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rntroduction

     Xn the field of poiymer chemistry the studyiof copoiymeriza-

tion is one of the best ways not only to synthesize new polymers

but aXso to learn the reactivitids of monomers. So far many

free--radicai copolymerizations have been studied in detaila but

not so many works on anionic copolyrnerization have been done.

One of the characteristics in the anionic poiyrnerizations of

vinyi compoUnds is a possibility of "iiving polymerizatione"" which

invoZves neither termination nor transfer reaction. Anionic

copolynerization may therefore form a new copolymer which has not

beenprepared by free-radical copolymerization. For instanceg the

iiving polyrnerization can yield a copolymer in which each polymer

molecule has the same monomer composition, whiie radicaZ poZy-

merization usually forms a copolymer containing a variety of

polymer molecuies having different compositions. !n such an

ahionic living system, the analysis of the copolymerization is

rather easy because there is neither termination nor transfer

reactzon.

     There are four propagating steps in the copoiymerization

reaction:
                               kll
       .vw.Ml + Ml---------- .vwMl
                               k12
        .-twvMl + M2 ---------- mu M2
                               k21
       -vvvNM2 + Ml----:,---•------- muMz
                               k22
       '-W"M2-' + M2- twvvM2-
                            -l-



whexe Mx and M2 denote monornersand k is a rate constant. rn these

steps, if the M2 monomer can neic be homopolymerized; x'  oe.e k22 =Ot

and if NvMl anion can add mere easily to the M2 rttonomer than to

the Ml rnonomer; Le.r k12>>kllg an alternating copolymere

'"vMIM2MIM2 e wUX be formed.

     In the present work, the author investigated on the anionic

copolymerizations of l,1-diphenylethylene or trans-stilbene (M2)g

which can not be homopolymerized, with butadiene, isoprenee 2,3-

dimethylbutadiene, styrene, o-- and p--methoxystyrene (Mi). Ben-

zene, toZuene, and tetrahyd'rofuxan (THF) were ;rtainly used as

solvents, and n-butyllithium (n-BuM)r Na-naphthalenea Na-- and K--

dispersions were used as initiators. Many of these cepolyrneriza-

tions could gave alternating copolymers. With rninor exceptionsg

the Ml rnonomers used here vvere completely incorporated into the

copolymers after a prolonged time. Therefore, the monomer reac-

tivity ratio, rlr could be readily calculated by using integrated

Mayo-Lewis copolymer composition equation. From the rl vaiues

obtainedt the reactivi'ties ot" the monomers were discussed.

     In the following, ehe outline of this work will be briefly

stated. In Chapter l, the anionic copolymerization of styrene

and Z,l-diphenylethylene carx'ied out under &rarious reaction con-

ditions was described. 1'he rl values were less than O.7 in all

the copolymerizations. An aiternating copolyrner was formed in

THF when [M2]e>[Ml]o. Chapter 2 consisted of the copoZyrneriza-

tion of 2r3-dimethyZbutadiene and 1,1-diphenyZethylene by n--BuLi
                                ,in benzene. The rl vaiue was O.23. Chapter 3 and 4 treated the

anionic cepolyraerizations of Z,l-diphenylethylene with isoprene
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and butadiene respectiveLy. Xn these copolymerizations the rl

values were affected greatly by the reaction conditions; x' .e.o

in THF alternating copoiyrners were obtained, while in hydrocarbon

with n-BuLi lil-diphenylethylene was littZe incorporated into the

copolymers. Xn Chapter 5, stereospecific polymerization of o-

methoxystyrene by anionic initiators was studied. This Chapter

closely reZated to the next One. The relationship between pol.y-

merization conditions and stereoregularity of polyrner was inves-

tigated in detail. Although an atactic polymer was formed in THF

regardless of the reaction conditionsg in toluene a crystalrine

isotactic polymer was obtained by n-BuLi at how ternperature.

The anionic copolyrnerization of o-methoxystyrene and 1,l-diphenyZ-

ethylene by n-BuU was stated in Chapter 6, where the connection

with the proceeding Chapter was discussed. The obtained results

were very similar to those found in Chapter 3 and 4; e.g.e opt

methoxystyrene had higher reactivity in hydrocarbon than in THF.

The anionic copolymerization of p-rnethoxystyrene and 1,1-diphenyZ-

ethylene was aZso investigated in this Chapter. The p-isorner had

similar reactfivity in both THF and hydrocarbon, and the alter-

nating copolymer prepared in THF was crystalline. All the copoly-

merizations employing l,Z-diphenylethylene gave alternating

copoZymers in THF and were cornpleted without terrnination and

transfer reactions except the copoiyrnerizations with o- and p-

rnethoxys tyrene .

     O. n.the. other,hand, termination and ehain-transfer reactions

were observed in the copolymerizations using trans--stilbene in

THF. Chapter 7 treated the copoZyraerization of styrene and
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trans-stilbene in THF and benzene by n-BuLi. [Dhe chain-transfer

to trans-stilbene was observed and the color of the reaction

ndxture changed Å}n tirne. Styrene vJas more reacicive than trans-•

stiZbene in both the solvents. The reaction of trans-stilbene
with n-BuLi in trHF w.as investjgate6 in chapter 8 in order to

clarify the mechanisms of the chanin-transfer and ehe change

of color of the reaction mixture found in the above Chapter.

The transfer was caused by the abstraction of a proton from

ct-position of trans-stiibene and the change of the color was

owing to the production of a 1,2,3-triphenylpropene anion. rn

Chapter 9, copolyrnerizations of trans--stilbene with butadieneg

isoprene, and 2,3-dimethylbutadiene by n--BuLi in [VHF and benzene

were described. In THF, all copolynerizations gave alternating

copolyrners. Isoprene and 2,3-dinethylbutadiene weve not consumed

cornpletely because of the termination reactiong although buta-

diene was perfectly consumed. Xn benzeneg trans-stilbene was not

copolymerized with butadiene and isoprene but copolymerized with

2,3-dimethylbutadiene. The change of the coZor observed in THF

was not detected in benzene.

     I wish to express my sincerest thanks to Professors Shunsuke

Murahashi and Heimei Yuki for his constant guidance and encoura-

gement throughout the work. : am gratefiul to Dr. Koichi Kosai

and Assistant Professor Koichi Hatada for their helpful advices

during the course of study. I also with to thanks to Messrs.

Katsuya Tsubotar Katsutoshi Sadamotor Yoshiteru Kuwae, and

especialiy to the iate 1tr. Masahiko Kato for their active collabo-
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rations .

     Finallyr my
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and Kosaku Maeda
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for their elernentary
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                        Chapter l

AnionÅ}c Cbpolymerization of Styrene and Z,l--Diphenyiethylene

                         synopsiS

     The anionic copolymerization of styrene <Ml) and lrl-di-

phenylethyiene <M2) was investigated. I,i-Diphenylethylener

which can not homopolymerize by itself, was copolymerized with

styrene by means of an anionic initiator. The copoiyrnerization

reaction seemed to prcceed without termination or chain transfer,

and gave a high molecular alternating copolyrner under appropriate

reaction conditions. The rrionomer reactiviicy ratiot rli WaS

obtained from the copoiymer composition at the complete consump-

tion of Mi! assuming the rate constant k22 = O. The monomer

reactivity ratio was affected by the solvent (n--hexaner benzene,

toluene, or [VHF), but not by the catalyst (n-BuLi, Na-dispersion,

Na-naphthalenet or K-dispersion) or the reaction temperature.

It was O.4 in toiuene at 300C.

                       Xntroduction

     Alternating copolymerization in the radical mechanism has

been known with various combinations of monomers, such as styrene
and maleic anhydride.1) on the other handr the alternating

copoiymer had not been obtained by an ionic rnechanisrn until Natta
                  2)and his co-workers                     Åíound that the alternating copolyrner of
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ethyiene and cis-butene-2 could be produced by a ZieglerTtype

catalyst. Recently they also obtained an alternating copoiymer
from ethylene and cyclopentene3> or butadiene4) with the sarne

type of catalyst.

     It has previously been found that, if a suitabZe cornbina-

tion of monorners was chosent an aZternating copolyr"er can also

be obtained by an anionic raechanisrn. One of the monomers in the

pair was lrl-diphenylethylene or trans--stilbene; the comonomers

used were styrene, butadiene, isoprene, and 2t3--dimethylbutadiene.
The copolyrnerization had already been reported briefly.5)

Natta et al.6) aiso reported the azternating copolymerization of

2-vinylpyridine and ct--stilbazole by an anionic mechanisrn.

     In the present paper a detailed study of the copoayrnerization

of styrene (Ml) and ltl--diphenylethyiene (M2) wiii be described.

                        Experirnental

     Monomer. 1,l--Diphenyletbylene (DPE) was prepared from
                                         7)phenyimagnesium bromide and ethyl acetate.                                             Bp 105-llOOC/3-4
mmHg, ngO 1.6085. styrene (St) was purified in the usual manner.

     Solvent. Benzenet toluenee and n-hexane were purified in

the usual manner and were dried ever rrtetallic sodium. Tetra-

hydrofuran (THF) was purified, dried over sodium, and distilled

frorn calcium hydride before use.
                                                 8)     Catalyst. According to the method of Ziegler                                                    n-butyllithium
                              ,(BuM) was prepared in n-•heptane, and the concentration (14.9g)
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was determined by double titration.9) sodium dispersion (Na-

disp) in n--octane and potassium dispersion <K-disp) in n-decane
were used; the concentratieris were 30 and 3g respectively.

Sodium naphthalene (Na-Naph) was prepared in tetrahydrofuran;
the concentration was O.3 mmol/in1.

     Procedure. Copolymerization was carried out in a glass

ampouZe under nitrogen. Solvente rnonomers, and catalyst were

placed in the ampoule by using syringes. The ampoule was then

allowed to stand in a bath. The reaction was terrninated by

adding a trace of methanol, and then the contents of the ampouie

were poured Snto a large amount of methanol. The precipiicated

polymer was separated by filtration, dried, and weighed,

     Measurement. The infrared spectrum of the polymer was

measured on a Nihon Bunko DS 402G Spectrometer. The conventional

KBr method was used for sample preparation. The NMR spectrum of

the polymer was obtained in carbon tetrachloride at roorn ternpera-

ture with a Varian A60 Spectrometer at 60 Mc/sec. The viscosity

was rneasured in a 1.0 g/dl toiuene solution at 30.00C.

     Fractionation. The fractionation of the poiymer was

carried out with a Soxhlet extractor by using diethyl ether or

methyl ethyl ketone as the soXvent.

                            Results

     The copolynerization by BuLi in toluene was carried outt
                             bvarying the initial molar ratio of styrene to l,l-diphenyl-

      '          '
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ethylene at 300C for a prolonged time. The composition of the

copolyrner was calculated from the ratio of the number of phenyZ

protons to non-phenyl protons in the NMR spectrum. On the other

hand, the composition was also calculated from the polyrner yieldr

assuming that the carbanion of 1' ,1-diphenylethyZene can not add

lrZ-diphenylethylene; the reaction proceeded sufficiently for

the styrene to be compieteiy incorporated into the copoZyrner.

rlhe results are sumarized in Table io

     The polyner yield (weight per cent against the total of

monomers charged) decreased with a decrease in the Styrene in the

initial monomer mixture. The values of the copolymer composition

obtained by the two different methods, NMR spectrum and polyrner

yieldp were consistent with each other within the range of

experimental error. The composition of the copolymer approached

unity when the initial molar ratio of styrene to Z,l-diphenylethy

ylene was less than unity. The reduced viscosity of the copolymer

obtained was around O.l, but the softening point rose with the

increase in the l,i--diphenyiethyZene in the copolymer.

     The copolyrnerization was carried out with BuLi in toluene

at O, 30t and 500C, equimolar amounts of monomers being used.

The results are shown in Table 2. The poiyrner compositionsg

St/DPE, were about 1.5; this value seerned to be independent of

the reaction temperature. Zn the copoZymerization at OOC,

howevert a difference was found between the values calculated by

means of the two rnethods. This must be caused by the styrene
                              ,remaining unchanged at this temperaturee where the reaction rate
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was rather siow.

     The effects of solvent and catalyst in the copoiymerization

were investigated at 300C with an equimolar feed composition oE

monomers. n-Hexaneg benzeneg and toluene were used as solvents,

and BuLi, Na-dispersion, K-dispersion, and Na-naphthalene, as

catalysts. Table 3 shows the results. Depending on the solvent

and catalyst used, the reaction mixture formed a homogeneous or

heterogeneous system. The heterogeneity of systera decreased

with an increase in the polarity of the reaction rnixture. The

homogeneous system generally gave the copolyner in a good yieldt

but the heterogeneous one resulted in a low yield. Zn 7rHF, the

reaction proceeded in a homogeneous system independently of the

catalyst used, and the values of copolymer composition calculated

by the two methods showed a good coincidence. When the reaction

proceeded in a heterogeneous systemr sorne discrepancy was observed

between the values of copolyrner composition calculated frorn the

polymer yield and from the NMR spectrum. Zn this case iche

reaction did not proceed completely, both the monomers remaining

unchanged.

     The monorner reactivity ratio, rl, in the copolymerization of

styrene (Ml) and l,l-diphenylethylene (M2> was calculated frorn

the copolymer composition by using Eq. (9), which wil: be descri"

bed in the next section. The vaZues of rl obtained are listed

in Tables l,'2, and 3. As a mean value O.4 was obtained for r                                                             1
in the copolyrnerization carried out with BuLi in toZuene. This

value seemed to be independent of the initial rnolar ratio of
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monomers (Table Z) and of the reaction temperature from O to 500C

<Mable 2).

     Xt was found that the rnonomer reactivity ratior rl, was

afÅíected by the nature of the solvent: i.e., the vaZue was

srnaller in a polar solvent, and the relative reactivity of

styrene appeared to increase in a non-polar solvent (Table 3). '."

Little effect on rl was observed with the caicaiyst.

     The copoiymerization with BuM was carried out in THF at OOC,

Xn this reaction the amount of catalyst was minimized in order

to obtain a large molecular weight of the poiyrner. The results

are shown in Table 4. Zn the copoiymerization when the initial

molar ratio of styrene to l,l-diphenylethylene was iarge enoughg

the copolymer was obtained quantitatively after 48 hours.

However, when the ratio was less than unity, the reaction

proceeded slowlyt unchanged styrene existing even after 6 days.

The poiymer viscosity increased with an increase in the initiai

ratio of the total quantity of monomers to that of BuLie

Probably the copolyrnerization proceeded in a iiving system and

no chain transfer occurred, although it was impossible to compare

the molecular weights of copolyrners possessing different cornposi-

tions. The softening point oÅí the copolyrrter rose with the

increase in the amount of 1,1--diphenyZethyiene in the copolymer.

     rn order to obtain more information about the homogeneity of

the copolyrner with regard to its composition and molecular weight,

sorne of the copolyraers were fractionated by extraction. The

results (Table 5) showed that the copolyrner rich in styrene is ;
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soluble in methyl ethyl ketone, even at a high molecular weight,

but was insoluble in both diethyl ether and acetone, while the

alternating copolymer with a high moiecular weight is not soiuble

in rnethyl ethyl ketone. rt was found that the aower-molecular-

weight poXymers had contained some soluble fractions in diethyl

ether or raethyl ethyl ketone. However, on!y srnall changes in the

copolyrner composition and viscosity were observed in the insolubXe

fractions. In these cases the original polymers were obtained

by a heterogeneous catalyst or at higher aatlyst concentrations;

thus they contained lower molecuiar-weight fractionsr for the

initiation reaction did not take place at once. rn generai, the

copolymers produced in these copolyrnerization have been shown to

be essentially homogeneous.

                         D Lscusszon

     Evans and his co-vvorkers have reported that in benzene

n--butyllithium adds rather faster to 1,1-diphenylethyiene than to
styrene,10) and that the former olefin can dimerize but not

                              Zl).polymerize to a higher polymer,                                  probably because of the steric

hindrance due to the second phenyl group in the 1,1--diphenyiethyl-

ene. From their experimental resultsr even the dimerization of

l,1-diphenyiethylene seems not to be so fast, because 1,1-diphenyl--

hexaner the addition product of n-butyllithium and 1 mole of 1,1-

diphenyie.thylene, remained in the reaction mixture after the

teaction. The higher reactivity of l,1-diphenylethylene to the
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carbanion than that of styrene may be interpreted by the resonance

stabilization of the Z,i-"diphenylethylene anion being larger

than that of the styrylELnion. These results suggest ichat, in the

copoZyrnerization of 1,l-diphenylethylene and styrene7 the styryi

anien may add faster to l,l-diphenylethyZene than to styrener

and that the i,l-diphenylethyiene anion adds more easily to

styrene than to 1,Z-diphenyiethylene. Thus, the reaction may

lead to the production of an alternating copolymer of these two

monomers. Strictly speaking, in the following copolyrnerization

reactions:
         -, kll '   /vvv-Mi + Ml -tvvvMIMi (1)
         - k12 -   .v"Ml + M2 --wltMiM2 (2)
         -. k21 N   -w-M2 + Ml -twv.M2Ml (3)
         - k22 -    ,vw.M2 + M2 -pmM2M2 (4)
if the rate constant, k22, is smaU enough, and if ki2 is suffi-

cientiy larger than kil, the crossover propagation must occur

predominantly and result in an aZternating copolyner at (M2)o/

(Mi>o>lr where (M2) and (Ml) are the concentrations of M2 and Mz

respectiveiy.

     As shown in TabZe i, this situation held in the copolyraeri-

zation of ltl-diphenylethylene and styrene. The coincidence of

the copolymer composition obtained by NMR spectroscopy and that

calculated from the polymer yieid at a complete consumption' oE

the monomer Ml suggests the validity of the assumption that k22=O,

- 13 -



which indicates that not even a dimeric unit of the monomer M                                                          2
exists in the copolyrner.

     In the copolymerization of Ml and M2p if the M2 anion does

not add M2t that is, if k22=Ot th.e copolymer composition equation

reducesi to:

              d(Ml) , (Ml)
                    =rl +1 <s)                          (M2)              d (M2)

On the other hand, the next equation is deduced easiiy:

      d<Ml)/<M2) (Ml) l d(Ml)                                                     (6)                 =- +                            2        d(M2) (M2) (M2) d<M2)
Substituting (5) into (6)p we have:

    d`{Ki,`M2' --,.I, (.,[:ll -- [.MI] +i) (7)

[Dhe integration of Eq. (7) gives:
     '  l. (M2) - l l. [(Ml)/(M2)] <rl - 1) +l .o (s)
     (M2)o rz- Z [<Ml)o/(M2)o] (ri- Z) + 1

where rl k 1 and where (Ml)o and (M2)oe and (Ml) and (M2)g

represent the initiai and rtnal monomer concentrations respectively.

When unchanged Mi does not exist in the copolymerization systemr

i.e., when <Ml) = Or we have:

   i" [MM22]o + .i-iiin':MMIIoO (rr i} + =o (g)

Equation (9> gives rl when (Ml)or (M2)o, and (M2) are known.

- l4 -



     As Tabie 1 showst rl was found to be O.30-O.45 (mean value

= O.4) in toluene at 30eC at a variety of (M2)o/(Ml>o ratiOS.

The reaction ternperature and the species of v'"ounter ion seemed

not to aEfect the reactivity ratio, while an influence of the
solvent used for the reaction was-  appaxent; x" .e., the rl value

increased with a decrease in the polarity of the solvent. The

cause of this change in the reactivity xatio is not certain at

the present time, but it seerns to concern the degree ef dissocia-

tion of the ion-pair to the free ions in the solution.
     szwarc et ai.12) have reported the anionic copoiymerization

of styrene and l,1-diphenylethylene by Na in THF aic 250C. Frorn

their kinetic study they obtained the rate constants, kl2r fOr

the ion-pair (250 1/moi sec> and the free ion (400aOOO 1/mol sec)a

and the apparent rate constant, k21 (O.5-O.7 1/rnoi sec). They

concluded that the step (3) in the above equations is reversible
                                  -2(the equilibrium constant K21= 5xlO 1/rnol) and rate deterrnining,

while the reaction (2) is very fast and prevents the reaction (l).

                                                           +The monomer reactivity ratio, rl, in THF at 250C with the Na

counter ion can be calcuXated as O.21 from Szwarc"s data (kn= 210
1/mol sec and kl2= zrooo l/mol sec),12'l3) which represent the

apparent rate constants at the same concentration of the living

end (O.04 mol/1) as that ernployed in the present work. The value

shows a good agreement with the O.2 obtained in the present

copolymerization in THF with Na.

     The reduced copolymer composition equationr (5>, suggests
                              ,that if the initial moZar ratio of rnonomers <Ml)o/(M2)o iS
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l/(l # rx)r where rl<lr i•e.r kn<ki2, the copolymerization

proceeds azeotropicaUy. At (Ml)o/(M2)o>1/(l - rl)r both the

monomers can be consumed completely by the copoiymerizatione and

so the copolymer composition must be the same with the monomers
fed. Howeverr in this v"ase the nionorners react aiternatingly in

the initiaZ stage, with Ml remaining predominantly and with this

incorporated in the copolymer more and more in the iater stage.

As we can expect, frorn the chemical structures of styrene and

1,i-diphenylethylene, tha't neither termination nor chain transfer

occurs in this copolymerization, the polymer molecule obtained

must have a constitution obeying this change in reaction. At

(Ml)o/(M2)o<l/(l - rl), an essentially alternating copolyrneri-

zation proceeds, but the deviation takes place at the initial

stage and a more strict alternating condtion is reached aic the

final stage, the monomer M2 remaining unchanged.

     From the results of fractionation, it may be concluded that

the high-rnolecular-weight polymer produced in the copolymerization

with a careful procedure included no low molecular fractioni and

that probably there was also no fraction with a composition

deviatÅ}ng greatly from that to be anticipated from the amounts of

charged rnonomers.

     The authors wish to thank the Ministry of Education for the

financial support granted for this research.
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                     Chapter 2

Anionic Copoiymerization of 2,3•-Dimethylbutadiene and

 1,1-Diphenylethylene with n-Butyliithium in Benzene

     Anionic copolymerization of 2,3-dimethylbutadiene (Ml) and

1,1-diphenylethylene (M2) by n-butyilithium (n-BuLi) in tetra-

hydroEuran (THF) has been studied by means of NMR spectroscopytl)

in which the rates of consumptions of the two monomers were

followed. The copolyrnerization proceeded alternatelye when the

initial molar ratio of the monomersr [Mi]o/[M2]og was less than

unity. In the present studyt the copolymerization of the sarne

monomer pair is investigated in benzene at 400C with n-BuLi as an

initxator.

                         Experimental

     Meterials. 2,3-Dirnethylbutadiene was synthesized by the
dehydration of pinacol.2) The monomer purified by fractional

distillation was redistiiled in vacuo from lithium aiuminum
                            20hydride. Bp 690C/760 mmHg, n                               1.436e.                            D
     1,i-Diphenylethylene prepared from diphenylrnethyl earbino13)

was Eirst treated with a smalZ amount of Na-K alloy and distilied.
Bp l150C/3 mmHg, nSO l.6085. Then n-•BuLi was added to the rnonomer

until the red color of its anion appeared. The monomer was redis-

tilZed frem the coZored mixture in vacuo.
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     Benzene purified by the usual method was redistilZed in the

presence of a srnall arnount of n-BuLi under high vacuurrt before use.

     n--BuZti was prepared in n-heptane aacording to the rnethod of
        4)Ziegler.

     polymerization. copolymeri2ation was carried out in a

glass ampoule which had been previously heated with a gas burner

in vacuo. Benzene and 2,3-dimethylbutadiene were transferred to

the ampoule on a vacuum linet and then 1,1-diphenylethyiene and

n--BuLi were added with hypodermic syringes under dry nitrogen.

The copolymerization was terminated by adding methanol. The

polymer precipitated in methanoi was filtrated, washed with

methanol, and dried.

     Viscosity. The viscosity of the copoiymer was rneasured in

toluene solution at 30.00C.

                    Results and Discussion

     The copolymerization of 2,3•-dimethylbutadiene (Ml) and lrl-

diphenylethylene (M2) by n•-BuLi was followed in benzene at 400C,

the initial molar ratio of Ml to M2 being O.683. The resuits

arce shown in Fig. 1. The copolymerization proceeded slowly to

reach a constant poZymer yield in about 50 hr. !n this period

2t3-dimethyibutadiene was completely consumed and only unchanged

lrl-diphenylethylene remained in the system. The softening point

of the copolymer was about 1350C.
                                                           '                              .     In Fig. 2 the plot of log[n] vs. Iog yield of polyrner is
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shown. The linear re2ationship suggests that the copoZymerization

proceeded without termination and chain transfer, probably to

give a Ziving polymer,

     The copolymerization was carried out for a prolonged time

and the material balance was checked in order to confirm the

compiete consumption of the Ml monorner. The results are listed

in TabZe 1. It was found that the totaZ amount of the monomers

Chargede Ml + M2 (g)r was substantially equal to the sum of the

polymer obtained and the unchanged M2 monomer recovered from the

mother liquor of the polymer precipitation. This fact means that
                                           {.2t3-dimethylbutadiene was completeZy incorporated into the copoly-

rner. Thent the molar ratio of the rnonomers in the copolynere

[ml]/[in2], can be calculated from the polymer yield. The irn1]/[m2]

ratio decreased with a decrease in the ratio of the charged

monomers, [Mz]o/[M2]o"

     The monomer reactivity ratio, rl? is obtained by means of

the integrated copolymer composition equation, assuming that the

M2 rnonomer does not homopolymerize and the Ml monomer has been
completely consumed.5) The rl values are shown in Table 1. As

the mean valuee O.23 was obtained. This indicated that ltl-di-

phenylethylene is more reactive to 2,3-dimethylbutadienyl anion

than 2,3--dimethylbutadiene. Zn the copolymerization in THFr the

rl value was almost zero and an alternating copoZymer was obtainedt

when the [Ml]o/[M2]o ratio was iess than unity.'
     :n the copolyrnerizations of styrene and butadiene,6) styrene
                              `and isoprene,7) and 1,l--diphenylethyiene (M2) and isoprene <Ml)8)
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by iithium catalysts, greater relative reactivities of conjugated

dienes than the cornonomers have been found in a nanpolar solventa

contrary to the less reactivities in a polar solvent. In the

last pair of monomerst the rl values were O.l3 in THF and 37 in
                                'benzene. The relative reac-tivibies of the two monomers against

isoprene anion reversed in these two solvents. Zn the comoly-

merization of 2,3-dimethylbutadiene and Z,1-diphenylethylene, the

latter was aiways more reactive in both THF and benzene.

-• 24 -



                        References

l) H. Yuki, K. Hatada and T. Inouer J. Polymer Sci. A, in press.

2) C. F. H. Allen and A. Beiie V'Organic Syntheses," Coll. Vol. ZZ:

p. 312 <l955). '
3) C. F. H. AIZen and S. Convexse" g'Organic Syntheses,'" Coll.

vol. r, p. 226 (1956).

4) K. Ziegler and A. Coloniuse Ann.t 479t 135 (1930).

5) H. Yukir J. Hotta, Y. Okarnoto and S. Murahashi, This Bulletint

Ltt 2659 (1967). (chapter Z).

6) :. Kuntz, J. Polyrner Sci.g .5=v4 569 (1961).

7) A. V. Tobolsky and C. E. Rogerst J. Polymer Sci.r SLtt 205

(l959) .

8) H. Yuki and Y. Okarnotoe This Buiietin, to be published.

 (Chapter 3).

-- 25 -



                         Table r

 Anionic copoXymerizatton of 2,3-dirnethylbutadiene (Ml) end

      1,1-diphenylethylene (M2) in benzene by n-BuLi

Benzenet IS.O ra1, n.BuLi: ca, 1 mol" against total monomers,

ternp.t 40eCi tirnes 96-140 hr.

Ml

g

M2

g

iMl1olfM21o

 mo1/mo1

Polymer

   g

Yieid

moi"

Unchanged

 M2e 9

cmll/ (m21a)

rno1/mo1

rl

o

o

o

o

o

o

.

.

.

.

.

.

405

335

405

405

405

269

e

o

o

o

1

o

.873

.776

.960

.976

.057

.848

1.017

O.960

O.925

O.9iO

O.B4

O.694

1.

o.

i'

i'

1.

o.

150

97e

081

099

190

810

92.7

91.8

90.0

89.3

85.8

76.i

O.127

O.210

O.284

O.189

O.265

e.178

i.i9

1.14

1.Ie

1.14

1.14

1.09

o

o

o

o

o

o

.

.

.

.

.

.

2S

21

27

22

23

le

a)  Molar ratSo of monomers in the copolyrner. Average O.23
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Fig. I. Anionic copolyraerization of 2r3-dirnethyl-

butadiene (Ml) and i,1-diphenylethylene <M2) in

benzene by n-BuLi- Tirne vs. poZyner yield.

Total monomer : 9.89 mmol, [Ml]o/[M21o: O.683,

benzene: l5.0 ml, n-BuLi: O.090 rmol, temp.: 40eC.
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benzene by n-BuM Relationship between polyraer

yield and viscosity of polymer.
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                          Chapter 3

Anionic Copolymerization of Zsoprene and 1,Z-Diphenylethyiene

Synopsis

     Anionic copolymerization of isoprene (Ml) and 1,1-diphenyl-

ethylene <M2> was carried out in tetrahydrofuran (THF), dioxane,

and n-heptane by using n-butyZlithium (n-BuLi)r Na-naphthalener

Na- and K-dispersions as initiators. An alternating copoZymer

was obtained in the copolymerization in THF, which proceeded

without a chain transfer and a termination. Monomer reactivity

ratios, rl, obtained by assuming the rate constant k22 x O, were
O.Z2 <Li+), O.ii (Na+), and O.ii <K+) in 'i'HF at OOC. The r
                                                          i
vaZue in benzene at 400Cr however, was affected by the counter
ion as follows: 37 (Li+), 0.38 (Na+), and O.05 (K+). With Li+

counter ion the values were O.50 in dioxane at 300C and 29 in

n-heptane at 400C. The order of rate constants in the copoly-

rnerization in THF with 'n-BuLi at OOC was k                                           >k                                               >k                                                     the last                                                 21'                                         12                                             11
of which was 2.64 Å~ lo-3 1/rnol sec.

Zntroduction

     Araong the anionic copolymerizations of the monorner pairs
                                l)which copolymerize alternatinglyr                                   the results of the detaiZed
                              ,
studies were pxeviously reported on the copoiymerizations of
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                                2)                                   of lrl-diphenylethylene and'l,l-diphenylethyZene and styrene,
2t3-dimethylbutadiene,3) and of trans-stilbene and styrene.4)

     In the presenic study, the copolymerization of isoprene (Ml)

and 1,Z-diphenylethylene (M2) will be investigated under various

reaction conditions. The results will be correlated with those

of the copolymerization reported.previousiy.

                         Exper imental

     Materials. Isoprene. The purified monomer (Phillips poly-

merization grade) was redistilled in vacuo frorn lithium aluminum

hydride before use.

     1,l-Diphenylethylene. This was firsic stirred with Na-K

alZoy under dry nitrogen, and then n-butyllithium (n-BuLD in

heptane was added to the mixture untii a red color due to 1,1-

diphenylhexyllithium appeared. The colored solution was carefully

distilled in vacuo to obtain the pure monomer.

     Tetrahydrofuran (THF) and Dioxane. Each of these solvents

was refluxed over Tnetailic sodium and then over lithium aluminum

hydride, frorn where it was distilZed onto Na-K ailoy and

naphthalene. From the green solution the solvent was transferred

to a reaction vessel on a vaccum system before use.

     Benzene and n-Heptane. Each of these solvents purified in

the usual manner was distilled under high vacuum in the presence

of n-BuLi.

     n-BuM. n--BuLi was prepared in n-heptane and the concent-
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                                         5)ration was determined by double titration.

     Na-Naphthalene (Na-Naph.). The concentration of the solution

was determined by the titration of a sampie solution after
                    6)hydrolysis by water.

     n-Butyl Alcohol. A small amount of metaZlic sodium was

added to the alcohol (spectro grade). The alcohol containing

sodium butoxide was then distilled under high vacuum to prepare

a standard n-butyl alcohoZ solution in n--heptane. The solution

was used for the colorimetric titration of a carbanion solution.

     Polymerization. The polymerization was carried out in a

glass ampouXe under dry argon. To the ampouler isoprene and a

solvent were distUied by rpeans of a vacuum liner and then i,l-

diphenylethylene and an initiator were added with hypoderrmic

syringes. The polymerization was terrninated after the rnanner of

titration with the n-butyl alcohol solution in n-heptane to

estimate the concentration of iiving ends.

     EZectronic Spectrum. The electronic spectrum of a reaction

mixture was measured with a Hitachi 124 Spectrophotometer. The

sample solution was prepared in a high vacuum system.

     NMR Spectrurn. The spectrum oÅí the polyrner was taken in a

carbon tetrachloride soiution with a JNM-4H-iOO Spectrometer

(Japan Electron Optics I,aboratory Co. Ltd.) at 600C.

     Molecular Weight. The moXecular weight of the poZymer was

measured on a Mechrolab Vapor Pressure Osmometerr ModeZ 30iAr

using benzene as a solvent. ,

     Viscosity. The soiution viscosity of the polymer in toiuene

                                                                '
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was measured at 30.00c.

                           Results

                                '     The copolymerization ef isoprene <Mz> and 1,1-diphenylethylene
           '(M2) in THF at OOC was carried out with n-BuLi as an initiator,

the initial molar ratio of rnonomersr [Mz]o/[M2]o, being O•650.

The results are shown in Fig. I. The reaction proceeded so slowly

that it took 80 hr to be completedt when unchanged 1,l--diphenyl-

ethylene rernained in the systemi but isoprene was cornpletely

consumed. Since 1,l-diphenylethylene can not be homopolymerizedg

the yield of the copolymer is maximum when the two monomers

copoiymerize alternatingiy, if [Mi]o/(M2]o<Z. rn Fig. I, the

yield against the theoretical amount of the alternating copolymer

is also shown. tt reaches 100gt indicating the formation of the

alternating copolymer in the system. Xt was observed that the

concentration of the living ends titrated by n-butyl aicohol was

constant regardless of the reaction tirne and was nearly equal

to the concentration of the initiator used.

     The relationship between the poZymer yield (curve B in Fig. 1)

and the polymer molecular weight is shown in Fig. 2. A linear

relationship was found between the two and the iine almost agreed

with the theoretical line Åíor the living polymer produced by

alternating copolymerization. There was aiso a linearity between

log yield and log [n].

     The rnateriai balance after the prolonged copolyrnerization
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reaction was exarnined. A part of the results is listed in

Table 1. As isoprene was completegy incorpolated into the

copolymer, the copolyner composition, [ml]/[rn2]v was calcuiated
from the polymer yield and the initial monomer concentrations.14)

The [ml]/[rn2] ratio in the copolymer obtained in THF slightly

exceeded unity with increasing the [Ml]o/[M2]o ratio from O.6 tO

O.9. The aZternating copoiyrner was powder. On the other hand,

the copolymer obtained in benzene was viscous and contained a

great deal of isoprener even at [Ml]o/[M2]o = O•6e

     The copolymer cornposition was also examined by other methods

as is shown in Table 2. The eiernentary analyses of the copoiy-

mers are well consistent with the calcuiations based on the

copolyrner cornpositions derived from the polymer yieids. The

copolymer compositions obtained from the ratios of aromatic to

aliphatic protons in their NMR spectra are aXso in accord with the

above compositions within analytical errors.

     The monomer reactivity ratio, rir was obtained frorn the

polymer yieldusing the integrated Mayo-Lewis copolymer composition
                          2)eqUationr assuming k22= O. Thr rl vaZues thus obtained are

Usted in Tables 3-5. rn the copoZymerizations in THF at OOC

using n-BuLir Na--naphthalener and K-dispersion as initiatorst

the rz values were aimost constant (O.11-O.i2). Zn benzene at

400Ct however, the values were 37r O.38, and O.05 with n-BuLi,

Na-dispersion, and K-dispersion respectiveiy. With n-BuLi in

dioxane at 300C and in n-heptang at 400Ct the values were O.50

and 29 respectively. Thr rl value at 250C in THF seemed to be
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smalXer that that at OOC. The copolyrnerization carried out in

benzene without an initiator gave no polyrner even after 2i6 hr

at 400C (Table 5), suggesting that no polyrnerization occurred

by free radical mechanism under .the reaction conditions employed.

     The NMR spectrum of the alternating copolymer obtained with

n-BuU in THF is shown in Fig. 3. The hornopolymerization of

isoprene by n--BuLi in the same solvent yielded a polymer with 17g

lt2-r 61g 3or4-- and 22g trans-le4-structures. The analysis was
                                                      7)done with NMR spectrum according to the method of Chen.                                                          The

alternating copolymer showed no peak in its NMR spectrum at the

same position as that of the polyisoprene. On the other handg

in the IR spectrum of the copoZyrnerg an absorption due to the
vinyl group was found at glo cm-1, but very weak suggesting that

there•was little lt2-structure in the copolyrner. Therefore,

assuming that the isoprene was incorporated in the copolymer

through 3,4-- and 1,4-additions, the ratio of 3,4- to 1,4-addi-

tion was l7:83, on the basis of the NMR spectrum.

     At [Ml]o/[M2]o = O.650, the copolyrnerization by n-BuU

carried out in THF at OOC was followed spectrophotornetrically.

As soon as n-BuLi was added, the reaction mixture showed an

absorption maximurn at 496 mv due to the diphenylethyZene anion;

its opticaZ density had been constant during X50 hr at leasto
The molar extinction coefficien"i) was 1.7 Å~ lo4r which agrees

                                                            'closely with 1.s x lo4 of l,1-diphenylhexynithium anion.8)

These results apparently indicate that the most of the Ziving

ends present in the system were i,i-diphenylethyiene anion.
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                         Discussion

     The copolymerization of isoprene (Ml) and l,Z--diphenyl-

ethylene <M2) initiated by n-BuLi in THF under a condition of
          ' [Ml]o/[M2]e<l proceeded without termination and chain

transfer to give an aiternating copolymer. Among the rate

constants of the propagation reactions, k22 rnust be zero and k12

must be greater than ku in such a copolymerization reaction.

            - kn "     'VVNMI + Ml -"e'"--:`-) 'wNMz (1)
            " k12 -     XVV.Ml + M2 -Av"M2 (2)
            - k2z -     .VVNM2 + Ml -.vwMl (3)
            - k22 -     •.vwM2 + M2 ---=-:--> -vwM2 (4)
The surn oE the concentrations oÅí the living ends, [Ml 1 + [M2 ]e

should be equal to that of the initiatort [C]oe

                  [Ml] + [M2]= [C]o (5)
rn eq• (5)t [Ml ] is negligible because the anion existing in

the systern was mostly M2 g which must be far rnore stable than

the Mi anion owing to the conjugation with its two benzene rings.
                                         3)So we can assume kl2>>k21 and get eq. (6).

                 d IMI]
               " dt =k21[C]otMll (6)
The equation shows that procesge (3) is the rate deterrnining step

in the copolymerization.
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     Recently, ureta et al.9) have reported the anionic copoly-

rnerization of styrene (Ml) and lrl-diphenylethylene (M2)e in

which t.h. ey found that process (3) was a reversible reaction as

follows:

                  - k2z pt           twvM2 + Ml fr---'-`'=ny"'... ).-.-......, .vvN•M2Ml (7)

                                k-21

Zf so in the present copolymerization, eq. (6) must be rewritten

as eq. (8):

  - dlilll] = k21EM2-] [Ml] Å~ k.-21ili[llS[M2] <8)

The analysis of the results in Fig. 1 gave a linear relationship

between log [Ml] and t as is shown in Fig. 4, indicating that

the rate of the consumption of isoprene is first order with

respect to its own concentration as represented by eq. (6).

Consequentlyr there must be k12IM2]>>k-21 in eq. (8) and the

reversible reaction (7) rnay be neglected. From Fig. 4t we can
get k21 = 2.64 Å~ ZO-3 llmol sec in THF at OOc. Taking into

account of the difference of the reaction temperaturev the above
                                                  -3value seems to be greater than k21 = l.3 - 1.8 Å~ 10                                                     Zlmol sec

found in the copolymerization oE 2r3-dimethylbutadiene (Ml) and

ZrZ--diphenylethylene (M2) by means of n-BuLi at 220C. The

vaiues indicate that isoprene is sterically and electronically

rnore reactive than 2,3-dimethylbutadiene because the latter has

one more meChyi group. ,
     Tbe monomer reactivity ratios, riv obtained in the copoly-
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merizations of 1,1-diphenylethylene (M2) with three comonorners

(Mz) by n-BuLi are summarized in Table 6. I,1-DiphenyXethylene

was always rnore reactive to the Ml anion than the corresponding

Ml monomer in THF. rn benzene, Z,l-diphenylethylene was rnore

reactivei when the comonomer was styrene or 2,3-dirnethylbutadiener

while iess reactive, when iseprene was the comonorner. Zn the

copolymerization of isoprene and 1,l--diphenylethylene with n-BuLir

the rnonorner reactivity ratio was strongiy infZuenced by the

solvent (Table 5). The rl value in hydrocarbon solvent was larger

than unity, while in dioxane and THF, the value approached zero

with the increasing polarity of the solvent. No effect of the

initiator on the rl value was observed in the copolyrnerization
in THFr but in benzene the va:ue varied in the order of Li+>>

Na+>k+. When the counter ion was either Na+ or K+v a smail

influence of the solvent was observed on the rl value. These

tendencies suggest that the rl value may decrease with an

increase in the ionic character of the carbon-metal bond.

Similar results have been reported in the anionic copoiymerization
of butadiene and styrene,10) and of isoprene and styrene.li)

The high reactivity of the dienes observed in these copoiyrneri--

zations was expiained by preferential absorption of the dienes
                     *2)at the active center.                         Such an absorption may be excZuded

for 2r3-dimethyZbutadiene because of its steric hindrance.

     Xt is well known that NaB(Ph>4 depresses the dissociation

of an ion pair to free ions in the anionic polymerization of
                             ,styrene.12) The presence of NaB(ph)4 in the present copoiymeri-

      '
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zation with Na+ counter ion in THF had no infuence on the r
                                                          i
value as is shown in Table 3. The fact dernonstrates that, if

the copoZymerization may involve two kinds of propagating

speciesr a free ion and an ion p.airt the xl values for these

two species will be very similar.

     The alternating copoiymer consisted of isoprene unit

having 83g of 1,4-structuret in comparison with 22Z in the

polyisoprene polyrnerized under the sarne conditions. Zn the

copolymerization isoprene adds to the bulky a,1-diphenyaethya-

ene anion at the sterically iess hindered 4-position, and then

the resultant isoprenyl anion adds to 1,l-diphenylethylene at

the less hindered l--position' than the 3-position. A similar

result was observed in the alternating copolymer of 2,3-dimethyl-
butadiene and Z,1-diphenyZethylene,3) in which the microstructure

of 2r3-dimethylbutadiene was enly l,4--addition. A srnall portion

of the 3r4-addition appeared in the copolymer of isoprene and

ltl-diphenylethylene may be attributed to the less steric

hindrance than that of 2t3-dimethylbutadiene.

1) H. Yuki, K. Kosai, S.

Sci. Bt 2, li21 (1964).

2) H. Yukir J. Hotta, Y.
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  Anionic

Ml: O.442

                         Table l
copolyrnerization of isoprene (Ml) and 1,1-diphenylethylene

                 ----Material belance
g, initiator: n--BuLi o.11 lnnol, tetup.s OeC in Tllr, 40.c

(N2)'

in beasene.

Solvent
IS.O ml

Time
 hr

M2
9

tMl1 Q/ iM2j o

 tnollmo1
Polymer

   g

        aVnchanged
  M2, 9

Enll/ Cn21

"ollmol

THF

THF

THr

Benzene

Benzene

Benzene

 96

 96

 96

120

i20

120

1.293

1.S22

1.797

O.S06

a.162

1.733

O.904

O.770

O.607

2.32

1.01

O.653

1.S44

1.5e9

i.62S

O.494

O.562

O.600

O.187

O.370

O.630

O.440

i.042

1.5S4

 1.06

 1.02

 1.00

24.8

 g.e?

 7.47

a contained ca. 7 mg of bi-corapounde.

b  Molar ratio of ttbonotuers in copolymer.

  '

                                TabZe 2
   +
 )Uiionie eopolymerization of isoprene (Ml) and i,l-diphenylethylene

                        ----- CopoZyrner cotuposition

                           rnitiator: n-BuLi

CM2)'

So ivent

15.0 mi

Yield

 vt"

tmi1/ctu21a)    Elemenzary
 caicdb) .

cg H"

analysis
   Found
  cg Hg

   )IMR

tixllam21C)

THF

TH?'

THP

Dioxane

Dioxane

Ben:ene

Ben:ene

li.i

23.4

72.6

7S.7

97.4

27.9

43.6

 i.oo

 1.00

 1.oe

 1.23

 2.34

 ?.47

X3.9

91

91

9X

91

90

eg

ee

.76

.e6

.es

.S6

.se

.i6

.98

 8.24

 8.14

 e.12

 8.44

 9.12

lo.se

li.02

91.95

91.S6

92.00

91.23

go.ge

e9.16

SS.93

 e.2o

 8.07

 gax
 S.23

 e.ge

10.41

lo.eg

 -
 -
O.96

a.27

2.40

7.10

 -
a

b

e

Copolyter

Nsed on
oolecular

Copolynet

 cottpoeStSon calcukted trom polyner ySeld.

the eopolyner ootnsx)sttSon. correetSon vee

 veight poly-er,

conpoettton ebtained troe )IDCn epeetr-e
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Anionic

                       Tabie 3
copoly!nerization of ssoprene (Ml) and 1,1'diphenylethylene

             )ionorner reacttvity ratio, rl (THr)

   IMIIos 6.53'6.62 rtctpl, solvengs 15.0 nt, tenp.t o.c

{N2)'

rnttiator

O.11 ituno1
(Ml1ollMqjo

Time

 hr

Yield

mo1"
gnl1l lm2ja) n.s!c

 dl/g
tl

Na-Naph.

Na-Naph.

Na-Naph.

Na-Naph.
       bjNa-Naph.

K-disp.

K-disp-

K-disp.

K•-disp.

1.07

i.oo

O.962

O.852

O.997

i.oo

o.ge6

O.830

o.7el

 96

 96

 96

 96

 96

 96

a23

144

i44

96`9

94.7

94.3

90.8

95.2

94.e

86.S

85.4

el.3

1.i5

1.11

1.09

1.03

1.iO

i.14

1.IZ

1.03

1.03

O.190

O.2Zl

o.2oe

e.2o4

O.2i3

Average

  -
  -
  -
  di
Average

O.16.

o.xs

O.11

O.05

O.13

O.12

O.17

O.15

o.os

O.06

O.11

a Moiar ratio,of monomerB in copoayzaero
          {,.)"ttt..L
bl icontainyl,,.dttLSO imnol ot NaB(Ph)4

   jinionie copoXymerization of isoprene (Ml) and l,i-diphenylethyiene (M2

             - )ionomer xeactivity ratio, rl (benzene, n-Bubi)

tHllot 6.51-6.57 ntnolt solvents 15.e tttl, initiatort e.12 !t rnlt t!mp.s

)-

40.C.

tNi1elEM21o
Time

hr

Yield

ftu)ag

        aDgmu1/tm21
n.p/c

 dlZg

ra

2.32

1.53

i.el

1.00

O.6S4

1.oob)

i20

120

120

 72

i20

216

72.e

64.e

S5.3

S4.7

4s.e

 e

24.8

13.9

 9.87

IO.7

 7.47

 "

O.122

O.120

e.i22

O.ilS

O.i2S

Avexege

 -

47.4

34.7

33.S

37.5

3i.7

S6.0

 -

a

b
"olar ratto ot nDnoeere Sn

"itho"t inStiatcr.
                  -- 41
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AnionSc copolyTnerSzation

       Table 5
of isoprene {Ml) and 1,i'diphenylethylene (N2}

Monoroer reactiVity ratiOe 5

Solvent Initiator
TemP.

 'c

Number ot

experiment
ra

THF

THF

THF

THF

Dioxane

Benzene

Benzene

BenFene

n.-Heptane

n-BuLi

n-BuLi

Na-Naph.

X-disp.

n-BuLi

n-Buni

Na-•disp.

K-diSP.
 ,
n-BuM

'

 o

25

o

o

30

go

40

40

40

5

2

4

4

6

s

s

4

4

 O.11

 O.04

 O.12

 O.11

 o.so

37

 O.3S

 o.os

29

Monomer reaetivity ratioe

     i,1-diphenylethylene

 TabZe 6

rse in anionic copolyzaerisatien ot

and other inonomers by n••Bubt •

        M2

Nl monoux)r

mononer
-

  1e1eDtphenylethylene

in ptilP in Bensene

     lsoprene

2e3.Dinethyibut"diene

     Styrene ,

O.11

o

O.13

37

o.

o.

23

n

-
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1,l-diphenylethyienee

A: Polymer

B: Poiymer

O: n-Butyl

   menzation
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                   ,                  Mme, hr

• Anionic copolymerization of isoprene and

                  Tirne vs. poiymer yieid (THF).

     yield against total rnonomers.

     yieZd as alternating copolymerization.

     alcohol required for terminating copoly-

       .
 6.48 mmOlt [M21o: 9.97 rmoir [n-BuLi]: O.107

THF: 15 ml, temp.: OOC.'
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                         Chapter 4

Anionic Copolymerization of Butadiene and lel-Diphenylethylene

                           Synopsis

     Anionic copolymerization of butadiene s(Ml) and l,Z-diphenyl-

ethylene was investigated in tetrahydrofuran (THF) and benzene

by means oE n-butyilithium (n-BuLi), Na--naphthalenet Na- and

K-dispersions as initiators. An alternating copoiymer was

formed in THFt where the reaction proceeded without termination

and chain transfer. .Monomer reactivity ratios, rlg were O.13
(Li+)t O.09 (Na+), and O,09 (K+) in THF at OOC. The rl values

in benzene at 400C were 54 (L")e O.71 (Na+)e and O.10 (K+)e

The order of rate constants in THF was k                                         >k                                             >k                                                   the last of                                               21e                                           11                                       12
which was found to be O.27 l/mol sec in the copolymerization with

n-BuLi at OOc.

                          :ntroduetion

     In the proceeding chaptere the author reported the anionic

copoZymerization of isoprene (Ml) and i,1-diphenylethylene (M2),

in which the following results were obtained:

1) The copolymerization in THF proceeded in a liivng system to

give an aiternating copoZymer.

2) Mononter reactivity ratiose rl, were O.12 (L"), O.11 (Na+),
               'and O.ll (K+) in THF at OeC, and 37 (1lii+), Ot38 (Na+), and O.05

(K+) in,benzene at 40eC,
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3) The order of rate constants in the copolymerization in THF
                                       -3                                          1/mol sec.at OOC was k12>kn>k21; k21 was 2.64xiO

     Zn the present workt the anionic copolymerization of buta-

diene (Ml) and ltZ-diphenyXethylene (M2) was investigated. The

results ebtained were very simUar to those reported in the

proceeding chapter.

                           Experimental

     Materiais. Butadiene. The iTtonomer (Phillipst poiymerization

grade) dried over MoZecuZar Sieves sA7as mixed with solvent--free

n-BuLi just before use, and then redistilled into a glass arnpouZe

xn vacuo.

     The n.reparations and puriEications of the other rr"aterials,

such as THF, benzenee and n-BuLia were shown in ihe proceeding

paper.

     Poiymerization. The puriEied butadiene was first trans-

ferred to a weighed quantity of a solvent on the vacuum linee

and the soiution was weighted to get the amount of the rnonomer

transferred. The solution was then distilled under high vacuum

to the soivent without any ioss. The solution thus obtained was

transferred to a glass arnpoule with a hypodermic syxinge under

dry argon. To the arnpoulee l,1-diphenylethyiene and an initiator

were added with hypodermic syringes. After the reaction was

carried out for a definite bime, the poZymerization was terrninated

by adding a smaZl portion of methanol. The polymer precipitated

in methanol was filtrated, dried, and weighed. The mother

liquor of the poiyrner precipitation was evaporated at reduced
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pressurer and unchanged ltl.-diphenylethylene was recovered as the

residue.

     Eiectronic Spectrum. The eiectronic spectrum of a reaction

mixture was taken with a Hitachi 124 Spectrophotometer; a sarnple

solution was prepared under the sarne condition as that described

for the polymerization method.

     NMR Spectrum. The spectrum of the poZymer was measured on

a JNM-4H-100 Spectrorneter (Japan Electron Optics Laboratory Co.

Ltd.) in a carbon tetrachloride solution using tetrarrtethylsilane

as an internal standard at 600C.

     Molecular Weight. The rttolecuZar weight of the polymer was

measured with a MechroZab Vapor Pressure Osmortteter, ModeZ 301As

benzene was used as a solvent.

     Viscosity. The solution viscosity of the poiymer was taken

in toiuene at 30.0ec.

                             Results

     The resuZts obtained in this work were very similar to

those found in the copolymerization of isoprene and lrl-diphenyl-

ethyZene. NameZy, the present copoZymerization in THF aiso

proceeded in a living systern to give an alternating copoiymer

and the rl values were very similar to those derived in the

copolymerizations carried out under the same reaction conditions.

     The rate of the copolymerization of butadiene (Ml) and 1,1-

diphenylethylene (M2} was investigated in THF at OOC with n-BuLi.

Fig.:l $hows the results. The reaction was•completed in 60 min,
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in which butadiene was almost consumed, Since i,l-diphenylethy-

lene can not be homopolymerizedg the maximum polymer yield is

obtained in••the case that the copoXymerization proceeds alter-

natingly. The yield for the alternating copolymerization is
also show.n in Fig. I. oohis yield ' reaches nearly 1001" indicating

the formation oE the aiternating copolymer.

     A Unear relationship was obtained beicween the polymer

yield (curve B in Fig. 1) and the molecular weight of the polymerg

as is shown in Fig. 2. The molecular weight rneasured almost

agreed with that calculated for the living poXymer systern which

proceeds alternatingly. There was aZso a good linearity between

log Yield and log [nl.

     The monomer composition of the copelymere Ernl]/[M21e WaS

calculated from the polymer yield as butadiene was completely

incorporated into the copolymer. Apart of the resuits is shown

in Table 1. The copolyraer obtained in THF was powder having a

softening point of ca. 1300C, while the copolymer obtained in

benzene was viscous Ziquid.

     The copoZymer cornposition was checked by eierrtentary analysis

and NMR spectroscophy. The results are Msted in TabXe 2. Both

the methods supported the composition calculated in the above

rnanner .

     Monomer reactivity ratio, rle was calcuiated by means of
the integrated Mayo-•Lewis copolymer composition equation.1)

The rl values are shown in [Vables 3-•5. In THF at OOCt the values
                               ,
were alrnost constant regardless oE the initiators used. The rl

value was not affected by the presence of NaB,<Ph)4 in the copoly-
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merization initiated Na-naphthaiene in THF. Zn benzene at 400C,

howevert the values were O.10, O.71 and 54 with n-BuLi, Na- and

K-dispersions respectively. The copolymerization carried out

in benzene without an initiator gave no polymer even after 187

hr at 400C (Table 4), meaning ithat no polymer is obtained by

free radicai mechanisrn under the reaction conditions employed

here.

     The microstructures of butadiene in the homopoZytner and

the alternating copolymer were investigated by,NMR spectrum.

Fig. 3 is the spectrum of the alternating copolymer obtained with

n--BuLi in THF. The microstructure of the polybutadiene by n-BuLi

in THF was 82g 1,2- and 18g 1,4-structures. On the other hand,

the ntcrostructure of the aXternaitng copolymer was 30g 1,2- and

7Og l,4--structures.

     The copolyrnerization in THF at OOC was followed spectro-

photometricalZy. As soon as n--BuLi was added to the Tnonomer

so:Ution at [Mi]o/iM21o = O.53, an absorption maximum due to the

diphenyZethylene anion appeared at 496 mu. Zts optical density

had been constant during 5 hr. The molar extinction coefficient
was l.7Å~lo4, which agrees the value found in the copolymerization

of isoprene and lri-diphenyiethyiene.4) These resuits suggest

that the most of the living ends in the systern wvere lel-diphenyl-

ethylene anion.

                           Discussion
                                '
     The, copolyrnerization of butadiene (Ml) and ltl--diphenyi-

ethylene (M2) in THF proceeded•without terrrtination and chain
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transfer to give an aiternating copolymer. rn such a case, eq.

(l) can be induced as has been shown in the copolyrrterization
ofi isoprene and i,1--diphenylethylene.4}

      .. dlillll . k2"M2--]IMil i k-21kliEMC2[M21 a)

           is the rate constant of the reverse reaction in the-where k       -2i
reaction of l,i-diphenylethyiene anion with butadiene. Fig. 4

indicates that a linear relationship between iog [Ml] and t was

derived by anaiyzing the results in Fig. a. This means that

the rate of the consumption of butadiene is first order with

respect to its own concentration as had been found in the pro-

ceeding work. Thereforet the reverse reaction can be neglected.

From Fig. 4, we can get k21 = O.27 1/rnol sec in THF at OOC.
The rate constants were 2.64xlo-3 a/mol sec in the copolymeri--

                                                            4)zation of isoprene (Ml) and l,1-diphenylethylene (M2) at OOC,
and 1.3-1.sxZo-3 1/rnol sec in the copolymerization of 2t3-di-

methylbutadiene and lrZ-diphenylethyXene at 220C?) These resuits

fairly suggest thab in THF butadiene is rnost reactive and the

reactivity of the dienes to the lpl-diphenylethylene anion

decreases with an increase in the methyl group.

     The monorner rgactivity ratiost rzr obtained in the copoZy-

merization of 1,1-diphenylethylene (M2) and other rnonomers (Ml)

by means of n-BuLi are sumarized in Table 6. Zn THF, 1,l-

diphenylethylene is more reactive to the Mz anion than the
                              'corresponding Ml monomer. Zn benzenet however, isoprene and•

butadiehe are more reactive than lti•-diphenylethylene.
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     With Li+ as a counter ionr the rl value was strongly

influenced by the soZvent CTabXe 5>i with Na+ and K+ Zess

influence of the solvent was observed. WhiZe little effecic of

the initiator on the rl vaZue sfiTas found in the coplyrnerization

in THFt in benzene the value increased in the order of L">>Na+>

K+. These results are very similar to those reported in the

copolymerization of isoprene.,and ltz-diphenyzethylenet4} suggest-

ing that the rl value may increase with the decreaseing pelarity

of the carbon-metaZ bond.

     Although it has been shown that NaB(Ph)4 depresses the
dissociation of an ion to free ions,7) in the present copoiy-

merization no effect of NaB(Ph)4 on the rl value was observed.

Thene if this copolymerization may proceed by both free ion and

ion paira the rl value for these two species wiU be very similar
as reported in the proceeding paper.4)

     The rnicrostructures of butadienet isoprene, and 2,3-dimethyl-

butadiene in the homopolymers and in the alternating copoXymers

with lri-diphenylethylene are summarized in Table 7. All polymers
                                            (B /./, 9-J
were polymerized in THF by rneans of n-BuLi. The dienes in the

alternating copoiymers had more 1,4-sicructure than those in

their homopolymers, and the order of percentage of the i,4--

structure content was 2t3-dimethylbutadiene>isoprene>butadiene.

Xn the alternating copolyrner of 2,3--dimethyibutadiene and 1,l-

diphenylethylene, no i,2--structure was present because of its

big steric hindrance. Howevert in the case of butadiene-diphenyl-
                              ,
ethylene al .ternabing copolymert the Z,2-structure existed because

of its less steric hindrance, These results suggest that the
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microstructure of the dienes in the alternating copolymer must

be controlled strongly by steric effect,
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Table 3.

ethylene
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Table 5.
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Fig. I. Anionic copolyrnerization of butadiene (Mz)

and 1,1-diphenylethylene (M2) Time vs. polymer

yield.

A: PolyTner yield against total monomers.

B: Polymer yieXd as akernating copoiyrnerization.

[Mllo = 5.74 rnmoit [M2]o = 11.39 mmol, [n-BuLi] =

O.il mmol, THF = 15.0 rni, ternp. = OeC.
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                  Chapter 5

Stereospecific Polymerization of o-Methoxystyrene

           by Anionic Mnitiators

                           Synopsis

     o-Methoxystyrene was polymerizedi with n-butyllithium (n-BuM)

Na-naphthalene, and K-dispersion as initiators, in tetrahydrofurar

(THF) and toluene. The stereoregularity of the polymer was

investigated by means of the NMR spectroscopy. The rnethoxy

resonance of the spectrum spiit into ten components due to the

tactic pentads. Xt was found by X-ray examination that the

polymer obtained by n-BuZti Å}n tolvene at -450C was crystalline

and highly isotactic. Zn THF, the ste=eospecificity of the poly-

rnerization was independent of the initiator, and the isotacticity

of the polymer increased with raising the reaction temperature.

Zn toluene, the stereospecificity depended on the initiator; i.e.,

n-BuLi gave the polymer with higher isotacticity than that given

by phenyl sodium. The fraction of isotactic triad of the poZymer

obtained by n-BuLi in toXuene at -780C was more than 90g, but 50g

at 500C. The presence of ca. ig THF in toZuene ied to a steep

decrease in the isotacticity even at --780C. The tacticity of the

polymer given by Na-naphthalene was not affected by the existence

of NaB(Ph)4 in THF. The polymerization in THF could be explained

by the "Boveygs singie u" process, while a penultimate effect was
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observed in the poZymerization by n-BuLi in toluene.

                         rNTRODUeTION
     Natta et al.i have studied the stereospecific polymerization

of o-methoxystyrene (o-MeOSt) with EeAICi2. Recentlyg Higashimura
et az.2 have investigated the cationic poiymerization of o-Meost

and exarnined the stereoreguZarity of the polymer using NMR

spectroscopy.

     On the other hand, the stereospecific poiymerization of this

rnonomer has not been studied with an anionic initiator. rt is

well known that a cornpound eontaining ether oxygen can easily
coordinate with alkaii rnetai cations such as L" and Na+.

Therefore, it is expected that in the anionic polymerization of

o-MeOSt the ether oxygen in the rnonorner or in the chain end of the

growing poiymer anion may intexact with the counter ion to affect

sterically the addition of the monomer. Zn the present work, the

anionic polymerization of o--MeOSt is studiedg and the xelation-

ships between the poiymerization conditions and the stereoregularity

of the polymer (P-•o-MeOSt) are discussed on the basis of the NbdR

spectroscopy.

                        EXPERIn"llSNTA:[,

                          Materiais

     o-MeOSt was synthesized by dehydration of methyl-(2-methoxy-

phenyl)-carbinoi over KHS04 at ,220"2300C, which was prepared by

Grignard reaction of acetaZdehyde and o-brornoanisole. The obftained
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monomer was fractionally distilled, and then redistilied frorn
                                               20lithium aluminum hydride. Bp 80•-810C/IO mmHg, nD i.5605o No

impurity was detected by gas chroruatography and NMR spectroseopy.

     CVetrahydrofuran (THF> which had been previously refluxed over

metallic sodium and then over lithium aluminum hydride, was

distilied onto Na--K alioy and naphthaZene. From the green solutio

the soZvent was transferred to a reaction vesseZ on a vacuum line

just before use.

     Toluene was purified by the usuaM method and was stored over

sodium. Before use the solvent was transferred to a flask con-

taining a sTnaU arnount of n--butyllithium (n-BuLD in toluenee

from where it was distilled under high vacuum.

     n-BuLi was synthesized frorn n-butyl chloride and metalZic
lithium in n-heptaneg according to the method of ziegler.3

The concentration was deterrnined by doubie titration.4

     Na-naphthalene (Na-Naph.) was prepared in THF; the concent-

ration was deterrnined by the titration of a hydrolyzed sample

with standard hydrochlorie acid.

     Phenyl sodium (Ph-Na) was obtained according to the method
of Gilrnan frorn chlorobenzene and sodium dispersion in n-heptane.5

     Potassium dispersion (K-disp.) was prepared in a n-heptane

medium.

                        Polymerization

     To a glass ampule which had been evacuated and heated with a
                               'gas burnerr a soZvent was first transferred on the vacuum line.
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Then, the monomer and an initiator were added to the ampule in a

therrnostat with hypodermic syringes under the atrnosphere of dry

argon. After the polymerization was icerminated by adding a srnall

portion of methanolt the reaction mixture was poured into a

large amount of rnethanoZ. The precipitated poiyrner was filtrated,

washed with rnethanol, and dried.

                         Measurement

     The NMR spectrum of the polymer was obtained at 600C with a

JNM-4H-100 spectrorneter at iOO MHz by using chloroform or carbon

tetrachloride as a solvent. The concentration of a sarnple was

ca. 20g <w/v), and tetrarnethyisiZane was used as an internal

standard. The spectrum was analyzed with a du Pont 310 Curve

Resolver for the determination of pentad sequences. The Lorentzian

was assumed in the shape of resonanceg and half width of each peak

was given tentatively. The relative ihtensity ef the peak was

determined with the Tntegration Meter equipped on the Curve

Resolver.

     The X-ray diffraction measurement was made with a Rigakudenki

4001 X-ray diffractometer.

     The solution viscosity of the poZyrner was deterrnined in

toluene or in chioroforrn at 30.0Å}O.030c.

                           RESULTS

                              ,
     The polymerizations of o-MeOSt were carried out with n-BuLir
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Na--naphthalene, and K-dispersion as initiators in THF at O and

-- 78eC. The results are shown in Table !. All of the polymeriza-

tions srnoothly proceeded to give the polymers quantitativeiy, the

softening points of which were l20-i30QC.

     Tabie ZI shows the resuits of the poiyrnerization of o-MeOSt

in toluene. The rate of the polymerization by n--BuLi at low

temperature was much slower than that in THF. The solution

viscosÅ}ty of the polymer obtained at low ternperature was highi

even if the yield of the pokymer was low. No peiyrner was obtained

with Na- as weil as with K-dispersions in toluener but the poly-

merization was initiated with Ph-Na to form the polymer in a good

yield.

     When the solution of the reaction mixture either in THF or

in toluene was kept to stand above OOC for one or two daysr the

coior of the solution gradually disappeared, aZthough the poly-

merization had aZready finished. Zt is considered that the

carbanion xeacted with the methoxy group to give a phenolate

  .6        but its amount was so smaiZ that no effect was observed onamonr
the polymer produced.

     The polymer obtained by n-BuLi in toluenel at low temperature

showed a high crystallinity under a polarizing microscope. rt '

was insoluble in n-hexane and diethyl ether, partially soiuble

in toluener and solubie in chloroform and THF. Zts rnelting point

was 290-2950C. The X-ray diffraction (Fig. Z) showed the fiber
                                 eperiod of this polymer to be 8.0 A. The value is weZl consistent
                              ,with the fiber period (s.lo X) of isotactic poly(o-methylstyrene>7
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similar to P-o-MeOSt in the chemical structure, suggesting the

crystalline P-o-MeOSt eo be isotactic.

     The NMR spectrurrt of P-o-bdeOSt prepared sATith n-BuLi in THF at

-- 780C is shown in Figure 2. Since the intensity ratÅ}o of the

peaks at 3.5, 6.7, 7.5, and 8.6T is 4:3:Z:2, they can be attri-

buted to the protons of phenyl, rnethoxyr methine, and rnethyZene

groups with increasing Tnagnetic field.

     Figure 3 shows the spectra ef the methoxy groups in the

polymers obtained under various reaction conditions. The polymers

obtained in THF at the same teinperature gave very similar spectra

regardless of the initiators used. The polymerization ternperaturer

however, affected the NMR spectrum of the polymer (A and B in Fig.

3). The crystalline polyrTter ebtained by n-BuLi in toluene at

-450C showed a very narrow peak at 6.78T (C in Fig. 3)e but the

spectrum was broaden by eievating the poly.merization temperature

(D in Fig. 3). trhe spectrum of the polyrrier prepared at -780C

with n-•BuLi in toluene containing ca. ig THF (E in Fig. 3) is

similar to those of the polyrners prepared with Ph-Na in toluene

at OOC and with EtAiC12 in toluene at -780C.

     The complicated spiits in the spectra of the methoxy protons

rnust be due to the differences of stereochemical structures of

the protons because splits by spin-spin coupling can not be con-

sidered. Furthermorer the differences seem not to be of confor--

mational because the spectra measured in o-dichZorobenzene at

1500C were very similar to thos,e shown in Figure 3.

     We can expect that the rnethoxy resonance is resoived into
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ten pesks, corresponding to ten configurationaZly different
pentad sequences.8 Thene the assignments were attempted to the

fine peaks of the methoxy resonance in the NMR spectrum assuming

that the split is due to the pentad signals and that the crystai-

line polyrner is isotactic. The detaiied ebservations of the

spectra indicate that the peaks are divided into three groups;

i.e.t they are at 6.60'v6.75Tg 6.75tv6.88T, and 6.88'v6.95T.

Consequentlye the peaks at 6.75N6.88T were assigned to the isotacti

triad (Z)r which was split into three components 6.78, 6.82, and

6.86T by pentad sequences. Then, it is anticipated that if the

peaks at the lower fields are the components of the heterotactic

triad (H>e those at the higher fields belong to the syndiotactie

one (S)r or vice versa. Sorne polyrners showed the spectra composed

of the isotactic peaks and those in the lower fieids but only

small peaks in the higher fieldsg e.g.g spectrum D in Figure 3.

If the peaks in the iower fields beiong to iche syndiotactic triadg

the polymer having such a spectrum is composed mainly of isotactic

and syndiotactic sequences wi' th only a smali portion of hetero-

tactic triad, as if it is a stereo-block poiyme= coruposed of

isotactic and syndiotactic biocks. The forrnation of such a polymer

is unlikely in a homogeneous polymerization systern employed in

this work. Accoxdingly, the peaks at 6.60t 6.65, 6.67r and 6.71T

are assigned to the four components of the heterotactic triad and

the peaks at 6.90, 6.93, and 6.95T to the components of the syndio-
                                                              '

     The fr,actions of Zt Hr and S were determined by the relative
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intensities of the corresponding absorptions; i.e.e the absorption

areas. When the absorptions were overlappedp some of the spectra

which were typical were analyzed with a curve resolver into the

ten pentad peaks and the others were resolved into the triads

referring the analogous spectra already analyzed with the resolver.

     The effect of polymerization temperature on the tacticity

of P-o-MeOSt was investigated in THF with n-BuLi as an initiator

analyzing the tacticity based on the assignments described above.

The results are shown in Figure 4. Although the fraction of H

was about 50g independentXy of the temperature, the fraction of

! increased and that of S decreased with a rise in the temperature.

     The results of the poiymerization in toluene with n-BuLi are

shown in Figure 5. With raising the ternperature, the fraction of

Z decreased to 50g, and H and Sr especiaUy the forrnerr increased

steepiv.

     The tacticity of P-o-MeOSt which was polymerized in a toiuene-

THF mixture with n-BuLi at -780C is shown in Figure 6. The

presence of ca. B of THF in toluene led to a drastic decrease

in the fraction of r and to increases in those of H and S.

     The influence ef NaB(Ph)4 on the tacticity was studied in the

polymerization initiated by Na-naphthalene in THF at O and -780C.

The results are listed in Table IZZ. No influence en the tacticity

of P-o-MeOSt was ebserved.

     Zn Table rV are shown the fractions of the triad sequences

in the polyrner obtained with various initiators. The tacticity

of the polymer obtained in THE was not affected by the initiators
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used. :n toluene, however, n-BuLi gave a rnore isotactic polymer

than Ph-Na. For comparison the tacticities of the polymers which
                             b
were prepared by the cationic and radical polymerizations are also

shown in the table.

     The methoxy resonance in the NMR spectra of the polymers

prepared in THF were submitted to a curve resolver and analyzed

as ten cornponents in the pentad sequences. The one of the results

is shown in Figure 7, and the assignment of each cornponent and its

relative intensity ineasured are shown in Table V. Zf the poly-

merization in THF can be expressed by a Bernoulli-trial process
or "Bovey's single u" process9 with regard to the configurational

sequence, the relative intensities of icen components of the

pentads can be calcuZated from the fractions of triad sequences.

Table V shows that the observed values are in accord with the

calculated ones. The positions of the cornponents seemed to be

slightly shifted by the polyrnerization conditions.

     The NMR spectrum of poly(p--rrtethoxystyrene) prepared under

the same conditions of the poZymerization of o-MeOSt couZd not

give an inforrnation aboUt the tacticity of the poiymerg because

its methoxy resonance was not split satisfactorily.

                          DrscussroN

     Since in THF the aikali metal counter ion is solvatedlO and

the coordination by THF rttay be stronger than those by ether
                              ,
groups of P-o-MeOSt and o-MeOSt, the steric course of the monorner
       ttt
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addition rnight be determined only by the chain end, as has been

found in many radicaZ poiyrnerizations. As expected from this

rnechanisrn the tacticity of the poZymer was independent of iche

initiator. Bovey"s singie u plots for P-o--MeOSt prepared in THF

are shown in Figure 8, where o is defined as the probability that

an adding monomer generates the same configuration as that of the

end of a growing chain. The observed values are well consistent

with the theoreticai curves. This icogether with the results

shown in Table V may support that the assignments of the peaks in

the NMR spectra are correctr aithough the assignments were rather

tentative.

     Two propagating speciesg a free ion and an ion pair have

been found in the anionic polymerizations of styrene and ct-
methyistyrene in THF.11 The propagations by these two species

may yield configurationally different polymers. The existence

of sodium tetraphenylboran which depresses the dissociation of

an ion pair into free ions, did not affect the tacticity of

P--o-MeOSt obtained in the poZymerization in THF with Na-naphtha-

lene. The fact rnay be that the above two species give configu-

rationaZly sarne polymers, or that the predominant propagating

species is an ion pair.

     The Bovey's singZe o pZots for P-a-MeOSt prepared with n-BuLi

in toluene is shown in Figure 9. Experimental resuZts deviate

from the theoretical curves, Zn this polyrnerization the ether

groups of the rnonomer units at Vhe chain end and/or of the

adding monomer may interact with the lithium counter ion. The
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interaction should be a cause for the isotactic polyrnerization at

Xow temperatures. However, iche energy of the interaction may

be $o smail that the stereospecificity of the polymerization

decreases steeply with a smak rise of the reaction temperature.

     Figure ZO shows that chujo's Ae = -kT Å~ ln(4rs/H2)i2 iS

almost zero in the polymerization in THF regardless of the tem-

perature. However, Ae in the polyrnerization in toluene with

n-BuLi decreased with a decrease in the polymerization temperaturea

suggesting the penultimate effect exists and increases with

iowering the ternperature.

     Xn a mixture of toluene and THF, THF coordinates preferen-

tially with lithium counter ion" resulting in the prevention of

the isotactic propagation of the polymer chain. The effect of THF

Å}s siTnilar to that on the polymerization of isoprene with n-BuLi

in a hydrocarbon solvents where the lr4-cis--structure steepiy
decreased by the addition of a small arnount of THF in toiuene.Z3

The interaction of Na+ with the rnethoxy groups may be weaker than

that of L" and the former gave a iess isotactic polyrner than

that given by the Zatter.

     The authors are very gratefui to Mr. Yoshio Terawaki for the

measurements of the NMR spectra and aiso to Mr. Kazuo Taniguchi

of Sawada's Laboratory in Osaka Eiectro-Communication University

fOr USe gfadu Pont 310 Curve ResoZver. N
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                    Chapter 6

Anionic Copolymerizations of a,1-Diphenylethylene

          with o- and p-Methoxystyrene

                            Synopszs

     [Phe copolyrnerizations of l,1-diphenylethylene (DPE) with

o- and p--methoxystyrene (o- ahd p-MeOSt) were investigated by

n-butyUithium (n-BuLi) and other anionic initiators. !n [rHFa

alternating copolymers of DPE with o- and p-MeOSt were obtained.

In aromatic hydrocarbons, the copolymerization of DPE and o-MeOSt

with n--BuLi gave a polymer containing higher o-MeOSt content,

whUe an alrnast alternating copoiymer was ebtained in the copoly-

rnerization of DPE and p-MeOSt. The NMR spectrum of the alter-

nating copolymer of DPE and o-MeOSt showed the splitting due to

the tactic difference concerning the rnethoxy groupr while the

spectrum of the alternating copolyr"er of DPE and p-MeOSt obtained

in THF showed a narrow peak due to the rnethoxy group. The iatter

copolymer was crysicalline by X-ray examination.

                          !NTRODUCTZON

    In the previous works, the anienic copolyrnerizations of

various raonorner pairs have been carried out in order to get in

information on the reactivities" of the monomers and to forrn new
poiymers.i-5 some of the copoiymerization gave' aiternating

copolyrners. On the other hand, o-methoxystyrene <o-MeOSt) formed
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a crystalline isotactic poiymer in a nonpolar solvent by means of

n-butyllithium (n--BuLi)e but an atactic polymer in tetrahydro-
furan (THF).6 rt was supposed that the driving force to form

the isotactic poly(o-methoxystyrene) (P-o-MeOSt) was the interac-

tions of the ether oxygens of the- monomer and/or the polymer with

lithium counter ion, and the interactions would be deninished in

a solvent of higher solvating power such as 1]HF.

     Probablyt the interactiort stated above will exist in iche

copoiymerization of o-MeOSt and 1,1-diphenylethylene (DPE}, and

greatly affect the reactivity of this monomer. rn the present

papert besides the copolymerization of these two monomerse the

copolymerization of p-methoxystyrene (p-MeOSt) and DPE is aiso"

reported in order to iearn the properties of the copolyrners and

the reactivities of the isomers.

                          EXPERIMENTAL

                           Materials

     o-MeOSt. This was synthesized by dehydration of methyl-

<2-methoxyphenyl)-carbinol over acid potassium sulfate at 220-
2300c,6 and then the crude product was fractionaliy distilied.

The monorner was dried over iithium aluminum hydride under the

atomosphere of dry nitrogen, and then it was redistilZed.
                    20Bp 80-8i/ 10 rnmHgr nD = 1.5605. No impurity was detected by gas

chrornatogacaphy and NMR spectroscoFy.

     p--MeOSt. p-MeOSt was obtained by distillation of methyl-

(4•-methoxyphenyl)-carbinol in the presence ef a Small amount of

hydrochioric acid. The monomer purified by distilZation was
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dried over lithium aluminum hydride and redistiiled. Bp 850C/13
mmHg, ngO = Z.5615. No impurity was detected by gas chromatogra-

phy and NMR spectroscopy.

     DPE. This was prepared by dehydration of methyl-diphenyl-
carbinol with sulfuric acid.7 mie rrtonomer was first stirred with

Na-K alloyt and then to this n-BuM in n--heptane was added until

a red color appeared. The colored solution was fractionaZZy
                                                  20distilled under dry nitrogen. Bp 97--98/1.5 mmHg, nD                                                     = 1.6085.

     THF. The solvent refluxed over lithium aluminum hydride

was distiiled onto benzophenone and Na-K alloy. The solvent

was then distilled in vacuo from the solution before use.

     Benzene and Toluene. Each solvent purified in the usual

manner was rnixed with n--BuLi prepared in the same solvent, and

was distilled under high vacuum before use,

     n-BuLi. The initiator was prepared in n-heptane according
                         8to the method of Ziegler.

                         Polymerization
                                              '
     Polymerization was carried out in a glass ampoule under dry

argon. Solvent was first transferred to the ampoule on a vacuum

Uner and then monomers and initiator were added by using syringes.

The initiator solution was added dropwise until the red color of

the DPE anion was stabie; usually ca. O.O12 mmol of the initiator

was required. Then an additional O.060 mmol of initiator was

added. The polyraerization was terminated by a smali amount of

methanoZ, and the rnixture was poured into methanol. The precipi-

tated polyrner was filtrated, washed with methanolr driede and
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weighed. On the other handr the rnother liquor of the polymer

precipitation was evaporated under xeduced pressure. The corn-

position of the recovered monomer mixture obtained frorn the
                                         'residue was estimated from the refractive index.
                                 D

                           Measurement

     MNR Spectrum. The spectrum was taken on a JNM--4H-IOO (Japan

Electron Optics Laboratory Co. Ltd.> in carbon tetrachloride or

in chloroforru at 600C by using tetrarnethylsilane as an internai

standard.

     X-ray DifÅíraction. The X-ray diffraction was xneasured with

a Rigakudenki 4001 X-ray Diffractometer.

     Viscosity. The solution viscosity of the polyrner was rnea-

sured in chloroform at 25.00C7 the concentnation was l.O g/dl.

         Reaction of The Copolymer with Hydriodic Acid

     rn order to assign the position of the methoxy group in the

NMR spectrum of the alternating o-MeOSt-DPE copoiymert the

conversion of the methoxy greup to a hydroxy group was tried

through the reaction of the copolyrner with hydriodic acid. The t

copolymer (O.30 g> and 56" hydriodic acid (6 ml) was heated in

giaciai acetic acid (6 ml) at 120-1300C. The reaction proceeded

heterogeneously with respect to the poiyrner. After 6 hrt the

reaction mixture was poured into a large amount of rnethanol.

The precipitated polyrner was filtrated, washed with methanol, and

dnied. The poiyrner was then reprecipitated twice from benzene-
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rrtethanol and colorXess poZyner was recovered.

     AnaZ. Calcd. for alternating o-MeOSt-DPE copoZymer: Cp

87.86; H, 7.05. Calcd. for alternating o--hydroxystyrene-DPE

copolymer: C, 87.96; H, 6,71. Found: 87.33; Hg 6.92.

                            RESULTS

     The results of the copolymerization oE o-MeOSt (Mz) and

DPE (M2) in THF by anionic initiators are shown in Table X.

Copolymer coraposition was determined by elernentary anaZysis and

frorn the relative intensity of aromatic to aliphatic proton

signals in the NMR spectrum. In all cases the cornpositions

were nearly unity, meaning that the copolymers were aZternating.

Although the color of the polymerization system had been stable

for a prolonged tirner o-MeOSt remained unchanged in the system.

     The resuits of the copolymerizations in aromatic hydro-

carbons are shown in Table rZ. Zn these copolymerizations o--MeOSt

was almost completely incorporated into the copolymerg as is

shown in Table ZXr. Then, the copolymer cornposition could also

be obtained from the polyrner yield; the values are in accord

with those derived from other two rnethods; elementary analysis

and ND4R spectroscopy. The copoiymers had higher o-MeOSt content.

In toluenet the copolymer cempositionff [mi]/[rn2], at -300C waS

greater than that at OOCt suggesting the higher reactivity of

o-MeOSt at low ternperature. Howevert the addition of a smaZl

amount of THF steeply increased• the incorporation of DPE. Since

the Ml rnonomer was completely consumed, the monomer reactivity

ratio, rl, is calculated by Tneans of the integrated Mayo-Lewis
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copoxymerization equation;l the values are shown in Table r:.

     The copolymerizations of p--MeOSt (Ml) and DPE (M2) were

carried out in THF and aromatic hydrocarbons with n--BuLi. The

resuXts are listed in Table IV. The yield of copolymer was lowp

and in both THF and toluene, especially in the forrner, the poly-

mer precipitation was clearly observed during the polymerizatione

The copolymer composition was nearly unity in THF and aromatic

hydrocarbons. The alternating copolyrner obtained in THF was

crystalline under a poZarizing microscope. The X-ray diffraction

pattern is shown in Fig. 1. The pattern had reflections at 2e =
7010' (d = 12.3 &), 8010' (d =10.8 A), and 15020' (d = 5.8 A).

The rnelting point of the crystalline copoZymer was l80--i850C and

it was soluble in chloroform and partially soluble in carbon

tetrachloride .

     The NMR spectrum of the alternating copolymer of o-MeOSt

and DPE is shown in Fig. 2. Based on the area intensity of the

spectrumr the peaks at 2.27, 2.35r and 3.39 pprn rnay be assigned

to the methoxy group. The NMR spectrum of the polyrner which

had been treated with hydriodic acid showed that oniy the peaks

at 2.27, 2.35t and 3.39 pprn were diminished by ca. 20g compared

with othex peaks. The polyner treated with hydriodic acid had
an absorption due to a hydroxy group at 33oo crn-1 in the rR

spectrum. These results indicate that the assingment of the

methoxy group is correct. In the NMR spectrum of P-o-MeOSt under

the sarae conditions as the copolymerizationr the methoxy reso-
nance was found at 3.o3-3.4o pprn.6 No peak wasr however, observed

at 3.05-3.25 ppm in Fig. 2, indicating that the alternating copo-

                             -92-



lymer had no contineous unit which existed in the P-o-MeOSt; Le.,

o-MeOSt unitin the copolyrrter was not continous.

     The NMR spectrum of the aZternating crystalline copolymex

of p-MeOSt and DPE is shown in Fig. 3. A narrow peak of the

methoxy group was observed at 3.6Z ppm and the peaks of the

phenyl groups were observed separately at 6.9e 6.3, and 5.8 pprn.

The rnethoxy resonance of poZy-p--MeOSt appeared at 3.75 pprrt as a

narrow peake

                           DlscussroN

     The following results fairiy support that the copolymers of

DPE with o- and p--MeOSt prepared in THF were alternating.

1) The copolymer composition was i:Z.

2) D}2SE can not be homopolyrnerizede

3) No peak due to the contineous o-MeOSt unit was observed in

the NMR spectrum. '
     Xn the copolymerizations of DPE (M2) with styrene (Ml) and

the dienes (Ml) as have been shown in the previous papersr the

Ml monorners were completely consumed in a proionged time.

Xn the present work, howevert both o- and p-MeOSt were not cora--

pietely incorporated into the copo:yrners in THF even after a

prolonged tÅ}me. A probable reason for this may be equilibrium

po lyrneri zation .

     The monoraer reactivity ratio, rl, obtained in the copoZy-

merizations of DPE with other cemonomers by means of n-BuLi

are coUected in Table V. Xt is very interesting that o--MeOSt
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in analogy with butadiene and isoprene is much rnore reactive in

hydrocarbon than in THF, although p-MeOSt and styrene are less

reactive even in hydrocarbon. This may be because, in hydro--

carbonr o-MeOSt can coordinate to lithium counter ion in the

manner as a polymer end easily attacks the vinyZ group of the

monomer. Probably, such an arrangement would be difficult for

P-MeOSt. These results may be correiated with that o--MeOSt gave
an isotactic poiymer in toluene by n-BuLi,6 while p-Meost gave

an atactic polymer.IO The coordination is strong at low tenp"

erature, which would resuit in higher relative reactivity of o-MeOSt

([Vable rl). [rhe addition of THF to the systern prevents the coordi-

nation of o--MeOSt because THF is a stronger base. Therefore, the

relative reactivity of the o-MeOSt in THF should be low as is

shown in Tabie ZI. For 2,3-dimethylbutadiene such an absorption

seerns to be less important because of its steric hidrance.

Similar phenomena have been found in the copolymerizations of
styrene with butadieneZi and isoprene,l2 in which the higher re--

activity of the dienes in hydrocarbon with lithium initiator were

explained by suggesting the preferential absorptions of the dienes
to the counter ion. overberger et al.X3 have suggested a non-

hornogeneous distribution.pf the monomers by cornpiexing lithium

gengenion with aromatic T--electron systems in the copolymerization

of styrene with other styrene derivatives.
                       14     Recently, WorsEoid                         denied the preferential absorption oE

isoprene to lithium counter ion on the basis of kinetic study of

the copolymerization of styrene' and the diene. He found that

the rates oE the addition of styrene to isoprenyUithium are
                                        '

                             - 94 -



nearZy constant whether isoprene exists in the system or not.

Thenr he concluded that there is no preferential absorption of

isoprene. However, we can assume other explanation: namely,

in the copolymerizations of styrene or DPE with the dienes in

hydrocarbon with lithium counter ion, while the dienes will be

incorporated into the polymer after the coordination of the

lithium counter ion, styrene willbe directly incorporated without

such a coordination. If this is true, the rate of the addition

of styrene to isoprenyllithium will be similar to that in the
absence of isoprene. o'Driscoii et al.15 have also proposed that

the positive counter ion of a chain end can forrn a T--complex with

a rnonomerr which can then rearrange to incorporate the compiexed

monomer unit into the chain, and another monomer unit can simply

add to the monomer-cornplexed ion pair.

     The NMR spectrum of the alternating copolyrner of o-MeOSt and

DPE shows three peaks due to the methoxy group (Fig. 2). Since

there is no such a steric isomer in the three unitsr DPE-o-MeOSt-

DPE as well known for poly(methyimethacrylate) as isotactic,

syndiotactic, and heterotactic triads, more monomer units, at least

five units, must be considered for this methoxy splitting.

                     oo
    Milgg-[iiili)" C"2 6 llgg"<llD- CH2 6 .Cg.2-<lllj'VV'

In the above unitsg when the DPE vinits are neglectedg the con-

figuration of the methoxy groups is just the sarne as that of
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-isotactic triad in poly(methylmethacrylate). Then, three

different configurations in the above five monomer units are

possiblet which will have corresponding resonance peaks in the

NMR spectrum as is shown in Fig. 2. Zn the NMR spectrum of the
P-o--MeOSt the methoxy resonance tcas split into ten peaks by the

pentad sequence.6 These results show that the resonances of the

o-rnethoxy groups in both the homopolymer and copoiymer are very

sensitive to the configurationaZ difference in the polyrners.

     On the other hand, the NMR spectrum of the alternating

copolymer of p-MeOSt and DPE showed a narrow peaks at 3.61 ppm

(Fig. 2). Two probabie reason for this can be suggested7 one is

that the methoxy resonance is quite independent of the configra-

tion of the copolyrner, and the other is that the copolymer has

only one configuration such as isotactic triad. The former

reason is supported by the fact that poly(p-MeOSt) did not show

the splitting of the rnethoxy resonanceo and the latter is support-

ed by that the copolymer obtained was crystalline.
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                            Chapter7 '
     Anionic Copolymerization of Styrene and trans-Stilbene

                        with n-Butyllithium

                            Synopsis

     The anionic copolymerization of styrene (Ml) and trans-

stilbene (M2) by n-butyllithium was investigated. trans-Stiibene

which can not hoinopoiymerize by itself could be copolyrnerized

with styrene in tetrahydrofuran and benzene by an anionic initi-

ator. The copolymerization in tetrahydrofuran proceeded with a

chain-transfer to trans--stilbene, while that in benzene seemed

to proceed without the chain-transfer. The monomer reactivity

ratio, rlt was obtained from the copolymer composition at the

complete consumption of Mlr assuming that the rate constantt k22e

is zero. The rl values were 2.3 in tetrahydrofuran at OOC and

l8 in benzene at 300C. The coior of the solution changed from

red to purple in tetrahydrofuranr while in benzene no change

occurred.

                           Introduction

     It has recently reported that, if a suitable combination

of monorners is chosenr an aZternating copoiymer can be obtained
by an anionic mechanism.i) :n the previous paper, an investi-

gation oÅ}:' the anionic copolymerization of styrene (Ml> and

                                                 2>1,l-diphenylethyZene (M2} was reported in detail.                                                     The co-

polymerization proceeded in a living systemt,and monorner reac--
                               '
tivity ratios, rz were obtained as O.2 in tetrahydrofuran
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(THF> at 300C and as O.4 in benzene at 300C, assurning that a

ltZ--diphenylethylene anion does not add to 1,1-diphenylethylene.

     Mn this paper, a detailed study of the copolymerization

of styrene (Ml) gnd trans-stilben.e (M2) will be described,,and
the results willSbecorrelated with the results of the copoly-

merization of styrene and 1,1-diphenyiethylene.

                         Experimental

     Materials. Styrene. This xfiTas purified by the usual method

and was distilled on a vacuum line from calcium hydride.
     trans-stilbene. The monomer synthesized from benzoin3)

was re-crystaZlized from methanol and then twice from n--hexane.

     Tetrahydrofuran (THF). The solvent, refluxed over metallic

sodium and then over ISthium aiuminum hydride, was distiiied

onto sodium-potassium alloy and naphthaiene. From the character-

istic green solution, it was then distilled on a vacuum line

to a reactzon vessel.
     Benzene. Benzene was purified by the standard rnethod4>

and was stored'over sodium. Before user it was transferred to

a flask containing n-butyliithiumr and then it was distiiled

on a vacuum system to a reaction vessel.

     n-Butyl"thium(n-BuLi). According to the method of
ziegzer,5) n-BuLi was prepared in n-heptane and the concentration

was determined by double titration.6) '
     Poiymerization. trans-Stilbene was first placed in a

glass arrtpoule and dried in vacuo. Then, the solvent and styrene
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were transferred into the ampoule by vacuum distillation. The

solution was immersed in a bath at a constant ternperature, and

n--BuLi was added under dry argon with a syringe. The reaction

was terminated by adding methanolf after which the contents

ofthearnpoule were poured into a Zarge amount of methanol. The

   precipitated polymer was collected by fiitration, washed with

rnethanolt driedr and weighed. The mother liquor and the washings

of the polyrner precipitation were then cornbined and evaporated

at reduced pressure, and the residual unchanged monorner and

lithium compounds were weighed.

     Measurement. Viscosity. The viscosity of the poiyrner

was rneasured in a benzene solution {C = l.O g/dl) at 300C.

     Electronic Spectrum. The spectrum of a living anion gNas

raeasured in THF with a Cary Z5 Spectrophotometer.

                           Results

     Polymerization in THF. The copolymerization of styrene

(Ml) and trans-stilbene (M2) within-BuLi was carried out in

THF at OOCr the initial inolar ratio of styrene to trans-stiibenet

[Ml]o/[M2]ot being 1.0/i•5• The results are shown in Fig. I.

The reaction came instantaneously to an ende always giving a

copolymer in a 68g yield against the total amount of monomers,

regardless of the reaction time measured.

     The copoZyrnerization was carried out by varying the ratiot

[Mi]ol[M2]o, the total amounts gf monorners, [Ml]o + [M2]o, being

kept constant. The results are summarized in Table 1. Attempts
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to determine the copolymer composition were made elementary

anaiysist UV and NMR spectroscopies, but no satisfactory results

were obtained because those monomers all have similar structures.

On the other hand, the residues recovered from the rnother Xiquor

'of poXymer precipitates were solid and were found to be a nixture

of iithiurn corupoundsi rnainly carbonatea and unchanged trans--

stUbene, which was identified by rR and UV spectroscopies.

The sum of the arnounts of the polymer and the unchanged monorner,

P + Ml, just balanced the total amounts (weight) of the monorners,

Ml + M2, indicating the compZete incorporation of the charged

styrene into the copolyrner. The amount of unchanged trans-

stiibene was also deterrnined by studying the UV spectrum of a

part of the reaction mixture; i't was found to be nearly equal

to the value obtained by gravimetry, Thuse the copolymer

composition can be determined from the polymer yield as Ml/PptMl;

this value is converted into the molar ratio of the monorners

in the copolyrnerr [ml]/[in2], in Tabie 1. Beiow, the composition

of the copolymer is always calculated from the polymer yield

in the assumption that the charged styrene is cornpletely con-

sumed by the copolymerization. We have found that the poZyrner

yield and the [mi]/[m2] ratio decrease with a decrease in the

[Mz] o/ [M2]o ratio. .
     The copolymerization at OOC in THF was investigated by

varying the ratio, [Ml]o/[M2]or while the arnount of the Ml

!nonorner was kept constant. The results are listed in Table 2.

The polyrner yield against the totaZ amount of the monorners,

the copolymer composition expressed in the [mll/[m2] ratio. and
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the viscosity of the polymer all decreased with an increase in

the amount of M2 in the monomers chargeda while the softening

point rose. The data in Table 2 suggest that a iower monomer

COMpositionr [Ml]o/[M2]o, than O.4 may give an essentially

aiternating copolymer of Ml and M2 monomers with a very low

molecular weight.

     If, in the copolymerization, the M2 monorner can not add

to the .vN-M2 anion, and if the Ml comonomer is completely incorpo--

rated into the copolyrner, the mpnomer reactivity ratior rl, can

easily be obtained from the polyrner yield by assuming that

k22= O and [Ml]= O in the Mayo"Lewis copolymer composition
equation.2) The copolymerization in THF at OOc gave the value,

ri= 2.3r as is shown in Fig. 2t the plots in which were obtained

from the data in Tables 1 and 2.

     Polymerization in Benzene. The reaction rate was inves-

tigated in the copolyrnerization in benzene with n-BuLi at

300C; the molar ratio of the initial rnonorner concentrations,

[MI]o/[M2]o, Was i•O/3.0. The results are shown in Fig. 3.

The reaction proceeded slowly in comparison with that in THF,

a constant yield (242) being obtained after about 24 hr. Tt

was confirmed that, in this caser styrene was also completely

incorporated into the copolyrner after a sufficient reaction time.

     The effects of the initial molar ratioe [Ml]o/[M2]o, On

the copolymerization in benzene were investigated with a constant

concentration oE the Ml monorner. The results are listed in

Table 3. The relative reactivity of styrene against trans-

stilbene was much greater in benzene than in THE. The soZution

                            -- i08 -



viscosty oE the polymer was constant regardless of [Mz]o/[M2]o.

     The rnonor"er reactivity ratio, rz, was calculated from the

polymer yield as has been described above, As Figg 4 shows'p

rl is l8 in the copolymerization in benzene at 300C.
     Ezectronic spectrurn of the Reaction Mixture. rn the

copolyrnerization of styrene elnd trans-stUbene by n-BuLi in THFg

the red color gradually turned purple, even at OOC. The

change in the electronic spectra of the solution was foliowed;

it is shown in Fig. 5. The red color of the solution diminished

gradually and an absorption appeared at 555 mu after about 30

rnint by which time the copolymerization reaction had already

finished. Zn the homopolytnerization of styrene carried out

under the same conditions, the red color of the reaction mixture

did not change when it stood Åíor a prolonged period. Therefore,

this change in spectra may be attributed to the anion of trans-

stilbene. The sarne spectral change was also observed in the
reaction of trans--stiZbene with n-BuLi in THF.7) The purple

solution initiated the polymerization of styrene to give a

polymer quantitatively. On the other hand, in the cepolyrneri-•

zation in benzene the orange color of the solution did noic

change in several hours, even at 300c.

rl'

(M2

in

                      Discussion

  Reactivity of Monomers. The rnonomer reactivity ratios,

 in the copolymerization of.styrene (Mz) and trans-stilbene
) or l,Z-diphenylethyiene (M2)2> with n-BuLi are sumarized

Table 4. [Vhe rl values obtained in the copolymerization
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with lrZ-diphenylethylene were less than unity in THF and also

in benzenet while the ratios in the copolymerization with trans-

stilbene were more than unity in both the solvents. These

results show that, in the foZlowing reactionse the order of the
                                .                                       'rate constants is ki2D>kn>k12s"

         2-'SH + CH2=SH ------------> •vv-CH2--9H (1)    .vN.- CH

                            Ph Ph                            lk                                                    l"'    .w-CH2--(iH- + CH2st9 -tD ,vvb-cH2•-(i (2)

                                          '                                                Ph                        Ph
             - l k12s f   i'wACH2-'SH + CH"?H •---------.-.-.-e} -v--"•CH-(ilH- (3)

l,1-Diphenyiethylene is the most reactive rnonomer to a styryl

anionr for the monomer reacts with the anion to give a more

stable anion conjugating with two benzene rings. On the other

handr trans-stilbene is the ieast reactive monorner because of

its steric hindrance. The copolyrnerization of styrene and

trans-stilbene in THF proceeded rapidlyr whiZe the copoiyrner-

ization of styrene and 1,l--diphenylethylene proceeded so slowly
that the reaction finished in 24 hr, even in THF at oec.2)

This rnay have been because the trans-stilbene anion produced

in the reaction (3) has the sarne structure as the styryl anionr

which is reactive enough to end instantaneousiy the horaopoly-

merization.ofstyrene, whiie the 1,1-diphenylethylene anion is
       'very stable and has a big steric hindrance, therefore giving
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a very small k2z.

     As Figs 1 and 3 show, the overall rate of the copolymer-

ization is greater in THF than in benzene. This may be because
in THF a free ion plays a great part in the chain growth,8)

while in benzene living chain ends form ion pairs to associate
themselves.9) The !/rl value (kl2/ku) is srnaZler in benzene

than in THF, as is shown in Tabie 4; this suggests that the
relative reactivity of a M2 monomer toward a .vvptSt"Li+ ion pair

is srnailer than that toward a styryl free anion, when the

reactivities of styrene toward its chain ends are taken as

standards

     Chain Transfer and Electronic Spectrum of the Living Anion.

The viscosity of the copolyTner decreased with an increase in

theltrans-stilbenet as is shown in Table 2. This indicates that

a chain transfer to the trans-stilbene occurred in THF. This

transfer may proceed as Åíollows:

                  Ph Ph
   tw-•?H + CH=9H ------->---gH2 + CH=(i (4)

The production of the anion with a Xmax at 555 mv may be con-

nected with the chain transfer reaction shown by the process (4)

On the other hand, the copolymerization in benzene (Table 3)

seerned to proceed without the chain transferr for no the change

in the red color of the reactien mixture was observed and the

solution viscosity of the copolyrner did not decrease with an

increase in the trans-stilbene charged, although the exact

moiecular weight of the copolymer could not be deterntned.
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Table 1. Anionic copolyTnerization of styrene (Ml) .and trans-stilbene
.

[Ml)o + IM2]o 3.4 rnmOli in-BuLi) S.7xlo'2rrmole THF' 10 snl, tetnp. o.c,

 (n2)

tine

in M

40-60 nin

 Monomere g

Ml M2
{Ml)o!EM2]oa} Po1yrner

 P, g

 Vnchanged M2

Mlt gb) Mi, gC)
ln"1lm2ld)

O.244

O.206

O.i70

O.140

O.i87

O.250

O.314

O.374

2.26

1.42

O.94

O.6S

O.353

O.338

O.320

O.285

O.080

O.i27

O.165

O.235

O.059

o.xoo

O.118

O.l91

3

2

2

i

.

.

.

.

9

7

o

7

                                                                      ' a) Initial mo!ar ratio in monomer ndxture.

 b) Obtaiped by graviJnetry. Weight (8 rng) of Li-compeunds wae subtracked

    weight of residue obtaSned from mother liquor of polymer.

 c) Esti.mated frora uv spectrum. -
 d) Moiar ratio of rnonomers in the copolyrner.

Table 2. Anionic .eopelyrnerizaton of styrene (Ml) and trans-•stilbene (M2)

[Ml]o 3.47 rtunol, THF iS ml, In-BuLi] 5.7xlO'2 rrunoi, ternp. Oec, time 2.5 hr

from the

in r}lr

[Mzio

mooi
          e)[Mijol[M21o

Yteld

  g

[mll l [m2] b)
     c)   lcn sp
 dl!g

s.pg)

 .c

O.41

O.92

1.26

2.34

3.44

S.26

8.12

B.09

3.76

2.71

1.50

1.00

O.67

O.43

85.5

8S.6

s7.o

79.6

72.8

62.5

51.1

43

 6.e

 4.2

 2.4

 1.8

 i.4

 1.1

O.652

O.391

O.296

o.lse

O.126

O.104

O.OIO

13S

X57

160

16S

176

190

200

a) InStial rtbolar ratio in monomer nSxture.

b) Holar ratio ot monoeers in the cepalymer.

c) ltanzene solutSon at 30.0'C.

                                     ,d) Sottening poSnt ot the eopolymer.
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Table 3.

in benzene

CMIIo 3.4

Anionic

Tnrrio 1 ,

copolyTtterization of

benzene IS rnle

styrene

tn-BuLi} 1.

(Ml) and

14xlO-1 rmol,

trans.stilbene

tor"p.

(N2)

30'C, tine 90 hr

[M21o

rttrno l

          a)(Ml1olfM2]o
Yield

  ,
        b)tml]ltm21

n.p/ce)

 di/9

o.

o.

i'

2.

3.

5.

7.

38

87

49

33

51

26

13

9.00

4.00

1.90

1.44

O.96

O.64

O.47

8S

75

63

S4

45

36

31

.1

.1

.7

.5

.2

.9

.4

99

19

i3

9

6

 4

3

.

.

.

.

o

7

9

8

O.09S

e.ogs

e.Ios

O.093

O.14S

O.132

e.Iol

a)

b)

c)

lnitial molar ratio in monamer

bolar ratio of monomers in the

Benzene solution at 30ee.

mixture .

copolymer.

Table 4.

ot styrene

{M2) with

Monomer reactivity ratio, rl,

 (Ml) and 1,1-diphenylethylen'e

n.Bu"

in anionic
    2) (M2)       or

copolymerisation

trans-stilbene

Ml

Mc)notner

M2 Sn ma
rl value

     in Nnsene

Styrene

Styrene

1e1.DiphenyiethyZene

trans.Stilbene

o

2

.13a)

.3b)

 o,71a)

lea)

a) At 3oec. b) At o.c.

    ,

M ZI4 r-
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                          Chapter 8

        Reaction of trans-Stilbene with n-ButylZithium '

                           Synopsis

     The reaction of trans-stilbene with n-butyllithium was
                                              i
investigated in tetrahydrofuran at OOC. The structures of the

products fractionated by column chromatography were determined by

elementary analysist a rnolecuZar•-weight determinationr and a
study 6f the rR, uv, and NMR spectra. The rnain products were

1t2-diphenylhexane, 1t2•-diphenylethaner and lr2,3--triphenyipropene

which was formed by the cleavage of a C-C bond of a product. The

reaction rnixture showed an ESR signaZ. The observed results are

explained in t.rNrrns of the aniontc copolymerization of trans-

stUbene and styrene reported previously.

                         rntroduction

     zn a pncevious pape=,i) a study of the anionic copoiyrnerization

of styrene and trans-stilbene by n-butyllithiurn (n-BuLi) has been

reported. The results have shown that in tetrahydrofuran (THF)

a chain-transfer reaction to the trans-stilbene occurs, while in

benzene the copolymerization proceeds without any chain-transfere

rn the copolymerization, the color of the reaction mixture changes

xn txrne; xt was followed spectrophotometricaZZy.

     The work reported here was carried out in order to eiarify
                              ,
two points: the reaction rnechanism of the chain-transfer and the
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change in the color in the copozymerization. wyman and Altares2)

carried out the saxrte reaction in benzeneff but their results

differ greatiy frorn ours.

                        Experimental

     Reagent. The preparations and purifications of trans-
                                                   l)stilbener n-BuLi, and THF were previously described.

     Reaction. The reaction was carried out under dry nitrogen

in a glass ampoule equipped with a three-way stopcock. To a
solution of trans-stilbene (IO.O g, 5.56 Å~ IO'2 !nol) in THF

(250 rn1)r n-BuLi (2.83 Å~ ZO-2 mol) was added with a syringe over

a three-ntnute period at OOC. The color of the reaction mixture

changed from red to purple in tirne. After 48 hr, the reaction
was terminated by adding methanol <1.1 ml, 2.6 Å~ IO-2 mol) until

the color of the solution disappeared. The solvent was evaporated

in vacuot and then the residue was dissolved in diethyl ether.

The ether solution was washed 'with water and dried over magnesium

sulfate; then the ether was removed to give ll.6 g of an oiiy

product.

     Fractionation of Product. The fractionation of the above

product was carried out by column chromatography with activated

aluminar using n-hexanet benzeneg and methanol a$ solvents.

     Measurerttents. The raeasurements of the molecular weight, the

eiementary analysis, and the :R, uvr and NMR spectra were made
                              ,                                        1)according to methods reported previousiy.                                            The ESR spectrum was
       '
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measured with a JES-3BX Spectrometer.

                            ResuZts

     Fractionation of Product. tiefore the fractionation of the

reaction product by column chromatography, the product was

submitted to subliTnation in order to exclude any unchanged trans-

stilbene. However, no trans-stilbene was recovered. The addition

of n--hexane to the product gave no precipitate of trans-stilbenea

which is almost insoluble in this solvent at OOC. The results of

the fractionation by coiumn chromatography are shown in Table 1.

Fractionl, which is not shown in the table, was fractionated by

subsequent chromatography, using n-hexane as a solventv to give

two fractions, IA and IB.

     Characterization of Each Fraction. The results of the

eleraentary analysis, the moleculax weight, and the molecular

formula of each fraction are listed in Table l. The characteris-

t-cs of the IR and UV spectra, and the ratio of the number of

arornatic to that of aliphatic protons (Har/Hal) of the fractiOn

are summarized in Table 2.

     Compounds Formed in the Reaction Mixture. Table 3 shows the

molecular formulae, the structural fermulae, the resuits of the

elementary analyses, the molecular weightst and the ratios of the

number of aromatic to that of aliphatic protons (Har/Hal) Of the

cornpounds which rnay be supposed to be the reaction products on the
                              ,
basis of the results.
           '       '
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     Structure of Each Fraction. Fraction ZA. This fraction was

liquid; the results of its elementary analysis and its molecular

weight and the molecular forrrtula derived from them were most

consistent with those of l,2-diphenylhexane, Za, in Table 3.

Zn the NMR spectrum of the fraction IA (Fig. Z)t the cheinical

shifts of the Ph, -CH(Ph)CH2Ph, -CH2-, and CH3- protonsi and the

relative areas of the peaks, 10.0: 2.9: 6.1: 3.0t aZso support

the above structure. The ZR spectrum showed the absence of a

C=C double bondt as was also speculated on the basis of the UV

spectrum.

     Fraction IB. The rnelting point of the fraction ZB was

50-520C. Xts molecular formula was similar to that of 1,2-di--
                                                                3)phenylethaner lbt in TabZe 3, the melting point of which is 530C.

The NMR spectrum of this fraction also completely agreed with

that of the authentic sarnple. The NMR spectrum of the fraction

1 indicated that this fraction contained only Xa and rb in a

molar ratio of 3.3. -
     Fraction 2. The rnolecular formula of the fraction 2 was in

best accord with 1,2,3--triphenylpropene, IZ, in TabZe 3. rn the

NMR spectrum (Fig. 2), the peaks at 3.65 and 6.29 T were assigned

to the methine and methylene protonst respectivelyr of the cis-

Å}somerr judging frorn the NMR spectrum of cis- and trans-stilbene.

[rhe peak at 5.96 T was assigned to the methyiene protons of the

trans-isomer, while the absorption of its methine proton might

overlap with those of aromatic protons near 3 T. The TR spectrum
                             'of the fraction 2 showed an absorption due to a three-•substituted
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                                  '

olefin at s7o crn-'1. A further separation of this fraction by

column chrornatography gave the cis-isorner as the initial fraction;
                                   4)                                      62-630C). The fractionits melting point was 6Z--620C (lit.r

eluted at the later stage of the chromatography was iargely

composed of the trans-isomer, but it always contained a small

portion of the cis-isomer. In the UV spectra, the absorption

mixima of cis- and trans-l,2,3--triphenylpropene appeared at 260 mu

                              ,1.,6100) respectively. The rnoiar(e      14200) and 273 mp (e  max                         max
ratio of the trans- to the cis--isomer was l.9; this ratio was

caXculated from the relative strength of the corresponding

absorptions in the NMR spectrum of the fraction 2.

     Fraction 3. The molecular weight of the fraction 3 was 345.

This rat.ift.er .i.arge value indicates that a compound- co:nposed of at

least two molecules of trans-stilbene must have been a component

of this fraction. The sharp peak at 5.96 T in the NMR spectrurn

(Fig. 3) suggests that the tailing of trans-1,2,3--triphenylpropenee

which was present in the fraction 2, is incorporated into this

fraction. However, 1,2,3r4-tetraphenyloctane, Irl in TabZe 3,

must be the rnain component of this fraction, judging from the

absorption at 9.1 T due to the methyl group and absorptions at

7.5-8.9 T due to methylene and rnethine groups in the NMR spectrum7

and judging from the molecular weight of this fraction.

     This fraction also contained a small arnount (about iOO mg) of

a compound insoZuble in petroleum ether at OeCr this compound was

identfied as lr2t3t4-tetraphenylbutane, Vt in Tabie 3. Its
melting point was 181-Z830c (Zit.,5) l820c), and the observed
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Har/Hal ratiO in the NMR spectrum was 3.5. Found: C, 92.76g;

H, 7.24g.

     Fraction 4. Judging from the elementary analysisg this

fraction consisted of a compound containing oxygen. The ZR

spectrurn suggested the presence of an OH group by rneans of the
strong absorption at 33oo cm'l. AZthough the NMR spectrum was

COmpliCatedr the Har/Hal ratio was O.66. This smali vaZue means

that there were more aliphatic protons than aromatic ones. The

reaction of a carbanion with THF must have formed an aicohoi

containing the greater portion of the aliphatic protons. A

compound such as IV in Table 3 rnay be proposed as one of the

alcohols.

     YieZds of Product Cornpounds. The yields of the product

compounds identified were calculated from the NMR spectrum of the

unfractionated mixture and Erom the weights of the cempounds

fractÅ}onated by coluran chromatography. The results are shown in

TabXe 4. The yields of 1,2,3-triphenylpropene (II) and lr2--

diphenylethane (Ib)t after reactions of 25 and 180 min carried

out under the same conditions as those shown in the Experimental

sectiont were obtained by means of the NMR spectra of the respective

reaction mixtures, as are shown in TabZe 4. The ratios of 1,2t3-

triphenylpropene to l,2-diphenylethane were about 2t regardless of

the reaction time.

     EXectronic Spectrum of Reaction Mixture. The electronic

spectra of the reaction mixtures of trans-stilbene and n-BuLi in
                              '
THF at roorn ternperature are shown in Fig. 4. Zn the reaction of
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trans-stUbene with an excess of n-BuLit the spectrum showed a

peak at 332 mp which was stable ior a prolonged tirne and ndght be
based on a benzyl-type anion, C4HgCH(Ph)--CH(Ph)-L". On the

other handt when the rnolar ratio of trans-stiibene to n-BuLi was

2.0r new peaks appeared at 555 and 420 mu in time. When n-BuM

was added to the solution of l]2,3-triphenylpropene in THF, the

peaks at 555 and 420 my appeared instantaneously in the UV spectrum

of the solution. Then, 1,2,3-triphenylpropene-3-dl, was recovered

by terminating the reaction with deuterium oxide. This was

confirrned by a study of the NMR spectrum.

     ESR Spectrum of Reaction Mixture. The ESR spectrum of the

reaction mixture in THF was rneasured at room ternperatureg the

nLolar ratio of 'trans-stUbene -vo n-Bul)i beSrngl.O. The spectrum

is shown in Fig. 5. Tn the reaetion of 1,2,3-triphenylpropene

with n--BuLi in THF, however, no ESR signal was observed.

                          Discussion

     The compounds identified as the rnain products were 1,2-di-

phenylhexane (Ia)t lr2-diphenylethane (Zb), and lr2,3-triphenyl-

propene (Z:). rt is noteworthy that no trans•-stilbene was

recovered and that 1,2-diphenylethane and i,2,3-triphenylpropene

were obtained instead. The mechanisms of the formations of these

two compounds cannot be explained by simple addition or abstraction

reactions of carbanions. The 1,2,3-triphenyipropene can be

produced only by the cleavage of a C-C bond because there is no
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compound with odd carbons in the starting materials. The molar

ratio of the yield of l,2,3-triphenylpropene to lr2-•diphenyl-

ethane was two, regardless of the reaction time; this suggests

that the forrnations of these cornpounds are interrelated. The

foUowing processes (1)-(7) constitute our proposed rnechanisms

for the production of the above compounds.

                   Ph Ph                    lI

C4H9

Ph
l
CH =

     - •+                                            i- t+ C4Hg Li + CH = ?H ------------ C4Hg--CH-?H Li

                    Ph Ph

-CH-CH Lx + CH=                   CH --------                               C4Hg-CH--CH2 + CH
                                       l

                                     <!a)

 6H = c-Li' + eH = cH --------> (IH = c-dH-cH-Li"

                                 llCH = C - CH-CH-Li+ ----------     J, S, CH=;1,- S;. SH2ph

ih" Iii;CH2Ph - CH= g/hr c'Li+ + phcH

=c  l
  Ph

2
.

a)

Li +

(3)

(4}

(5)

(2)

2 PhCH2" -•--------------------   , PhCH2CH2Ph

       (Zb)

 '
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     d, . ,i .. ,I •- .i+ .--!g,l-------. eH -g- (IH, (rr) (7)

The total product yield indicates that the process (1), which is

an addition reaction of n-BuLi to trans-stilbenee takes place

easily. As may be seen from the electronic spectrum of the

reaction mixture, the benzyl-type anion formed in the process (i)

is stablet if no excess trans--stilbene is present. Howeverg the

acidity of the methine protons of trans-stilbene is rather strong,

as is shown by the isornerization of cis-stilbene to the trans-
isomer by a base such as potassiurn tert-butoxide.6) Therefore"

if excess trans-stilbene is present, the process (2) will occur.

This pacocess must be a chain--transfer reaction in the copolyrneri-
                                    l)zation of trans--stilbene and styrene.

     The new anion produced in the process <2) reacts with trans-
                                                             'stilbene to give a dimer anion, which may accompany the cZeavage

of a C-C bond with the production of the benzyl radical and the

lt2r3-triphenylpropenyl radical anion (the process (5)), via a

proton shift reaction in the process (4). This radical anion may

be of new type. The structure of the l,2,3-phenylpropenyl radical

anion rnay be represented as shown by RA--IZ. This radical anionr

if presentr can be greatlyXstabiiized by the delocaiization of an

electron on the benzene rings. Zt has been estabiiished that the

i,3-bis(diphenyi)-2-phenylallyl radical, with a similar structure
to that of RA-xz, is very stabze even in air.7)
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          ((})k.,.,.ggL/z+ ,--, .i>i>

               / c=c              H . 7N !xc              (RA-ii) ll XVL "-
                                     (1r3-Bis (diphenylene) --2-

                                      phenylallyl radicai> -

The reaction rnixture of trans-stilbene and n-BuM showed an ESR

signai (Fig. 5). This might be because of the mono lithiurn-

adduct ofi trans-stiibene. Howevere no absorption maximum at 480
mv (emax 62000)8) due to the adduct in THF could be observed in

the electronic spectrum of the reaction mixture (Fig. 4). The

hypertine structure of the ESR spectrum observed herein suggests

the presence of a radical with a rather complicated structure,

although it is not certain at present whether or not the ESR

signal is due to the radical anion, RA-rl. The coupling of benzyl

radicals gives 1,2-diphenylethane, as is shown in the process (6).

     Although the yield was rather Zowt l,2,3t4-tetraphenyZoctane

was also obtained. This rneans that a stilbene anion can add to

trans-stilbene to give a dimerv even if the reactien is very slow

(the process (8>).
                             '

     1 ... ,. I •                                         ll                                                    - •+C4Hg-CH-•(iH Itz + CH=9H - C4Hg-CH--•9H-CH--9H LI (8)
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     The formation of a small amount of l,2,3t4--tetraphenylbutane

can be expXained by the following process:
                                     '              ph Ph PhCH2.phcH2. + dH=cH - ph.cH2--(IH•-cHe --------)

                   l1                   Ph Ph                                                           (9)
                         Ph
                         I
                   PhCH2•-CH-CH-CH2Ph
                            1
                            Ph
                              (v) ,,
     The carbinol in the fraction 4 rnay be produced through the
                  9,10)following process:

R-Li+  + (orPl --------------) R--(CH2)4-e-Li+

     Judging from the yield oE each compound obtained in this

experimentf n-BuLi is considered to be consumed almost quantita-

tively in the process (l); about 49g of the i,2-diphenylhexyl

anions produced in the process reacted with trans-stilbene to

give 1,2--diphenylhexane, 1,2,3-triphenylpropene, and l,2-diphenyl-

ethane. About IOg of the l,2-diphenylhexyZ anions were apparently

consumed in the forrnation of 1,2,3,4-tetraphynyloctanet while

about 20g of the anions remained free from the subsequent reactions

The residual l,2-diphenylhexyl anions and also probabiy a part of

the lr2r3t4-tetraphenyloctyl anions reacted with THF to yieid

alcohols. The absence of i,2,3,4-tetraphenyibutene indicates

that the anions produced in the processes (3) and (4) are rather
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unstable.

     The reaction mixtures both of trans--stilbene with n-Burji

and of 1,2r3-triphenylpropene with n-BuLi showed the same absorp-

tion rnaxima, at 555 and 420 mu. Xt is likely that the A-ZI anionr

which may be produced from RA-IX by the abstraction of a hydregen

f:om any material in the system, w"l be present in the reaction

mixture of trans-stilbene and n-BuLi. It may be supposed that the

radica]. anion, RA-ZIr shows the sarne absorption maximar at 555

and 420 rnv•

     The reaction of 1,2,3-triphenylpropene with n-Bu!Ji proceeds

as foZlows:

                                            w -+                                                  + C4Hlo <10)CH = C-CH2Ph + C4Hg U --"-)                                 CH =C- CH U

                                     (A-ZI>

since the 1,2,3-triphenylpropene with a deuterium at the methylene

position is recovered when the reaction is terminated by deuterium

oxide.

     A distinct solvent effect exists in the reaction of trans-
stilbene and n-BuLi. wyrnan and Altares2) have studied the

reaction oE trans-stilbene and n--BuLi in benzene at 600C.

Contxary to the reaction in THFt the main process (IZ) was found

to foUow the processes (Z) and (8), thus giving the dianions

shown below.
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                         l .- ,. I     l .. ,.
C4Hg--CH-9H U + C4Hg--<CH--9H)2 Lz -----" C4Hg--CH-9H2 +

                                                             (ll)

c4 Hg- (C H- ;1 :) 2H + C4 Hglll. +-- ;l hH Li + C4 Hg-CH -' il hH-LS, +-- lil :`- Li+

     The resuits obtained it'i the present s'ifudy establish that the

chain-transfer in the copolymerization of trans--stilbene and

styrene occurs by means of the abstraction of a proton from the

trans-stiibene, as Ss shown by the process (2)r and that the

change in the color observed in the copolyrmerization is associated

with the l,2,3-triphenylpropenyl anion or the radicaZ anion.
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Table i. Fractionation of reaction rnixtut'e by colurun
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Table 3. Corcpounds suppoBed to be the prod.ucts tn the reaction
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                        Chapter 9

Anionic Copolyraerizations of trans-Stilbene with Butadiene,

            lsoprene, and 2,3-Dimethylbutadiene

                           Synopsls

     ArAoni,c copoiymerizations ofi trans--stiXbe.ne (M2) with buta-

(ll k>- ne ( LM LP , S. f. oprene (Ml ) , and 2 , 3-d irn et hy lbutad iene <MP were

stud,d.ed in tetrahydrofiuran (THF) at OeC and in benzene aic 400C

by means of n-butylXithium <n--BuLi) as an initiator. All the

copolymerizations gave aiternating copolyners, and the order of

'the observed rate was butadiene>isoprene>2,3--dirnethylbutadiene

in THF. :n the copolyrnerizations with isoprene and 2t3--dimethyl-

butadiene in THFr the reactions were stopped remaining unchanged

Ml monoTners when the concentration of n•-BuUwas low, and at the

same concentration of n-BuLi the final yield wa's lower .in the

copolyrnerization with 2,3-dimethylbutadiene. Zn both cases, the
tA inal yields, i,ncreased with an increase in n-BuLi and decreased

with inc.reasing [M2]o/[Ml]o ratio. The copoiyrrterization with

butadiene was completed without remaining Mi monomer. All the

fMenes, howeveriwere compietely consumed in the copolymerizations

i,n benzene. In the cepolymerizations with butadiene and isoprene,

trans-stUbene was Zittle incorpoxated into the copolyiners, but

a considerable amount of trans--stilbene was consumed in the co-

polymerization with 2,3--dimethylbutadiene. All the electronic

spectra of the reaction mixtures in THF showed no peak near 540 rnv
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at the i,ni.tiaZ stage of the react,,ionsr but new peaks appeared

near 540 mli i,n tirrte. The order of nhe opticr.al densities after

a prolonged time was 2,3-dirnethylbutadiene>isoprene>butadiene.

The microstructures of the dienes in the homopdZymers and alter-

nating copolymers which were polyrnerized in THF were determined

by ND4R spee't:x:oscopy. The alt.ernatinq. copo].ymers had more l,4-

structuxe than the corresponding homopolymers and the lt4--content

di ec x" e fl .cr., ed. as fo ll. ows : 2 , 3 --dime th liyk bu tad .i e n.e > j- stb px` ene >kouta di iene t•

                            J: n'kxod.ue. 't i' on

     Anionic c'opolymerizations of .1.tZ-dipheny.Zethylene wj-th other

comonorners such as styrene and conjugabed dtene.ry proceeded with-

out chain-transfer and termination reactions to gj.ve alternating
copolymers in THF,1> The copolymerization of trans-stilbene and

styrene in [VHF aiso gave an alternating copolymer under appro-
priate reaction conditions, but it brought with chain-transfer,2)

                                               3)the rnechanism of which was claritied recently.

     :n this workr using butadienet isoprener and 2,3-dimethyl-

butadiene as comenomersr the eopolyrnerizations of trans-stilbene

by rneans of n-BuLi are investigated in THF and benzene.

                              t

                           Experimental

     Materiais. trans--Stilbene. The rnonomex synthesized frorn
benzoin4) was recrystallized three times frorn methanol and twice

                                e
from n--hexane. Mp 1240C.

     Butadiene. Bute.diene (Ph"lipst polymerization grade)
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dried over Molecular Sieves was mixed with solvent--free n-BuLi

before use. The monomer was then distiUed in vacuo to a reac--

tion vessel.

     Isoprene. The monomer (Phillips, polymerization grade)

dried over Molecular Sieves was transferred onto lithium aiuminum

hydrider Åírom where it was redistilled under high vacuum before

use.

     2f3--Dirne'thylbutdiene. This was synthesized by dehydration
of pinaco.1.5) The rnonomer purified by fractional distiuation

was stored overc lithium alundnum hydride. Before usee it was

disti11ed on the vacuum line.

     THF. The soivent was first refluxed over sodium and then

over lithium aZuminum hydride. This was then distiZled onto

benzophenone and Na-K alioy to form the biue solution, from which

the solvent was distilled on the vacuum systern just before use.

     Benzene. To the solvent purified in the usuai rnanner, n--BuLi

Sn benzene was added and then the solvent was distiiied in vacuo.
                                                6)     n-BuLi. According to the method of Zieglerg                                                   n-BuLi was

prepared frorn n-butyl•-chloride and rnetallie lithium in n-•heptane.

     n-Butyi Alcohol. A srrtall amount of Na--K ailoy was added to

the alcohoX (spectro grade) under dry nitrogen. The alcohoi

containing butoxides was then transferred on the vacuum system

to a glass arnpouie to prepare a standard n-butyl alcohol solution

i.n n-heptane. The solution was used for the colorimetric titra-

tion of the colored carbanion solution.
                              ,
     Poiyrnerization. Under the atomphere of dry nitrogen trans-•

stilbene was placed in a gZass arnpoule which had been dried by
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zaamj.ng in vacuo, and then the monoineir was dr.ied under hLgh

vacuum. To the ampoul.ee a comonomer soXut.ion pncepaxedi on, the

vncuum syst;em was added with a hypodermic syringe. n-BuLi was

actded drpowise until. a red colo= due 'to a stilbenyl anion was

sitabXe;'usuaZJy ca. O.04-O.05 mmoZ ofi n-.BuLi was required.

ll'hen an addj.'tionaX n--BuLi was added as an eft'ective ini.tiator.

Mn 'Lhe caE,"e c)f' the reacticn .in benzener a yeUow coZoxr of the

t.mj.on My)pge-ar.e.),d vem'y siowly. Therefiouce, t,he same arnount oÅí n--Bu!g,i,

as thak ne.eded in nhe reaÅëtion in {VHF was added. When nhe poZyt-

me,rizatio.n sAras termSnated, the concentration off nhe carbanion
                                          vr
p. r.esenk in the system was estimated by coioimetric titration with

the standard n--butyZ alcohoi solution and then the reaction mix-

tr.uxe was p.onnced into methanol. The polyrner px'ec"ipit.ated in metha-

noX was fiitrated, washed with methanolr and weighed. On the

other handr the mother iiquor and the washings of the polymer

E')rer:ipitat.ion wa.s cornbined and evaporated under reduced pressure

t.o tv?cover Lmchanged trans--stMbene.

     NMR Spectxum. The spect.ecum of the poZyme= was taken on a

LjNrrt-•-4H--].OO S'pectronietesc (Japan Elec'tron Optics I4aboratory Co.

i,tu.) in cathon tetrachioride at 60eC by using tetramethylsilane

ex ss an inte'tt na. 1 .g ta ndard .

     UV Spectrum. The UV spectr.ura of the reacbion solution was

rnensuxthed wi,t.h a Hitachi i24 Spectrophotometer. The sample solUM

t.Lon wasi prepared in the methqd as described in r.he poiymerization

'i'/).roc E-L,d1.1 r. de .

     M-o],e.c:u].ax Weight. I'he molttc'uia: weight. off iche po,lyiner re-

ptreeipJi'ta.tecl frorn t.oXuene-rrteehanol was det.errnined wieh a Mechro-
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1.ab Vapor Pressure Osmometer, Model 301 Ag using benzene as a

solvent.

     Viscosity. The solution viscosity of the poZymer was

measured in toluene at 30.00C.

                             Results

     .Po]ymerj.zat:ion i.n THF. 17he copolymerizat .ions of ki;ans-

str.iibene (M,i,) with butadiene (Ml.), isoprene <Ml)e and 2"3-diinethyl--

buka.diene <M.1.) were investigated at O"C. 't'he results are shown

in Mg. I. S.ince these copolymerizations gave alternating copoly-

mers as wiU Ie state-d later, nhe p. erceneage of 'the consumption

of the dienes is used as a measure oE polymer yield. The order

of the observed rate was butadiene>isoprene>2,3-dimethylbutadiene.

In the copolymerizations using isoprene and 2,3-dimethylbutadiene

as'  comonorners, the reactions stopped remaining unchanged Ml mono-

rncrs. The co:ors of all reacJtion mixtures were red in the initial

J"tacJe, but it gradually turned pxarple; especially in the copoly-

merization with 2,3-dimethyibutadiene the change was remarkable.

A.U the copoiymers obtained vvere p.owder.

     The copolyrner cornposition was determined by gravimetryt as

.is shown in [Vable 1.. The copolymer compositions were nearly unity

regardless of the polymer yield. This rneans that ail the copoly-

mers were essentialZy aiternating because the hornopolymerizability

of trans-stilbene is very poor.

     The relationship between monorner cornposition and polymer

yield was investigated in the copolyrnerizations with butadiene

and 2,3-dimethyibutadiene at constant concentr,ation of Ml monomerg
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The resuits are shown in Fig. 2 and TabZe 2. !n the copolymeri-

zation of brans-stilbene and 2r3•-dimethylbutadiene, the con-

surnption of the Ml monomer decreased with an increase in the

[M2]o/[Ml]o ratio. With butadienet the monomer was completely

consuinedi but the copolymer compo'sitione [ml]/[m2], decreased as

the [M"o/[M2]o decreased. These results indicate that trans-

stilbene related to a tcermination reactionif and that when large

excess of trans--stilbene was used•, stUbene--stilbene unit rnust

have been forrned in the copolymer but would be two at Zongest.

     The effect of initiator concentration on the polymer yield

was studied. Ng. 3 shows the results in the copolymerizations

w,ith isoprene and 2,3-dimethyibutadiene, in which the reaction

time was so iong that all the reactions were compieted. At low

initiator concentration the dienes rernained unchanged, but the
                                                         '
poZymer yield increased with the concentration of n-BuLi.

     The molecular weights of the copo2ymers of trans-stilbene

and isoprene which were obtained in the above copolymerizations

were almost constant regardless ef the initiator concentration,

as is shown in Table 3.

     The color change of the reaction mixtures was followed

spectrophotometricaZiy. The spectra are shown in Fig. 4. The

reaction rnixtures showed no peak near 540 rnu at the initiai stage

of the reaction, but new peak appeared at 540 mp in time. The

order of the optical density was 2,3-dimethyXbutadiene>isoprene>

butadiene after a proionged reacti,on time. A pe'k was clearly

observed at 340 mu in the copoiymerization of trans-stilbene and

butadienet indicating that trans-stilbene was almost completely
                             bconsumed and a benzyl type anion remained the syste;rt. The purple
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r•)oiution ffoxmed .in the copolyme]rj.za't:ion emptoy.ing j.soprene and

2,3-dimethylbutadiene as comonorners could not inibiated the poly-

mentzations of these rnonomers and even butadiene.

     The microstruc'tures of the dienes in t.he alternating copoly-

mers and hornopo.Xymers were investigated by NMR spectroscopy.

tj]he rcesu,Lts are summarized in Table 4. [Irhe altcernating copolymer

of 'trans•-sti.lbene and j.soprene showed a very weak absorption due
i.o a vi"ir.d. cljroup alt gze t:in--lldi ,anc3. a i:atT-her f•;ki."oncl; abs,<r)xpk:'k-on due t7.o

a tuth"}jth"l nic"thylene. tpuronp at'. 8go era-"l' . trhexthe.,,fiorGs it can be

t:.j[t'sitimf:,.('l r.}'icu(i". 'tr,i!'u.ts copc)Lj.ymek,' hc"fid no. ].e2--st;ructxxire.. In all cases,

t he ]. , ti --e (: on t:en 'tc was h j. ghe .r in tMr }'] pt. E3 Jl. ix F..i na t: :i ng copolymerr s i han

in 'the mor,irR.sponding homopoZ.ymers. The o]rdei of iche lt4--content'.

ofi the cljAenoc. was 2,1-di!nethyibut.adiene>i"")oprene>butadiene.

     .Po.Lynerization in Benzene. The copolymerizations of trans-

sl:.tlbene and the dienes were carried out in benzene at 400C.

'l'he x"es.uZts a]re shown in Tabie 5. Although all the dienes were

c'romp iL e• f;.e -1. }r cons umed , 'tra ns -$ ti Xbene was 1. ittl e inÅëerpo ra ted into

1'.hE') copoi,ymeirsr excep't in t:he copol.yrnei S.zaicion sArith 2,1--dimethyX-

butadiene. The copoZymer of ixans-stilbene and 2,3-dimethylbuta-

d,iene was soiid, but the ot;her.,s weace viscous i,iquid.

                           D ri. c., c. u, s. s .i.on

     Sirice the copolyrrterizatLiozms. in 1'HF proceeded a.Lternatingly

to give the copoiymersg .wMIM2MIM2rw , we may regared these

copoLymerizations as homopolynie#izabi.ons of MIM2 Or M2Mi Unit

in the kinetic treatment. The first. order piots taken for the
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results in Fig. 1 are shown in E'ig. 5. A li.near relal;ionship

was obtained in the copolymerization of trans-stilbene and buta-

diene, suggesting that there was no termination reaction which

was caused by the transformation of an active chain end to an

inactive anion. Tf the addition reaction of a trans-stilbeny.l

anion to butadiene is the rate determing step, the rate constantt

k2i, will be Z.O 1/moZ sec. This value seems to be correct

because kz2 should be greatcer than the kl.Lue• O.59 ]/moJ. sec

obta]Lned in the homopo-lymerizati.on of butadiene in THF by n-Bulsi
at OOc.7) The value is greate.tt t"han k21 = O.27 1/mol sec founcl

in the copolymerization of butadi.ene (Ml) and itZ-diphenyXethylene
(M2) carried out under similar xeaction conditions,8) but smalier

         = 32.7 l/mol sec observed in the addition reaction ofthan k      2l.
                               9)styryZ anion to butadiene (Ml).                                   This suggests that lrl-di-

phenyiethylenyl anion is very stable owing to the conjugation of

two benzene rings, and the addition of stilbenyi anion is more

stericaily hindered than that of styryl anion.

     On the other hand, a concave reiationship between log [Mil/

tMllo and time was found in the copolymerization of trans--stilbene

and 2,3-dimethylbutadiene {Fig. 5}. These results indicate that,

in the copoiymerization with 2t3-dimethylbutadiene, the terminave

tion reactien caused by the Eorrnation of inactive anion is very

importantr while less irnportant in the copolymerization with

butadiene.
     In the reaction of trans-stilbene with n-BuM in [rHF,3) we

                               ,fiound that ct-proton of trans-stilbene was abstractied by a car--
banion to give a stilbene anione C6HsptCH=EptC6Hsr which then
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.teacted with trans-stUbene to fiorm a stable carbanion, C6Hs-CH=

(M(C6Hs)"eH""C6Hs• The stable triphenylpropene anion showed an

absorption maximum at 555 mu and could not initiated the poly-

nierizations of the dienes used in thisLwork. The change of the

(:.o.l.or of the reaction mixture also suggest the presence of this

'termination in the copolymerization. The electronic spectra show

Lhat the order of the frequency of the occurrence of the termi-

.natic,n was 2r3-diniethylbutadiene>i.g.oprrene>but'ndieneg and in the

{" ro.po,l.ymeri.zation wit,;h the Za.g-t comonomer tche terrninat,j.on was

l.oss :Lmportant.

     Iff this terrnination oocures, the finaX yieZd wUl, increase

s.vith an imcrease in tche concentration of the initi.ator and the

inoiecular weight of the polymer wi].1 be constant regardless of

t:he yield. [Vhe results in Fig. 3 and Table 3 support the above

consideration.

     h'rom the results of the copolyrnerizations of the dienes (Ml)

tand tncans-stiibene (M2)r the monorner reactivity ratiose rlg
{r;ouLd be deri•vedl) [vhe values are collected in Tabie 6. Great

differences in the reactivities are found in the copolytnerizations

in Z"HF and in benzene. Zsoprene and butadiene had greater reac-

tivity in benzene than in THF, but 2,3-dirnethylbutadiene had

):ather siinilar reactivity in THF and benzene. These results are

quite in accord with those found in the copolymerization of 1,i-
diphenyXethyiene and the dienesel)where detailed discussions had

                                  'been done.

     The microstructures of dienes must be conicrolled mainly by

steric factor (Table 4>. Although in the homopolymers t,2- and
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3f4-structuttes were rather favoredf in the alternating copolyrner

,Lt4--st.ttucture cemte rnore important• This may be caused by iarge:

$teric hindrances of 1.t2-- and 3,4-structures in the copolyrners

than those in the hornopoXymers. Zt is obvious that 2"3-dimethyi-

butadj.ene has the ].argest sterie hindrance in the dienes. The

higher cont.ent of lr4--st.ruct;ure of the dienes were fiound in the

oo,polyrne,ifizations of l,ie-diphenylethylene and the dienes u.sed
here.8) 't'h.tss al.,gc) suggests t.he .impe.r t:(anee os sire.scic factor i!i

tr•l)e (?-opo],'ynie: w.it".h 1.,Z-ctiphenyXetthy,1.ene wh.ich hass aiso a Zarge

st.eric hindttanee in the reaction.
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                             Summary

     The monomer reacitivity ratios, rl, obtained in the present

study are summarized in Tables l and 2. From these tablest the

following facts may be pointed out.

1) ln THF the rl value was not affected by the initiatort and

the alternating copolyrner was forrned when [M2]o>[Ml]o.

2) In hydrocarbon the order of the ri value was Li>Na>Ko

3) Butadiene, isoprener and o--rnethoxystyrene were more reactive

in hydrocarbon than in THF, when n-BuLi was employed as an ini-

tiaor. However, when Na or K was used, the reactivities were

similar in both THF and hydrocarbon.

4) Little effect of the solvent gn the rl value wevs found in

the copolyrnerizations in which 2,3-dimethylbutadieneg styrener

and p-methoxystyrene were used as comonomers Ml.

5) With Li-initiatorr the rl values derived in THF were smaZler

than those in hydrocarbon.

6) The order of the reactivity to styryl anion in both THF and

hydrocarbon was 1,Z-diphenyiethylene>styrene>trans-stilbene.

7) The orders of the reactivities to isoprenyl and butadienyl

anions were lrl-diphenylethylenet trans--stilbene>dienest in THF,

and dienes>>lrl-diphenylethylene>trans--stilbene, in hydrocarbon

with n-BuLi.

8) The orders of reactivities against 2,3-dimethylbutadienyl

anion were 1,l-diphenylethylene, trans-stilbene>2r3-dimethyl-

butadienet in THF, and lti-diphenyZethyiene>2t3-•dimethylbutadiene>

trans-still?.ene, in hydrocarbon.
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     one of great differences between lfl-diphenylethylene and

trans-stiZbene was that the eopolymerizations employing ltl-

diphenylethylene were living polymerization, while in those

employing trans-stilbene, termination and transfer reactions to

to the monomer occurred.

     The rate constants, k21g rrieasured in this study are coUected
in Table 3 togather wtch those reported by other researchers.1-4}

These iesults show that the orders of the homopolymerization rates

of the dienes and of the addi,tion rates against slryryi. and lrl-v

diphenyleichylenyi anions were butcadiene>isoprene>2,3-dimethyl-

butadiene.

     The dienes in the alternating copolymers had more content

of l,4--structure than those in the corresponding homapoXymerse

and the Z,4-content decreased as follows: 2,3-dimethylbutadiene>

isoprene>butadiene.

     Xn the course of this studyi the author not only obtained

great deai. of inforrnation on the relative reactivities of severai

rnonomers in the anionic copoiyrnerization and discussed about themr

but also prepared several new alternating copoiymers by anionic

mechanism.
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Table 2, Monomer reactivity ratiOe rl,

   (M2 = trans--Stilbene)

M .L
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