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Determination of Degree of Crosslinking in Natural
Rubber Vulcanizates. Part Il

C. G. MOORI'2 and W. 1. WATSON, Brilish Ruhhrr Producers ncsearch
AssiKiafion, Welwyn Garden Cf7v, llerfs, Kn(]land

I. INTRODUCTION

The physical properties of rubber vulcanizates are markedly dependent
on the degree of crosslinking. According to the network-statistical theory
of rubber elasticity, the general validity of which has bee?i extensively
confirmed, the work of deformation per unit volume, W, is given by:

W = V2pRTMr\i- + X+ X3 - 3) (1)

where Me is the average molecular weight between crosslinks, p is the
density of the rubber, and Xi, X2, X3 are the ratios of stretched to unstretched
lengths along the three space coordinates.” From this fundamental ex-
pression, stress-strain relationships for chosen deformations can be ob-
tained, in particular equation (1) of Part P for simple extension. Both
for determining the efficiencies of crosslinking agents and for testing the
absolute validity of statistical theory predictions it is clearly necessary to
have an independent evaluation of Me by chemical determination of the
degree of crosslinking.

The chemistry of conventional vulcanization processes using sulfur is too
complex for reliable determinations of crosslinking to be obtained by chemi-
cal means.® Recent methods employed to determine degree of crosslinking
include: (/) chemical evaluations from crosslinking methods using bi-
functional agents, and (2) independent physical evaluations from sol~gel
theoryN® The former method is clearly more absolute and in the only
crosslinking process investigated—intermolecular coupling with disazodi-
carboxylates, good agreement was apparently obtained between statistical
theory predictions and the absolute degree of crosslinking.”

However, in tlie application of this method certain deficiencies arc ap-
parent. In particular it was assumed that each molecule of disazodi-
carboxylate combined introduced one crosslink, this assumption bcinj<
based on the cliemistry of interaction of a rnonofunctional azodicarboxylate
with a simple monoolefin.” \o exTperimental verification of this assump-
tion was attempted in the case of the crosslinking reaction and thus th<*
uncertainty re/nains of the cxte/it to which disazoMJicarbfAvylates producc
crosshnks quantitatively. It was also appreciated that the physical prop-
erties of the vulcanizate may be airectcd at higlj degrees of crosslinking by
the size and polar nature of tlie crosslinks.”
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In the present work, cliotnical dotornunatioiis of crossUnkiiig havo Ixvn
obtained for tlio crossiinking of nalnrnl niblx'r hy yl peroxide.
The decomposition of this pen)xido in the vapor pluise, and in solution”
audits reaction with monoolefhis,”” polyisoprenes, and natural rubber”
have been previously investigated in detail. In the presence of rubber,
di-feW-butyl peroxide undergoes uniniokx'ular decomposition to t\\o lert-
butoxy radicals (R-1), which then react either (a) by abstracting a-niethyl-
enic hydrogen atoms from rubber (IIH) foriniug /er/-butanol and a poly-
isoprenyl radical (R-) (H.2), or {b) by decomposing to give acetone and
methyl radicals (R.3). The latter may also abstract a-niethyleuic hydro-
gen atoms from the rubber (U.4) or dimerize to give ethane (R.5). Tiie
polyisopreuyl radicals R- undergo coriibination (R .6), and by a repetition
of such processes finally produce a crosslinked rubber hydrocarbon net-
work consisthig solely of C—C crosslinks and being devoid of the cross-
linking agent;

CCH3C—0—0—C(CH,)3 ----------- >2 (CH3)3C—O0- (R.1)
(CH3)3C-0- + RH -----me- A(CH3)3C—OH + R- (R.2)
(CIf3)3C— 0- - »(CH,hC=0 +Clh- (R.3)

CH3- -I- RH -mmmeeme- >CH. + R- (R.4)

2 CH3- - >C2Hs (R-5)

p ) = S >R—R (R.6)

If the assumption is made that the only fate of the polyisoprenyl radicals
(R-) is the combination reaction (R .6) then the number of crosslinks in the
vulcanizate is equal to V2 (no. of molecules of ier*-butanol plus methane)
formed. Thus chemical determinations of the degree of crossiinking are
readily obtained from the amounts of /er/-butanol and methane formed
during the vulcanization process. The extent to which this basic assump-
tion is valid is considered in the discussion section.

Il. EXPERNIENTAL METHODS AND MATERIALS

M aterials. Di-tert-buiyl peroxide: The commercial peroxide (Laporte)
was extracted with 10% aqueous sodium hydroxide, washed with water,
dried (CaCb), and fractionated under reduced pressure to give the pure
peroxide, b.p, 64.9-65.2°/159 mm., no 1.3890. Infrared spectroscopic
analysis confirmed the purity of the peroxide and showed the absence of
carbonyl and hydroxyl groups.

/erf-Butanol was carefully fractionated, b.p, 81.1"/7'i2 mm. to 81.9°/T55
mrn. Acetone and carbon tetrachloride were of A.H. grade. ri-Decane
(B.D.If.) was used without further purification.

iXataral rubber: Tlie rubber was deproteinized pale crepe (kindly supplied
by Dr. G. J. van der Bie of Indonesian i“ubber Research Institute (J.P.P.
Karetj); found: N, 0.09%; [17], .5.1fg. 100 ml.) gel < 1%. This ma-
terial was slightly degraded on a warm mill, sheeted out to a thickness
of ca. 2~3 mm., and dried by Il)eating in vacuo at 80° for 5-11 days, tlie
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in ligni<l air.  1lu" viscosily da(a <tf llu® rnbin'r saniph's. ol>taiiu'(l In 1)om-
/.one at 27" usini: a 15.S.S. grade | visconiettM'. arc “nwn in Table I. The
drying pnnvs” loatis to rubbers having inereastvl [t?] and !Inggins’constant
k\ but no gel eomponent. Heating tlie drie<l rubber under the severest
conditions used in the subsequent vulcanization reaction {2\ hours at itO°)
furtlier increased [vl and k\ but again no gel uas pnxlucc™). 'Hu' n»os(
probable cause ot the increase in [»] and k' on drying and heating is a small
amount of branching,’- wliich may be neglected as compart'd witli the de-
gree of crt>sslinking subsequently produced by the di-/<>r/4)utyl peroxide.
The nund)cr-average molecular weights of the milled rubber samples were
detenni(U\i (roin [rj] values using an empirical relationship between [l
and osmotic molecular weight found to apply for masticated natural rub-
ber.An

TABLE |

\ iscosiTY AND M olecular W eight D ata of N atural Rubbfr

Rubber typp? Milted D.P. Crepe
1 2 3 4 5
[4] (g./ioo ml."i-*....... 2.25 2.46 2.49 2.45 2.29
....................................... — 0.44 0.46 043 0.44
(X 10-M) e, 2.37 2.62 2.66 2 60 2.43
Rubber type” Dried, Milled D.P. Crepe
2« 3 4 5 Arf
[¢] (9./100 ml.)-"...... 2.46 2.79 2.87 2.85 2.51 2.64 3.02
K' e 0.58 0.52 0.62 0.61 0.54 0.62 0.58

" k' values are obtained from the Huggins equation: 7]»plc = fjjl -f K'ivl~c.

AFound: 0.0.45-0.55%; N, 0.09, 0.10%.

A Found: 0.0.42.0.46% ; N, 0.10, 0.11%.

A A and B \\ere dried, milled D.P. crepe, samples 1 and 2, respectively, which had
been heated In racuo for 24 hr. at 140® and 24 hr. at 80®.

Chemical Determination of Degree of Crosslinking

Determination of terl-Buianol, Acetone, and Di-teri-Butyl Peroxide (by
Dr. E. S. aiglit and Mr. G. Higgins). Quantitative analysis of mixtures
of the three compounds in carbon tetrachloride solution was made by an
infrared spectrometric method (c/. Raley el al.®). Using a single-beam
spectrometer equipped with rock salt and lithium fluoride prisms, calibra-
tion curves relating optical density of a characteristic band to the concen-
tration of tlie solute (in g./IOO g. of carbon tetracldoridej were set up for
each compound separately. The bands used were at 3600 crn.“*for lerl-
butanol, 1713 ctn.~* for acetone, and 873 crn.“ *for di-/*r/-butyl peroxide.
The calibratio/» curves were subsequently shown to be applicable to mix-
tures of the three compounds. In the concentration rang(?s examhiec
fler/-butanol 0.01-0.7 ¢g./IOO g. CGh; acetone 0.002-0.35 ¢g./IOO g. CCb
di-/er*-butyl peroxide 0.1-1.5 g./IOO g. CCh™ no evidence of interf(*renc<
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I'roin overlappiiii; bands and ass<Hiali.)M bclwoc'U coniponcnls was indicated.
Dolerrninalions of llic concentrations of the compounds in standard solu-

tions indicated tlial tiie accuracy of the nietliod was better than * 2%
for /pr/-butanol and acetone and belter thau £ 5% for the peroxide. T\ pi-

cal analyses of standard solutions arc given in Table II.

TABLii Il

Analysis of Mixturks of /fr/-BUTANOL, Acftgive, and Di-lerl-
Bm'YL Piiroxide

Concn.ofsolulMg. 100g.CCW [Bu'oHI [Ma.C=0| [Bu'-O0B..-1
1- Original ... « 2>)88 0 0491 0.1456
mFound by I.LR. analysis........ 0.;<)7 (99.4%) 0.0488(98.8%) 0.153 (105%)
> Original ... 0.1070 0.0669 0.1324
Found by LLU. Analysis........ 0 106(99.0%) 0.0675 (100.9%) 0.136 (102.7%)

Deierminalion of Methane and Ethane. Methane and ethane were sepa-
rated by low temperature distillation in the apparatus shown in Figure 4.
The pressures exerted when enclosed in a calibrated volume \ at a given
temperature then provided their molar quantities. Trials with pure
methane and ethane showed this method to be satisfactory. Details of the
technique used are given in the next section.

Vulcanization Technique and Analysis of Products. A weighed amount
(usually 5.00 g.) of the dried, milled, D.P. crepe rubber was introduced as
small strips into the tube A of Figure 1 and pumped out overnight at
<10“®mm. Hg pressure. The tap B was closed and a known weight
{ca. 0.1 g.) of di-/er*butyl peroxide contained in the capillary tube C was
connected to the vacuum manifold and frozen in liquid oxygen and the
apparatus evacuated through tap D. Tap D was closed, tap B opened and
the peroxide transferred to A by cooling the latter in liquid oxygen and
gently warming the peroxide in C. W ith A cooled in liquid ox'ygen, the
apparatus was re-evacuated to <10“°mm. Hg and A sealed offat E. The
rubber was allowed to imbibe the peroxide for at least 16 hours at room tem-
perature and vulcanization was then effected in the temperature range 110
to 140°.

After vulcanization, tube A was attached to the apparatus of Figure 2
and to the gas-analysis apparatus of Figure 4, and the peroxide decomposi-
tion products analyzed for metiiane and ethane as follows. Tube A was
cooled to -78° for 1 hour wiiile the rest of the apparatus was evacuated
to <10-» mm. Hg. The seal at F was broken and the gaseous products
transferred to the spiral S of Figure 4 during 30 min. by coohng the latter
in li<[uid oxygen. The tap G of Figure 2 was closed and the rubber warmed
to room temperature for furtlier degassing of the ethane fraction. The
methane fraction in S was, meanwhile, transported by the Topler pump to
the known volume \ and its pressure measured. 'lI'ne volume V was then
evacuated In readiness for determination of tlie ethane fraction. The



rubbor was Rvoolod to -78° for 1 hour and (‘tliano (iisliiUxl during 30 miri.
into Hie spiral S cooUni in liquid oxygon. This prtvt'ss was repeated twice
more, after which the tap G was closed, the spiral S warnie<i to —78° and
the ethane transfVnvd to the known vohinic \ . [l'inaliy tlie tube A was
cooled in liquid oxvijen and the total voltatile pro<iucls (except methane)
recondensed into A iH'fore sealing offat If.

(In earlier eli.x'rinK'nts the ethane was detennincd after only one distilla-
tion from the rubber (bracketed values in Table Ill) and under these con-
ditions only .5-8(K~'0t the total ethane formed was accounted for. For the
present purposes, tiie etiiane determination is relatively unimportant, it
being required only to correlate the yields of ?nethane and ethane with
the amount ofacetone formed.)

The total volatile products in A were transferred to the tube I of Figure 2
by heating the rubber for 24 hours at 80° while tube I was cooled in liquid
oxygen. The peroxide decomposition products were isolated from the
rubber by sealing off at J, and then transferred to a known weight of carbon
tetrachloride contained in tube M of Figure 3 as follows. The carbon
tetrachloride was frozen in liquid oxygen, the apparatus evacuated through
taps K and L and then with tap K closed the seal at X was broken and the
contents of | rapidly distilled into M, which was finally sealed off under
nitrogen at ca. .00 mm. Hg. The carbon tetrachloride solution was ana-
lyzed for /er/-butanol, acetone, and di-"er/-butyl peroxide by the infrared
spectrometric method. In control experiments, with known amounts of
the three components, the above technique gave high recoveries of all three
components. Particular attention was paid to the percentage recovery of
ler/-butanol, and in three repeat experiments the followiiig values were
found: 97.0, 98.8, 101.1% recovery. “eW-Butanol could also be recovered
qguantitatively after being heated at 140° for 24 hours in the presence of
rubber (found; 98.4, 100.7% recovery), indicating the thermal stability of
this compound at 140° in the rubber environment. The adequacy of the
technique for the quantitative recovery and analysis of the three compounds
is confirmed by the good agreement which is found between peroxide input
and peroxide accounted for as /er/-butanol, acetone, and unreacted peroxide
(Table Illj. The slight lack of reactant:product balance when the per-
oxide is virtually completely decomposed may be indicative of side reactions
becoming significant after extensive reaction periods. The details of
vulcanization conditions and the analytical data are given in Table III.

Identificalion of the Peroxide Decomposition Products, (a) Liquid
Products. A sample of rubber (5.00 g.) was heated with the peroxide
321067 g.; in vacuo for 72 hours at 140°. Infrared spectroscopic analysis
of the total volatile products revealed the presence of /er/-butanol and ace-
tone, and the absence of peroxide, other oxygenated compounds, and un-
esaturated compounds.

(h) Gaseous Products. The gaseous products from the reaction of rubber
(50 g.J with peroxide (2.0 g.) in vacuo for 26 hours at 140" were separated
into methane and ethane fractions as described above. Mass-spectro-
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tnolric analysis of tiu'st' IVai'lifHis (kindly undt'ilakcn h\ Dr. J. C. liobl>
I nivorsilN of nirtniiiirhani) gavo the foll<)wing ivsulls:

es)MHhano mt\W lion "Vilnu>"'
Coni|>«Mtn(l Mule % ( .«iu)H>nii<I M«>lu %
ANetliane i, 87.7 JCtimno  ........... 91 5
CO(N,?2M e 8.0 co,.. q 09
*MImiie. . 3.9 Hiiljuir 1.6
Hiitene .. 0.2
COS3e, 0.2

The major gaseous produols are, as anticipated, methane and ethane.
Further confirmatioii of metliane and ethane being (he major components
of the two fractions was obtained by comparison of the vapor pressures of
the latter with those of standard samples at the same temperature. Tiie
methane fraction was measured over the range -196 to - IBS™ and the
ethane fraction over the range —130 to —100°:

\a|H~r Pressure (mm. Hg)

“Methane” fractionN....ccccevveiieieennenn, 10 21 29 40 56 63 84
Methane standard........ccoeeeviviniennn. 10 21 29 40 56 63 84
“Ethane” fraction  ...oceeveiievieenne 22 31 10 50 61 120 175
Ethane standard.......ccccocoeviiiiiiiniennns 22 34 40 48 60 118 170

In view of the minor contribution of methane to the total peroxide de-
composition products (Table IlIl) and the frequently smaller extents of
peroxide decomposition than above, no correction lias been made to the
chemically determined degree of crosslinking for the higher molecular
weight gases presentin the metliane fraction.

Physical Determination of Degree of Crosslinking

This was based on the equilibrium volume fraction of rubber in the swol-
len vulcanizate, W. Selected pieces of the vulcanizate {ca. 1g.) were ac-
curately weighed and swollen in ~-decane for 48 hours at 25*.  Afterrapidly
removing “i-decane from its surface with filter paper, the swollen rubber
was weighed in stoppered weighing bottles. Preliminary tests indicated
that equilibrium swelling is obtained under the.se conditions and that there
is no additional swelling after immersion in A/-decane for periods up to 6
days. The swollen samples were dried to constant weight in vacuo at
80-90° and tlie rubber reweighed, so giving an estimate of the amount of
soluble material in the vulcanizate. The r. values recordefl in Table 111
have been corrected for the sol content of the vulcanizates.

1. KXPKIUMENTAL RCSLLTS

The e.xperimeiital results are recorded in Table I/1. Reference to tlie
amounts of pero.xide tak(;n and the relative yields of the v;irious products
formed under tlie different vulcanizing conditions can Ix* made by noting
that 5.00 g. of rubber was taken for all experi/iK.rjt.s e.xcept numbers 15, 16,
18, 19 and 20, lor which 1.80, 4.22, .{.50, 2.50, and 2.50 g., respectivt'ly.
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wore taken. The IVoo volume in lli<- iviu lioii tube for gaseous deooniposi-
lion of tlie peroxide was 25-30 u>l.

The conceiiirations of peroxide and deeoniposilion produels are siiven
relative to the weight of crosslink(!d rubber insoluble in n-decane. 1’he
sol fractions for all rubk-rs except at low degreesof crosslinking (1, 2 U,,
chemical <ca. 0.2 X 10“*) wert' in tin- range 1-2%. These were shown to
be largely nonrubber constituents from their solubility in acetone and alco-
hol. For the most lightly crosslinked rubber (No. 21), the sol fraction was
3.1%. Although the sol fractions undoubtedly contain some rubber hydro-
carbon, it is preferable to relate product concentrations and the chemical
determinations of crossliid®ing to the insoluble fractions since the sol por-
tion will contain a negligible number of the crosslinks (accordmg to net-
work analysis® the fraction of crosslinks which are present m a sol of weight
fraction S is given by S’) and the comparative physical estimates of cross-
linking based on volume swelling measurements are, by definition, those for
the insoluble network.

The ratios of acetone; /(>r/-butanol conform to the anticipated inlluence ot
experimental conditions on the relative rates of the competitive prwesses
(R 2) and (R .3), n':. that the proportion of acetone is greater under con-
ditions favoring gas-phase decomposition. Thus the ratio is increased by
reducing the volume of rubber relative to the volume of the reaction tube
(cf No 17 with Nos. 19 and 20), and is also increased at higher reaction
temperatures (cf. Nos. 1-1-t with Nos. 33-36). Under conditior® of con-
stant temperature and constant rubber volume;reaction tube volume, the
acetone;<e/-«-butanol ratio remains approximately constant with extent of
reaction (see Nos. 1-14), as expected from the equilibrium partition ol
peroxide between condensed and gas phase.

The efficiency of hydrogen abstraction from the rubber hydrocarbon,
measured by:

100([Bu-OH] + XHjD/dBu-OH I+ [MejC”0])

varies between 70 and 857 tliere k'ing a tendency for a higher efficiency
of this process at lower reaction temperature. The above evidence lor
gas-phase decomposition of the peroxide being an important factor m
promothig (R.3) and (R.5). considered wasteful in the present context,
suggests an efficiency of hydrogen abstraction, and thus of crosshnkmg,
approaching 100% when no gas-phase decomposition is possible, as occurs in
technological moulding methods of peroxide vulcaiuzauon

The chemical determination of crosslinking is expressed in lable ill as
1/2 Me, where Me is the av.*rage molecular weight between crosslinks.
This quantity isequal to (1 A (the number ofcrosslinks)/g. rubber, where
,Vis the Avogadro number. Hence it isefjual to the measured quantity /j
(moles icri-BuOH fjlus moles CIf,) [jroducc'd in crosslinking one gram ol
rubber. w Ix ¢ |

Physical determitiations of crosslinking in units (jf 1/2 Af*were m'*itied
from the volume swelling ratios, ?v, of I'abh; ITT by the metlKxJs of art
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("Qu;ition > ~Anvt'n as liio full liiu' o\' I'i<:iiro 1 in Part I. These Ci
values tluMi rtMiuind ((HreclioM for the linile initial iuole<nilar weight of the
uuvuleaniztnl ruhlu'r D\ use of I'i“nire 2 in I'arl 1. 'I'lie values of iuitial

molecular weight (‘'lioseu were those corresponding to the viscosities of the
milled, undritnl rnhht'r (Tabi(* ).

The unmodifuHi I'lorv-l Tuggins equation (6) of Part 1 was chosen rather
than the modiiit'd (M”uation (Oa) merely because of its simpler form. W ithin
the practical raiige of (’i determination (20,000 > .U, > 5,000), the alterna-
tive use of (6a) leads to only small changes in Ci obtained from the experi-
mental (Vvalues. However, evaluation of Ci from i\ outside the practical
range requires extrapolation of t*quations (6) and (6a), when increasingly
divergmg Ci values are obtained with extent of extrapolation.

The Cl values corrected for finite initial molecular weight finally provide
physical estimates of 1/2 Me from the relationship: Ci = pRT/2 where
p = 0.910 g. ml. is the measured density of the peroxide vulcanizates. To
illustrate the considerable influence of finite initial molecular weight on the
extent of swelling, the measured i\ values are compared in Table Ill with
tv (corr.) values, the latter being the anticipated volume swelling ratios for
rubber of infinite initial molecular weight.

V. DISCUSSION
Chemistry of Peroxide Decomposition and Crosslinking Reactions

The detailed investigations of di-/er/-butyl peroxide decomposition in the
gas phase” and in solution in alkylbenzenes”™ and olefins™*” " suggest that the
reactions (R.1-R.5) are operative when the peroxide decomposes partly in
solution in rubber hydrocarbon and partly in the gas phase. The high
over-all percentage of initial peroxide accounted for as /er/-butanol, ace-
tone, and unreacted peroxide (Table Ill) confirms that (R.1-R.4) represent
the predominant mode of peroxide decomposition. The yields of methane
and ethane relative to acetone are also consistent with (R.3-R.5), it being
found that:

([clu] + 2[C-,HeJV([Mc2C:0]) 1

The data of Table I11 also reveal kinetics of peroxide decomposition con-
sistent with those found previously.®-® Taking the observed values of V2
(moles BUurOH *f moles MczC”A0O) as a measure of the amount of per-
oxide decomposed, first order rate constants have been obtained in the
temperature range 110-140° for the first 50% decomposition:

Temp. («C.) *.I.(X 10') hec
140 1.62 S.D." (015J
130 1.45 (0.03:
120 0.4;J2 f0.021;
no 0.10 raqoli

"S.D. Is llie standard doviaLion.
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Tlu" roiislaiK'v ... lIn* . vaUu's di'Imuiiu'd from llu" ."xporiim'uls al | K)
slunvs tlu' ao'Uiarv .. i ("\p('rimoiilal nirlluMI vistnl to drtrrniuu’ tiu’
\iol(is of /(T/-Itulanol and acrloiu":

\ 2 D & *
I.xpl. No., | 1 (,: t (i7 1 :2 irll I «1 1 Ol
it, X 10" (SCO. at uo~n
Ivpt, N » "
* X 10° («m<.. Mat ItO~™ . | towe> 'y

Tlie rate constants at tlie otlior tcniporatiiros are less accurate owing to

the limited number of rate measurements made. The above rate constants

give vahies for the pre-exponential factor and .\rrhenius activation energy
of ca. 1 X 10« sec.-' and ca. 38.5 kcal./mole, respectively, wliioli are in
satisfactory agreement with previoush published values.

The present data confirm that (R.1)-(R.5) represent the major decom-

position paths of the peroxide. It remains now to consider the evidence for

combination (R.6) being the sole fate of the polyisoprenyl radicals H pr<)-
duced in (R.2) and (R.1). It must be admitted that no unequivocal evi-
dence is vet available indicating exclusive combination of these radicals m
the case k rubber hvdrocarbon. However, there is indirect evidence sup-
porting this contention. The experimentally observed exclusive .monibina-
tion of allylic radicals produced from symmetrical dialkylethylenic nu.no-
olefms by the peroxide'™ (R.T)-tR.8”" iscertainly suggestive of (R.6 “occur-
ring with the polyisoprenyl radicals derived from natural rubber:

-CH.-CH=CH~ + (CH3)3C-0------------ ,_ cii- cii=(;h- + (CI1,.C> (>l .

-C.H—ClI=CI I—

In the case of the polyisoprene molecule hydrogen abstraction b> lerl-
butoxy or methyl radicals can occur at the three a-metliylenic positions
[a), {b) and (c), the relative ease of hydrogen abstraction beuig (ai > (6) >

(fj’i4,i5 pifxcsses will lead to six mesomeric structures (Al. iB), and

(C):
CM
,— (11, c - --Cll—c.ii c—r:ii -eli-
cit, cii o
-Cii,-C  cii-Ccir-mme .-Cii- ¢ :rjii-cii, _cii=c-c ii-cii,-
(1. cit.
ii._c -cii— —cCiil,—<:~rn—ci»r

[n M< cissM>mi.>nr>oh (insconlaitiing the tnalkylelliylone slrurtun-. radical
<(Hiibjiiialioti is a-ain tin* so»* iato Of flux resonance slal=iliz("d radirals, axd®
infra-red spectroscopi* fvidence cot.(inns llie pfesesn<e of H CH f-if—2=
atid CIfv -CH ii' »-roijps in the deh>dro])olytnerir iHodiiels as re((uired by
Ih.; resonance stnjetares (A and (C,."" When the radicals (A, Cj are
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foniiod from di- and pol>isoprenos it I>ocoinos possil)l(" Tor tlio radicals to
undt'riro oyrli/.alioii to pro(ivu;c siibslitulod rycl<)\\o\i*u\\ or rvr/opcntcnyl
radicals prior to (‘(uubinalion, e.g.:

CiM, cln,

—Clij—cW :i I—011—CIl I,—c="ci I—¢ n --=---mmmememm »

Experimental demonstration for such cyciization is found in the fact that
the deliydropolynieric products from 2.6-dimethykx'ta-2,6-diene and
digeranyl retain only 82 and 72%, respectively, of the unsatiu-ation of the
original olefm compared with 100% retention of unsaturation in dehydro-
polymers derived from monoolefms."&"

Application of the following simple probability arguinent to the earlier
semiquantitative data of Farmer and Moore" shows that, despite the com-
plexity of the radical forms obtainable from polyisoprenes and the tendency
for such radicals to cyclize, the predominant fate of all radical species is
combination. It is assutned that all isoprene units have equal reactivity
and may undergo only one hydrogen abstraction during the extent of the
reaction measured, and that radicals are exclusively terminated by com-
bination. Letp be the probability that any isoprene unit undergoes hy-
drogen abstraction. Then, for example, for the reaction of 3 moles of 2,6-
dimethylocta'2,6-diene with 1 mole of peroxide under conditions leading to
complete decomposition of the latter, p = V3»and the anticipated recovery
of monomer is 100 (I-p)» = 44%. The ex-perimental value of monomer
recovered was about 50%. Similarly, for the reaction of 1.5 moles of
digeranyl (containing four isoprene units) with I mole of peroxide, p = Vs,
and thus the anticipated recovery of digeranyl is 100(I-p)*» = 20%, com-
pared with the experimental value of 20%. It is therefore concluded that
no ex'perimental evidence is available suggesting that polyisoprenyl or the
derived cyclic radicals xmdergo stabilization by disproportionation, since
the latter process would lead to products fnainly of the same molecular
complexity as the parent olefm and so would result in less dehydropolymer
than would be predicted by the above argument.

A further possible complication is that a measure of nonrandom cross-
linking may occur. For example, coupling of the mesomeric radicals (A)
and (B) will lead to crosslinked units having a 1,4-diene structure possessing
a central a-methylenic group, (d), ofenhanced reactivity towards hydrogen-
abstracting radicals:A-"M

Clla (d) CHij

-cif,— cir™cir—ifz— cif:—
(x)
(A)
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ciij )
_cir,—ti:Ci 1 -cHi—Cli-t.—cn—cfu—
iv)
(V)
A cl.ain scgn.c.U be.woon (.) or (y) and (rf), procl.Kod by «

A cnam coloiuzation of crosshnks, and so
coupling roacUon at (rf). crosslinks.  However, calculations

result in a loss l.ydrogcu-abstraction reactivities"- to

Se'te.Me.'alures 'en,ployed in tl.e present work, and considerat.on of the

TO GAS-analysis

APPARATUS (fiGAA

Fies 1 2 and 3. Apparatus for the preparation of vulcanizates, and for the
* " illation and analysis of peroxide decompos.t.on products.

4. Apparatus for the analysis of melliane and ethane.



small fraotiiMi of llu' isoprc'iu’ units (hat booonu' I(Halod at crosslinks sliow
that this ooinpiit'alion can be noirlcctod for nihIx'rs in the ohislioity ran;;(\

Another possibility is tho couphn” of radical spi‘(i('s such as (C) (s(<
above') to yield vin\ lie "MX)nps. Cl f—CKH*. capable of addition polyrnoriza-
tion. Additional crosslinking by this tnei'luuusin is rcirai'dcd as unimpor-
tant in the present system becansc of: (/) the minor t't>nlribiition of the
radicals (C" to (he total polyisoprenyl radicals, and th(' low dof~rco of
polymerization elTcc ted with olefins of the type CHs*"CIlIHwhere W and
R' contain a-jne(hylenic hydrogen atoms.

Dispropi>r(ionalion of polyisoprenyl radicals, crosslink colonization, and
addition p~>lymerization also seem improbable from a consideration of cross-
linkuig at ditVerent temperatures. Even a small difTerence in the activation
energies of the radical cornbuiation and the above processes would lead to a
detectable change in efficiency of rubber crosslinking with variation in
temperature. In fact no systematic variation of the chemical to physical

0z 04 Zi oB

CHEMICA- OCTERMINA.TJON OF CROSS-LIN'JNG (172 K 10*"

ftfi. 5. (>>mparison of physical ainl clicmical values of \*ifer€eof crosslinking
{1,2 \Jc)- I'"ill litie,<;x{)<.Tiinoiilul.  iirokofi line, theory.  (#) \ ulcanization at 140®C,,
(O; at 130'-C.. (-) at 120*C., (v) at 110°C.
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valuPS of .TOssliiiUin!; :tl (llir.'roiil roaolion loinpcialiuos was observoil im
Illic ranse of 110 11(>C.. (S<v Fi™S. 5 aiul (..) Tlunv appears, thoroforo,
some exporiiiiciKal juslilicatiou foi' tlu- assmnplioii made liero that all
polymer radicals dorivted from tlu- nililicr 1)\ o-inctluloiiu' li\diOi:<'n
abstraction uuder-o ex.liisive .monibiiiatioii lo srive elastu-allv otT.vtivo

crosslinks, and tliiis that the yields of /(T/-hiilandl and methane can be used

Physical and Chemical Determinations of Degree of Crosshnkinii

It is pertinent to consider tlio nu'iisure of agreement between tlie clienu-
cal and physical determinations of degree ol erosslinking, 1/2 Me, tor rubbei
of infinite initial molecular weiglit. \ aluesol 1 2 deternuned from
swelling measm'ements using the Mory-Huggins equation (6) ot lait | aie
plotted against tlu‘ chemical values of 1 2 A/, in b'igure 5and as curve (A)
in Figure 6. Curve (B) of Figure (>shows the comparison of chemical with
physical values using the modified equation (6a) of Part I. There is seen

rig. 6. <.oitiparis<in <if physical and ohcrnical values of tIv.f'rec of erosslinking
(1/2 Mr.)). Curvf (\l, pxiHTinieiital. iLsiii;? equation (6) of Varl P. Curve Mi), f;xf>en-
rrinfiLal, iisiti- 6fa) of Pnrl Cnrv(; (C), lli<cor>. (*) ViilcariizaUoLi at
140®C., (O) ill ()at1l 2 0 at 110=C.



to Ix" a consiH('rabl(" divorg(‘nc<' belwccu thr oxprrinn'utal valu<'s and tliost'
m~uirod by olasliiity tlioory (broken luuO. this divorironoo Ix'inf; in |1k*
selWo of tlu' pUysiral value of crosslinkiiijr al\va>s Iu'in:: jrrealcr than (Ik*
eheiMioal value. TIu' div(Tgonre apparenlly iM‘r<fas<s «i(h inen'asin”-
degree of era”slinkini;. (ireater divcrgenee from iheory will be t»bservcd if
the present assumption of exclusive combination of polyisoprenyl radicals
is invalid.

The main diverget!C(’ bel ween pliysical and ch<‘mieal determirialiorrs of
erosslinking is expressed by an intercept term of about 0.3 X 10“*and
0.24 X 10*~on the axis of the physical detentnnation of 1/2 at zero
degree of chemical erosslinking, using equations (6) and (6a) of Part I,
respectively. Tliese intercepts imply that infinitely long rubber mole-
cules before erosslinking would behave elastically as if they possessed cross-
links. In keeping witii previous suggestions, these noncheniical cross-
links may be considered pictorially as chahi entanglements, giving the
equivalent of one crosslink for every 245 or 305 isoprene units, respectively,
for the above values of the intercept. [Mr. L. Mullins has pointed out that
this interpretation would lead to a correction for fmite initial molecular
weight in addition to the Flory end-correction. If entanglements are the
cause of the intercept, it seems reasonable to assume a constant average fre-
qguency of entanglements along the rubber molecules except in segments
with free ends. W ith no entanglement contribution for the free-end frac-
tion, containing a proportion 2McM~” of isoprene units, the contribution of
apparent crosslinks ascribable to entanglements is of the form:

A(1/2 Me) - 0.3(1 - 2 X 1047

Thus, the Flory end-correction and this possible entanglement correction
together relate the physical degree of erosslinking (1- 2 Me, physX to the
absolute degree of erosslinking (1/2 Mc chem.)* by:

(17 2 = (1 /72 M ,,ehem .)(l -~ 2

0.3(1 X 10-7.

The physically determined values of 1/2 Me may be increasingly over-
estimated at higher degrees of erosslinking, accounting qualitatively for
increasing divergence between physical and chemical determinations of
1/2 Me, due to: (/; the statistical theory not being obey<"d to an increasing
extent (the value of C? being zero only at high degrees of swelling)®; and to
(2) the fmite extensibility of chaiiis at high degrees of cros-flinking contribut-
ing to the ex'perimental values of Ci.

Finally, a comparison is made in Figure 7 between the present results
with peroxide erosslinking, curve (C), and the previous results of Flory
et ai* based on deeamethylene disrnethyl azodicarboxylate as the cross-
linking agent, curve (A). For a belter corriparison, tlie physical measure-
ments expected for tli(; disazodi(‘arboxylute cnjsslinked rubbers in the
highly swollen state have Ixen calculated by Mr. L. Mullins, and are repre-
sented as curve (Bj. Applying the somewhat larger empirical end-correo



top*

) r A- K.itvl oeoxide and disazodicarboxylates as
Fig. 7. 0 .mpar.son of decamethylene dis-

crosslinking agents. Cur e { ), corrected to those obtained
methyl azodicarboxylate. Cur\e (B),

I ] nrpsent results with  peroxide
for the vulcanizate ia the swollen state. Curve (C). present results pe
crosslinking.

tion™ than that previously envisaged* will only slightly

A comparison of curves (B) and (C) suggeststherefore that thed.sa
dicarboxylate is a relatively inefficient cross mkmg
this has been found N recent studies- ol the reaction of eth>lazod.car

boxylate with a diisopreiie.

Since the method detailed hi I*art | provides a means of cwiverting

exSLntal . values into physical values of 1/2 A
and 6 can be used to determine the chemical degree ol
ventional vulcanizates of known initial ;2 ‘Lliedure

measureme.it of., for any vulcanizate, an

the number of en'ectivc primary valence crosshnks/g.
iriincd iiiid n'liilcd to ill*,'atiiouiits of vulcam/itig agenls

- i
........... .1 ,1,cr-B..ki,,B . :ir,of .ufc>...»n« ab»'>



itativo oxprcssiion lo llio fimcliou of ai‘cclt'ralors aiui auxiliary coni-
poiiiuis (zim' soaps. (*to.) used in t'oiivciitional vulcanization.

riu’ aut.lhins thank Mr. K. Mullins for liis ctHjporalion. hiul 1*r. Iv S. \\ mid Mr.
G for lh«' s|MH'lIrosc«>pic <laln and for contrilMitin® tin* on tin' analysis of
/eW-I)utanol. art'tono an<l di-/eW-l)utyl peroxide.
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Synopsis

Natural rubber vulcanizates have been prepared by a method permitting determina-
tions by chemical analysis of the number of crosslinks introduced. The crosslinking
agent was di-/«r/-butyl peroxide, and the peroxide and its decompc)sition products—
fcrh-butanol. acetone, methane, and ethane—were determined by infrared spectroscopic
and manometric niethod.< fer/-Butanol and methane result from the abstraction of a-
methylenic hydrogen atoms from the rubber hydrocarbf>n by means of fcW-butoxy and
methyl radicals, respectively. On the assumption that the resultant rubber hydrocar-
bon radicals undergo exclusive mutual combination a chemical e\ aluation of degree of
crosslinking. 1/2 M”?, is given by V2(moles of <er/-butanol moies of methane), where
*V/. is the average molecular weight between crosslinks. Physical values of 1/2 A/* for
rubber of inGnite initial molecular weight have been obtained by determining the volume
fraction of swollen rubber, in n-decane, and by using the method descril)ed in Part |
for correcting for the finite initial molecular weight of the rubl)er. A comparison of the
physical and chemical values of 1/2 ir>dicatesthat the former is greater than the latter
for all degrees of crt*sslinkirig, the major divergence ~>eing acctiunted for by an additive
term which is pictorially visualized as due to entanglements.

Resume

Des vulcanisats de caoutchouc nature! ont ete f)repar«'s snivarit une methode pernHit-
tant la determination chirnit*ue <in fK)rnl)re de pontages interrrif*rlw.ulaires. L’agent de
pontage ctait h* fxjroxydc; de di-titrtiaire-butyle; cf;lui-ci d< inem™* giie ses produits de
decornpositiorj. savoir Ic tertiair(i-butaf)<»i, I’acetone, le niethane et I’ethane ont ete
evalues par Se<tnmietrie infraroiige et par des methodes inanofnetriques. Le tertiaire-
hutanol et le methane resultent d’une reaction d’un atorne d’fiydrogerje alpha-methyl-
onigiie de I’hydr~xrarbure de caoutchouc avec des radicaux t«'rt. butoxyliques et m”thyl-
i(jues. lui admettant cpn* les radicaux liydrocarbones formes s'additiorment mutuellts
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.»ent, on poul ovalnoi chiiniMuniu-nl 1 ol'ponlap'. 1/J W, a» .noyen do la somn..'
Vt (moles I,crt.butanol 4 moles <le nuMlianel; expn'tne I poids ntolcculflire moyen
entre deux penis. Dos valours physupiesdo | 2 tuil eptlt'inonl ctc obtenuos pour un
caoutchouc do poids moleculairo inlini on detortninani la fraction do volume da camil-
cliouc gonflc, \V-dans Ic det*ano normal, on niilisiinl [a motbode decrite dans la premiere
pnrlie en corrigoanl les donnoos en (onani compte du puids m(>leculaire initial du caout-
chouc. comparaison des r*VuHats physiques el ohimi.pies des valeurs do 172 A/,
indiquenl que les premiers snnl phis ,qov,” quo los dorniers a lous les degr”s do jxmtape;
I’ecart principal poutelre roprc”nle par un lorme «<i(htif. qui pout elre eonsid.Ve oommo
lonant compte de rintorponelration inlorntohV.Haire des sepnents.

/iisaniineiifassung

Es warden naliuHche IvaaLschukvulkanistUe millols einor Methode hergestollt, die
durch chemische Analyse Bestin.munpen dor Anzahl von eiugefuhrten Querbindungen
gestattet. Das Querbindungsmiltel war di-/cr/-Rutylperoxyd, und das Peroxyd und
seine Zersetzungsprodukle, namlieh /er/-Bulanol, Aceton. Methan and Athan wvu-den
durch infrarote spektroskopiscl.e und manometrische Methoden bestimmt. icrf-Bulanol
und Methan stammen von dor i:nlfernung von a-nielhylen Wasserstoff-Atomen aus deni
Kautschuk-Kolilenwasserstoff iniUeis /er(-Butoxy-. bezielu.ngsweise Methyl-Rad.kaleii
her Unter der Voraussetzung. dass die daraus hervorgehenden Kautschuk-Kohlen-
wasserstoff-Radikale einor exkJusivon gegenseitigen Vereinigung unterliegen. wird eme
chemische Abschatzung des Querbindnngsgrades 1/2 M, durch ‘/j (Mol von /cW-Butanol
+ Mol von Methan) gegeben. wo U. das mittlere Molekulargewicht zwischen Quer-
bindungen ist. Physikalische Werto von 1 2 A/, fiir Kaalschuk von unendhchom an
rangUchen Molekulargewicht %vnrdon dureh Beslimmung der \ olumenfraktion voii
gequolienem Kautschuk. r., in n-Dekan erhalten, und durch Benutzung der m Teil | zur
Korrektion fur das endliche anfangliche Molekulargewicht fiir Kautschuk beschriel>entni
Methode. Ein Vergleich der physikalischen und cheniischen Werte von 1/2 A/, gibt
an dass der erstere fiir alle Querbindungsgrade grosser als der letztere ist. wobei der
hauptsachlichen Abweiclmng durcli oinen zugefugten Ausdruck Rechnung getragen
wird, wetche bildlich als durch \ erwirrung bedingt dargestellt wird.
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Anomalous Hclation of Apparent N'isi-osilv to
Temporalure in High Molecular Wei™ht
Polyisohulylene under Shear in a
Capillary Viscometer™*

\ n. HESTri. and 15 Bin \.\T .t Xalional liiirrau af S/andtirds'.
Was/iiiiglon '2f), 1). C.

I. INTRODUCTION

Tliis paper presents previously unreported, anomalously liigli tempera-
ture coetficients of viscosity observed for polyisobutenos over small temper-
ature ranges. This seeming anomaly appears to have the same explanation
as a different type of observations reported several titnes over the past
several decades. The investigators who reported the earlier observations
have not all agreed on their explanation. The bases for two alternative
explanations of the present and the previous observations are very im-
portant in the behavior of high polymers. It seems worth while therefore
to prepare this discussion of our observations and of the two explanations
one of which probably applies to them as well as to the different, previously
reported observations.

Our observations are on plots of apparent viscosity versus temperature at
fixed rate of shear. The viscosities were nneasured for high moleculaj
weight polyisobutylenes of several different molecular weights, using a
capillary-type viscometer. At temperatures above 100°C.. the variations
of viscosity with temperature are comparatively small. Their magnitude is
about that indicated by flow activation energies in the neighborhood of 3
kcal. This behavior is characteristic of the viscosities of high polymers at
fixed rate of shear. However, over some small temperature interval (< 10°
C.; in the region between 40 and 100°, the variation of viscosity with
temperature is very large. In this interval, a temperature decrease of
several degrees produces a viscosity increase of a factor of two or more,
for some samples tfie variation of viscosity with teitiixTatun* appears to
be nearly infinite at the lower end of this ititcrval. flic te/nperature at
wltifli these intervals an* lo(;atcd (later designated as 7'/- increases with
incff'asiri': molecular weight of the poly/ncr.

Jtii.s work was performed as pari of a res<;arcli j>ioject ljv tlie Federal

Synthetic Rubber Program. IVe.seiiled at tlie 12th lijl«.*niation;j| C-/i;rress of Pure
and Applied Chemii*try, New York, N. V., Septeniber 10- KJ,
TPresent address: 617 Second Avenue, New York, N.
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