Zusammenfassung

Latices mit 55 Teilen Styn)l, (45 - A*) Teilen 2-Athvlhexylacrylat und A* Teilen
Methylacryls&ure, wo A" > 15, liefern beim Trocknen diskontinuierlich, rissbildende
FUme. Die klaren, trniisparenten Polymerkornchen werden beim E”nbiingen in eine
wSssrige Base j>eptisiert und bilden wieder einen Latex niit kugelfdrmigen Teilchen
derselben Grossc wie die urspriinglichen Latexteilchen. Zusatc kleiner Mengen einea
Filmbildungsmittels zuni urspriinglichen oder ruckgebildeten Latex erlaubt die Gewin-
nung eines kontimiierliohen Polymerfilms, der durch Erwarmen wasserbest&ndig gemacht
werden kann. Die Fiihigkeit transparenter Polymerflocken *ur Redispergierung in
Wasser wird auf eine begrenzte Teilchenkoaleszenz im Polymeren zuruckgefuhrt. FUr
die Redispergierung des Polymeren in verdiinnten Basenli“ungen ist der Einbau eines
verhaltnism”~ig grt»ssen Anteils von Karboxj'lgriippen in das Polymere notwendig.
lonisation der Kurboxylgruppen an der Teilchenoberfla(*he beim Zusatz von Basen
fuhrt zur plotziichen Kntwicklung Coulombscher Abstossungskr~te und Teilchen-
trennung; nun geniigen die Oberflachenkrafte, um die ursprungliche Kiigelgestalt der
halbplastischeu Teilchen wider hersuztellen. Die Unfahigkeit den Film ein <zweites
Mai zu redispergicren kann auf eine Weichmachung des Polymeren oder auf die Wander-
ung von Karboxylgruppen ins Teilcheninnere unter dem Einfluss der Koaleszenzkrafte
zuriickzufuhren sein.
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INTRODUCTION

Following previous work in these laboratories on the efficiency of di-
cumyl peroxide in crosslinking natural rubber* it was thought *at similar
work with unsatvirated synthetic rubbers would l)o of interest. In the
present paper the crosslinking efficiencies in butadiene-styrene rubber,
rts-polybutadiene, butadiene—acrylonitrile rubl)er, and polychloroprene
have been measured.

Ihe number of crosslinks formed was obtained from equilibrivmi swelling
measurements, necessitating, in the case of cts-1,4-polybutadiene, the
prior determination of the solvent-polymer interaction constant, x-

EXPERIMENTAL

Materials

Dicumyl peroxide was obtained from Hercules Powder Co., and was
recrystaUized from methanol and water before use. Benzene and carbon
tetrachloride were of Analar grade and n-decane was distill™ imder vacuum.

The SBR used was Polymer Corporation Polysar Krylene XS, a cold-
polymerized type containiag 28 wt.-% styrene. The cts-polybutadiene was
Shell Cariflex BR and was 97% cis-1,4. The nitrile rubber was Polymer
Corporation Poh-“sar Krynac 805, a cold-polymerized tj"pe containing
61% butadiene. The polychloroprene was Du Pont Neoprene W. All of
these polymers were purified by acetone extraction for 48 hr. before use, to
remove antioxidants.

The peroxide was milled into the ruliber on a6 in. X 2 in. two-roll mill at
room temperature and was normally cured for 7o min. at 103°C. to give
virtually complete decomposition of the peroxide. Where the vulcanizates
were to be used for the determination of the solvent interaction parameter
a shorter cure was sometimes employed.

Swelling Procedure

Equilibrium swelling values for the vulcanized rubbers were obtained
by immersing samples, about 0.2 g. and 0.7 mm. thick, in solvent until
2259



(normally, 2 days at 2r)°C.) a constaut-woight swollen specimen was
obtained. Tho volume of fraction of rubber, \2, was calculated from solvent
and rubber densities assuming no volume change on mixing.

Stress-Strain Measurements

Vulcanized sheets approximately 0.3 mm. thick were used, and the
equilibrium strain under given stress was measured at room temperature.
The results were plotted according to the following equation,* to give Ci:"

12*10(X — = C\ CiX

Product Analysis

Dicumyl peroxide has been shown to decompose by a first-order re-
action to give cumyloxy radicals in neutral or alkaline environments.
The radicals so formed may abstract hydrogen atoms if suitable donors are
present, or they may undergo a first-order decomposition and give
acetophenone and methyl radicals.® The ratio of acetophenone to cumyl
alcohol in the reaction products may thei-efore be used as a measure of the
ease of tho h\'drogoti abstraction reaction. An analysis for these low
molecular weight products is conveniently made by infrared or ultraviolet
spectroscopy. At low initial peroxide concentrations such determinations
are difficult, practically, and the higher concentrations used with SBR were
introduced to give more reliable analyses. The cured samples were rapidly
weighed and immersed in pure carbon tetrachloride for at least 24 hr. and
the absorptions of the resulting solutions at 3520 and 1730 cm.“* wei-e
used to determine cumyl alcohol and acetophenone, respectively.

Initial Molecular Weight

These weights were determined from intrinsic viscosities according to the
published equations.

SBR: M = 0.20 X _ MW
in benzene at 25°C.*2.17 X 10s

cts-Polvbutadiene; [g] - 3.37 X _
in benzene at 30®C" 1.91 X 10

Nitrile: hi

1-3 X ]
in benzene at 25°C.* 3.70 X 10

Polychloroprene; ] X

in benzene at 25°C®2.52 X 10

RESULTS AND DISCUSSION

Determination of x (or “V value”) for ci's-polybutadiene in n-Decane

Arange of peroxide vulcanizates was prepared, and stress-strain measure-
ments were used to determine Ci; samples of the same cures were swollen



ill n-docano aiui I\v comparison itsins the e<iuat.iou I>olo\v, whoiv I'l is tho
molal volunio of the swelling liquid,

In (I - *9 - = 2C\W\(v:'r - ylith)/RT

the value of x obtained. The detailed i*esults aixi shown in Table I.
The mean value was 0.546 with no significant upward trend with increasing
M. The publislied values* for SBR’s containing 28.5, 12.5, and 4% styrene
are 0.671, 0.631, and 0.568, respectively, and the pre”nt figure falls into
this sequence,

TABLE |
Values of the Solvent-Pol\*nier Interaction Constant for cts-PolvbutAdiene and n-Dccane
Cure no. Vi Cx/RT X 105 X
2 0.315 4.75 0.540
2A 0.253 2.10 0 531)
0.225 1.35 0.5:w
0.317 4.43 0.540
7 0.413 12.35 0.550

Determination of Crosslinking Efficiency

Compounds of various dicumyl peroxide contents were vulcanized
and Ci/RT was determined for each by swelling by using the published,’
or presently determined, x values. SBR vulcanizates were swollen in n-
decane and benzene, nitrile and polychloroprene in chloroform, and cis-
polybutadiene in n-decane.

The C\/RT determined in this way is identified- with the number of
effective crosslinks per unit volume of the Flory theory;* to obtain the
number of actual chemical crosslinks a correction is required and this
correction has been the subject of several investigations.*'*-  In most cases
the correction produced has been mainly in the form of an additive term
resulting from the effect of free chain ends in the network and physical
entanglements, and thus, in the present work, the increase in effective cross-
links produced by a given change in peroxide concentration has been
assumed equal to the increase in actual chemical crosslinks.

SBR and ds-PoJybutadiene

The results for these polymers are shown in Figures 1-3. The Flory-
Rehner equation shows the form of the dependence of rj upon C\ expected
theoretically', and independent determinations of rj and C\ over a range of
crosslink densities have shown good agreement with the theory.** In the
present SBR results, however, the value of x used was the result of a single
determination at ¥ = 0.451)3 (decanc) and 0.1814 (benzene), and use of
these values for results from the grossly overcured rubbers included in
Figures 1 and 2 provides a very severe test of theory. Close examination
of these graphs shows that the linear parts of the Ci/RT curves are placed



Fig. 1. Variation of i> for SBR in n-<lecane with initial peroxide concentration, together
with the n~ultin”® vjihics of (\/RT.

Dicumyl Peroxide

Fig. 2. Variation of wj for SBR in benzene with initial peroxide concentration, together
with the resulting values of CifRT.

in slightly different positions while the slopes in each case are very nearly
equal, this displacement is presumably due to a slight inconsistency in the
solvent interaction parameters used for swelling in the two solvents.

The initial slopes of the C\/RT versus peroxide curves give a measure
of the efficiency of peroxide crosslinking; for SBR this leads to a value
of 12.0 crosslinks per molecule of peroxide, while for cis-polybutadiene
each peroxide molecule forms 10.5 crosslinks.

The results of the analyses of the low molecular weight products of the
SBR crosslinking are shown in Figure 4; both cumyl-alcohol and aceto-
phenone concentrations depend linearly upon the initial peroxide con-
centration, and throughout the range covered these two compounds



account for only of the peroxide added. The conditions of cure are
such that virtually all the peroxide is decomposed and thus the remaining
22% presumably decomposes to peroxy radicals which do not then hydro-
gen-abstract or decompose to acetophenone and methyl radicals.

In summary, dicumyl peroxide initiates a high efficiency crosslinking
reaction in both SBR and cis-polybutadiene, the crosslinking reaction
being firet order with respect to peroxide. The cumyloxy radicals react
largely by hydmgon abstraction, while about 20% react in some other way.
Both i-eaotions ai-o relatively fast, the molar ratio of ketone alcohol, 0.07,
indicating a slightly higher rate of reaction than that observed in natural
rublK'r. ~

The high efficiency of crosslinking could most easily result from a cross-
polymerization reaction but, for such a reaction to give a firstrorder de-
pendence of crosslinking on peroxide concentration, chain termination must
be by degradative chain transfer or rearrangement. The following re-
action scheme appears to give an adequate explanation of the results
obtained:

ROOR — 21K).

RO
|

RO-+ ~CH-—CH=CH—CH - - -CH.—CH—CH—
(I~ =

RO
|
~CH!—CH—CH—CH2~

RO
(Ri_)’gH—CH o~ ~CH-—€B}—$==OH—CHS'-

RO

ACHj—CH—CH2—CHj'

-h -~CH—CH=CH—CH.2~
Rv)

4

RO- -f B-"ROH + R2-

'""CH—CH=CH—
2R:» — |
''CH—CH=CH—CH2~
It seems unlikely that crosslinking is occurring by polymerization of
pendant unsaturated groups, since these must, at least in the case of the
m-polybutadiene, be present in very low concentration and their reactivity
consequently would need to be unexpectedly high.
For convenience, the participation of methyl radicals is omitted; the
possibility of such radicals replacing cumyloxy radicals in some or all of
the above reactions will be discussed below.



Dicumyl Peroxide

Fig. 3. Variation of vt for cis-pol\butadiene in ri-decane with initial peroxide concentration
together with the resulting values of C\/RT.

Fig. 4. Variation of low molecular weight products with initial peroxide concentration in
the crosslinking of SBR.

The presence of a small amount of ketone in the products shows that
some peroxy radicals decompose to produce methyl radicals by the re-
action:

CfiHsCCCHOIO- CH.COCHs + CH,*

and thus the peroxy radical will be replaced by methyl in some of the above
reactions. From the above scheme, making the usual stationary-state
assumption for radical concentrations, the equation for rate of cross-
linking becomes:

A-5[Ri-1[B] = kih2kd[*\ /h{ki + ki)

which shows the required first-order dependence upon peroxide.

It is impossible at present to decide whether cumyloxy radicals alone are
able to initiate chains or whether methyl radicals also do this. It is also
conceivable that the cumyloxy radicals which do not abstract hydrogen
take part in some reaction not listed above, and the estimate of polymer-
ization chain length made must depend on which assumption is made. If
either cumyloxy or methyl can initiate, the chain length must be about
40j and if only methyl radicals initiate, the chain length must be about 50,



Fig. 5. Variation of v* for acrylonitrile-butadiene rubber in chloroform with initial
peroxide oonrentration, toother with the resulting values of Ci/RT.

But the failure to account for all the peioxide woild be unexplained.
Further experiments are planned to find which radical is responsible for
initiating polymer chains.

Butadiene-Acryloniirile Rubber

The results given in Figure 5 show that the dependence of crosslinking
upon peroxide is again first-order but the efficiency here is much reduced,
the value obtained being 0.96 crosslinks per molecule of peroxide.

The most probable agent causing this reduction is the nitrile group, and
to check that such interference is possible the crosslinking efficiency of
peroxide in the SBR previously used was measured in the presence of an
added nitrile. Succinodinitrile was used in concentrations of up to 10%,
and at this level a 68% drop in crosslinking efficiency occurs. Since the
nitrile group content of the rubber is about four times that in this mixture,
it appears that the observed drop in efficiency in passing from SBR to
nitrile rubber could be accounted for by the interference of this group.

The product analyses were complicated somewhat by some interference
at 3520 cm.”\ the frequency used for cumyl alcohol determination but,
by making a zero adjustment for this, satisfactoiy results were obtained.
A value of the ketone/alcohol ratio of 0.3 was obtained. This is rather
higher than those obtained with natural rubber, SBR, and cis-polybuta-
diene, and suggests a more difficult hydrogen abstraction step, presumably
due to the electron withdrawing effect of the nitrile group.

Polychloroprene

The results obtained with this rubber are shown in Figure 6. The
efficiency of crosslinking was here found to be even lower, the calculated
value being 0.48 crosslinks per molecule of peroxide.



In this caso tho iilot of -RT against peroxide does not pass through the
origin because a cert-uin amount of crossliiiking occurs in the absence of
peroxide. Such cmsslinking is quite common in polychloroprene com-
pounds, and its small extent in the present results may be considered purely
additive, since the mechanism by which it occurs is probably quite dif-
ferent from that being studied.

Dicumyl Peroxide

Fig. f). Variation of r* for polychloroprene in chloroform with initial peroxide
concentration, together with the resulting values of Ci/RT.

Unfortunately, the product analyses were unsatisfactory; only cumyl
alcohol could be measured because of interference at the ketone wave-
length. However, only 18.3% of the initial perojdde was recovered as
alcohol, suggesting a yet more difficult hydrogen abstraction step than in
the case of nitrile rubber and this is, of course, consistent with a lower
crosslinking efficiency.

Product Analysis

The results obtained in the present study are combined in Table Il with
previous results from work with natural rubber.” ** As the ease of the
hydrogen abstraction reaction (as measured by the ketone/alcohol ratio)
increases, the crosslinking efficiency increases. This may be coincidental
in the case of SBR and ciVpolybutadiene, since here a new crosslinking re-
action appears; in the case of the remaining rubbers it indicates that the
hydrogen abstraction is the primary and, to some extent at least, determin-
ing step for crosslinking. The figure of 4.4 for the ketone/aicohol ratio
for polychloroprene is quite probably too high by, perfiaps, a factor of 2,
since in this case a 50% wastage of peroxide molecules occurs. The re-
action by which these radicals are lost is at present unknown, but presum-
ably, radical reactions between low molecular weight materials occur.



TABLE Il
Results of Product Analj'acs

Crosslinking
efficiency,

Rubber links/moiecule Ket*me/alcohol
SBR 12.5 0.07
cis-Polvbut*Miienc 10.5 —

Natural rubber 1.0 0.13 (extrapolated
from values at
U0-140“c.)

Acrylonitrile-butadiene 1.0 0.3

Polychloroprene 0.5 4.4? (only alcohol
measured)

The author wishes to thank Hercules Powder Company for its support of this work
which forms part of the R.A.P.R.A. general program.

References

1. Thomiis, I). K., J. Appt. Polymer Set., 6,613 (1%2).

2. MulHns, L., R. S. RivUn, and S. M. Gumbrell, Trans. Faratlay Soc., 49. 1495
(1953).

3. Builev, H. C.,and G. W. Godin, Tram. Faraday Soc., 52,08 (1956).

4. Scott,R.L-,W.C. Carter, and M. Magat, RxilibeT Chem. Technol.,,22,(1949).

5. Danusso, F., G. Moraglio, and G. (Jianotti, J. Polymer Sci., 51.475 (1961 J.

6. Mochel, W. E., and J. B. Nichols, Ind. Eng. Chem., 43,154 (1951).

7. Watson,W .F.,andG .M. Bristow, rrarw.Forodai/Soc., 54,1731 (1958).

8. Flory, P. J., Principles of Polymer (‘kemistry, Cornell Univ., New York, 1953.

9. Florv, P. J., Chem. Revs., 35, 51 (1944).

10. Tobi)lsky, A. V., D. J. Metz, and R. B. Mesrobian, J. Am. Chem. Soc., 72. 1946
(1950).

11. Berr>',J. P., and W. F. Watson, J. Polymer Set., 18,201 (1955).

12. Scanlan, J., J. Polymer Sci., 43. 501 (1960).

13. Mullins, L-, J. Polymer Sci., 19, 225 (1956).

14. Lorenz, O., and C. R. Parks, J. Polymer Sci., 50. 299 (1961).

Synopsis

The crossUoking efliciencies of dicumyl pero-vide in SBR, cis-polylmtadiene, acryloni-
trile-butsidiene rubl>er, and polychloroprene have l)een nieasured. For the first two rub-
iHjrs appro.ximutely t«n crosslinks are formed i>er molecule of i>eroxide decomposed, ™ ulc
for the acr>lonitrile-butadiene rubber an efficiency cU»se to unity is found. With
fwlychloroprene appnjximately two molecules of peroxide are us”™ for each crosslink
fonned. Analysis of the low molecular weight products of the reaction shows that ease of
hydrogen abstraction by cumyloxy radicals decreases in the order given above.

R™~Nume

Nous avons mesure l'efficacitc de pontage du peroxyde de dicumyle dans le SBR, le
fl.«<-p*llybutadi”ne, le caoutchouc acryl<mitrile-butadiene et dans le polychloroprfene.
Uans les deux premiers caoutchoms il sc formait a r»eu pres 10 pontages par mol<5cule do
lieroxyde dwomp<j8c tandis que pour le caoutchouc acrylonitrile-butadiene on trouve
une efficacitc proche de l'unitc. Dans le caa du polychloroprene, U faut approxiinative-
ment deux molwules de peroxyde pour chaque pontage. L'analyse des produits de



reaction de bas poids int>1eculaire montre qgvie la facility d’enlever un hydrog”;ne d’un
radical cumyloxy- diminue dans I’'ordre indiqu” plus haul.

Zusammenfassung

Die \'eraeUuiigswirkung von Dicumylperoxyd in SBR, m-Polybutadien, Acrylnitril-
BuUdienkautschuk und Polychloropren wurde gemessen. Bei den beidea erstgenannten
Kautschuksubstanzen werden auf ein Molekiil zersetztea Peroxyd etwa 10 \*ernetzungen
gebildet, wahrend beim Acrylnitril-Butadienkaiitschuk eine nahe bei eins liegende
\ ernetzun”usbeute gefunden wird. Bei Polychloropren werden fur jede gebildete
VerneUung etwa zwei Peroxydmolekiile verbraucht. Anal.s'se der niedrigmolekularen
Reakt.ioosprodukte zeigt, dass die Leichtigkeit der WaaeerstofTabspaltung durch Cumyl-
oxjTadikak in der oben angegebenen Reihenfolge abnimmt-
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