHa megxwere servet cr ase te senceoc exa
nong dn (Ekpts 17and dition yr|d|ne and

TABLE I
Grafting of Methyl Methacrylate onto Blood in the Presence of Various Organic Solvents
and Additives”

Welght Wei1ght
0 Per-  Effi-
homo-  graft centa?e ciency of

Total Conver- poly-  poly- of graft- graft-
Solvents or yield, ~ sion,  mer,  mer, '“9 n

Expt. additives g 7 g 0 o?t
107 Tetrahydrofuranb 172 154 050 1.02 04 28
108 Cyclohexanoneb 155 118 037  1.06 13 109
109 Tolueneb 160 128 030 119 41 317
110 Chloroform*1 178 167 039 125 53 35
104 Pyridine0 502 859 212 257 336 301
105 Z-BuOOHO 482 816 22 216 248 304
103 Noned 252 325 089 129 62 191

“Grafting conditions: MMA, 5 ml; blood, 5 ml; isotonic Nafl solution, 10 ml;
BiiaB, 0.10 ml.
b5 mI solvents were mixed with MMA.

rt Isotomc NaCl solution, 15 ml.

erf-u I eroxice (¢-BUOOH) raised the percentage of grafting and the ef-
|C|enc ? ?hng <(ex and 10%)p §nce£1D 51&8 ?om eBB are
topomotete me zat|o of viny| com oun S| |t|ate ir-
es the cocat ectsoP an -BU Hmay eln r ete
n o ous However, 1t | snot clear the D rcen
the efficle 03/ increased nsglve § su Ioro cyc hex
anone were added (expts. 1
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Other Vinyl Monomers
ﬂ Wonomers than MMA re summarrzg rtﬁ/
C

e results with other vrng/
eIII The reactivity of t g onomers were In t eorger
th met cryIa met cry dte>a £>a
acr onrtre mté\ tat H{ Inc tqer rene nor
a ed onto Thrs act| drriates that arrtya
|||t emnmers |mportant roles In the gr fting.
resenceo ahydrop (ﬁ the monom r5,5ems 0. ] I

ese uId est att %raﬁrqpn%f

e reacti nto cur.
r-solfd blood cor-

COmpounas OU rOCEEa Via a comp nvo VIng Wa
ponents, and monomer.

, TABLE 1lI
Grafting of Vinyl Monomers onto Blood8

Weipht Weitght
0 Per-  Effi-
homo-  graft centa?e crenctrt of

, Total Conver- poly-  poly- of graft-  gra
Vinyl yield, sign,  ‘mer,  mer, in |

Expt.  monomersh g f% g 0 /q 5@

2l HEMA 561 849 014 546 823  96.9

29  GMA 426 566 066 340 437 78.0

21 Acrylamide 358 436 050 271 331 769

28 Acrylic acid 160 7.5 015 129 46 617

22 VAC 1.06 13 001 091 — —

2 AN 114 24 001 012 — —
26 VP 1.09 19 002 101 —

8Grafting conditions: blood 5ml; isotonic NaCl solution, 5 ml; Bu®, 0.2 ml;
37°C: 2hr’ monomer, 0.1 mole.

bHEMA: (2-hy droxy? therl methacrylate; GMA: glyeidyl methacrylate; VAc:
vinylacetate; AN acrylonitrile; VP: 4vrny|pyr|d|ne

Grafting of MMA onto Blood Cells and Blood Plasma
In order to investigate onto what component of blo F r%‘ted
g oop cells an

qus same R%Xnﬁrrz tion procegure agpgpl'ed

mixed with the same volume of an Isot nrcg
I0n contarnrngOOl/ eparin, temrxturewasse aratetjj |nt% e ahove

e L rraroaagggaatr R
%e raf}? gnar] rP onto ﬁrqe q fr alo orBrrn hiemrn
I 33 Hmj-Iem hB tnn§0berggeo obgrnE24 n¥ova‘
zxrt)ro n hor(revert argcer Wgrsce tgl eeof r asmaflere Iclen;
ot 204 J’ §t gr

U
rartin occdrr ato rrn |
gch Feg+ ang CH>= CH— roup [e remove rom emola I (expt.
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The inherent viscosities (rpnh) of the homopolymers which were obtained
by the reaction in the presence of hemoglobln, dried blood, hemin, and
hematoporphyrin, ablank were 0.96, 0.64, 0.43, 0.51, and 0.51, _resi)ectlvely.
Pittman reported that chain transfer to the vinyl groui) of vinylferrocene
occurred in the copolymerization of vinylferrocene.’4 Similarly, chain
transfer should be taken into consideration. However, these high vis-
cosity values could be explained better by assuming that, in addition to
chain transfer, both hemoglobin and Bu3 participated in the formation of
grafting sites.

Hydrolysis ol the Graft Polymer

The next problem was to determine onto whatparts of the methanol-in-
soluble component of blood the MMA was grafted. In order to clarify
this, the graft polymer was hydrolyzed to its simple amino acids. Since
some amino acids containing the ‘grafting sites are probably surrounded
with grafted PLVIMA the amounts of amino acids in the hydrolysis prod-
ucts are assumed to be quite less than those obtained from the methanol-
insoluble component of blood. Table V shows the hydrolysis products.
For purposes of comparison, the methanol-insoluble component of blood
was also hydrolyzed. The amounts of both histidine and lysine were
found to decrease markedly. This fact sug%ests that these hasic amino
acids play an important role in the grafting of MMA by Bu3 onto blood.

~ TABLEV
Amino acid analysis of hydrolysis products

Amino acid content, inole-%"

o Blood Graft
Amino acid protein polymer

Lysine 5.8
Histidine :
Arginine
Aspartic acid
Serine
Glutamic acid
Proline
Glycine
Alanine
Valine
Isolcucine
Leucine
Phenylalanine

°|Recorded on a Japan Electron Optics Laboratory Co. Model JLC-5AIl amino acid
analyser.
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Oxidation-Reduction Properties

Hemoglobin is known to be capable of promoting the decomposition of
hydrogen peroxide, ceric ammonium sulfate, benzoquinone, etc.1l The
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. TABLE VI _ _
Hydrogen Peroxide-Decomposing and Oxidation-Reduction Properties®
Reactivity ¥
Ceric o
Uydrogeii ammonium  Nitric Benzo-
peroxide sulfate acid quinoiie
Blood protein + + - +
Homopolymer - - - -
Graft polymer + + — +

“ Data of Kojima et al.1 ,
h + denotes oxidizable or reducible.

ésof the graft on the ec p03| jon vveremvest ated raftwas
ect|ve BVE, [)t less g]

nce ont 05|t ont an hemo ? B Th|sc eethlamed

3 er?asemtea ty to water; 1t would be

rophilic monomer

We are indebted to Dr. Yoshitaka OGAWA, Japan Electron Optics Laboratory Co.,
for the amino acid analyses.

improved by grafting ah
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Synopsis

p-Aminobenzoic acid and formaldehyde were condensed in the presence of acid cata-
lyst. The linear condensation polymer thus obtained was then separated into four frac-
tions b}/ a fractional precipitation method. Conductometric titrations were carried
out on these four polymer fractions and the con?lomerate in nonaqueous solvents with
acid as well as base. The titration curves indicated a large number of additional breaks
before the complete neutralization of COOH or NH2groups. These observations have
been interpreted in terms of degree of polymerization and the structure of the polymer.
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Experimental
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Fig. 1. Conductometric titration curves of p-aminobenzoic acid-formaldehyde con-
densates in gyrldme with tetramethylammonlum hydroxide: (1) conglomerate; (2)
fraction I; (3] fraction 2; (4) fraction’3; (5) fraction 4.
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dg 2. Conductometric titration curves of p-aminobenzoic acid-formaldehyde
con ensates in acetic acid-formic acid mixture with perchloric acid: (1) conglomerate;
2) fraction 1; (3) fraction 2; (4) fraction 3; (5) fraction 4.
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ing amount of base added at the smallest interval for the same fraction.
This coincidence has been observed in the titration curves of all four frac-
tions of the polymer.. This result is to be expected, since each repeat unit
of the polymer contains a NH2and a COOH group. It is evident that the
coincidence does not refer to the amount of acid or base added at the first,
second, or third break in the titration curve for a particular fraction. Non-
coincidence of values at the various breaks is expected, in view of the fact
that medium of titration was different in the two cases. The resolution
of a polybasic acid depends on a number of factors, e.g., dielectric constant
of the solvent, its solvating power, its acidic or basic character, the chain
conformation of the polymer molecule in the solvent, extent of ion-pair
formation, etc.  Thus it'is obvious some functional groups may merge in
one medium, whereas the same functional groups may neutralize inde-
pendent Iyrm another medium. ~ This was actually observed in the titration
curves. The point of interest is that the smallest interval for a particular
fraction is constant irrespective of whether it is titrated with acid or with
a base. All other breaks in the titration curve for a given fraction are
simple multiples of this smallest interval. These observations are sum-
marized in Table |. _ _
The fact that some of the COOH and NIL groups are neutralized earlier
than others in the same polymer molecule indicates that they have a
stronger acid or basic character. In the case of the 0,0-dihydroxydiphenyl-
methane IErpe of polynuclear compounds, the hyperacid character of some
of the OH groups in the molecule has been attributed to intramolecular
hydrogen bond formation between nelqhborlng OH %roups.4r6
s I|keIP/ that a similar type of intramolecular hydrogen bond forma-
tion may also take place between neighboring COCH qrouE)s as well as
between adg,acent N Zgnro%)s. As aresult of intramolecular hydrogen
bond formation, some of the COOH and NH2groups in the chain may aguire
enhanced acid or basic character. The number of carboxyl (or”amino)
groups Ilkel?/ to be involved in a particular hxdrogen bond bridge in the
polymer molecule deloends to a large extent on the orientation of that partic-
ular molecule in solution. Since in case of palynuclear phenolic. com-
pounds, it was observed that enhancement of acidity of OH group is_pro-
Portlonal_to the length of the hydrogen bond bridge,4 therefore, it is likely
hat acidity and basicity of COOH and NIL grou 5 should also depend on
the Ienlgth of the intramolecular hydrogen bond bridges in the polymer
molecules.  As is result of such hydrogen bond formation, various types of
anions or cations are expected to conjugate with the corresponding un-
dissociated acid or base and give rise to a series of acid-anion or hase-cation
complexes. Perhaps, the degrees of dissociation of such complexes are
different,_and hence they are likely to be neutralized in distinct steps.
Kolthoff7-9 and his co-workers have shown recently that such homoconjuga-
tion does take place in a medium of low diglectric constant.
~An important aspect of these studies is that it provides an apparently
simple method of calculating the degree of polymerization (D Eof the
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various tractlons_seParated from a linear POl mer. Assuming that the
smallest interval in the titration curve would be one in which each chain
contributes only one COOH group, the average degree of polymerization
can be calculated by dividing the total quantity of base (in” milliequiv-
alents/100 g of polymer) to the final break in the titration curve by the
amount added during the shortest interval.  The average DP of fraction I,
for instance, should e equal to 671/50 = 134. The product of average
DP and the formula weight (149) of the repeat unit, should give the aver-
age molecular weight of the condensate. 'The average molecular weight
referred to is likely to be a number-average value, because the number of
polymer chains will matter in such calculations and not their weight,
able | shows the amounts of base or acid which corresE)ond to the vari-
ous breaks in the titration curves, smallest interval between successive
breaks for the various fractions, and their average molecular we;ghts_. _
The assumption on which DP is calculated would be invalid, firstly, if
some of the chains did not contribute any COOH group during the shortest
interval, and secondly if some chains Were to contribute more than one
COOH group durln_% IS interval.  Since this particular polymeric system
could be titrated with a base as well as with an acid, it provides additional
evidence about the authenticity of the various breaks, and also of the
amounts of acid or base added at the various steps. Apart from this, the
validity of the titrimetric method has been checked from the study of
polynuclear compounds of known molecular weights. Some oligomeric
compounds of the type I11

have been prepared by stepwise synthesis, which gives a homogeneous
system of known moleCular weight.”  These molecular WeI%htS have been
compared by titrimetric methods and found to be in excellent agreement.6'0

Thus nonaqueous titrations may provide a rapid and convenient method
for determining the average degree of polymerization of condensation
polymers having acidic or basic functional groups.
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Synthesis and Characterization of Some Trithiols

C.  G. OVERBERGER* and I. SCHEINFELD f Dyartert of
Creistry; Riytechric Irgtitute of Brodkdyn, Brackyn, New Yark 11200

Synopsis

The preparation of 1,3,5-pentanetrithiol is described to provide model systems for
poly (vinyl Mercaptan). In addition, the preparation and identification of the three
stereoisomers of 2,4,6-heptanetriol are reported as models for isotactic, syndiotaetic, and
heterotactic poly(vinyl mercaptan).

The discoveries by Patt et al.land by Ephrat2 that cysteine and gluta-
thione, respectively, provided protection against the bIO|0?IC&||y deletérious
effects of x-rays, Rave provided, stimuli for the study of the synthesis and
oxidation of mercaptans. Earlier publications3-9 described the syntheses
of a variety of mono- and polyfunctional mercaptans prepared for the
investigation of the effects of strictural variations on the rate of mercaptan
oxidation. As part of this work, the stereoisomers of vicinal dithiols were
synthesized,8and nesoand racemic 2,4-pentanedithiol were also separated
and identified9 to study the effects of configuration on oxidation rates,
As a continuation of this study, this paper describes the preparation of
1.35- pentanetrithiol and thesynthesis, _seParatlon, and Identification of
the three stereoisomers of 2,4,6-heptanetrithiol,

The fact that the rate of oxidation of dithiols was found to be greater
than the rate of oxidation of monothiols ha been attributed to a proximity
effect.4 This sug?ested, that the ease of formation of cyclic disulfide
§stable or unstable) might be correlated with oxidation ‘rate. It was
urther reported that poly(vmgl, mercaptan) was oxidized much faster
than its model, 24-pentanedithiol. The relatively fast rate for the
polymer was attributed partly to the fact that a single thiol group of the
polemer_has two nearest neighbors, although this may not be the complete
explanation. In part, to test this hypothesis, the sxnthesm of trithiols
was undertaken. * In addition, 2,4,0-tri-substituted heptanes have been
used as_ model compounds for the investigation of physical and chemical
grogertles of vinyl pIPImers.l(}lz Isotactic, syndiotaetic, and heterotactic

4.5- heptane-trithiol can be used as models for the oxidation of isotactic,
syndiotaetic and heterotactic poly(vinyl mercaptan), and their high

*Present address: Department of Chemistry and the Macromolecular Research
Center, The University of Michigan, Ann Arbor, Michigan 48104.
t Present address: Sloan Kettering Institute, Rye, New York, 10580.
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resolution nuclear maPnetic resonance (NMR) spectra may enable a
determination of the polymer tacticity.

RESULTS AND DISCUSSION

Preparation of Trithiols

The scheme adopted for the preparation of the trithiols is outlined in
egs. (1) and (2).

H

. "'?ﬁﬁ%c R-GH-CH-CH-CH-CH-R 0
Bt a Ef ’

1 ,Uidfy-
b mémm - R—S:—O—(—G—I—G—l—G-I—R &)
o I%Hb 4
13,

The precursor of 1,3,5-pentanetrithiol, tetrahydroPyranoI-4 (la), was
Frepared via the Prins reaction by using 3-buten-I-ol ‘and formaldehyde.
t was found that less charrln% resulted” when an ion-exchange resin ‘was
used as the catalyst instead of sulfuric acid, as in earlier syntheses.13%
Proof of the pyranol structure was established by independent synthesis.

2,6-D|meth¥Ipyrone-4 w,as_catalgtlc_ally hYdrogﬁnated to provide the
precursor of the heptanetrithiol, 2,6-diméthyltetrahydropyranol-4 (Ib).

Separation and Characterization of the Stereoisomers of
2,4,6-Heptanetrithiol

Complete separation of 2,4,6-heptanetrithiol isomers was achieved via
vapor-phase chromatography (VPC) of the product mixture.

Nuclear Magnetic Resonance Spectra

The G Mc/sec NMR spectra of the thiols in Silanor-C (deuterated
(ihéoroform containing 1% tetramethylsilane v/v) are given in Figures

Isomer | (Syndiotactic 2,4 6-He{)/tanetrithi09. The NMR,sPectrum
of the first pure isomer eluted by VPC showed the central thiol proton
as a doublet SL.30 (one peak obscured, J = 8 cps), thelmethrl rotons as
a doublet 81.39 (/ = 6.6 cps) and a third doublet, assignable to the end
thiol protons, at 8147 (/ = 7 ¢cps). The methylene R_rotons showed a
triplet with the central peak split at 8169. The methinyl protons ap-
peared as a complex multiplot at &.27 (see Fig. 1).
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This isomer was identified as the syndiotactic 2,4,6-heptane-trithiol
because it was found to have the simplest spin-spin interaction profile in
the methylene ,re(ilon of the three isomers.  This was to be expected for the
most symmetrical structure. In addition, this profile (triplet with center
geak split) is similar to that obtained bx{ Overberger and Kurtz9for racemic
2 4-pentanedithiol.  Also, Bovey et al,bstate, . . . one expects that,
in syndiotactic polymers (and in _sYndlotactlc sequences in random poI}/-
mers), the methylene protons will appear as a ‘triplet’ havm? a sphit
center peak . ..” * Finally, the relative chemical shift of the methyl protons
Is consistent with the deneralization proposed by Ritchey and Knoll,
that the relatively low field resonance lines of methzl protons (as compared
with the isotactic isomer), are attributable to the S){ndlotactlc Isomer,
where the functional group causes a deshielding effect. This effect was
explained on the basis of anisotropy of a functional group in the polymer
affecting protons on the neighboring carbons..

Isomér |l (Heterotactic' 2,4,6-Heptanetrithiol). The NMR sgectrum
of isomer 11 was the most complicated of the spectra that were obtained.
|t showed three different types of thiol protons which appeared as doublets
5 1.33 (central, J = 7.7 cps), 145 (end, 3 = 7.0 cps), and 1.49 (end,
J = 6.0 cps). One peak of each of these doublets was obscured. The
methyl protons showed two doublets, one at 81.34 @ =6.5 cps) and the
other'at 81.39 @ =6.5 cps). The remainder of the spectrum consisted
of two complex envelopes, one at 5 1.78, due to the methylene protons,
and the other 83.18 due to the methine protons (see Flg. 2). o

This isomer was identified as the heterotactic 2,4,6-heptane-trithiol.
The heterotactic isomer may_be considered to be a combination of the
s¥nd|0tact|c and the isotactic isomers, This would explain the complexity
of the spectrum in the methylene region, the aPpearance of three doublefs
for the thiol protons (whergas only two doublets appear for each of the
other |somers;), and two doublets for the methyl protons %a,s compared to
one doublet for the other two |somersl). The chemical shift for the low
field doublet coincides with the methyl proton doublet of the syndiotactic
isomer, 81.39, and the hlqher field pair with that of the isotactic isomer,
8134 In addition, in all cases reported in the literature where vapor
phase chromatogra h¥_ was used to separate trisubstituted heptane
Isomers, the hetérotactic isomers always appeared second,17-19 Finally,
this isomer was found to be the largest component of the isomer mixture
as determined by vpc analysis. If the configuration of each potentially
asymmetric center is determined in a random way, then the heterotactic
component would be expected to predominate. 1819
_ Isomer 111 (Isotactic 2,4,6-Heptanetrithiol). The NMR_spectrum of
isomer 111 shows the methyl group as a doublet at 81.34 (J = 6.5 cps).
The thiol protons show two doublets, one at 81.35 (central, one peak ob-
scured, J = 7.5 cps), and the other at 8154 (end, J = 6.5 cps). The rest
of the spectrum was composed of two complex multlflets, one at 81.82
assignable to the methylene protons, the other at S3.11 due to the methine
profons (See Fig. 3).



This was based on the relatively hlﬁh chemical shift of the methyl
protons (as this isomer was assigned as the isotactic 2.4,6-he tanetrlthlolg
Also, Overberger and Kurtz,9using the same YPC column, found that the
meso-2,4-pentanedithiol had a longer retention time than, the racemic
isomer.  The syndiotactic trimer is analogous to the racemic dimer, and
the isotactic trimer is comparable to the nesodimer.8

EXPERIMENTAL

Telrahydropyranol-4(1a)

3-Buten-I-ol was prepared by the Selective dehydration of 1,3-butanediol
with p-toluenesulfonic acid according to the method of Birch and MeAllan.2)

Earlier proceduresi3% were modified. 3-Buten-l-ol, 36 g (0.5 mole),
a(&Jeous formaldehyde (40% b _vqumeg, 37 ml (05 mole? and Rexvn
AG 50 (H) resin, 40 g, were combined and heated at reflux for 15 hr.  The
resultln% mixture was filtered, neutralized with saturated agueous sodium
carhonate, and extracted with ether. The ether extracts were dried over
sodium sulfate. The oil obtained after removal of the drying agent and
solvent, was distilled to yield 20 g (39%% of a liquid; bp 97°C, 25 mm;
r§ 14595 (lit.13%bp 97°C/25 mm; " ri™1.4606). ,

To make certain that the structure of the condensation product was
correct, an alternative synthesis was undertaken..

Chelidonic acid (4-pyrone-2,6-dicarboxylic acid) was decarboxylated to
y-pyrone according to‘the method of Heuber?er and Owen,Z by heating
at 250-260°C in 10- batches in the Presenceo copper powder and pumice.
y-Pyrone, 2 gpdlssolved in 200 ml of ethanol, was catal(}/tlcall_ hydro-
genated in a Parr ag) aratus in the presence of 5 fgl of 5% platinum on
carbon for 24 hr at 55°C.  The mixture was then filtered and dried over
potassium carbonate. - The qil obtained after removal of the drying agent
and solvent, was distilled, bp 95°C/25 mm.  The NMR and infrared sPe_ctra
of the compound obtained in this manner were identical to those obtained
from the condensation of 3-buten-I-ol and formaldehyde.

|,3,5-Pentanetribromide(l1a)

The method of Paul and Tchelitcheff2 was modified. Tetrahydro-
pYranoI,-4, 51 g (0.2 mole), dissolved in 100 ml of glacial acetic acid, was
placed in'a 250-ml round-bottomed three-necked flask fitted with a gas-
Inlet tube, a thermometer, a reflux condenser, and a magnetic stirring
bar, Hydrogen bromide gas was allowed to pass _thtoulgh the solution
while the temperature was maintained at 100°C, initially with cooling
then with heating.  After 20 hr, ice was added, the solution was neutralized
with a saturated, aolueous solution of potassium bicarbonate and extracted
with ether. The ether extracts were dried over calcium chloride. The
oil obtained after filtering the solution and evaporating the solvent was
distilled, bp 139°C/16 mm. The distillate was colored and was therefore
eluted with cyclohexane from a column packed with acid alumina. The
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eluent was evaporated and the residual oil was distilled from hydroquinone,
){leldlng 90.4 gbf090/3') of a colorless liquid; bp 135-137°C/15 mm; n*

. 5580 (lit.2°op 134-136°C/14 mm; rry1.5581). The compound showed
onII one peak “PO” VPC analysis performed on a Perkin-Elmer Model
154D Vapor Fractometer.

1,3,5-Pentanetrithiol (Ilia)

The method of Cossar et al.Z3 for the preparation of mono- and dithiols
was applied to the preparation of trithiols. A mixture of 100 ml of tri-
ethylene glycol and 63 g (0.825 mole) of thiourea was stirred in a 250-ml
three-necked round-bottomed flask equipped with a thermometer, avented
dropping funnel (by means of which nitrogen gas was passed through
the system), a V(ljgreux distilling column having @ variable take-off head
affixed to 1t, and a magnetic stlrrln? bar. The pot temperature was
raised to 75°C, and 77.3 ¢ (0.25 mole) of 1,3 5-pentanetribromide was
added dropwise. The temperature was kept below 130°C. After the
solution became homogeneous, the reaction was allowed to proceed for an
additional 15 min. _Tetraethylene-pentamine, 142 g (0.75 mole), was then
added dropwise. The reaction was exothermic. ~After the addition of
amine, was completed, the. ﬁroduct was vacuum-distilled at 1 mm Hg.
The distillate was eluted with ether from a column of acid alumina. The
eluent was evaporated, and the residual viscous oil was distilled to give
24.9 ¢ (59%) or a yellow liquid; bp 101-103°C/0.6 mm. _ _

A solution of the yellow-colored trithiol, 16.8 g (0.1 mole), dissolved in
50 ml of ether was added dropwise to 5.7 Aq (0.2 mole) of lithium aluminum
hydride suspended_in 100 ml of ether.  After heatmg at reflux for 2.5 hr,
e water was cautlousl)( added. The solution was then carefully neutral-
ized with 6N hydrochloric acid and extracted with ether. The ether
extracts were dried over sodium sulfate. The oil obtained after filterin
the solution and eva oratln% the solvent was distilled to glve 10.6 % @3.500
recovery) of a liquid; bp 110-111°C/L.8 mm; 15737 d& 1.1415 glcc.
Infrared analysis showed mercaptan absorption at 3.93

Anal. Calcd for 0,35.70%; IT, 7.20%; 8,57.10%,. Found: 0, 35.85%;
[1, 7.06%: S, 57.08%..

A derivative was prepared by the reaction of the product with phenyl
Isocyanate in the fresence of pyridine.  To asolution of 0.503 é; §3 mmole)
of trithiol in 1.422 g (11.9 mmole) phenylisocyanate was added 3 drops of
dry J)yrldme. The mixture was heated on a $team bath for 30 min. “The
proquct, 1,35-pentane trithiocarbanilate, was filtered, washed with
methanol and recrystallized from ethyl acetate.

Anal. Calcd for C-MIaNASs: C, 59.40%; TT, 5.18%; N, 7.99%; S, 18.30%.
Found: C, 59.42,59.27%; H, 5.30, 5.26%; N, 7.90, 7.87%; 8, 18.40, 18.34%.

It is to be noted that although the Product was treated with lithium
aluminum hydride to reduce any disulfide present, in this work, such



321

measures may  be unnecessary because of the effectiveness of the gas
chromatographic separation.

2,6-Dimethyltetrahydropyranol-4(1b)

2.6-  Dimethylpyrone-4 was prepared according to the method of King,
et al. by the acid-catalyzed hydrolysis of dehydroacétic acid.

2.6- ~ Dimethylpyrone-4, 24.8 ¢ (0.2 molei, dissolved in 200 ml of absolute
ethanol, was hydrogénated in the presence of 6 g of 5% platinum on carbon
in a Parr apparatus at 55°C for 24 hr.  The work-up was similar to that
described by Borsche and Frank,& i.e., 60 % of ammonium sulfate was
added and the resultln%solutlon was filtered through Celite. The filtrate
was extracted with ether and dried over potassium carbonate. After
removal of the drying agent and solvent, the remaining liquid was dis-
tilled to Cg}lve 23.6 7 (91%) of a colorless liquid; bp 10£°C/30 mm (lit.5
bp 102°C/30 mm).

2,4,6-Heptanetribromide (lib)

2,6-Dimethyltetrahydropyranol-4, 40 g (0.3 mole), was dissolved in
80 ml of glacial acefic acid and treated as described for 1,3 5-pentane-
tribromide. A brown oil_with a_boiling point range of 103°C/14 mm
(113°C/0.8 mm) was_obtained which was eluted with cyclohexane from a
column of acid alumina. The eluent was evaporated and distilled from
hydlr%%lznonc to give 22.5 g (22%) of a colorless liquid; bp 117°C/4 mm;
n'o 1.5272.

Anal. Calcd for CHIBr3 C, 24.95%: It, 3.89%; Br, 71.15%. Found: C,
25.15%: 11, 3.97%: Br, 71.12%.

2,4,6-Heptanetrithiol (IHb)

,Tetra_eth}/Iene glycol (25 ml) and 16.75 g (0.22 mole) of thiourea was
stirred in the apparatus described in the” synthesis of Ilia. The pot
temperature was raised to 75°C and 22.5 g (0.067 mole) of 2,4,6-heptane-
tribromidc was added dropwise. The temperature was maintained at
75-80°C during the course of the addition. After the addition of the
tribromide was completed, external heat was aPplled until the temperature
reached 125°C, when an exotherm caused the temperature to reach 150°C.
The resulting solution was_homogeneous. The reaction was allowed to
roceed for an additional 15 min.” Tetraethylenepentamine, 18.2 g, was
hen added dropwise. The work-up was performed as described for Ha.
The product mixture was distilled at 0.5 mmHg. The distillate was eluted
with ether from a column of acid alumina. The eluent was evaporated
and distilled to (Inve 6.1 g of a yellow-colored liquid: bp 96-98°C/0.6 mm.

A solution of the yellow-colored trithiol, 2.5 g (0.013 mole?, dissolved in
10 ml of ether was added dropwise to a 0.58 g (0.02 mo e?, of lithium
aluminum hydride suspended in 15 ml of ether. The resul mq mixture
was heated at reflux for 2 hr, and then ice water was cautiously added.
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After careful neutralization with 6N hydrochloric acid, the solution was
extracted with ether and the extracts were dried over sodium sulfate.
After filtering the solution and evaporating the solvent, the residue was
distilled to give 0.93 g (37% recovery) of a colorless |I(%Uld; bp 82°C/0.3
3mgnz;1i 5318 Infrared analysis™ showed mercaptan absorption at

Anal. Calcd for C71,653: C, 42.80%; 11,8.21%; S, 49.08%. Found: 0, 43.05%;
H, 8.25%; S, 48.90%.

2,4,6-Hepanctrithiol was separated into its stereoisomers by means o>
Preparatlve_ vapor-phase chromato%laph)r. The apparatus used to achieve
he separation was an Aerograph Model A-700 (Wilkens Instrument and
Research). The column used was a 20 ft X 35 in. od aluminum column

acked with 20% by weight of ethylene glycol succinate on 00-80 mesh

hromosorb W. _ , o

Operational details of the separation were: carrier gas (helium) inlet
Pressure, 60 2p5|g' approximate flow rate, 60 cc/min; injection port
emperature, 259°C; _column temperature, 183°C;_detector black tempera-
ture, 245°C; and filament current, 150 mA. Portions of the mixture
(50 ¢d) were injected directly onto_the column at 52 min intervals and
collected in receivers cooled by a DrY, Ice-acetone mixture.  Retention
times for the isomers were:  svndiotactic, 121 min; heterotactic, 135 min;
and isotactic, 148 min. Five fractions were obtained, the second and the
fourth, being mixtures, were discarded. _

Each isomer was shown to be |somer|call¥ pure by analytical VPC on
an aluminum column 2 m x 6 mm od, containing diethyléne glycol suc-
cinate on Firebrick G. C. 22, 60-80 mesh. Operationial defails were:
carrier %as (helium) inlet Cpressure, 15 psig; flow rate, 4.4 cc/min; and
column temperature, 154°C.  Retention times for the isomers were: = syn-
diotactic, 25 min; heterotactic, 27.5 min; and isotactic, 29.5 min.

Final purification of the first two isomers was achieved on the Aero-
%raph by using @ 20 ft X 3s in. od aluminum column, packed with 20%

arhowax 20-M on 00-80 mesh DMCS-AW Chromosorb W.  Operatignal
details were:  carrier gas (helium) inlet pressure, 50 psig; approximate flow
rate, 135 cc/min, injection port temperature, 225°C: and detector block
temperature, 220°C. ™ Column temperatures and retention times are shown

inTable I.
TABLE |
Separation of Isomers
Column Retention
[somer temperature, °C time, min
Syndiotactic 200 1
Heterotactic 210 1

[sotactic 190 102
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Slight decomposition of the isotactic isomer was found to have occurred asa
result of injection onto the Carbowax column. The decomposition
products were removed by reinjection onto the ethylene glycol succinate
column under the conditions cited above.

Nuclear Magnetic Resonance Spectra

For the measurement of the NMR spectra, ca. 15% (w/v) solutions of
each of the stereqisomers of 2,4,6-heptanetrithiol in Silanor-C [deuterated
chloroform containing 1% tetrameth%lsnanq (viw)] were placed in 7-in,
micro NMR tubes; tube od, 0.195/0.196 in.; bore diameter, 15 mm;
cavity he\'ﬂ/ht’ 10 mm, cavity id, 0.166 in.; and base height 10 mm (sup-

lied ilmad Glass Co., Buena, N. J.). The spectra were run on a

arian Model A-60 analytical NMR spectrometer at 40°C.
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Crosslinking and Structural Changes
of Cellulose Fibers

G. V. NIKONQVICH and KH. U. USMANQV, Ressath Indtitute for
Ctton (Hldce Gramstry ad Tedrdayy, Tediat, USSR

Synapsis

The supermolecular structure of various cellulose fibers modified with crosslinking
reagents has been investigated by electron microscopy methods. The density, degree of
crystallinity (DC), and length changes in alkaline solutions were measured for the modi-
fied celluloses. The samples treated with monofunctional analogs of the crosslinking re-
agents as well as the fiber preparations containing linear and network polymer were also
investigated. Three main problems are sugFeste for the discussion : lethe general reg-
ularities of the structural changes in cellulose in the process of crosslinking; (2) the
specific features of the structural changes, as observed in different cellulose samples;
(3) the relation between the degree of modification, the type of modifying reagent, and the
structure of the erosslinked cellulose. The characteristic structural changes, i.e., the
increase in the thickness of fragments, the specific cogged edges, the increase In the lateral
dimensions of structural elements all seem to be most representative in native cellulose
fibers and are perfectl¥ well distinguished. ~ Similar changes are found in viscose fibers
but are less clearly defined. Crosslinking proceeds rather uniformly through the whole
of the fiber cross section. It appeared to be most evident, when the cross sections are
treated with solvents, or when etched in %aseous discharge. Only in cases when the mod-
ification is performed in nonaqueous solutions does the reaction proceed mainly in the
peripherial regions of the fiber. = In fibers subgected to strong swelling, crosslinking results
In a real increase in the lateral dimensions of the microfibrils, with the layer thicknesses
remaining the same. As a rule, the modification does not imply significant changes in
the fiber surface. ~The crystallite size decreases in the process of crosslinking. ~ This ap-
pears to be peculiar to viscose fibers, especially to those sub'Aected to crossllnking inthe
swollen state. The degree of crystallinity and density of the fibers decrease s ar?ly,
which seems to be esEeciaII evident in epichlorohydrin-modified slamﬁles.. Cellulose
structure remains unchanged when linear or network polémerforms in the fiber or when
the samples are treated with monofunctional reagents.  Changes in properties and struc-
ture of cellulose caused by crosslinking are most apparent if elongation of the fibers in
alkaline solution before and after the modification is compared.

INTRODUCTION

The supermolecular structure of cellulose modified with crosslinking re-
agDents has been studied by manY authors.1-7 Results achieved in”our
|aboratory led us to certain conclusions on the mechanism of cellulose
crosslmkm% on the supermolecular level. Experimental data and the
results of the mvestl_%atlons of the erosslinked cellulose and particularly of
avariety of viscose fibers are reported here.
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. Three main_problems suggested for the discussion: &1[)) general regulari-
ties characteristic of the structural changes in cellulose fibers in the process
of crosslinking; (2) specific peculiarities of the structural changes as de-
tected in different cellulose samples; (3) relation between the degrees of
modification, the nature of the modifying reagent, and the structure of the

crosslinked cellulose.

Materials and Methods

.Cellulose fibers modified with formaldehyde, dimethylolurea (DMU),
dimethylolthiourea (DMTU), dimethylolethylenurea (DMEM), acrolein,
diepoxy resin, epich orohlydrln (ECHY), cyanuric chloride, and some other
bifunctional reagents (all of them shown8-12 to crosslink with cellulose)
were used in the mvestl%atlons. _In addition, samples treated with analogs
of these compounds bu Bossessmg only one functional group, i.e., mono-
methylolthiourea {I\/JMT ), monomethylolurea (MMU), propylene oxide,
etc., and fibers containing linear and network polymers were studied.

Cotton cellulose, polynosic fibers, tire cords of different strength, viscose
and cuprammonium rayons were used. The supermolecular structure of
the modified samples was studied by means of various methods of electron
MiCroscopy.

The flk?eyr fragments, ultrathin sections, surface replica as well as crystal-
lites isolated b% hydrolysis were investigated. In all cases, additional in-
formation on the supermolecular structure of the samples was obtained. by
treatment with some solvents, both before and after sample preparation,
or by etchlng in gaseous discharge, The degree of crystallinity éD_C)
was estimated by method of x;ra¥ diffraction; "the density of the modified
fibers was meastired by a gradient column method..  The elongation of the
modified and untreatéd fibers at a constant load in alkaline Solution was

also_evaluated. More details of the methods used have been reported
earlier.12

Results and Discussion

Cellulosic materials subjected to treatment with bifunctional reagents
are characterized b,% a significant increase in. the fragment thickness and
by the absence of fibrillafion in ultrasonic disintegration. In addition, on
the fragments there appear certain cogged edges transverse to the long-
axis of the structural elements which are accompanied by formation of large
amounts of small chlppa/_ particles (Figs. Za,bg (These features on the elec-
tron micrographs are indicated by arrows.) For comparison see Figure la,
where a thin layer of untreated cotton Ccellulose with smooth and even
edges is shown. . o

hese char]?es are obviously the result of crosslinking Ezrod,uced by treat-
ment with bifunctional rea([;ents. The process of cross ,mkmgi must have
evidently begun in the most accessible regions.  For native cellulose prep-
arations, which possess distinct microfibrils and lamellar structure, the
regions of accessibility appeared to decrease in the following order: inter-
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Fig. 1. Fragmentation patterns of untreated fibers: (az).cotton; (6) tire cord; (c)
viscose rayon; (d)Polycot; () BX fiber; (/) tire cord subjected to 7 min hydrolysis.

layer, interlamellar, interfibrillar, and intrafibrillar areas. Crosslinking is
enhanced due to possible penetration of macromolecules and microfibrils
into the space between the structural elements (a kind of frm?e?.

_This is why the fra?ments are the thickest in native cellulose prepara-
tions in which the newly formed crosslinks between the layers and lamellag
make them interlock with each other. In viscose fibers, which are not
characterized by a so well developed fibrillar and layered structure, the
features of the ‘supermolecular structure seem to be less clearly distin-
quished. To a certain degree this inhibits objective interpretation of the
obtained experimental data. _

The most accessible in this case are the areas between the various types
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Fig. 2. Fragmentation patterns of the modified fibers: (the most characteristic
features of the structure are indicated by arrows): (a) cotton modified with CHZ;
(b) cotton modified with acrolien; ég) tire cord modified with DAIM (This is on the
same scale as the other parts of Fig. 2.); (cl) viscose rayon modified with CH>0;
(«) BX fiber modified with CH20; (/) Polycot modified with CHoO.

of molecular arrangement, i.e., the region between the tapelike bands and
fibrils, It must be'noted, that there eXists a wide range of types of molecu-
lar order within this or other fiber species. _ _

As has already been shown,Bin the disintegration of tire cords layers are
formed which are characterized by a poorly organized inner structure and
a considerable amount of structureless matter %Flg. 16). - After the modi-
fication, the thickness of the fragments increases and the amount of the
structureless matter becomes even less (Fig. 2c). It is evident, that in the
modification of tire cord, in which clearly observed boundaries separating



the structural elements and structureless matter are absent, crosslinking
Proceeds in the most loose areas as well as in the transitional zones between
hem, and the structureless matter seems to be crosslinked with the ordered
areas and the structural elements. N _

Actually, mlcro?hotogra hs of the disintegrated preparations show al-
most no Structureless matter. Even in the viscose and cuprammonium
rayon, samples, which contain the largest amounts of structuraIIP( un-
organized cellulose, one can detect some small amounts of crossfinked
material, as compared to the initial samples (Flgfs_, |c and 2d). Polynosic
fibers are characterized b’Y a somehow Dbetter defined fibrillar and layered
structure (Fig. 1d), 4 while the structure of the BX-type fibers might be
considered” a5 a System of layers, composed of tl%_tly packed micro-
fibrils with numerous small pores in them' (Fig. le).  Since after the cross-
I!nk|n1g there can be observed no distinct increase in the thickness of the
fiber fragments, one can suggest that the modification process Rro,ceeds
mainly on the_submlcroscowc pores walls and to a less degree in the inter-
layer zones (Fig. 2e). . In the polynosic rayons such as Polycat, H%/polan,
and Z-54 fibers, the interlayer crosslinking seems to be much befter de-
fined. This results in a significant increase in the thickness of the frag-
ments, accompanied by the formation of a large amount of “chippy” par-
ticles (Fig. 2/) as compared to the original samples (Fig. Id). The struc-
tural changes become especially evident when CFFO, DMM, DMEM, and
DMTM are used for the modification.

Thus, an increase in the lateral dimensions of the structural elements be-
comes ane of the most characteristic features of the process of crosslinking
in cellulose. . It is evident that layers, lamellae, and microfibrils, as they are,
retain their initial dimensions as observed in cellulose preparations prior to
the treatment. However, the formation of crosslinks between the struc-
tural elements results in the fact, that in many processes in which cellu-
lose Partlmpates, especially in_physico-mecharical processes, the Iar%est
structural units take part. ~ Celluldse fibers lose those properties character-
istic of the fibrillar structure when crosslinks are too numerous and behave
like a three-dimensional network. This brings about an abrupt increase
in the fiber brittleness, which causes them to break into small particles.

As a rule, the increased brittleness of the crosslinked viscose fibers is
attributable to the immobility of the accessible regions in the space between
stryctural elements.  In this sense, crosslinking affects the fibers structure
and properties as partial hydrolysis does when"the most accessible regions
become depol.ymerized and destroyed. This is why identical pictures are
observed in preEaratlons of disintegrated crosslinked cellulose and of hy-
drolyzed fibers (Fig, 1/). _ o

The “cogﬂed’,edges, which characterize the modified fiber fragments,
are the result of increased brittleness and unequal force distribution in the
disintegration of the crosslinked fibers. Generally, this is related to the
crosslinking in the lateral directions of the microfibrils and gther |ayer-form-
ing structural elements, which leads to the fact that the fibers show brittle
fractures as the natural weak points.
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~ The enlargement of the effective dimensions of the structural elements
is found in ultrathin cross and longitudinal sections. The “buttends”
dimensions of the structural elements increase ﬁthey are indicated by ar-
rows), and their number per unit cross-sectional area decreases marked|
compared to the untreated fibers (see FIHS. dand4). Asmight be expected,
this is seen most clearly in fibers which are characterized by well-defined
structural elements (native cellulose fibers, for example, Fig. 4a), and be-
comes less in the case of cross sections of viscose fibers ,EFlg_. 46). _

It must be noted, however, that the ultrathin longitudinal cross sections
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Fig. 4. Ultrathin sections of modified fibers: (a) cotton modified with acrolein; (6) viscose
rayon modified with DMM; (c) BX fiber (longitudinal section).

reveal some clearly distinct colgged edges similar to those of the crosslinked
fiber fragments ( IP' 4c, see for comparison also Fig. 3c). _On the cross
sections ‘tangentially arranged cracks can be observed.” These changes
can be considered as the result of the increased brittleness of the fibérs.
There was found ng polymerization products in the pores. _

.Up to now we discussed the apparent increase in the transverse dimen-
sions of the structural elements., ~Under certain conditions there appears
a real possibility of detecting an increase in the dimensions of the structural
elements and even of some changes in their mutual arrangement.  This is
observed when crosslinking proceeds at low temperatures and when cellu-



lose preparations have been subjected to strong swelling.  The fibers pre-
swollen in alkaline solutions and modified with" ECH or eyanuric chloride
are examples of such a process.5% The specific peculiarities of ECH
modification will be discussed later. =~ _

Let us now consider the reagent distribution in the crosslinked samples.
Examination of the_cross sections of the fibers pretreated with some sol-
vents and the investigation of how the solvent affects the fiber cross sections
indicate that crosslinking proceeds rather uniformly through the whole
fiber volume; its structural heterogeneity is certainly taken into considera-
tion.  This Is expressed in equal Cross-section etchln? on treatment with
solvents and in homo?enous, reduction of the degree of swelling_ across the
cross-sectional area of the fiber (Fig. 6a-e). Acomparison is given in the
mlcrophoto?raphs of cross sections unmodified fibers treated with solvents
and those of preswollen fibers (Fig. 5ad). It is clear that the unmodified
fibers swell markedly and the cross-sections dissolve almost completely
when treated with quaternar){ base. Homogenous etching of the cross
sections in gaseous dlschar(]Je also proves that the modification is uniform
in character (Fig. 73 9. Tt must be noted that the areas which remain
undestroyed become significantly larger than those of the untreated fibers.

Localization of reagents in peripherial areas of the fiber seem to be real

) ¢)

Fig. 5. Ultrathin sections of unmodified fibers, subjected to some treatment: (a)
cotton, cross section treated with a quaternary ammonia base (QAB?., low magnification;
c; cotton, cross section of the fiber preswollen in H® 04 low magnification; (c) same as

f
§6 ,high magnification; (@cotton crosssection of the fiber preswollen in QAB.
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Fig. 6. Ultrathin cross-section of the modified fibers subjected to some treatment:
(a) cotton modified with acrolein, cross section treated with QAB; (6) cotton modified
with DMM, cross section of the fiber preswollen in HPO4 low magnification; (c)same as
(b), high magnification; (d) cotton modified with DMM, cross section of fiber preswollen
in QAB; (e) cotton modified by DMM, cross section treated with QAB: (/) cotton
modified with acrolein, cross section treated with QAB.

only at low degrees of substitution under special nonaqueous conditions;
modification by acrolein in organic solvent (ethyl ether) is an example.
Treatment of Such a fiber with_quaternary ammonia base leads to dis-
solution of the internal part, while there remains a narrow ring of undis-
solved crosslinked cellulose (Fig. 6/3. o

Structural changes of cellulose depend on the nature of the crosslinking
reagent used and on the congitions under which crosslinking proceeds.
Redgents possessing symmetric molecules and equal functional groups
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(a) (b)

Fig. 7. Ultrathin cross section of viscose rayons subjected to gaseous discharge etching:
(a) unmodified; (b) DMM-modified sample.

which under certain conditions do not form large amounts of polymeriza-
tion products appear to be most effective in changing cellulose structure
and properties._ Formaldehyde, in the form of monohydrate CH2OH)2 is
one of them.  The above-mentioned structural changes are observed with
formaldehyde crosslinking when w_eltght ?alns are below 1%. On the
other hand, acrolein, which has different functional groups and ea3|l}/
forms homopolymers appears to be less effective. A weight gain of 10%
or more is necessary for significant changes in the structure and properties of
the acrolein-modified-fibers. _ _ o

As was aIread){ stated, ECH and cYanurlc chloride modification per-
formed on strongly swollen fibers reveals some specific features. Investi-
?ﬁtlons of the cross sections subjected to treatment with solvents show

at the process uniformly covers the whole of the fiber cross sections (Fig.
8a). However, the increase in the thickness of the fragments can be com-
pared to that of the unmodified fibers, Fra?ments which were isolated b
disintegration of native as well as of viscose fibers are rather thm_(Flg.C ,
thouah broad and defined b){_ certain cogged uneven edges (Fig. 8,
It follows that generally cross mkmg proceeds in the direction perpendicu-
lar to the long axis of the structural elements, while in the radial direction
those are separated by a considerable space, ascribed to strong swelling.

Infrared spectroscopy data and the results of chemical analysis; prove
that the fact of intramolecular addition of ECH occurring bifunctionally
cannot be excluded. 5 S o

When there is intensive modification within microfibrils, their width
multiplies many times (up to 400-500 A); .in addition, ﬂerIQdICIty with
intervals of about 650 A can be observed in cyanuric chloride-madified
cellulose preFaratlons (Fig. 8e). _ _

The results of investigations of epoxide-treated fibers appeared to be
quite unexpected: in the dls,lnteqrated products there are found numerous
articles of noncellulosic origin; also the fragments differ hardly at all from
hose of the untreated ceIIquse,(Fl%;. 9a). ~ Cross sections show a dense
and wide polymer layer clearly visible surrounding the fiber (Fig. 96). It
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Fig. 8. Structure of fibers subjected to crosslinking in the swollen state: (a) cotton
treated with ECH, cross section treated with QAB; (6) cotton treated with ECH, frag-
mentation pattern; (c) polycot treated with ECH, fraPmentatlon pattern; (d) cotton
treated with ECH, fragmentation pattern at high magnification.

is probable, that the resin does not penetrate the fiber due to its high molec-
ular weight, though, on its surface a homopolymer layer is formed.

Modification b¥ DMM, DMEM, and CHA virtially does not affect the
cellulose fiber surface (Fig. 11a). The surface structure elements of ECH-
mo?ll_fled(ls:ampllleg look smooth, which appears to be the result of marked
swelling (Fig. 116).

The gsurfglce _02 epoxide-treated fibers seems to be damaged. This is
caused by peeling off of the polymer layer, revealing strong_ adhesion to
the fiber in'the course of replication (Fig: 11c). The Changes in structural
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Fig. 9. Epoxide-treated fibers: (a) tire cord, fragmentation pattern; (6) tire cord cross
section.

@) o

Fig. 10. Surface of unmodified fibers: (a) BX fiber; (b) tire cord.

elements in the fiber surface become most evident when the modified fiber
preparations are compared to the untreated fibers (FI%. 10a?. _
he EJOSSIbIhty of crogslink formation in the most densely packed regions
of cellulose, i.e., crgsta,llltes, presents a very important problem.  Investi-
?atlons of chstalll es isolated by hydrolysis from the crosslinked cellulose
bers show that their average lengt agpears to be a bit smaller than that
of the untreated fibers, differing onIY y some 150-300 A in the case of
native cellulose preparations (Figs. 11a and and 12c). . The most obviqus
changes in crystallites are found in cellulose preparations modified with
ECH or treated with cyanuric chloride. The Ienﬁth of the crystallites
Is reduced two- to threefold in the case of native ceflulose and five- to six-
fold in viscose fiber preparations (Fig. 12d,€. This proves that the modi-
glng reagents ﬁosslbly penetrate into the crystallites, As a result, the
iménsions of the viscose fiber crystallites are reduced so much, that the
verEy term “crystallites” loses its meanln(r]. o _
Xperiments mvolvmq treatment of crystallites isolated from native
cellulose with CFFO, followed by estimation of their swelling capacity
prove the objectiveness of the possibility of modification. ,
The degree of crystallinity of crosslinked cellulose fibers was estimated by
x-ray diffraction methods according to Segal et al.77 It was found that in
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Fig. 11. Surface of modified fibers: (a) BX fiber modified with DMM; (b) BX fiber
modified with ECH; (c) tire cord treated with epoxide resin.

all cases the degree of crystallinity (DC)h,ls decreased after crosslinking.
This is especially evident for samplés with high weight gains (Table I). The
DC of ECH-madified samples was the least; which agrees with an abrupt,
decrease in their crystallite dimensions. _ o

The x-ray patterns of crosslinked preparations and mechanical mixtures
of cellulose with the co_rresPondlng homopol}/mers were investigated in
order to estimate the ratio of the intensities of crystalline and amorphous
scattering at =224 and 18°, and their reflect on'the evaluated DC. 8 It
is found that in some cases the decrease in DC is mainly connected with the
reduction of the intensity of the (002) reflection 5= 22.4°), while in other
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Fig. 12. Fiber crystallites: (a) cotton, untreated; (6) BX fiber, uEeSreated; (c) cotton

mot?\IfEi%jl-\lNith acrolein; @cotton modified with cyanuric chloride; (€)BX fiber modified
Wi .

cases it is caused by the increase in amorphous scattering at 6 = 18°.
The former is characteristic of the ECH-modified derivatives, while on the
(s)gr]r?rlgsand amorphous scattering greatly increases in the epoxide-treated

Eﬁec,tron microscopic investigations show_that diepoxide gfenerally
precipitates on the surface of the fibers. Thus, the x-ray ditfraction
method makes it possible to differentiate between a real DC decrease,
caused bg the cellulose structure modification, and an apparent decrease
attributable to screening of the scattering centers by polymerization

products. Moreover, x-ray data confirm the results of electron microscopic



M ODIFICATION OF CELLULOSE FIBERS 3259

TABLE |
DC of the Modified Fibers

DC, %
chd- DMM- ECH-
Cellulose sample Unmodified treated treated treated
Cotton 78.5 63.0 75.0 52.0
Polynosic fibei' A 53.0 50.0 49.0 32.5
Polynosic fiber B 62.0 61.0 61.0 38.0
Tire cord A 44.0 — 43.0 —
Tire cord B 60.0 39.0 42.0 —
Viscose rayon 41.0 - - 28.5
TABLE 11
Density of the Modified Fibers
Density, glcc
Cellulose - CHD- DMM- ECH-
sample Unmodified  treated treated treated
Cotton 1.5420 1.5380 1.5440 1.4195
Polynosic fiber A 1.5120 1.5100 1.5230 1.4885
Polynosic fiber B 1.5039 1.4995 1.5090 1.4620
Tire cord A 1.5175 1.5110 1.5240 1.4715
Tire cord B 15015 1.4955 1.5130 1.4655

investigations |nd|cat|n,% the possibility of cellulose crystallite modification.
Changes in the density of fibers on"'modification with CHZ) and DMM
are negllglble (Table 11)." Thereis a certain rise inthe density of the DMM-
treate Samples ascribed to homopolymer formation in the fiber, while
there Is an abrupt decrease in density after ECH modification. This is a
sign of a considerable loosening of the fiber structure. _
Changes in the properties of the modified fibers caused by their struc-
tural transformations can be cIearIY seen on relaxation and elongation
curves in alkaline solutions at constant loads (FI(i. 13).. The untreated
fibers are characterized by curves with an evident elongation. In all cases
the elongation drops sharply after crosslinking. Even viscose rayon,
which prior to the modification elqngates ra{gldly, almost c,omE)Ieter loses its
ability to elongate after crosslinking. The”changes in the properties
evidently result from the immobility ot structural elements after the cross-
linking.* It is interesting, that ECH-modified fibers retain considerable
elongation, which, thougi , 15 less than that of the untreated samples.
The comparison of the structural changes caused when cellulose is treated
with bifunctional reagents and their monofunctional analogs is also of
interest.  If in the first case the Structural changes are most evident, it is
difficult to detect any in the modified samples structure after cellulose has
reacted with MAIM,"MMTM, or propP/Iene oxide. The samples swell and
dissolve almost completely in the usual solvents for cellulose and after dis-
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Fig. 13. Changes in length of fibers (2% alkali): (1) viscose rayon; {2) tire cord A;
{3) tire cord B; (4) viscose rayon modified with CHA; (5) tire cord A modified with
CHZ); (6) tire cord A, modified with DAIM; (7) tire cord B modified with DMM; (8)
tire cord B treated with ECH.

@ ©)

Fig. 14. Fragmentation patterns of fibers (a) modified with monofunctional reagent
and (6) containing the network polymer: ~(a) cotton modified with MMTM; " (b)
cotton containing hexamethylenediamine-glycerine.

integration show fragmentation similar to that of the untreated fibers
(Fig. 14a). Preparations contamln% linear and network polymers to a
great extent more closely resemble the untreated samples rather than the
Crosslinked fibers (Fig. 146).

Thus, the structural changes produced as a result of treatment of cellulose
with bifunctional reagz_ents are caused mainly by the formation of crosslinks
ang {ut)ttby accumulation of polymerization”products or by monofunctional
substitution.
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Synopsis

A number of phenJI polyesters have been synthesized to furnish molecules whose back-
bones rearrange under ultraviolet irradiation to an o-hydroxybenzophenone structure.
This photochemical Fries rearrangement produces ultraviolet opamty in the irradiated
film while maintaining visual transparency.  Thin coatings of these polyesters completely
protect substrates ordinarily sensitive to ultraviolet light.  Spectroscopic analysis of var-
lous rearranged films and coatings_clearly shows that the o-nydroxybenzophenone poly-
mer formed Is concentrated at the irradiated surface of the original polyester coating as a
“skin”,  Such askin, formed in situ during the irradiation, functions to protect both the
original polyester coating as well as the coated substrate from degradation by ultraviolet
irradiation.” Furthermore, a significant “healing” mechanism appears inherent in these
coatings, for as the exposed skin ultimately degrades under extended ultraviolet irradia-
tion, more of the underlying polyester layer apparently rearrang_es to compensate for the
loss. Thus the clear coating functions both as a protective skin and a rearrangeable
reservoir. Modified structures of the polyesters have been prepared which possess, in
?,ddltlr?r}ft?_fthelrprotectlve film properties, a useful solubility spectrum and a good solu-
ion shelf life.

INTRODUCTION

At present, the major method of obtaining clear exterior coatings which
are relatively stable to ultraviolet radiation and which simultaneously pro-
tect substrates against ultraviolet degradation consists in incorporating cer-
tain monomeric ultraviolet screening compounds into clear polymer films.1“ 3
These additives usually absorb strongly in the ultraviolet region but negli-
gibly in the visible region, producing the desired ultraviolet opacity in other-
wise transparent coatings. However, the use of monomeric additives has
some critical limitations: a low level of protection for extremely thin poly-
mer films; possible nonuniform distribution in the polymer; potential mi-
gration; excessive extractability; and occasional volatility.4

One possible means of improving many of these flaws is by using poly-
meric ultraviolet screeners. To this end, some new polymer systems con-
taining chemically combined ultraviolet screeners of the o-hydroxvaroyl
ketone and ester types have beenreported recently.5-7

*Present address:  Freeport Kaolin Company, Gordon, Ga. 31031.
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Another approach to such coatings has become accessible recently via the
photochemical Fries rearrangement of aromatic polyesters to polymeric 0
hydroxybenzophenones:

Essentially this technique permits formation of the ultraviolet screening
polymer as neede(fduring exterior exposure to sunlight. Significant clarifi-
cation of the reaction limits and mechanism has been achieved by studies
of the monomeric rearrangement.8-12 In addition, some work has been
done with polymeric systems.813-15 The objective of the present work
was to incorporate both ultraviolet stability and ultraviolet-barrier be-
havior via the photochemical Fries rearrangement into clear coatings which
possessed otherwise excellent protective properties.

EXPERIMENTAL

Monomers

M ost of the dihydric phenol monomers used were obtained from Distilla-
tion Products Industries or Aldrich Chemical Co. An exception, however,
was Nopco 1750A, which was furnished by Nopco Chemical Co. Al-
though the majority of phenolic monomers could be used without further
purification, technical grade 4,4%ulfonyldiphenol, obtained as a brown
powder (mp 135-200°C), required treatment with activated charcoal and
recrystallization from boiling water. Even so, the resulting solid (mp 157-
215°C.) was believed to be a mixture of the 2,4'- and 4,4'-isomers.

4,4-Bis(4'-hydroxyphenyl) pentanoic acid (Diphenolic Acid, S. C. John-
son and Son, Inc.) and its esters, i.e., the methyl (mp 132-134°C), ethyl
(mp 125-128°C), butyl (mp 102-103°C) and lauryl (mp 53-56°C) were
obtained from S. C. Johnson and Son, Inc. Although the acid (mp 170-
173°C) was received pure, the esters yielded workable polymers only if
their solutions were extracted with aqueous saturated sodium bicarbonate
to remove residual acid and the residues then recrystallized.

Both the butyl Cellosolve ester (Union Carbide Corp.) and the piperidide
of Diphenolic Acid were synthesized by standard procedures. The former
was a tan, extremely viscous liquid which could not be crystallized or dis-
tilled and so was used in this form after extractive purification. In con-
trast, the piperidide was a tan solid (mp 205-208°C).
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Isophthaloyl and terephthaloyl chlorides were obtained from Hooker
Chemical Company; the o-phthaloyl chloride (reagent grade material),
from Fisher Chemical Company; and the aliphatic diacid chlorides, from
Distillation Products Industries. All were used without further purifica-
tion.

Polyester Preparations

For the preparation of these polyesters, both interfacial and solution poly-
merization techniques were used.

Most of the polymers were prepared by the general interfacial polycon-
densation process described in the literature.6 However, depending on the
particular monomers, various modifications were required. Thus, when
resorcinol or similar dihydric phenols were used as monomers, oxidation had
to be minimized by bubbling nitrogen in the stirred emulsion both prior
to and during polymerization. Also, when Diphenolic Acid was present
as amonomer, only two equivalents of sodium hydroxide out of a theoretical
maximum of three were used. Further, to prevent hydrolysis of the ethyl
ester side chains of that Diphenolic Acid ester during polymerizations, an-
isole was substituted in the orgaidc phase in place of the ordinarily used
chloroform or methylene chloride solvent. Finally, the polymerizations
were run at 0-5°C; and an antifoam agent was added periodically during
polymerization.

Solution polymerizations also were performed by modification of the
procedure described in the literature.16 In such reactions, the phenol and
acid chloride monomers first were dissolved in anhydrous tetrahydrofuran,
and polymerization was initiated by dropwise addition of a stoichiometric
amount of triethylamine. The reaction then was maintained for 3 hr at
15°C, and the final polymer was precipitated in excess water.

Coating Technique

Polymer solutions were coated onto the various substrates with a draw-
down blade and allowed to dry at room temperature. As soon as the sol-
vent evaporated, the coatings could be exposed to radiation since no cure
was involved.

Accelerated Ultraviolet Irradiation

For accelerated irradiation studies, two ultraviolet intensity levels were
used. A lower level was produced with a Hanovia 100-W high-pressure
quartz mercury-vapor lamp (model 60SA) placed 25 cm above the irradiated
film samples. The approximate intensity of radiation between 200 and
400 mg reaching the films was 7.1 X 102:;tW/cm2 For a higher intensity
level, a 450-W Hanovia ultraviolet lamp (model G79-A) was used, also at a
height of 25 cm above the film samples. In this case, the approximate
intensity of radiation between 200 and 400 mp reaching the films was 1.3
X 104 juW/'cm2 Both values were obtained by extrapolating from the
manufacturer’s data at a distance of 50 cm by using the relationship of the
inverse square of the distance.
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All accelerated studies were carried out in a hood sealed against the
escape of any stray ultraviolet radiation and in which a slight air current
was drawn continuously over the film samples to remove those ozone traces
formed by simultaneous irradiation of atmospheric oxygen.

Spectra

Infrared spectra were obtained by film transmission with a Beckman
IR-5A spectrophotometer; and film surface spectra, by attenuated total
reflectance by use of Model 9 Wilks Scientific attachment with a 45° angle
of entrance and with air as the reference standard. Film ultraviolet curves
were obtained on a Beckman DK-2 spectrophotometer, also with air as the
reference standard.

Viscosity

Inherent viscosities were measured at 30°C on —m0.5% polymer solutions
(0.1250 g polymer in 25 ml of an analytical grade solvent prepared from 70
ml phenol and 30 ml of 1,1,2,2-tetrachloroethane).

Film Weathering

Preliminary coated samples were exposed in a Weather-O-Meter. Sub-
sequently, exterior exposures were carried out in Massachusetts, Arizona,
and Florida.

RESULTS AND DISCUSSION

Polyester Structure and Solubility Properties

Most of the polyesters prepared in this work were based on monomers
which were structural modifications of the phenols | and Il and acid chlo-
rides Il and IV.

Table I lists the specific phenol and acid monomer structures.
W ith these monomers, the polyesters of Tables IIA-IID were prepared
for evaluation as exterior ultraviolet-barrier coatings.
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Of the polyesters prepared (Table Il), two that showed promising ultra-
violet-barrier properties early were polymers 5and 17.

Polyester 17 (xy= LJ)

However, both of them also possess grave solubility deficiencies when
considered as potential surface coatings. They dissolve in only a relatively
small number of solvents, usually of higher price and frequently somewhat
toxic. Also they dissolve only at unacceptably low concentrations;
and the resulting solutions gel rapidly—sometimes within minutes after
complete solution. Because critical requirements for any polymer which
is to perform, as a commercially acceptable coating are both solubility in
relatively nontoxic solvents and formation of stable solutions which can
be applied easily, these polymers in their present form were unacceptable
coating candidates despite their promising ultraviolet protective behavior.
Practical utility required that their structures be modified to overcome
these solubility limitations.

Since the critical ultraviolet-barrier properties are derived from re-
arranged aromatic polyester backbone, any structural changes introduced
to improve the solubility behavior of the polymers had to be chosen so as
to avoid interfering with the desired subsequent photochemical rearrange-
ment. A large factor influencing the polyester solubility problem v7as
believed to be crystallinity. If so, one possible v'ay to improve the
solubility performance was to produce increased structural irregularity,
either by introducing long or bulky substituents or by copolymerizing
with appropriate comonomers.

On Bisphenol-A in polymer 5 (Table II), substitutions were made at the
central carbon atom. Thus, longer side chains (Table 1l; polymers
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34-39, 41, 43, 54, and 55) as well as bulky groups (Table Il; polymers 44,
46, 47, and 53) were introduced into the homopolymer. In a related
approach, the resorcinol in polymer 17 (Table Il) was substituted by
various groups at one of the three indicated ring positions (Table I ; mono-
mers C2-C5) (Table Il; polymers 29, 31, and 32). Finally, copolymers
were prepared with a variety of comonomer structures (Table Il; polymers
8-15, 19-29, and 33). The effect of such modifications was measured via
changes in the solubility parameter range and solution stability of the
new polyesters. These changes can be observed in Tables Ill and IV.

From Table 1V, certain tentative relationships between structure and
solubility are evident.

1) Homopolymers derived from one bisphcnol and one diacid show
poorer solubility characteristics than corresponding copolymers (compare
polymers Cl and C2 with A5, C6, and C7; and C16 with A17).

. ~ TABLE 1l N
Solvents Used in Determining Polyester Solubility Parameter Range
A. Low hydrogen- B.. Medium hYdrogen- C. High hydrogen-
bonding Solvents bonding solvents bonding solvents
No.  Solvent 5 No. So vent 5 No. Solvent 5
1 Xylene 8.8 9 Diethyl Carbitol 8.1 27 Methg_l islobutyl 10.0
carbino
2 Toluene 8.9 10 Alethyl iso- 8.4 28 Pyridine 10.7
butyl ketone
3 Benzene 9.2 11 Cellosolve 8.7 29 Ethanol (95%) 12.7
acetate
4 Styrene 9.3 12 Ethyl acetate 9.1
5 Chloroform 9.3 13 Teftrahydro- 9.1
uran
6 Methylene 9.7 14 Methyl Cello- 9.2
chloride solve acetate
7 Ethylene 9.8 15 Diacetone 9.2
chloride alcohol
8 2-Nitropropane 9.9 16 Methyl ethyl 9.3
ketone
17 Butrl Carbitol 9.5
18 Acetone 9.9
19 Cyclohexanone 9.9
20 Dioxane 10.0
21 Acetophenone  10.5%
22 Cellosolve 105
23 Dimethyl- 108
acetamide
24 MethYl
Cellosolve 114
25 1)imethyl 12.0
sulfoxide
26 Dimethylform-  12.1
amide

aValue calculated from group constants of Small. B



AND MARKHAKT

COIIEN, YOUNG,

3270

SOA
SOA
SOA

SOA
SOA
SOA

(9607)3uanjoL
?O%E%
0507)3UaIAIS!

L07
L'07

AN
66 16
171
66 \T'6

8'6-8'8
8'6-6'8

13189 1AInQ ¥da
13183 [Ay18 ¥d@



3277

TRANSPARENT ULTRAVIOLET-BARRIER COATINGS

S9 X

ON
LY

SO X
SOX

s X

(%0T1)9uenjo,

(%0T1)eusniof,
(%01)2u0n{0,

(ZODFIOHD

(%0g)eua1fyg]
(7508)"2V 2410801190

(%0T1) dualAX

.70t

.01

L0t

I~
=
v

[ o~ b~
cosSsoCosSo
v —

L0t

L0l

1°21
6616

1°¢1
-6'6-:1'6

121
6616

&
Vo =g
| oo
e — o
=) =y

o<

801
1°¢1-6°6
8701
1°21-8°01
1°¢1-6'6
‘167478
121
6616

o 0
oo
b
=

L'6-€°6

£'6-8'8

8°6-8'8

auedoxd

(1Aueyd£x01pLy-, H-010[Yo1P-, ¢, €)SIE-G'C
surdoxd

(1AuaydAxoIpAy-, F-1Aypoup-, ¢, €)s1g-¢C
aue)ng

(1&uoydAxoapLy-, F-[Ayqrow-, ¢)s1g-¢ G
aueIng

-[Aypeur-g-([Auayd£xo1pAy-,§)s1g-5

ausnq ([AueydLxoIpAy-,¥)sig-3'c
[ousydstg suayuadi(]
auousydozuaqLxorpAqr-,%'¥
[£ueydiqAxotpAyr(-, 7%
[oweydipiAuoyng-, %
ursreyyydiousyd
QuounboIpAy[AYISA-E

aprprodid vgd

19}59 9AJ0SO[[P)) AN VA

19989 [A1ne] VA

[ee]
el

12
134
4
14
0¢
9
av

4

v

184



COHEN, YOUNG, AND MARKHART

3278

(eg)ouring ([Ausyd

sox  sox (%01)PwIAX 2401 T'231-66‘1°6 8688 (gg) 19980 [Aane] va -Ax0IpAY-})SIGCC  oF
(¢s)sueing (1Aueyd

— — — L0T 1216616 8668 (gz)1e3s0 1f4nq VI -fxorpAy-, $)SIg-5 0%
201 8°0T-6'6 8'6-¢°6  (gg)ounIosa1 [fzuag-§ (cp)touorosdyy g

= ON  (%¢<T)ouey3e010[yo1 -1

sox  sax A&msgoﬁov 0 8016616 8'6-¢'6  (Cg)[OUDIOSAMAYIOIN-Z (cL)tourosayy g

— — — 0 8°01-6'6‘1'6 8'6-¢6 (0g)TouIDI0SAIAYIOIN -5 (0g)rountosey] 4z

— — = L0l 12166176 86¢6 (¢g)yumereyrydousyg (cp)ounioseyy 9z

— = e L0T TZI66'T6 86¢€6 (gg)109s0 [Ame] Va(Q (¢L)ounrosey ¥z

S9X  $9X  (%cT)ouryleoionyplq-gl

sax  s9x ( &SEoEoV L'0T T'2T-6'6°1'6 8626 (gz)19989 1491q VI (cp)oumiosoyy  1g

seX  sex (%BODIOHD 20T T1°21-6'6‘T'6 8626 (09)199s0 [Aygonr v (T (0g)[ouosey 61

— — — 0 1'31-66:1'6 86€6 (¢1)9prpuedid va( (eg)v-Toueydstyg 371

(09)193s0

— . — L0T T121-6'6°L'6 8'6¢6 aAT0sOTRD TAIng VI (0¢)v-fousydstgy g1

SOX  sex (%OTFIOHD 201 T'81-6°6°1'6 8626 (gg)109s0 1A1n®] VI (¢L)v-roueydstg g1

9 sex (%01 1D*HD L0l T'ZI-6'6‘1'6 8636 (gz)19980 1A3nq V(T (¢L)v-rouaydsig 11

— ON (%01)9u2143g

ON  s9x (%501)2uouexayoRA) L0l TZI66‘T'6 86736 (gz)19980 1Ay10 V(I (¢L)v-Toudydstygy Q7

— = — 0 0 0 (09)vda (0¢)v-fousydstgy 6

— — — 0 1°¢1-6°6 0 (e vda (eg)v-rouoydstgy g

SYuowW yjuour (199s9410d %,-1m) y3rg WNIPS AL Mo (Y -o10U0) (% -e10W1) IT °I9B1,
m .— a:®>~ow wQ%p wﬁmﬁCOﬂlm Oa wﬁmﬁhonvod HH Jaurouowr UEOQOHTH H Jaurououwr OSOEQQAH .OAMOMMH
Ky1IqB)s uonnjog aduer 1ojowresed 10950470

AYIqN[OS peyeWSH

SIQWIOUOTA] o1[ouay g Sulavy ajereyiyderay,/eye[eusqdosy (1:1) Jo s19)seL[o 10§ SOHI[IqE)S UOIIN[OG pue 9Fury 1919wRIBJ AMIN[OS

dAI HT1VL



TRANSPARENT ULTRAVIOLET-BARRIER COATINGS 3279

TABLE IVC
Solubility Parameters Range and Solution Stabilities for Polyesters Havin% 1 Phenolic
Monomer and Acids Other Than (1:1) Isophthalate/Terephthalate
Poly-
rﬁ;ter Estimated solubility
rorrr]10' parameter ran(?_e
Table Phenolic Acid composition according to H-b(?n g t,ype
[l monomer (mole-%) Low Medium  High
1 Bisphenol-A Isophthalic(I00 0 0 0
2 Bisphenol-A Tereﬁhtha_lleglo ? 0 0 0
6  Bisphenol-A fo-Phthalic(33), Iso-  9.2-9.8  9.1; 9.9- 10.7
| phthalic(33), 12.1
_ 1 Terephthalie(33)
7 Bisphenol-A Jo-Phthalic(50), 9.3-9.8  9.1,99- 107
_ \ Terephthalic(SO) 12.1
16 Resorcinol Isophthal!cgloog 9.3-9.7  99-108 0
47 Phenolphthalein  Isophthalic{l00 9.3-9.7  99-121 107

(2) Polymers with relatively rigid main chains are practically insoluble
in all solvents tried (note polymers A50-52).

(3) Increasing the aliphatic side chain length attached to the central
carbon of bisphenol-A appears to widen slightly the solubility range of the
resulting polymers in low hydrogen-bonding solvents. Some hint also
exists that branching of the aliphatic chain lowers the minimum solubility
parameter value even further in the desired direction (compare polymers
A5, A54, and A55; and A34, A38, A39, and A41). On the other hand,
methyl substituents on the resorcinol ring do not greatly change the
resulting polymer solubility pattern (compare polymers Al17, A29, and
A31). Whether longer or bulkier substituents would show a significant
effect here was not examined.

(4) Polymers based on Diphenolic Acid carboxylic acid derivatives as
monomers demonstrate the following solubility relationship:

aliphatic ester > piperidide (amide) » acid

(compare polymers A34, A3S, A39, and A4l with A44 and with BS and B9).

(5) The additional presence of an ether oxygen in the Diphenolic Acid
ester side chain produces a second separate solubility parameter range in
medium hydrogen-bonding solvents. The original medium solubility
parameter range apparently illustrates polymer solution via main chain
solubilization. In contrast, the additional solubility range suggests an
alternative route to polymer solution via side chain contributions (compare
polymers A43 and A41l).

(6) Finally, in the spectrum of solvent structures examined, alcohol
hydroxyl groups appeared to inhibit polymer solution. However, chlorine
atoms on aliphatic hydrocarbons produced solution as long as a hydrogen
atom also was present on the solvent halogenated carbon. The most use-



3280 COHEN, YOUNG, AND MARKHART

fui film-forming solvents were cyclic aliphatic ethers, such as tetrahydro-
furan and dioxane; cyclic ketones, such as cyclohexanone; aromatic
ketones, such as acetophenone; and halogenated hydrocarbons, such as
methylene chloride and chloroform. In this area, antagonistic solvent
combinations producing polymer precipitation like that reported by Afor-
gan 7were encountered when halogenated hydrocarbon solutions of a given
polyester were mixed with cyclic aliphatic ether solutions of the same
polymer.

As a result of the modifications introduced, a significant improvement in
polymer solubility performance was obtained. Long or bulky groups sub-
stituted on the bisphenol-A central carbon atom widened the choice of use-
ful solvents and/or lengthened solution nongelation lifetime to at least 3
months (compare original polymer A5 with modified polymers A38, A39,
A4l, A43, A46, A53, and A55, Table 1V). Alternatively, copolymers in-
corporating at least 25 mole-% of such substituted monomers also showed
similar improved solubility behavior (compare original polymer A5 with
copolymers B Il, B12, and B42; and original polymer A17 with copolymers
B19 and B21, Table 1V). Solution performance no longer was an obstacle
to the useful application of these ultraviolet protective coatings.

Photochemical Rearrangement of Films and
Analysis of Rearranged Structure

The photochemical rearrangement of these aromatic polyesters to their
corresponding o-hydroxybenzophenone structures is demonstrated clearly
by comparing infrared spectra of the top and bottom surfaces, as measured
by attenuated total reflectance, of thin films which have been irradiated on
one side only. Figures 1 and 2 illustrate the rearrangement by examining
infrared spectra of parent polyesters 5 and 17 (Table Il). For both poly-
esters, 5 and 17, the surface infrared spectra initially showed no absorp-
tion peak at 6.1 n, which is about where the o-hydroxy benzophenone
carbonyl group is found. After 50 hr of ultraviolet irradiation, however,
the top (irradiated) film surfaces in Figures 1 and 2 show the appearance
of significant new carbonyl peaks at 6.1 iX In contrast, the bottom
(unirradiated) film surfaces remain unchanged and continue to show no
such ketone absorption.

Curves similar to those of Figure 1, but obtained by transmission instead,
have been reported previously.19 Those earlier curves confirm the spectral
changes of polymer 5 as a function of ultraviolet irradiation. Figures 1and
2, however, show in addition that the rearranged “skin” is quite thin and
yet sufficiently opaque to those wavelengths producing the photochemical
reaction to preventrearrangement by the bottom film surface.

Similarly, ultraviolet absorption spectra of the same films, irradiated on
one side only, are presented in Figures 3 and 4. Because of the inherently
greater sensitivity of ultraviolet measurements compared to infrared, how-
ever, changes in these spectra as a function of irradiation time also are
presented.
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(ATR) Infrared spectra of Ipolymer 5 film surfaces after 50 hr of ultraviolet ex-
osure to 450 Hanowa lamp Efl thickness, 0.5 mil); (- ) bottom surface
(umrradlated ------ ) top surface (irradiated).

Consistent with an earlier study of the photochemical Fries rearrange-
ment,Dthe broadening of the two ultraviolet absorption spectra from an
initial cutoff at 310-320 m,u to an ultimate 355-385 m/x correlates with the
appearance of o-hydroxybenzophenone units. Significantly, moreover, total
absorption between 200 and 355-385 ni/u by the newly rearranged polymer
skins effectively makes both sample films opaque to wavelengths within
that range while retaining visual transparency. Thus, the rearranged films
are able to function as ultraviolet barrier coatings for any substrates.
This principle also is illustrated by the comparative spectra in Figures 1
and 2. Unlike alternative films containing monomeric ultraviolet sta-

bilize owever t [earrange SkInS of pQJymers 5 nd 17 dle CONncen-
it of e e

Bglorlglna‘f COalings ?il#]d t%ee JstraPeSYregF%ru traviolet EerrtagYatlon Pt

One pertinent observation is that irradiated films of polymer 5 turn
yellow', whereas comparable films of polymer 17 remain almost colorless. A
comparison of the rearranged absorption spectra, in Figures 3 and 4 ex-
plains why. The slope of the final curve in Figure 3 is sufficient to produce
46% absorption at 410 my.. Visually, 410 nyu is the approximate border-
line of color perception, and a yellow color thus is observed for rearranged
polymer 5. In contrast, although the slope of the final curve in Figure 4
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Fig. 2 (ATRJ Infrared spectra of Polymer 17 film surfaces after 50 hr of ultraviolet
exposure to 450-W Hanovia lamp (film thickness, 0.5 mil): () bottom surface
(unirradiated); (-—) top surface (irradiated).

Fig. 3. Shift of ultraviolet absorgtlon spectrum by pol¥mer 5 film during 50 hr of
ultraviolet irradiation by 450-W Hanovia lamp (film thickness, 0.4 mil).
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Fig. 4. Shift of ultraviolet absorption spectrum by polymer 17 film during 50 hr of
ultraviolet irradiation by 450-W Hanovia lamp (film thickness, 0.4 mil).

Fig. 5. Broadening of ultraviolet absorption spectrum by polymer 41 film during 50 hr of
ultraviolet irradiation by 450-W Hanovia lamp {film thickness, 0.4 mn?
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Fig. C Broade.nin% of ultraviolet ahsorption spectrum by polymer 21 film during 50 fir
of ultraviolet irradiation by 450-W Hanovia lamp"(film' thickness, 0.4 mil).

Fig. 7. Rearrangement rates of polyesters 5, 17, 21, and 41 during ultraviolet irradiation
by 450-W Hanovia lamp (f||m thickness, 0.4 mil).

essentially is the same, it is shifted about 25 nijt towards the lower wave
lengths. Consequently only 15% absorption occurs at 410 m/i, and a rela-
tively colorless appearance thus is obtained with rearranged polymer 17.
W hether a difference in the thickness of the rearranged skins also exists and
whether such a difference is another variable influencing the degree of
yellowing have not been determined.
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To integrate the photochemical rearrangement mechanism with a better

balance of other surface coating properties, modified polyester structures
based on polymers Jand 17 were examined. For correspondingly related
polyesters 41 and 21 (Table Il), the ultraviolet spectra of Figures 5 and 6,
analogous to Figures 3 and 4, respectively, were obtained.
The strong similarity in the ultraviolet absorption spectra and in the re-
arrangement rates of Figure 3 compared to 5 and of Figure 4 compared to 6
indicates that the structurally modified polyesters show essentially the same
photochemical rearrangement performance as their parent polymers.

A more direct comparison of the four rearrangement rates of Figures 3-6
is shown in Figure 7. The curves resulted from plotting the increasing
amount of absorption at each newly formed Xmex in the ultraviolet range as
a function of irradiation time.

Fig. 8. Rearrangement rate of polyester 5 during ultraviolet irradiation by 450-W
Hanovia lamp (film thickness, 0.46 mil).

In Figure 7 any early variations in absorption values for the rearranging
polyesters (5 and 41) are essentially cancelled after the curves achieve
100% absorption in their plateau region. Unfortunately, once maximum
absorption has been attained, ultraviolet measurements also become useless
for detecting further increases in the thickness of rearranged film. How-
ever, this limitation can be overcome by plotting changes in the appropriate
infrared absorbance ratios as a function of time. This alternative tech-
nique then permits an investigation of longer irradiation times than is in-
dicated in Figure 7. Thus, in Figure 8 the absorbance ratio of the o-
hydroxybenzophenone carbonyl band (6.1 N) to the C-H band (3.3 p) is
plotted as a function of ultraviolet irradiation time. It should be noted at
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Polyester 41 (x:y= LJ)
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this point that C-H absorbance is assumed for this purpose to remain
constant during irradiation, even though a slight loss in peak intensity
theoretically can be expected by the conversion of some 0 hOC H hydro-
gen atoms to phenolic OH groups. However, since the amount of re-
arrangement in the total film is relatively small, this appears to be a useful
assumption.

In both Figures 7 and 8, the rate curves of polymer 5 show a similar
pattern of increasing rearrangement during the initial irradiation stage.
Beyond 12 hr of irradiation, however, the curve, of Figure 8 reveals a sur-
prising increased rate for ketone absorbance to a maximum level, followed
by a significant decrease at 35 hr to a lower level. At 55 hr, the absorbance
ratio increases again to a still higher level than originally. This loss-and-
gain pattern thus for has been typical of all the polyesters found to undergo
the photochemical Fries rearrangement. Consistent with the mechanism
proposed in the literature for related monomeric systems, the loss of ketone
absorbance is believed to correlate with eventual ultraviolet degradation of
the uppermost layers of o-hydroxybenzophenone polymer, via both chain
cleavage and carbon monoxide evolution.21-24 Interestingly, such a
mechanism logically predicts an initial decrease in the o-hydroxybenzo-
phenone layer thickness. If this occurs, then subsequent ultraviolet irra-
diation should penetrate the now thinner skin to reach still unrearranged
polyester; and should produce compensating rearrangement by the newly
irradiated polyester layers. Such a distinct stage of rearrangement could
explain the new carbonyl increase observed in Figure 8, although it does not
account for the even highe ues obtal ed c9 red ,to th se before deg-
radation. Nevertheless, t II ntS 0 d ear?]g meC am ear

Ee Inherent In his type of polymeric sp{stem With |na Br

Ilm functioning as ar IVOILt maintain an essential yc stan \{0-

YdrOXYbenZOp enone) In t|C NESS. The life of such a coating then

should depend directly on the rate of degradation of the “skin” plus the
reserve thickness of the polyester available.

If degradation actually does occur at the irradiated film surface, a de-
crease in the molecular weight at the surface should result and conse-
quently might be detectable by changes in solution viscosity. Significantly,
these polymers have displayed no insolubilization under the; conditions of
irradiation employed. A major complication in this hypothesis, however,
was uncertainty about whether the degraded skin constitutes a sufficiently
large portion of the total film to influence the final viscosity. Table V
compares the inherent viscosities of some representative polyester films,
unirradiated and also after 50 hr of irradiation.

Unfortunately, the data of Table V are inconclusive. The minute decreases
in viscosity observed after irradiation could result as well from the forma-
tion of newly rearranged polymer as from degradation of the latter. In-
terestingly, of all the Table V polyesters, only 41 shows a significantly
different pattern of solubility behavior during irradiation. Unlike the
others, it crosslinks. A comparison with homologous structures 34 and 38,
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o ~ TABLE V . o
Viscosity of Polyester Films after 50 Hr of Ultraviolet Irradiation”

Inherent viscosity (30°C), dl/g

Polyester no. o . A'inherent
(Table 1) Unirradiated Irradiated viscosity
5 0.92 0.88 -0.04
17 0.49 0.44 -0.05
A 0.46 0.44 -0.02
34 0.45 0.44 -0.01
'ss 0.48 047 -0.01
41 0.89 Gel —

“With 450-W llauovia lamp; film thickness 0.4 mil.

which differ from 41 only by the much shorter lengths of their aliphatic
side chains, suggests that crosslinking in 41 probably is caused by the longer
lauryl chains, possibly by free radical mechanisms analogous to those in
polyethylene.

One major question of interest in this work concerns the thickness of the
rearranged skin. What is the maximum thickness achievable? For
determining this, such approaches as chelation of the hydroxy ketone struc-
ture or oxidation of the phenolic hydroxyl group on the film itself were un-
successful. However, reflectance infrared spectrophotometry proved to be
a useful technique for this purpose. By duplicating the procedures used to
obtain Figures 1 and 2, a series of polymer 5 films of increasing thickness
were irradiated on one side with strong ultraviolet light for 60 hr. Then
ATR spectra of the bottom (unirradiated) surfaces were obtained. As
expected, these showed a maximum of rearrangement for the thinnest film;
and no rearrangement for a sufficiently thick film. Figure 9 shows th
change in absorbance ratio of the [ketone (6.15 peak/aromatic (6.25 n3
peak] versus film thickness, compared to the absorbance ratio obtained
from a transmission spectrum of an essentially totally rearranged film. The
latter represents the maximum achievable by the experimental approach
used.

As indicated in Figure 9, the extrapolated maximum thickness of polymer
5 “skin’’ under these irradiation conditions appears to be 0.46 mil. The
effects of a weaker source of irradiation, even of sunlight, or of another poly-
ester structure on the skin thickness have not. been determined. Of
greater significance, however, is the fact that even rearranged polyester
films less than 0.1 mil thick furnish complete protection to ultraviolet-
sensitive substrates. The protective aspect will be presented in more de-
tail in the next section.

W ith the aromatic polyesters examined in this work, the only structural
requirement to produce the photochemical Fries rearrangement under ultra-
violet irradiation has boon the presence of at least one unsubstituted posi-
tion on the phenol rings 0 HO to the ester groups. Thus, of all the poly-
phenyl esters investigated here, only two failed to rearrange under the
irradiation conditions used in this work. These were derivatives of poly-
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RN LR 1 8

FILM THICKNESS (MILS)

Fig. 9. Influence of film thickness on infrared absorbance ratio taken from reflectance
spectrum of bottom (unirradiated) surface of polyester 5 after 60 hr of ultraviolet irradia-
tion by 450-W Hanovia lamp. “ldentical absorbance ratio taken from transmission
infrared spectrum on rearranged 0.1-mil film represents 100%.

ester 5 completely substituted in the phenol ring OrthO positions either by
methyl groups (polyester 57, Table Il) or by chloro groups (polyester 58,
Table Il). The lack of ketone formation (6.2 ju) and hence of rearrange-
ment by these substituted polyesters following irradiation is illustrated
in Figure 10.

Even after 70 hours of such ultraviolet irradiation, the tetramethyl poly-
ester still permitted 97% transmission in the 300-400 m¢; region and the
tetrachloro polyester, 94.5% transmission. In contrast, the 2,2'-dimethyl
polyester (polyester 56, Table Il), with one unsubstituted Ort position
available on each phenol ring, docs undergo the rearrangement readily, as
indicated in Figure 11.

Predictably, this polymer after comparable ultravioletirradiation permit-
ted only about 60% transmission at 350 ni/j because of the absorption band
which formed during the rearrangement. Interestingly, in contrast to the
unreactive behavior of the chlorinated polymer shown in Figure 10, Kobsa%s
has stated that the monomeric compound, 2,6-dichloro-4-teri-butylphenyl
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Fig. 10. Effect of ultraviolet irradiation by 4U0-W Hanovia lamp on films of polyester 5
substituted in all phenol ring ortho positions.

Fi%. 11. Effect of ultraviolet irradiation by 450-W Hanovia lamp on film of polyester 5
substituted on one-half of available phénol ring ortho positions by methyl “groups.

benzoate, does undergo the photochemical Fries rearrangement accom-
panied by the expulsion of one of the two chlorine atoms.

Some evidence also was obtained clarifying the stability of the o-hydroxy-
benzophenone polymer structure under ultraviolet irradiation. The earlier
results of Figure 8 were examined in greater detail and are presented in Fig-
ure 12.
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Fig. 12. Effect ot ultraviolet irradiation by 450-W Hanovia lamp on films of polyester 5
copolymer and Its parent polymers

Polyester 5, the 50:50 isophthalate/terephthalate copolymer of bisphenol-
A, was compared with polyester 1, the 100% isophthalate polymer, and with
polyester 2, the 100% terephthalate polymer. While the rearranged iso-
phthalate polymer degrades relatively rapidly, the rearranged terephthalate
polymer appears comparatively stable; and the 50:50 copolymer falls some-
where between their performances. Apparently, therefore, the ultraviolet
stability of the o-hydroxybenzophenone group is greatly influenced by the
positions of the carboxylic groups oit the acid ring. Undoubtedly the choice
and location of other substituents can exert similar effects on the degradation
mechanism, which has been discussed earlier in connection with Figure 8.

Finally, although Coppinger and Bell®state that the monomeric phenyl
esters studied by them did not undergo the photo Fries rearrangement when
irradiated by wavelengths of light greater than 280 Mp., our observations
indicate that polyester 5 undergoes significant rearrangement even with
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wavelengths greater than 300 As afilter for this experiment, soft glass
sheet with the transmission characteristics shown in Figure 13 was used.

A polyester 5 film protected by the glass filter and irradiated by a 100-W
Hanovia lamp (from a distance of 6 in.) for 865 hr underwent rearrange-
ment, as indicated by the appearance of carbonyl absorption at 6.2 i and of
o-hydroxybenzophenone absorption at 354 niu The amount of carbonyl
produced in the film after 865 hr behind the filter was equivalent to that
produced after 120 hr of the same radiation exposure without protection.

Protective Coating Effectiveness

The effectiveness of such polymers for protecting ultraviolet-sensitive
materials was screened by coating appropriate substrates with thin films
(0.3-0.5 mils) of the polyesters and exposing the resulting samples to accel-
erated ultraviolet irradiation. As coatings, polyesters 5, 17, 21, 41 and
other similar materials were used. The results are presented in Table VI.

Fig. 13. Ultraviolet transmission spectrum of 96-mil thick soft glass filter. Photo-
multiplier tube = 20X,
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As can be observed in Table VI, the degree of protection conferred by the
coatings against ultraviolet irradiation alone is almost always very good-to-
excellent. Similar protection performance also is demonstrated in Figure
14 on cellulose nitrate, a material notoriously sensitive to ultraviolet degra-
dation.

However, Table V1 also indicates that, in specific cases, these coatings

Fig. 14. Irradiation of protected vs. unprotected cellulose nitrate coated with polyesters
5and 17 by 450-W Hanovia lamp (film thickness, 0.3-0.5 mil).

may perform less effectively when other weathering variables are intro-
duced in addition to ultraviolet irradiation. Thus exposure of some coated
substrates, such as metals and wood, to ultraviolet irradiation in the
Weather-O-Meter (where moisture and heat are added factors) produced
a decrease in the protection contributed by such coatings. Overall, how-
ever, the protection afforded by these coatings remains promising. Prior
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to 1970, we know of no clear coatings which equal or surpass their perform-
ance. Patents describing these polymers have issued.Z
Exterior weathering tests are in progress.

CONCLUSIONS

Certain phenyl polyesters rearrange chemically under ultraviolet irradi-
ation to produce athin “skin” which is opaque to ultraviolet light but still
visually transparent. Thin coatings of the clear rearranged polymers
completely protect substrates ordinarily sensitive to ultraviolet light. As
the skin ultimately degrades under extended ultraviolet irradiation, more
of the now exposed underlying polyester layer apparently rearranges to
compensate for the loss. Thus the clear coating functions both as a protec-
tive skin and a rearrangeable reservoir.

The help and contributions of M. D. Kellert, Dr. I. Serlin, E. Lavin, Dr. R. N. Crozier,
Td 53.0’ onnor and R. V. DeShay in various phases of this work are gratefully acknowl-
edged.
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Quantitative Treatment of the Dye Partition Method
of Analysis of Surfactants and of lonic Groups in
High Polymers

B. M. YIANDAL and S. R. PALIT, Department of Physical Chemistry,
Indian Association for the Cultivation of Science,
Jadavpur, Calcutta-32, India

Synopsis

A quantitative treatment of the extraction of ionic dyes from aqueous solutions into
organic solvents of low dielectric constant by surfactants or poI_P/mers with ionic groups
havmﬁ a charge opposite to that of the dye 1o, is presented. The assumption is made
that the extracted species are ion-paired in the organic phase. Based on this, a graphical
extrapolation method is suggested for the quantitative estimation of ionic groups in poly-
mers. Theoretlcallg, the method should ‘leld quantitative results irrespective of poly-
(rjnerchamlength and character. - This method of analysis does not require any calibration

ata.

INTRODUCTION

The dye extraction method of analysis of surfactants as well as ionic
groups in polymers at near micronormal concentration is widely practiced.1
The principle of this method and its physico-chemical aspects have been
discussed qualitatively by Mukerjee2 for surfactants and by Palit3 for
polymers. Analysis of the surfactants is usually done with the help of
calibration data obtained with known concentrations of the surfactant
under test. For polymers, calibration data for every polymer of every
chain length are difficult to obtain because such tailor made polymer
samples with known amounts of ionic groups are not easily available.
Palit4chose surfactants as reference for the analysis of polymer endgroups.
In a recent paperSwe have shown that the dye extraction depends on the
chain length of the polymer as well as on the character of the solvent. Use
of surfactants (chain length considerably lower than in most polymers) as
reference for the analysis of polymer endgroups may lead to high results.
The extent of this overestimation depends on the character of the solvent.
A dipolar solvent reduces this overestimation greatly. It would be only
fortuitous if a solvent which completely eliminates the chain length effect is
found. In view of these complications the calibration data method does
not yield highly quantitative results in the estimation of polymer endgroups.
In the present paper a quantitative theoretical analysis of the dye partition

3301
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method is presented, and a procedure to obtain truly quantitative results is
suggested. The present method will be referred to as the intercept method.

THEORETICAL TREATMENT

Anionic Surfactant

Let us consider the extraction of methylene blue from agueous solution
into an organic solvent by sodium lauryl sulfate. Methylene blue cation
binds with lauryl sulfate in 1:1 stoichiometric proportion.26 The extrac-
tion process may be represented by

ROSO,-« + D+« , “© ROSO&D ) 0

where the subscripts O and w refer to the organic and aqueous phases, re-
spectively. The assumption is made that in the solvent of low dielectric
constant used in extraction, the dye and lauryl sulfate exist as an ion pair.
The basis of this assumption is given later. The equilibrium will be repre-
sented by

Ke = (ROS03D+)d(ROS08)w(D+)w )

where the parentheses stand for activity.

Let C be the concentration of the lauryl sulfate used and X the concen-
tration of extracted dye lauryl sulfate (ROS03'D+) in the organic phase.
Then,

C - X = [ROS03]w+ [ROSO3D+]w+ [ROSO03M+]o

+ [ROSO,-M+]w (3)
(M+ may be any metal ion or H+ ion present in the system with which
lauryl sulfate may form an ion pair in the aqueous or in the organic phase).
Further let Ka, K'a, and K p describe the following ion association and
partition equilibria.

Ka

ROSO:-« + D, * 1tOS03D +« )
ROSO“« + M+« , KA - ROSO3M +{) (T
ROSOOM +¢ ROSO,-M 40 6

Then, using the constants K a, K 'a, and K p one obtains from eq. (3), as-
suming activity coefficients for the ion paired species to be unity,

C- X = [ROSO03]w+ Ka[ROS03]W[D+]w_/d+
+ K'A@L + Kp)[ROSO3 WM +wW-/m+ (7)

where/-,; 4+, and/ » + represent the activity coefficients of ROSO:,-, D+,
and M +, respectively, in the aqueous phase.

Thus
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C-X
1+ Xa[D+W_./d+ + K'A(l + K p)/_/m+{M+]w (®)

[ROSO03 Jw

Inclusion of eq. (8) in eq. (2) gives
K = + gAD+],/-/Dt+ K\(l + wP/_IM[M+]w}

(C - X)\[D+w ©)
Rearrangement of eq. (9) gives
C K a 1 f1 o Wall + IVi)2t(Rim M +]V
X Ke/21<rd) [D+]WU e A” f

(10)

where /:<ra) and;: - m) represent the mean ionic activity coefficients of
the long-chain electrolytes ROS0®D and ROS03M, respectively. For

dilute aqueous solutions, the activity coefficients should approach unity.
Equation (10) then reduces to

C Ka 1 1
12 e + - (
X Ao D+ Ke 1+ XB[M+], ID
Further, X may be represented as
Absorbance (AQ of the organic layer due to the extracted dye
fRDt

where 1 is the thickness of the optical path and eRDis the molar absorbancy
index of the dye surfactant salt in the organic solvent. Inclusion of eq.
(12) inegq. (12) gives

(12)

I = K a a1 f 1 K'a(_ + g,)[M +]w
Ao £rdCi Kei-dCi  [D+]wV birdCi KEtRnCt ]
(13)

Thus from eq. (13) it is clear that at constant [M +]wa plot of the reciprocal
of the organic phase absorbance versus the reciprocal of the equilibrium
aqueous phase dye concentration should be linear for a given concentration
of the surfactant, the dye concentration being varied. The intercept of
such aplot is given by

1/ KA 1 f (RQSOa-D+M

tunCt\  Ke)  tnoCt\ + (ROS037)+)ol

The quantity tn0Ct corresponds to the organic phase absorbance when
sodium lauryl sulfate is completely converted to dye lauryl sulfate and com-
pletely extracted into the organic phase.

14

Polymer with Anionic Endgroups (S03,0S03)

When a polymer insoluble in water but soluble in low dielectric constant
organic solvents is used, the extraction process may be represented by
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Ke
POSO,-M+m + D +W) POSO,-D+(B + M+(W 15)

M+ may be H+ or any alkali metal ion. In a given solvent /vEmay vary
with the chain length of (he polymer and its polarity.5 If C is the concen-
tration of the polymer used and X the concentration of the extracted dye
polymer ion pair we have

x [m +]wWm+t (10)
(C - X)[D+]wd+

where/ m+and Jd * represent the activity coefficients of the subscript ions.
Assumption of unit activity coefficients for dilute solutions yields, from
eg. (16)

C/IX = 1+ (LM+]WAe[D+]w (17)
Representing A" asineq. (12) we get fromeq. (17)

11 [M +]w

A0 &Lt AEeRDCI[D+w (18)

AOrefers to the absorbance of the organic phase following extraction and
after correction for the blank.

From eq. (18) it is evident that at constant [M +] a plot of the reciprocal
of the organic phase absorbance (AQ versus reciprocal of the equilibrium
aqueous phase [D +] will be linear for a fixed concentration of the polymer,
the dye concentration being varied. The reciprocal of intercept at 1/A0
axis corresponds to the organic phase absorbance for the complete conver-
sion of the polymer sulfate to the dye polymer ion pair and its complete
extraction into the organic solvent. The intercept for a fixed concentra-
tion of the polymer should be independent of polymer polarity and chain
length. The intercept will, however, depend on the nature of the solvent,
since the absorbancy index of the dye polymer ion pair varies with the
solvent. Thus, the major source of error in the use of surfactant as refer-
ence for the analysis of polymer endgroup could be overcome by way of a
plot of 1/Ao versus I/[Dye] for a given concentration of the polymer as
indicated in equation (18). Equation (13) is more complex than is eq. (18).
The intercept for the former contains an extra term, viz. the partition coeffi-
cient. of the dye surfactant ion pair between water and the organic solvent.
For a water-insoluble polymer this partition coefficient is obviously zero.
This consideration reduces eg. (14) to the intercept for eq. (18).

Thus for the analysis of anionic endgroups (S03-, 0S03~, etc.) in poly-
mers it is necessary to perform a few extraction experiments at fixed poly-
mer and varying dye concentration. The absorbance of the organic layer
is then measured and corrected for the blank. The concentration of the
dye (methylene blue) in the aqueous layer is also determined spectropho-
tometrically. The reciprocals of these data are then plotted against each
other. The intercept of the line at 1/A0is determined. The desired con-
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centration of the ionic group will be obtained from the value of the intercept
when crdis known [seeeq. (18)].

The problem now remains how to determine the molar absorbancy index
(cra) Of the dye polymer ion pair in the organic solvent. This value may
be approximated by using that for the dye surfactant salt. For this, the
methylene blue lauryl sulfate salt was prepared;6 its molar absorbancy
index in chloroform at 655 nm was found to be 9.07 X 1041./mole-cm.

Cationic Surfactants (Long-Chain Ammonium
or Quaternary Ammonium Salts)

Anionic dyes, such as bromophenol blue,27 orange I1,80r disuliine blue
VN 150, are generally used for the estimation of cationic surfactants by the
calibration data method. In this laboratory disulfine blue VN 150 in
0.01,/V HC1 is generally used. A study with the latter dye reveals that for a
given concentration of the amine the amount of dye extracted into chloro-
form from 0.001A HC1 depends greatly on the chain length as well as the
class of the amine.9 This is expected in view of the fact that the equilib-
rium constant K b for the dye extraction equilibrium should depend on the
above two factors.

RN+ + D*()v " — RiN+D“(Q (19)

All but one of the R groups in eg. (19) may also be hydrogen atoms «'pre-
senting protonated amines, and D is the anionic dye.

The theoretical treatment yields eq. (20), if the activity coefficients are
assumed to be unity for the dilute solutions:

1 =] ¢ + L + |+gp8[xn
Aqg crdCt KBenvCt [D 7 (ivEeRDCi A ecrdCl

where A ( is the absorbance of the organic phase after extraction; C is the
concentration of surfactant originally used; tis the thickness of the optical
path; and K\, Ki, and K p are defined as follows:

i+ + % ) <= )

UNH)+E @) RN () 22)
D= (RINX-)ORN+X)w @)

Further, X - represents an inorganic anion with which the surfactant cation
forms an ion pair either in the organic or the aqueous phase. From eq. (20)
it is clear that a plot of the reciprocal of the absorbance of the organic phase
following extraction versus the reciprocal of the equilibrium aqueous phase
dye concentration at a constant concentration of X~ should be linear for a
given concentration of the surfactant, the dye concentration being varied.
The intercept of this line at 1/A 0 axis is given by
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i, & = _i_ L A

Lt KesOCt )OO (RN +D~)0
where frd is the molar absorbancy index of the dye surfactant salt RD.
The intercept should depend on the amine class and chain length, since the
partition coefficient (RAN+D _)W(R N+D~)o is dependent on these two
factors. The slope of the plot will however depend on the nature of the
counteranion X - and is determined by the degree of preference the sur-
factant ions exhibit for the counteranions X - and for the anionic dye for
extraction into the organic phase. Both X “ and I) compete with each
other for extraction by RAN+. With the. use of disulfine blue dye we have
achieved the predicted results for extraction into chloroform. These will
be published elsewhere.

Polymeric Ammonium or Quaternary Ammonium Salts

For polymers the relevant expression for dye extraction is

PRNX-() + D<,) K PRN+D-(Q + X-(, (25)

where P represents the polymeric chain attached to nitrogen and the R
may be alkyl groups or hydrogen atoms.  All other notations have the same
meaning as above. A treatment analogous to that above furnishes the
equation

I = ] ix-].
An ERLt 6&RICTKe[D~]w

Here RD stands for PRN+D~, and A (is, as usual, the absorbance of the
organic phase corrected for the blank. All other symbols have been pre-
viously defined. The intercept for the |/A Oversus 1/[D~],, plot is given
by V£rdCt. The reciprocal of the intercept corresponds to the organic
phase absorbance when the polymeric ammonium or quaternary ammo-
nium salt is completely converted to the dye polymer ion pair and com-
pletely extracted into the organic solvent. The intercept for a given con-
centration of the polymeric amine should be independent of the amine class
and chain length, since no assumption prejudicial to that effect was made
for this treatment. The intercept expression for the polymer also follows
from that of the surfactant [eq. (24) ] when it is considered that the parti-
tion coefficient (RN +D -)W(R N+D~)0is zero for a water insoluble poly-
mer. The slope of the plot may, however, depend on the nature of the
amine in as much asK e depends on it.

For the estimation of polymeric ammonium or quaternary ammonium
salts it is necessary to perform a few dye extraction experiments at fixed
polymer and varying dye concentration. The counteranion concentration
should also remain constant. This is achieved by performing the experi-
ments at fixed acidity. Presence of a 0.01 or QQOLA mineral acid is neces-
sary to avoid hydrolysis when amine or ammonium salt is to be estimated.

(26)
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The reciprocal of the organic phase absorbance after blank correction is
plotted against the reciprocal of the anionic dye concentration in the aque-
ous phase at equilibrium according to eq. (26). The desired amine con-
centration is then obtained from the intercept when the molar absorbancy
index eRDof the dye polymer ion pair is known.

The required value of this absorbancy index was obtained by following
this intercept method and using a water-insoluble amine salt as the extrac-
tant. We used trilaurylammonium hydrochloride as the extractant and
disulfine blue VN 150 as the dye. The experimental results for this system
are given in Figure 1 The value of éRDin chloroform at 630 nm deter-
mined from the intercept of the lines at \/A 0 axis (Fig. 1) is 1.28 X 1061./
mole-cm.

It should be noted here that disulfine blue is a pH indicator dye. 1) -
stands for the base form of this due which has an absorption peak at 640
nm in agueous solution; the corresponding acid form does not absorb at
this wavelength. The molar absorbancy index of the base form at 640
nm is 96,220 1/mole-cm. Therefore, the data for the abcissa of Figure 1
are obtained from the measurement of the absorbance of the equilibrium
aqueous phase at 640 nm. The applicability of eq. (26) also suggests
that one disulfine blue ion requires one ion of the cationic extractant for
extraction into the organic phase.

Some Test of the Equations

A few tests of the equations derived in this paper are given. Figure 2
shows that the reciprocal of the organic phase absorbance versus the re-
ciprocal of the methylene blue concentration at equilibrium in the aqueous
phase is linear at fixed concentrations of sodium lauryl sulfate (NaLS).
The intercepts are inversely proportional to NaLS concentration as re-
quired by eqg. (14).

Figure 1 shows eq. (26) is applicable when, for example, trilaurylam-
monium hydrochloride and disulfine blue were used as the extractant and
the dye, respectively. The effect of the nature, as well as the concentra-
tion, of the counter anion on the slope of the plot is consistent with eq.
(26). K £ [eg. (25)] is obviously larger when the counteranion is sulfate
than when it is chloride. The intercept is, as expected, independent of the
nature of the acid present in the system. The lower slope in H2504 acidi-
fied system (Fig. 1) suggests that H2504should be preferred when amine is
to be estimated by this intercept method, since a lower slope minimizes
the error in determining the intercept.

General Comments

It should be noted that the equations derived in this paper are valid
when the extractant ion binds with one dye ion. If a different stoichi-
ometry is operative, necessary modifications should be made.
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Fig. 1. Extraction of disulfine blue VN150 from various acid solutions into chloroform
l%y trllatflrylammomum salts (1 X 10~i mole/1.). Ao values are for measurements in
mm cell.

Again, the theoretical treatment is based on the assumption that the
extracted species exists as an ion pair. The solvent and the concentration
of the extracted species determine their states of existence. For example,
Diamond et al.1011 showed for trilaurylammonium salts that they exist
either as ion pairs or as still-higher ion aggregates (depending on concen-
tration) in organic solvents of low dielectric constant. The highest con-
centration below which no association beyond ion pairing takes place de-
pends upon the character of the solvent. Dielectric constant as well as
specific chemical effects control such phenomena. For solvents such as
chloroform, chlorobenzene, o-dichlorobenzene, and anisole the concentra-
tions permitting aggregation of ion pairs are much larger than those usually
employed (10~6to 10 molar) in the dye partition method of estimation.
Benzene is intermediate in this regard. The proposed method should be
applicable to a polymer regardless of its polarity and chain length as long
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Fig. 2. Extraction of methylene blue from Q.0IV IICI into chloroform by NaLS.
NaL$S concentrations indicated. To values are for measurements in 5 mm cells.

as the solvent used and the concentration of the polymer do not allow aggre-
gation of the extracted dye polymer ion pair.

It should be noted that egs. (13), (18), (20), and (26) require that the
proposed plot of the reciprocal of the organic phase absorbance versus the
reciprocal of the aqueous dye concentration for a given concentration of the
extractant should be made at a fixed counterion (other than the dye ion)
concentration of the extractant. Since the concentration of the extractant
used is of the order of 10~6TO0 Gil/, a 10“3l/ counterion concentration
should be sufficient. Thus, the presence of IG~N, preferably 10~W acid
would be adequate. The low acidity is preferable because in dilute solu-
tion the assumption of unit activity coefficients for the various species will
be valid.

A further point is noteworthy. Some ionic dyes polymerize and ex-
hibit metachromacy with increasing concentration. The proposed plots
require that only the monomeric dye concentration be used. With mcta-
ehromatic dyes, such as methylene blue, very dilute dye solutions should
therefore be used.

The authors are grateful to Messers Rhone-Poulenc for a gift sample of trilaurylamine
and to Imperial Chemical Industries (London) for a gift sample of disulfine blue VN 150.
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Mechanism of Propagation and Degenerate Chain
Branching in the Oxidation of Polypropylene
and Polyethylene

N. V. ZOLOTOVA and E. T. DENISOV, Institute of Chemical Physics,
Moscow, USSR

Synopsis

Samples of polypropylene with adjacent and isolated hP/droperpxide groups have been
prepared. The rate constants of free-radical formation from solid hydroperoxides were
measured by the inhibitor method. 1t was found that the free radicals yielded by adja-
cent hydroperoxide groups are formed more rapidly. The main reaction of free-radical
formation In oxidized po propfvlene is of the type:"ROOH + ROOIL—RQ' + HA +

R(V. The average yield of free radicals from polﬁ)ropylene hydroperoxide is 2-4%.
Oxygen has no effect on the yield of free radicals. However, the’pressure of oxygen Po2
affects the rate of degenerate chain branch,m_(‘;, in polypropylene. The number of adja-
cent hydroperoxide groups and the rate of initiation increase with Po2 Consequentl¥, a
reaction of the type, R" + RIL—=RH+ II', plays an important part in transport of free
valence through solid polymer. -~ This reaction is very fast in polyethh/lene, and no adja-
cent hydroperoxide groups are formed.  The free radicals from palyethylene hydroperox-
ide are found to form by a reaction of the type: ROOH +RQ" -f HO".

INTRODUCTION

Hydroperoxide groups formed by oxidation of polymers play an im-
portant part in the mechanism of oxidation. When decomposing to free
radicals, these groups induce autoinitiation of chain oxidation. The de-
composition of hydroperoxide groups of polypropylene (PPH) was studied
by several investigators.1-7 Two mechanisms of free radical formation
were discussed.

I't will be noted that conclusions concerning the mechanism of formation
of free radicals from PPH in the solid phase were drawn from indirect ex-
perimental data (kinetics of oxygen consumption, disappearance of hy-
droperoxide groups). Reliable conclusions can also be made from direct
experimental measurements of the rates of free-radical formation in solid
polymer. The inhibitor can be used for this purpose. The present in-
vestigation is devoted to rate constants of free-radical formation from
PPH and polyethylene hydroperoxide (PEH).

Oxygen pressure plays an important part in PP oxidation. While the
rate of hydrocarbon oxidation does not depend upon P 0V the rate of autoxi-
dation of PP increases with P Or 138 It is suggested that the oxygen mole-
cule enters the cage to react with one of the radicals and increase the yield of
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free radicals from the cage.1 No direct verification of this hypothesis has
been made. The contribution of P 02to the mechanism of propagation and
free-radical formation in the oxidation of solid PP and PE was investi-
gated.

EXPERIMENTAL

Commercial isotactic polypropylene (PP) with M, = 4.2 X 105 (mea-
sured viscometrically in decalin at 135°C) was purified by precipitation
from its solution in xylene after adding ethanol at 120°C. Hydroperoxide
of PP (PPH) was produced by oxidation of 2% PP solution in chloroben-
zene or cumene (not actually a solution but PP in a swollen state) for 3-6 hr
at 110°C with methyl ethyl ketone peroxide as initiator with intensive
oxygen sparging. The yield of hydroperoxide groups was 0.065-0.65 mole/
kg. Oxidation of PP in cumene yielded PP H; with isolated hydroperoxide
groups. Oxidation of PP in chlorobenzene gave PPHawith many adjacent
hydroperoxide groups. The samples of solid PP with dicumyl peroxide
ROOR were prepared as follows.

A 1-g portion of PP was dissolved in chlorobenzene at 120°C, a solution
of ROOR in chlorobenzene was added, and after agitation the solution
was poured out on a glass. The PP film was 10-20 it thick, [ROOR] was
7 X 10223 X 10-2 mole/1. Inhibitors were introduced in the same way.

The rate Wi of free-radical formation from PPH in a chlorobenzene solu-
tion (0.1-0.2%) has been measured by the inhibitor method. As it is often
impossible to estimate ki of hydroperoxide from the induction period the
initial rate of inhibitor consumption W iuh was measured in the presence of
PPH, and Wi was found to be Wi = fW i,n (/is the stoichiometric co-
efficient of inhibition). The inhibitor was introduced in a concentration
ensuring termination of all chains, so that k(R0Z + InH) [InH] »
[fc(R(V + R<V)ir,i'’X and actually 11/ = fW inn- The following in-
hibitors were used; a-naphthol (/ = 2), phenyl-d-naphthylamine (/ = 4),
A/A-di-d-naphthyl-p-phenylendiamine (/ = 2). The latter appeared to
react with hydroperoxide groups with a rate coefficient k' = 6.0 X 107
expj — 15000/AP} 1/mole-sec. This was taken into account in calculating
Wi'Wi = /gPinH — k; [PPH][InH]). Analysis was made using the fol-
lowing methods. a-Naphthol was transformed into a colored compound
by diazotization and coupling with p-sulfophenyldiazoniumsulfate, the
concentration of this compound was estimated spectrophotometrically at
X = 536 nm (e = 21 X 103l./mole-cm). Phonyl-/3-naphthylamine was
analyzed spectrophotometrically at X= 309 nm (e = 1.6 X 104l./mole-cm).
In the presence of dinaphthyl-p-phenylendiamine, the rate of formation of
dinaphthyl-p-phenylenequinonediimine was measured spectrophotometri-
cally at X = 485 nm (e = 1.1 X 104l./mole-cm). With a solid polymer,
the inhibitor was extracted with chlorobenzene and then analyzed.

The rate of free-radical formation in solid PPH was evaluated from the
initial rate of oxygen consumption IP. In the absence of inhibitor IP
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Fig. 1. Arrhenius plots of fc: (1) for h(Pn) and h(Pid); () for i) and ici(Pas);
! (111) foPkd(P\\) andﬁq)i(PiS); ((O))solid sta(te Iazld(('gliquid phage. Pal

~ \ZWi. The coefficient of proportionality between W and y/W \ was
measured when PP was oxidized in the presence of dicumvl peroxide
ROOR. The rate of free-radical formation from ROOR in solid PP was
measured by the inhibitor method. The rate constant of initiation by
hydroperoxide groups of PP was calculated as

h (P§ = (TfPPH[PPHSs])(fci,boor [ROOR]/W"00N)

where TPpph and TPeoor are the rates of 02 consumption in experiments
with PPH and ROOR, respectively.

The consumption of 02from air was measured manometrically. The ki
values obtained are given in Tables | and Il and in Figure L  As seenfrom
Table 11 and Figure 1, the values of h(Pn) (measured by the inhibitor
method in a solution of chlorobenzene) and fc;(Pis) (measured by oxygen
consumption in the solid state) are almost just fc(Pa0 and fci(Pas). The
rate coefficient of PEH decomposition of free radicals was measured by
the inhibitor method in the solid as well as in the liquid phase. The rate
constant of hydroperoxide group decomposition kd was estimated by its
disappearance in the absence of oxygen. Hydroperoxide groups were
analyzed iodometrically.

RESULTS AND DISCUSSION

Formation of Free Radicals from Isolated and
Adjacent Hydroperoxide Groups

Hydroperoxides of hydrocarbons are known to decompose to free radicals
by unimolecular and bimolecular reactions:D
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TABLE 1l
The Rate Constants
k (125°C),
No. k Temp, °C k, sec-1 sec-1
1 fci(Pii) 119-134 2.5 X 10Rexp 6.6 X 10-6
5—32000/727 '
2 HP,,?) 115 5.0 X 10'6 6.0 X 10“8
3 HP. 115 35 X 10“5
125 4.2 X 10~ 42 X 106
4 HPH 2.4 X 106e P 5.7 X 10-6
{- 19000/17'|
5 119-134 3.8 X 10Dexp 2.0 X 10“4
é-26000/727’!
6 M Pis) 135 2.6 X 10~4
125 1.8 X 10“4 1.8 X 10-"
7 kdEPaI) 125 6.0 X 10-4 6.0 X 10“4
8 HE) 78-130 1.6 X 104ex g 1.0 X 10“6
5{ —35000/727"!
9 kd(E) 90-130 8.5 X 10b 5.4 X 10“4
{-35000/727"

ROOH -v RO' + HO'
ROOH + ROOH -* ROY + [ID + RO’

The second readion is energetically more advantageous than the first.
Isolated as well as adjacent hydroperoxide groups are produced in PP oxida-
tion. To clear up the role of isolated and adjacent OOH groups, two PPH
samples were prepared.

PPH produced by oxidation of PP in chlorobenzene contains many ad-
jacent hydroperoxide groups linked by hydrogen bonds, PPHa as estab-
lished by Chien.9

The PPH with isolated hydroperoxide groups PPH, was synthesized by
co-oxidation of PP with cumene. Under these conditions peroxy radicals
of cumene attack the C— H bonds of PP. The peroxy radical of PP attacks
the cumene molecule more readily than the C— H bond of PP (the C— H
bond of cumene is more reactive than that of PP); therefore the PPH
formed contains preferentially isolated hydroperoxide groups. It is seen
from Table Il that the PPH; decay to free radicals is slower than that
of PPHa [at 125° ki(P & is nearly ten times higher than h(P1,)], i.e., the
adjacent hydroperoxide groups decompose more readily than the isolated
ones. Thus, decay of adjacent hydroperoxide groups is the main reaction
of degenerate chain branching in PP oxidation.

Role of Po2in Autoxidation of PP

Chain termination in initiated oxidation of solid polymers proceeds by
reaction between two peroxide radicals, provided the polymer films are
sufficiently thin. This follows from independence of the oxidation rate of
Po, (for example, see oxidation of PE1). On the contrary, autoxidation
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of PP becomes faster with increasing P 0,.13812 This was suggested to be
connected with participation of 02in the process of free radical exit of the
cage.l If this is the case, the rate of formation of free radicals in lhe pres-
ence of oxygen must be higher than that in its absence. However rate of
disappearance of the inhibitor of the reaction with free radicals is the same
both in the presence and in the absence of 02in the liquid and in the solid
state (Pig. 2). Thus, oxygen does not participate in the formation of free
radicals from hydroperoxide and their exit from the cage.

As was shown above, when two hydroperoxide groups are adjacent, they
decay to free radicals more rapidly than isolated groups. In this connec-
tion, the following hypothesis about the mechanism of solid polymer
oxidation can be proposed. Peroxy radicals formed in oxidation of PP
attack the nearest C— H bond which may be either the 3C— H bond of the
same molecule or the C— H bond of another molecule. As a result the
hydroperoxide group and alkyl radical become adjacent. The alkyl radical
can react with oxygen or with the nearest C— H bond. In the first case
two adjacent hydroperoxide groups arise. The reaction of alkyl radical
with the C— H bond yields a single hydroperoxide group. In other words,
the competition of two reactions plays an important part in oxidation of
PP:

01 10 20 Jo 40 so 60 TO O
time, min-

Fig. 2. Kinetics of inhibitor consumption in (O) the presence and (¢) in the absence of
oxygen in experiments with hydroperoxides: (I} PPIl in a chlorobenzene solution, T
="120°C, InH = a-naphthol;” (I1) PEH in a chlorobenzene solution, T = 110°C, InH
= Af A'-di-/3-naphthyl-p-phenylenediamine; (111) PPH in the solid state, T = 120°C,
InH-a-naphthol.
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R’+RLI—RH + R’
R- + 02— ROY »

The first reaction can be very important in co-oxidation of hydrocarbons.13
The ratio of adjacent to isolated hydroperoxide groups must depend upon
P02 The probability of formation of adjacent hydroperoxide groups, the
rate of free-radical formation, and thus the rate of oxidation increase with
Pm. If this hypothesis is reliable, the higher P 02 the greater must be the
rate constant of free-radical formation from hydroperoxide groups. There-
fore a dependence between fa and Po2at which this PPH was produced
must be observed. To verify this hypothesis, samples of PPH were pro-
duced by oxidation of solid PP at different P02 and the rates of free-radical
formation were measured by the inhibitor method in chlorobenzene solu-
tion. It was found that fa increased with P 0t at which PP was oxidized
(Fig. 3). Therefore the role of P 02in the oxidation of solid PP consists in
formation of adjacent hydroperoxide groups. The ratio [ROOH]adec/
[ROOHiisoi, is higher and the oxidation is faster with higher P 0l.

The fa value for decomposition of PEH to free radicals is the same for
PEH produced by oxidation of PE in chlorobenzene, by oxidation of PE in
cumene, by oxidation of solid PE at 1 atm 02 and at 10 atm 02 Con-
sequently, the oxidation of PE yields isolated hydroperoxide groups.

Formation of Free Radicals from Isolated Hydroperoxide Groups

The isolated hydroperoxide groups can decayto radicals by the reactions:D
ROOH « RO' + HO'
ROOIl + RH —RO" + HD + R’

When free radicals are formed by the first reaction, fa(P is) and fci(Eg) can be

Fig. 3. Dependence of K\ (measured by inhibitor method in chlorobenzene solution
at 120°C) on PG-at which PP was oxidized in solid state at 120°C. The point at P@
= 0 corresponds to PPH, produced by oxidation of PP in cumene solution.
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close. When the second reaction is predominant as suggested by Pudov
and Neiman,2ki(Pi9 » ki(Es), the C— H bond in PP is weaker than that
in PE. Experimental data are in favor of the first mechanism, as ki(P is)
~ ki(Es), and contradict the second.

The close ki values for the polymer OOH group and for ¢erf-butyl hydro-
peroxide (N = 3.6 X 10Rexp{— 33000/ET1}, see"lat 125°C, h ='3 X
10-6 as measured by the inhibitor method in chlorobenzenel) are con-
sistent with the first reaction. Activation energies for ki(Pis) and Id(Es)
are very close to those of the 0— 0 bonds in hydroperoxides.

If is interesting to note that fa(P i9 and fci(Pu) arc close; consequently
Id does not depend on the polymer phase. This may be simply explained
by the high activity of the hydroxyl formed. Hydroxyl reacts with C— H
bonds of organic compounds with k ~ 109 |./mole-sec. Therefore the
exit of free valence from the cage is very fast and does not depend on
viscosity.

Decomposition of Hydroperoxide Groups

The decay of OOH groups in polymer in the absence of 02is consider-
ably faster than the formation of free radicals coming out of the cage (Table
I1). The rate constants kd, estimated by various authors are fairly close
(Table I11). The ratio h/2kd at 125°C is 1.8 X 10~2for PPH;, 3.5 X
10~2for PPHa 9 X 10*3for PEH. These values differ from those re-
ported by Chien et ah,4however not for the solid state. Inhibitors have
no appreciable effect on kd4 The above facts may be explained in the fol-
lowing way.

When the hydroperoxide group decomposes to RO' and HO ' radicals,
the latter diffuses or reacts very readily with the C— H bond, and the
probability of the free valence outcome from the cage is very high. When
two adjacent peroxide groups decompose to form RO' and R02 which
cannot recombine with formation of a stable molecule, the probability of
free valence outcome from the cage will be expected to be higher. The
reaction of hydroperoxide group with the C— H bond can be assumed to
be the main reaction of decomposition of hydroperoxide groups without
initiation of chains. The latter is accounted for by fast recombination of
the macroradicals RO' and R\
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Low-Tempcralure Polyestérification in the Presence
of Tertiary Amines

S. V. VINOGRADOVA, V. A. VASNYEV, T. I. MITAISHVIL1,
AND A. V. VASIL'YEV, Institute of Organo-Element Compounds,
Moscow, U.S.S.R.

Synopsis

Several variations of catalysis (nucleophilic and general basic) resFonsmIe for the low-
temperature polyesterification in solution have been investigated.  The type of catalysis
which predominates depends on the chemical structure of the initial reagents and the re-
action conditions. Increasing basicity of the tertiary amine and increasing acidity of
the bisphenol promote the general base catalysis.

Results and Discussion

Polycondensation of dicarboxylic acid chlorides with diols in the presence
of tertiary amines offers a means of obtaining polyesters at low tempera-
tures. Formally it could be suggested that tertiary amine would act as a
hydrogen chloride acceptor in this reaction, shifting the equilibrium so as
to form ester bonds. However, it was shown that even in the case when
hydrogen chloride is under pressure in the system, the equilibrium con-
stant of the reaction of phenyl benzoate with HC1 in ditolylmethane at
40°C is as low as 2.35 X 10-4, which can be only an indication of practical
irreversibility of the polycondensation of dicarboxylic acid chlorides with
bisphenols. Thus, one must assume that the behavior of tertiary amines
in a low-temperature polycondensation would be determined by their
capability to catalyze this reaction.

At present, the following scheme [cgs. (1) and (2)] of nucleophilic
catalysts is proposed for similar acylation reactions.2

0
lI—COCL + NR/  II—C Ci- 1)
"Rs;
0
lI—¢ Cl*+ AfOH  RCOOATr + NRs-HCI 2
\ 4.
Nils
A number of factors support this scheme. (1) Substitution ?f the chlo-
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rine atom (ai = 0.47) for a more electron-accepting groxip — NR3, (on =
0.92) should appreciably increase electrophilic reactivity of the carbon
atom at the carbonyl group of the acid chloride reactant and thereby con-
siderably decrease the energy barrier for its bimolecular interaction with
nucleophilic phenol reactant. (2) It is known that the interaction of
tertiary amines with carboxylic acid chlorides yields IV-acylammonium
compounds similar to | which act as strong acylating agents for hydroxylic
groups.34 (3) Infrared spectra and NAIR data show that under low-
temperature polycondensation conditions the ability of tertiary amines
to form complexes with terephthaloyl chloride is related to their ability
to catalyze polycondensation of the acid chloride with phenolphthalein.5
However, some data obtained may not be explained from the viewpoint
of nucleophilic catalysis. Under given conditions, the molecular weight of
polyarylate increased with bisphenol acidity (Fig. 1). For the series of
bisphenols investigated, there is the following dependence of the coefficient
of polymerization NW on pK a, the first acidity constant of bisphenol de-
termined by potentiometric titration in dimethyl sulfoxide at 25°C:

nW = 1560 — 116pA'a ()

Nevertheless, it should be noted that eq. (3) was derived for arather narrow
pK d range (12.5-13.2), and the validity of this equation for other cases
remains to be solved. The common tendency found shows yet that the
increasing acidity of bisphenol produces more favorable conditions for low
temperature polycondensation. Some other data point to the very same
fact. Forinstance, when using weakly acidic aliphatic diols under condi-
tions given in Figure 1, only fairly low molecular weight polyesters may
be prepared {nw < 15). Copolycondensation of terephthaloyl chloride,
phenolphthalein, and ethylene glycol in the molar ratio 1:1:1 in the
presence of triethylamine yields practically homogeneous polyester of
phenolphthalein. All these results may hardly be accounted for by the
scheme of nucleophilic catalysis [egs. (1) and (2)], when tertiary amine
leads only to increasing electrophilic reactivity of the acid chloride com-
ponent. According to this scheme, increasing acidity of diol (and, con-
sequently, its decreasing basicity) should create less favorable conditions
for low-temperature polyesterification, and that would be inconsistent
with our data.

These results enable one to suggest that under low-temperature poly-
acylation a general basic catalysis would be possible:

ArOH + NRj' ¢t ArOIl. . NR3 U)

ArOH. ..NRj'  Ar0".. HNR3 ©

ArOll. . ,NRa(ArO-. . .HNR3 + RCOC1— RCCOAr + R3N-HC1 (6)
According to the scheme of the general basic catalysis [egs. (4)—(6)], in-

creased acidity of the phenol component causes more favorable conditions
for the acylation reaction, which explains well the results mentioned above
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Fig. 1. Dependence of the coefficient of polymerization of polyarylates (nw) on pA‘ai of

(3)11,11—C—C,I15; (4) 11, CllaCCelU; |5) CHj, CHaCCIL; (8)1I.
The polyar)}]ates were obtained b%/ method A

(Fig. 1). Indeed, increasing acidity of the hydroxyl-containing reagent
should promote the formation of its associates with tertiary amines,
which is in particular confirmed by the PMR data. Thus, we found that a
chemical shift of the proton of the phenol hydroxyl (concentration is 0.52
mole/1.) in the presence of an equimolar amount of triethylamine in dichlo-
roethane would adequately be correlated to the pK & of phenol:

S = (21.93 - 1.30pKa) + 040
r = 0.95 @)

where S is (lie chemical shift in ppm at 34°0; the operating frequency
is GO Mcps on the R-12 Perkin-Elmer spectrometer; pKa is the acidity
constant of phenol measured in water at. 20°C. It should be noted that
the results given above for low-temperature polyestérification are ob-
tained in the presence of a strong base such as triethylamine (p/v, =
10.87). It is rather probable that the use of weaker bases, for instance,
pyridine (pKa = 5.23) would give rise to opposite tendencies. The re-
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results ot})]tamed with model react|fons for com etitive acylation in (Hect
mption I(Iiwas qd }g)n e ctlneJRenzo(]c oride
EMOI and methanol in dich

é8 4%}9 ?)aszﬂ] oroethang t uct com-

0sItlon ? P e nature of fertlary amine. For | sPance In the
rESENce (Hlmo ar amou tS 0 trlethj mine tEe ratlo 0 COﬂVGFSIIOH of
e {0 P/ i enzoate Eil_ %

r(}zo[}/ chlor enzoate %q ?
an tepresence 1S g a}tst Wit tneth
V\mlpe \ﬁ %no 1S morer t|ve |c a rees with t qura |ccat%g/
it Pndm (ﬁanoll mor reactive, Wh etter
g enu cata |s T e remlts obt ned with diethyl
% ta- In ctet uceo Iljc cata 3|s 1S aIso N
e In the resene o Weak a3|c ert|ary ami s Really,
hown g/ M afa, t ertlar oes not form dro en on?
with pheno ut nevert eless, t am Ine assures the occ [Tence 0
the% %uonreac lon.7
? QVe at% ermit thes st|on that durin glow temperature poly-
esterlblcatmm f resen eo ry amines two catalytic [%at Ways are
Rosa nuceop can ener a5|c Oneorteo er may predomi-
ate, eépedarm on th ec m|ca structHre of initial reageﬂt terlna jv

INES eaction conditio IS 0 Nt of VIew,” fne re
ﬂya“ il aaaaaa el
g be 0 Int rest.  The curve (()J' duce viscos
u %aa e R e e i
1S process would i responst bl Tor s act

Fig. 2. Temperature degendence of the reduced wscosnK ofROIyaryIate of his(4-oxy-3-
chlorophenyl)-2,2-propane obtained by (1) method method B.
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YV e heljeve.that We mvestl ation he kl?] etics of low-tem erature
? Sterl |cat|on | Ve mo eta Insight Into several v natlons
atay3|sm|t|at by ert|aryam|nesm 1S Process.

Experimental
dﬁ described

hal condensing com ounéis were purified Hy the meIh?1

an ({ew constants 8orre eda era(gure atas Trie ammf and

Pn Ine were treaé wit enzoy oride.o The co et|t ea at|o
?ctlonwascame ou In athermostatted cel 0r1 % 51 ||n eﬂzo
{lde t0 gher}ol methanol, and tertiar amm soluti ?oet ane.
Volar rati the Itial . rea ents 11 res ectiv

temper ture ensatl orme met s
et Ee t |de Was ade heno an r|-
amm S

g/ Pm |c oroet % mol ar rat|o i 172, [6SPEC-
y Te|n|t|a concentranon 1S L ‘reagtion

pheno
e e b
Uthﬂ 0 p0 rylates was measured In tetrac OI'OGt ane at
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Rotational Mobility of Nitroxyl Radicals in Polyesters

SUSAN C. GROSS, Res arch Laboratone(s Eastman Kodak Company
ochester, New York 'LJ680

Synopsis

Rotational mobility of nitroxyl radicals in polyester films was investigated at tem-
peratures from —180 lo + 240°C by ESR sFtn Probe techntttues Evidence obtained
Indicated that mobility of radicals was related Polymer structure and reflected in-
creased volume made available to the probe molecule by the golymer matrix. A sm%le
correlation time, which followed the form tc = rQexp {EJR \, was calculated for t
temperature ranFe of rapid reorientation (A109Hzl) of nitroxyl radicals. A0 ranged
from 510 25 kcal/mole for various systems Uniaxially oriented semicrystalline polymer
matrix restricted radical mobility fo a ([Jreater extent than a semicrystalline biaxially
oriented sample.  Effective local viscosi

y encountered by a nitroxyl radical in several
polymers was calculated as 9-13 poise.

INTRODUCTION

The behaworo smaII d|t|ve molecules i |n mers In the glassy state
Was mvestt at spin- dpr bet ues 3|m larto tnose of
St ukove nce etect nd eva uatto gmer motions
re ected the ESRsectru of the nitroxide radtcas may aid In cor
e atm“) yme sthuc re Wit obse[)ve mechanical pro er dt

0 ra

Intere Stli |iotat|onal monility of several nitro
amor ? fo }/Zster ftnE a& allglgre aredEyso vent castin one
exam§eo Pomde In biaxially &nd uniaxial r|ente sampl so sem-
crystalling polymer
EXPERIMENTAL
Materials

Fo thli rp 58, Nitr a&dlc Is4hdr ’ 6tet mehllp eri-

gme o &jt i mmt% eno et)ta%%e% ldme TF}(R@ |d

corBorate gtote opesters ) Xlso ropylid |en)g ‘d| ngl e}
tetrac oro |

car 'j)\& m 'SO ro df;ne nFFcarb gt (VI

nyn %g‘% eng). * Ga %l g
?)Yaggllﬁglr?e(rlt?!t@edon tet[ﬁyle Ve‘“ il ate 9?1 %a ) ”r%' d1
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VI IX

Sample Preparafion

rQX|des I-H1 were incorporated into purified polyesters IV-VII b
vm 100p w(j)\eN} nItroxi eP P gr In a? { ethane F|Imy
werecasr tes olutions, Sem Sta melmso mer V/

Wereso din |c oromet ane oI tins 0 de q 25Ctoa
|u3|o en|trOX| e mtotefl rea ewashe
exane or pnor {0 USe 0 ensure’ remova ofa g ma[(ena
senc gg Vgne in a vacuum oven to constant weight and checked b

ass fransi on tem r U#e gg \Were determ ned at 10°%/ in under
u5| % uPont %00 dirfer Iscannmgc onmeter |Ims
|t a |t ou ad nltrOX|e re me (f
etecte |ve Att srae eat|n a d|t| |ve

etrlr?neoataarren OerS 0 Set of (IS, C t |zat|0 tect rﬁ&% var|
mve se W|th mrma frysrtnagl?r}] l?slj] f rleuggﬁ? reac e(? X maX|mumo
Thex -ray di anf}racﬁox gata ﬁaowe(f H]aPt the cast films of polymers IV-VII
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am rphous. - Samples of VI gnd IX ?ontammg nitroxides were
eac 50-0 /ocr%sta Ine with similar-sized crystallites

ESR Measurements

ESR spectra were recqrded b usmg [r)]omons of tested films sealf&ém al d)
in 3 mm OD quartz tt| es. AVar R spectrometer was Use
Microwave ?wer was limited to 1mW5 Prev nt Ignal, saturation.
anan varl etemEeratu[]e accessory, calibrated with‘an fron- constantan
thermocouple, was used to heat or coof the samples.

DISCUSSION OF RESULTS

ESR Theory

Thelmﬁsh eofthe ES sectrumofaradmal IS related tq its ot t|o aI
ot|on theretore, effects o em er turea polggwer matrix

fhe s ctrum of the nitroxyl ra |ca3ma e Used. to study it mob| |tg
J\ eymerlc environment. Asm eco relation time rcmay be used {
esc the. probabili ?reorlen%mn er unit time Qec Sr)' This
corre atl ntl ewasi alculated accor m? trea ments In the [ite atureee
re atm the observed meW|t to rate of nitroxi emgnon lat esamfs
re axann g&u metew Ths met od 15 limiteq to ra " motio
nltroxhder Ica

£ ICIS etw%enl -9 and 1o-1
rp erf%mn ol aé)g motion, the relations m betwe P]measured hg/
Pe neg itting (nfs 5 nd j/-tensor parameters and Tine width are expresséd
120M) = 1- (4r/15)6 AyBITZ0M +  §THOM> ()
here 1/T2= ? v, Avis the peak-to-pe l%lmewm ofthe Lorentzmn
?envanve curve of the experime ta?spec —B) = contn

utign of amsotropm hfs constants (A

Tole smgle_cr/f;{ta s)+7an€ 5= ol gfﬁr ﬁ%me?(iger dnge%/s%

Rearrangem ntvsoe é ers fyQ Ways 1o ¢ cu ferg F Ime)-
? ESRCUrves on inc an excluding eq 3 the anisotropic
tensor parameter Ay.

c= -0.65 X 10-W, (e, Al - (VM WL Q)
= 065 X \0~Io[h0hifh + (V/i-iyse-2] Q)

where WOis Jine width of the center. (ill = o) line in gguss and hi, hOand /; |
re tlng I l1e|e tls oq the rst er|\$et|ve ?ge&rulm %ut% Fow Icenter a
|gh |eI mes espect|vey
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Experimental Results

rRectra for n|trOX|des |n everaI ol merswe oﬁtamed atf n] eratures
|2 e%e ture at which a art|c ar nesao
|s obs% ed WI| be dfferent for he V nous nnt]one o Mer samples
smetemeshaeeensontem 1t entrX|e|nteost
g? M. Sectr 0 HHOXIdel In po mer'V F| ereﬁrese fative
0se opt rot er sap |on tro dereg” (a),
“Intermed ate and “rapi dgfrcita ustrat?
eseEaratni t%tween de rema of t |g an E)ectta
ue to_ “sron nere nitroxides was e 6 gauss ?quwag
theoretic va MZ ereAzust ean|sotr g;imhs contriution of
t en|trOX|de axIs para to {he external Enaﬁne IC A
“Intermediate” spectra illustrate bot radual decrease of the %
tremasega}r]atmn SEL AITOWS) an gpea anceo an [TOWET S ectrum |&
0Ccurs a eteme ture | crease and (ndic test ﬁt som n|tro | ra
cals, ex enencea ITferent tat tym dJln tan ers In the menc
anno na ra ca mixed | tPf? mer 10 S|mu ® noij-
ondeda |t|ve% e nymoer o0 reg|onsw hs ent volume to erm|
ral t n th to emoleuecanno f e Nod epen
n| ro ra il gt] %on moecu ar Wel PO merswasnote

s
erca|ne Sites ¢ cujt § 0 mot [eggure
avera e m olec Iarw t ex ede moeso n|troxy ra Icals
aco Ofloln the sam esuse

ectrg IS cha a?tensnc (?f rapid” nitroxide r?tanon where conﬂ
tions to describe rate of nitroxide rotation In terms of rcare met. In't
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o, of rap|d nltrOXIFe rotation, rcwas caIcHIate%l r}/usmg hoth ecg. ?

fE R et o ot o
naitrom de [ I pomer v et LO'C Vet 1 X, 0 § Jaeﬂti ?fg
10-95 Fe(m/ Subsequent dtscussmnvwl ref%r to vallies calculate

rome
A are t activation eneray for rotational mobili itroxicles |
p é?rom esoge of(tF Fne obtameg

{ p]aer matré%ecs ?été?cﬂée as plotted vs temperature
| \) U ooy, W V I
aptr 9 AL e g0 Tt P
TABLE |
Apparent Rotational Activation Energy of Nitroxides in Polyester Films
It kcal/mole
Nitroxide | Nitroxide I
Polymer M, °C <Te >T, <T, >T,
[\ 148 2.4 11.0 a 26.0
V 215 2.4 h 7.0 20.0
VI 235 1.6 h 8 b
VI 254 19 ) 8.0 b
VI 84 a 8.75
IX 84 a 19.2

aNo “rapid” motion <T,,.
b Insufficient data points.

E)@pertmental congtfons weres?ﬁ sen that the veloci condttton IC
oSeC, Was met below the Taof the host polymer in several cases. This
|s 'n contrast to previousl reportedtgto ﬂ on nltrom es In_addition

glrfners ere measurem ntsweemaevve ove t mers T, It
A f tteR perature ge eneneorowas enius in na

[)ove Or%g:& en rcwa calcu ate from ta obtained so[lety

o T e iy
Eenderﬁe Was thenr r8%scr|%red EE M%rst ra}ltghtni}nes Or?r d? erint ﬁt eﬁ
traRsmon gg%?tuo thceV ogt nt%%ru e/&n ga%%plgs% I|nsg|s She alsﬁ

|

oty Lt e e )
v> e onget 0 cfgttto a tallzglon oteé% DC N|

troxide g Some |n

creased mo |iyo rre/t!es a%ta i sﬁot dat 85 earance of
eg :!ar to that 0 tamed In Fi b/rep Hin ere

mtermed#ate sép trum%
rotation of probe |1 may be due to Its size, not crysta |zat|on of VIII or
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Fig. 2. Temperature dependence of rotational frequency of nitroxide I in polymer IV.

0 50 100 150 200
Temperature, °C
Fig. 3. Extrema separation of nitroxides in polymer IV.

IX, as it did Pot achleve ra id mobility below 140°C in samgle? of the

Hie i e
s ofpgfyet ene terepht halat Were compared.
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At temperatyres whc%re the nltroxhdos ere rotatmrg ata ?te |ess than
100Hz, t eln ence Or anisofropic po ne structure and (/-tensors pr F
venAs analyss, Xte equatiqns d cusse E% omtoe stro gng
hindered a din mr]edlat [eqions Were treate ottln teextre
seParg M&}s % ectrare resent|n8%4« (s Versl Ietem era
fure 2 ch the specira recare. Plots 0 |st
onset of rapid nitroxide tumb mg mteg mermatrlx ich a aesdﬂ
anisotro |c com QQVO pr% ce a Spectru g In, |ne

cHrlﬁegq geT y a sharp decrease 0 Fxtrmleap alon and

ol ap[%roa of most a orgnS l%S s% gs stu When the TO

‘ema Separatls { [:) ecreased from ~10 1033
alss % dm|t|n value of Isotropic fs rt Se nitroxides mr m-tem-
eratlre g rocaron solutions. eII |stst ete erature at hte
xtrema separation wasSO aﬂsss : rc~ 0o m erture range

e
aaOO -4(0) auss, decrease 0 [ the samp es stu dﬁ Fi ures3an 4
ushatep £s of this typ

It has heen Bro 0sed: %at values of rcdeterrwnedb ESR measurements
of radical mobili can used .to estimate the microscapic viscosity en-
countere by ano b nded nitroxide n a

nitroxide | Sn polymers

Local V|30|t|eso9 3 poise were cacuﬁ
IV, V, VI, an VII by us%ngf) ?1 Stoies Emstefn formu\alneq
idl = (3kT/4ira3Tc

wherea =4 Aisthe radius ofI [c= vaIHes calcylated foraS)ove s ﬁ]es bh/
ESR ‘measurements at T = 382°K and T = % Althoug

Fig. 4. Extrema separation of nitroxides in polymer V.
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- TABLE Il o _
Temperature Range and Midpoint for Onset of Rapid Nitroxide Motion

Onset of rapid motion, °C

Polymer Nitroxide | Nitroxide 11 Nitroxide I11

\% 46(40-56) 140(120-148 138%100-1443

V 80264-100) 174(130-204 172(140-180

VI 50(40-56 170(140-180

VII 44 40-562 170(130-200

VIIL 96(75-100) 140(110-150

IX 140(130-156
the absolute value of de engs on assumptron of ahsp rical ragical
undergorn Brownian motio rﬂ) tH errc medru effe trve micro-
f %o% 1S %sr ty encountere yte assev aor Brs or m nrtve
eSS tnan the macroscopic viscosity ap ymer below or near t

transition regron

CONCLUSION
t was concluded from these rnvestr%atror]f that the effect of Io%alrﬁ

B "“ttttttd .n n.La L7 S i

rota@r%rattjreS ?S 5 enr ra rca? SN a Serles carbonates
ee(me toge In ered 0 Ioro su strt ents orthotrgJ th% carbona

o mer V 0lymers ar VI
VIIha er ,,t anVovF\)rrn to bul sul)strtuentsf

cat]e ont ep Iyotal car
eor ero ma nr I/moIe ofth par ntegerﬁ barrrerto
[eorrentatron ofnrto %855 re ono ? car fes IS siml
artothat reftﬂurred or endrn S % g polye terfhanunrtso
%?rrl\a?e ! t)t;rt areds elr%trr)oscgtg Ahigner value (-8 kcalimole) was cal-
mdtr ge rem% d‘ that the nr oXides, nthr stud represent non-
Bong rves ere Ore, m ofas ecr rcp nlr)er étretg cannot
O{entr Ie res onsr er Jtting the observ easer
adaitive tg erve es In témperature. epe enc
roneart fa ost po ymer rs rn coord with properties o t
fransition regr
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Polymers Containing Anthraquinone Units:

Polymers from 1,5-Diaminoanthraquinone and

Aralkyldiketones

ROY M. MORTIER, P. K. DUTT, J. HOEFNAGELS, and
C. 8. MARVEL, Department of Chemistry, The University of Arizona,
Tucson, Arizona 85721

Synopsis

Schiff’s-base polymers have been formed by the condensation of 1,5-diaminoanthra-
quinone with 1,4- and 1,3-diacetylbenzene and 2,6-diacetylpyridine. These polymers
were soluble in methanesulfonic and concentrated sulfuric acids (1,4-diacetylbenzene
polymer) or N,N-dimethylacetamide. The polymer formed from 1,4-diacetylbenzene
was ring-closed in polyphosphoric acid to yield a thermally stable polymer soluble in
concentrated sulfuric acid which lost only 109, of its weight at 900°C in a TGA test.

INTRODUCTION

There are now available many polymeric materials having a high degree
of thermal stability. These polymers tend to be of the ladder or partial-
ladder type containing polyaromatic heterocyclic units.! As a conse-
quence of their chemical structure the polymers are usually soluble only in
solvents such as methanesulfonic, concentrated sulfuric and polyphosphoric
acids. Thus it is hoped that the introduction of anthraquinone units into
the polymer will permit solubilization of the polymer by reduction of the
quinone groups.?

The reducing agent may be an alkaline solution of sodium hydrosulfite
by which means the polymer can be wet-spun into fibers which on treat-
ment with acid and air will revert to the original anthraquinone structure.
This technique has been shown to be viable by Marvel and co-workers.3:4

This paper describes the synthesis of partial-ladder polymers and
model compounds built on anthraquinone units.

RESULTS AND DISCUSSION

Polymerization reactions have been attempted using 1,5-diaminoanthra-
quinone with 1,3- and 1,4-diacetylbenzene and 2,6-diacetylpyridine in order
to form the Schiff’s-base polymer I and II.

3337
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ol mers ethen “rin Isdb atment with po hos hor
aC| E(P Q/)nzo I3g 0 \}i urpno W% SIO d*
ene J enz 12 45,6-0V]dlquino |ne-28- - 6-p -

Model Reactions

The Schiffs- %condensanon Pr duct ?{ 1,5- d|am|noanthraqumone and
aceé henoq s heen prepared.In ye gxm nitrobenzene Usin ace IC
catalys dpro uc wamsolate ? n treatme tWI \m
g onc au ehmm ed water to %Neaco éructu[] g n
ne ?faceto enoneadan gdr s gcc oridle as the Catalyst were
Used t ecosed structure (V1) was obtained directly.



3339

POLYMERS CONTAINING ANTIIRAQtIINONE UMTS
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VINQ) 8pILUeIdoe|Ay1awIp-y'y SIU3A|0S g
.8<<ewcoc_ges:_gc_%_né Ic_c__\a_agm_u mm,qo QCQN%Q_%QE masocoeoom

h C

auouInbely)uLouI Wel Q- 3 10 SUOINIBAY UOIESUBPU0IA|0d
~178v1L



3340 MORTIER ET AL.

Polycondensations
Polycondensations, were arrted out in solution, in the melt and i
se Ie t(h hmttall 14- m&e%lbenz e Was the om mer ttse(t] |th
ammoant r% one. |ace enzene an %i? ace h)
vvere latey introdyced in order to tr to |mg t)ve the solubility of't pon
enzene and 1 5-giaminoan-

mes.  The reactions are summarize Jn

eactions In qutlon using 4 lace ?
tra uinone v | ed at pest artlal esed structu es of low molec-
uar etight ental anal ses an enlrne specira Indlicated that these

prode a%‘e’tata'“e AL e i o o AR TRl
ment 07( Inc crhh)ndeb acetic au or tr| hqgroacettc agldascatgjf é&d
not |edZ arly [p mer| pro UCts. éJ acettc acid-acetic an g (!e
m urhe rea?ctt o Jave ate?IS/0 hl acn]ts nlatc?t‘hrrqltoeagtnthgas or} the
model compo net%_&@ (? ﬁ a stro ger acid than thosg §Srewou[e useg
Was emti (h Wever, tre use 0 rtfluoroacettc acid as catalyst an

imethylacetamide as solvent ave rathe Loys_[esu

?re Xec rum Id not. showt Jt c[ouhTet%t %05 ané cml
|c |sc aractertsttc of noanthra yinon northe etone

ebr%ongl ]] A erent VISCO |ty8 he pro uctwas
g, an temtcroanay3|s i0 not assist In elucidating the structure

0
h S ou hJ (he nated that all reactions in solution (and in the melt) were
carrje out ina Httro%en atmosPr ere.

olycondensgtions, carried out at at hertc essure _under
nitro enphhlre com cated h 15§ Imation gt the dtace%

mon mers, me reo ta nedetaS LF nant raquinone a
| |
-Jlace Ibe < Iext 15- 7 evenh) (hl#rh tter
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Th<"experiments are summarized in Table .

_ TABLE I
Treatment of Schiffs Base Polymers With Polyphosphctrie Acid

Polymer Tempera- Solvents
from Sol- ture,  Time, for
Expt. (Table 1) vent« °C hr product Remarks

1 expt. 5 PPA 150 fihr — Cone. 1USOi vinb = 0.56 dl/g
MeSOJI

2 expt. 16 PPA 160 6hr Cone. I»S0, Product- appeared

(gartlally) to he crosslinked
3 expt.2l  PPA 150 5hr MeSOH Unsatisfactory

analysis for
closéd structure

*Solvent: polyphosphoric acid (PPA).

Asucce sfHIr cIos exp?nme t (Table 1], expt. [gvvascarrle out
on the Sc ormed from 14 |a enzene an ]blﬂr
d| mlnoan ra UI I expt. 15). Tiwe |na roauct ssou
|n met onl 8”8 rat sulfuric acds dan In-

5% In su furlc acld at Thermo-

tVISCOSI
aV|met IC ar'{zyal SiS | nlt nat a heating rate o 3 ’g q
sta eu t0 900°C @0% W6I?ht Io?? att 1S tem-
Prarartautge |n|t|al ECoOMpoSI |on temperature In alr at the same heat-
reatment of Ihe g ¥ (ir formed fom 26d| ce |d|ne and 15
dlammoanthra%wnor] ale |, ext lWIg osg oric agid gave
a product soIT eon nmet&aanes fonic au FTageI expt. § g{
elemental anaXS|s and, Infrared spectrum of the ‘product were Unsatisfac-
tory for the ring-closed polymer.
EXPERIMENTAL
Monomers

5-Diaminoanthraquinone.  Technical grade material was acetylated
fol} dlqb rn sqka (5] recryst Pzatlorq ?rom nltrobegzene The ma-
teria was pa tla >y reed from sovent by pumping under vacuum and
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Fig. 1. TGA curve for partial ladder polymer from 1,4-diacetylbenzene and 1,5-diamino-
anthraquinone

finally purified by Soxhlet extraction with ethanol for 48 hr. The ma-
terial had mp 319-320°C (corr). '

ANAL. Caled for CidIpN20.: C, 70.589,; 1, 4.20%; N, 11.77%,. Found: C,
70.82%; H, 4.14%; N, 11.96%.

1,4-Diacetylbenzene. Commercial material was crystallized twice from
ethanol and was further purified by sublimation at 0.25 mm Hg pressure
and a temperature of 90°C. The material had mp 114-114.5°C (corr).

AnaL. Caled for Cypll10:: C, 74.089%,; H, 6.179,. Found: C, 73.809%,; H, 6.31%.

2,6-Diacetylpyridine. Commerical material was recrystallized from
ether and sublimed. The purified material had mp 78°C.

1,3-Diacetylbenzene. This material was prepared from isophthaloyl
chloride® by the method of Ruggli and Gassenmeier.®

A mixture of isophthalic acid (40 g), phosphorus pentachloride (200 g),
and phosphorus oxychloride (130 g) was heated for 6 hr on a water bath.
The phosphorus oxychloride was removed by distillation, and pure iso-
phthaloyl chloride was obtained by vacuum distillation. The yield was
theoretical and the material had bp 146°C (15 em Hg).* Freshly prepared
sodium ethylacetoacctate (60 g, prepared from sodium and ethyl acetoace-
tate in dry cther) was suspended in dry benzene (200 ml), and isophthaloyl
chloride (40 g) in benzene (160 ml) was added dropwise to the stirred sus-
pension. After heating for 4 hr on a water bath, the reaction mixture was
filtered and the filtrate evaporated to dryness. The residue was vacuum-
distilled to give product IX, bp 150-158°C (15 mm Hg).
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COCH; COCH: chwoh

chechde cochdothd

Asolutio ofI in 10% aIcohoIrc ammonia (225 ml wasI stirred at 00°C
on a Water_pat o 1 r Teractron rxtu co oure Into
water acrd wrt ﬁ ﬂrocit oric acid, Jt
a%:t%dr wrt ether The éther la erwasrrvas with water, dried wit

e resu tan qutdryn e

ous nesium suI ate and,_after frIterr evaporated 1o dryness
Ve ro ? the resréfue This materia ijh i Was heated for 4 hr
J“ 0o SU rrc al onawater ath, eac lon mrxt e
co e extracted Wrt ther, and thg her ext ﬁcttieate with.sodium
? rhonate, washed with water, (a e wrt cagtrh oride. A er
f fion, the etherwasremove by rs& flon an eresr ue was dis-
hg g 5pressure to rvel aeety enzone.  The material
a y150 155 C/15 mm Hg; m

Model Compounds (\/and V)

Reaction Catalyzed by Acetic Acjd. 1,5-Diamin anthraqu none (0238
% Was mrxe% Xﬁ ace?l 0] @tﬂ]e} and nrtro%enzgnteor{16 m Tot?

Ining glacial. acetic 8 {en ne ure re
e s o ok %

Anal. Caled. for CHIND 2. C, 81.5%; 115.0%; N, 6.3%. Found: C, 81.8%;
H, 5.2%: N, 6.5%.

The above product was treated with polyphosphoric acid (10 ¢) at 140°C
for 2 E g cootJ é reactrrort rrgrxture B\@Z%reci)hrtateﬁnto Wafer ft gred
and t extra tedY]v Ith water éo e derf reg Prg (t
}I/JIrIC aCI(Jpnso e in dimetnylacetamide but so ub In concentrated Su

4@)/:1“ Calcd for Cj«llisN2: C, 88.6%; IT, 4.4%: N, 6.9%. Found: C,87.8%; H,
0 1.0

Reactio Cata zedéty inc Chlorile. mrxture of15dramrnoanthra

urnon dro zrn orrde an_excess of
ceto enone heatg un ern ro fcltr %Zﬂr The reac-

ure was cooled, and t e recl rtate oduct separated, extracted
Htet anol, and drie precip P

Anal. Calcd for CIHitN2 C, 88.6%; H, 4.4%; N, 6.9%. (Product VI) Found:
C, 87.3%; II, 4.5%; N, 7.1%.
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Polycondensations in Solution
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14 Di cet%lkgenzene cetic Acid-Catalyzed %Tablel Ext 10 A
rxture ammo i urnone 8 Ole), Sy
nzen 59 1mo acet acr (L0 mb), etrc ﬂ‘]
itrope zene n‘ere eated at 160°C for 24 hrunder
troid a] ree necke
er 0 eac lon mrxture Was pour]ed intg petroleum ether
%)051 rovm recrpr e T Preoﬂp tate was rItereg
and rie va%m r?g e analysls etrn% oint, an
INfrared i@ectrum showe rod htg be 15-Qlacetamidoartthraguinone
93A>yre ). The mp vias 316°C with decomposition.

" 440/ (,Z\IalcgdGE/orCI&-I .N,Q4 C, 67.2%; IT, 4.3%; N, 8.7%. Found: C, 67.3%;
0; 0
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0, 0

Draceg ﬁenev streated similarly.  The re ction rxture VIBS
aIIowed to-cool and' then added to a large excéss o petro eum etner,
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white precipitate of 1,4-diacetylbenzene was formed, and the monomer
(infrared, mp 114°C) was recovered quantitatively.

Melt Polycondensations

Polymer from 1,4-Diacetylbenzene and 1,5-Diaminoanthraquinone
(Table 1, Expt. 15). The Schiff’s base polymer (VII) was prepared by
the melt condensation of 1,4-diacetylbenzene (0.324 g, 0.002 mole) and
1,5-diaminoanthraquinone (0.476 g. 0.002 mole). The reactants were
ground together, and the intimate mixture was placed in a polymerization
tube of the type described by Foster and Marvel.” The system was
purged with nitrogen and quickly placed in a metal bath at 240°C, this
temperature being maintained for !/, hr. Sublimation of both monomers
was observed. The product was cooled under nitrogen, crushed, and ex-
tracted with ethanol and dimethylacetamide. The yield of polymer was
899, and it had an inherent viscosity in concentrated sulfuric acid at 30°C
of 0.46 (0.489, solution).

AnaL. Caled for CosHigN:Os: C, 79.1%; H, 4.4%; N, 7.7%. Found: C, 78.89%;
H, 4.2%; N, 7.5%.

When this reaction was repeated at a lower temperature (Table T,
expt. 16), the reaction was stopped intermittently in order to collect the
sublimate and regrind the reactants. The product from this reaction, a
black brittle material was obtained in 899 yield. The material was par-
tially soluble in methanesulfonic and concentrated sulfuric acids (729%,).
The inherent viscosity of the product was 0.21 dl/g. The infrared spec-
trum showed the absence of both the sharp NH, doublet at 3305 and 3410
em™! characteristic of 1,5-diaminoanthraquinone and the broad diacetyl-
benzene carbonyl peak at 1650 em~!. The product did not soften below
500°C, but there was a small amount of white sublimate at 300°C.

ANaL. Caled for polymer (open): C, 79.1%; H, 4.49%; N, 7.7%. Calcd for polymer
(closed): C, 87.8%; H, 3.7%; N, 8.5%. Found: C, 81.49%,; H, 4.0%; N, 8.5%.

Polycondensations in Sealed Tubes

1,3-Diacetylbenzene and 2,6-Diacetylpyridine (Table 1, Expts. 20 and
21). 1,5-diaminoanthraquinone (0.002 mole) was ground together with
1,3-diacetylbenzene (0.002 mole) and 2,6-diacetylpyridine (0.002 mole).
The intimate mixtures were introduced into medium-walled pyrex tubes
which were flushed with nitrogen. After sealing, the tubes were placed in
a metal bath and heated for 1 hr at 250°C. After cooling, the products
were removed from the tubes, crushed extracted with ethanol and dried
under vacuum at 70°C.

Anar. Caled for CoaHigN:O2: C, 79.1%; H, 44%,; N, 7.7%. Found: C, 75.4%;
H, 4.11%; N, 8.41%.

AnaL. Caled for CpsHis0:Ns: C, 75.6%; H, 4.1%; N, 11.5%. Found: C, 76.6%;
H, 4.0%; N, 11.39,; residue, 1.2%,.
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Ring Closures

Polymer from 1,4-Diacetylbenzene (Table II, Expt. 1). The Schiff’s-
base polymer (VII; Table I, expt. 15) (0.50 g) was mixed with polyphos-
phoric acid (10 g) in a 100-ml three-necked flask fitted with a mechanical
stirrer and nitrogen inlet. The mixture was heated at 150°C for 5 hr with
stirring. After cooling, the reaction mixture was added to water and
the precipitated polymer filtered off, extracted with water and alcohol and
finally dried under vacuum at 60°C. The inherent viscosity of the polymer in
concentrated sulfuric acid at 30°Cwas 0.56 d1/g (0.509, solution). A thermo-
gravimetric analysis under nitrogen at a heating rate of 3°C/min showed
only 109, weight loss at 900°C. The initial decomposition temperature in
air at the same heating rate was 440°C (Fig. 1).

Anarn. Caled for CuHuNe2: G, 87.8%; H, 3.7%; N, 8.5%. Found: C, 86.4%; H,
3.6%:; N, 8.49%,; Residue, 0.9%.

SUMMARY

Aralkyldiketones have been polymerized with 1,5-diaminoanthraquinone
by various means to form Schiff’s-base polymers. These polymers have
been treated with polyphosphoric acid in attempts to produce totally ring-
closed polymers having a partial-ladder type structure. Melt polymeriza-
tions have been successful for 1,4-diacetylbenzene but when 2,6-diacetyl-
pyridine or 1,3-diacetylbenzene were used no polymers were formed due to
sublimation of these monomers. They were polymerized with 1,5-di-
aminoanthraquinone when the reactions were done in sealed tubes.

Only low molecular weight polymers (7inn < 0.12 dl/g) were formed when
the reactions were carried out in solution. The use of zinc chloride as
catalyst may have limited the growth of the polymer as it is known that it
can complex with ketones:3

e B
Z1Cl, + O=C\ ClZnO C\ Cl

Also, it is possible that, due to the long reaction times and high tempera-
tures required to effect polycondensation, a solvent decomposition product
or the solvent itself may have caused side reactions to take place. It
should be noted that self-condensation of the comonomers did not appear
to interfere in the polycondensations (Table I, expts. 13 and 14).

We are indebted to Dr. Kurt L. Loening, Chemical Abstracts Service, for the name of
our polymers. We are indebted to Dr. G. F. L. Ehlers, Air Force Materials Laboratory,
Wright-Patterson Air Force Base, for the thermogravimetric curves.

This work was supported by the Air Force Materials Laboratory, Air Force Systems
Command, Wright-Patterson Air Force Base, Ohio.
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Side-Chain Crystallinity. II. Heats of Fusion
and Melting Transitions on Selected Copolymers
Incorporating n-Octadecyl Acrylate or Vinyl Stearate

EDMUND F. JORDAN JR., BOHDAN ARTYMYSHYN, ANTHONY
SPECA, and A. N. WRIGLEY, Eastern Regional Research
Laboratory, Eastern Marketing and Nutrition Research Division,
Agricultural Research Service, U. S. Department of Agriculture,
Philadelphia, Pennsylvania 19118

Synopsis

The heats of fusion and the melting transitions of the crystallinity present in the side
chains were determined for selected copolymers incorporating n-octadecyl acrylate or
vinyl stearate. A major purpose of this investigation was to ascertain the effect of
interrupting the long ordered 18-carbon side chains by randomly interspersed amorphous
side chains of various lengths. For this purpose the lower acrylate homologs (C;
through Cs and including oleyl, Cys) were copolymerized over the composition range with
n-octadecyl acrylate. It was found that simple dilution of the crystalline component,
(from comonomer b) by the amorphous component (from comonomer a) governed the
decline in the heats of fusion and the fraction of crystallinity present. High crystalliza-
tion rates were encountered because equilibrium crystallinity was nearly achieved for
most of the copolymers. Melting point depression was less than theory in copolymers
having short amorphous comonomer side chain lengths, but approached the theoretical
depression as these side chains became very long. Thus the outer methylene sequences
(the crystalline sequences) of the fatty co-units could bridge the smaller amorphous a
units, giving rise to larger crystal sizes than theory specified. Main-chain stiffness, when
present in the melt, had a small effect on the distribution of crystallite sizes but exhibited
a much larger influence in preventing the attainment of equilibrium crystallinity,
especially at high amorphous comonomer compositions. However, crystallinity was
still high compared with that of copolymers described in the literature crystallizing
through their main-chain units. When long blocks of crystalline segments were present
(as in compositionally heterogeneous vinyl stearate copolymers), melting point depres-
sion was small and followed the theoretical probability sequence funection.

INTRODUCTION

Much interest has centered!*? on the crystallization phenomenon in
copolymers in which one co-unit of the main chain is capable of crystal-
lizing. The Flory theory of the equilibrium erystallization of polymers?
required that sequence length distribution, and not the chemical nature of
the amorphous component, determined the melting point depression. A
very broad distribution of crystal sizes and lowered crystallinities were
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postulated to ke present in copolymers. Consequently, melting was pre-
dicted to oceur over a wide temperature range.  Theory* further required
that equilibrium crystallization could only be attained in the limit of in-
finite time. The extent of realizable crystallinity would reside somewhere
between this unattainable limit, and the equally unattainable limit of zero
time imposed by cold crystallization.* In copolymers the development of
crystallinity would be expected to be much slower than in homopolymers,
and its extent greatly reduced by the presence of noncrystallizable units.

Many experimental studies'®-2 have been directed toward confirming these
predictions. Copolymers of polyethylene have received the most atten-
tion.!*5—12 'While the data supported most of the features of Flory’s
theory, melting point depressions and decline in crystallinity were greater
than predicted. Both deviations are attributable to failure to approach
a sufficiently high state of equilibrium crystallization.*

Crystallinity in polyesters and polyamides and in copolymers formed
from a single monomer by varying the syndiotactic and isotactic place-
ments, has been reviewed.'* The sterically-ordered copolymers usually
exhibited low crystallinities with only one stereoisomer crystallizing. In
contrast, each component of the polyesters and polyamides could generally
crystallize, leading to crystallinity over all compositions.'®'* The latter
systems often exhibited isomorphism. Again, the broad features of the
theory® were experimentally supported, but the anomalies already dis-
cussed tended to appear.*

All of these investigations have considered only copolymer systems in
which the crystallizing component is part of the main chain. The special
case of crystallization involving units having side chains has received
relatively little attention. Some qualitative studies have been made,
however. Melting points, obtained by refractometry, for copolymers of
vinyl stearate and vinyl acetate, decreased progressively with increase in
vinyl acetate,!* while those for copolymers of poly-N-n-octadecylacryl-
amide with acrylonitrile!® or vinylidene chloride,' by differential scanning
calorimetry, showed little depression. Main-chain crystallinity of vinyli-
dene chloride segments was apparent over a limited composition range in
the last system'® as was that of the vinyl alcohol units in copolymers with
vinyl stearate.”” Copolymers of n-octadecyl and n-tetradecyl methacrylate
showed isomorphic replacement.’® The melting points of the side chains
in copolymers of n-octadecyl and methyl methacrylate were diffuse, but
were little depressed by the short methyl branches.!®

The general aim of this investigation was to study quantitatively the
decline in side-chain crystallization and the depression of melting point for
a variety of copolymer systems. The thermodynamic data were obtained
by differential scanning calorimetry. In the first paper of this series!®
the thermodynamic properties of homopolymers of the higher poly-(n-
alkyl acrylates), poly-N-n-alkylacrylamides, and poly(vinyl esters) were
studied. It was shown that only the outer methylene units in the side
chains form a ecrystal lattice in these systems. The critical side-chain
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length required to maintain a stable nucleus varied among these homologous
series. For the poly(n-alkyl acrylates) it was above 9.2 carbon atoms.

Three different lines of investigation of the side-chain crystallinity in
copolymers were pursued. The first, constituting a major purpose of this
work, was to test the effect of interrupting the long, ordered 18-carbon side
chains in poly(n-octadecyl acrylate) by randomly interspersed amorphous
side chains of various lengths. For this purpose each of the lower n-alkyl
acrylates (C; through Cs) was selected for copolymerization with n-octa-
decyl acrylate over the complete range of composition. With this selection
complete randomness in sequence lengths?® would be assured. Because of
its amorphous nature'® and similar reactivity ratios?! oleyl acrylate was
also chosen as an example in this series. All of these copolymers would be
expected to have low glass transition temperatures. The second line of
investigation inquired into the effect of using stiff amorphous comonomers
having high glass transition temperatures and small side groups on the
decrease in crystallinity and melting point with decrease in n-octadecyl
acrylate. Finally, the third line of investigation took up the case of non-
random copolymers in which bloeks of crystalline side chains would be
present. In the paper immediately following this,?? the influence of de-
veloping crystallinity on the glass transition temperatures of these copoly-
mers will be presented.

EXPERIMENTAL
Lower n-Alkyl Acrylates, Methyl Methacrylate, and Acrylonitrile

All were the purest monomers from commercial sources. The acrylates
were treated with aqueous alkali to remove the inhibitor and dried; methyl
methacrylate and acrylonitrile were distilled immediately before use.

Higher Fatty Comonomers

The preparation and purification of n-octadecyl acrylate has been de-
scribed.'®  Oleyl acrylate was prepared and purified by the procedure used
for m-dodecyl and n-tetradecyl acrylate,’® except that a single acetone
crystallization (3 ml/g) was employed at —60°C as the final purification
step. The yield was 529, and the ester was 99.49, octadecenyl acrylate
by gas-liquid chromatography but contained about 209, elaidyl acrylate
by infrared analysis.

Anan. Caled: C, 78.20%; H, 11.88%. TFound: C, 78.40; H, 11.66%.

Vinyl stearate?® was obtained from the White Chemical Company. It
was purified by four erystallizations from acctone (10 ml/g) at —20°C.
The yield was 599, and the purity was 98.89, by gas liquid chroma-
tography.

Polymerization Procedure

All polymerizations were conducted in sealed vessels, under nitrogen,
in benzene solution (4 mole benzene/mole of total monomer), for 48 hr at
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60°C, using 0.2 mole-% bis-azo isobutyronitrile as the initiator. Excep-
tions were m-octadecyl acrylate copolymers with, respectively, methyl
methacrylate and oleyl acrylate, where the benzene monomer ratio was 1,
and with n-butyl acrylate and acrylonitrile, where the ratio was 3. Vinyl
stearate—methyl methacrylate copolymers were made at 60°C for 72 hr
using a solvent to comonomer mole ratio of unity. Most yields were be-
tween 85 to 95%. Some low yields were encountered in the mid-composi-
tion range of the vinyl stearate-methyl methacrylate copolymers (39-709%,).
The copolymers were purified by extraction with hot methanol (or petro-
leum ether, when soluble in methanol) till free of all monomers. They
were then dried in thin layers. Copolymer compositions, determined from
elementary analyses, agreed with feed compositions within experimental
error. Consequently, to reduce experimental scatter, the thermodynamic
data were correlated with feed compositions. Exceptions were the vinyl
stearate copolymers, where copolymer compositions derived from elemental
analysis were used.

Calorimetric Procedures

The procedures of Jordan et al.’® were followed exactly. Hard, brittle
samples and hard, waxy samples were ground to powders or small granules
and weighed on a Cahn balance in regular sample cups; soft sticky poly-
mers were weighed (Cahn balance) into the crimped solvent cups provided
with the instrument. Minimum sample weights (usually 1-2 mg) were
used for melting point. The ends of the fusion curves were taken as the
temperature of melting. As will be seen from the text, this interpretation
was the only feasible one. This interpretation is justified by the prin-
ciple’*# that the final disappearance of crystallinity, under equilibrium
conditions, is the thermodynamic melting point. In this work, where equi-
librium was only approached, the melting points are necessarily approxi-
mate. Melting points of the side-chain crystallites of homopolymers by
differential scanning calorimetry do seem to be close to equilibrium values,
however.!? Maximum sample weights (14-25 mg) were employed for the
fusion endotherms. Methanol or other liquid treatments were not used
in this series to increase the extent of erystallization because of the varied
solubilities of these copolymers. A computer (IBM 1130) was used for
all calculations.

Molecular Weight Measurements

The osmometric procedure was described.’® The solvent was toluenc.

4 RESULTS AND DISCUSSION
Thermodynamic Quantities and Molecular Weight Measurements

The heats of fusion, melting transitions, and molecular weight measure-
ments for all of the copolymer systems studied in this investigation are
listed in Table I. In this paper designation b will refer to crystalline units
derived from n-octadeeyl acrylate or vinyl stearate in the chain, while



N TABLE | _
Composition, Det_ir_ees of Polymerization, Heats of Fusion, and

Expe- copolymer* Crystallinity properties
ment  Mole  Weight AH,,
number fraction fraction  pp, callg X So'ome’
MONOMER n-Octadecyl acrg/late and methyl acrglate
1 005 0166 ° 159 0564° 001  0.159
20075 0234 1660 117 003 0234
30100 0295 1704 262 005 0416
4 0125 0350 1886 125 013 0971
5 0150 0399  13%4 731 013 0.859
U 0200 0485 122 8.77 010 0847
70300 061S 1113 1250 022 0.948
s 0400 0715 9506 1539 027 101
9 0500 0790 9629 1742 031 103
IU 0600 0850 8627 1749 031 0964
0700 0898 7925 1894 034 0988
2 1000 1000 8529 2134 038  1.00
n-Octadecyl acrylate and ethyl ricrylate
B30 121 0 0 0
4 0050 0146 1321 196 0.03 0629
5 0100 0265 1845 475  0.08 0840
ke 0125 0317 1278 607 011  0.897
17 0150 0364 1020 655 012  0.843
IS 0200 0448  f635 893 016  0.934
19 0300 0.582 6802 1150 021  0.926
20 0400 0684 6883 1470 026 101
21 0500 0704 6288 1622 029  0.995
2 0600 0829 3839 1742 031  0.985
23 H750 0907 5942 1911 034 (1987
MONOMER n-Octadecyl acrglate and n-butyl acrylate
A0 0 193 0 0 0
25 0050 0.118 1591 163 003 0647
26 0075 0170 1452 128 002 0353
21 0100 0219 1497 337 006 072
280125 0266 1407 409 007 072
29 0150 0309 1202 568 010  0.861
20 0200 0387 145 697 012 0844
3 0300 0519 1543 954 017  0.861
32 0400 0628 1357 1270 0.23 81.948
3 0500 0.719 — 1431 0.26 937
3 0750 0883 9167 1840 033 0977
n-Octadecyl acrglate and n-octyl acrylate
H 0 0 8265 0 0 0
3% 0050  0.085 7763 073 001  0.402
370075 0125 790.0 126 002 0472
38 0100 0164 7680 224 004  0.640
39 0125 0201 7582 309 006 0720
40 0150 0237 1341 317 006 0627
4 0200 0306  684ft 532 009 0815
42 0300 0430 6313 844 015 0.920
43 0400 0540 5891 1080 019  0.937
4 0500 0.638 57).5 11.61 021  0.853
4 0750 0841 4571 1504 027  0.838

Melting Points for the Copolymers
Fatty ester in
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Experi-
ment

number fraction fraction

Fatty ester

in copolymer* Crystallinity properties
Mole  Weight AH,
DPn callg
n-Octadecyl acrylate and 2-ethylhexyl acrylate
0 §85.8 0 0 0

0050 008 3806 052 001  0.2087
0075 0.1 3820 117 002 0439
0100 0.164 3782 172 0.03 0492
0125 0201 3930 207 004 0483
0150 0237 3716 270 005 0.534
0200 0306 3523 479  0.09 0.734
0300 0430 3791 795 014  0.866
0400 0540 3877 1013  0.18  0.879
0500 0.638 4009 1151 021  0.845
0600 0725 4061 1268 023  0.820
0750 0841 4256 1509 027  0.841

«"Octadecyl acr%/Iate and n-dodecyl acrglate
0 0 9306 875 0.1 1.00
0050 0067 6771 840 015 0.376
0075 0099 6141 871 016 0872
0100 0.131 6029 890 0.16 0.839
0125 0162 8159 911 0.7 0845
0150 0193 7629 956 017  0.856
0200 0253 6656 1030  0.19  0.863
0300 0367 5538 1110 020 0.83L
0400 0474 5612 1154 021  0.785
0500 0574 5208 1252 022 0.784
0.600 0.670 4758 1327 024 0.772
0750 0802 3529 1694 033 0.980

w-Oetade ;yl acrylate and oleyl acrglate'l

0075  0.076 — 0 0
0100  0.101 - 090  0.02 0418
0125  0.126 - 150  0.03 0558
0.150  0.151 - 147 003 0456
0200  0.201 - 242 004 0564
0300  0.301 - 515 0.09  0.802
0.400  0.402 — 714013 0832
0500  0.502 1012 844 015 0.788
0600  0.602 811 1084 019 0844
0.750  0.751 883 1262 023 0748

n-Octadecyl acrxlate and methyl methacrylate
0 1452 0 0 0
0050 0.146 1189 0 0 0
0075 0208 1012 0 0 0
0100  0.265 1014 0504 001  0.089
0125 0317 1067 0721 001 0. 107
0150 0364 1053 143 003 0184
0200 0448 1027 228 0.04 0239
0300 0582 1008 463  0.08 0373
0400  0.683 1148 715 013 0491
0500  0.764 1200 959 0.7 0588
0600 0829 1054 1509 027  0.853
0.750  0.907 - 1745 031 0.902

TABLE | (continued)
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TABLE | (continued)
Fatty ester

Experi- in copolymers Crystallinity properties

ment ~ Mole  Weight aHf,

number fraction fraction  DP, callg Xdhmib0  Tm, °C

re-Octadecyl acrylate and acrylonitrile

2 0 0 3462 0 0 0 —
93 0.050 0244 3429 0 0 0 —
94 0075 0331 432" 0 0 0 —
9% 0100 0405  33L6« — 0 0 35.0
9% 0125 0466  3109* 171 0.03 0.172 31.0
97 0150 0519  33L6r 275  0.05 0248 39.0
98 0200 0604 4914 440  0.08 0341 45.0
9 0300 0724 52041 640 011 0414 56.0
100 0400 0790 5933  9.88  0.18 0.586 56.0
100 0500 0.860 5588 1173 021  0.639 55.5
102 0600 0903 5548 1543 028 0.801 57.0
103 0750  0.941 640.1 2011 036 100 57.0

Vinyl stearate and methyl methacrylate®

104 0024 0070 1267 0 0 0
105 0036 0104 1112 0.62 001 0
106 0.046  0.129 1020 0.43 001 0
107 0076  0.203 958.8 117 0.02 0
108 0.158  0.368 906.5 318 006 0
109 0183 0410 728.1 6.39 011 0
110 0197 0433 613.5 613 011 0714
0377 0.622 4498 1130 0.2 0
112 0414 0687 4118 934 01 0
113 0375 0.650 2753 9.13 0.1 0
114 0744 0.900 2656 1656 0.2 0
115 0902  0.966 2546 1793 03 0
116 0.950  0.983 2300 1995 03 1
117 1.00 1.00 1575 1982 038 1

Vinyl stearate and 2-ethylhexyl acrylate®

©

—
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118 0043 0070 4035 0 0 0 -
119 0054 0088 4160 0 0 0 —
120 0076 0121 4764 0 0 0 —
221 0062 0099 4919 0 0 0 —
1220130 0201 4872 0 0 0 —
123 0116 0181 6372 0464 001 0129 47.0
124 0213 0314 6176 0937 002 0151 55.0
125 0282 0398 4496 330 006 0418 58.0
126 0333 0457 405.4 556 010  0.614 58.0
127 0523 0649 216.1 924 016  0.718 57.0
128 0730 0820 2459 1341 024 0825 56.0

» Feed composition; found compositions by elemental analysis agreed within experi-
mental error.

b Equation (8).

cEquation (7). , , _

<Partially crosslinked.  Sol fraction was about 10% in experiments 77-79.

« Dimethylformamide used.

f Dimethylformamide-toluene (50/50) used. _

®Copolymer compositions are from elemental analysis.
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Fig. 1. Heats of fusion vs. the wetqht fraction w\, of n-octadecyl acrylate for several
P'Cal c%olymer systems.  Designations are: OA, n-octadecyl acrylate; AN, acrylo-
nitrile; MA, methyl acrylate; BA, n-butyl acrylate: DA, ra-dodecyl acrylate.
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T

Fig. 2. Typical fusion endotherms for the copolymers by differential scanning calori-
melry. n-Octadecyl acrylate—ethyl acrylate copolymers, selected as representative and
listed in Table I, gave endotherm traces as follows: (I) experiment 23; (2) experiment
20; (3), experiment 18; (4) experiment 14.

the a component produced a broader crystallite distribution at higher values
of wy,. With copolymers having a high 7', (series 2), broadening also was
found even at a high proportion of fatty comonomer. This probably oc-
curred because the segmental restraints imposed on the main chain pre-
vented much perfection of the phase in finite times.# A similar situation
has already been encountered in the bulk annealing of the poly-N-n-
alkylacrylamide homopolymers,!® whose 7, was relatively high. It can
be readily seen from these curves why the ends of the fusion curves were
designated as the melting points in Table I.

Values of the heats of fusion AH ,for the pertinent data in Table I, versus
the weight fraction, ws, of the b comonomer (selectively illustrated in
Fig. 1) were curve fitted using the computer. The relationship was

AH, = AH ;' + kws + ko(w)? 1)

where AH ;o is the intercept and k; and k. are the constants of the parabolic
curve. The computed constants are given in Table II. Equation (1)
was linear (k; = 0) for the entirely n-alkyl acrylate copolymers (series 1),
containing noncrystallizing a co-units (first five and the seventh system in
Table II). Values of k; were close to the limiting value of 21.3 cal/g
(with AH 5’ the origin) required for equilibrium crystallization* for the
last three systems; the first three approached that value less closely. The
constants for the other systems have no obvious physical meaning other
than to permit computation of smoothed data.

The marked retention of crystallinity as the mole fraction ms or the
weight fraction wy of n-octadecyl acrylate (or vinyl stearate) decreased in
all of the copolymers in Table I stood in striking contrast to the rapid reduc-
tion in crystallinity usually found for copolymers of polyethylene!ss—12
and for other copolymers.’* With ethylene copolymers values of k; [eq.
(1)] three to six times those in Table IT are frequently encountered?32.33
with different foreign inclusions in the chain. In fact, the extent of crys-
tallinity of the copolymers of the present study lies close to the equilib-
rium limit,* especially for series 1 copolymers (Fig. 1). The data permit
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TABLE II
Curve Fitting Parameters for the Various Equations

Equation (10)

Equation (1)

Intercept X R/AH;, X  AH,,

Systems AH ' ky ko 104 104 cal/mole
OA + MA —3.58 25.5 0.065P —1.019 19,500
OA + EA —1.35 22 .8 0.087 —1.251 15,890
OA + BA —1.81 22.9 —0.283® —-2.144 9,269
OA + OCA —1.32 21.4 —0.092 —2.764 7,190
OA + EHA —1.86 21.5 —0.071? —2.662 7,465
OA + DA 8.79 0.029 12.2
OA + OLA —1.65 21.4 0.111 —2.917 6,812
OA + MMA 9.24 —37.7 51.0 —0.00012 —0.5044 39,400
OA + AN 16.6 —62.8 68.3 —0.181 —1.020 19,480
VS + MMA —0.830 10.0 10.4 0.0864 0.00911 —
VS + EHA —1.87 8.07 13.5 —0.250 —0.4556 43,620

a Arranged as in Table 1.
b One or two data points were out of line; these were not included.

an estimation of the extent that experimental crystallinity approaches this
limit.

Under equilibrium conditions? the crystallinity #.maz for each mole of
crystalline b units is

LTemax = Mp = (mb/wb) [Wb/(Wb + Wa)] (2)

where Wy is the weight of all b units and W, is the weight of the a units.
In like manner my, and wy are the respective mole and weight fractions of
b units. When each crystallizing b unit is only partially erystalline, that
is, crystalline in a portion only of its side chain,'® then eq. (2) becomes

Temax = ToMp = xco(mb/wb) [Wb/(Wb + WB)] (3)

where x is the fraction crystallinity of the b homopolymer unit.* Molec-
ular weights of the a and b units are often dissimilar, as in the present sys-
tems. It is conceivable that, in special cases, when the molecular weight
of b units exceeds that of ¢ units, the erystallinity in a copolymer system
would correspond to simple dilution of the b by a units, thus

Temax = TooWob (4)

In such cases, however, each crystallizing unit would be required to con-
tribute a multiplicity of segments to the crystalline phase, except in the
trivial case where mp, = wp. Under these circumstances, then

ZTemax = Cimyp “‘C?(’/ﬂb)z + ... (5)

Also under these circumstances, the maximum heat of fusion (in cal/g)
would likewise correspond to simple dilution; thus

AH}‘max = 'waHfo (6)
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because Ty is proportional to AH s, the heat of fusion of the crystalline
homopolymer.!®* The ratio of the experimental crystallinity of a crystal-
lizable unit to the maximum attainable by the unit, on a weight basis would
then be

xc/xcmax = AHf/AHfmax (7)

where z, is the experimental crystallinity and AH, is the observed heat of
fusion. The ratio is a measure of the extent of attainment of equilibrium
crystallization.3*

These requirements are met by the copolymers of this investigation.
Figure 1 shows that the decline in the heat of fusion is governed largely
by dilution by a units, especially in series 1 copolymers. Because the
molecular weight for b units is greater than for a units, each crystalline
unit must contribute a block of side-chain methylene groups to the crystal
lattice.’® In turn, sequences of side chains are segmentallized by the in-
terruption of a units. The extent of interruption should be determined,
then, by both the frequency of occurrence of a units and by their lengths.
Short a unit lengths, extending from an amorphous, and, hence, somewhat
conformationally free, main chain could permit b side-chain crystal lattices
to bridge the a units. Experimental crystallite sizes and perfection would
then be higher and melting point depression less than required by theory.?
Rates of crystallization would be increased because of the conformational
freedom conferred by the amorphous main chain. Higher rates would
also result from crystal growth intramolecularly initiated in local volume
elements, which can proceed without the segmental sorting of main chains
characteristic of ordinary ecrystallizing copolymers.®* Consequently,
equilibrium conditions could be approached in finite times at high b unit
concentrations. The formation of stable nuclei would be prevented at
low wy, 50 that 2./Zmax would rapidly decline. The extent to which these
predictions are fulfilled by the available data will constitute the main em-
phasis of the balance of this paper.

With these requirements met, the experimental crystallinity 2. becomes

T, = (xc/xcmax)(wbmco) (8)

Values of the extent of equilibrium crystallinity £,/Zmax and the experi-
mental crystallinity z, are listed in Table I.  As a generalization, the ratios
are much higher than would be found for ordinary crystalline copoly-
mers.?:32.38  The ratios follow the trends previously discussed for the heats
of fusion. A small decline in the ratio with decrease in wy, can be observed
for the entirely acrylate copolymers, whose glass transitions are low. A
more rapid decline was found in the ratio for the copolymers of higher 7',
(series 2), where chain stiffness in the melt was prevalent. Even in stiff
chains, conformational adjustments can apparently occur in short enough
times to produce greater crystallinity than is found in copolymers crystal-
lizing through main-chain units. Moreover, the degree to which z./Tcmax
approaches unity with increasing wp is restricted more by main-chain
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stiffness than by interference by sequences of a units. For example, at
wy = 0.30, 2./Temax for n-octadecyl acrylate-oleyl acrylate (expt. 75) is
0.80 and for the n-octadecyl acrylate-methyl methacrylate (expt. 84)
copolymer the ratio is only 0.11. On a mole base, the ratios are closer,
being 0.80 and 0.37 respectively, but still remain higher for the system of
lower glass transition. It may be concluded that the ability of each crys-
tallizing co-unit to contribute several units to a side-chain lattice facilitates
attainment of equilibrium, but that main-chain stiffness opposes its at-
tainment.

In copolymers of n-octadecyl acrylate with n-dodecyl acrylate (expts.
58 and 59), the ratio z./ZTmax, viewed as a function of ws, decreased from
unity and went through a shallow minimum. This suggests that some
disordered regions were present in this isomorphic system.

Blocks of sequences of vinyl stearate units would be expected in the two
sets of vinyl stearate copolymers (series 3, Table I). This would result
from the compositional heterogeneity imposed by the divergent copoly-
merization parameters for the comonomer pairs. In spite of the block
character of these systems, the slope of the curve x,/T.msx against ws, for
vinyl stearate copolymerized with methyl methacrylate was similar to that
of n-octadeecyl acrylate with the same comonomer. An averaging of the
contributions from the crystalline and amorphous blocks seemed to produce
these results. The rapid decline of z./Tm.x with decreasing wp for the
2-ethylhexyl acrylate copolymers with vinyl stearate suggests that in this
case the influence of the amorphous blocks predominates.

Melting Point Depression

The equation for the melting point depression of copolymers in which
only one component crystallizes is given by the general theory of Flory?

(1/Tw) — (1/Tmo) = (—R/AHp) In p (9)

where T, and T are the equilibrium melting points of, respectively, the
copolymers and the homopolymer and p is the probability that a crystal-
lizable b unit will be succeeded by another b unit. The heat of fusion
AH s is the value for the entirely crystalline phase of the b comonomer and
should equal the quantity obtained from the homopolymer by using a
diluent.’* That it rarely does so is attributed to the experimental im-
possibility of detecting the melting of the extremely small fraction of large
crystallites actually present in copolymers.!*.¢:3:¢  For a random copolymer,
p becomes indentifiable with the mole fraction of b units, designated .
Thus,

(1/T7n) - (I/Tmo) = (_R/AHfo) In my (10)

Consequently, plots of (1/T,,) — (1/T0) versus In my, should yield AH
from the slope.

The melting points, listed in Table I, were inserted into eq. (10) and
treated by regression analysis by using the computer. The appropriate
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constants are given in Table II. Values of AH y are also listed in column
7 of this table. The apparent heat of fusion, AH j, for the copolymers con-
taining n-octadecyl acrylate decreases as the side-chain length n, of the
amorphous a co-unit becomes greater (series 1 and 2). It appears to reach
a limiting value when n, is 18 carbon atoms. This is close to the value of
AH 4 for poly(n-octadecyl acrylate),*® which was 6925 cal/mole. Values
of the slope, (R/AH ;) in eq. (10) (Table II) indicate that the rate of melting
point depression decreases as the length of the a unit decreases. R/AH p
approaches a constant value as n, becomes very great. It would seem,
at least across short ranges of n,, that

R/AH ;o = (R/AH 0)0 + §(In n,) (11

The appropriate constants (Table II) are plotted against In n, in Figure 3.
The parameters are given in the figure. Substituting eq. (11) into eq.
(10) and rearranging yields

Tw = 1/{{(R/AH ) + 6(In ny)] — In mp} + (1/Tmo) (12)

Melting points caleulated by using eq. (12) are compared with found values
in Table III. Thus, melting points of random copolymers having co-units
composed of crystallizing 18-carbon side chains and 7, of any magnitude
between 1 and at least 20 can be calculated by eq. (12) by employing only
the constants of Figure 3.

It may be concluded that sequence distribution produces a melting-
point depression of theoretical magnitude, as in eq. (10), only when the
length of the amorphous a units equals or exceeds the length of the crystal-
lizing side chains. Then, and only then, do the crystallite lengths fully
correspond to sequence distances as required.? In contrast to copolymers
crystallizing through the main chain, the amorphous main chains and im-
mediately adjacent side-chain methylene groups!® of the present copoly-

06 T T T T

T T T

{R/Hg), x 10°= 863 £ 1.29
8 x10°=807+083

o
o

0.2

-R/BHgox 10° Mole™ Unit™

1 I 1 1
0 1.0 20 30 40

In ng

Fig. 3. Relationship between the quantity B/AH and the number of methylene groups
in the side chain of amorphous comonomer a.
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TABLE ITI
Comparison of Melting Points Calculated by Equation (12) with Experimental Values

Melting point, °K

Mole OA + MA OA + BA OA + OCA OA 4+ OLA
fractions Caled Found Caled Found Caled Found Caled Found

0.050 304 290 276 261 264 260

0.075 307 300 282 274 271 267 259 265
0.100 310 306 287 283 277 273 266 270
0.15 313 312 294 295 285 282 275 276
0.20 316 315 299 301 291 288 282 285
0.30 319 325 306 308 300 299 293 295
0.40 322 320 311 315 307 306 301 303
0.50 324 321 316 318 312 313 308 310
0.60 325 324 313 313
0.75 327> 325b 324 323 322 320 320 319
1.00 330 330 330 330 330 330 330 330

s Feed composition.
b Mole fraction of fatty ester was 0.70.

mers enjoy greater freedom; the localized availability of crystallizable
outer-chain methylene groups then results in crystallization at rates high
enough to approach equilibrium values. Consequently, when a units
reach a critical length of about 18 carbon atoms, the calculated AH , ap-
proaches the value found for homopolymers.*e?4 Main-chain stiffness
in the melt (as in series 2 copolymers) makes little contribution to Ty
depression but does affect rates of crystallization at high a-unit content.
Thus, the experimental observations obey the requirements specified
earlier in this paper for copolymers crystallizing through side chains.

Melting points of vinyl stearate copolymers (series 3, Table I) show little
depression, as would be expected.!*® Here the exceptionally long blocks
of vinyl stearate units are retained and the data consequently would follow
eq. (9).

As has been discussed, when short a units eccur in these systems (Table
I), they are largely bridged by developing side-chain crystallinity. As
a units increase in length, their effect on reducing the crystallite size of the
most perfect crystal increases. Consequently, it is possible to calculate
a mole fraction of b units based on the crystallite size at equilibrium melting.
Because melting point depression increases as crystal size decreases, use
can be made of eq. (10) to calculate msy, but using AH ; = 6925 cal/mole,
which is the value of AH , for poly(n-octadecyl acrylate). If these values
of myp, designated mu., fall on theoretical plots for AH pmax [eq. (6)] of Z¢ max
[eq. (4)], the condition of equilibrium crystallinity required by eq. (3) will
be met. Data are shown in Figure 4 where Z, max is plotted as a function
of mu, for the systems whose melting points are listed in Table III. For
the calculation of mu. the calculated melting points of Table III were used.
An exception was the methyl acrylate system where found values were
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ne mx

Fig. 4. Plots of xc max vs. the mole fraction of crystalline co-unit b: (O) calculated by
using eq. (10) () theoretical: xrmaxat mbo = 1is x®.19

employed. As can be seen, the. conditions of eq. (3) arc generally met.
The apparent differences found in this work for coPolymers crystallizing
through their side chains, compared with other typos of crystallizing
copolymers, 4-13 appear to have asimple coherent explanation.

SUMMARY AND CONCLUSIONS

The thermodynamics of the crystallinity present in the side chains of
selected copola/mers has been treated e_xpe_rlmental!}/. Consideration was
given to the development of crystallinity in the side chains of b co-units
interrupted by randomly dispersed a units of varied Ienlgths. It was con-
cluded that (1) reduction in crystal size was proportional'to the amorphous
side-chain length; (2) rates of Crystallization were high so that equilibrium
cr_¥stalllz_at|on was approached at high b-unit concentrations; _([3)_ chain
stitfness in the melt had some broadening effect on crystal-size distribution
hut made a much larger contribution to"retarding the attainment of equi-
librium ; (4) the presence of long blocks of b co-units, as in the hetero?enous
vinyl stearate copolymers, depressed melting points only slightly, following
the” accepted theoretical probability sequence function; é) crystallinity
development seemed dependent on stable crystal nuclei Torming largely
intramolecularly in small volume elements and growing because of the
uHr_estral_?ed cooperative movements of amorphous main-chain and side-
chain units.

The authors wish to thank Dr. C. L. Ogg, Miss Oksana Panasiuk, Mrs. Marta T.
Lukasewycz, and Mrs. Annette S. Kravitz for the elementary analysis of the monomers
and copolymers. They are also grateful to Mrs. Ruth D. Zabarsky for the operation of
the computer.
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Side-Chain Crystallinity. 111, Influence of
Side-Chain Crystallinity on the Glass Transition
Temperatures of Selected Copolymers Incorporating
n-Octadecyl Acrylate or Vinyl Stearate

EDMUND E. JORDAN, JR., Esstem Regjad Ressarch Leboatary,
Easten Marketing ad Nutrition Researan Division, Agriauiturdl
Reesardh Svice UL S Dgartnat oF Agiaiture,
Philacdhia, Farsyhvaria 19118

Synopsis

The influence of side-chain crystallinity on the glass transition temperatures of selected
copolymers was investigated. The copolymers were selected, in part, from those whose
crystallinity was treated in the preceding paper. These included the lower amorphous
acrﬁlate esters, such as methyl, ethyl, n-butyl, and 2-ethylhexyl acrylates, together
with methyl methacrylate and acrylonitrile, each cogolymerized with rt-oetadecyl
acrylate over the range of composition. The decline in the glass transition temperature
was linear with increasing weight fraction of n-octadecyl acrylate for all systems in the
composition range where the coPonmers were essentialh( amorphous.  The extrapolated
Tg for the amorphous state of poly(n-octadecyl acrylate), and for amorphous poly-
(olevl acrylate), was close to —111°C.  This coincided with a value previously obtained
by an extrapolation of data on homologs. Beyond a critical fraction of octadecyl
acrylate (0.3 to 0.5), deveIoFin side-chain crystallinity in n-octadecyl acrylate raised
the glass temperature steadily for all systems, up to a value of 17°C, obtained for the
crystalline homopolymer. Crystallinit¥ did not develop in stiff copolymers until T, was
about 30°C below the melting point of the most perfect crystals. [n eompositionally
heterogeneous copolymers incorporating vinyl stearate, blocks of crystalline units ap-
peared to be dispersed in a glassy matrix of amorphous co-units.  An empirical e(iuation
was derived which fitted the experimental data for random copolymers, over all com-
position ranges, with fair accuracy.

INTRODUCTION

The influence of crysta_llmltr on the glass transition temperature of poly-
mers is not readily predictable.1* It might be reasonable to expect that
the glass transition would always rise as crystallinity increased.  In analogy
with covalent crosslinkings crystallites ar thought, by tying certain chains
together, to restrict their segrental motion, thus raising Indeed, for
many crystalline homopolymers the glass transition was raised. 1-24~S
Some, however, showed no ‘change.s:o and one system even showed a de-
creaseir2 in Tg These conflicting observations have not received a uni-
3367
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fied explanation, although the behavior of individual systems was ration-
alized in some of the reports., _ _

The crystallinity present in all of these polymers involved an orderl_n? of
main-chain units.” No known studies have been made relating, a shift of
the glass transition in copolymers to crystallinity occurring in Side chains.
The disrupting influence of side-chain crystallites on the viscoelastic proper-
ties of the higher methyl methacrylates has long been known 1314~ Some
limited observations indicated that developing, side-chain_ crystallinity
induced a strongly adverse effect on the mechanical properties of copaly-
mers 1516 Without; however, affecting the monotonic decline of their flex
temperatures, , y

In this study the change of the glass temperature with composition was
followed for most of the copolymers whose heats of fusign and meltln% points
were determined in the previous paper.. Included in the present study
were copolymers of n-octadecyl acrgt/late with the lower amorphous acrylate
homologs, such as methyl (MA), ethyl (EA), n-butyl (tBA)' 2-ethyl hexyl
(EHA) "and with stiff comonomers, such as'methyl ‘methacrylate (MMA)
and acrylonitrile (AN), over the range of composition. -~ Also included were
copolymers of vinyl stearate (YS) and oleyl acrylate (OLA) with methyl
methacrylate. . It"was expected that a Comprehensive picture of the
influence of side-chain crystallinity on T,, would result from the large
amount of experimental data collected here. A major consideration cen-
tered on detecting any shift in Tgwith increasing side-chain crystallinity,
conferred b)( increasing weight fraction of either n-octadecyl acrylate or
vinyl stearate.  Differéntial scanning calorimetry was used to measure the
glass transition temperatures. The conventions and designations of the
preceding papers were followed here. A subsequent paper will demon-
strate the effect on some mechanical properties of the interrelation of sice-
chain crystallinity and the glass transition.

EXPERIMENTAL

The preparation, ?urificatjon, and analysis of the various monomers and
copolymers were fully described in the preceding paper.»  The operation
of the differential scanning calorimeter was the same, exceé)t that scanning
sPeeds of 40°C/minute (through three separate scans), 20 and 10°C/min
(through one scan each2) were employed for each samP,Ie. Scanning ranges
were from —90°C to 20°C above the melting transition. Larﬂes sample
weights (14 to 25 mg.) were used for maximum sensitivity. Al computa-
Hons yk\J/eae performed with an IBM 1130 computer by procedures previously
eSCrInea. s

RESULTS AND DISCUSSION

Glass Transition Temperatures

Most of the co?_olyme_r systems investiga_te_d and their glass transition
temperatures are listed in Table 1. In addition, copolymér composition,
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TABLE |
Glass Transition Temperatures Found for the Copolymers
Fatty
ester in " 0
copolymer, Glass transition temperature, °Clb

mole  OA + OA+ OA+ VS +

fraction MA  OA + EA OA+ BA EHA MMA OA + AN MMA'
0 6d -230  -55.0 -17.0 1016 920 1016
0.050 -103  -29.7 -62.0 -78.7 77.0 520 109.0
0075 -20.7 — - 66.0  -80.0 57.8 343 89.0
0.100 -31.7 -43.0 -66.4  —80.0 38.0 11.0 88.0
0125 -39.2  -53.0 -73.0 -82.0 39.0 4.0 86.0
0.150 -48.3 - 484 -55.0 -83.0 260  -13.0 82.0
0200 -49.3  -55.0  -49.0  -83.0 170 -25.0 79.0
0.300 -54.0 -33.0  -48.0 -43.0 220 -23.0 77.0
0.400 3.7 -18.0 -330  -38.0 207 -19.0 —
0.500 10.7 1.0 50  -17.0 20,7 -13.0 72.0
0.600 21. 9.0 — -13.0 17.0 - 2.0 —
0.750 17.0» 6.0 140  -13.4 21.0 7.0 75.0
1.00 17.0 17.0 17.0 17.0 17.0 17.0 —

aFeed composition; compositions found by elemental analysis agreed within experi-
mental error. - For the corresponding weight fractions, see Table I of the previous paper.

b Designations are: OA, n-oetadecyl achIate; MA, methyl acrylate; EA, ethh/l
acrylate; BA, n-butyl acrylate; EHA, 2-ethyl hexyl acrylate; MMA, methyl met
acrylate; AN, acrylonitrile; VS, vinyl stearate.

¢ Mole fractions, of vinyl stearate, calculated from elemental analysis, were 0, 0.024,
0.036, 0.046, 0.076, 0.183,0.197, 0.377, 0.414, 0.375, 0.744, 0.902.

d Data from Brandrup and Immeigut.®

e Mole fraction was 0.70.

de%ree of polymerization and glass transition temﬁerature are listed in
Table II for copolymers of oleyl acrylate and methyl methacr%/late n
Octadecyl acrylate and vinyl stearate are the crYstalllzm% co-units, Most
of the glass transition datathat follow are correlated with weight fraction;
weight"fractions for all of the copolymers, except those in Table II, are
listed in Table | of the preceding paper: and correspond to the mole frac-
tions listed in Table I of this paper. 1'or convenience, the order in both
tables is the same. o o
The onset temperature was taken in this work to be the glass transition
temperature, Tg This mterﬁretatlon of Tgs shown as curve 1in Figure
IB* The choice is somewhat controversial, however. The generally
accepted methods of obtaining Tofrom DSC tracess-: involve extrapola-
tion of the inflection point, or'endotherm maximum.z of the heat capacit
curves for successive finite scanning speeds to zero. rate. . This method,
which recognizes the rate dependenCy of the transition 2 is supported on
theoretical grounds 130 However, the alternate method of using the onset
temperature apparently gives values independent of scannln%< peéd,  which
are close to accepted literature values. In the present work, values of T,
within about 1-4°C of literature values s: usually obtained by other
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Fl? l. TYplcaI scanning curves for the copolymers.  CA) Fusion endotherms of n-octa-
decvl acrylate-ethyl acrylate copolymers, selected as representative with various mole
fractions of ra-octadecyl acrylate, as listed in Table I: 31)075 (£) 0.40; (3) 0.20; curve
(4)0.05. (B) Glass transition curves of systems selected as representative from Table | :
(1) ethyl acrylate copolymer system, mole fraction n- octadeci/l acrrlanOS (2) methyl
methacrylate copolymer system, mole fraction of n-oc adeci/ acrylate, 0.075; (3) methyl
methacrylate copolymer system, mole fraction of n-octadecyl acrylate, 0.40.

methods were obtained by this procedure for E)OI){acrylonltrlle polyfmethyl
methacr atG) poly(vinyl chloride), poly(ethyl acrylate), and " (n-butyl
acr Iate2y iass transifions were obtained af two and sometlmes three
different scanning speeds and averaged. It would appear that errors, in-
herent in the use of the onset température at varied scanning speeds just

TABLE Il
Glass Transition Temperatures, and Degree of Polymerization
of Oleyl Acrylate-Methyl Methacrylate Copolymers

Oleyl acrylate in copolymer

Experiment . .
number Mole fraction Weight fraction DP» T, °C
1 0.050 0.145 1631 73.6
2 0.075 0.207 1663 61.3
3 0.100 0.264 1448 50.3
4 0.125 0.315 1016 217
5 0.150 0.362 872.8 26.0
G 0.200 0.448 787.7 5.0
I 0.300 0.580 383.9 14.3
8 0.400 0.682 267.1 -42.3
9 0.500 0.763 193.1 -49.0
10 0.600 0.829 152.6 -57.0
1 0.750 0.906 128.9 -45.0

“ Calculated from osmometric molecular weights by using a weighted average of the
molecular weights of the two comonomers. Copolymers were partially crossliuked.
The soluble fraction decreased from 94% to 6%, from experiments Lto 11,
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managze to compensate for rate effects. _In any event, in this work, the
onset temperature was the only reproducible temperature. Some scans on
amorphous copolymers were obtained mdlcatm[g very smal| heat capamg
differences between the liquid and glassy states, respectively (curve
Figure 1B). In man_}/ the Inflection point was completely masked by the
presence of crystallinity (curve 3 Figure 1J3). In the latter cases, the onset
of melting (intersection of the dashed ling) and the temperature interpreted
to be Tgnearly coincided. The trends of the data in passing from the
completely amorphous copolymers to the crystalline systems supported the
interpretation of Ta  This convergence seems to be a'unique characteristic
of these systems.

Relation of Tsto Copolymer Composition in the Amorphous Region

The copolymers retained their amorﬁhous character between the limits of
0 and 0.5 maximum for the long side-chain comonomer. ~ This is the region
considered in the discussion that follows. _ N

Many theoretical expressions have been derived for the glass transitions
of amorphous copolymerszs as a function of composition.  Most of these are
extensions of treatments obtained from Kinetic and thermodynamic theories
relatln%to the vitreous transition in solids.. An expression which is em-
pirical but seems to apply to many systems measured 1Sz

T9- TV Tewn + KAV ()
Here T,aand Tsbare the %Iass transitions of the respective homopolymers,

waand wicare their weight tractions, and K is an empirical constant. “In the
special case where K =0, eq. (1) becomes
Tg= T+ TgW 2)
Because s linear here with respect to composition
Tg—Tha— kb (3)

where kis the slope [Tdo<T k = &T -Td)]and Teathe intercept of
plots of experimental TCagainst weight fraction of the b comonomer. _The
glass transition-composition data for all of the copolymer systems in Table

and I, through the composition reglon where the copolymers are amor-
phous, followed'eg. (3).  The parameters for the various copolymer systems
are listed in Table I1l, The magnitude of ksteadily decreased as Tea dle-
creased. These data illustrate thie monotonic decling in Toexpected with
compositions,isis with no attending complications of curve maxima or
miNima. 28,29 o

T}/plcal data are shown in Figure 2 for copolyrmers of n-octadecyl acrylate
or oleyl acrylate with me,thY,I methacrylate. = The data for the n-octadecyl
system, shown as the solid line, at the left sice of the plot, up to a weight
fraction of 0.365, represent the decline in Tgin the absence of appreciable
crystallinity. - Above this weight fraction the Ta-composition curve is
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TABLE 11l
Curve Fitting Parameters for Various Equations
Equation (3)* Equations (9) and (10)
System Tp k (Xc/Xc max)o a i3
OA + MA 280.1 126.0
OA + EA 250.9 77.59
OA + RA 218.3 63.10
0A + ERA 195.9 21.66

0A + MMA 375.8 212.4
OLA + MMA 374.5 210.0

OA + AN 368.8 200.6
VS + MMA 369.9 30.86
Set 1 0.3250 1.639 -1.023
Set 2 0.1030 -0.3567 1.290

»From Table | the glass transition temperatures correlated corresponded to these
mole fractions of the Cis component: MA, 0.050 to 0.20; EA, 0to 0.20; BA, 0to 0.125;
EHA, 0t00.20; MMA, 0to 0.150; AN, 0t00.20; VS + MMA, all mole fractions.

affected by developing crystallinity. In contrast, Tgfor the entirely
amorphous oIeY_I acrylate-methyl miethacrylate copoIYmers, shown as the
ling, declined Tinearly to a weight fraction of about 0.73. Apﬁre(:lable
crosslinking through "the oleyl side chain is thought to distort the curve
be}{ond this point s Poly(oleyl acrylate), like poIY-AT-oIeyIacrylamjde, 1 IS
entirely amorphous, as” revéaled by differential scanning Calorimetry.
Both amorphous curves extrapolate to values for the respective homo-
Polymers near 1G °K 5—111° . This is the value marked with a star in
he ,flgure. A Tsof 162°Iv was the value assigned as the glass transition of a
variety of structurally varied homopolymers having 18 carbon linear side
chaing when in their amorphous state.s It had been obtained by ex-
trapolating the glass transition temperature of several systems of amorphous

Fig. 2. Plot of glass transition temperature vs. weight fraction of fatty ester for copoly-
mers of, respectively, re-octadecyl acrylate or oleyl acrylate with methyl methacrylate.
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Itower homologs to a side-chain length of 18 carbon atoms by using the rela-
lons

Tg—Tg0—(@(In 3 @
where ais the number of flexible bonds in the unit, o is the rate of change of
Tﬁwnh In a and Ty is a constant characteristic of a homologous series.
Thus these data on copolymers, in particular the data on the amorphous
oleyl system, confirm the reported T.,for the amolgphous state of poly(n-
octadecyl acrylate) and for pon(oIe%/l acrylate). - Further confirmation is
found in the amorphous regions of the '/',-composition curves for several
other systems. These are shown as the linear portions of the curves in
Figure 3, A?am all of the data follow eq. (3), and extrapolation leads to
T%mea_r 162°Iv (—111°C).

_Inthis connection the glass temPerature of polymethylene deserves con-

sideration. It now a?pears that the true glass transition for linear poly-
ethylene is —130°C (143°K).99 This coincides with the ytransition; for
the hydrocarbon.  This value is very close to a temperature of —135°C
found by extrapolation of the Topof a series of poly(alkylene oxide)s, of
varying methylene length, —(CH:),,0,— to the limit of polymethylene by
using the method of Grievesonz  The value of Tgat n= 18 Is abouit
—125°C b){ this method. - Thus the glass transition temperatures for poly-
(oleyl acrylate), and for the amorphous state of pol%(n-octadccyl acrylate)
and” probably of other flexible finear 18-carbon homopolymérs such as
poly vinyl stearate), Foly(n-octadecyl vinyl ether), and poly(n-octadecyl
methacrylate) = lie close to —111°C. At very long extensions of the
side chains the glass transition for amorphous polymethylene (—130°C)
would be approached for all systems.

Relation of Tgto Composition in the Crystalline Region

The solid or dashed lines extendm? to the right on the curves in Figures »
and 3 continues the experimental values of the glass transition-composition
curve gables_l and I1). It is obvious that the regular decline of Tcheyond
a weight fraction of »-ctadee Iacr%Iate of about 0.4 is reversed by develop-
ing crystallinity.  In Figure 3, as the temperature rises for such & composi-
tion, the lower part of the dotted line marks the onset of crystallite melting;
the up?er part of the ling is where the last trace of crystallinity disappears.
The latter was taken as Trrin the preceding paper. ~In the numbered re-
gions, scanning curves had the aPPearance of the corresponding curves of
insert A, Figure 1. The spread of the curves is taken as an indication of the
distribution of crystallite sizesu found as composition changed. Tempera-
. 22 . . rd 0 . .
ture intervals were from 22 to about 45°C.  The position of each number in
Flfgure 3 marks the approximate beginning of the melting range indicated.
Of course, the regions to the left of the dotted area are the completely
amorphous region discussed above. ,
The curves show (Fig. 3) that main-chain stiffness has an appreciable
effect on the development of crystallinity in the copolymers.” In the
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Fig. 3. Effect of side-chain crystallinity on the glass transition temperatures of copoly-
mers of n-octadecyl acrylate with various comonomers: (-—--) experimental data for
Tt; (=) Tgcalculated by using eq. (8); (+11)crystallinity range. Abscissa, weight
fraction re-octadeeyl acrylate.

n-octadecyl acr¥late-acrylon|trlle (OA + AN) system, measurable crystal-
linity, as indicated by the dotted line, was not present till the glass transi-
tion”temperatures had been reduced to about 290°K (17°C). _This oc-
curred at a weight fraction of about 0.4 n-octadecyl acrylate.” Somewhat
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similar results were found for the n-octadecyl acrylate-methyl methacrylate
copolymers (Table l%’ In contrast, as Tgprogressively ‘decreased with
change to more flexible comonomers f(MA, A, EHA), crystallinity first
appeared at smaller weight fractions of the long-chain ester. In the latter
systems equilibrium crystallinity was approached over a much wider compo-
sition range than was found in the former. - This phenomenon has been dis-
cussed in the preceding paper v Itmay be concluded that before appreciable
crystal formation be?an In these copolymers, glass transitions were reduced
some 20 to 30°C below the egiumbrlum melting point.  The composition
range at which this occurs will be determined by the difference, between
Tdpand T,afor the respective homopolymers, that'is, by the magnitude of k
in Table 1. At a composition soméwhat hlqhe_r In ‘component b, char-
acteristic of each system, T¢ begins to rise. 1t is Bossme that this rise
corresponds to the region where crystal impingement becomes important .

While the amorphous region has_been adequately described b% eq. (3?, it
might be helpful to develop a relation gov_ernm% the extent of ¢ an?eo T,
with composition that will include the region where side-chain crystallinity
devrellé)hpet. The simplest expression to e considered is an additive one,
such tha

Tg —W& ¢d + Wb'Tgb + WgTge

In this expression Ts is the %Iass transition temperature of amorphous
homopolymer @, T,b1s that of the hgpothetlcal amorphous state of crystal-
line homopolymer b, and T its observed glass transition (Fig. 3).” For
poly(w-octadecyl acrylate) T was 290°K %17°C). In e%. (5§J wa is the
Wweight fraction of homopolvmer a andv§= Vib + W, The weight frac-
tion of crystallizable comonomer is Vi and Vi and v are the portions of Vis
that are amorphous and crystalline, respectively. - These quantities may be

computed as
Vb (1 >oscmmaf (s)

We (xc/ x& max)W[> (7)

The ratio >a5ana* relates experimental crystallinity for the copolymer, xcto
the maximum crystallinity possible at equilibrium.. These ratios were dis-
cussed in the preceding paperw and are found there in Table .

Equation (%), however, did not fit the experimental data. ~Apparently
at low Visthe contribution of crystalllmt% to rendering the main chain rigid
is reduced, and the amorphous contributions predominate, so that the
proposed partition is not adequate. Similarly, at high Viathe effect of
crystalline mpmgem_ents would intensify.  Consequently egi. (5) can be
modified by introducing a parameter as an exponent which will be sensitive
to_the initially small and later intense influence of developing crystallinity
with increasing n-octadecyl acrylate, If the exponent Is assumed to be
linear with composition of n-octadecyl acrylate, eq. (5) becomes
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w = feadenao + all, + @k 9)
and
wh'= 1- we (10)

By an iterative procedure, Cand kswere assigned the values of 4.0 and
—4.0. To obtain w/ and to/ through egs. (9) and (10), values of a5
were correlated against wio(Table I in the precading paper), the curve fitting
being carried th,rou%h a fifth degree polynomial an analy(zed for significance
by an F test in the computer. The significant constants are shown in
able 1. Two sets of constants were required. Parameters for systems
of h'(?h main-chain mobility %h_e entirely n-alkyl acrylate copolymers) are
listed in set :. When main chains were stiff (methyl methacrylate, acrylo-
nitrile), the constants of set » applied. _ _
.Glass transition temperatures calculated by using eq. (s) are shown_in
Figure 3 as the dashed lines. The empirical equation aﬁ)pears to describe
the main features of the experimental data fairly well. It is versatile
enough (providing the correct constants of Table I11"are employed) to apply
to the usual range of T,, (100 to —80°C) encountered in copolymers.  Con-
sequently the changing glass-transition temperature, introduced bY side-
lg',halnh_crystalllmty, appears to be adequately described by this simple rela-
lonship.
_ WheFr)] copolymer compositions are highly heterogeneous, both the crystal-
line and amorphous co-units polymerize ‘in blocks and usually a%gre_gate
into separate domains. - Consequently, developing side-chain Crystallinity
should little influence the apparent glass transition. This was found for

Fig. 4. Effect of side-chain crystallinity on the glass transition temperature of copoly-
mers of vinyl stearate and methyl methacrylate: (- glass transition temperature;
() melting transition temperature.  Abscissa, weight fraction vinyl stearate.
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copolymers of vinyl stearate and methgl methacrylate (Table I), in which
compositional heterogeneity is marked.Zb Data are shown in Figure 4.
Apparently, domains rich in methyl methacrylate suffered little decrease in

gwith increase in the overall weight fraction of vaI stearate.  Conse-
quently the value of k in Table 111 was low. The value of Tgpofor amor-
phous poly(vinyl stearate), shown as the star in the figure, was never ap-
proached.” This contrasts with the curves in Figure 2 ‘for random cqpoly-
mers.  On the other hand, chains rich in vinyl stearate, crystallizing in the
region marked by the dotted line, showed little melting point depression.
This behavior is different from that found for random copolymers in Figure
3. The plots in Figure 4, consequentIY_, reflect the agrg]regatlon of the crys-
talline and amorphous domains. ~The Timit of this behavior would be in-
compatible mixtures of the two homopolymers.

SUMMARY AND CONCLUSIONS

The effect of cr>{stalllnlty developing in side chains on the glass transition
temperature of selected copolymers was investigated. =~ The decline in the
glass transition for all of these copolymer systems was linear with respect to
n-octadecyl acrylate in the composition ra_r|19e where the copolymers were
essentially amorphous.  The extrapolated T, ,0f poly(n-octadecyl acrylate)
in the amorphous state, as well as for amorphous poly(oley! acrylate)y, Was
close to —111°C.  This coincided with the value previously obtained by an
extrapolation of data on series of homologs. Beyond a critical composition,
developlngi side-chain cr}/s,talllnlty raised the ¢lass temperature steadily,
up to a value of 17°C, obtained for the crystalline homoE)onmer. _Crystal-
linity did not develop in any random sgs em until the glass transition tem-
perature had been reduced to about 30°C below the melting point of the
most perfect crystals. Compositionally heterogeneous copolymers acted as
if chains_containing blocks of crystalling units were dispersed in a glassy
matrix of Iar(t;ely amorphous co-units. - An empirical equation was derived
which fitted thé ex?e,rlmental data for random copolymers over the com-
position range with fair accuracy.

The author thanks Mrs. Ruth D. Zabarsky for the operation of the computer.
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Analysis of Polymerization Rates in Radical
Polymerization with Primary Radical
Termination of Some Methacrylates

KATSUKIYO, ITO, Goamat Indstrid Ressach Irstituie, Nagpyg,
Kita-Ku, Negoya, Jgen

Synopsis

Polymerization rates in polymerizations with primary radical termination of ethyl
methacrylate, /3-pheny|eth¥I methacrylate, /3-methoxyethyl methacrglate, and phenyl
methacrylate initiated by 2,2'-azohis-(2,4-dimethylvaleronitrile) at 60°C were analyzed
by using a simple linear equation. The values obtained of ku/kikp (where kn is the pri-
mary radical termination rate constant, ki is the rate constant of addition on to monomer
of primary radical, and kp is the propagation rate constant) on these analyses are dis-
cussed on the theoretical base.

INTRODUCTION

In the previous paper.: in order to analyze P_olymerization rate Rvin the
polydmerlz%tlon with primary radical termination, the following inequality
was derived.

B[ClE 254C] R

Ml MF > M]ICz
> A 1 RICV ZF[‘AZA[]S] ()

A= (fkgkhlLo

B= (/KK

Here, [C] and [M] are, respectively, the concentrations of initiator and
monomer, / is the initiator efficiency, and kd kv kit 3t and ktiare the rate
constants of the decomposition of initiator, propagation, addition onto mo-
nomer of primary radical, chain termination, and primary radical termina-
tion, respe_ctlveI%//. _ _ _ _

“When Yi[C]* V[AI] « 1, inequality (1) becomes a simple linear equa-

t|0n:2
R/ = . ( Ai[CA
MICT} v m{w% @
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By using this equation, the values of ktikil, in various polymerization sys-
tems have been calculated 3 _ o

In this paper, polymerization rates in I&olymerlzatlons of ethyl methacryl-
ate éEMA), 13-phenyl methacrylate (PEMA), /3-methoxyethyl methacrylate
(MEMA), and phenyl methacrylate (PMA) initiated by 2,2'-azobis(2,4-
dimethyl vaIeronltrlle% (ABVN) are analyzed by using eq. >(2).

EXPERIMENTAL
M ateria

PEMA and MEMA were pre#)ared bly ester exchange between aﬁproprl-
ate alcohols and a 4M excess 0 meth}{ methacrylate (MMA) in the pres-
ence of small amount of p-toluenesultonic acid as a catalyst. PMA was
prepared by the reaction methacryl chloride and sodium phenoxide.

The above monomers and commercial EMA were washed three times
with 5% sodium rgiydromde_and twice with water, respectively. Each
monomer was dried over with sodium sulfate and fractionally distilled
under reduced pressure.  The middle cut of monomer [gEMA, bp 55°C/55
mm qu;_PEM 109°C/4 mm; MEMA, 60°C/9 mm; PMA, 82°C/5 mm)
was retained and stored in the dark at —25°C until used,

Pure ABVN was supglled by Wako Pure Chemical Industries. ABVN
was also stored at —25°C until used.

All solvents used were reagent grade.

Procedure

_Measurement of dpolymerlzatlon rate was carried out ,b}/ using the same
dilatometer as used in the preceding work s The initiator ([C] <0.025
moIe/l.L, monomer, and dimethyl carbitol (DC) as solvent (monomer:DC
=13 Xvolume) in the dilatometer was degassed by successive freeze-
thaw cycles and then sealed under a vacuum of about 10_s mm Hg. The
dilatometer was maintained at 60 + 0.02°C. The value of koht 60.0°C is
calculated to be 5.45 X 10~ 1/sece _

. Total shrinkage for each polymerization was calculated by using the den-
sities for monomer and polymer shown in Table .

RESULTS AND DISCUSSION
Relationship between f?p’LM][(F; i and [C]/4[M] in the 1pﬁ)lymeriza-
 Or e

tion of EMA, PEMA, MEM Aisgiven in Filgure L ran%e of
[Cl'a/[M]of eq. (2) available [EMA, <0.06 (I/mole)'A: PEMA, <0.09
TABLE |
Densities for Monomer and Polymer at 60°C
EMA MEMA PEMA PMA
Amonomer, §/CC 0.8751 0.9560 0.9902 1.0240

Cpolynes §/CC 1.1080 1.1448 1.1697 11933
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Flg l Relationships between Rp{\; [C]P2and &C I,/IM] in the polymerizations of
) EMA, (6) MEM A, (6) PEMA. arid (0) PMA initiated by ABVN at 60.0°C.

Ig/mole)/ PMA, <0.10 é’l Imolc)'/!] increases with increasing AJfor
MA, A=T773 X KM4 for PEMA, A= 12.8 X KM4; for PMA, A =1390
X_10-4 sec(mole/l )12, However, in the polymerlzatlon of MEMA, in

ite of the large, value of A= 161 X 104 sec%mole/l) Is the range of
EB]I [M] ofeq 2)r|s quite small, [ !N[M < moe 12 because

IS Very large ese results show that eq. (2) may eava| bIe in the
range of o < SIC
e values of are calculated from the above linear relations on

the basis of g, (2) and collected in Table I1, 1f the value of/ in this case is
identical with the value of f for 2 2 -azobis(: é7 A-dimethvl butyronitrile), /

may be 0.51.4 Thus, we obtain X 10~e/sec.s On the basis
of this value, the values of ere calculated from the: value of A and

are collected in Table 1.

TABLE Il .
Values of KA. 2nd kdkat 60°C

MMA EMA MEMA PEMA PMA

_ ’mole-1./sec 144s 93.0 214 33.7 54.0
[ mole-1./sec 7.335 115 4.82 2.38 1.96
) 50.9 124 225 70.6 21.1

aValues obtained in the previous paper.3
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If the value of ktmay be approximated to the value of kg the primary
radical termination rate constant may be one hundred times the chain
termination rate constant (Table 11).  Unfortunately, the values of
and k p are unknown, and this approximation may be only qualitative.

The author wishes to thank Wako Pure Chemical Industries for supplying ABVN.
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Temperature Effects in 7-Initialed
Polymerization of Styrene. I,

S. P. SOOD, Deatnart, of Creistry, University of Hanaii, Hilo GrpLg,
Hanaii and T W. HODGINS, Dt of Gemicd Brgiresrirg
MiVester Unvarsity, Hamitton, Qtanig Carechy

Synopsis

Experimental data are presented for the y-iniliated polymerization of commercial sty-
rene at aseries of temperatures above ambient.  Examination of the early stages of poly-
merization (up to 10% conversion) has led to the following conclusions.  For this system,
there exists a critical temperature (109°C) above which the rate of polymerization is in-
dependent of dose rate, over a wide range of K-intensities. This dose rate independence
isascribed to a “limiting rate of initiation,” characteristic of the intensity range. A con-
sequence of this is that at a given temperature above the critical temperature the degree
of polymerization is also dose rate-independent. The above phenomena can be ex-
pected in any vinyl monomer where the monomer is fairly active and produces relatively
stable radicals. Experimental procedure is described, and kinetic analysis presented to
substantiate the conclusions.

Introduction

“Radiation-induced polymerization of vinyl monomers has been exten-
sively mvestl(l;ated during the past several decades, At low conversions
and at normal temperatures the polymerization reaction is initiated by free
radicals and the kinetic data can_be' well explained in terms of conventional
free radical mechanisms.  Chapiro: has reviewed the developments in this
field covering the period up to 1962,

Recent developments reported by Chen and Stamm.. Okamura et ah s
and Johnson et ahs have stimulated renewed interest in this field. Chen
and Stamm reported evidence for the existence of ionic and free-radical
mechanisms in' the poli/merlzatlon of styrene at low temperatures, whilg
other workersss reported that the radiation-induced poIKme,rlzatlon of
extremely “dry” |I(1UId styrene proceeds via an ionic mechanism.  Con-
siderably  faster rates of polymerization and high G3pere values were
obtained in the ionic polymerization as compared to free radical reaction,*

In the present investigation a comprehensive study of the polymerization
of liquid ‘styrene was Carried out at relatively higher temperatures and
several dose rates. In all cases the reactions were studied up to 100%
conversion with the objective of developing kinetic models for the polymer-
ization of styrene at high conversions. These results will be reported fater.

* Crstyreno is the number of mouomei' units reacted per 100 eV absorbed.
3383
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In this study, by usm? 7 nitiation, unusual and unexpected temperature
effects on the rates and the de%rees of polymerization o st?/rene, have been
observed and reported in part earliers “A tentative explanation for the
temperature phenomenon 15 presented on the basis of Kinetic analysis of
data for conversions up to about 10%.

Experimental Procedures

Commercial styrene (supplied by Polymer. Corporation of Canada) was
chosen as the reactant, since the ‘applicability of this work to industrial
Practlce was considered of importance. Thé monomer analysis was as
Ollows: styrene, 99.630 wt-%; ethylbenzene 0.032%;_isopropylbenzene,
0.123%; n-propylbenzenc, 0.090%; ‘sec-butylbenzone, 0.039%; “a-methyl-
stgrene, 0.037%; sulfur, 0.0004%; chlorides, 0.0001%; benzaldohyde
0.0033%;_peroxide (H:02, 0.0012%: polymer, 0.0016%; water, saturated

500 ppm).

Thgpreactlon vials were made from IS-mm diameter Pyrex tubmgi and
cleaned with an oxidizing mixture (50:50) of bo_llm%_concen_trated sulfuric
and nitric acids. The vials were then rinsed five Times with tap water;
three times with distilled water: three times with reagent grade acetone and
dried overm?ht at 110-120°C. o
. The samples for irradiation were prepared by dellverln% 10 cc of styrene
into the reaction vials and the dissolved air removed from the monomer in a
cycle of freezing, pumping, and thawing, repeated twice before sealing under
vacuum at about 10-s mm Hg pressure, o _

Conversions were determined by standard gravimetric procedure usm%
about tenfold volume of methanol for precipitation of dioxane solutions o
polymer-monomer mixtures. For very hl%h conversions, the residual
monomer was determined by ultraviolet'spectrophotometry.s

Irradiation of samBIes was carried out in an air oven by use of a @Co
source (nominally 5000 CP described elsewhere,  The samples were posi-
tioned in a uniform field of radiation intensity and dosimetric calibration at
sample_positions was accomplished by Fricke dosimetrys by using vials of
ap;%rommately the same dimensions and geometry as the reaction vials.

- The design'of our irradiator has some useful and versatile features. = The
air oven is shown in Figure « with a concentric arrangement of aluminum
%Ilnders fabricated to Uniform diameters and fixed in"position on a stand.

e sample vials were attached to these cylinders by a ring-and-clip ar-
rangement so that all the samples fixed to any one cylindrical Sample holder
were at a uniform distance from the axis of the source and in a field of uni-
form radiation intensity. 1t was necessary.to, use two additional stainless
steel cylinders (inner two cylinders) in proximity to the @Co source to pre-
vent breakage of the sample vials while removing or i)osm_onmgt_the source
for irradiation. - With this arrangement it was passible to investigate three
different dose rates at one time. ™ Four or five different dose ratés may be
investigated simultaneously by adding additional cylindrical sample



-TPOLYMERIZATION OF STYRENE 3385

Fig. 1. Irradiation apparatus.

holders, Up to ss samples ma?/ be irradiated simultaneously.  The irradi-
ation chamber was heated by blowing air over a series of heaters.

Results and Discussion

At the outset, in this study polymerization of styrene was investigated u
to 100% conversions at 50, 74, and 89°C at dose rates of 178, 58, and 24 rad/
sec for each temperature. In addition, conversions to about 109% were also
investigated at 99 and 109°C for the same dose rates.  For this monomer all
conversion curves are sigmoid in character and complete conversion of
monomer to polymer was achieved over the entire range of the experimental
gogdltlons investigated.  Typical conversion curves are shown in Figures

This paper offers a kinetic analysis of the linear portion of these sigmoid
curves (to 10% conversmn%; relevant data are listed in Table 1. Further
study 1S in progress on the kinetic processes represented in the upper
portion of the curve. o _

In Figure 5 are presented the plots of rates of polymerization against dose
rate for the various temperatures mvestl%ate in this study. ~The tem-
perature dependence of the rate and the degree of Polymerlz_atlon on the
dose rate is rather unexpected. Chapiro: has deve
expression for low conversion, as follows:

R, = (kp'k//a) (Em[M ]/)n[M] (1)

oped a simple kinetic
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TIME (HOURS)

Fig. 2. 7-R.ay-iiulviced polymerization of bulk styrene. Plot of percent conversion
against reaction time at various dose rates. Temperature 50°C.

TIME  (HOURS)

Fig. 3. 7-B.ay-induced polymerization of bulk styrene. Plot of per cent conversion
against reaction time at various dose rates.  Temperature 74°C.

where Bvis the rate of polymerization, kpand_ktare the propagation and
termination rate constants, respectively, <£,({M] is the rate of production of
free radicals per unit radiation dose, / is the dose rate, and [M] the monomer
concentration. _

Many workers have found that ry the exponent of the dose rate, is 0.5 for
thW conversions; our experiments at 50°C and 74°C confirm this observa-
lon.

However, above 74°C, the value of ndecreases linearly with rising tern-
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TIME (HOURS)

Fig. 4. 7-Ray-induced polymerization of bulk styrene. Plot of per cent conversion
againstreaction time at various dose rates. Temperature S9°C.

Perature, until abqve about 109°C under the radiation conditions specified,
he rate of conversion becomes independent of dose rate.

A similar trend of the temperature dependence is also observed for the
average degree of polymerization Pn  In'Figure s are given the plots of Pn
against dose rate; thé results aretabulated inTable 1.~ _

From the steady-state free-radical polymerization kinetics the foIIowmg
relationship can be derived,  assuming chain-transfer to the monomer an
termination by recombination:

/M= KRGV + (M) )

where Pnis the average degree of polymerization and karvis the rate con-
staFt for the chain transfer to the monomer.  Other constants are defined
earlier.

In Figures 7 and s, the reciprocal of the number-average degree of poly-
merization Pnis plotted against the overall rate of polymerization for the
various temperatures mvestl%ated_ in this study. The number-average
molecular weight (M,) was determined by membrane osmometry.

The intercept of each of these plots is zero indicating that chain transfer
to the monomer is negligible, which is in agreement with literature.  From
the slope, kAq®ratios were obtained, where slope = fc/2fc,.[M]2; the
values are listed in Table I. _ o _

The values of K2k are plotted against 1/7” in Figure 9 to obtain the
temperature dependence of ratios. ~ For comparison purposes, data of
Huang et ah 1 Tobolsky and Otfenbach 1« and Matheson et al s are also
plotted along with the present data which are in excellent agreement with
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TABLE I
Dose Rate Exponentasa Function of Polymerization Rate and Degree of Polymerization
T, °C n (forRp @ 7») n (forPn @/»)
50 0.50 -0.62
74 0.48 -0.43
89 0.27 -0.33
99 0.13 - 0.20
109 0.005 -

those of other workers. The resulting Arrhenius type relationship is ex-
pressed as:

t//d = 285 X 10 e 1202Tiir

Energies of activation ea for the polymerization reactions were calculated
for the three dose rates emPloye , and the values are listed in Table 111,
It will be noted that in the temperature range 19-74°C our data agree well
with those in the literature. o _
_From the data plotted in Figure 10, however, activation energies are
higher in the range 74-109°C.” This could be the result of a parallel
inftiation reaction which becomes significant above 74°C.. The data points
labeled 1, II, and I11 are considered experimentally valid. Further data
are now being assembled for the temperature range 74-100°C. _

In order to understand the nature of parallel mitiation and to elucidate
the meaning of the data points labeled I, II, and II1 in Figure 10, the rates

Fig. 5. Influence of temperature on the rate of 7-initiated polymerization of styrene.
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DOSE-RATE (MRADS/HOUR)

Fig. 6. Influence of temperature on the average degree of polymerization in the y-
initiated polymerization of styrene.

of initiation Rtare plotted against 1/Tin Figure 11 The rates of initiation
were calculated by using the following expression:

NG) Ntod)  -Rirem) b
where _
d fitod) —RaAH A9 @
an

In these expressions Rwis the observed rate of polymerization hr mole/1.-scc;
k and kware the termination and propagation rate constants, respectively;
ki is the intiation rate constant, and [ flsthe molar concentration of mon-
omer. The values for kfiere obtained Trom the Roche and Priceu expres-
sion:

ke= 1.885 X 105 e-13900/r (5)
TABLE 11l
Activation Energy ea of Polymerization Reaction
e, keal/maole

Dose rate, Huang
M rad/hr This work etal.B3

0.64 6.2 6.1

0.21 9.7(74-109°C 6.0(19-74°C 6.1

0.09 12.7(74-109°C 6.2(19-74°C 6.1
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Fig. 7. Plot of the reciprocal of the number-average degree of polymerization vs. the
rate of the v-ray-initiated polymerization of styrene. Temperature 50°C.

This expression for f2i(7) takes account of the thermal contribution to the
%eogll rate of polymerization which becomes increasingly significant above

This plot reveals some interesting features related to the observed phe-
nomena and the foIIowmg tentative conclusions maY be drawn. _

&1) For the temperature range 50- 74°C, the slopes labeled A, pertain
to the region where R,  7'/!, and'the observed increase in the rate of initia-
tion (R)'1s due to an Increased ability of the prlmar¥ free radicals to initiate
growing chains.  This is the normal temperature effect and is observed for
all dose rates investigated in this study.  Furthermore the re(?ular_lty of the
data jUS'[ll_f(IjeS confidence that the data points labeled I, 11, and 1 in Figure
10 arevalla.

(2_2)_ In the case of 0.64 Mrad/hr dose rate, the rate of initiation Rt
exhibits a maximum at 74°C and the R{decreases between that temperature
and about 92°C (region labeled C), possibly due to the recombination of
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Fig. s. Plot of the reciprocal of the number-average degree of polymerization vs. the
rate of the 7-ray-initiated polymerization of styrene.

K X103
Fig. 9. Radiation-induced polymerization of styrene. Plot kpZktvs. 1/T.
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K °KX to3

Fig. 10. Overall activation energly for radiation-induced ]polymerlzatlon of styrene.
Plot of polymerization rate vs.

gpmar% free radicals; again /7, increases slightly over the temperature range

| te?bse 5 rpaxmu Rtat 74°C_for this dose rate IS caused by the
ﬁrlw rY ree radica recomE‘n%lon reactu%n a sumln? %rea or wgportarfce at
Oﬁmetlaeloﬁeratures then for this range of radiation Tntensity, the total rate

_ R, ATkpR}

should not exceed th Rt %bserved at 74°C for the064 Mrad/hr dos
rate.  In order to |at |s ssumpt|on R{tom ) for the oert
064and009(M]ra rls ottdl this fiture, I eet Z)
does not exceed t Va uea 74 In |catpeq mtt]e er|
fs]stem trLere IS certzan “critical primar

atlo als Inifiage gr nce %amscq%po# asobse uerP
mcreasé) Qﬁ f?]e ra ? ‘atlongéﬁaus therm ) quco
ar m*n Ieg ¢ on efect. In ﬁdert che

0

tlo
R
o orer e, ', i
the C portion of the plot for (.64 Mra(\ﬁh cfose ran (?lsappears Indlicating
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that a unaQ/ free-radical recombinatjon reactron IS not occurring to any
ap rec ent t these mtensrtreso radiation.

e gose rates of 0.21 an 89 Mrad/hr, breaks inthe Arrhenrus
P8 areo serve tem erature ofa 8. and 92°C, respect |ve}/n
Hmﬁtrn eh eexstenceo mrtratron However, fr
ot es n the region | |ta ear thatsuch bre
exrst ma 0Se sa ho gh ese esare con |nu et%reaé
|ncreas|n? 1er e, T ritt at o es B converge fora srates
Investigated, leads to the conc usion that there are two competing reactions:

R"+R'" R-R (7a)
R-+M —RM- (™)
Reactign uId ‘gedomrnaée at hrgh temperatures, under the radia-

tron conr? trérgrsr oOr e experiments descriped

Ve olserve t It rrmaerrteeradrcaI from one

sourceJerg th rma mter ere with radicals generated from anot €r source
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mrtrato H Wever resent work, a more complicated system
orrmor LAk, Aot ool sy

ein co dere rag thermal Initiations
ccomg%%e Y grrmar |ca recombm éron reactions Hr gossr
stence 0 ar Ie -Initiations and an uncorrected thermal

) onent IS ern%consr
In order toet lish the nature of araIIeI Initiation, the initiation rate

E? ants fC, and the ener msofrnrtratﬁ)n |gvrr,ere%etermrned 0n assuming
Q 0, vvhrpe for thermal po ymerization

sumrng af the rﬁteso Initiation. 7 due to the parallel initiation
reactions are additive, then the total 7-nitiation rate becomes:

77/(total?) 77(tota|) iemad = TUUD) ¢ TLQ

where 71l 7a 2) Is due fo the un rallel initia-
tion; o QMT’gthe rari proc gtrjon?f free ra(?chak @\m iﬁe monomer

e (0 e per unit radjation dose. For the purpose of

e e
7= | (8
71Q) = * )M}l

or
T2 = ZWﬂX\}/I 9
719) = f,(2) ]I

or
i) = 22 M (10)

155 rrrrerrsrrerrrre'reorargeerh o
merizatl |mtperatr%re range _/4-109°C_beco esrgnr cant
extraﬁ ogtion OK & CUrves rn

Waseva uaterq i)y rP
re onthe'h 2 (texp rrme ta }/ xtrapola-
tro This, ext aton |str ifiable Iy erﬁssu Ptron al the rate of
|t|at|?n IS N OPen ent tem ratu e Inifiation rate constants
wer evaluate an re |s
The Arrheniys Ipotso andszg near and tgeT?
values optaing f%n the slopes of esep fs reo esame order

f
%9?e”m“ grgtsure depen er(qgncép ij “Zf%rl(t)rqeo d t?ﬂﬁcgrected]for ermj
component Is;

L(2)" = 6.92 X 107 (ID
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o TABLE IV
Initiation Rates as a Function of Temperature and Dose Rate

R X MU X Rid&sX kid), X kideX kid): X
10

Dose 108 1 , wl
Temp, rale mole/i-  v/mole-  molel-  uimole-  1/mole-  rimole-
°C' Mrad/hr  seca see see” Sec Sec sec*
50 0.64 125 8.3
0.21 4.2 8.6 — — — —
0.09 1.8 8.8
74 0.64 14.4 11.0
0.21 5.2 10.8 — — — —
0.09 2.4 12.1
0 0.09 3.64 — 1.08 55 3.2 0.82
(4.17) (1.44) (1 .1%
09 0.09 5.81 — 3.13 10.3 9.3 2.4
{7.27) (4.5?3 (3.48)
109 0.09 0.15 — 1.2 38.1 219 5.74
(13.08) (10.99) (8.7)

aValues in parentheses are for R, uncorrected for the thermal component.
which compares with the Roche and Pricex expression for thermal polymer-

Ization Of Styrene.
kt = 1885 X 106e~1390y (6)

A reasonabl%conclusmn 15 dthat tp]e parallel initiation reactton IS not due to
7 Initjat r}] Ut corresponds to the thermal process, owevet It m(ja
Femar% t the 1itrati onr te constants c,2)" obtained In this study are
loher t 0se of Roc Price

US, |nt e ahsence o PB ?]g free raglical recombination, Rv in this
study may be accounted fo expression;

fistod)  "p(y) P (tEmd) .
= KKMHDmIY'W] + K KX kAW (1)

RP an bec Iat gsm evalues of the rate coHstan o\erlvdlit this
ﬁ g |he J< ecacuate value IS
ort Eth ex en aI etermm dvalue Using the | |t|at|8nrate

80 stant g \“ hermal ¢o R]onentfrom the Roche and Price
ata, th ﬁ ate era ates eriz tl?n are lower t an those
observed accounte

Thus, the ther a cog en |snot
[n this di cussmp It has been sh here a gada eI |n|t| 0
reactlons a mg ace H/rag he ot er t]herm at these i
datatto Inten es and elevated temperatures the situdtion |scom?ltcat
Peeatgr ne orrltg]nac free-radical recombination reaction assuming refatively
! For. the t| naIyS|s of these results, we employ the kinetic scheme of
Chaplrot
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TABLE V
Reaction Rate
(a) Initiation (formation of primary free
radicals)
A --* 2R- Ri = 0al[M]
(b) Recombination of primary radicals
R'+ Rl R2 MR'P
(c) Addition onto the monomer
R' + M — RAF k,0[R[M]
(d) Propagation
rm; + M RM,*, ADPRM, 1[M]
(¢) Mutual termination
RM»" + RM,,' —P,+m (or Pn+ Pm) b[RM']!
(f) Termination by primary free radicals
RMn "It —Pn I[dRM IRl

In Table V Ars any molecule resent in the reactin n% mixture (monomer,

sc())llv%r]r(tere(t{1 . ds S r%lmdi dr aImer M the monortier; RM,,"a growing
P I?rl thrs Ingtic sch r(ne e rat% 8/ ns ants k@ kt, and ki pertain fo the

mt raction of two free radl Z Such reiztrons prroceed \e

a0 i by T iRl
e relative size of the Yalrrous r ?ol? 1cals

?ﬁ [] it can be
assuried that the rate constants will Tie inthe following or e,

km> kio> kt
ghe addition reactropi of free radrcal to a vinyl monqmer p%uble onq

with r ave constants Q ulrg e er 1es of activatl oraer g
cal/mole, wit squte aIusfort econstantso the orcer of 10-

1031/mole-sec at room temperature.

In the prese t mvestr éo% the experimental data mdre he that for
Fempe tuE)eso estat%a fonc ntrati nso dp rrre u)é
ree rz1< R' an F%J Ing ¢ 1) are nat
Ri« \AEISM 4’kroand f (f a[' T Overa rte |s given by
the expressi

Rp= K/k*"XRMM] (13)
Attheset eratures, reactions (b) and.(f).do not occur to any appreciable
extente EP g%n Pto rr (?og rate mhrs expressronwas¥orpr1po[ EXperi-
mentally to be on
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For temperatuyres o[ ?90 and 109°C, Jrca%ose rate eﬁgonent aduaII%

"

of raArak 10N ar1Ses as more and more rrmaz; ee radrc Sd

ere es romrsvaue 0 Zero Indicating that t raee sl
t 51 th t
06S not ap att ese . temPer%tures has_heen Porte In the
terature 5 rnten ItIes of ra |at|on erﬁrssu fe great
aeo grge zatlon ecome In epﬁ nt of the rate of Infigtion
Un er Ifjons, reaction g rnet ﬁeme IS 0 onﬁer
negg ec mp re to reaction raeo merization IS fot
r Rrona tothes uare root of erateo r rtratron

gresent IV strgatron situation ana ous to tr?e hrlgeh t;rg}ﬁnsrtres
erated A ermalhy In addition totefee radjca %rr?] am argsy
Thus, .due totep[] omrna ce reactron both the. observed r of
initiation Rt and terateo mer Zatio ecrease T rse ect IS
ra atrca noticeable In Fru o, h eof 64Mrad/hr 0Se rate.
The toregoing kinetic scheme yielas the following rate expression:

(0

Asthe absplute va &Jes of the.rate con tansk\Oan kM re not known,
and no eEPerrmen termination of Rt has een ma ern 1S tu rt rs
no ossr etoa rate expression 1@{] oveto the épresen tu
qcertarn sumptions. 1t 15 assumed that the overall raté o
merrza jon is given by the expression;

RP= K /KU VM v, M) + ToffolAZR) AMP2 15)

nd the observed deviations fro hert ex e]ssegi in g (%5 abov(%arse
aue 0 the competrn re ctions, %1) in the Kinetic'sc %
asls of expression (I5), theoretica rates polymerrzatron and the rates of

Initiation, Where
Ri = /f,2(fc,AM] o) (16)
e Icuéate for the dose r1res of 0.64, 021, and 0.09 Mrad/hr and the
ateqd values listed In Table
E]u (my t e ca c%ated rates of initiation Rt listed in Table
ratlos ¢ uia
T £ EXpression g 14 can urther simplified if:
(1
a (18
= 4/ [M]2 (19)

then
Rp=aa (20)
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_ TABLE VI o
Theoretical Values of Rates of Polymerization and Initiation
RPX 106
Temp- mole/l.-see
erature  Dose rate, Wotda' Ri X 108
°C Mrad/hr  7-Rays Thermal mole/l.-sec
50 0.64 4.22 - 4.22 125
0.21 2.45 — 2.45 4.2
0.09 1.59 — 1.59 1.8
74 0.64 8.05 1.22 9.27 16.4
0.21 4.6 1.22 5.82 6.46
0.09 2.96 1.22 4.18 3.33
89 0.64 114 3.9 15.3 22.1
0.21 6.51 3.9 10.41 10.3
0.09 4.2 3.9 8.1 6.18
99 0.64 13.85 8.6 22.45 32.0
0.21 191 8.6 16.51 17.3
0.09 5.1 8.6 13.7 11.9
109 0.64 16.8 15.9 32.7 45.7
0.21 9.6 15.9 25.5 21.8
0.09 6.2 15.9 22.1 20.9
and
«2= RV/(«BRi - 2aHi*) (20)

lit = (Rprawb) + (2R pasn) )

(2
Using calculated Rt values from Table VI and exr53| 1 kmratio
are c%lcufat He rates.of init atlcinRt e F():acu ateﬁvz/ltp %e he Sf
ex ression E 2 sm%ex enmenta Va ueso the rates 0 ymenzat on.

eseva
rom Ta} |1t |snot| aP waatthere is excellent agreement hetyveen
the rates o |n|t|at|ontha culated from two d| erent exﬂressmns Indicat-

o TABLE VII o
Initiation Rates Calculated from Experimental Polymerization Rates

Temperature,  Dose rate, Ri X 108 mole/l.-sec
'C Mrad/hr'  (iVAoo) X 107  From eq. (21) From eg. (L6)

109 0.64 9.53 14.63 147
0.21 9.54 13.97 14.0
0.09 31> 13.82 13.85
99 . 5.01 11.70 11.74

0.64

0.21 3.14 8.67 8.69

0.09 219 1.26 1.21
89 0.64 16.6 11.61 11.06

8(2)% 1.76 6.25 6.22
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tha he contribution from the first term (R /a4y in expression (2)

68n$

ront the data o tamed in the resent It IS nat possible to dete
ot e e b b
amcals IS the route bi Ich th 8 %1
0-

tre erature range 74 Tw kﬁﬁﬂo?reeueas |casare us th)?
1 g reasonaL e vallies oral<p)an((]{ k(I)|nd|V|dua Iy

are consist
Degree of Polymerization
In §rder to | te gnallze the observed rates of polqmerlzatlon e hav% I

ﬁ]oye S|mpl% Kinet mefo etem erat ?8 e 5)-14°C
dition o react onsc(b f 4 ? g ied Kinetic scheme wes
necessary to treat the ex erimental ata for thé temperature range 74

hus, for the higher temperature range 74-109°C, if termination occurs
bK/ di roRomonat?on the RumE)er -average degree of poFymenzann P, 15

en by the expression:
Pn=Rp/kpdR'][M] V)
and substitution for [R']gives:

2km'% U 4URIY
P | CZ]ﬂ tV 4 e 1 &)

Incaseswheeter Ination is by combination, P,. is twice as great,
tﬁe calc uIatedveﬁ e/so?r@o/ m" nd t|!1e Rt|ISH ngbIe

b e S

on t
asis of the simplified Kinetics scheme

ntwit

~ TABLE VIIIA
Degree of Polymerization as a Function of Temperature and Dose Rale

Temp,  Doserate, Rt X 10s  (kpo2koo) P, (cal-  Pn(experi-

°C Afradsihr — mole/l.-sec 107 culated) mental)
109 0.64 14.70 9.53 1263 -
0.21 14.01 5.54 1292 -
0.09 13.85 3.73 1298 —
99 0.64 11.74 5.01 1163 1960
0.21 8.69 3.14 1351 2830
0.09 1.27 2.19 1477 2900
89 0.64 11.06 16.60 953 2025
0.21 6.22 1.76 1292 3460*
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TABLE VIIIB

Temp,  Doserate, R:X 10s,  RPX 106 Pn (expen
°C Mrad/hr  molefl-sec  molefl-sec Pn = Rp/Ri  mental)
89 0.09 4.17 6.63 1590 3830*
14 0.64 14.48 8.70 600 1375
0.21 5.30 5.26 995 2120

0.09 2.50 3.61 1445 3300*
50 0.64 12.50 4.22 338 580
0.21 4.20 2.45 584 1140
0.09 1.80 1.59 984 2060

*The values of Pnin Table VIII identified by an asterisk are suspect, due to

questionable osmometric data.

Our conclusion | |? that ter}mrnatron 0CCUIS obabI exclusi vet}/tl%com-

Prnatron since "t casest ﬁgrrmental aueso Pnwould g ICe 8
ar%east 0Se calcu ateirt (f re 1q assume ermr tion py qlis rcip

tioRation. . This same fact elimin te teE{ sl |tyo termr tio t

gfrﬁ\évrgq gr arrens nprsrm e¥e1r‘greca? ?es fcance co+ a?ea \RIO rea
| | lonITi

tion 3rnthe metrcscneme TabfeVEmutgqlrecombrna tion).

Summary and Conclusions

In the range 50-74°C, the rate merrza jon and cear eot

merrzlatr naD%E?earaunare 0 tre?ati%nghr tot |ntensrt 0 radra |0
name f V<XxAbove - the dose rate’e 8onent
Creases as a, near U ctro[to temperature becomrn 2610 at apout 09C
This evraton r?mtec |cs% are roof relati nsr Urs because of a
crﬁrne %er atrvef] e of reaction g rL rnt Inetic
?ce e Tii her ?se rates, mut aIr combi trono rrmary
!']ee r]ar fass es ma(r? significance. ort ISreason, a owerd seratea
Bet erma %mPone the olr¥mer||z tron reacér nrs urt1 ewgaarent an
eCOMeES esso ous when Arrherlius plots are made for the higher dose rate

EXper|

P W ose rae (ange of 0,09-0.64 Mrad/hr the com etr jon be

reaction Srs such t@ Rvand marn const nt 0f the %e
It rs \e t] fo oser ern en ence 0

ranﬁ vobsgrv ebove 10 r of radiatlon rntensrt a
fe 'X? he tem erature at v@n P]%?tls situation obtarns¥s a

fu tronot e of Intens
ﬁ]%tef)enﬁenc has bee scrrbed tq a Irmrtrng rate, of

1S lose-rat
initiation Rit V&E racteristic 0 Intensity range. . "Assuming
stationary state rnetrcs or OW conversions, the rate of reaction is:

= —dMidt = ko[MJ[RM'] )
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n the basis of the limiting rate of intiatig ov er the intensity r
mﬁﬁclr)%egaszMj vaIB] onstant At 109°C, the rate express% PZ%?

Epithermal + 7)  kp [Afj X COIllStant (2b)

, Was evaluated in the relationship of Matheson et ah, band substituted in
the expression

[RM] = (RilK)" on

to give a value of 5.1 X le/L. as the lipiting concentration [li Al
Thgre?or he totaﬂrate ofS Sn? merfizsatpon {Por ;p m?ﬁaﬂon and t%erm
|n|t|at|on3 ove 109°

R, (tod) = MM] (1 X 10~ + (ho'k, IDkOIKMP*  (28)
A conseguence of eq. (28) isthat the dose rate exponent of Rr and Dvcan be

ex?%cte oD ? merizations wh?re

se rafe mde endence can be expected in

the vin Pmonomer |§ fguﬁ reactive, %J) tIts radml%1 Sre %twel B
In other cases, this fiose rat |deg ?dencem be achieved by a comhina-
tion 0 chemlcal catalysis and a Specl cran?eo 9amma|nten3|

Work curren t’g/ In Proqress s tst a #he ?[n eraturesq ?tedmtms
PaPer V%e ca[%b of refinement By the use 0 s[n reacﬂori There

e, While the tempera uresq te bear valid relative re at|0nsh|ps the
absolute values may'be s |ghtly
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NOTES

Preparution and Ring-Opening Polymerization of
2,5-Uinielhylliydrogiiinone-his-0-lactone

|wakura et al.Ifirst reported the polyaddition of bislactone with diamine to form linear
ﬂOQ/amlde. Nakabayashi and_Cassidy2 prepared redox polymers from bislactone of
ydroquinone-biscarboxylic acid and "diaming. We have tried to synthesize 2,5-
dimethylhydroquinone-bis-5-lactone (I]) and its related polymers (11)" by the ring-
opentmg réaction of | with diamine. This paper reports some results with our experi-
ments.

_The monomer (1), 5,10-dimethyl-3H 4il,8H,9H-benzo]l,2-h: 4,5-b']dip¥ran-217-
dione, the bislactone of 2,5-dimethylhydroguinone-3,6-bis(ethyl-2"-carboxylie acid)
Slll)b, was prepared in one step from the malonic ester SIV)l |,4-dimethoxy-2,6-dimethyl-
1

6- is?Z', “dicarbethoxyethyl)benzene, by heating IV In hydrobromic acid at 140-
60°C Tor several hours.

CHXH.COOH

OH

The infrared spectrum (KBr diskg of theé)urified product showed a characteristic lactone
carboxyl band at 1755 ¢cm-1 and no hydroxyl and carboxylic acid bands. The NMR
spectrum in CDCL gave signals at 5 ="2.23 {s. Oil, CH3 and 2.85 (qu, 8H, CH>). The
mass spectrum Xcalcd MW = 246.25%sh0wed ?eaks at m/e = 246 (relative |nten5|t¥:
23), 218 (9), 204 (18), 190 (70), 176 & 8), 162 (100) and 134 (42). These spectral data
and elementary analysis supgprt the formation of the bislactone'(1). =~ =

As a_model Teaction, the bislactone (1) -was treated with w-but.ylamine in dimethyl-
acetamide (DMAcg at room temperature. The infrared s?ectrum of the product g@g
showed bands at 3300 ¢ nrlassignable to NH and OH, at 1555 cm-1to NH, and 163
cm-1 to amide carbonyl.

3105
© 1971 by John Wiley & Sons, Inc.
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CHXHZONHCHI
OH

The bislactone (1) was polymerized under nitrogen atmosphere at 50-70°C in DMAe
with diamines including hexamethylenediamine, m-xleIenedlamlne, and piperazine.
Polymers (11) were obtained in theform of white to I[g t brown flakes in good yield.
The polymers were soluble in DM Ac, dimethyl sulfoxide gDMSO), formic acid %FA),
or_hexamethylphosphoramide (HMPA), but Insoluble in the usual organic solvents.
Viscosities of the polymers were %s,/c = 0.08-0.19 dl/g at 25°C. _

Although the ring-opening reaction of bislactone with diamine should yield the re-
duced forms (I1) according to eg. (1) the ultraviolet-spectral studg revealed that the
polymers so obtained were of the oxidized forms (V1) This can be explained by as-
suming that the reduced forms (II?, had been oxidized to V1 on contact with air during
working-up of (II). The assumption would be supported by the fact that alkyl-,sub-

c
o COCH.CH.

stituted h drogumones have lower redox potentials than hydrogum_one itself and that
they are, therefore, inclined to be oxidized more easily. The reduction of VI could be
carfied out by shaking it with a saturated aqueous solution of sodium_hydrosulfite.
The reduced forms (I%) were oxidized by adding stoichiometric amts, of ceric ammonium
nitrate in DMAc. The infrared spectra of the oxidized polymers showed quinone
%arbblonkl band at 1650 cm-1. Characteristic data of the polymers are summarized in

able

Since no suitable solvent could be found, our attempts to determine redox potentials
by titration3 were unfortunately in vain. The replacement of thrqgens of hydro-
quinone ring with methyl seems to have been ineffective toward the improvement of
solubility of'the polymers.

EXPERIMENTAL

Bislactone (1), 5,10-Dimethyl-3H,4H,8H,9H-benzo[l,2-b: 4,5-b']dipyran-2,7-dione

A mixture of 15.3 g (0.030 mole) of the malonic ester (V) and 200 ml of 48% hydro-
bromic acid was placed in a 1-liter round-bottomed flask and heated with stirring.” Up
to_a bath temperature of 120°C, ethyl bromide distilled. Then, the temperature was
raised to 140°C until foaming ceased.” After the temperature had been raised to 160°C,
the reaction mixture was refluxed for 3 hr. The raw product crystallized from the
solution upon cooling. It was filtered, washed with water, and dried. Recraystalllzatlon
from acetonitrile gave white needles, mp 259-261 °C, in a yield of 5.4 g (73%).

Anal. Calcd for C,H,44: C, 68.28%; H, 5.73%. Found: C, 68.22%; 11,5.78%.

Malonic ester SIVJ, |,4-Dimethoxy-2,5-dimethyl-3,6-
bis(2',2-dicarbethoxyethyl )benzene

In a sodium alcoliolate solution, prepared from 3.2 g (8.14 g-atom) metallic sodium
and 300 ml absolute ethyl alcohol were added 22.4 g (0.14 mole) of ethyl malonate
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within 30-43 min with stirring. ~ After 15 min, 15 g (0.057 molez_ of 1,4-bis(ehloro-
methyH-Z,5-d|methoxy-3,6-d|methylbenzene4was added in one Por ion.  The mixture
was refluxed for 3 hr.” After the solvent was removed in vacuo, the residue was poured
into 1 liter ice water. The crude product was filtered, washed with water, dried, and
recrgstalllzed from ethyl alcohol.  White needles, mp 58-59°C, were obtained in a yield
of 22.7 g (78%).

Anal. Calcd for C2H3io: C, 68.54%; H, 8.63%. Found: C, 68.35%; H, 8.62%.

The NMR spectrum in CDC13showed signals at 5. 1.19 (tr), 2.22 (s), 3.23 (d), 3.64 (5),
3.78 (tr), and 4.14 (qu).

Model Compound (V), 2,5-Dimethylhydroquinone-3,6-bis(ethyl-2'-n-butylamide)

In 10 ml of DMAc were dissolved 0.49 g (0.2 mmole) of the bislactone (I2 and 0.29 ¢
(0.4 mmole) of n-butylamine. The mixture was stirred for 2 hr at room temperature
under a slight stream of nitrogen. ~ After evaporation of the solvent in vacuo at 60-70°C,
the residue was recrystallized from acetonitrile. Light yellow needles melted at 172°C
and weighed 0.63 g (81%).

Anal. Calcd for CaHs.NJ'CV. C, 67.66%; IT, 9.29%: N, 7.18%. Found: C,
67.77%,: H, 9.34%,: N, 7.09%.

General Polymerization Procedure

Exactly 0.426 g (0.173 mmole) of the bislactone (1) and 0.201 g (0.173 mmole) of
hexamethylenediamine were mixed with 20 ml DMAc. Under a slight stream of
nitrogen, the mixture was heated to 70-80°C with stlrrmg for 4 hr.  After DMAc was
removed in vacuo, the viscous solution was poured into 20 ml of water, whereupon the
polyamide precipitated as white to slightly brown flakes. The polymer was twice
reprecipitated from DMAc-met-hanol to give 0.44 g (70%).

Measurement

Viscosities were measured with an Ostwald-type viscometer. Infrared data were
obtained with a Perkin-Elmer Model 421 spectrometer; NMR data were obtained with
a Varian Associates Model A-60 sBectromete[ (lthe letters within the parentheses having
the meanings: s, singlet; d, doublet: ftr, triplet; qu, quadruplet; and m, multiplet).
The mass spectrum was obtained with a Hitachi Perkin-Elmer Model RMU-6 spectro-
graph (temperature, 200°C; ion current, 7 X 10-12 A; multiplier voltage, 1.5).

We thank Dr. Akira Terahara, Yale University, for the measurement and interpre-
tation of the spectral data. One of us (S.V is indebted to The United States Public
Health Service for postdoctoral supgort at Yale University. We would like to express

our appreciation to Professor H. G. Cassidy for initially suggesting work in this area and
for his encouragement throughout the work.
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Poly-a-acetoxy-4-vinylpyridine

Haas et al.1 synthesized a-acetoxy-4-vi_ny|p%/ridine from 4-vinylpyridine via several
steps and polymerized it by use of azobisisobutyronitrile (AIBN).” In their report,1
the main discussion focused on the synthesis of the monomer; the physical properties o
the polymer were not described in detail except for the disappearance of the -C=C-
stretching vibration (1650 cm-1)in the infrared spectrum in the polymer. _
The present authors E)oly_merlzed a-acetoxy-4-vm|y|pyr|d|ne with 7-rays and obtained
additional physical data, “including data on pyro KSIS' The monomer, a-acetoxy-4-
vinylpyridine, was synthesized by a modification of the method of Aaron et al.2and Haas
et al.1from f4-p ridyl)-1,2-ethanediol and acetic anhydride. Regarding the synthesis
of (4-p>{r|dy )-1,2-ethanediol from 4-vm?Ipyr|d|ne, the present authors found a more
favorable way avoiding the formation of the by-product isonicotinic acid. a-Acetoxy-4-
vinylpyridiné was also obtained by a more préferable method avoiding the formation of
trlle bK-product 4-acetylpyridine. ~ Details of the monomer synthesis will be presented
elsewhere.
.Pol}/-a-acetoxy-4-vinylp ridine which was obtained b 7-rag’\f)olymerization has a
slightly paler brown color than the polymer obtained br the AIBN method. ~ The poly-
mer is soluble in methanol and chloroform, partly soluble in benzene, insoluble in diethyl
ether and petroleum ether, and favorably reprecipitated with chloroform and either di-
ethg,l ether or petroleum ether. N
ifferential scanning calorimetry ((jDSC) showed that the onset of decomposition of the
olymer was a . The infrared absorption spectrum was not significantly differen
?Iy t214°C." The inf bsorption spect tsignificantly different
rom that ofthePon_merobtalned by the AIBN method.1. o _
The x-ray diffraction Rattern is given in Flgiure 1, Which seems to indicate relatively
lower crystallinity.  Although the NMR spectrum was not sharp (60 Mops, CDClzas a
solvent)s, we observed CHa in the acetyl group at 2.28 S, —CH2—in the backbone chain
at 1.21 5 and the protons in the pyridy['ring approximately at 7.00 &and 8.50 S
We Perfo_rme_d a pyrolk/sw of theJ)onmer, using a thermogravimetric analyser (TGA).
Bface ylation is thought to proceed according to the molecular reaction via the scheme

From the TGA curve, we calculated the activation energy of the deacetylation usmg a
van Krevelen B|OI3(FIg. 2?]._ The activation energy was 17.5 kcal/mole and a first-order
reaction was obtained.” This relatively lower activation energy may result from the gain
of the conjugation energy by the formation of repeating double honds. The formed
polyene derivative was a lustrous black powder, and no carbonyl absorption was ob-
served in its infrared absorption spectrum.

EXPERIMENTAL

a-Acetoxy-4-vinylpyridine
Haas et al.1 obtained (4-pyridyl)-|.2-ethanediol from 4-vinylpyridine, potassium
permanganate, an(? Wwater ag O-pSV"C.y )\Ne a(sded magnesium sulfal)é Pg the abO\F/)e reagent

© 1971 by John Wiley & Sons, Inc.
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Fig. L Thex-ray diffraction pattern of poly-a -acetoxy-4-vinylpyridine.

Fig. 2. van Krevelen plot for the TCIA curve of poly-a-acetoxy-4-vinylpyridine.

combination to avoid the formation of isonicotinic acid. Magnesium sulfate takes an
important role by consuming pol assium h}/dromde formed from potassium permanganate
in heHaas’sProcess. The molar ratio of the reagents, 4-vinylpyridine:KMnO*MgSOi
‘HD, is 3:2:1:4 (usually excess water is used). ~The reaction femperature was 2-5°C
and the reaction time was about 30 min. The ¥_|eld of (4-pyr_|dyI5)-I,2-ethaned_|ol was
84% or quantitative. In the process of acetylation of (4-pyridyl)-1,2-ethanediol with
acetic anhydride,1the main by-product is 4-acetylpyridine which seemed to be Froduced
by the reaction with the contaminated water in the (4-pyridyl)-,2-et.hanediol. A de-
h)ﬁdratlon procedure is required to obtain a h|%her yleld of a-acetoxy-4-vinylpyridine.
The present authors dissolved (4-pyridyl)-1,2-ethanediol in ethanol, and added benzene
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to the ethanolic solution to remove water a_zeotropically. Repeating the azeotropic
removal of water increased the yield. The yield o the pogymerlzatlon grade product
was approximately 50% from (4-pyridyl)-1,2-ethanediol; bp §0°C/0.5Smm Hg.

Anal. Calcd for CHON: C, 66.2%; H, 5.6%; N, 8.6%. Found: C, 66.3%;
H, 5.6%; N, S.4%.

_ The infrared spectrum was exact% the same as the one reported b% Haas et al., Lshow-
ing—C=C— at 1650 cm-1. NMR (60 Mops, TMS reference, in CDCL at room tem-
gerature): H(a), 2.25 6; HSE), 5288 11(), 5805, H(0) = H(d), 7425 H(? = H),
708 J/(b)(c)I'1s 2.5 cps which indicates that there are geminal protons, and that the
acetoxy group 1s on the «-carbon.

0

Polymerization

«-Acetoxy-4-viréylpyridine was _degassed four times with the aid of liquid nitrogen
under vacuum and was sealed off under vacuum in a tube. The polymerization was
carried out at room temperature with y-rays of the dose rate of 21 X 106R /hr for 62.5
hr. Then tube was opened, and the contents were poured into diethyl ether. The pre-
cipitated polymer was separated by centrifugation (%500 rpm).  The'crude polymer was
reprecipitated several times from chloroform/dleth¥l ether; ~ yield, approximately 3%;
mp 214°C (dec); yjc = 0.093 (c = 1, 35°C in CHC13).

Measurements

The DSC was carried out using a Perkin-Elmer Model 1B and the temperature was
raised at the rate of 16°C/min. ~ The thermogravimetric analysis (TGA) was carried
out with a ngakude_nkl thermoflux analyser, type 802L. The temperature was raised
at the rate of 5°C/min. _The x-ray measurement was done with a Rigakudenki diffrac-
tometer (CuK«, 30kV, 15mA).
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