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ABSTBACT

Electro1ytlcally lnltlateö polymerlzatlons of
unsaturated vlnyr compound-s were carrled ouü ln org.anic

med.la euploying quaternary ammonlum and alkall organo-

metalllc salts as electrolytes.
lvlethylmethaorylate was polymerlzed at Z5oC ln

sorutlons of d,lmethyrformamlde conüalnlng quaternary

ammonlum salts. The oourse of the reactlon was controllect
by an elecürorytlc current passed" through ühe sol-utlon.
Results over a wlde range of lnltlal mononer ooncentra-

tlons at seven sel-eeted constant ourrenüs served to
d.ellneate the d.ependence of porymer yieId. on the control
parameters. Polymer formatl0n r¡ra.s dlrectly depend"ent on

nonomer concentratlon and. on the square root of the
lmpressed. curyent. Dlfferenü solvenüs were tested and of
these, d"lmethylacetanide was fotmd to provld_e the best

reactlon med"lun. I{o1eeular vrelghts of approxlnately

501000 r/ìrere obüalned. They were lnd.epend.ent of salü,

current and. monomer concentratlon, but ri{ere affeoted. by

the type of solvent and the temperatür€¡ rnhlblüor ancl

coporynerLzatlon stud.les favoured" the anlonlc reactlon
¡nechanism.

Ïthen tetrahyd.rofuran solutions of styrene, lsoprene

and. alpha-methylstyrene were el-eotrorysed ln the und.lvlded.

cell porymerlc llvlng anlons were generated a.t the oathod,e,
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but were k1I]ed by the specles forned. at the anode. No

suoh termlnatlon occurred 1n the dlvld.ecl ceIl. Electroly-
sls of sol-utlons of alpha-nethylstyrene in teürahyd.rofuran

resul-üed. ln the formatlon of the characteristlc red. color
of the living anlons in the catholyte while the anolyte

was colorless. The red color perslsted for a ]onger

perlod. The ulüravlolet absorptlon spectra of the }lvlng
anlon soluülons were measured. anil the maxlmum absorbance

occurred. at J40 n¡t. 'Ihe increase in absorbance of the

solutLon was sürlctly proporülona1 to the charge transferrecl
ab the electrode, and. was lnd.ependent of the electrolyte
for NaAl1C2n5)4, NaB(C6Hì 4 ana tre(C6ï5)h. rritxing of the

anod.e and. cathod.e solutlons resulted, in a destrucËlon of

the llving end.s ar.:d. a d.lsappeallance of the color, which

could be regenerated. by further electrolysls. Reversal

of ühe ;oolarlty of the erectrod"es prod.uced stolchlometric
d,estructlon of the livlng end.s a¡ad. a decrease ln absorbance

d.lrectly Oepend.ent on the charge transferred.. The exact

stolchiometric d.ependence furnlshed a means of estlmatlng
inpurity IeveIs, livlng anlon concentratlons, and. optlcal
extinctlon coefflclents based on the numþer of Faradays

passed through the so1utlon.

For solutions of L7(C6H/48- the 1lvlng anton con-

centraü1on decreaseiL spontaneously on standing and because

of thls a llnear relatlonshlp beüween absorbance and. cktarge



transferreð was not obtalned. !11üh teürabutyl anmoniunr

saIüs only a translent red. color formed at the cathod.e

and- the color d-lsappeared- lnmed"latery ln the solutlon.
Thls was found to be due to lnteractlon beüween the sart
and l1vlng anlon. Poly (arpha-methyrstyrene) fornred. aü

-8ooc showed a narrow moleoular welght dlstrlbutlon. [he
substance responslþle for the d"eactlvatlon of the 11vlng
anlons Ì^rere found" to þe gr(czH5), ano B(c5H5)3 produced by

anodla oxld"atlon of the correspond-lng anions. The posslble
mechanlsns of the fornatlon of living anions and" tergtlnat-
lng specles were dlsousseö.

lhe llvlng polylsoprene anlons tn tetrahyd.rofuran
solutlons of Na(C5H5)48 anÖ NaAl(Crng 4 were produced.

electrolytlcally and. the ultravlolet absorptlon spectra
were measured". A spontaneous d.ecrease of absorbance of
Ilvlng a:elon solutlons after the cessatlon of electrolysls
was observed". a.n eleetronlc devlce was þullt whlch

allowed the passage of lnterrnittent erectrical current to
malntaln a consüanü llvlng anlon populatlon. The klnetlos
of polymerizatlon ürere studled at constant llvlng anlon

concentratlon ln the dlvlded cell. The result showed.

flrst order decay ln monomer. The klnetlc studles were

also performed. d.llatometrlcally ln the und.ivld.eð cell.
The polymerlza.tLon rates were enhanceè by lncreases ln
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lmpressed. current and. monomer concentratlon. The rate
arso lncreased when ühe soluülon was not stirreð. The

molecul-ar weights and. mlorostructure were found to be

d.epend"ent on lmpressed. current.



';r.,.ri.r:.: :,,.,:tl;::,",,r-..r¡
.:.1::ri:;:::.:,:.: i

CifAPfER

r.

Iï.

TABLE OF CONIENTS

PAGE

PBEFACE.o..o............"'t"'o"""'o' 1

INTEODUCTTON

ANIONIC AÐDTTTON POI,YIVIEJBIZATION }IITH
TERI'/iINATION..o..'.'r"""""..'o'o' t ?

T{T.ECNBICALLY II\TTTA.TED ANTONTC POLY.
I'{ERIZATION............'.""or""t" t 6

ANIONIC POL]MER]ZATION WTTHOIII A TER-
MTNATION OE TRANSFER FROCSSS (T,TVNSE

ANIONIC POLYYIERS).... o o... o........... L3

EI,ECTROL]ruICATLY INITTATtrÐ LIVING
POLYIIERS. . . . | .. . . .. . . . . o . . .. . .. . . ' . ' t '

ET.ECTRTCALLY CONTROLLEÐ ANIONIC POLYIUEB-
IZATION OF flETH:T,},IETHACRYI,ÄTE.

PUBTFTCATION AND PREPABATION OF
BEAGETVIS.............. c... o............

POLYI'æRIUATION PROCEDURE.... r.... .. o..

BLANK EXPEEfIIIEIflI .. . .. . . .. ô. ... .. . . . .. .

LOCUS OF POLTMERIZATÏoN............ ...

IViOLECULAR 1ÁIEIGHT DETER1\{INATTON.. . .. . o.

COPOLYT']ER ANAITYSIS... . o o . ...... .. o. . o.

COPOLYI{EB FOBMATION. .. . . o. ... . . .. . . . . o

ANAIYSTS OF COPOL]IT/IER COT'TPOSÏTTON. . . . .

E]çPERÏUEN.IAI, RESULTS.. . . . . . . . . ..... . . ... .

EFfgCT OF TEÞIPERAIUBE. ........... o. ...

EFEECE OF SOLTIEM".............r. r....

EFF'ECT OF NATUfrE OF S4I,TS..o..........

EFFECT OF VARIOUS INHTBITOES...... . .. .

30

32

3Lþ

37

37

37

3e

4r.

41

4z

52,

55

58

58

vl1



CHAEIL"EB

Tfr.

v111
TATILE OF CONTENTS CONT]NTIED

PAGE

I4OLECIIJ,AR IJE]GHTS....o...o.o......... . 6L

ELECTRICAJ, EFFICffiNCIESo. . .. ... . . ¡ .... 63

copoLYIvIBRIUATrON.......o...o.......... 65

DISCUSSION.......................o..r.r.. 65

SUIIINÍABY. . . . . . . . . . . o . . . . . . . . . . . . | . . . . . . . . . 73

ETECTROL]A'TC FCIBMATION AND DESTETJCTÏOi\T
OF LÏV-JNG A.}TÏONS.

HIGH VACUUI{ APPÄBATUS....... . r.... ..... ..
PREPABATION OF }IETALLÏC MIBA.ORS.. . .. .. ...

DBY BOX..... I c.............r..o.......

GAS LIQUID CI{ROITIATOG.BAPHY. .. .. . . . o.. ..

SPECTROPäOTOMEITEÊ... .... .. .. ... .. | ....

PUBIFICATION OF SOLVENT Ai\iD I-10N0î{8R...

PBEPABA.TION OF EI,ECTROLYTtrS... . ..... .. o . c

SOÐIUFÏ ALtTlviIi'{U{ TtrfRAETHffL. . . o . . . . . . . r

SODïUfi 'IE'IRAPIIENIT, BORON.. ..... .. .....
POTASSïIIITI ||E'IË.APHE}IÍI, BORON. . . . o . o . . . . .

LIT¡iIIJ-I{ IETRAPIÏEN]T, BORON. . ... . . . . . .. .

EEERABÜÐIL AiqI'lOI'¡.IUiq TETBAPHEN]TL BOBON.

EXPERII\1ENTA.L PROCEDUEE. . o. .... ..... o.. o..

UNDIVIDED CEtr-rL... ........ ......... r...
DMDED CET'L..... .. .. ........... .. o...

BESULTS OF UNDTVTDEÐ CELL ÐEERIIqENTS. . . .

STffiENE. . . . . . . . . . . . . . . . . . . . o. . .. ... . . .

75

75

77

77

78

78

79

79

81

B?

82

B3

83

83

85

89

B9



CHAPTER

fABtB 0F COI\TTEI{TS CONTINUED

ISOPFGNE¡ o o o ¡.. .. .................. o..

.åI,PHA-I{ETIíYLSÎIßENE.. . . .. . .. . . .. .. . o ..
BESUTTS OF ÐTVIDED CEI,L EXPERTIVÍENTS. . . . . .

SPEC,I-BA OF LIVING Ai\tIOi\TS 0F ALPHA-
I'IETHïT,STYR&]NE AND STIRENE... .. ... r. ...
STUDY OF DTFFUSTON TTIROUGH TITE FRTTTED
DISC....... ... ... ... o..... .... a o..... .

quaivTITATrvE BELAîIONSHIPS BETtüffiN
CHARGE IHANSFERREÐ Ai{Ð T}IE POPTII,ATTON
OF LIVING ANIONS...r..... ro.......o...
DESTRUCTTON O}T I,IVTNG ANTONS BY
BE\ËRSAT OF Ti{E FOI.,ARITY OF EIECTRODES

EEF'ECTS OF TMPEESSEÐ CUBRENTS ON T¡TE
FOBMATTON OF T,TVING ANIONS. .. O "''' "'
LTVTNG AT{ÏON }'ORMATION WITTI LITHTT]U
TETBAPHENIT, BORON...... .. .............
LïVING A\IION ¡rORiltr{TION WffH eüÁ.fER-
NARY AMivIONIIff saf,Ts... . ... .......... o.

ÐESTRUCTTON OF LTVING ANTONS BY
AÍ,IIHINUM fBfgTHlTr. o. ¡. o . ........... ,. ¡

LIVÏNG åNION FOIiMATTON OF I.ILPHA-
PHENYITSTYAENE.. . r o ...... .... ..... .. ¡ e.

YIELÐ AND MOLECUTAB TEIGHT OI+ POIY
(Ar.,pHA-ÞllfrIIyLSTlTrENE) . . . r . . . . . . . . . . .. .
I{OLECUT,AR I'IETGT{T DISTRTBUTTONS. . . . . . . .

AI\IALYSIS OF THE ANOÐE SOLUTION........

BLANK EXPERIMENT.... r . o...... . . r r.....
DISCUSSION. . . . . r . . . . ., . .. . e . . . . . . . . . ¡ . . . .

SUMliABy. .. . . . . .. . . o. .. . . .. . . I . . . . . ¡ . .. . . .

1x

PAGE

89

9o

9r.

9L

9t+

98

104

104

114

116

L20

l.,20

I2l+

t28

13t+

L39

141

15r



TABI,E OF CONIE}ITS CONTTNUED

X

CHAPTER

TÌ7,

PAGE

ETECTROLY,TTCAI,T"Y TNTTTATED AI{TONTC
POLYI'TERIZATION OF TSOPRENE.

Ð(PEË.IMEI,IÎA.L PROCEDUBE.... .. ... o. . ... ... ¡.
DIVïDED CELL EIPERIMENTS.. c. c..........
DILATOMETER........ o t ¡ o.. r.....r.... o r.

BESULTS. t . . . .. . ! . . . r . . . . . r. . . . .. . . . . .. .. . .

ABSORPTION SPECTR/{ oÞ- LIVIIIIG POLYISO-
PBENEa o 4... .. r. r. c................. c r t.

ATTEIVIPT TC IUA]NTAIN CONSTANT LIVTNG
ANïON CONCEI\mAAIION.. r. ....... .. o.. r. r.
KÏNE'TTC STIJDY O¡' THE POLYfIERTAATTON....

DISCUSS]ON....r. r. r..,..........r.r.r....,

SUI\IMARY. . . . . . r . r . . . . .. . . . . . . . . . . .. . . . . . . . .

CONCLUSION.. ... o. ....... r.. o... ... r. .... o r

BEIEBENCES.. ..... o. .,... o. o...., r.... ......

r52

t5z

L54

r56

L56

161

t6?

l-75

180

181

18¿l



LTST OF FTGIIfiES

FIGUBE PAGE

1; PolymerJ.zatl-on cell... ..... .... r............. js
2. Ubbelohd.e vlscometêf ........ r..... o. o........ 39

3. Effeet of rron and_ off n passage of electrlc
current of 40 ma on polyner formatlon fora l+O volume peroent õf iretirylnethacrylate
1n d.lmethylformamld.e contalntng (Ctt3)4NC1 . l*3

ll. Formation of polymer as a functlon of lnsorl-
bed. current and. time for a 40 volume rrer_cent of _noeühylmethacrylate ln cllmethyl-
formamid.g............o.........r...c..... . I+l+

5. Logarlthnlc d.epend"ence of monomer concentra-tlons on tlne for a 40 volume pereent
solutlon at lnsorlbed. curuents.... .. .. . r.. U?

6. Polyner fornatlon at lnscrlbed ln1tlal mono-
mer conoentratlon ln d.imethylformamlde
aE L5 ma....o............................. 50

7. Logarlühmlc d.epend.ence at 15 ma and. lnscrlþedlnltial nonomer ooncentratlons. I o.. ... .... 5l
8. Llnear depend.ence of slopes of Flgurç 5 on

ühe square root of the current (Iã). o. ... . 53

9. Effeot of lnscrlbed reactlon üemperatures on
polynerlzati-orr rates... . o,..... .. ... ...... 5Iþ

10. Plot of 1og k versus + .................ir... 56

11. Effect of varlous lnserlbed" solvents orl
polymer yleld. at 5O mø.................... 5Z

12. Polymer formatlon at lnsorlbed_ lnltial
monomer conoentratlon 1n d.lmethyl aceta-
mld.e at a eurrent of lJ ma. Sleotro1Jlte,
(cHr)4Ncl . e... .............. . o..... o...... 59

L3. Hlgh vacuum apparatus..'..r.................. ?6

l&. Apparatus f or preparatlon of r\aal (c2n¡ 4..... Bo

xl



PAGEFTGIIRE

L5. Undivlded electrolyülc ceIl..... .. c r..... o... g4

16. Dlvld"ed electrolytic cgll ..o................c g6

!7. Absorptlon spectra of Ilving anlon solutionof alpha-methylstyrene after ?, 16 and"
22 mlnuËes eLeotrolysis aü 5 rrLá. Electro-
3'yüe, Nâ(c5H5)4n .... r..... o.............. 92

18. Absorpülon spectra of sorution after nnlxlngof anod.e a¡ed. cathode solutlons of FlgureI7 follovied by further electrolysls át a
current oî J ma for 16 ¡.lnutes............ g3

l-9. åbsorptlon specüra of 1lvlng anion solutlonof alpha-neühylstyrene after JJ, 60 and
75 mlnutes eleetrolysls. nfectrófyte,K.(C5H)I+B............o.,.................. . g5

20. Absorptlon speotrum of Ilvlng anlon solutionof alpha-methylstyrene after electrolyslsat 2.4 ma for ZO mlnutes. Electrolyüä
NaAJ-(C5H| 4..... .,... o........ o. r.... ..... 96

2I. Absorptlon ryectrun of llvlng polystyrene
formed- by llving alpha-methy1styrem.e.,... . g?

22. Absorþanoe lnerease of 1lvlng alpha-methyl-
styrene anlons as a fr,rnctlon of charge
üransferred.. . . . . . . . . . . . . . . .. .. .. . . . . .. . . . .

23. Plot of data shown ln Flgure ZZ after maklng
necessary lnd.uction perlod. correctlonsfor tota] ctmrge transferred.. o ..... .. .. ... I03

2l+. Absorbance lncrease of llvlng alpha-nethyl-
styrene anlons and lts absorbancê
d"ecrease on reversal of electrode nolar-
ltJlr elecürolfte, Na(C5H5)¿u8.. ....-... . r e r. IOj

Absorbance lncrease of llvlng alpha-meth.y1-
styrene anlon and. lts decrease on
reversal of,eI_ectrode polarlty. Electro-
lyte, lüaA1(CZHì4....... o. o...... c........

xl1

101

25.

106



FTGURE

26.

?7.

xl11
I ST OF FTGURES CO}ÏTTNTIED

PAGE

A.bsorbancé lnorease of 1lving alpha-methyl_
styrene anlon and lts absõrbance cleoreaseon reversaL of electrode pola-rlüy. El_ec_trolyüer K(c5,H5)48 ........................ l0?

Absorptance lncrease of llvtng alpha-methyl_
styrene ¡rrlons wlth tlme õf electrolyËlsaþ lnscrlbed. currents.................. r. È r ]tl

Pl-ot of slopes of Ïlgure Z? versus currents... l-l-,z

Llvlng a:alon formaülon of alpha-methylsüyrene
on. electrolysls and. lts sþontaneous d"êcaywlth tlme rn the presence of Ll (c5n)&8.-... i.rj

Absorptlon specEra, a, purple colored. sol_utlon
fgrmep. by electrolysls 1n the presence of
f 9+Hg)iriB(cel5)4' b, the electrorvsed. soru-
ELOxI gxpO$ed. tO ä^LT....c..c.¡r............. 11?

Apparatus used. to stud-y the deaotlvatlon ofllvlng anlons........ r... !.......... o.. r.., rl9
Deactivatlon of ll_ving anlons by tetrabutyl

ammonlum tetraphenyl boron.., r. r r........ ,. f.ZJ_

Absorptlon spectra of anlon solutlons ofalpha-phenylstyrene after electrolJrsls
at .3 ma for inserlbed tlmes. E1ecúrolyte,
wa ( C6H5 ) 48 . . . . O . r . . . . . r . . . . . ¡ . . . r . o . . . . . : . !23

Increa.se of absorbance (at 4?0 nu) of livlngalpha-phenylstyrene anlons i¡tith tlne ofelgctro]-ys1s... t......o.............. r.. r. e lZ5
Plots of Sp/C versus Co..r.................... l2g
i"loleeular welght d.istrlbutlon curve of -poly(alpha-nethylstyrene) forrned at -gOo-C lij.the presenee of Ll(C6d)&8..,.. ¡...........
I*lolecul-ar welght dlstrlbutlon curve of-poly(alpha-methylstyrene) formed at -gOob fir

130

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

the presence of itia (C5nr)¿18....... o..... r... 13r



FÏGqE

"Q

xlv
LÏS'T OF FIGUBES CONT]NUED

PÄGE

Pl-ot of cr;mulative irrelght percent (calculated.
from Flgure 36) versus cinaLn length of
polymer molecules.... r... ........ ... ¡..... l3Z

Ploü of cunulatlve welght percent (calouIated.
from FLg.37) versus chaln length of poly_
mer molecu1eSc..... c............. c.....-.. . ]-33

Absorptlon spectra Ln water, a, known saropleof phenolr_b, sample obtáined fron anaiy-
sLs of anolyt€............r..o.........-.. . Lj6

Absorptlon speetrurn of cyclohexane extractobtained from acld.ifled. aqueous solutiorl. . 13?

.A,bsorptlon spectrun of dlphenyl boronousr9ld, (C6FS) 2BOH, extrã.cteO" rn cyclòhexanea.r'fer washing the solutlon (Flgure 4I)wlth water...oc...........r.r........1.... I38
Absorptlon s_pectra ln cyclohexane, a, htovrn

sanple of biphenyl, b, sample óUtátnea
from ana-lysls of anolyte... o . .. . r ... .. r . r. l4O

Dlvld.ed- electrolytlc celt used to study
kineülcÊ.. .. .. i o . . . .. o ... . .. . o | | . . . .. . r. ..

Ðilatonreüer.......... o....... .... .. e..... o. oc.

Absorptlon spectra of Ìivlng polyisoprene
anlons. Electrolyte lil..a(C6il5) B ..-... r.....

39.

40,

41.

42.

II3.

Ll4..

l+5.

l+6.

42.

¿Þ8.

49.

L53

l-55

r57
Spontaneous d.ecrease of absorbance of llvlngpolylsoprene anlons aþ lnscribed. Èimesafter cessatlon of electrolysis...... o.. o. l5g
Absorptlon spectra of Iivlng polylsoprene

anlons. El-ectrolyte IüaAr (c2H5)4... .. . o .... L59

Increase of absorbance (aü 320 mu) of llvingpolylsoprerre anions wlth electrolysls
tlme a a a . a. . . . . . . a . . .. . a a . . . | . . . o a . a . a . . . a a 160



xv

IIST OF FIGUPÆS CONTINUED

FICLUBE 
PAGE

50. constancy of polyf-soprene anion popuraülon
by passage of trickle ouffent¡........... J.63 ,.,.,,,, 

.,,

5r. Polyurerlzat]"on rate at constant coneentra-tlon of Ilving end.s......r.o.......r..... f,6II

52. Ftrst-ord.er plots of the d.ata shown IaFlgure 51 .. o.. ..... o ..... r c r.. ... o....... l.65 :,,........,,,.

53. Poryrnerlzatron rate when llvlng end concen- 
'r "

traülon was not kept constañt.....o...... 16? ,,,;,,,,,¡ r;.:i

54. Polymer formatlon as a functlon of lnscribedcurrents and .bine for I .h6 tq isoprene ln
TIIF contalning .Ot1.Z5 I*l Na.A,I (C2n51þ. . . . . o. li69

55- rncrease_of applled" potential durlng courseof polymerlzatloÐ........o.....o....r..., LTO

56. Ftrst ord.er plots of the propagztlon reac-tlon at several lnscribed. cùrrents....... l?L
57. Poryner f ormaËlon at lnscribed. lnl-tlar mono-

mer concentraùlon wlth a current of J ma. l?3
58. Effect of stlrring on polymerlzatflon raüe

ln und.ivid.ed. cell... o.... r.... o.... ô o.. e o l?tl,
,:_:,:, ..,:r:1:1:,:1

::.-..... .

-:..::'.::.:,.-. 
t.:.

''---a:.,..:.



TABLE

1.

2,

3.

10.

11.

LTST OF IABLES

AbsorpËlon naxlma aÐ.d. characterlstic colors
of some llvlng pol-ynerlc anlorrs......r.

PAGE

2l

l+.

5.

Some physlcal properü1es of solvent a.nd'
mOnOmef at 259Ç.. o...o...... rt......... 33

45

48

t+g

Polymer formatlon (g per g sample) 14.
solutlons of neühylmethaorylate (40 vol.
percent ) ln d.inethylformamld-e saturated'
wftir (CHq)4NC1 a,t 25o1t.1..o...........')

Polymerlza?joÏf ai 5Q ma..... Ò..............

Polyner formatlon (g/g sa.mple) at 15 ma in
solutlons of methylmetlnaatyJ-aüe ln
d.lrnethylformamld.e s aturated wlth
(CH3)4NC1 at 25oc.................'.."

Polymer formatlorr ài 15 ma wlth varlous
saturated salt solutlons (1 g salt per
100 nI) contalnlng 40 volume percent
nonoilgr ln d.imethylformamlde'....... ...

Polymer formatlon ln the presence of var-
lous lnhlbltofS.......o.o.............c

Influence of solvent and. temperature on
molecular welghts of polymer formed- at
a current of 50 ma......o..c.........o.

Influence of lnltlal monomer concentratlon
on molecular welghts of polymer formed.
at a currerrt of 15 tâ... . c o... .. .. '....

Eleotrlcal efflclency of pol-ymer formatlon
1n solutions contalnlng 40 volume per-
cent mononer.. ..... .... ... .. r.. o....1. rl

Copolymer composltlon from 1:1 molar ratlo
of styrene and. methyl-methacrylafe
polymerlzed. ln varlous solvents af
CUffenË Of 15 Râ.. o.. ........... o .... '.

6o

6t+

66

6t

6z

6z

6.

7.

8.

9.

xv1



rAIILE

L2.

L3.

1&.

xvl1

LïST OF TABLES COIiTINUED-

PAGE

Change ln absorbance of living anion solu_tlon after electro1ysls.... ........ c..... gg

App11ed. potentlal requlred to maintaLn a
constanü current of 1.3 ma wlth d.lfferentelectrolytes....o.....t.o...........oo..o gg

ïncrease ln absorþance of living anlons asa funcüion of eleetrolysls Eime at !.3
ma wiüh d.lfferent electrolytes........... I0O

App1led. poüent1al essentlal to malntalnoonstant currgnts....o................... IOB

Increase of absorbance of llvlng anton solu-tlons as a function of electrolysls timefor several inpressed. currents.-.......... I0g
Ind.uction period.s observed. with d.ifferent

lmpressed. currents..... . o. .......... ..... ll0
Molar extlnctlon coefflclent of llvJ.ng anlonsolutlon of alpha-methylstyrene..I....... 11&

Yleld and molecular welght of poly (alpha_
methylsi;yrerxe) fornèa at --aooð tn irrepresence of Ll(C5It5)4P. Reacülon üime
3 hoursc.....o.....cr...........o......r. LZ6

Yleld. and. molecular welght of poly (a1pha_
methylstyrene) formed_ at --gOôC ln ühepresence of irla (C6H5) 4F . Reactlon tlme
2þ hours........o..r.......ro.....o...... LZ?

Ðecnease ln absorþance of polylsoprenyl
anlons a . . . . . . . a . . r . . . . . . . . . c . . a . . . . . . . r . a

Llvlng anlon concentratlon......... ¡.... ... e.
rnfluence of impressed" current on lnitlar rateof polymerlzatl or1....... o................ L?2

Polylsoprene microstrucüure and molecularweight... .. ... .......... r................ L?j

l-5.

L6.

!7.

18.

19,

20.

2]-.

22.

23.

2l+.

161

t66



CHAPTEB I

TNTBOÐUCTTON
,ô



PBEFACE

Electrolytlc technlques, d.eveloped ln the last few

years, Lrave provld.ed" a novel nethoil of lnltiatlng po]ymetl.za-

ülon whlch may proceed. vla anlonlc, catlonlc or free rad.lcaL

meohanlsms. The work, presenteô ln the thesls, ls llnlteil
to anlonlc polymerlzatlons slnce the prevlous studles mad.e

ln thls laboratory showecl ühat ühese proceed at much hlgher

eleotrlcal efflctencles and. are more sultable for programlng

anil control. The aln of the present researoh was to d-emon-

straüe þlnat polynerlzatl-on rates, molecular welghts anÖ

concentraülon of lnltlatlng specles oould. be controlled.

easlly by the electrolytlc teohnique.

In the flrst part of the theslsr sone aspects of

anlonlc polymerlzatl.ln have þeen cl-lsousseil and. a short revlew

of elecürolyt5.cally lnltlated anlonlc polynerlzaülon has

been presentecl-. The second chapter d.escrlbes anlonlc pol-y-

merj-zatlon of methyS- nethacrylate lnltlaüeil eleoürolytlcally
where polymer ohaln ternlnatlon occuruecl preventing the

formation of llvlng polyner. fn ühe thlrd chapüer, the

electrolytlc generatlon of llvlng polymerlo anlons where

chaln termlnatlon ls absent, has been cl,lscusgeaL. Here the

effects of anocle prod.uets and. electrolytes on llvlng anlons

have been also shown.

tr'lnally, ln ctrapter four an electrolytlc method. of

malnüalnlng a constant populatlon of growlng polynerf.o

anlons ls d.escrlbed..



INTROÐUCTTON

ANÏONTC AÐÐTIÏON POLUVIERIUATTOI{ WTTH
A IERIIÍINATTON

Generally most ad.d.1ü10n polynerlzaül0ns conslst of 
,,,,,,i,,,,,,

ühree lnportant baslc stepe, namely:

(1) An lnlülatlon process prod.uclng reaotlve centers from

whlch macromolecules are generated.. 
: :;:

(11) A propagatlon or growth process ln whlch monomerlc :, :.'

molecules consecutlvely ad.d, to the acttve oenters ,',:,,'

and. eventually yleld polymer.

(fff) ¡'fnally the reacülvlty of the growlng centers nay be

anr¡lhilatecl. This prooess 1s knol,¡:e as the termlna-

tlon of polymexlzatlon.

A1üernatively the aetlve oenter of a growlag ¡noleoule

rnay be transfemed to another specles. If the prod.uct of

ühls transfer reactlon ls sufflclently reacblve to conflnue

the ohaln reacülon, then lt is Isrown as a chaln üransfer 
,:.::i::.:

proceÊs. The reactlve centers whlch lnltlate the polymetLza- ,,.,.:,,, ,

tlon nay be any one of the followlng spectes: 1,,ì,.,,,,.,

'.. . ..' .:.:(a) free raillcals
(b) carbanlons

(c) carbonlun lons 
,ì,:,.,:l:,

(d) oo-ord.lnatton complexes (Zleg1er-Natta type) rr;;r':::'

Because the present research work 1s nalnly eoncert'ed.

wlth anlonlo processes, only anlonlc polymerlzatl.on w111 be
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d.lscussed. here.

Jtn anlonic lnltiatlon process may ocour ln two

lmporüant ways as represenüeÕ by equatlons (1) and- (2).

åt- É- * *í2 = rí:t-* BcHz - .ílt, A+ ........, (r)
E2 -B'z

Dfr
, B1 -F i.l

P * CH2 = G. --+ P', C"r- I e CHZ - l' ..... (Z)R2 Ba R2

v¡here R1 and. E2 are eIéotron wlthd.rawlng groups such as

-CI,tr, -ÛOZR, -C6HS or unsaturated. funotlonal groups such as

-CH = CH2 whloh wLl} stablllze a negatlve charge by reson-

ance or ind.uctJ.ve oharge distrlbutlon. tr- Ë- nay be a

cor,.a1enü or lonl-c metal amtd.e, alkoxlde, metal alkyl or

aryl or hydroxlde depending on the nature of ühe monoaer.

P represents an elecüron Eransfer reagent such as an alkall
meüal lrhlch may donate a¡r electron to the nonomer d.ouble

bond. resulülng ln the formatlon of an anlon-rad.1ca1. ThLs ,',

lon-rad.ieal process w111 be d.lsoussed., ln d"etall, later. :

,,,

A thlrd Èype of anlonlo lnlti.atlon whlch does not

involve a counter ion seems posslble,

RB,1 RRl
| / 'L I l*

R-NtCH2=$ B-N+-CH'-C-
t-\¡l
RR2BR2

Lewls Base
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A Lewls base 1s capable of formlng a neÌr¡ boncl by mea,:cs of
lts unshared. elecürons. However, ühls type of reacülve

center for the lnltlatlon of üæ polynerrzaíLon ls not yet

known. The ohaln growüh ln an anlonlc polymerlzatron
proceecls classlcally as follows:

Rr R1 Ra R2l* f' -lt' F"
€He - Ç-, A+ + CH2= c -ì .*cgz - Ç -c1z - ç-, A*

,-l -lol
R2 8.2 Rl 81

Here the polynerlzatLon of styrene by potasslr¡.n anld.e ln
llquldl ammonfa (1r2) can be glven as a speolflc example,

I0{He Ë d+NHe-.{.rr
NHe- + K- + CH2 = Ç NIIZCHZ : 1-, K*

c6H5 e6H5

HHt,l
NHz( cH2cHC5H5l,_ - CHZ - 1- , K- + CH2 = !

c6HS c6H5

H

NHz( crîìcÏc6H5)¡*¡cn 
'-+- 

, K*

c6H5

[he transfer of a proton ls a very common mod.e of termlna-

tlon ln anlonlc polymerlzatlons.

tl+
Me(CH2CHC5,Hlo-cu, - f- , K' * M3

c6H5

--à Mz( CH2CHC5H);CH29Hz36H5 + NH2-r K+
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Thls type of üernnlaatlon reactlon ln the metal amld.e lnlülated.

polymertzabÍ.on of methyl methaorylate was also suggested (3).

slmrrarly proton d.onatlng materlals such ag water, rnethanor 
,.,,,,;;;,.,:,,i,.

or acld. reactll.y lnhlblt the growth of anlonlc polynerl zatLon. :'::'t::"::)'

The posslble reactlon takes place as follows (¿+):

îirrfr
H2e + *CHz - ç- , A* A+ oH- + '{,tI, - CH

Ib¡.,'
B'z B'2 

, '- . .:.' :::

CH3OH +r.cn, - i- , A* te+OCU3 +.-'{,HZ - CH

B'z Bz

Und"er certaln cond.ltlons, üermlnatlon may also proceed.

through an lsomerlzaþIon reactlon of the earbanlon (5).

i
/c - ocH3 fH¡ 6{o. Ll+v-cl? ai Ll+ )*cgz- î 

-- v\'or Lt'

oH3 .H3

ïn the meühyl nethaarylate polymerlzatl'ora wlth fluorenyl
Llthlum at - 6OoC ln.toluene lt was proposed. tlnat cycLJ.za-

tlon of growlng chains causes the formatlon of low molecular

welght polyners (6r7). Termlnatlon or transfer reactlons

may also occur Lf the actLve end.s of polymer chalns und.ergo

an lrreverslble reaotion wlth solvenü or monomer.

flr fr
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E TECTROLY'TICA],LY TNTT IATED ANI ONT.C P.OL$'JIERT ZATI ON

The basle cllfferences among the varlous lnltlators
.t... r---'t:.,', ttt,'tt, twhlch lnd.uce polymerlza:LLor-, elüher by a free rad-lca1 , t|,\;;,;:,:;,:;.:,:;;'.;.:;;

anlonlc or oatlonlc meohalllsm, lle 1n thelr eleotronlc

configuratl.ons. Therefore, lt appears, àt least ln prlnclple,

þinat a relatlvely slnp1e way to generate then nay be by an , , . ,.,.
.;-: ::: 

t.t:; :.:t': :-::_:

electron tra,rrsfer from an elecËrod.e. The cathod.e oan serve 
,,:,,,:;,,,.:;,,;;:;,,,;,;,,,,),,,;,;,,:;,;

as an elecËron donor urhereas the anod.e acts as an electron

aoceptor. Thls method. offers an easy way to control forna-

tlon of ühe lnltlatlng specles and consequenùIy ühe poJ-ymer-

Izaþjron raüe. Reoently, therefore, the polynerlzatlon by

electrochenleal mean$ has aroused. conslðerable lnteresf.
A þrlef revlew of elecüro1ytloally lnltlateÖ anlonlc polymer-

Lzatlon w1II be presenfed.

A study of the electrolytlo reactLons of organlc

conpounds began soon afber the d.lsoovery of the elecürolysls : :::::r,,;-,:., ,;

of water by NlchoLson et al ln 1800. By 183& Faraðay hacl 
; ':r:r'::r:'::"':':'1:rl

.,,. ' 1:.:r.'¡-".1."..'1'

reallzecl the lnportance of uslng electrlo current to oarry 'r':'." 1::''''¡;";'

out synthesls or degrad.atlon of compound.s. Thls method. was

not usecl ln synthesls t¡ntll after J,84?, when Kolþe cllscoverecL

tinalþ al-lphatlc lryd.rooarboas coulcl be prepared' by the electro- '', ", "

lysls of the salt of allphatic aoLcts. The fleld. has expanded.

greatly slnce EWat tlne and. lt is now posslble to carr¡i' out

synthesls by electrolytlc reductlon, oxlflatlon, cathodle



7

coupllng, anod.lc ooupllng, substltutlon, porymerl zatLoa eüc.

Although the maJorlty of lnvestlgatlons have been

confllled. to free rad.lcal porymerl zatrons a slgnlf icant num-

ber of reporüs of anlonlc polymerl.zaLlon by erectrochenloal
mearlg have appearect recently. The flrst a4lonlc polymerlza-

tlon lnltlateil elecüroIytlcalJ-y was reporteil by Tang,

MoEr¡en and. Krelnberg rn L957 (8). A pyrld.lne solutlon of
Nar and. styrene was electrorysed. wlth magneslun erectrodes.
Polymers formed. hacl a nolecurar werght of l8r000. The

J.nlülatlon prooess was belleved. to be a d.lrect erectron
transfer to the monomer. In 196I, Flurphy a^nd co-workers (9)

observed polymer for¡natlon durlng porarographlc stud.les of
acrylonltnlle ln anhydrous d.lnethyl-formamlcle. They suggested.

that the lnitlaü1ng oarbanlon forned. at the cathod"e 1,s

cif.z - c--ON. Thls specles ls also consld.ered. üo parttclpate
Ln chaln transfer d.urlng the conventlonar anlonlc po].ymerf.za-

ülon of the monomer (I0).
In l-960, 1o a brlef note, Bretüenbaeh and. hls oo-'.nrorkers

(1r) reported, ühe polymerization of acryronttrlre ln anhy-

drous d.lnethyl-formanld.e uslng quaüernary ammonlum saLts as

electroryües. Breltenþaoh flrst suggesteo that cathod.lc

illscharge of a quarternary ammonlum lon glves rlse to a free-
raÖloa1 lnlülator anÖ the polymerlzaþLon mechanlsm lnvo1ved.

the f ollowlng steps:



I
R4N+ + ã R¿lN'

B4N' -l R3N + B'

R. + MâRM'

,'..,.;,'i',¡:..,.',
slnce the tetra alkylamnonlum lon is dlscharged at a much

more negative cathode potentlal (cathode, -2.5 versu.s saturated
ca1ome1e1ectrode)þhan1srequ1redfore}ectronuptakeby

' ... , .: -

acrylonlürile (caühod.e -1.9 v) lt is unl-tkely that d.lscharge ',",",;
of ühts type of catlon ls lnvolved ln the porynerlzatron ,, ,, ,

process. rn a note tn. Lg62 (l.2), Breltenbach published. data

on the copolynerlzatlon of acrylonltrlle i¡ilth methyl metha-

crylate. The v¡ork showed. þlnat the composltlons of the

polymers formed. corresponded. to an anlonic mechanism, and the

reactlon d"1Õ noü involve free radlcal lnit1atlon. However,

Breltenbach courd. noù ldentify the carbanlon 1n questlon.

He also lnvestlgated the polymer formatlon wlth dlfferent
currents. The rate of porymerizatlon showed" a pronounced.

d.ependenoe on the presence of very small amounts of water .,,,i1,..,,.,,,
.

1n the medlum, and consequently a poor reprod,uclblllty of 
,,1r,,.¡:,.:.,.,
:.-.-1,i.1 : ::'

the d"ata was observed-. No porymerlzatron occurred wlth a
current below 1 ma. It was assumed" that ln ühis system

1 ma was used up by a non-lnitla.tlng elecürod.e process such

as the elecürolysls of water. Honever, hlgh current eff lc- :'.' 
-i':'-.:"'':.'

lencles were found because 80 to 400 moles of the raonomer

ü¡ere polymerlzed per electrochemicaL equlvalent.
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Tn l)61V, Funt and. I¡Il1llans (13) publlshed" ln detall
the po3-ymerlzatlon of acrylonltrlle ln d.lmethylformanlde

uslng NaN03 as elecürolyte. The resultlng polyner was

ye}low. They lnvestigated the rate of polyrnerf.zatf.on wlth

several ourrentñ ranglng from l- to L25 ma aniL for,¡nd ühaü

the rate of polyner formatlon. was flrst order wlth respect

to lmpressed. curuent enct monomer oonoentratlon. The nole-

cular welghts of the resultant polymer ürere essenülaIIy

lnd-epend.ent of the lmpressed. curcent a.nd of the rnorromer

concentratlon. The current efflolencles were extrenely

hlgh, aniL rangeð to over J polymer molecul-es forued per

electron transferreÕ at the electrode. Thls vüas attrlbuted

to chaln bransfer to the monoßer. The authors also lnvestl-
gated. the nature of the clrain lnltlating süep by polarographlo

measurements, whloh revealed that chaln ln1tlatlon proeeed.s

vla d.ireot el-ectron'addltlon to the d.ouble bond. of the nono-

mer. .& close eorrelatlon between the tend.ency to form

anionlc polymer ancL the pola-rographlc potenülal was 1nd.1-

oated.. A reaetlon soheme was proposeil r¡Ihlah fltted all ühe

erqger tmental flnd.f-ngs .

In the same year elecüro1ytl,calIy lnltLated anlonlc

polynerJ- zat,1on of acryJ-onitrile was also reportecl by lazatov

and hls co-v¡orkerg (t4¡. Funt and. Laurent (15) lnvestlgated

the polymerlzatlon of styrene uslng alkall metal nltrates

.. -':
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as electrolytes ln dlmethyl-formamld.e. Potasslum nltrate
was found. to be superlor to rubldlurr and- caeslun nltrate
as arr electrolÍüe, whlle no polyner vüas obtalneil v¡lth

1lthlum or sodlun nltrate. No plauslble e:qplanatlon was

offered" for the superlorlty of KNO3 to other alkall netal

nttrate sa1ts.

The poly¡aerf-za"El-on of styrene wlth alkall metal salt s

dld not clarlfy whether the lnltlatlon prooeeds through a

cllrect electron transfer from the cathod.e or d.eposlüed.

metals on the el-ectroðes. Therefore, to resolve thls annblg-

uf.ty Funt and. Bhaclaï.1(16) stud.led. the polymerLzatlon of the

nononer ln anhyd.rous d.1meËhy1*f'ornanide wlth quaternary

ammonlu¡n salts, thus avof.d.lng the posslble d.eposltLon of

aotlve metals. They ol¡tained. snooth ki-netlc curves for the

formatlon of polystyrs¡e at several currents and lnitlal
monomer concentratlons. Atl analysls of the klnetlo d.ata

showeil that the rate of polymer formatlon Is. flrst order

wlth respecü to the lnltla1 monomer ooncentratlon and. the

lmpressed. ourrent. The hlgh electrlcal efflclencles and.

molecular welghts obtalned. ln thls work, conürast sharply

wlth prevlous fru.ltless attenpts at electrochemloal poly-

merizatlon of thls monomer.

The polymer formed" excluslvely at the cathod.e. The

fact t}raþ the polynertzatToa proceedeô ln ühe presenoe of

free ra.d.lcal lnhlbltors and. oeased" ln the presezlce of water
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and methanol, suggests that lnltlatlon occurs through a

carbanlon formecl at the cathod.e slnce proton donatlng mat-

erlals destroy earbanlons ln contrast üo thelr relatlve 
,, ,,,

lnertness üo free radlcaIs. However, the resuLts of oopoly-

rnerlzatlon of thls monomer wlth meühyl methacrylate are not

compatlble wlth those of a purely anlonlc polynerlzatlon.
t_':.

Aooord.lng to establlshed d.ata f or an equfuûolar mlxture of ,.,,..

thls nonomer palr purely anlonlc copolymerlzaÞlon lncorpor- ,. ,,

ates less than one percent styrene tr: copolyner whll-e

purely rad.lcal copolymerlzatlon glves 50 percent styrene

(1?). In repllcate tracer experlmenüs wlüh cl&-taggea

styrene lt v'ras found. ühat the lnltlal copolymer contalned

J6 percent styrene. The experlments were repeated. wlth
üagged" rnethyl methacrylate ln order to ellmlnate ariy systema-

tic error ln analysls, but the d"ata showed 64 percenü by

welght of methyL metliacrylate, thus subsüantlatlng the pre-

vlous results. It was suggesüed" that the eleotrolysls of ,,',,..

the reactlon mlxture nlght lnvolve some unknor,cn phenonenon 
,,,,,:,

that affected, the course of the copolymerlzatlon '''

There ls good. reason to þelieve that the polymerl-za-

tlon ls not lnltlateÖ by the chlorld-e ion of the salt because 
,,,1,,_;

the polymer forms sole1y at the cathocle and. polymer ylelcls : i

and. moleoular welghts are lndepend"ent of the a.nlons of the

salt.
Tn L965 tuIzer ancL And.erson (18r19) reported the
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polyüerlz,àtf-or: of acrylonltrlle by a,n electrotyülc nneËhod..

The polynerJ-zatlon und-er cond-ltlons of constant electrod,e

potentlal was stud.leil. In thelr flrsü paper the authors

reported tlnat polyacrylonlürlle sras forned. as a byproduct

d-urlng the eLectrolyblc red.uctive coupltng of 8r8-d.lphenyl-

benzofulvene with acrylonltrlle. The catholyte contalned-

dlnethylformanlde a.nd. üetraethylanmonlun p-toIü€$ê-

sulphonate. In ord"er to nalnùaln horoogenelty, a sma1l

amount of r¡rater was ad.deil to the catholyte. It was founcl

that polymerizatTon was not lnhlblted by a free racllca1

lnhlbltor, arid was not lnltlated in ühe absenoe of electrlc
current. [he authors, therefore, suggested an anlonlc

mechanism for the lnltiatlon process. Otatlng to the low

concentraiion of waüer, polymerlzatlon was not conpletely

üerminated.. The polymers were llght to d.ark yellow solld.s

havlng mrmber average molecular welghts ln the range of 6OO-

1300,

In a. later paper, they publlshed. the effects of

reactlon pa,rameters such as concentration of water, current

denslty, and. solvent. Iü was observed" that polymer forma-

tlon 1s very sensltlve to small qua.ntitles of water ln the

catholyte and. that polymerlzaLf.on d.oes not proeeed ln
aceüonltrile.
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Thus far we have been d.lscusslng polynerlzatlon where

the termlnatlon reaction ls rlnavolöable. However, und"er

sulüable e:perlmenüal cond.ltlons 1t ls posslble to e1lm1n-

ate the termlnatlon or transfer process ln sone systens, notabl.y

ln,,anlonlc polynerlzatlon. In such sysüems, growlng polyner

nolecules retaln the ablllüy to contlnue ühe polymerlzatlon

lf ad"dlülonal nonomer ls suppllect. Therefore, ln contrast

to dead. polymorlc moleoules they nay be regarded ao rrllvlngrl

polynersr âs terned. by Szwarc (ZQrZl). However, a living
polyner cloes not grow lnd.eflnitely nor cloes lüs molecular

wei.ghü become lnflnite slnce ln every sysüem there ls a flnlüe
amount of monomer avallable for polymerlzaËlon. Also the

excluslon of spontaaeous termlnatlon cloes not mear. lmmortallty.
There are reagents whlch oonvert a }lvlng polyner lnüo an

unreaatlve d.eacL molety. Treatment of 1lvlng polymers wlüh

such reagents represents, therefore, a rrkllllng processtr.

The d.lfference between normal sponüaneous üermlnatlon anil

ilklIllngrr Iles ln the unavoldable character of the former

polymer reactlon, whereas the latüer takes place at a tlme

chosen by ühe experlnenter, and nay be achteved" by a reagent

ad"opüed to suiü hls neecls. [he mecha¡elsms of varlous nethod.s

of fornatlon of llvlng polyners, thelr propertles and" lmporü-
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ance w111 be dlscussed..

The general method.s of lnltLatton of such polymerlza-

tlon faII lnto two main categorles:
, -,,.ìl:i,,.l:ì1

(1) InlÈtatlon by electron transfer from a sultable

eleoÈron donor to a nononer.

(11) tnlÈlatlon by alka}l inetal a1kyls of whLch the 
:;,.t,,.,: ,.:

most coßnon probably are ethyl and. n-butyl '"' 
'

l1ühlum. These lnltlators generally lnvolve ,

oomplex lnltiation prooesses (2?,123 r}l*) . Slnce

the present work is malnly concerned wlth ühe

electron transfer proce$s for the formation of

ltvlng polyüers this process only w111 be

discussed here.

Alkalt metals anû. complexes such as sodlum naphthalene,

sodiun blphenyl etc.,, are regarded as the best homogeneous

elecüron transfer lnltlators. The solvents most commonly i
.l

used. are ebhers such as tetrah¡'d-rofi¡ran (fHn¡ or d"loxane, or ',,' , ,:

hydroca.rbons such as benzene or hexane. The reactlon ls ',,,,',;,,
.::,,¡,,',:,;.1.: l.: :;

carrled" ouÈ uncer hlgh vacuuaö The cornplete absence of

molsture, and" oüher aðventltlous impurltles 1s of paramount

*,rportance for the for¡aa.tlon of llvlng polyrners

The early llving polymerlzaLlan work was malnly con-

cerned lcJ-th t'he sodtun naphthalene complex. In ir936, ScotÈ

f,?5\ flrst prepared a greerx solutlon of such a comtrllex by

ad.dlng sodlum to a solution of, naphthalene i-n dimethoxy

ethane, He achleved some Ëuccess 1n polymerizlng !r2-
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d.lhyd.ronaphthalene wlth thls green solutlon, and. assumed"

that ükrls oomplex was composed. of the naphthalene d.lsod.lu-m

ad.d.uct C1gHgNa2. Howevetr, the true nature of the coraplex

was laüer revealed by !*lelssman, PauI and. Llpktn Qe¡ to be

arL lon radlcal of the type:

(only one of many posslble resonanoe terms ls shorvn)

Szwarc anö hls assoclates (2J-r27) flrst extensively

süud.led. the system sodlum-naphthalene styrene ln tetrahyd.ro-

furan at 0o to -?8oC. rotrhen the norlomer was mlxed wlüh the

green colored. sod"lum-naphühalene oomplex, the red, color of

the styryl carbanLon appeared.. At 100 percent oonverslon

the mol-ecular welght of t he polymer was caÍculated. from

the followlng expression:

ivrol.wt.=ffi
Thls relatlonshlp has also been vertfled by Leese (Ze¡ work-

lng with a. sodlum naphthalene-styrene system. The observed

molecular welghü of tbe polymer was ln exceLlenü agreement

v¡lth that caloul-ated. Thls proves that tr.¡o sodlum atoms

are involved rrrlth eaoh growlng chaln. Termlnatlon ls

essentially absenü as evldenced by the perslstence of the
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reil color ancl by the fact E]nat, lf more styrene ls ad.ded.,

poJ-ymerlzatron w111 eontlnue. Therefore, f.t.ls clear that
such a sysüem ls noü propagatlng by a free rad.lcal mechaalsn

because rad.lcals v¡ould. comblne read.lry and thls wourd

eventually cause polynerlzatlon to cease. Szwaro suggested.

the followlng meohanlsr¡ for ühe lniülaülon process:

Na+

* cg,z = cH( c6Hì 
--l

f dnr-ôHrc'Hs¡ ** ônr-c-H(c5n5)

radlcal anlon

zðHr-dH{ c6lil -+ -cn(c5ng - clz - cHz-EH (c5H5)

d.lnerlo d.lanlon

dn{c5u¡ -cirr-cn z--c:f.(c6ïì + zn cH2 = cH(c5H5)

T*b - cu(c6rr5) - crz - c:nz - cH (c5a) (ML

lÍ is nonorner unlt.
ldhen all the nonomer ls oonsumed. carþanlon end.s remaln actlve 

,.,.,,,iprovld.eil exürene care ls taken to avold. aclvantlülous lmpurlüles.

In a more general form he propcsed. the followlng
lnltiatlon mechanlsm (2) r3O):

æ

oo
æ



Electron-d.onor + monomer

€.8. r

Na + CHz = cH(c6H5) +

t7

-) nononer (rad.1ca1-an1on)

*.'r"'

Lrtr,

- CHC5H5

o

d.lanlon 2

(1)

- cH (c5n,

Ivlonomer

€.8. r

+ monomer d"lmerlc

(11¡

Na+ --+ Na+, c-H (c 
5n ,) -cnr-cH z-dn(c 6n5 ) , Na+zcnz - d¡r( c6H5) t

Mononer- + monomer -+ d.imerLc raÖlcal-anlon-
9.8. r
a-
CHz - CH(C6H5), Na* + CHz = CH(C6H5) 

-->
__+
Nâ' , cH(c6H5) - c:Hz - cHz - cH( c6íj,)

The d.lnerlo specles lnttlates the conventlonal propagatlon
chaln of the polymerLzatlon, the growth taklng prace essen-

tlalIy on the oarbanlon. The rad.lcaI end.s, lf formed. by

reactlon (1tl) atsappear either througYL a nutual lnteraction
(comþlnatlon or dlsproportlonatlon) or through another

erecüron transfer process, whlch converts a radlcal end lnto
a carbanlon. However, arly lnltlatlon process whlch glves
rlse to a relatlvely hlgh concentratlon of radlcar lonsr €.g.
honogeneous lnltiatlon by sod.lun naphùhalener Éâr favor
mechanLsm (11), the fornaülon of a cH.carbanlon. On the other

(1r1)
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band, slow heüerogeneous lnltlatlon by alkall roetal nlrrors,

espeolally lf carrled. out at hf.gh ooncentratlons of the

¡rononer, favours mechanlsm (111), wlüh the formatloa of

d.lnerlo radlcal lons. Thls type of specles ls capabLe of

contLnuLng lts growth lu both d.lrecülons.

Szwarc anÖ Levy (30) lnvestlgated. the polymerlzaülon

uslng eleotroa spln resonance (ESB) technlques. They observe€l

that Ilvlng polystyrene, lnltlaüeÖ by ühe sod.lun or potasslum

salt of alpÏra-nethylstyrene tetramer, gave no ESR slgnal and.

was, therefore, strlotly anlonlc. Sodlum-naphühalene

laltlated polystyrene gave an ESR slgnal whLcL¡, was founcl üo

be d.ue to unreacted lnltl-ator. Socllu¡n-blphenyl was found to

be more reactLve than the naphühalene ancL anthracene lotr-

raötoals. Therefore, some step of ühe lnltlatlon was slow

ln conparlson to an eleeüron transfer prooess ar¡d had. an

energy of aotlvatloa hlgher than that for propagatjon. The

authors postulated. thaü ühe d.lmerlzatlon of rad.loa1 lolrg

a,nd. the ad"d.lblon of the flrsþ Éolromer unlt to the rad.loa1 lons

were lnvolveil ln the slow step. They lnterpreted thelr flnd.-

lngs or¡ the followlng basls:

(polyner)r, =} (polyner)n-l * H, fref ( rapld.ly establ-l ehed.
equlllbrlurn)

croHã+mËCtoHg*s-rKez (rap löly estaþllshed. equt-
llbrlum)

reaatlon)2l.I- -PI - $-, kz (a srow
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lhe above nechanlsn led" to:

-L
ljfoug . /croFa \'dr = kz (Ker Kezt (. *% )

whloh ls conpatlble wlth e:cperlnental f 1nd.Lngs. RecentlÍr

a comprehenslve d"lscusslon of quanültatlve stuclles on the

elemenüary reaotlons ln electron transfer lnltlatlons was

glven by Szr,rrarc (29) .

Every Ilving polymer or anlon prod.uoeÖ from a sultable

monomer and. inltlator has lts ovrn characËerlstle oolor and

also shows a alnaracterlstlo uIüravlolet absorptlon specfrum.

The absorptlon can be attrlbuted. to the rea.otlve llvlng
enÖs on the polyner chalns. Once the reactlvlty ls lost by

ternlnatlon ühe solutlon becomes colorless. Szwara, Bywater

and. thelr assoclates (3f) measured. the spectra of soluüions

of 1lvlng polysüyrene and. llvlng poly ( alpha-metbylstyrene)

formecl ln THF conËalnlng sod.lun naphthalene, sodlum blphenyJ-,

sod.lun phenanthrene ancl netalllc sod.lum as electron donors.

In each case, they found. the absorptlon speetrun to possess

a slngLe peak at 3t+O m¡ for llvlng polystyrene and. at 350 nP

for poly (alpha-¡aethylstyrene ) .

l,Ihlle poly(alplra-nethylstyrene) solutlons ürere found.

to be very stable, lt was observed. El:at llvlng polystyreirc sol-

utlons ln THF, on standing for a perlod. oî a few daysr gave

a d.lfferent ultravlolet spectrr.m than lnltLally. The lnitlal
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340 n¡l peak decreased. wlth ülme and a new peak appeared. la
th'e 5t+5 rn¡r reglon, together rortth a weaker one at llz0-4l+o

q¡¡. They reporüed. thaü oa ad.dltlon of further anounts of
styrene to thls soLutlon no polyuerlzaül.on oecurred.. It
ls þelleved ühat thls ls d.ue to some lrreverslble lsomerlza-

tlon of the llvlng polystyrene anlons geu.eratlng new and.

süable lons whlch are not oapable of tnltlatln€ polyuerlza-

tlon of the Bonoter. The rapld- lsomerlzatlon of llvlng
polylsoprene 1n IHF was a]so noted. by Bywater g[ al (32)

Becently, Ladackl (331 ehowed tha.t l1vlng a3.pha-

nethyl-styrene pnlon netalned. Lüs vlvld. red" color andl

reactf.vlty for a perlod. of ? yeF.rs. In contraot, the agecl

Na-naphthal-ene sanple fal-led üo lnltlate the polymerlzatlon.

Thls ls Oue to the converslon of Na-naphtha.lene lnüo ðlhyÖro-

naphthalene, which ls r¡¡rable üo lnltl-ate polymerlzatlon.

The oharacterlstlo colors and. absorpülon maxlma of some

lnportant llvlng oarbealons J.n 'IHF are sunmarlzeGl. ln ÍFabl,e l.
The lack of sponüaneous termlratlon ln llvlng poly-

mers has úanry lnportant ranlftcaülons, nanely,

(1) It grea.tly slurpllf les studj.es of polymerlzation klnetlos.
(11) It perrclt.s Lnvestlgatlon of the ühernodynanlcs of

pslynerlzatlon processes.

(111) It offers neühods of syntheslslng several lnportanü

klnd.s of polymers. Eacb of ühese wlll be d.lscuseed

brlefly.
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IABLE 1. Absorptlon maxlma and
colors of some Ilving

cLtataater f. stl o
polymerlc anLons.

$onomer ton Color Inlüla1 lsomerlzed renoe

max- rllu
Flrst Befe-Counter

K Orange 3t+6
red.

Na

Ll n 338

K Yellow 318

n J00

Styrene
n

R

Isoprene

tl

tl

Butad.rene

n

Alpha-nethyl-
sfyrene

Alpha-phenyl-
styrene

MethyL
nethaorylate

3z

n

Ë

3go 'l

?<n ll
JJV

( tnarsttnot )

tt

ll

tl

3tþ

29

35

Brown
red.

Na

NA

L1

L1

K

L1

fl

tl

tl

Red

?,8?

3l-2

288

3t+o

t+7o

335

385
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( 1) Klnetl-cs

The l-lvlng polymer ca.n be prepared at the deslrecl

concentratlon and. thereafter, mixed. with the nonomer. The

progresslon of the ensulng reactlon rnay be followed by any

sultable üechnlque. Slnce ternlnablon 1s el1mina.ted., the

polymerlzaþlon 1s firsü ord.er wlth respeot to monomer,

the concentratlon M¿ of whlch Is given b)' the usual equatlon:

Ht = lfe exp (kp [tEJ t)
where kp ls the absoluüe raüe constant of propagatlon, ItE]
the concentratlon of livlng end.s and ile the lnltlal monomer

concentraËlon. The method. permlts, therefore, a d-lrect

d"eterminatlon of the absolute rate constanü of propagztíon

(36137r38r39). However, ühe sltuatlon ls not quite so

slmple because lt ls found. tnat a decrease ln fLE] concen-

tratlon ln THF oauses ar. lncrease ln kn. Therefore, lt ls
postulaüed ühat the inorease of kn on d,llu'bion may arise

fro¡n the 1onlc dlssoclatlon of llvlng lon palrs accordlng

to:

^/\reg- , N"* /ì/\rvs- * Na*

Lf a free lon propagates much faster than 1üs ion palr.
,t,^,-$ denotes llvlng polymerla chain. Thls mea¡es that the

observed- propagation rate constant ls a conposÍte (40r&1),

1.€.r
kp = (l-x)kp(t) + x knl-¡ for fracËlon x of 11rr-

lng polymers d.lssoc1ated. inüo lons. The pred.l.ctlon of the exlstence
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of the lon paf.r and the free lon ln Ilving polymer sol-uülons

has been proved. true by the followlng facts:

(a) The solutlons show electrloal conÖuotlvlty whloh lncreases

wlth lncrease ln the dle1ecürlc oonstant of the ned"lum andl

cleerease of temperature, lnd.lcatlng an lnorease of lonlo

d.lssoclatlon (l+2, l+3, 44).

(b) rf 5t_l
sod.ium salt r €.g. , Nr*(C6H5),nB-

d.epresslng the cLegree of lonlo d,lssoclatlon ofazg-rN"*,

accordLng to the mass lav¡. Thls trrostula-tlon has been

praotloally conflrmed (40rtl,l r43). Furthermorer a

sufflclently htgb concentratlon of the salt üay cause

the formatlon of trlple lons €.8.r
-l- J- )- LÞS, Na' + Na' + Nê', *S, NA

or

e(crHr)4, N.* + E( e,6HS)4-+ E{c5ur)þ,Na+ ,Élc5nr\ 4 (11)

If Na+ lons assoalate more strongly þlnan trlCrnt)4 lons, the

concentratlon of Na+ may beoone lor^rer than ln the orlglnal
n,.þ'r¡Ja+ so1utlon, Consequently a trlple lon fornatlon

lncreases ("-,S-) which ln üurn, enhanoes kn. Uncler such

cond.ltlons one expects tlnat kn as a functlon of the borld.e

concentratlon màYt therefore, pass through a mlnlmum, and"

then lncrease. A sufflclently coneentrated. solutlon of

of a hlgh1y lonLsecl

should. clecrease kp bY

(1)



2t+

*S-rNa+ nay produce a slmllar effect on kp. The elrperl-

nerrtal results are in accord-anee wlth the aforesald. postu-
: i:j.:_ì:

late s.

(o) The propagatlon reactlon proceed.s vla the free anlon and. the

lon palrr so caIIed. two state polymerization., wlth two

d,ifferent rate consüantÊ kp(-) *d kp(t). In vlew of thls

one would erpecü thaü the moleeular welght dlstrlþuflons

should. show a remarkable and. charaoterlstlc devlatlon

fron a Polsson d-lstrlbutlon, even lf a rapld exchange

between two d.lfferent growlng oenters exlsts. Thls

devlaülon üiay be avold^ed. by addltlon of the requlred.

amounü of etectrolyte whlch cinnges the two-state

polymerlzatlon Lnto a one-state polymerlzatlon. The

experlmental results are conpatlble wlth thls assumptf.on

(Lþ5,46 rt+?) .

(d) 0n the basls of the eoncept of the free anlon and. lon

palr Szwarc (43) d.erlved the followlng e4)reÊslon for

the anlonlc polymerf'zatlon of styrene ln TIIF:

Bate of propagatlon
[styrene ] EIÆ l

= kp(t) * t;ånn(-) tr,Ëfå

the d.lssoclatlon oonstanf
J-

vstLEl-ã should. be llnear
where

A plot
Kp 1s

ofh
of the lon palr.
wlth a slope of

Incleecl, such akp(-) 4o and an lnteroePt of kn(t).
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ploü results ln a stralght llne (43) and, therefore,

1ü substantlates the erylanatlon for the varlatlon
of lcn wlth llving end. concentration.

For the polymerlzaËJon of styrene ln THF at 25oC,

Szwarc g! al (43t found. ht-lto be 65000 l1tres/mo1.see,

whereas propagatl.on rate constants kplt¡ of 1on palrs possess-

lng L1+, N"*, Rb+ and. cs* counter lons were 160, 80, 6Q,

J0 and 22 lj-tres/nol.Eiec. Fêspeetlvely. The cLlssoclatlon

oonstanü of ühe *S-, Na+ lon palr was found" to be L.5 x 1O-7

noles/Iltre, whloh ls ln good. agreenent wlth thaü obtalned.

by blorsfolcl et aI ("21 . Hostalka and Schulz (&B) obtalned.

a value of 1301100 l-|þre/mo1.sec. for kp(-¡ and 0.ll x IO-7

molesr/Iltre for Kp of the^,.,rs-rNa*. These d.lfferenees bet-

ween the two sets of resuLts are presunably d.ue to d.lfferent

experlmental cond.ltlons employed. by the authors.

On the basls of experfuqental results Szwarc showed.

tlnaþ anong the varlous alkall metal counter lons ühe most

reaotlve and most exü.e¡rslvely cllssoolaüeô 1s¡-S-rl,l*. The

reactlvlty and" the ölssoelatlon constants are ln the order

Ll+zNa+> K+> Rb+>Cs*,o ïn d.loxane (t+g) he found. that übe

#One end. or both end.s actlve 1lvlng polyners may be prepared,
ê.g. e^.g-rÇs* and. Cs*, S-.æ.¡-S-Cg+ are referrecl ag one end.ecl and.
twõ-end"eá polymers réspectlvely. For one ended*S-rCs*, dlssoc-
latlon constairt obtained" fron the conductlvf.üy ancL klnetlcs data
ls the same whereas thls ls not the case wlth tv¡o end.ecl polymer.
fhls d.lfference ls discussed thoroughly ln the orlglnal paper
(431 .
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observed. rate consüa¡xt Ls lnd.epeadénü of the concentratlon

of Ilvlng end.sr Fnd oond.uctivlty ¡neasurenents ð1ð not reyeal

the preseuoe of free lons. Henoe, ltt üh1s solvent only loa

palrs propagate polynerlzatlon. In oonürast üo resuLts

found. f.n [IIF, the reaoülvitles of the lon palrs lncreaseð

along the serles cs+> Bb+> K+> Na+> Ll+ ln dloxane.

These nesults have þeen atürlbuted. to the lnfluenoe

of the cLleleetrlc oonstanü of the medJ.um, ancl speclfle effecfs

of the solvent, âs well as oounter lons. As hag been founcl

fro¡n oond.uotlvlty neasì¡retents, ühe apparenü radll of the

lon Lncreases from Cs+ to Ll+ üue üo solvatlon whlah also

lncreases ln thls ord.er. Slnce the lonl"c d.Lssoalatlon

oonsta¡¡ts of the polysüyryt salts are smaller than those of

the üetraphenylborons, Szwarc consld"ers polystyryl salts to
form lnül¡¡ate lon palrs. ThuE the actual- oarbon-alkaIl metal

d.lstance ln the lonlo bond. ls probably greatest for Cs* andl

smallest for L1+. The loa palrs are eolvated ln Èhe sase of

ühe llghter alkall netal salüs, but possibly less 8o aoross

the serles to the caeslun sal-t, whloh appears to be ur¡solvated..

Unðer suoh conclltlons ühe d.rlvlng foroe or the extra solvafJ.on

erlergy of the free oatlon causes the d.lssoclatlon of the

polystyryl l-lthlun to be the hlghest of ühe serf.es anÖ tttat of

polystyryl caeslun to be the lowest. Thls hlgher dlssoolatlon

constant of poLystyryl }lthlun, ln TIIF, lnoreases ühe oarbanlon

concentratlon whlch, ln turn, enhances the rate of the reactl.on.

: a"..- :-.-,-: : : a_-
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Thls slÈuatlon ls qulte clifferent wlth dloxane

as solvent. Unllke THF lt seems that d-loxane cloes nof help

ln separatlng the lons 1n the translÙlon state, ancl thus, the

reactlvlty of the lon palr ls deternJ.ned. by the coul-omblc

blnd.ing energy of the palr. Therefore, the s¡0a11 and. strongly

bond.ed Ll+ lon glves the least reactlve lon palr anil the

large Cs+ yleld.s the rnost reacü|ve o11e. Because Cs+ ls not

solvateel the reactlvlty ofa"€-rCs* ln both solvents €.8.r

ln IHF and. dloxane, ls almost ühe sane.

Because of the low ctleleotrlc constant of d'J-oxane

(2.2 aE 25o) the free polystyryl anton does not exlst tn thls

solvenü. It 1s relevant to note that ühe rate constant bt-l
for the free polystyryl anLon nust be lnd.epend.ent of the

oounter lon but d.epend.s on ühe Ölelectrlo cons tanb of the

neÖlum, as well as the speclflo solvatlon effects of the

solvent.

Becenüly, Russlan chemlsts Korotkov and. Pod.o1sky (491

have east d.oubts on the free lon anfl ion palr meohanlsn, 1.€.

on the theory of two state polynerlzatlon, In place of lt
they proposecl a eo-ordlnatlon theory. However, the presenü

state of knovrleilge refutes the co-ord.lnatlon theory whlcht

ln fact, represents a slngle state polymerlzaþLon (50). Thls

theory falleit to lnterpret all the experlmental flndlngs.
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fn conslderlng the effect of Na(c5nr)48 on the reactlon
kinetlcs, ühe Russian chemlsts polnted out that thls salü
reacts wlth a llvlng polymer. Evld.ence from ktnetlc and nore-
cular welght d.lstrlbutlon studles done in the presence of
thLs sal-t, shows thaü no such reactlon exlsts. However, no

d"lrect lnvesÈ1gatlon on the interacüLon between Na(c5li5\48
and the living polyner has beea carrlect out.

( i1)

Beoause llvfrg porymers retain thelr abrllty to
grow they may also d"egrad.e lnto lower poryners and the üorro-

mer. Thls mea,ns, :therefore, t]nat a soruü10n of such a polymer

musf reach equlllbrlum wLth lts own monomer (51), 1.ê.r

Prr* + M.
kp

--.:s
iFPn+I at equlllbrJ.uro

í
= r<u( f "oo)no+1

kd

rro

ÞrF'n"

lIe

I
kp t[rfil [u"]

For hlgh moreeular v'elght polymers the followlng
eo,uation applles:

q¿r
0o

Hence ln such a system [*"1 E + = K"-1

= concentratlon of the llvlng -ûl€F,

= equlllbrlum concentratlon of the mononer
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oo = d.egree of polynerlzation of the lovlest llvlng
polymer (1.e., of that specf.es which may grow
buÈ not d.egrade )

kp = propagatlon ra.te consÈant

kö = ðeProPagatlon tate constant

Ke = equl]ibrl-um constant of 'bhe propagatlon step.

The equlllbriu¡n oonsËant, Ke, 15.ke any thernod.ynamlc enËlty

|s f.ndepend"ent of the ¡leohanlsn of the reactlorr slnce

FTlrriÇo = G )
) for the proPagatlon steP.

d.lnK"r/dT= H l

G d.enotes the free erlergy clnange and H the enthalpy

ohange. *.11- the thermod"yna,mlc f,unctlons pertainlng fo

the propagatÍon step are d.eiernlned by thi-s technlque.

The rneühod. has þeen used ?rith much success for the sysfen

alpha-methylstyrene,/poly (alpha-methylstyrene ) ( 51, 52., 53')

and- styrene/polystyrene (5t+¡ inlti"ated" anlonically.

(i11) Sone lmportanc SvnÈheses 
,,,

One of the most d.omlr¡e.tlng features of llvlng polymers 
,,,..,',,:,

foramtlon ts ühe synthesls of r.miform molecular weight poly-

mers. Under id"eal eonditlons, all polymer chalns should' :'F

grow to the sâme lengbh and therefore, the polymer should. 
.1 

1,,,.i

hB.ve equal welght average (-1h) and number âverage (itÏn)

molecular welghts. This fÉean.S titat the ratlo î[rs/il]x must be
¡

very close to unlty. However, fotmal.lon of such moJiodlsperse

polysers lnvolves conslðerable Slractlca1 d"i-fflculü1es, âs the
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presence of f-mpurLties, l-nefflclent raptd. mixtng of monomer

and. lnitiator, poor stirring of the polymerf.zlng solutlon
etc., tend to d.ecrease the monod-lsperslty ln the resultlng
porymer. Desplte suoh d.lfficultles very uniform nolecular
welght d.lstributlons have been prepared by thls technLque

(55r56r57r58r591. One can also prepare block polymers

(2L160 r6l) , star-shaped. polymers (62 163 ,64 165) , polymers

possesslng two functlonal end. groups (66167168).

ELECUIOLYTI CALJ,ta cEi\Eru\TED LIVING pOLytviERå

$Íosü of the electrolytlcally inltlaüecl anlonlc
polymerlzatlons were performed ln hlghIy polar organlc sol-
vents such as d.lmethylforroamld.e where the ternlnatlon process

ls unavoldable, àt least at room temperaturec Hence no

livlng polymerlzatlon was ever oþserveÖ 1n such systems.

E1ectrolytlcally prod.ucecl llvlng polyners were flrsü
observecl by Yamazakl, Nakahana a:nö. Ilar.b,ara (69). They used.

THF as sorvenü and. Naal (crul4 as electrolyte for the pory-

nerlzatlon of alpha-nethylstyreÍle. Ín a brlef note, the

authors reported that the passage of an electrlc cument

through the solutlon d"ld. not l¡omed.lately yleld. polyner al
room tenperature, but rather a d.eep red solutlon of the

llvlng anlon Ln the cathod.e reglon. By coollng the ce1l

to -8OoC quaatltatlve ylelds of hlgh molecular ürelght polymer

ü¡ere obtalned. Ïü was postulateÖ El:rat d.Lreot elecüron transfer
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from the cathod-e to ühe nonomer d.ouble bond. ls responslble for
the lnltiatlon.

Here lt ls relevant to polnt out that alpha-methylstyrene 
.,.,,,,,

does not polymerlze aü room temperature when lts concentration
ln the sorutlon ls 1ow. Thls ls d.ue to lts low celIlng üen-

peraüure (.52153r70) at whlch rates of polynerlzatlon ancL
.,t-'

ctepolynerlzaþIon become equal prevenÈlng hlgh polymer forrnaülon¡ : ::;

Soon after Yamazal<Lts publlcatlon Funt, Blchard.son , .,

and Bhad.anl (71) reported. the elecürorytlc formatlon of Iivlng
polystyrene ln THF sotutlons of NaAl(CZHìU uñ Na(C5H5)48.

They found. Ëlnat, when naphËhalene was ad.d.eil to ühe so1utlon,

the green sod.lum haphthalene oomplex was proiLuoecl by electroLy-
sls. upon ühe add.lüloa of monomer to thls complex, orange reit

llving polystyryl anlons were formecl instantaneously. These

polystyryl anlons were also formed In the caüholyte by

electrolysls. Furthermore, 1t was found. tlnaþ mixlng of'the
catholyte and. anolyte resulüed. ln a decay of Ilvlng speole, ,,..

and. d.ecolorl zatilon of the orange red- solution. [he substanoes i.,,

. .L__

responslble are belleved. üo be *1(C2H5), and. B(C5,H5)3 produced

by anod.lo oxld.atlon of the correspoixd.lng anlons. The authors

proposed. a probable mechanlsm of polylerlzat,Lon..



CHAPTER IT

EI,ECTRICALLY CONTROLLED ANTONTC POLY-T/IEBTZATION

OF MEEH]TL}1ETTIACR]T,ATE



PUBIFICATTON AND PREPABAIION OF BEAçiENTS

MONOI{ERS

styrene and methylmethacrylate (MI!IA) contaln snall

amounts of lnhibltors to prevent polynerlzatlon d-uring stor-

âg€. The lnhlbtüor was removeÖ by passlng monomers through

a column of ohronatographlo actlvated alumlna. The inhlbltOr

free monomers were drled" over oalclum hyd"rlde, then dlstllled

r:nd.er reducecl pressure, attÔ- mlÖdle fractlons were collected.

fhe purtfled. monomers were stored, under nltrogen ln the

refrlgerator at -zOoC for a perlod, not exceedlng more than

four days. Just prlor to use ühe monomer was tested to ensure

the absence of polyner by add"lng a sanple to methaxxol-.

SOL.\ENfS

NrN-d.lmethylformamld-e (DMF) (/i.R.) was purlfleð by mlx1ng

wlth 10 peroent by volune pure benzene, prevlously d'rled' over

caloLun hyd.rlde. After stand.lng for more tban 24 hours, the

mlxüure was fracíloroally 01st1]1ed" and" the fractlon boiled'

at l.5O-l 5ZoC, collecteil over clrled barlun oxld.e, allowed üo

stand for 2& hours and red.lsüll]ed at reilucecl pressure. lFhe

mld.d.le portlon was collected ln a fLask. NrN-d"lmethy1aceüanlðe

(DAM) and d.lmeühylsutfoxld.e (DIISO) were drled' over calclum

hydrld-e, and. d.lstl]led und.er reduced pressure. Acetonltrlle

(Àn¡ was drled. over anhyd"rouË potasslum carbonate, dlstll-Ieð

from ït, and- flnaIIy fraotlonally d'1st111ed.

3z
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The solvenüs were stored. und.er nltrogen ln ühe dark,

and. kept for not more than four days after purlflcatlon.
some physicar propertles of the sorvents and the monomer

employed. here are shoum ln Table ? (72).

TABLE 2. Some physlcal propertles of
solvent and monomer at Z5oC.

de +Lbp

N, N-d.lnethyl f ormanl d.e
(oun¡

N, N-dlmethylace tarnld.e
(ÐMA)

Aeetonltrlle
(a¡r)

Ðlmethylsulpþoxide
(DMS0)

Te ürahyd"rofuran
(rH¡')

Meühy3-methacrylate

Styrene

t53

L65

81.6

189

66

100

L46

36.7

37.8

37.5

46.7

7.4

0.796

o.g2

o.3t+5

r.96

0.9t+t*5
Q $ht+x

0.933

o.?768

1.096

.882*

.9þo*

'910*

bp - bolllng polnt,
'lL - vf scoÊlüJrr Cp;

{e cleËermlned 1n the

SALTS

oC; Ê-dleleotrlcconstant;
È[ - d.ensitlr E.cm-3'

presenü work

Tetranethyl anmonlum perchlorate was prepared by
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nlxlng an alcobollc solutlon of tetraroethyl ammonlum hyd"roxld-e

wlth a d.L1ute aqueous perch"lorlc acld. solutlon. The requlred.

producü preolpltated as flne crystals. These ürere washed.

several tlmes wlth methanol unüll the flltrate was free from

acld. and. ohlorlde. The salt thus obtalned" was drled. ln

vacuum at ?oo?.

Tetramethyl amrnonlun borofluorlde was prepared by mlx-

1116* an aqueous solutlon of tetranethyl am¡nonlum bromlÕe.

The preclpltate thus forned. was washed. several- tlnes wlth

water untll the flltrate was free from acld and bronld-e.

The salt was drled^ ln vaouum at ?OoC.

Other quaternary ammonium saltB were obtalnecl conmer-

clally as polarographtc grad.e, a.TlÖ l^rere used wlühout purl-

f lcaülon. Prlor to use they l¡¡ere clrled.

POLYT.{ERIZATtr9}I PEO CEDUBE

Polynerlzatlons were carrlefl out ln glass cells whloh

niere of a baslc test tube type as shov¡n ln Flgure 1. Two

platlnum electrodes, each of d.imensions In x 1r anð spaeed

1cn apart, were sealed ln,to a 34ftt5 lnrrer Jolnt and fLtted.

into an outer Joint test tube wlth a s1d"e àrn. A magnetlo

stirulng bar agitated. the solutlons d-urlng eleetrolysls.

A bank of four such cells could be operated slmultaneously

ln a consta:rt tenperature þat|- at ZsoC. One geared motor

rotated. a serles of n'agnets whlch provS-ded uniform and



FIG{JRE 1. Pol¡rarerizatíon ce1J..

a, mercur1r contacts'
b, 3h,fi+5 ground glass joi-nt.
c, plaùinum elecürodes.

d, stirciq bar.
e, rubber cap.
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constant stlrrlng for all cells. Sanples were wlthdrawn

wlth a hypod.ermlc syrlnge through a serum cap fltteö over

the sid.e arm of each ceIl, Prior to use the ce}ls and-

elecürod.es were drleð and. flamed". A constanü curyenü

supply was used for low currents. A D.C. 1lne of 250 voltS

was used. to pass currents above L5 ma. Both voltage ancl

ourrent Were simultaneously measured. by mea.ns of a recorder

arxd. swltch gear.

The rea.ctlon cell vsas charged- wlth solutlons of nono-

mer, salt and solvent |n a d.ry box und.er nltrogen atmosphere'

In all e.xperlments I 8. Salt was ad.Öed" to 100 ml of a

monomer sol-r1tlon ln the solvent. Thls furnlshed" a saturated'

solutloi:. t¡lth .qome excess sal-t present. Bates of polymerlza-

tion were d"etermlned" graviuretrlcally. Durlng the GoUrSe of

ühe reactlon 2 mI samples were wlthd.rar¡nr perlod'lca}lyt

welghed. and. thelr polymer oontent determlned by preclplta-

tLon 1n colc!. methanol. Afüer fllbratlon the polyner was

washed" several tlnes wlth methanol, d"rled., and welghed fo

constant welght. Ðurlng the polyÌnerlzatlon the reactlon

nixture changeil- color, flrst yellov¡, atrd. gradually becarne

brown at hlgh conversion (over ?0%). No suoh d.eep color

clevelopment was observed. when polynerlzaþ[.on was oarrleil

out ln DFIA.

All polymerlzaüions were performed. at 25oC unless

otherwlse menüioned". The maxlmum voltage at the hlghest
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current enpl-oyeal wEts found to be l-00 volts. InsteaiL of

lncreaslng the applled. voltà8êt rlecessary to malntaln the

constanü current, d-eoreased. sllghüIy durlng the Gourse of

the polymerlzatlon.

BLAi\IK E}EERÏMENT

To ensure tlr'Lat polynerlzatlon was lnltlateil- elecüro-

1ytlcally the reaotlon mlxture eontalnLng monomer, Eolvent

and. salt wa.s placed. Ln an electrolytlc cellr whleh wa.s

thernrostated at 25oc ancl stirred- for 24 hours. No curreilt

was passed. through thls solutlon. Tn such an experlment,

no polymers were lsolated.. However, when current r'sas

passed. through the soluüion, polymer fornatlon occurred..

Therefore, uniler the condlttons enployed. here polymerlzatlon

ls not lnltlated. by the salts or thermally.

IOCUg OF POLTI,TERIZAT]ON

fhe locus of polymerlzatlon was deüernlnecl. to be the

cathode by carrylng out the elecürolysls of the monomer

solution ln a ctlvld.ed. cell. Ehe polymer was formed. solely

at the cathofle, Bo polymer being obtalned. at the anode.

I{OLEqTlIÁ¡t -I^JFI 
qHT ÐETERI'II NATION

Vlscosity neasuremenüs üIere carrled out at 25oC in
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a methyl ethyl ketone solutlon of the polymer uslng an

Ubbetohd.e d.ilutlon viscometer (Flg.2). Molecular welghts

were calcuLated. by the foll-owlng expresslon (73) z

t t:= I(Hâ

tlhere K = 6.8 x 1o-5 and. a = Q.?2. [n]= llmttlng vlscoslty

number. The polymer samples, useil to d.eüerrnlne the llmlt-
lng vlscoslty number, üIere purlfled. by dlssolvlng then ln 

,,.,;

meühy1ethy1ketone(mr).Thesolut1onwasthenf11tered'
and. preclpltaüed. slow3-y lnto cold. nethanol. The poly¡oer

was flltered. ouü, washed. several tlmes with methanoL, ancl

ilrled. overnlght at ?QoC. [he red"uceil viscoslüles were

measured. for dlfferent ooncentratlons of polyner solutlon,

ranglng from O.?5 percent to I percent by welght. The

linitlng vlscoslty number was caloulated by extrapolatlng

results to lnflnlte d.llutlon.

.,", COPOL]TT4EB A.NATYSÏS

The composltlon of a oopolymer was analyseiL by uslng

one carbon-I4 1abe11e0 monomer of known p actlvlty. The

actlvlüy of monomer ancl copolymer samples was determlned.

by ]lqulô scintlllatlon countlng. A }lquld. sclntlllator

solutlon, v¡hlch lnteraots wLth the p-na"tlcles from the

car'oon-l4 deca"y to glve photon emlssion, was mad-e by

d.issolving:



FIGUEE 2. Ubbelohde vlscometer.

a, Etched- Ilne.
b, F1-111ng tube.
c, Capllla.ry tube.



39



40

5 e dlphenyloxazole (fnO¡

0.J- g 1r4 - bls - 2 (4 meühyl-J phenyloxazolyl)-

benzene (POPOP) 
,:j;,

70 e naphühalene

ln xylene (4.R. ) to glve I lltre of soluülon. A knorrn

amounü of rad"loaotlve monomer was d.l].uted. wlüh inaotive

monomer. Frorn thls actlve monomer sanple, 2OO 

^ 
(.2 nI) ,,

was ad.deÖ to 2Q mL Ilquld. sclntlllator for the analysls. 
,,t.):

The activlty of the sa.mple was measured. by a Trlcarb

llquld. sclntillatlon specürophotometer whloh detected the

photon emlsslon wlth photomultlpller tubes and record.ed

the d-ata automatloally. The amounù of emlsslon measured.

on two d.lfferent energy channels (e.g. channel A and.

cha:nnel B) provld.es a method of making a comeetlon on

counter efflclency. A correction was also mad-e for back-

ground couirts. [he sample count per mlnute ( CPfl) i/úas

measured. at I0 mlnute lnterva.ls over Eeveral hours and. 
,..,

the reproduoiþI1lty of count rates was excellenü. I{rrowlng 
,,,,,

the actlvlty of a labelJ-ed monomer sanple and, tinaí of the :

copolymer, the welght of the radloactlve oomponent of the

monomer palr ln the copolyner couliL be calculated.. Much

care was taken to purlfy the labelled copolymer to remove ,-''

the conüa¡nlnated labelIed monomer. Thls was aocompllshed.

by the usual solublon and repreclpltatlon technlques. Arr

exanple of the copolymer for¡natlon and. the essentlaL steps
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lnvolved. ln oalculatlng lts composltlon ls lllustrated_

below. Composl.tlon feeiL:

PIMA = 38 nl (35.7? el 
,i,

styrene = ilo ml (36.40 g¡

Carbon-I4 ]aUelled. MyiA (.e ml¡ was dlluüed wtth 38 nl MMA

and- 0.2 mI of thls prepared d.llute labelled^ monomer ïras 
,.

nLxeil wlüh 20 mL I1quld sclntlllator and lts actlvlüy was

d-eternined".

COPOLYIVIEB FORMêTÏON

The above mixüure of styrene and" labelled MMA contåln-

lng I g. tetrabuüyl ammonlum bromiÖe was electrolysed for
26 mJ:nuþes at 11 ma. The eleotrolyseil mlxüure was treatecL

wlth meth¿nol- üo preof-pltate the polymer whlch was flltered.
and. d.rled.. The d.egree of converslon was found. to be 2J+?%.

The copolymer ühus obtalned. was purifled. thoroughly þy

d.lssolvlng lt ln I{EK and. preclpltatlng lt ln methanol. ',

Thls proced.ure was repeated. tl¡ree tlmes for the conpleüe .,..,
'','i

removal of unconbl-ned. labelled. monomer resldues in the

oopolyner.

ANALYSIS OF COP.OLYMER COMPOSITIOI] t.'t;;

Background. Efflcienoy
oountlng of of oounts

Labellecl ivlonomer Radloacblvity 4,,/B scintlllator
(o.t88o g¡ 6Lg5 3.11 loo 66.5

Actlve Copolymer

( 0.r.695 s) 556t 2,86 119 67 ,o
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Therefore, actlvity of 0.L g

Therefore, actlvlty of 0.1 g

Therefore, percentage of ltlliA

labelleit MlvtA = 3747 CPV|

labellecl copolymer = 32LO

the copolymer = 98.7,

EXP:EBIMENTAT BESULTS

A stud-y of the rrafter effecttr, 1.ê. the contlnuatlon
of polymerlzatlon after cessatlon of electric current, ïras

mad.e uslng 40 voL. pereent monomer 1a a DI{F solutlon of

teüramethyl anmonlum chlorld.e at l+0 ma. [he ilaüa obtalned.

are presenteal ln Flgure J vlhich shoirs that polymer forma-

tlon occurs only when currenü 1s passlng through the

solution. The polymerlzation stops as soon as the currenü

ls swltched. off. Therefore, ühe systen ls free from the
rrafter effect[ to whlch frequent referenoes have been nad.e

ln the li.terature (71+175176). The d-irect control of the

polymerlzatLon warrantecl an attempt to iLeternlne the ord.er

of ühe reactlon wlth respect to lmpressed currents anil

lnltlal moltoner concentratlons.

The reactlon proflle as a functlon of current anÖ ti-me

for a 40 volurne percenË solutlon of M$14. ln DIviF ls shorme tn

Flgure 4. The data are summarlzed. ln Tab1e 3. A systematlc

lncrease of polymer formatlon wlth tlme and" wlth lnpresseil

current ls evld.ent. The d.egree of converslon d.urlng the

erperlments ranged up to J0 percent for solutlons eleotro-
lysed. for perlocls of over flve hours at the hlghest currents

of

of

1n
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FIüUP,E 3. Effeei of rton and offtt passåge of electríc
current of 4O na on pol¡rmer fomoatÈon for
a 4O volr¡ne percent of nettryl'rcrethacrylate Ín
dimetbylf o¡matnid.* cont aini¡rg ( Ç'iI3 ) ¡lNCl'



c*1
a

"9sx
(l)

ã8
E

;7

6
ctl=è.

5
L
(¡,

Ea
õ
o-3
o
é?
= I

C u rrent on

9-

I

I

I

o.@

Current

Cu rren

){

off

r40 f60 80

Time ( minute 1

C urrenf o ff

200 220 240 260 280 SOO 3eO SO æ0 380



FIGUAE /+. Forrnation of pol¡rner as a func'"ion of
inscribed cument and tíme for a 40 volune
pãr*ãtt of rnettryl-methacrylaÈe in djmethyf-
io**.toi¿u solutions oe (cur)Uucr'
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TABLE 3. Polyner formatlon (g per g sample)
soluËlons of MMA (l}0 voI.-percènt)
d.lnethylfornamiil_e saturated vúlth
(cHr)4Ncr at zsoc.

Ln
1n

Time
( hours )

75
ma

5o
ma

25
ûa

L5
ma

10
na

100
na

].'?.0
ma

I
2

3

I+

5

6

7

x

.021+

. o¿ltl

.067

.081

.o9l+

.LT2

x

.0110

.062

.083

.f02

.la0

.131

.o2l+

.053

.072

. loo

.114

.L25

x

.035

.066

.090

.114

.138

.J.52

,l.65

.ol+9

.089

.l24

.1¿+B

.].7l-

.188

.203

.o60

,lo8

.138

.L65

.18r

.zo2

x

.Q73

.Lzl+

.160

.196

.22O

:r

x

employed". The daþa at lower currents show a srlght lnhibl-
tlon period. whlch appears to be aþout &5 mlnutes at the

lowest currenü of 10 Írâ. Although thls ls belleved. to be

d.ue to resid.ual lmpurltles, repeaüed. experlments uad.er more

strlngent cond"ltlons and. wlth partlcular attgntlon üo dry-
ness, d.ld. not produce a slgniflcant change in thls perlocl,

However, thls work was not planned nor conducted- to accomiro-

d.ate the üruly vlgorous conclltlons of vaeuum trar:.sfer as

are assoclated. wlth the later work. It ls reasonable to
assune that such refinements ln technlque would. have ellmlnated.

or red.uced. the lnd.uctlon perlod, but the reproduciblrlty of



tt6

of the results o'otained. ancl the nature of the study d.id-

not warrant thls type of approach. A correctlon for the

volune olrange lnourred* by nlthd.rawal of samples of polymerlz- '

lng Solutlon' for ühe analysls of polyiaer oontent, d.ld" not

appreolably alter ùhe d.ata and. Ls not presented. here.

A logarlüh¡nic plot of the monomer ooncentratJ.on versug

tlme shows a stralght llne for all lmpressed. ourrenüs aS

shown ln Flgure 5. The calculatlon of sucb a plot ls lllus-

trated. ln Table ¿1. The results strongly suggest a flrst

ord.er d"ependence on moxlomer oonoem.tratlon. The slopes of

these curves glve rate cons banls which are depend.ent on the

lmpressed. curuents. The lnteroept shows ühe lnLtlal monomer

oonoentratlon. The ll-nes 01d" not all meet aþ a oommoll point

and. thls nlght be d.ue to ühe lnd.uctlon perlod. observed- at

the beglnnlng of ühe polymer|zatlou.. A slmllar anil more

strlngent oorrolooratlon of the flrst ord.er d-epend"ence on

the monomer concentratlon is obtalned from the ilata complleÖ

ln Table 5, and. shov¡n ln Flgure 6. Here the results collecteil

from varlous fnltlal monomer concentrations at, a flxed.

ourrent of 15 ma are presented.. The logarlthmlc plot of

monomer concentration versus tlme yleld.s a stralght Ilne

(nfg.?).. [he cl.ata flt on a serles of paralle1 llnes wlth

approxlmately equal Slopeg whlch give the rate constant

lnd.epend.ent of monomer conceritratlon. The result ls ln

agreemenü wiüh first ord.er d,ecay of monomer concentratlon.



FTGURE 5. LogarÈtfunic dependence of roononer
conceniraiion on tjme for a 40 volwte
oercent soluti.on at lnseribed curents '
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Tlne Sample(hours) lüt. g.

I
2

3

Ll.

5

6

7

.i.:

TABLE

r.911

2.L40

2.000

2.059

2.O90

2.L75

2.103

Wü. PoIy-
mer ln
sample g.

l+. Polymerlzatlon at 50 ma.

0.067

0.L42

o.I8o

0.235

o.2go

0.330

o.3Lt7

Wt. PoIy-
mer g./g.

sample

0.035

0.066

0.090

0.11,4

0.138

0.152

0.t65

Mononer
mole/looo
g. solutlon

Unreacted
monomer
noleIooo
g. solutlon

(H)

o.35

0.66

0.90

r.1&

1.38

1.52

t.65

3.64

3.33

3.09

2.85

2.61

2,1+7

?.34

log M

0.56L

0.522

o.490

o.455

o .4r7

0.393

0.370

È
æ
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TABLE 5. Polyner formatlon (g./g. sample)at
15 na 1n solutlons of IÏMA ln d.lmeühyl-
formamld.e saturated r^ilth (CH3)4UCf
at ?5oC.

Tlme 20
( hours I \IoL.%

3o 40 50 6o 70 80
YoL.% Yol-.% Yol../o vo]-./o vor-.ft vo]- .%

I x

.037

.055

.069

.081

.og2

.100

x

.032

.ot+3

.o 5l+

.062

.068

.Q77

x

.040

.062

.083

.lQ2

.l20

.131

x

.016

.al+z

.066

.092

.110

.13?^

.L52

X

.019

,oLl7

,07 5

.103

.123

.lLþ6 .188

.1Ì9 .?28

,020 .029

.053 .066

. o 91 .lr2

.118 .16L

.!46 .zo].

x

x

xxx

3

l+

5

o

7

I .11"0 .08¿l



¡'IGURE 6. Po\ærer fosuati-on at inscribed initial
nonomer concentrations ln dimethylforma-
nide at a curent of 15 ¡ua Electrolyte,
(cur)Umcr.
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FIGUAE ?. Logarithmic dependence at, a current
of 15 ma and inscribed initial mononer
concentration*'.
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The slopes of each of the llnes ln the semllogarlthnle
plots of Flgure 5 should be proportlonal to the rate. A

plot of the slopes versus the square root of the current
furnlshes a llnear reratlon as shovna ln Flgurê B. [he
presence of an lnd-uctl0n perl0d also aecounüs for thls
Gurve noü passlng d.lrectry ùhrough the origln. The overalr
kinetlcs are þeIleved. to be consistent wlth a rate expresslon
of the forms

Rate=k t-] rt
EFÍETT OF TEPIPEBATUBE

Flgure 9 shows the varlation in the yielÖs of polymer

formed. at d"lfferent rea.ctlon temperatures and. a constant

current of 5O ma wlth tlme of polynerizatlon. It ls evld_ent

from the d.ata t]nat ùhe rate of porymerrza-tron decreases

wlth d.ecreasing reactlon temperature. It was noü posslble

üo use much lower tenrperatures tinan -15oC because the

applled. voltage, to malntaln the constant current, lnereased"

consld.erably. Fron the data the temperature d.epend.ence of
the raüe constants could. be calculated". Accord"lng to the

Arrhenlus equatlon ühe temperature d.epend.ence of the rate
constant can be expressed by the follovslng equa_tlon:

log k = --Ea23ffi
L

-+ A
T



FIfiJAE 8. Linear dependence of slopes of
Figure 5 on .the square root of the
cument (TL/Z).
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FTC,{JRE 9. &ffect of i¡tscribed reactåon temperatures
on polyrnerization rates for a 4O vol-ume
percent solution of, netkr.ylmeùhacrylate
in ùimettrylformannide. Current of 15 ma.
Electrolyte, (0tt" ),,ucl'
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where E, ls the actlvatlon energy of the reaotlon, R 'the

gas com.stant aniL A an lni;egratlon constant. A plot of

1og k versus fr ttt*.t0) yield-s à sþl:a;hgï'Lt }lne wlth a slope

^" ---Ea- from whlch a value for the actlvaülon energyur 
ffi, 

¿ ¡ vu Yr l¿¿vr¡ e v É+uv

of 3,6 ! .5 Kcal./mo} was calculated. However, lt nust þe

acknowledged. here tLtat Ùhe E¿ value ls calculated fron

only a fevE experlnental pof-nts over a Sna]l temperafure

range. The value, thereforer ls onJ-y approxlma'te.

E}-FECT OF SOLUENI

The oholce of solvents ls both orltlcal and. unfortunately,

severely llmlted. The solvent must be aþle to d'lsso}ve the

monomer, Salt and- polymer, furnlsh a conductlng medlum and

not lnüerfere ïüfth the polymerl'zaþl:on process. Results

from some of a few cand.ld.ate solvents are ShovÛL ln FlgUre

11. ft i.s seen E:nat DivlA ls superior to both DllF and. DMSO wlth

respect to polyner yteld-. In acetonitrlle, whloh 1s a good'

solvent andi. furnlshes cond.uctlng solutlons, n'o polyner

formatlon oecurred. It was found. that styrene d'oes not

polymerlze ln a DMA solutlon of üetranethyl a'mmonlum chlo-

rlde whereas thLs appears to be a good solvent for lts

polynerlz.a.tío7¡- when potasslum aeetate ls used as electro-

lyte (??'). This monomer also d.oes not polymerlze ln DIviSO

and acetonltrile solutlons of the quaternary ammonlum salt.

She rate of poly (fvfl'iA) formatlon ab varlous lnltlaL
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FTG{JRE 11. E:ffect of various inscribed solvenfs
on Yield. of Poþner at 50 ma in solu-
tions initially contaÍnÍng 40 volume
percent of rnonomer j¡r

dimethylaeetænide ( ru-{)

din"e'Lhylfonaa¡ui-d.e ( Ot'iF )

dirnethylsulfo*ide (OUSO )

aceton:Ltrile (¿CU)

ElectroJ¡rbe, (Cg )ruCr.
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monomer conaentratlons Ln DlfA solutions of tetrameühyl

ammonlum chlorld-e at, L5 ma are shown ln Flgure 12. A

compa.rlson beüween Flgure 12 and- Flgure 6 aga1.n lnd.lcates

a hlgher polymerl z'atlon ra-te ln DHA.

EFFECT OF THE }.IAfURE OF TI{E SAIT

a serles of elq)erlmenüs was performed wlth several

Salts.I]eeachexperlmenta4ovo]..percentmonomer
solutlon ln DIvIF conüaln.lng I g saltÂO0 ml was employed''

A cuffent of L5 ma vùas passed. through the solutlon and' the

weight of polymers formed. was determlned þy preclpltatlon.

The salts employed., yleldS of potymers formed and- correspond--

lng nolecular welghts are shoinm 1n Table 6. It Ls oþvlous

th.at the nature of the a:nlon has no appreclable effect on

the yields anè molecula.r welghts, whereas polymer ylelds

are effecüeÖ oon$lderably by the nature of the catlons.

Table ? shov¡s t:nat the polyner yleld' was essentlally

unchanged" by the ad.d.ltlon of a substantlal quantlty of p-

benzocluln,one or p-tert.loutyloateohol. on the other hand''

the ad.ditlon of protoa donatlng substances, such as methanol

or water, greatly d.ecreased ühe formation of polymer. Thls

suggests the llkellhood. of an anlonlc mechanlsn for the

polymerlzatlon.



FIG{JRE l-2. Foþ,ner formaiÍon at inserj.bed
initíaf monomer concentrations ín
diraethylacetan:i.de at å cument of
15 ma. ElectroJ¡rbe, (mr)UltCl.
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TABLE 6. Polymer formatlon. at 15 ma wlth varlous
saturated. salt solutlons (I g. salt per
100 mI) oontalning 40 volune percent
monomer ln dlnrethYlformamld.e.

Salt

Tlme of
polymerïza.Eton

(hours)

Welght of Llnttlng
polyner VlscosltY Molecu1ar- (S) Number Welght

( cH3 ) 4NBF4 23

23

23

23

23

?3

?3.66

24.3?.

?.L.50

2J..30

21.00

2]-.63

28.22

6.oo

Nl1

0.u

0.15

0.16

0.15

0.16

0.16

0.19

53000

¿l¿looo

45ooo

44000

48ooo

l+8ooo

610oo

( cH, ) uivcr,ou

(cHr)4Nc1

(cHr)4NBn

(cH3)4ur

(cHr) 4uo,

(clir- (cHzl3.)4NBr zl.. 5

NHþCL

NH4NO3

?Lþ

zL*
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TABL$ 7. Polyner formation 1n the presence of
varlous j.nhlblùors. Solutlons con-
talned (Cnt)¿NCI ln, ilimethylfornamld.e
al a curr"eñt'of 15 ma.

Inhlbitors Concentratlon (hours)
lvlolar

Tlme of
polymerl-
zaíion

TleIö of
polymer

(e)
Íiolecular
welght

p-Benzo-
qulnone

p-t-Buüy1-
catechoL

trüater

Piethanol

2.50 x to-4

5.o9 x ro-4

2.?7 x 10-2

L.21+ x 10-2

22.25

22.50

22.50

22.83

t8.25

21.00

l.60

8.5Q

&4ooo

53ooo

4oooo

MOLECUI,A-B. I,üEïGHIS

The llnf-tlng vlseoslty numbers ïIere oonverteÖ üo mole-

cular wei.ghts; the results show that polymer of gratlfyingly
hlgh moleeular welghü (50r000) roas oþtalned.. The value of

the nolecular welght was found" to be independ"ent of percenü

conversion of monomer to polymer. Arr apparent lncrease

of molecular weighü wlth d.ecrease ln ternperature and- a

d.epend-ence on the solvenü are shovrn ln Table 8. The mole-

cular welght was found. to be oonstant for samples forraed.

fron varlous inltlal mononer concentratlon, and the Iimlt-
lng viscosLtJr numbers varled. þetween 0.15 anct o.2o (Table 9).

SimJ-lar1y, for the rarge of seven currents between 10 and.

LZA ma, the llmJ.tlng viscoslty numbers were approxlma.tely
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IABLE 8. lnfluence of solvent and- temperature on
nolecular welghts of polymer formed at
a current of JO ma.

Llmitlng
Temperature vlscoslty

Solvent oC number ltiol. i,.¡t.

Dlnreühylacetamld.e 25

Dlmethylsulfoxld-e 25

Dlmethylformamld.e ?5

Ðlmethylformarnld.e l+6

Dlmethylformamid.e -2

Dlmethylforma.mlde -I5

.22 75000

.15 4¿looo

.18 57000

.11 28000

.lg 6:,ooo

.20 66ooo

TARI,TÎ 9. ïnfluence of lnitlal monomer conoentra-
tlon on molecula.r welghüs of polymer
formed at a current of 15 üta. '

ivionomer
concenfraûlon

volume fi

ï,lmltlng
vlsoos lty

number MoI. wt.

80
7o
6o
5o
l+o

30
20

o.2o
0.18
0.15
0.18
0.16
0.18
0.15

66ooo
57ooo
&4ooo
57000
¿18000

57ooo
&4ooo
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the same (Tab1e 10 ) . The lndepend.ence of the inolecular

welght on rnonomer concentratlon and. lmpressed. current ls

s1mll-ar to the behavlor observed. ln the polymerlzatlon of

sfyrene.

EIE

The electrtcal efflciency can be oalculated from

Farad"aytS LawS. It varles, however, wlth lmpressed. current ':

a.nd wlth concentration. The llroitlng inibial effioieiloy may

be obtalned- fron the lnltlal rates of the reactlon or, more

convenlently, from the Speclflc rate constants ilerlved from

the slopes of Flgure 5. If a raþe constant whlch ls a

fr.mctlon of current 1s d.ef ined, thent

tntblat Rât€ = - (S)¡=g = tr$o

The electrical ef f lolency can be obtalned. by cllvld.ing thl s 
:.:.:...:.

1n1ùlal raËe (mo1e mononerr/unlt tlme) by the lmpressed- :'¡: ,,;,

current (Faradayts/unlt tlne) to glve the lnltial rate ln ,j:'';::,

moles monomer per Farad,ay. The d.ata are assembled. ln

Table 10. The efflciency d.eoreases wlth ¿11 1ns¡qâsê ln

the impresseil currents. On the basls of a molecular weighü 
,,.,.¡.¡,¡

of approxlmately 501000 an electrlcal efflolency of l+6 r: i

moles monomer per Farad.ay represents aþout 0.1 mole polymer

per electroclrenlcal equlvalenü.

The depletlon of monomer il.ear the electrod'e by lts



Current
ffiã.

IABLB 10. E].ectrlcal efflclenoy of polymer formatlon
ln solutlons contalnl:ng 40 voLume percent
monomer.

10

L5

25

5o

75

100

Slope from
Flg.5

.02Q

.o23

.o28

-o3II

.0&þ

.050

Bate Constant
( hours-r ¡

k

.046

.o 5Lt

.065

.o7B

.101

.115

Moles of Plonomer
polymerlzei[ per

Faraday

t+6.3

35.9

26 -2

t5.7

t3.6

11.6

,.i

l,1m1t1ng
Vlscoslty

Number

.17

.L6

.L7

.18

.L5

.r6

,l .:".
..1,ì.'

. ìi,. ì-:

MoI.
Iift.

53ooo

48ooo

53ooo

57ooo

4¿looo

48ooo

o\
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reacflon wlth growlng chalns and. lts elecürochemlcal

red"uctlon mlght be the probable explanatlon for the lower

eLectrlcal efflclencles aE a hlgh current d.enslty.

COPOLYI{ERIZATION

The composltlon of the copolymers of the monomer

palr MMA-Styrene, formed. ln varlous solvents at a ourrent

of lJ ma, was d.eternlned. by tracer üechnlques. The d.aüa

conrpiled ln Tab,Ie 1I shov'¡ concluslvely þlnat conslderable

amounts of styrene lnoorporaüe ln the copolyner formed.

ln DMF aniL TIiF. ThLs Ëysten was studled. ln detaJ-I by

Funt and. Gray (78).

DÏSC.USST-ON

Flgure J shows thaù v¡hen the passage of electrlc
current through the monomer solutloir ls stopped., polymerlza-

Èlon ceases. therefore, thls clearly pol.nts out thaË the

lnltlatlng specles d.les as soon as the lmpresseÖ current

ls shut off; but its formaùlon continues. so long as the

current flow exists. fn the MMA polymerlzaLl.on by cathod.lo

hyd.rogen ln a heterogenoLis aqueous system, Tsvetkov (75')

oþserved. the contlnuation of polyner formatlon up to slx

hours after cessaülon of the current passage. Thls after-

effect wa"s oonsld.ered as a non-stabionaxy state lnvolvlng

the decay of radi.cal conoenbraþlon as soon as ühe electroly-
sls wa.s stopped". Und.oubteö]Xr fsvetkovrs observatlon 1s



TABLE 1J-. Copolyner composltlon from 1:1 molar ratlo
of styrene ancL methylmeühacrylate polymerlzed.
ln va.rlous solvenüs at current of 15 na.

d.lnethylsulfoxlcie

dlmethylaoetamlcLe

tetrahyd.rofuran

no solventx

dlnethylforsa-
mld.e

Solvent Salt

(cHr)4Ncl

(cH3) ¿+Ncr

(c4Hr)4Ner

( c4ti9 ) 4NBr

(cnt)4Ncl-

Tine of
polymerlzaþLon

(mtnutes)

230

L20

85

26

MoIe percent
Percent MMA ln

converslon Copolymer

tt ourrent between 11 a.nd. 7 mà.

10 .9

5.9

1¿l.L

1.9

10.0

": 
t:.-, :: :'

. J;... .l;.'j
ì''.;:ì:. . lì jt)

.1.::1. l' i ':l. l

100

9Q.l+

62.9

gB.1

64.9

o\(}\
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not ln harmony wlth the conventtonal icLea of average llfe

tlmes of free radlcals, ord.lnarlly being a few seconds.

A simllar afþer-effect was observed by Parravano et al (74)

who found" tktat polymer radlcals contlnued. to ad.d monomer

unlts over a perlod of hours after the cessation of electro-

Iysls. fhis phenomenon was also reported. by Kern et aI

(?6). However, none of these workers offered. a¡y convlnclng

explanatlon for ühe observeil after-effeet, Conbrary to

prevlous works the present Sygüem ls completely free from

such an afþer-effecÈ and. hence iü flramatloally lllustrates

the control of the polymerlzatlon rate þy the lmpressed.

ourrent.

It is eonfirned t]nat the polymetlzatlon of ivlMA Ls

not lnitiated by the anion of the quaterlLary ammonlum

salt because the polymer forms solely ln the oathode.

ilurthernore, the ylelds and molecular welghts of the poly-

mers are independent of the nature of the anLons of the

salÈ as ls evldenü from Table 6. Slmll-ar results were

also obtalned for the polymerlzat|on of styrene 1n DMF

solutlons of thls salt.
fhe fact ühat the polymer yleld ls very sensltlve

üo proton d.onor maüerla]S Êuch as water or metha¿o], and"

ts uneffected by the free ra01ca1 lnhibitors (Table 7),

ind.icates that the lnitlaülng specJ.es is a carbattlon rather

EYørn a free rad.laaL. Furbhermore, the copolymetlzaLlon



68

daþa (Tab1e 11) suggest the anlonic clnaracter of the

reaction. Only wlth THF and. DMF |s there any lnd.loatlon

of a poSs1ble free rad.lCa.I reactlon aoeompanylng the a:elonlo ,.,,:,,,,,,,

propagatlotx. However, lt 1s beconlng lncreaslngly evld"ent

that 1ü ls not safe generally to acoept tlnaþ a copolymer

formed, from the anlonlc copolymerlzallon of equlnolar 
,,,,,.1:,1,,,,,,,,,

rnixtures Of styrene and. ivlivlA w111 Contaln lesS þlrtan 1 per- :':'::'::':':':;::::::

CenË styrene mofroner. SuOh a pOlymeriZaülOn 1S nOt Only ,.,.,,,t,,:',,t:..,..,,,

a functlon of the monomer pair but al-so of lnltla"tore

solvents and other experlmenta"l oond.ltions. In any

event, if free ra-dical polymerizaþLon d.oes occu-r, lt catt

be consldered. lnsignlflcanü relative to the oocurrenoe of

the a:elonlc reaotlon pa.th. Posslble explanatlons for the

lncorporation of styrene ln the copolymer forrned. ln Ðlt{F

solutions were glven by Fr.l3t et al (78). It ls plauslble

to assume tlnat the inltlatlon process occurs through 
.. j.:::.,,:,.;

elecbron transfer from the electrode to the vinyl clouble "',i'.,.,.,,'--'.,,-,

-::......- -... '--bond of the monomer i 
"''"'-i" 

" "'
În: fltCHe=? +e -+ cttz-l (.+ CHz
rl
C=0 Ç=0lrrlocH3 0cH3

CHa
lJ
c'
I

t=0
I

ocH3

The radlcal lon may d"lmerlze and" give a dlanlon:
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CHq
l-

zcn, - c-tl
C=0
I

ocH3

- cH^- cH^ta.

ocH3

cH3

I

*CHZ C- , N*R4

I

C
I

o

cH^IJ
d'
I

C=0
I

cH^t)
õ'
I

C=0
I

ocH3

Und.er such cond.ltlons, true anionlo polymerizatlon is
posslble slnce the d.lanlon takes part ln the growth process.

The anion |s probably assoclated wiüh the catlon of the

quaternary ammonlum salt.

=Q

cH3

However, ln vlew of hlgh d-leleotrlc constant of the solvenü

the existence of free anlons oannot be ruled. out. It ls

obvious from Tab1e 6 tnat when lo*Rn ls replaced by l¡*ri¿l

the yield" of the polymer ls consld-erably deoreased. Iü

ls not surprislng sinoe l¡*ltr' ls very muoh less stable than
.L+NR[. The NHf lon can lose a proton which may cauÊe termlna-

tlon of the polymerlzat1>n, ê.8.r

1*,

-> 
*cfiz - cH + I,[H,

Ç=0
I

ocH3

CHqI'
4HZ- C- ,i,IHü

IC=0
I
t

ocH3



The reactivlty of the growing anlons also d"epends on the

jrature of the solvent. Flgure 11 shows thaü no polymerlze-

üion ocours ln acetonitrlle. Recently it has also beeu .",,',

reported that electrolyttcally inltlated anlonlc polymerl-za'-

ülon of acrylonltrlle d-oes not proceed- tn acetontÈrlIe (19).

Thls roay be due to the fact ttrat acetonlËrile can lnhlblt , ,

the polymerl-zation by lostng a proton' 
;:r"':r:

cHr 9Hrlr l-
,\-CH^ - C- + CHqCN .qiIp. - CH + C-H'CN'-Z 

, J | "
C=0 C=0
ll
ocH3 ocH3

¡,igure 11 shor¡s t]nat the rates of polyloerlz,atlon of MItl& ln

dlfferent solvents are ln ühe ord.er; Di'lA

the other hand,, no styrene polyner forma.tlon oCcurs in

,, DlI.¿i. and. Ðl,lSO when a quabernary ammonl-um salt ls uSed as

" €Iectrolyte (??1. Thls monouler also ü.oes not polymerlze
:-

',,t,1 ln these solvents through a conïentlonal nrethod (79).

The authors bel-leve E]nat the styrene agion presumably

abstracts a hYdrogen from DITTSO:

:r H o o
: t ll - 

ll

^^-ttr¿Z- C- + Cä3-S - CH3+a^'CH2-Tnt * CT|Z - S - Cil3

c61i5 c6H5

fn the free racllaa} poJ-ymerlzatlon of styrene by 2r?-azoblsLso

' ,cubyronltrile 1n Dlvi-dr and Di'tF (80), the authorE assumed. a
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transfer reactlon wlth the solvents. They suggesüed that

the üransfer reactlon lnvolves abstra.ctlon of a hydrogen

atom from a methyl group attached. dlrectly to the nltrogen

atom:

t¡

x' + Y - c - Nít"'* rcr + Y - å - llíÖn'
'CH3 ' CH3

V,lhere X d.enotes H ln DMF, and. CH3 ln ÐlriA, and" X' represents

a polymer racilcal.

In the present work, lt was found- that the molecular

weight of the polymer is lnd.epend.enü of monomer/solvent

ratios (Taule 9). The constanoy of the molecular welghts,

therefore, rules out any appreclable chaln transfer to
solvent. However, it nay be speculated that the reactivlty
of ühe groinilng polymerlc anlon ls greater ln DMA than ln
DIvitr' aad" DMSO. The fact tYnt a vaxl,atlon ln current denslty

lead.s to approxlnately ld.entlca.l molecular welghts (table 10)
. .t,

excl-ud"es the possiblllty of ck;ai:n Ëransfer to, or termina.-

tion by, the specles produced. at the anod.e durlng the

elecürolys1s. The eonstancy of the nolecular welght with

monomer concentratJ-on can be explalned lf it 1s assumed.

,,ì ühat cha.ln termlnatlon by ühe monomer, takes place.
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Good. et al (3i observed thls type of termlnatlon

rea.ction !n the ease of the antonio polymer.Lzatlon of ÏtlllA

j"nltlated by metal amldes in ltc1u!d. a.mmonLa. By polaro-

graphic evid-ence he showed the presence of lsopropenyl

keüone in bhe polyner solu.tlon. He d.lsoard,ed the possl-

þ111üy of a transfer reactlon wlth the raonoinerr lnvolvlng

abstracblon of an al}y}lc hyd-rog€er sinoe no d"oubLe bond.s

of ühe , o(.,p- unsaturaüe6. ester type could. be detecteê

polarographlcally. Slnllar reactLons of the ester group

of l,i3'iA rs'lth lnlÈiatln.g speoies and polymerlc anlons have

been eonfirrned" by varlous lçorkers (81, 82, 83r 84, 85).

If every eleotron leavJ.ng the cathod"e prod-uces one

nonomerlc rad-lca1 lon, whioh on dlnerlzatlon forms a

d.lmerlo ani.on, then ele.otrlcal efficienoy should" 'oe 0.5.

The result ls not ln harmony ?{lth ihis vlest as the maxlmum

efflcleney found was 0,1. Therefore, }t seens tl6at a sub-
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stantlal tra,ctlon of the electrons is lost ln wasteful slde

reactlons and"/or ln the fornatlon of very Iow nolecul-ar

welghü polymers which could_ not preclpltate.
The effect of nonomer concentratlon (Flgs. 6 and- ?)

and. reactlon temperature (Flg.9) on ühe reactlon rate ls
the same as obüalned ln the case of styrene polymerl.zat,ro:n

(L6r77). The remarkable dlfferei:.ce beüween ühe polymerlza-
ülon of süyrene and Fit'tA, in soLuùlons of quaüernary âürüorr-

lum sarts, arlses from the d.epend-ence of the lnltlal rate
of the reactlon on the impressed current and solvent. The

polymerlzatror: of süyrene proceeds as the first power of
the lmpressed. eurrent, whereas the porynerrzation rate of
MMA ls proportlonaL to the square root of the lmpressed.

currents (Flg.8). fhe rate d.epend.ence on ühe square root
of the lmpressed. cument ls diffLgulü to comprehend.

However, thls nalght be accounted. for lf it was assumed.

t]naþ the lon patrs corllposed- of quaternary ammonlun catlons
and. growlng polymer chains assocla-ted to form d.lmer com-

plexes. Because of the reactlve carbonyl group, the poly-
merlzatlon reactlon of MMA ls'much more conplex than t]nat
of unsaturated hydrocarbons.

SUTVIMABY

1. IvlethyJ-methacrylate was porymerlzed" ln several organlo

solvents conËalnlng quaternary anmonlum salts. The
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polynerlzatlon occurred. only by the passage of
electrlc current.

2. Klneülc experlments 1nd.lcaüed a first order decay of
mononer concentra.t lonn

3. rhe polymerrzatlon rate was d.epend.ent on the square

root of the lnpressed currenü.
l+. Morecurar welghts of approxlmatery 50r0oo were obtalned.,

They were ind-epend.ent of salt, currenË d.enslty and.

nononer concentratlon, buü t,rrere lnfluenoed by the

nature of solvents and. the reactlon tenperature.

5. Experlnental results such as lnhibltor and- copolymerlza-
tlon süud"les i.nd.lcate an anlonlc mechanlsn.

": :,:]:



CHAPTER TIT

ET.FCTBOLYTTC T'OBT{ATION AND DESTRUCTTON

OF ITVING ANTONS



HÏGT{ VACUUIII APPARATUS

The formatron of rrvrng polyners requlres very
rlgorous experlmentar oond.itlons for ühe exclusion of
lmpuritles from the system. Reagents must be purlfled und.er

vacuum. The type of vacuum manlfold- employecl ln the present
research work ls shown 1n Flgure l-j. ft prlmarlly cotsslsts
of a pump tt¿rt, capable of prod.uclng a vacuun of the order
of nagnitud.e of 10-4 nm Hg. lhls punp serves as a fore
punp for the o11 d.lffuslon pump 'br which red.uces the

Ipressure ln the sysüem üo lO-e nm Hg. Dow cornjrng leT
slllcone Fruld. was used ln the dlffuslon punrp. A rlquld.
nltrogen cold-trap tst was usecl to safeguard the pumps.

The pressure ln the systen was measured" by Mcr,eod. gauge nÕ'

vrhlch could_ be tllted. The vacuum llne was d.lvld.ed lnto
three sectlons, namely, uAu for purifylng solvents, uBn for
mononer purlflcatl0n and" n.c$ for d.rying and. f3-111ng the

electrol-ytlc oeII. Hlgh vacuum slllcone grease was employed.

to lubrlcate the vacuum stopcooks.

PREPARATTON OF }IETA],LTC MTBRORS

In the ,oresent research sod.lun mlrrors were used

extenslvely as clrylng agents for the removal of trace
amounts of molsture present ln the r¡urifled. sorvent and.

monomer. such a mlruor was prepared. by a methocl d.escrl-bed.
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r'lGUBE 13. Htgh va.ouum aPPara'tus.

a, vaouum pump.
þ: o11 dlffusion PumP.
c', lIquid. nltrogen fra"P.
d. i{cl,eod. gauge.
e'and. f , measuring tube. -
Ä.8 and- C three sectlons f'or--' purlficatlon of solvent,

hono¡ner and' fllllng
electrolVtlo oelL respeo-
tlve1y.
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1n the llterature (86). Small pleces of the pure sodlum

netal hrere placed. ln ühe fl-ask to be used. ln the d.rylng

operatlon and. connected to the vacuun llne. The flask vras

pumped" und.er high vacuum for a nlnlmum of two hours. ldhen

the pressure feIl bel-ow 1O-5 nn Hg, and whi.le stlll belng

evacuated, the bottom of the flask was intermlttently and.

gently heated unül} the sod.lum metal Just began to me1t.

he soö1um vaporlzed and. d,eposlüed. on the waIls of the

flask to glve a. shinlng nlrror. After the nlrror forma-

tlon, evacuation was contlnued. unülI the fl-ãsk cooled" to

room ternperature. Then the 11o"u1d. to þe d.rled. was dls-
üiIled. into the flask. 4. fresh sod.ium mirror was always

used for each subsequent dry1r¡g operaü1on.

ÐBY BOX

To hand.le pyrophorl-o materlaJs such as sod.lum alunl-
nlum tetraethyl a d.ry box was used. extenslvely . The

nftrogen used fo purge the dry box was purLfled- by passing

lt th.rough a Ilquld. nitrogen trap, columns of potassLum

hyd.roxide, a further llquid. nltrogen trap, a sillca gel

column, a nagneslum perchlorate column and. glass wool.

Phosphorus pentoxid.e and. magneslum perchlorate were enployed

as d"ehydrating agents ln the d"ry box.

GAS LT QU]D .C TTEOIIIATOGBJTPHJ-

GLC analyses ïÍere performeÖ on a Mlcrotek chromatograph
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uslng a 6 ft. x .25 ln. column packed. with 20 percent

Aplezon L grease deposlted on flre brlck.

SPECT'ROPHOTOIVIETER

A Becknan DB equlppeil wlüh a pen recorder was used.

for alL specürophoÈonetrlc measurements. The celr hold"er

of ühe spectrophotometer wa.ß thermostatted. aü Z5oC.

PURIFTCATION jF SoLVE:NIL¡ Ai\rDJ,/igNOr4EB

Teürahf,drofuran ( IHF)

THF (¿n) r{as stirred. wlth cal-clum hyd-rf.de for Zu

hours and i;h.en was f'ractionarly d.istilred and collected. ln
a flask contalnlng small pleces of sod.iu¡o meüal. ft was

refluxed. wlth the sod.lum for several hours and. fractionally
d1st1l1ed. lnto a flask contalntng calclun hydrld.e. Thls

flask was then attached. bo bhe vacuuût system. The stop

cock between the flask and the vacìrum was openeö üoffi€n-

tarlIy to remove some alr fron the flask. The THF was

flash-dlstllled- lnto a ühoroughry d-rled. and evacuated flask
coi:nected. to the vacuum Ilne. The soLvent i¡¡as thoroughly

d.egassed by alternate freeze and. thaw cycles. Llquid_

nitrogen was used as a freezlng agent. The d.egassed" THF

was flash-d.lst1lled inüo a flask freshly coated wlth a.

sod-lum mlrror. The flash-d.lstlrlatlon was repeated. con-

secutlvely wiüh ühree sodium mlrrors to ensure oomnlete



d-ryness. Once a.galn the THF, was d.egassed_ to remove

hyd"rogen formed. by the reactlon of molsture wlüh the
nlrror. The purlfled. TH¡- was stored, Ln contact wlth
mlrror unt1l 1t was used; but ln any case lt was not
for more tlnar._ three d.ays.

IYIONOI{EBS
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any

sodium

the

kept

A1(c2H5)3 3 NaAt (czií-ì4 + A1

styrene, alpha-meühylsüyrene arrd lsoprene were d.rled.

over calclun hydrld.e. The flask contalnlrrg the monomer

was con¡recüed. to a vacuum llne and lËs contents frozen and.

d"egassed. Then lt was frash-d.istllled. lnto a sodlum fllm
coafed flask. [he monomer was left over the mlrror for
af least two hours, d"egassed and distllled lnto anoüher

sod.lun fllm coated. flask. T¡trhen the monomer süarted to
polymerize, lt was d.lstilled, lnto a fl-ask contalnlng cal-
clum hydriöe. The d.1stllred. monomer r¡Íag stored- over cal-
cLum hydrld.e ln vacuum.

ELECTROLYIES

Sodlun alunlnlum tetraethyl (l¡a et (C2H) 4)

The NaAI(Crnr)Uwas prepared. accord.lng to the follorn¡-

lng reactlon (87).

3Na+ll
The apparaüus used. for lts preparatlon ls shown ln Flgure }ll.



F]GUAE l-l+, Apparatus for preparation of
Na.Al(CaHr)4.

A, 'i;efJ-on connector.

B ar¡d F, B-24 joints.
C and Ð, teflon-pIug stopcocks.

E, nneial tap
G, heating mantle

H, copper iubing
I, aluninfun triethyl eylinder.
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An excess of freshly cut sod"lun was placeä ln a 500 mI

flask whlch was connected_ by a teflon jolnt rtArr, þo the

A1(C2H5), contalner rIil. Benzene bras pÌrmpecl off the

sodlum and the tube to the contalner vûas evacuated. through
nBu, whlch was connected to a vacuum pump. l{hen sufflc-
lent A}(C2H5)3 had. been ad"d.ed. E was closed.. tr'rom tl¡ne to
tine the flask was opened. to the punp momenùarlly aü C.

Eventually the sod-lum became coateil wlth aluminlum and. Ëhe

rea.ctlon alnost ceased.. [o reactivate lt the temperature

of the flask ü¡as ralsed. to aþove IOOoC and. further reac-

tlon Ëook place Ln a homogeneous nolten phase. At the

completl-on of the reaction the flask and contents lvere

allowed. to cool, removeÖ at ilAtr wlth rr0tr a:nd, uDu, cl-osed"

and, transferred. to the d.ry box. The NaAl (CZH5)4 nroduct
was removed. by crys'ballLzatlon from freshly d-lstllled
benzene. After further recrysüallízatlons ühe product. wa.s

punpeil on. ühe vacuwa llne for several- hours, ylêldlng whlte

crystals. The süorlng and. all subsequent handllng of the

salt was performecl und-er a nltrogen atmosphere f-n the dry

box.

SODIUM TETBAPHENï, BORON (Na (c6H5)48)

This salt was oþüalned. from Fisher (99.7 percent) and

useil wlthout further purlficatlon as all attenpts to

recrystalllze lt from aqueous acetone (3 parts of acetone
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by volunre and, I parü of water) faIled. (43).

x(c6lí. jl +B

It was prepared- by treatlng d.llute aqueous solutlons

of sod.ium tetraphenyl boron wLth an equlvalent amounü of

poËasslum chlorlfle (43). The relatlvely lnsoluble

K(C,H,),,8 preclpitated. T'he flltered and. washed prod.uct
o )+

wa5 then purlfled. by repeated crysta].l,zation from aqueous

aceüone () parts of acetone by volume anfl I part of water).

The salü vüas Orled" und.er vacuun at 5OoC'.

Ll (Ç 5nl 4n

The lithlum salt was mad"e 'oy mlx1ng a slight excess

of a ooncentrated- IFIF solutlon of lithiun ckllori-de to a

conoentrated. IHF solution of Na (c6,H5)48 (43). The relatlvely

insoluble sod-lum ehlorlde prectpltated.. The solutlon was

aIlowed. to stand. for a few hours to settle d.own all suspend.eil

naterlals afrd. then the solutl0n was fI}üered. to remove the

insolu'o1e sodium ohlorld.e. The flltraüe contalning llthlum

tebraphenyl boron was slolvly evaporated" on a steam bath fo

recover the sal-t, whloh was then cLlssolvefl ln ethylene

chlorld.e and. insolubte l-1ühlun chLorid'e wag filtereil off.

The l1thlum tetraphenyl boron was preclpltated" by ad-d-ltlon

of eyclohexane. Thls proced.ure was then repeated at leasü
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flve üimes

chl-oride.

and. stored

fo ensure

The fLnal

ln vacuum.

ühe compleüe removal

prod.uct was d"rled. ln
of lithlum
vacuum at 5oo

TETBABU[]trAI{t{oNruM TETBApirENvt- 
_BoRoN 

( c4H9 ) 4N B ( c6H5 ) 4

Thls was prepared. by treating sodlum tetraphenyl
boron wlth an equivarent amount of tetrabutyl ammonlum 1o-
d-ide in aqueous sorutlons ( 88 ,43) . The requlred. product
precipi.tated" and. was purifled by repeated recrystall_zatlon
from aqueous acetone. The sart was drled and. süored as

before.

Tetrabuüyl ammonlum bromid.e and- perchlorate were

obtained. commerclally in polaro-graphlc grad"e purity and

were used. wlühout further puriflcatlon.

UNDIVIDED CELL

The prellmlnary exploratory experlments were con-

ducted. ln a celr shoum ln Figure 15, refenred to as ¿¿t!

und-ivld.ed- electrolytlc celt, sinoe anooe a.nd cathod.e

eLeetrod.es were not separaüed. ì,lith reference to the
Flgure rrArr is a teflon encrosed. magnetlc stirrlng bar,
rrBBtf are 4.J x 2 cm pIaülnuia electrodes I cffi. apart. trEn

1s the fitllng tube and. nCtt ls the ampoule, a welghed.



FIGURS 15. Undivided electroþÈic celi.

I$ and f.i, constrictions to seal-off .
B-8, 4.5 x 2 crl platinr:n electrodes

1 cm apart.
i(-K, mercury coniact,s.

Ð, teflon sealed nagnetic bar to
crash arnpoule, C.

E, fi.3.lÍ_ng tube.
V, cor¡reeted to vacur¡m Ij¡e.
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quanÈlty of NaAl (c6,H5)4t whlch was prepared ln the d.ry

box. The bottom npr of the fi]llng tube was searect off
afüer lnsertlon of the anpoule.rD* ls a teflon coated.

magnetlc bar. lhe whole apparatus was connected to the
vacuu¡n llne through a glass ground Jolnt and. subsequentry
pumped. for several hours until the pressure reaohed. below

Il0-r mn Hg. lhe arnpoule was then crushed. and. the salt
was d.r1e0 by pumplng for several hours.

$leasured quantitles of solvent and. monomer were

d"istilled. lnto the fllling tube from graduated. tubes.
The materiars were degassed ln the usual marrner. The

fill1ng tube was removed fron the vacuum llne by seallng
off at ühe qonstrlcülon N. The contents were warmed. to
rooúr temperature and transferred. to the electrolytlc cell.
The enpty f1115.ng tuþe was d.isconnected. from the ceIl by

seallng off aü Ëhe constrlctlon M. The totar voru¡ne of
the soluü1on ln ühe cell was 3j nL at, ZSÙC; moÌxomer aad

salt concentratlons belng I and .ol+z M respecülvely. The

solutlon wa.s stlrreit and_ thernostated aü ZSoC as before.

DTVIDED CETI.,

The type of d.ivld"ed.

ln the present research is
num electrodes of lrt x ]'¡l

ce1l. The electrod.es i¡rere

cell whlch was extenslvely used.

shorrn in Flgure 16. Two platl-
area were placed. Ln the d.ivlded

sealed. ln the glass v'¡lth tungsten



FIGURE 1ó. Ðivided electroJ¡rbic cell.
ã, bt e, consürictions for seal-off.
d, sinùered disc.
e, 10 im. quartz optical absorpt'ion ceIL

for ÐB speetrophotometer and movable
9 n'la quarba.



86

í;lt\
i(,uooÀ,
t\ /



87

wlre bead.s v¡hlch provld-ed. a vacuum ü1ght seal and. were

found. to be ohernlcally lnert to the reaotlon components'

The elecbrod.es were separated. by a flne fritüed. glass

d.lsc ild.t' of I om d.iameter, whose maximum pore size was

4.5 Eo J microns. In many cases afl ulüra-flne frltted-

illsc of maxlmum pgre size 0.p üo 1.4 mlcrons wag employed'.

The d.lsc was rlglfl enough to wlthstand appllefl voltages

and" vcas non--corroslve and. passlve to reactlon med'la. The

dlstance between the tv¡o electrod-es wag approxfuoaüely 9 cm'

The tube rr¿tr between the two compa.rtments WaS used to flll-

the anocLe oompartments wlth the sol-utlon ancL equaLlze th,e

vapour pressure of the anod.e anfl cathofle compartments.

The append.age ttslr to the cathod.e oonpartment was a I x 1 cm.

qt¿aîEz optlcal absorptlon oell and. was coupleCL to the

apparatus by a graded. seal. A 9 mm quartz spaeer attached.

to a magnet ( sealed. lnsld.e a glass oapsule) was lnserted

lnto the cel}. tflth the help of thls magnet the spacer

oou]Ö be moved. to provld.e a mixlng of the contents 1n the

optloal cell. A 100 n} glass bulb rrfrt (ternecL as a fllllng

bulb) was attached to the electrolytlc cell. Alkall metal

ùetra-phenyl boron, quaüernary ammonlum tetraphenyl boron

anil sod"lum alumlnum tetra-ethyl were extenslvely useÖ as

electrolytes for cond.uctlng the ourrents. Generally a

welghed" quantity of the electrolyte (0.5 g) was dlssolveÕ ln

10 nI pure IHF anil the resulülng solutlsn l¡ras fl]tered üo
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remove suspend.ed materlals, ancl vras lntroduced lnüo the
flIlLng burb þy a h¡roilermlo syrlnge. The ftlllng burb

was a.ttached. to the vacuun l-lne and. lts contents were

frozen. 1n llc¡uld, nltrogen and. s¡acuated.. The THF was d.Is-

tllled off and. the sart was d.rled. rn vacuum at 10-6 mm Hg

pressure at Sooc for 16-2& hours. pumplng for thls perlocl

of tlme ensured the conplete removar of molsture and alr
frou¡ the salt and apparaüus. In the case of the pyrophorlc

NaAl(c2H)4 slmllar procedure, as had. been d.escribed ln
the undlvid.ed cell erqrerlmeht¡r¡iâs a.dopted. A knornnn voil.¡.ue

of rigorously purlfled. arpha-methylstJ¡rene and. rrHF were

dlstLlled, lnto the flIl1ng bu1b. The sorutlon was frozen
and degassed for the last tlne. The vessel was sealed.

/off at the constrlotlon notr at 1o-o mm Hg pressure and. re-
moved" fron the vacuum Llne. The contents of the flIllng
br¡lb were brought to zïoc and. then thoroughly mixed and.

transferyed to the electrolytlc cerl to flll the anode and.

cafhode compartments above ühe level of the electrod_es.

Ord.lnarlly, the fl}Iing bulb was sealed. off at the con-

sürlctlon rrb[ and. removed.. However, when lt was deslred.

to d.rai.n back ühe contenüs of the cathod-e compartment to
the fllllng bulb after the experlnent, the bulb was noü

d.etached. from the ceII. fn such a case, constrlctlon n¿[

was sealed and., by tilting the appara.tus and. coollng the
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filIlng bulb, the oatholyte vüas poured back. Novü lt could.

be removeil from ühe cef}. This procedure prevented- mlxlng

ühe catholyte wlth Ùhe anolyte.

The total volune of solutlon was BÅt..8 ml aJ10 that of

the catholyte 55.2 t 0.5 nI at, 25oC. lhe monomer concentra-

tlon ln the solutlon was 0.43 inl. In all experlmenüs the

same volume of catholyte and" monomer and salt concentraülons

was used. unless otherwise stateÕ.

BESULTS OF UNDIVTÐED CELL E:KPEEIi{ENT

(a) Sbvrene Monomer

The passage oî 5 ma through styrene solutlon tn THF

wlth NaAl( CZHì 4 resulted" ln ühe for¡natlon of the chara.cter-

lstlc orange-red color of the polystyrene anlons at the

cathod.e but lt quickly decolorlzed on stlrrlng. fhe poly-

mer d.roppeil from the cathod-e. The soluüion became very

vlscous after 15 mlnutes electrolysls bub lt d.ld, not be-

come red. When the reactlon nlxture was pourecl lnto methanol r:,,:., ,,,i,,

the solld whlte polymer preclpltaüed. and. the yleld was quan- ; ;:'¡;'¡1;';i;:iì

tltative. Such rapld" polymerlzaílon by eleotrolytlc meâ.DS

was not observed before. 'n

,,¡. ''',,,a,,.¡,,,a

(b) Isoprene Ï{o+o+er

'þthen the solutlon contalnlng lsoprene was eleoÙrolysed

at 5 ma ourrent and" the solutlon was not stirred', ühe c|tarac-
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terlstlo yelLow color of the polylsoprene anlon formed at
the cathod.e and. settled. at the boüüon of Ëhe cell. rf the

sorutlon was stirred the yerlow coLor dlsappeared" Lmmed.-

la-tely. onry when the sorutlon þecame very vlscous d.ld the
yellow color perslst on sttrring buù vanished. when the

mLxture was allovsed" to stand for a. fen hours. [he porymer

yle1d was ahnost quantltatlve.

( c ) .å,Ipha-meth.ylstyrene

when a nonomer sorutlon in THI+ contatnlng NaÁ,l (cdÃìþ
was electrorysed. a deep red. color formed- at the cathôd.e but

vanisheÖ qulckly on stlrrirg. prolongeë electrolysS-s aþ 5 ma

d.ld" not üurn the solution red. However, when a current of
l+0 ma rÁras passed. for.nore than 2 hours, the red color, ðue

to the llvtng anlon, persisted even on stlrrlng the soLution.
contlnuous electrolysls yieldecl" a d.eep red. solutlon whlch

became water clear when lt was exposed to alr. No polyner

was lsola.ted at z5o vut lt üias formed. vohen the red. solutlon
was coolecl to -80o. Such a. red color formation was also
ol¡served" when electrolyses were performed v¡ith Na(c6H5)48

and Ll(CeH5)48.

fhese experlmentar flnd.ings demonstra,te t]naþ 1lvlng
anlons form aÈ the cathod.e, but are klIled. by sone specles

generated- at the anode. Therefore, lt loecame essentlal to
use a d lvld.ed cell for sepa.ratlng the anod.e and" cathoile
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prod"ucts forned- durlng the electrolysls.

BESULTS OF DÏVIDED CELL E}GERIMENTS

The passa.ge of an eleoËrlc current of 5 ma through

a soluüion of alpha-rnethylstyrene in THF conüalnlng Na(C5H5)48

resulted ln the formatlon of a recl color ln the catholyte,

whlle the anolyte remalned colot'Iess. Wlthln a few mlnuües

of electrolysls, the oatholyte became red. The absorptlon

spectra of the red. sol-ution hlere measured" spectrophoÈometrl-

call¡¡; iraklng pure THF as the reference sample and are shor¡nr

ln Flgure 17. ft ls seen from thls flgure tlnat maxlmum

absorbail.ce oocurs at J40 uyr and lncreases wlüh lnorease ln
tlne of electrolysis.

hlhen the catholyte and anolyte were mixed together,

the red oolor d.lsappeared". Thi.s lmplles tlnat the specf.es

forned at the anod.e destroyed the l1v1ng anions. The

specürum of the resultlng mlxed. solutlon 1s shown in the

botton c¡trve of l'lgure 18. When thls solution was again

electrolysed. at the same current for 16 mlnutes the orlglna1

red color reappeared in the catholyte. The spectrum of

this re-electrolysecL cathod-e solutlon ls sho¡cn ln the top

curve of Figure f8. The dlfferentlal spectrum of the

resultlng soluülon ls also presented,. In thls oase the

''.,:1:,:)-..
.: - :: I r,--'. !

AN_IONS



FIGUAE 17. Absorption spectra of living anion solu-
tÍons of alpha-methylstyrene after J,
1ó and 22 ninr¡tes electrolysis at 5 ¡na'
ElectrolyLe Ua(CUH, )Un.
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FIGIIRU 18. .{bsorption spectra of solutíon after
ür-ixittg of anode and cathode solutions
of Figure 17 followed by furiher
electroþsis at a curuent of 5 na for
16 minuÈes.
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maxlmun absorbance also occurred essentiarly at the same

posltlon. slnlIâ{r absorptlon spectra for the }ivlng anlons
produeed. electrolytically in the presence or K(c6H 

5) 4ø ana

NaAl (c5H) 4 are shorrm ln Flgures 19 anð. zo respectivery.
when an anpule of styrene was mlxed wlth thls red" solutlon,
the monomer potynnerlsed. lmmed"lately. The absorptlon spec_

trun of the resultlng polymer solutlon is shown ln Flgure zL.
[he absorpt,f.on maxlma of llvlng anlons of alpha-methyrsüyrene

and. porystyrene are the same as have been d.escrlbed_ ln the
llterature (34;ar3Z) .

STUDY OF DT¡'FUSTON THROUGH TFIE FRTTTED DISC

Before d.olng a kinetlc study on the llving a¡eion for-
matlon 1ü was belleved essentlal to investlgaüe the possible

d.iffuslon through the frlÈüed dlsc used. to separate the

anod.e and" the cathod.e comparùments. Therefore, a solutlon
of alpha-methylstyrene ln THF contalnlng sod.ium üetraphenyl
boron was electrolysed at 3 ma for J4 mlnuües. fhe aþsor-

bance of the catholyte after eLectrolysls was measured at
34a ny as a functLon of tlne. Dâþ¿ ¿¡" conplled. ln Tabre rZ
from whlch lt was concluded" that there is no appreclabre

change ln the absorbance for the ftrsü 4 hours. After 5O

hours there was only a 14 percenú ehange ln the absorbance

occurred,. All of thls cannoü be conslöered to be due to
d"lffuslon. WLth t<(C6H5)48 ane NaAl (C5n9 4 there was also



FTGURE T9. Absorption specùra of livir¡g anion
solution of alpha-nethylstyrene after
35t & arñ 75 nainutes elecürolysis at
1.3 rna. F.lectrol¡rber tt(C¿Ht)Uts.
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FIGUBE 20, Absorption spectnrn of living anion
solution of alpha-methylstyrene after
electroþsis at 2.4 ma for 20 mj¡¡utes.
ElectroJ¡rbe, Nartt( C6H5 )4.
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FIGIJIìE 21. Absorption spectrum of living
poþstYrene formed bY living
ai-pha-nrethylst'¡rrene arLlons .
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rlo change ia the absorbance in the flrst 4 hours.

IABLE IZ. Change in absorbance of ]lvlng anion
solutlon afüer electrolysJ-s. -

Time
hours

Absorbance(at 3t+o n,¡).

r.456
L.t+56
l.t+56
l.t+56
1.4?,Q
r.398
L.3gg
L.377
L,367
L.367
L.4ltg

QUAN'TÏTAITVE REIJiTTONSHTPS BETWEEN CHAßGE Tru{N-SFERRED

Ai{D THE POPT}LATION OF LTVTNG ANTONS

Monomer solutions contalnlng Na (C5H) 48, K(Cêf,ì Up
and. Nl-aal(czli'i 4 were electrorysed- at a current of 1 .3 nà.
The applied voltages xxeoessary for the passage of this coïr.-

stanü curuenü wlth these electrolytes are presented. ln
[aþIe L3. rhe concenüratlon of llvlng anlons in terms of
the a.bsorbance at )t+0 np was measured as a functLon of
electrorysis tlme. The results are surnnarlzed ln Table 14

a.nd. graphlcally shor,rrn ln Flgure ZZ. The charge transferued
wa.s calculated by the foll-owIng equation:

0
I
2
3
lI
5
6
7I
9

5o



99

TABIE 13. Applled potenttal requtred to
mainüaln. a constant curuent of 1.3
ma wlth d.lfferent elecürolytes.

Electrolyte Na(c5H5)48 K(c6H5) ¿uB NaAI (c 
2H | 4

Applled
voltage (V) L7-t7 "5 200-210 I

TABLE 14. Increase ln absorbance of llving anions
âs a functlon of electrol-ysls tlme at
1.3 ma wlth d.lfferent e]ectrolytes.

Time of
electrolysls

minute

Charge
transferped
e x10o

A,bsorbance
(at 340 m¡e)

0
5

10
r5
20
25
3o
35
l+o

45
5o
55
6o

Na (c6H5)48

0
L*.olt'
g.og

L2.12
L6,L7
20.?l
2t+.25
28.29
32.33
36.37
¿}0.41
44.t+5
l+8.50

0
.0086
.0]-53
.0457
.161r
.2758
.3959
.5ot+5
.6tog
.7?02
.8386
.9508

L.055

conûlnuect
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T¿\ELE: 14 CONTINUEÐ

Tlme of
electrolysls

mlirute

Charge
transferped.
A x10o

AþsorbaÐ.oe
(at 340 nlt-).

0
4'.04

L2.12
16.t7
?0.21
zl+.25
28.29
33.9t+
37.99
42,03
L+6.07

0
4

10
t5
20
?.5

30
35
4o
45
5o
55
6o

0
5

t5
20
25
3o
35
t+z
rþ7

52
57

I'IaAl (crtJ5l4

0
&.04
B.OB

l? "r?,t6.t7
20.21
zt+.25
28.29
32.33
36"37
40.41
Ut+.45
¿t.9,50

K(c6li5)48

0
.0781
,17?2
.2799
.?786
.L+977
.6053
.7l-52
.8?98
.9586

L,OLþY
l.?09
L.?Bl+

0
0

,116?,
,23?.6
.3 5L6
.ttS59
.5560
.6990
.7959
.8860
.9967



FIGTIRE 22. Absorbance increase of livíng alpha-
raethylstyrene ar:-lons as a fi¡nctíon of
charge transferred.



o- NoB (C6Hs)4

o- KB(C.Hr)o
o- No Al ( CrHu )o

./

)

+

c

o{

/

/',/

,/

/
o

/o

/t r{
/' ,"/

/,{"

/ /d/
20 30

Chorge tronsferred ( mîcro forodoy )

to



l-oz

Charges tran.sferreÖ, Q =

w-here I ls ûhe current ln arnperes, t is ühe elecürolysls

time ln second.s and. F ls equal to 961500 coulombs g.

equlv.-l. !.J-gure 22 shows short lnductlon perlods wlüh

each salt before the flrst change in absorbance appeared".

Therefore, it seems that Êome resldual lnpuritles such as

molsture were present 1n the reactlon mixbure. The rela-
tlvely smaller lnd"uctlon perlocl oþserved. v'ilth NaAl(C5H5)4

is expected. because of the hlgh reactlvlty of the salü

wlth molsture and oxJrgerl. The i-nd"uotlorx perlod. belng equal

üo 2 to l-0 mlcro Farad.ays represents 2 to l0 mlaromoles of

the lmpurlty ln the rea.ctlon solution. Thls ls approxlmately

4 x tO-5 U ln tmpurlüy at the Lower Ilnlt and- ls ln reasonable

agreement wlth other estlmates of lmpurlty levels (231. All
the data for the electrolysls of the three salts faII
accurately on a slngle stralght l-lne (F1g.23), if the effects

of the varying lnd"ucblon perloils of Flgure 22 are substracted.

fron the total charge transferred.. From Figure 2J lt i.s

seen tÌnat in the oase of K( C5H) 4B the last few polnts are

not on the curve. Thls probably arlses from elee'bro-

d.iffusion effects whlch may oocur at relatlvely hlgh applled.

voltage (Table 13). At thls voltage mlgratlon of the

catholyte to anolyte was observed.. Nevertheless, Flgure 23

obviously proves that the llvlng anlon formatlon d.oes not

,d.epend on the nature of the salts used as cond.ucting electrolytes.

txï



FIffiTRE 23. Plot of data shoi'¡n in Figure 22 after
målclng necessary inductÈon period corrections
for total charge Ì;rar¡sferred.
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DESTBTJCTION oF ],IVIIVG AI\rIONS BY A BEI¿ERSAL OF TI{E

POLARITY OF ELECTBODES

l{hen the d.lrectlon of ourrent passage was reverseil

so that the cathod.e became the anode, the absorbanoe of

Ëhe llving anions present ln the catholyte started. d-ecreas-

lng. [he resulüs are show]. ln Flgures 24, 25 and. 26. It
ls seen. that alnost the sane quanülüy of charge ls requlrecl

to clecrease bhe absorbance as ls requ.lred to lncrease 1ü

initially. However, ln the oase of Na/{1(C6Hì4 the lasü

few polnts d.o not }1e on the sanoe ourve (tr'ig.zs). Further-

more lt was observed. thaü at the very instant the red.

solutlon ln what ls noit the anod.e compartment, became color-

less, the cathod.e soluülon acqulred" lts flrsü trace of the

red. color. In the case of NaAl(czEì4 the catholyte beoame

coLored. before the anolyte had. d.lscharged- lts red. color.

Solutions of the monomer ln THF with. sodlum tetra-
phenylboron were eleetrolysed. at several currents ranging

from Q.62 to 5 ma. The correspond.lng voltages to malntaln

the constanü currents are complled in Table J-5. The

lncrease of absorþanoe at 340 q¡r with the ti¡oe of electro-

lysls for several lmpressed" ourrents ls summarlzed" ln

Table 16 and. after making necessary lnd.uctlon perlod. corr€c-



FIGIJRE 24. .&bsorba¡ice j:ncrease of U.vj"ng a-lpha-
nethylst¡rene anlons (rising curve) and
its absorbanee d.ecrease (falling curve)
on rerersal of electrode polarify.
Jtbsorbance hras measured aù 340 4r.
E"LectroJ¡¡be, Na(CUH' )48.
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FïfrfftE 25. *tbsorbance increase of livÍng alpha-
methyls-r,yrene arrion and i.ts absorbance
d.ecrease (failfng curve) on reversal
of electrod.e polarity. Absorbance
liras üreasured at 340 ülr. trllectro\rbe,
Nai,l(czH5)À.
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FIGIJRE 26. Absorbance íncrease of living a-lpüra-
nethylstyrene anion (rÍsing curve)
and absorbance decrease (falling cr.irve)
on reversal of eleetrode polarity.
.{bsorbance rì¡as nieasured at 340 rs}x.
Ðleetroþre, Ii(C6H5 )48.
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TABLE 15. Applled, poÈentlal essentlal üo
maLntaln constânt currents.

Current
(na) .62 L13 lI32

voltage 10.5-11 I?,-t? .5 25.5-27 L+O-42 55-5? 65-68
(v)

TABLE 16. Increase of the absorþance of
livlng anion solutions as a functlon
of electrolysls tlne for several
lmpressed. currents.

Tlme of
eleotrolysls

(Mlnute)
Absorbance
(at 34o ury')

0
.0038
.ot+57
.0934
.1ll85
.2111
.2771+
.3373
.Lþo3l+
.l+6zl+
.5376
.60zl
.667 5
.71+t+7

0
?l
27
33
39
t+5

5t
57
63
69
75
81
87
93

.62 ma

0
5

10
t5
20
25
3o
35

0
0

.0705

.2350

.t+o5T

.5850

.7695

.9509

2ma
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TABLE 16 CONTINIIED

Table of
electrolysls

(Minute )
Absorbance(at 340 ry)

4o
45

1,143
1.293

0
Ll

I
l2
t5
1B
2L
2t+
27
3o
3L+

38
+2

0
6
9

11.5
t5
18
2l

3mla

l+ ma

5 rra

0
.0064
.o2t+5
.2558
.4zoj
.5935
.7645
.9393

L.097
L.283
1.468
t.699
t.959

0
.1320
.35L0
.579r
.8210

1.049
1.260

0
.o692
.3863
.5777
.7939
.9858

1.191
L.37 5
1,6!2
t.779

0
3
6
I

10
L2
1¿t
t6
18
20

For L .3 ma see 'Iable 13.
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ülons (Table 16) the data are shotm in Flgure 27.

TABIE 17. Ind.uctlon perlod.s observed. wlth
d.lfferent lmpressed currents.

Curuent
(ma ) ,62 L.3 2 þ3

Ind.uctlon
perlod.

(nlnuüe )
2L+ L2. 5 8.5 7.6 I+.5 2.5

Arr excellent llnear rela.ttonshlp between the absorbance and

tlne at each of the currents over a üenfold. range ls evl-

d.enË. However, for eac|t current there appeared' to be an

lnd.uctlon period. whloh is shounn ln Table V o All the curves

shor,rn ln Flgure 27 can be reduced" to a slngle curve when

the abs:or'loance ls ploüËect agalnst the quantity of the charge

transferrecl at ühe cathocle. Flgure 28 shows a plot of

slopes of llnes 1n Flgure 27 as a functlon of ühe lmpressed.

currents. This offers further clear evid"ence that the con-

centratlon of llvlng anions ls equlvalent to the numþer of

Faradays passed through the so]utlon, after the ind.ucüj-on

period.. fherefore, the formatlon of livlng anlons by

electrolytlc means offers a subtle method. for the calcula-

tlon of the molar extlnctlon coefflclent of the so}utlon.

'Ihe slope of the absorban.ce versus oharge transferred. wlll
glve d.irectly the molar extinctlon coefflclenü which ls

defined by the fol-l-owlng expresslon:



FIG{IRE 2?. Absorbance increase of li.vi::g
alpha-rnetþIst¡rrene an:ions with
tjrne of electrolysi-s at inscrÍbed
curyents. .{bsorbance l{as measured
at 3å0 n,tr¡.



Ti me (m inu tes)



FIfrJRE 28. Plot of elopes of Figure tJ versus
currents.
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Mo1ar extlnctlon coefficlent 
" 

= #-6

where A ls the absorbance of the solutlon, c ls the molar

concentratlon of the absorbing specles anÖ L ls the paüh

lengthoftheoptlca}cell.tnthepresentwork,oalcu-
]atlon of E can þe lLlustrated" as follows:

For the current of 0,62 ma, the slope ls '0103

absorbance,/mlnute (Flg .?B), the pa'th length, L ls 0'1 cm

and. ühe volume of the tlving anlon soLutlon ls 55.2 mI at

Z5oC. The concentratlon of the livlng anlons showl-ng the

absorbance .0103 can be given by the charge transferred at

Q .62 ma for 6o second.s, 1. € . ,

.62 ¡-16o x 1o-3 - 3855 x Io-3 g. equtv.-l o" moI.w= r'

.'. mo]-ar oonoentratlon, = W
Suþstitutlng vatues of C, *t', L in the expresslon

A
E = fr we get E = L.5 x 104 I, mole-I "t-I.
slmllarIy, values Of E fOr oüher impressed- currents were

caloulated and. are asseurþled- ln Table 18' [he result lnd'l-

cates a sllght varlatlon ln E wlth impressecl currents.

The rnolar extlnotlon. coefflcient of the livlng anlon

solution of alpha-nethylstyrene has 'oeen glven as 1.4 x 104

at35orylnthe]-iterature(89).Therefore,üheva}ueof
E oþtalned ls ln a good. agreenent with the llterature value'



IìABI,E 18. ivlolar
anlon

extinctlon coefflclenü of llvlngsolutlon of alpha-neühylstyrene.

11¿,

r extlnctlon

r.5
L.5

1.6

1.7

1.7

f.8

ooefflclenü -Current Slope from. Eíg. Zl ^ (Ittre.*ofe=Iãn-I)('') (+o.oi.pro""/rrniJf 'roz '--jLõ'ü.¡I*i rõ:4 '
1.03

2.23

3.63

5.70

7.75

10.33

0.62

1.3

2.0

3.o
Il, .O

5.0

LrVIivG .{.NfoN FOE}f,Ër.TIoN }ÍITH Lt (C6H5)48

A llvlng anion soluùion of the monomer wlth thls
salt r^ras prepared. as usual at a current of 3 ma and an

apprJ.ed. voltage of 58 v. unllke other salts, ljr thls case

a plot of the lncrease of absorbance of the catholyüe versus
eharge transferred. dld. not ylerd. a rlnear curve as ls
evid.enü from Flgure 29. F\rrthermore, lt was found. tktat
after eleetrolysls the absorþance decreased spontaneousry
as shown at the 1efü of Figure Zg. Repeated. e¡rperiments

wlfh the rigorously purlfled. salt ylelded the same results.
fherefore, this resurt suggests Ehat there extsts an lnter-
actlon between the llving anlons and" the salt resulülng ln
a dec::ease J.n the absorbance of the solutlon. However, aE

-B0oc no decrease of the lntenslty of the red. color rn zt*
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FrGUBir pg. Livi.ng anion formati-on of alpha_methyl_
sfyrene on electroþsís and its spontaneous
decay w:ith tine i¡r the presence of
ri(c6H5)48.
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hours was notlced although the actua] absorbance could- not

be measured a.t thls tempera.ture wlth the appa.ra.üus employed.

LIVII{G A}IION 3'OIiÍ!ÀTION bIITH SUATËRNARY Ai{M9J{IUE SALTg

und.er the same experlmental oond.ltions as employed.

earller, a monomer soluülon ln IHF with tetrabutyl ammonlun

tetraphenyl boron as electrolyte was subJecteô to electroly-

sls at 3 nna apd. 90 V. A red. oolor formed a"t the cathod-e but

ðlsa.ppeared c¡uickly ln the solution. Even 5 hours electroly-

sls dld not result in a perslstent red. coloî at the llvlng

anlons. irihen passage of the current was conülnued. for more

þkran B hours, the applied. voltage increased from 90 v Üo

aìcove 5OO v and the catholyte beca'me d"eep purple. The

spectrum of thls resul-ting purple colored solutlon was

measured and- is shot'¡iL ln Figure 30rL 'Ihe solution was cooled

to -BOoC and allovred to stand. overnight and then exposed-

to alr. The sollf,tion üurned from d,eep purple to falnf

ye}low. The resultlng speotrtrm of the a1::-exposed- solutlon

ls shovütl ln Figurs J0b. No polyner precipltated' when lt

wa.S poured. iriüo methanol. lhls experlment could Suggegü

that Lmpurlty present ln the salt kllled the living anions.

Therefore, the salt was recrystalysed several tfunes and'

the experlment was repeated., brlt the sa-ae result aS before

wag obtained. The formation of ühe purple color was aISo

observed, t¡¡hen electrolysls was perforned- ln the aþSence of



FIG.IJPTE 30. Absorption spectna.

a, purple eolored solution formed by
electroþsis i-n the presence of
(cuHr)u B(cóH5)4

b, the electrolysed soluti.on e:çosed
ùo air"
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nononer. HoweYer, ln ühls oaÊe the translent red' color

d.ld. not appear. l,lhea a solutlon of aaphthalene, I'n THF

conüalnlng tetrabutyL ammonlum salt was elecürolysecl on]'y

a trauslent falnü green color foroled. around the oathod'e'

Thls green oolor may be clue to naphtt¡alene rad'lcal anlou'

The aatholyte ü1Ö not beoone green but prolongeÖ electroly-

sls resulteÕ agaLn ln formatlon of the purple ooLor at hlgh

applled. volüages.

From these results lt Êeens that' there nay be a

strong lnüeractlon between the saLt ancl l-lvlng anlons

resul-ülng ln ühelr qulck d.estrucülon. In orðer to explore

thls vtew the followlng experlneaü was performed'

Theapparatusused.lntheexperl.nenülsshosrrrln

Flgrre 3L. t'Art ls an anpoule of the pure ar¡ù thorough]y

drlecl. salt, uBu ls a quattz optt'oa1 ceLl equlpped' wlth a

g Bm spacer, whloh was attaohed. wlth a glass sealeÖ magneüt

and. rrftr ls ühe fllllng h¡lb. lrhi.e v¡hoJ.e apparatus ?ras

sealed. to ühe dlvlÕeð cell and. ühe llvtrrg anlons were fonoed

wlüh,Na(C6,H5)48 by the usuaL prooed.ure. fhe reð' oatholyte

was oralned. back to the fl}llng bulb and the ðlvldeÖ

cel} was removed by seallng off at the constri.ctlon

illrn. The absorbance of the solutlon was measured at

3ll0 mu for twenty mLnutes and, then the ampoule nArr was

orushed. and. the saLt was qulckly nlxeô wlüh the llvlng

anlon solublon. fhe absorbance of the resulülng solutlon

wasagalnmeasureclasafunotlonoftlme.Inühlsoase



FIG{IRE 31. tlpparatus used to study the deaetivatj.on
of living aniong.

B, quartz optical ceIl equipped with 9 mn
spacer and raagnet.

á., anpoule of tetrabutyl ammonirrm fetra-
pher¡yl boron.

D, sealed to divided. cell (nig.t6).
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the absorbance was found to ðecrease rapidly to zexo within

a few ml-nutes. The d,eep reil- sol-ution beca'me a very falnt

yeIlow. The result ls shourn in Flgure 32. Thls observa-

tlon concluslvely proves E|Lat the quaternary ammonJ'um salt

kl]ls ühe llvlng anlons a.nd. thus the red col-or formed' at

the cathode d.oes not perslst. An atte'mpt was also mad-e to

form the l-ivlng anion using tetraþutyl ammonlum perchlorate'

Agaln only a branslent red. color formed' at the cathod"e a¡r^*d"

vanlshed ln the solutlon. But lt was found- t]nat when Ùhe

eleotrolysls was colltlnued. for 6 hours at 2 ma, the TIIÏ'

was polymerlzed. It seemÊ tL-LaE thls salt also reacts wlth

the livlng anlons. Hovrever, 1t is emphasized t]naþ the

llvlng anlon formation ln the absence of a}ka.ll metals

wa.s f lrst observeÖ ln thls work.

DESTEUCTION OF I,I-\rui'{G AI\]ONS BY A1(C2H5)3

Inihen a1(C2H5)3 ( (.1 g.) was mlxed wlth llving

the d.eep red. solution became instantaneously water

Thls proves t:naË A1(C2H5), aeactlvates the livlng anlons.

ON ON OF
phenyl eü lene

Thls hydrocar'oon resembles süyrene and" alpha-

methylstyrene, but because of the bulklness of two phenyl

groups lt does not polymerLze at room tenperature. Howevert

lt also forms livlng anlons vla-an electron transfer reactlon'

anions,

clear.



FIGUEE 32. Ðeactivation of living anions by
tetrabutyl a¡¡moniirin teùraphenyl
boron. After 20 rú:rutes the sa].t
was mixed w:ith the living anion
solution,
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It was lntend.ed here üo measure the absorptlon spectrum

and" extlncüion coefficlent of the llvtng anlon solution

of this mollOmer. 
,,,,,,,,,

A. 2.5 mI monomer sample and- 0.25 g. Na(C6H5)48

urere d-issolved in THF to glve 86 nI solutlon (catholyte

volume belng 55 nL at ZSoC) and. the resulting solutLon 
1,.

waÊ electrolysed. at a current of 3 ma ancl" a voltage of . '

35 V. fhe red color started to drop from the cathod.e but 
,

turned blue ln the solutlon. After half an hour electroly-

sls the catholyte became blue and. exhlblted. an absorptlon

peak at the reglon of 660 rr,y. It was found that when

el-ectrolysls was contlnued wlth the po1a.rlty of the eJec-

trod.es reversed., the blue color d-lsappeared completely

and the solution became colorless. Once agal:n the polarlty

r,lras reversed- and now the red color which formed at the

cathod.e d.ld. not turn blue. The otlue oolor formatlon nlght

be caused by some lmpurJ.üy present ln the monomer. The ,'.,;:,.-;.:-t-a-'.

latter coulö not be purif led. r¡nder hlgh vacuum þecause 
..,,:,,., ,

of lts hlgh bolllng poinü. ": '

The absorpülon spectra of the reil soLution wlth

electrolysls ttne are shown ln Figure 33. The spectrum ls
ii.::.::.t:;.

broad. wlth a maxlmun absorptlon peak at the reglon of :¡r:';' :

470 ry whlch. is ln an agreemenü wlth the literature value

(29). The 1lving a¡rlon could be kll-l-ed- by reverslng the

polarlùy of the electrod"es. Tn another run, the lncrease



FIG{JRE 33. /rbsorption spectra of living anion
solutions of alpha-phenyJ.styrene
after electroþsis at 3 ma for
inscribed times. äLeetroþte,
Na(c6H5)48.

;



26 Minutes

20 Minr¡Îes
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of absorbance at 47a m¡ T^fas measured and. is shown ln
Flgure J4. The molar extincülon coefficlent was calcu-
Iated. as before and was found- to be I.6 x fO& f. mo1-I

o*-1. The llterature value is 2.6 x ro4 r. mol-Icm-l (zÐ.

yrFTÐ= A:IVD r-rOLEcuLAR }|EIGHT OF pOLy (A].pha_

When the livlng anlon solution of ühe monomer

uras coored" to -Booc 1n a d-ry ice-acetone bath, polymerlza-

tLon oceurred.. After completlon of ühe reactLon, llvlng
polymers were kiLLed. by ad"d.lng a few drops of methanol.

The polymer was lsorated. by preciplÈatlon ln methanol

filtered., washed wlth methanol_ and" then drlecL ln a

vacuun d"esiccator at S}ocfor 24 hours. The yielös of
polymers obtalned wtth tt(C6H5)48 and Na(C5H5)48 are

shounr respectlvely ln Tables f9 and_ Ze. No polyner was

obtalned" in the case of quaüerrra?y ammonium salts. ïrlth
llthlum salt the ylerds of polyuers were not quantltatlve
because the reactlon tlme was not sufflclent. Longer

reactlon time was not employed because thls would. inorease

the chance of livlng anlon d.estructlon. However, ühe

corfverslon exceed"ed p2 percent when the reaction was

conülnued for 20 hours (la,st run Table 19).
The polymers used ln the measurement of moleeular

welg'hts ütrere purlfled" by methanol preclpitatlon from THtr'

sol-ution and. orled. vlscoslty measurements were d"one aü



FIGURE 34. Increase of absorbance
(aü ¿l7o mu) of Ilvlng a1Pha-
phenYlstyrene anlons lvith tlme
of e1ectrolYsls at 2' rra.
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lvlonomer Current electrolysls (cathoite) oaühod.e molowt. x 10-q'
-t.R..N. moles/Iltre (mal (mlnuüe ) _ g. g.

-4.

TABLE 19. Yleld and. molecular welght of poly 
^(alpha-meüfrylstyrene) fõrmed at -8ot0

1n the presence of LlB( Ç5H) 4.

10.7
8.8

l-5.g
8.9

II.ll
6.2
6.6
6.9
4.9

nomer Polymer

23,r
27.1+
3l-.3
1t8.6
30.3
2.l-.3
f7.1
,7:

4.83 4.40
4.38 3.22+"?7 3"974.86 2.r7
4"gB 3.zo2.98 2.ol+
2.1+5 1.86
2.31+ 1.66
2.33 2.t5

Reactlontlme.3 hours.

H
t\)
o\

6o
90
4o
6o
3o
75
7o
6o
6o

x Tlme of polymerlzatlon 24 hours.

1 . L,28 2.2
2. 1. 28 I.3
3. l.2B 2.O
4. l.z8 !.35. r.26 3. o6. 0 .64 1.3
7. O.5g 1.3
Bo 0.51 1.3
9.åT o .51 2.1þ



o.or. *;i;--ilr" e" - (*ár (rlttrt") (rlo*tu)

TABLE 20. The Yleld. and,
methYlstYrene )
of Na(C6,H5)48

1.
2.
3,
l+,
5.

Monomer (oathode)

Reactlon tlme 2& hours.

0.419 L,9z z.Lt 6o 8'5
p.+õg l.gr 2.o 70 9'o
0'.872 t+'.09 2.0 90 9 ' oo:ãit 2.9! z.o 6o 9'o
o'.61i ?'.'6i 3.o 35 7,5

,"3*:;Ë;red. (:3iiläåä) iliå3lig'
(tr'arad'ayxroj).--ã;_-number-ob--ca1cu1a.tei|.

1.
zo
3.
4.
5.

I{onomer '[]'IIle t-¡r 'L'Lt\r(¿r' r/ r
(óaCrròoe ) currenË electrolvsls 9"T199

molecular weigþt
formed at -Bõoc

?.68
7.59

10.07
6.31+
5.t3

of poly (alpha-
ln the presence

1.90 .?1+O
1.Bg "27t+4.05 .323
2. gg .3352.6r .397

lme o

5.r7
6.zj
7.85
8. 28

LO.5

:: :.
'r:.;

4 
"954. gB

B. 04
9,Q9

10.2

H
t\)
\.1
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3OoC ln toluene solutlon using an Ubbelohd"e rrisoomeÈer

(Flg. 2), I'ieasurenients ln the conoenüration range A.25 -
I percent by wetght were exbrapolated. to lnfinlte dllutionr -,',

by #eans of ltnear z\so/C (viscoslüy nunber) agalnst C

{polyner concenbratlon} plots, þo obtaln llinitlng vlscoslty

numbers. $uoh plots are sirorn¡n ln FJ-gure 35. The molecular

weights üiere oalculated frou the llnltlng viscoslty number

by ttre followlng eicpresslon (56).

(\} = 1.Q8 x 1o-4ito'71

The theoreüloal molecular welght' l'¡as oalculated by the

followlng equatlon (69).

i{ol .I¿Jt. (Fh} =
polymer (e)

f oharge transferred

Both observed. and calculated molecular welghts are su!ûna-

rlzed ln Tables 19 and. 20.

I40LFCULí'IìE T,üEIGH'I PI STBIBUTIOIíS

The noleoular slue distrl-nutlon of sanples of poly

(alpha-nethylsüyrene) formed. ln run bio.J (Table l-9I and. run

I'fo.l (Table 2û) were determlned by the gel permeatlon

chrouratography (GPC) technlque. The daüa are presented. ln

Figures 36 and j7. Plots of the cumul-atlve welght peroent

versus ühe chatn length of polymer nolecules are shown ln

Flgures JB and 39. Iü ls seen tîat the polymer prod.uced



FIC,{IEE 35. Plots of \n/C versus C.
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FIGURE 36. luiolecu.Iar r,ueight distribution curve
of poly (a1pha-roethylsüyrene) fonaed
at -8ou0 ín ùhe presence or r,i(c6H5)48.
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FIGIJIü 3?. i{olecular rueight disfributj'on curve of
poly (a1pha-methylsÈyrene) formed aù

-gobc in the presence of I{a(CUH5)48'
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FIGURS 38. Plot of crxnulative i','eig}ù percent- (cafculated' from Fig.J6) versus
chai-n length of poþmer molectúes'
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FTG{JNE 39. Plot of curauLative weíghi: percent
(calcr:-1ated. from Fig. 3?) versus
chain lengih of poJymer molecules.
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L3t+

ln the preseitce of Na(C¿H")r,B has a rel.atlvely unlform- o 2-q
molecular welght d-lstrlbutlono

ANALYSïS 0e UHE ANODE SOLUEION

A current of 2 ma aþ an applled. potential of
25 V. was ÀÐassed, for f0 mlnuües through a THF solutlon .,,

of alpha-neühylstyrene (0.4 f4) and. sodiunr üetraphenyl 
:::'::¡:::::::

:_: : 
j. 

-..: 
_..

bOrOn (.02 lvi). Afber the eleCtrOlySlS the a¡1Od-e SOIUttOn '.',:",,,.ì,,ì",'

was exposed. to alr and. was analysed by a nethod_ d-escrlbeil

by Geske (90). Here the procedure for the analysls had.

to þe mocllfled. for ::emoval of the üonomer and" unused

riTa(c5Hr) ¿lB.

A L2 mI anod.e solutlon was shaken wlth 12 ml (f m)

sod.lum hyd"roxld.e so1utlon. Thj.s mlxed. solutlon was

treated wlth 15 ml cyclohexane and" vlgorously agitateiL

for half an hour and. then allowed to stand" untll aqLreous
,,.;:,;¡ i,' ;; ;,t 

t t t 

;.1;¡,, ;.,,
and. rron-aqueous layers appeareil. They rrrere separated. ::.:r;,''r'ì)'::;'

and. reserved. f or analysts. ,;,;,':'.;;,;';.: ,'.,,,";'
aa --a-ii:: -:',-.. :

The aqueous portlon was washed. several tirnes wlth

cyclohexane unüi} the vrashings were found. to be free from

the nonorner. The presence of the monomer in the solutlon a,,; 
.1¡r,r,,:_ _. ' "was examined speoürophotometrically. The monomer shows

a maxlmum a.bsorptlon peak aü 24O ryt. Novt the monomer-free

aqueous solutlon was treated wlth a saËurated. solì¡tlotr

of KCI whLch reaoted wlth itla(C5Hr)48 (present 1n the



135

solì¡tion) to form relatlvely lnsoluble K(C6HìUtB. The

preclpltate vsas fllüered. off and- the solutlon aoldlfied.

wlth acetlc aoid, and. shaken for half an hour" Thls

acid"1fled. solution was mlxed- with 10 mI cyclohexan'e,

agltated- vlgorou.sly and" the cyclohexane portlon was

separated from fhe aqueous layer.

The oyclohexane sanple thus obtalned was treated-

wlth I m] dlstlllecl water and" the aqueous and oyclo-

hexane portions were agaf,n separated-. The optlcal

absorptlon spectrum of the aqu.eous extracü; was neasureÖ

agaÍrnst pure water as a reference sample and. an absorp-

tlon peak appeared. at 268 rry. A specËrum of a knourn

sample of a phenol solutlon ( -'to-5u) was also measul:ed'

Both specËra are shown ln I'lgure 40. A comparison bet-

ween ühe two spectra shows ËLuàþ the aqueous extract

contalned" phenol. hlhen the absorptlon spectrum of the

cycJ-ohexane extract r/'ras measured-, a peak showed' at 238 ry
wlth tkrree should.er peaks between 260 ancL 280 nP presenüed

ln l'lgure 41. lnlhen thls sol-utlon was washed three times

wlth water, flltered and. its spectrum measured, a sharp

ansorptlon peak appeared. at 238 ry (Fig.4z) without the

previous üa1l peaks (FtS.4l). This absorptLon peak 1s

d.ue to di-phenyl boronous acld whose naxLmum absorbance

occurs at 238 ry.
The cyclohexane sanple, obtalned. from the alkallne

'...1..-. .. ... t.. :

,- .:.: ..:';



FTGURE À0. Absorption sPectra

a, ktor.rn sanrple of
b, sa.nple obtai¡ed

of ano\rbe.
path length = ]

i.n r,,ratef,

phenol

from anaþsis

CïOr
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FïGURE 41. Absorption spectrr:m of cycloher(ane
extract obtained from acidified
aqueous solution. Path length I cm.
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FIGURE 42. Aboorpt'ion specùruu of diphenyt boronous
acid, (C^H")-B0tt, exbracted 1n cyclohercane
after wHst{i-áe the solution (Fig.41) ürith
ï¡'âter. Path length 1 cm.
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aqueous solutlon, was washed wi-th water and. suspended.

materials fllterecl off. The solutlon was evaporated 1n

vaouuul ancl the resld.ue üras pumped for more than two hours.

Thls proced.ure was followed for removal of the monomer.

The resid.ue was d.issolved. in 15 nl cyclohexane, flltered.
and. the absorbance was measured. The specËrum of this

soluüion and tlnat of a known sample of blphenyl solt¡tlon
É

( ,-.10-r lvt) tn oyclohexane are shor¡nr in Flgure 43. From

examlnatl-on of these speotra lt appears that the solutlon

had. contalned blphenyl. The presence of blphenyl ln the

solutlon was also d.etected- by a gas chromatogram. The

analysis by the ga,s chromatogram showed. the absenoe of

benzene in the anolyte.

A solutlon of styrene (0.4? I,l) and- Nan(Ç,6H5l 4

(.02 lr) tn the THF was electrolysed. for 2 hours at 2 ma.

lhe anolyte was then erposeÖ to alr and" analysed. by the

proced.ure d.esorlbed above. The resulüs were the same as

those obtalned. ln the case of alpha-¡nethylstyrene. The

sùyrene shows a maximum absorbanae at 29:'- ry,

BI,årritr EICPERIIIBNT

A fHF solution of the sane conoenbratlons of salt

and. alpha-methylstyrene as were used. ln the prevlous

experJ.ments, was prepared.. No current was passed. through

'i:i;ì



FIGIJRE ¿13. Absorption spectra in cyclohexa,net

a, knoi'm sample of biphenYl

b, sample obteined frour anaþsi-s of
anoþte. Path lerrgth I cm.
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thls solu.tlon. fhe unelectrolysed. solutlon was anlysed

for blphenyl, phenol, benzene and. diphenyl boronous

acld.. Irlone of these compound.s vüas ðetectecL ln ühe

so1utlon.

prsc_uésIoN

The ad.d.ltlon of an electron to the doubLe bond.

of alpha-meühylstyrene ylelds a rad"Í.cal anion whlch, ln

turn, forms elther a d.lmeric d"ianlon, a d.lmerlc rad.lcal

anion or a teËra¡nerlc d-lanlon d.epend-lng on bhe eryerlmental

cond.ltlons (3+r9lr92). The for¡natton and. strucüures of

these charged- specles can be illustrated. as folIows.

cHe c[j
lr & . I

CHr=g +Na^- CHz-Ç- CHZ-þl-l

CHal' +
C' ,Nâ
I

c6Hjc6H 5
c6H5

rad"lcal anlon. .. .. (1)

. 1": _1", î-Ð +
zcn, - ç-rNaf 4 Na+, -C - CHz - CHz - C- , Nr'þl ll

c6H5 c6H5 c6Hj

dlanIon.... . . ... .. (2)

or

CHc CHr ÇHq ÇHr
. I ) r- | J I^t | -
ðn, - c- , Nt* + cn, = ç ð' cH,-cH2- c- , Nt*

fl'lc6tIS c6HS Ç6Hj Ç6Hs

d"l¡nerlc rad.leal
anlon ............ (3)



Lt+2

ï:, îT, r *_1n, î'r3

t'- r*, - clz i- , N"* + ã -> *"",-i - cnz-cnz- l- ,N"*
c6H5 c6HS c6H5 c6H5

d.Lanl0n..r...... (4)

å! Sod.lun ls taken as an eleotron transfer agent
for lllustratlon purposes.

Therefore, ühe dlanlon may be formed either by

d.lrecü d.lmerlzaülon of the rad.lcal anlon (reactlon 2') or

through a sequlence of reactlons yleIdlng, the d.lmerlc

rad.ica! lon (reaatlon 3), whlch acqulres an electron
(reactlon ll), resulting in the formatlon of the dlanlon.

'Ihe electron transferred. in reacülon þ may come from the

orlglnal el-ectron transfer reagent, from the monomerle

radlcal anion, or from the d.lmerlc rad.ical anlon. Because

of the large d.lfferenoe in the concentratlon of the üorro-

mer and. its rad,loa1 anlons, reactlon J was found much

faster tlnan the d.imerj-zaþton_ of the monomerlc rad.ical

anlons (reactlorr 2)(3tl¡. A simllar result was obtalned.

i,slth l, I-d.iphenyl ethylene (alpha-phenylstyrene) (Zg).

The structure of the d"lmers was proved. by thelr carboxy-

latlon Eo 215-dlnhenyl zr5 d-tmethyl ad.iplc actd (gil.
The d.lmerlzatlon of the d-lmerlo rad"ical anlon results ln
a, tetranerlc dianJ.on.



iII3
2C' - CIíz-CHz-
l-'
e6H j

lH:
C- , N-"*
I

Lt+3

"r3
cHa-cHz-c- ,N"*

'6^5

r:+rNa ,_ f
c6Hs

e6H5

ltr ?*r
cHe-cHo- C - CÞQl 

I

c6B'- c6H5

c6H j c6Hs

îetramerlc cllanlon.,, ( 5)

The üeüraner 1s asslgned. to the heað-to-head aentraL

oonflguratlon, arlslng from ühe coupllng of two tall-üo-
Èall rad,lca1 anlon cllners. The üetranerlo dlanlons fsrneü

þy the add.ltLon of tcto equlvalents of the nononer to the

d,lanlon has the followlng t'aL1-to-t411 J-f.nked. süructure:

Itr -- +efle-1-rNâ
c6H5a6Hs

trhe head-to-head llrrkeü üetramer ls more reactlve than

the tall-to-tall. The fornatlon of d.lnerlc radlca]- lons

ls favored ln a sysüen where electrons are noÈ easlly avall-

able sr¡oh as a meüal"l-lc mlrror. On the other hand.t

sodlr¡n naphthalene or sodlun d.Lspersloa whloh beoause of

thelr relatlvely l-arge surface areas provlÖe electnons more

reaölIy, yleld.s the d.j.anlon ührough reaotlon 4. The
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tetra¡nerlc d.ianlon ls not a mlxture of ollgomers havlng

atr avera,ge degree of polymerizatloo of 4, but is a very

stable single speoies. Because of thermod-ynamlc restric-

tlons, the chaln length of the d.lanlons does not lnorease

(52r53), Hot'vever, bobh dlanion and" tetramerlc dlanlon

aîe efflclent and sultable inltlators for anionlc poly-

merLza1lon and retaln thelr lnitlatJ.ng abllity for a

long tlme.

In the present system radical anlons may be for¡neÖ

by either of two posslble processes, namely, (1) by a

d.irect electron transfer from the cathoile to the d.ouble

bond. of the monomer, (11) by eleotron transfer from the

aIkaIl neüa1 formed. by the caühodlc reduotlon of the meüal

lon. In vlew of ühe more positlve red.uctlon potentlal of

the monomer than tlnat of the NaAl(C2Hl4ln THI'the flrst
proCeSS üra., ConSld_ered_ üo be the more llkely (69) . 

,,.r, ,i:,,.,,,

Recently, hovuever, on the basls of polarographic results, ", " ."

YamazaycI (gtþt postulated. that the second. process mlght r.t,.',,rt,1,'.¡1.t:. :. ... ,::_:_::: j.

occur preferably. However, the translent llvlng anlon

formatlon ln the presenoe of a quaternary amnonlum salt

can be undouroteðIy lnterpreted- by ühe firsü process. 
,,,'.r,,,,r1,rr..,,

Irlevertheless, both processes result in the formatlon of

the same prlma.ry racllcal'anlon which, in turn, yleld

dlanlons (reaotlons 2 or l+) or tetramerlc d.lanions

(reactlor. 5). Iû the present stud.y, however, no attempt
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$ras nad-e to characterlse the nature of the chargecl specles,

but theLr absorption spectra (Flgs, 17rlg, Z0) ¡ ürere

measured. and. found. to be the sane as have been reported

1n the llterature (341. Because two electrons are

required. üo form the charged specles, whlch lnitlates
polymerlza.tlon, the molecular weights of polymers formed_

in the absence of termlnatlon, can be given by the

followlng equaüion:

IvjoL.ïü' t¡r ' Pol@--g--rr¡ \¡'¡tt/ = --58--_
this expresslon ls ühe same as:

Polymer g.
Ë i[ols. of initlator

used extensively to calcula.te the molecular welghts ln
the convent ional livlng polynerl zaLJ-ott.

The observed and" caLculated mol-ecuLar welghts of

polyners oþtalned. with tla(C6H5)48 are ln a good. agreenent

(gable ?O) ¡ whereas a d.lscrepancy vÍas found ln the molecul-ar

weights of the polymers formed. with Ll(C5H5)48 (Tab1e 19).

Thls d.lsorepancy may þe attributed to the d"estructlon of

the l-ivln.g anlon at ZSÙC (Fig. 29) ¡ by the follorvtng

ree.ctlon (t+9) z

+æS,Lt' + Li(c6H5)48 ---r, Lt(a,-g ) (c5u5)38 * tt(c6H5)

where -.5 f s an active ch.¿..ln end-.
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LlBr and" LioH have also been reported" to termlnate the

llving anlons of alpha-methylstyrene ln the more ratio
of 1:1 in TIIF (95). The auühors belteve that this is,
presumably, d,ue to a complex forma_tion between the salts
and- active chain end"s. However, they dld. not reveal the

ne.ture of ühe complex. Sonne anomalous "oehavlour with
Li(c6HÐ 4B was also observed by szwarc and. his oo-r¡rorkers

(43). The unlform molecul-ar welght-dlsürlbutlon of tLre

polyner formed. with tl(C6H5)48 (l-19.36), and. the perslstence

of the red color for a long tkne, shows tkraü the d.ea.ctiva-

tlon of the 11vln6 ends ls not sf-gnlficant aþ a temperature

of -8oo0.

From Figure J2 lt is seen thaË the qua.ternary

ammonium salt reacts rapid.ly wlth living end"s. Agaln,

lt appears tlnat, the salt forrns, elther a complex wlth

the active end"s resulting in destructlon of the red. color
of the so1utlon, or tlne followlng reacüton may talr"e

place:

,.^Æ', (c4H9)4N+ " .S(c4H9) + (c4H9)3N

The nature of ùhe purple color fornation (F19.30) d.urtng

the electrolysis of a IHF solution of the qua-terrrary ammon-

lun sa.lt is not clear.

The extractlon of biphenyl (Fig.43) , d"iphenyl

boronous acld. (fig.41) anð phenol (ntg.4O) from ùhe

anolyte may be explained by one of the two mechanlsms
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given below:

(1) Oqe electron reactlon

THF f,
Na(C6Hr)48 E==: Na- + B(c6H5)4

_t^ =- anodlc
o[Uanr.ì4 - e\) ) oxld.atlon B(c6Hì3 * cøHS

2 c5Hi d'lmerlzatlog

Boron trlphenyl

(c6n5l 
2

Biphenyl

I,,ihen a boron trlphenyr solutlon is exposed. to alr (after
eleotrolysts) the following rea.ctlon takes pla.ce:

B(c,5H | 3 + *o 
^ 

(c 

'H 
,) ,wc ra,

PhenyJ- d.lphenyl loorinate

On hydrolysls phenyl dlphenyl borlnate forms d.iphenyl

boronous acld and phenol.

ø(c6llzo cøH5 hvdroþsls e(c6H5)rou + c5H5oH

(i1) Two eleatron reactlon

. anodlc ,-n(c5H5)4 2 e --------.à. B(C611ì z' + ß6Hì r..(a)oxldatlon v r

B(c5H5){ + Hzo-> ßrur)reou + H+ ....o........(b)

H+ + B( c6Hì +---l n(c6ï5)3 * c6H6 .............,. (c)
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(after electroLysls)

B(c,6Hì3+Èo, ----) (Çrur)rnoc6u, ....... (d)

(c6t5l2 Boc6H5 hvdrolvsit e( c6H5) 2 oH + c5H5oH. . (e )

Geske (90) investlgateci the anod.ic oxldatlon of the tetra-
phenyl borate i.on, electrolyslng Na(C6H5)48 solution ln
acetonltrlle und-er conditlons of controlled potentlal.
He proposeil ühe two eLectron reactlon mechanlsms for
the oxldatlon process. Evidence for the exi-stence of the

dlphenyl boronlum lon, n(C6nl,f , ln methyl ethyl ketone

and nltrobenzene solutlons was also obtained by Davld.son

and I'rench (96) " However, ln the present system, the

one elecüron reactlon 1s confirmed. by ühe followlrrg

experimental facts:
(1) No benzene was found- ln the anolyte.

(2) [he termlnatlng speoles formed. at the anode

d.eacflvates the llving anlons in a l:1 ratio
(Flg.?Ll). They are not translent, since ühe

anolyte afüer stand.ing for a few d-ays stllI
kllIed. the llvlng anions.

Nevertheless, lf ühe üwo electron reactlon occurs,

then the terminating specles may be elther e(C6H5) r+ whf-oh

1s transient or B(C6H5), whlch Ls prod,uced" ln a secondary

process (reactlon c) ln the presence of proton d.onatlng

substances. The TIIF and. monomer present ln ühe solution
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d.o not lose a proùon as read"ily as aceüonltrlIe d.oes.

Therefore, it seems tlnat B(C6H5)3 ls fornred directly

,:., at the anod-e by the anod.lc oxldatlon of ühe tetrephenyl

borate lon (one el-ectron reacüion) and thls species calrses

i;he destructlon of the living end-s, probably by a conplex

formatlon. The ablllty of trlphenyl boron üo react wlth

anions and. lnhlblt the anlonlc polynerlzaüton has also
','i, been reported ln the llterature (9?, 98).

The blank experiment (page 139) offers evidence tlnat

t,he following reactlon d.ld. not take place during analysls

of the anolyte.

Na(c6H5)48 + cH3cooH -l CH3cooNa + B( c6Hì 3 * c6H6

However, when an aqueous solution of ùhe salt Ls treated

with HCl, boron trlphenyl ls formed. (90).

Na(C6H5)4 * HCl 

-)NaCl 
+ B(C6Hì 3 * Ç6H6 ,:.,,,,:,,:,,,,':,

using NaAI (czË,5)4 the /ll(Czl.'^)3 vrhloh kllIs the llving ',:,,',tt,:,,,1: .,,,,,,,

anions may be formed. at the anod.e by the anod.lc oxld.atlon

of A1(Czli-j)tt- lon (B?rp . zsJ.l .

A1(c2H5)a- - ã' ¡r1(czH5)d

A1(c2H5)¿ -l ^L(c2Hì3 
+ c2H5

,,

2Ç2HJ

-t

\"

CZH6 + CZHU Dlsproportlonatlon

C¿lHtO Conbinatlon
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No gas evolution was observed at the anoÕe. The aluml-

num triethyl formed may react with THF as follows:

t+t(crEì 3 + (c H2)40 A1(c2Hj)3 o(cH,)4

Here it is rel-evant to polnt out bhat when the catholyte,

contalnlng livlng anions proÕuoed" wLth NaAl (C2H) 4, is
mixed wlth the anolyte the complete destructlon of the

}i.vln.g anlon does not occur. Therefore, some AJ-(CZHì j
might be consumed. by complex formation w1üh the solvent.

The present technique for the productlon of

Ilvlng anlons promlses a ready control of ühe concentra-

tion of livj-ng end-s at any d"eslred. leve1 (nfgs, 24r?5126).

l-he conoentratlon ls determlned" by the nuuber of Faradays

passeô through ühe solutlon. Thls ls further substantlafed

by the results presented ln Flgures 2? arLd 28. The import-

anoe of the riethod lies ln the faot tlna.t the activatlon and.

deactlvatlon of the llvlng end-s can be achieved at wlll.
Therefore, such a process can offer several synthetlc

poss1blllties such as the formatlon of polymers of an

arbltrarlly chosen molecular welght dlstrlbutlon. Further-

nore, the Ëranstent red. color fornation in the case of

quaternary ammonium salts denonstrates thaù the generatlon

of llvlng arilons is posslble even in the absence of alkall
metals whlch are sole1y used In the conventional method..
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SUIITI4ARY

1. The absorptlon spectra of electrol-ytica1ly formed

llvlng anlons of alpha-nethylstyrene and. alpha-

phenylstyrene were measured and- found" to be the same

reported" in ühe llierature.
2. The posslble mecha¡alsms for such a llvlng anlon

formatlori were d.iscussed..

3. The living end. conoentration was calculaüed by

Fara.d.ayts Law. 'Ihe coilcgrtratlon could. be d.ecreased

and. lncreased. easlly at w111 .

4. At the a¡od.e a termlnatlng specles vüas formed. in an

amounü equf-valent to the tlving anions. These

specles were for.md to be B(C6II5), ana LL(ÇZHì, formea

by the arlod-lc oxlda.tion of B(C5H.|4- ana Æ(CzH5)4

respectively. fhe meohanlsm of thelr fornatlon wag

glvenn

5. The transient red. color of the ]lvlng anlons was

formed" at the cathotLe in the presence of qu.aterriar]¡

ammonlum sa1ts. [he d.eactlvatlon of llvlng anlons

v¡iüh these salts and LIB(C5Ut)4 were observed.

6. The alptra-methylstyrene polymers exhiblted narrow'

moLecular weight d-l stri.'outlon.



CHA}TEB IV

ET",HCTROLYTI Ü}úLY TNTTT,ATEÐ AI'üIÛNTT F OLT]JïEIìTEJ+.TTON

OF ISOPBENE



EXPERII¡IE}{TJ\I, PROCEDUBE

pIvIpED CELL ETFEBTUH{I_

The type of eleotrolytLc oe]I used ln this vrork ls 
,.:,:,r,,

' shown ln Flgu-re lpll. This ls qulte sj-rnilar to that d"es- ' :::l

crlbed ln Flgure 1ó. A few sampllng bulbs rrbrr connected

vrlth teflon 1$ mm rreed-le valve trarr (Flsher and" Porter to.)

were a.ttached to the cathode oompartnent for v¡l-thd.ralval ,-,

of the rea"ctlve mlxture. The catholyte was dralned lnüo , 
,1,,,1,,i,,

the bulb at certaln lntervals of the reaction tlme through

opening the needle valve, and the sample was frozen. Then

r llquid- nitrogen until tt was analysed by gas chromato-

grå.Illr The analysls proced.ure was as follows:

The hel.lu$ gâs at a flow ra'te of 40 mlftnlnute w&s :

i used as a carrler of the sarnple to be aTlalysed. The

r sampJ-e of 2 niorollËre r,vas injected vla a mlorollter syr-

.l ilg€. The oolumn (6 fb, x 25 1n.) packed. r'rith 20 percenf 
,,,,,,.

,1, upiezon L grease deposi.ted on fLre brick v¡as operated" at , . ,':,'.::'-:

' ¡l .'. .:)

64*C. The nonomer conte:rù ln the, sanple was determlned-

by usLr:,9 solvenü l4rternal reference stand.ard- technlque.

.å trtplteate Ð.:rralysis for each sample was done and. repro-
'+
, d"uclbl}j-ty was about I I peroe¡1t. -' .

The total- volunoe of solutlon was 110.3 mI and that

of the caüholyte fJ.& n1 at 25aC. Iil each klnetic run

thé isoprene and sodlura tetraphenyl boron concentratlons

were A.66 1rI and" 1.06 x 10-%T respectLvely, unless oËherwlse ,.
a yy ÉÈ . 

. ,a,,,.

l5?



F]GURE 44. Xrivj-ded electrol¡r"r,ic ceI]..

a, Teflon-glass needle ta1ve

h, $ampling bulbs

g, Sintered glass diaphragm (yery fine ma:ci¡n¡l
bore size 2 Lo 2.5 mícrons)
p rum spacer a¡rd glass sealed nagnet

k, glass sealed magneÈ

d and e, constrictions to seal off.
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l25ml.

ii
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stated. The apparatus üras charged with the soluùion

ln vacuum llne. The reactio:r was carrled ouù at room

temperature (a5oc),

ÐÏI,.PJTO}.IETER.

Polymerlzaülon was a"lso carrled. out ln the dllato-
neter slrown ln trlgur" l+St which 1s j-d^entlcal to that

d.escr'1bed. ln FLgure 15, r!Õrr ls ?O cm long preclslon þore

capila.ry tube. The procedure for filllng the dllatometer

wa-s essentlally the same as descrlbeo ln ùhe case of

und.lvided, cell experlment. 'Ihe lXquld" level in the

d,ilatometer was adjusbed up to the callbratlon mark trmil

al thermosta.tüed ÈemF,erature 25 ! 0.05oC requårlng 3L.?6

mI solutlon. The change in volune of the reactlon mlx-

ture r,,ias ereasured wlth a preclslon of t 0.001 mI. A

eathetometer wlth a preclslon of .001 cm was used,. All
the transf,er of ohenlcals was d.one ln vacuum. The

success of using a dila.tometer to d.etermlne polymerlza-

tlon rate i.n the present systen essentlally d"epends on

the fact that no gaÊ evolutlon should occur d.urlng the course

of eleotrolysls. Furthernore, loti currenü aü low applied

potentlal must be ernployed. ln ord-er to avoið posslble

heatlng effect. Ëod.iun aluminum tetraethyl was lnvariably

used as electrolyte because lt furnlshed. a relatlvely
hlghly conducülng solutlon ln THF.



FIC{IAE 45, Di]atometer,

ï, ground glass joint
e and L, constrictions to seal off
m, caU-bration mark

d, 20 cm. J.ong precision capiJlary tube
C, for $ercury contact
brb l+.5 x Z cm' pÌaÈinuro elecirodes I cm. apart
a and g, teflon coated rnagnetic bars
f, I,la.At(C¿H¡)¿ anpoule.
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When a current of 5 ma at applied" potentlal of 42 V

was pa.ssed through the .59t4 monomer solutl0n ln rHF con-

talnlng 1.06 x 10-2H IIa(C5lt5)+e (oa.tholyüe vol. being

55 nI at 25oC) ùhe oharacterlstj.o yellow color due to
llrrlng anlons was formed. at the cathode, A.fter a short

lnd.uction perlod the catholyËe beca.me yellow and lts
absorptlon. specÈra viôre measured. and. are sho!¡n in Flgune
Lr6. Afüer the el-ectrolysls Lt was found" that absorptlon

of the solutlon started- to decrease and. the soluüion

eventually turned" to falnü pink from the deep yello¡¡.

The resulülng plnk colored. solution became eolorLess

when lt was exposed to alr. The. d.ecrease Ln absorbance

lvith tlne ls exhiblted ln Flgure l}f . the absorptS.on

spectra obtaÍ-ned ln the presence of Nagr(Ç,zHì 4 are shourn

ln !-igure 48, and. the absorbance d.ecrease at jZO nyi

ls presented. in 'Iable 21. The mlxlng of anolyte and

catholyte or reversal of the pofarlty of electrod"eË ål_so

resulted ln d-estrucËton of the yellow color. Uslng

Na(C6H5)48, the lncrease ln absorbance of polyisoprenyl

anlons aË 320 ntr was mea.sured" as a functlon of electrolysls
tlme and. the resulb ls shown f.n Flgure +9.



!-IGURE J+6. Åbsorption spectra of a solution of
i.sopräne in tiIF contai¡rr-ins ua(crlir)UB

J. sefore electroþsis, (Z) after 25 and

55 ruinuf es electrol¡rsis at 3 ma cugent '
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FïffilRE ¿17. Spontaneous decrease of absorbance
of living poþisoprene anions ai; inscrÍbed
ti¡nes ê,fter cessation of electroþsis.
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FTHIRE 48. Absorption spectra of a soJ-ution
of isoprene j¡r THF containlng
IraAt(c2rr5)4.

a, before electroþsis; br c and d after 
,

electroJ¡rsis at 3 ura for 14, 30 and 45 l

nrirn¿tes respecÈively.
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FIGURE 49. Srcrease of aþsorbance aù 320 qr ot
livíng poþisoprene anions with electrolysis
ti:necurrent-Jma.
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TABLE 2!o Decrease ln absorbance of poly-
lsoPrenYl anions.

Tlne
(nlnute)

Absorbance
at 320 ny

U

t5
30
4B
6o
77
90

Lo5
120

.538

.I+77

.t+50

.398

.367

.328

.301

.2?2

.?50

ÀTrTHrG¡tr Tt_ I,iÄIt{t'¡AIN COi"l STA]r[t- ÃI]ffi lt-G ÅHÏoI{
CONCEI\TTII.å'TION

It was founð possible to keep the intenslty of

yellovr color constant d.urlng polymerlzatLon and" thls waË

achleved by aJl el-ecbronio d.evice (99). The solutlon ¡^Ias

elec'brolysed to obüaln the d.estred concentratlon of liv|ng

anions and" then the electronlc relay was precisely ad'justed'

to nonltor the output slg:aal fronr the speotrophotomefer

ln r,{hlch the appenða.ge to the oathod"e coupartment of the

ceI} was plaoed.. on red.uotlon ln absorbanoe of ühe solu-

tlon, the relay allowed current to pa.ss through the ce}l

ralslng the absorba.nce back to the inltlal vatue at vrhlch

nolnt the flow of current v{as stopped-. Thls tntermltt'ent
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passage of the current ila.lntained. Èhe absorbance at a

constanË value. líowever, Ëhe suocess lnherently d.epend_ed

o11 thorough stlrrlng of the reactlon nlxüu¡re ln the elec-
troytlc and optloal cells. fherefore, agltatl-on of the

catholyte r¡as effecüed by glass sealeÖ magnetlc bars

("'¡lg.lÞÅl - rll,tr and. üKn), whlch $¡ere belng slmultaneously

, rr¡hlrled by a water d.rlven magnebtc stlrrer. From Ëlme

to t1ne, the spaoer was also nomentarlly moved up and.

do',¡nr by neans of the rnagnet. ,Án exa.nple of the absorbance

eonstancy is shor'r¡:c 5-n Flgure 50. It 1s seen Elnaþ so long ae

the relay to control the ourrent iøas oB, the absorbance

remalned- consüant, otherwlse lü graü"ua3-ly d-eoreased_*

T{II{ETI_C STUpy 0}' THE FOLYT{E}IIãATIO$

fhe klnetlc data obtalned" at four dlfferent llvlng
anlon ooncentra.tlons (fåble 22) malntaln.ed. constant

i throughouË the course of Èhe reactlon anÕ. are shor¡n ln
Figure 5L. Flots of logarlthmtc Õepend.ence of luoncmer

oonoentra"tlon versu*q polymerlzatl¡n time ø.re showu ln
Figure 5z-. The polymerlzatlon t1¡ne was regard.ed" as

beglnnlng after the cessation of the electrolysls necess-

\ ary to obtaln ühe requlred llvlng anion ooncentratlon.
ì, Although the 1nlüia1 naonomer concentratlo¡r for each run

v*as alruost the sare, all the curves (f'1g.521 d.ld not



FIffJRE 50. Constancy of polyisoprene anion
population by passage of triclcl-e
cufrent.
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FIGURE 51. Polymerization rate at constant concentra-
tion of living ends.

Absorbance at 32O rûix.
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FIffIRE 52. Flrst-order ploÈs of data shoun in
Figwe !1.
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¡neet at the same point. Thls may be attributed. to a

d-ecrease 1n the monomer concentratton d.uring eJ-ectroly-

S1S. Flgure 53 shows the polymerlzatl-ol1 rate i+then the

llvlng anlon ooncentration Has not kept constant.

TABLE 22. living anlon concentraf lon

Tlne of
Absor'bance
ar 320 *

Concentratlon
of 3.lving antonf,

(moL/tltre) x 1o-
electrolysls

(mínuüe )
Current

na

5

B

1T

I

6

6

6

I0

.08

.10

.18

.2?

2.L

?'*6

t+.7

5.8

*Calculated on lhe basis of e+tlnc$f.on eoefflclent
= 3.8? x 103 (lltre mo1.-1 om-I at 120 n¡r) whloh

lvas d.etermined. from the slope of i-nltlaI 11near
porülon of ihe c,rrrve (Ftg.l+g).

The e)cplorâtory exlleriment showed that although

the species generated at ühe anod"e kllIed polylsoprenyl

anlon, lt was neverüheless, posslble to form polymers

on htgh yleld". Therefore, lü vsas of interest to Ëûeasure

the polymerlza.ülon rate d.l}aÈometrlcally. The volume

change of the reactlon rnlxüure on polymerlzatlon was

calculateÕ from the speciflc voluroes of rnononer and.

polyrner* 'Ihe d,ensj-ty of polyisoprene !{as d.etermlned. ln



FIGURE 53. Poly:'oerization rate uhen living end.
concentraÈion was not kept constånt.
rlbsorbar¡ce ai 320 mlx.
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IIíF so]utlon at 25oC anð was for¡nd to be 0.920 g/nl. Fhe

rnoifomer density was neasured as 0.6?5 g/nl. Therefore,

the specifLo volumes of nononer an{ polymer are 1.481 n.|/g

and 1.08? wt/g respectively. The volume oontractlon, ÂV

per gram úonomer on polynerlzaülon = 1.1+81 - 1'08? = A.394

ml/g. .'. voluae oontractlon AV per molet

= 68.11 X .JplÌ. = ?6.81+ nl,/nole.

ithe llierature value ls 25 çft/mol:e (100). The dllatometer

r{as cha.rged wlth 3L.?6 ml of T1IF solutlon oontainlng 1.46 t'rl

monomer anil .ot+2:5 I{ NaA.l(C2H5)4. The t}reoretlcal vo}ume

contractton of 3L.?6 ml reacblon mj-xture for I00 peroenü

mononer conversÍon would. be equal tot

ryr+# = r.?i.t nr

The soluËlon of ühe a,bove composltlon was subjectecl to

electroll¡sls at varlous lmpressed currents ranglng þet'ween

j to 15 ma and. polymerlzatlon rete was followed. dllatoneËrl-

calIy. The results are shown l-n Flgure 54. The corres-

pondlng applled. potentlal for Õlfferent lmpressed" curyents

1s presented. in Ftgure 55. FlgUre 56 shows ühe flrst order

plot of rsonomer soncentraülon versus tlme. The ploüs

'r,fere made only for 30 percent comrersiolx. The lnltlal

rates of polymerlzatlon were oomputed from slopes of the

F'lgure J6 and" are complled 1n Table 23, which lndlsates

that the lnltial rate ls proportlonal to the lmpressed'

ourrent. The polymerlzatlon rates at dlffe¡ent i'nltlaI



FTGIJAS 54. PolJ¡n'rer forrption as a function of
inscribed currents anci tine for 1.46 t[ isoprene in
IttF containíng .eLZj Î.f NaAl(CrHr)U.
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FïGURE 55. &rcrease in appli-ed potential dwing
course of polyroerization.
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FIüifE 56. FÍrst order plots of the propagatÍ.on
reactÍon al several i¡scrfbed curuents.

A% : rûårdrrun volt¡ne charge

AVt = vo}:me eirarge at time t.
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mononer colLcenfratlons but a constant ourrenü of J ma

are showa 1n Figure 57. the effect of stlrrlng on poly-
nerlzaü1on rate ls evj-dent from Figure 58.

TABLE 23. lnfluence of impresseð current
on initlal rate of polymerlzation.

turrent
na

Rate
mole rltre-Imln-l

x 103

3

6

9

l-2,

L5

1.51

5.Ll+

10,4

13.0

15.5

[he rnlorostructure of polymers forned" 1n Z.û4 ITi

monomer solutlon ln'rHÞ' was d"eterrcined by the lnfra-red.
and nuel-ear iûagnetic resona&ce spectroscopy and" the d.ata

are assembred. ln Table 2l+. For the sake of conparlson

the illorostrucüure of polylsoprene forned. ln TIiF wt th
the sod.lum mebal (1011102) are also includ.ed" ln the

table. The moleoular weights were d"etermlned by osilro-

metry (table 2I+).



FIGIiRE 5?. Polyiner formation at inscribed initial
monomer concentraÈions i.rith a curyent
of 5 ma.
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FïGURE 58. Eff'eet of stiming on polymerization
rate i¡r undivided cell.
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TABLE 2ll. Polylsoprene ¡nicrostruoture ancl
nolecular welghü.

turrent
þ

3r4
F

Lr2
Ë 1r&

Cis
fo l-rÞ
Trans Mn Ref.

5 rna

10 ma

I'Ietalllo Na

It

73

6o

82

5t

I5

35

18

r-5

210

5 toüal

l+0, ooo

23 rO0A

Present
work

tl

101

LOz3t+

üwo dou'oLe bond"s ln iso-

segments are posslble ln

I
H

/
C=C

\
CH

C1s lrlt

*rt r
,/

Hzc

n f.'

;1

pIÞcgs$roiJ

Owlng bo the presence of

prexi.e, the following strucÈural

ühe polyflIer,

cHq
l-

-ü
I

tli
ll
õL¡vLLz

tr?f*
[",.

ï"

\/
t=t

/\

Trans 1r4
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r,Ehlch sùructural r¡nlt w111 pred"omlnate ln the propagatlon

reactlon depend.s oil e:.perlmentar cond.ltlons. Eyrirater 9.!-4.,

(321 found. that the inliial ultravlolet absorptlon peaks

of llving polylsoprene anlons ln THF d.eoayetl and' shlfteû

rapid.ly i,v-lth the formai;lon cf new peaks at longer wave

lengths. lsomerlzatton of the growlng anlons were

assumed.toberesponslbleforthlsphenomel}oll.Inthe
case of j:t+ structure f,ormatlon the most probable lsomeriza-

tlon mechanlsst þras stateo as follovus:

M"'ÇTIZ - Ci{ -cHz-cH '='õ -- til' , IrletaL+

0H3fi-tn: IcHz .t
9äe

a^4,tt? - CH - CHZ - Cli2 - C

r-cn1 \*,
!- +

, Ilietal'

Ç-cH:
tl

cHz

In the present system, however, lt ls evident from Flgures

46 anð r+g tirat ttre speotra are broad. anð no new absorptlon

peaks of polyisoprerte anions appear; bui the absorbance

gradually d.ecays with tlne qntg.Åt'?, Table zL)' The yellow

solution eventually beoomes falnü plnk. The d"ecay tn

absorbance nlght þe attributed- to interactlon between the

THF and" rtving anions (l+3r59,103) as Èhe folIowlng termlna-

tion rea.ctlon maY oocur.
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HzC CHZ

zrn-g-, Na* + | | 
-) an-$i{ a

Hzc-- 
eroEz

CHZ- CHNarl
ÇU.o/Çttz

for such a decaY

theL Na(c6Hr)48

lãovlever, ühe salt ls not responslþLe

because the previous vsork has proved.

and t{a-S*}(t2tl5)4 do not d.eactlvaüe ühe livlng anlons.

Figure l+p shows 'irhat the inorease ln the absorbance at

f20 m¡.r ls not linear r¡¡ith tlue and" thls ls caused. agaln

by the destructlon of ühe llvlng asions and d.ecrease ln

mono$er conoentraüion ouring the electrolJrsls. Such a

termination reaction vqould" vitlate ùhe klneilc resul-ts

obtalned_ ln THF (fgtl). However, ln the present stud"y

the }lving chAin elld. concefrtrabl-on oan be kept constant

unüLl the monorner 1s oomplebely constrmed" by polymerlzatlon

{trig.5O). .{s a demonstra"tLon ktnetlcs were done at four

dlffercnt low llvlng anlon ooncentrations kept oonstant

by the passage of a trickle current through the reactlon

mlxture. 'u,ilren ihe result (pfg.5t) is oornpared. wiüh bhat

(Fig.53) obtai.ned, wtÙhouÙ keeping 1lr.ing anLon ooncentra-

tion constant, åt may be seen ithat ln the former case,

Ëhe polymerlzatLgn rabe is faster. 'Ihe results for eaoh

of the constaxlt absorbanoe experl-ments show a logarlthmlc

tepenðenoe on mou.oü1er concexltration (fig.52l . fhe method'

of study at the oonstant concentratlon of growing polymorlc
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afllons offers a31 lnterestlng new techn'ique for studles

of anionlc polymerlzaËton where the d"eaotlvaËlon of actlve

ohaln end.s i^¡lth the monoaer or solvenü hinders the klnetic

analysls.

å,lthough the anode prod.uoüs kill the polylsopreny]

anlons, nevertheless, lt was found t'nai hlgh yleIÕ polyners

formed. !n the undivldecl cel}' The d.1latonetrlo stud'les

olearly pro\re that the rate of pol¡ræer fornatLon inoreases

r^¡ith lncrease ln impressed clf,rrelltÊ (gfg.5l+) And poly-

merlzatioll lE ln flrst order in monomer (Flg' 56). Figure

57 shows that the polyr¿erTzatlon rate at a constant c'firr€nt

also lnoreases wlth increase ln monomer oonoentratlon'

At high no11omer concentratlon the solutlon becomes Very

vlscous, r,vhlch causes an lnorease in the rate (top eurve

Fig, 5?). Presumably, aþ thls potnt the polynerlzatlon

þecomes d.lffusLon conËrol}ed glvlng rise tO a slow terrui-

natLon rea.ctlon, The polymerlZatlOn rate ls a.lso enhanced'

when the solutton !s not sËlrred (pfg.58). Ïhls ls because

in the a-þsence of stlrrlng the anod.e a"nd cat'hoðe prod'ucfs

are not quiokly rnlxed. resulting in a d.eoreased ùermination

rabe.

Thepolymerformationlntheund.lvldedce}loffers
evld"ence tYta| the llving a.nlons reaot faster r¡¡iüh monoEler

rnolecules than wlth a¡rode prod,ucts. und"er such condlti'ons
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polymer shains groi^r to thelr flnal length and. eventually

üernlnate. Because new ohalns are conÈlnualIy belng

prod.uced, polymerlzatlon cioes not cease untll the mono-

üer 1s conrpletely d.epleted. îhe initi-ablo/r oocurs

essentlally v1a eleotron transfer elther from the cathode

or sodlum netal. 'Ihe propagaütng end" of ühe chaia uray

þe the lon-patr, ,r,--$-, IVa+ and./or free anlon, a,r^g-, How-

ever, the existenoe of free propagatlng anlons ls Jess

likely because of the presenee of the hlghly Lonlsaþle

sart which depressed" the 1qn-pa1r d.issoolatlon by the
Hâss la"w (43 ) .

The effecü of inrpresseÕ. currents on polymer sÈruo-

ture ls evid.ent frorn Table 2l+, Although the data are

limlted., nevertheless, they olearly d.emonstrate bhat

¡rolecular wef-ghts a¡nù microstructure may also be Oon-

trolled" by the impressed. currenüs.



SUIT}IAËY

1. The a'osorpitlon speotrum of polylsoprene anlons ln ùfie

TlfF solu'blon was Íleasured'' The oharacterlsËlc ye]Iow

ooror d.ue to ühe rrvrng anlons grad.ually êlsappeareö

and. thls $la's attrlbuted to the d'eaotlvatlon of livlng

an.Lons v'rlth gHF.

2.-{rre}ectronlcd"evlcewasbulltüokeepthetlvlnganlon
conoentratlon oonstant wLth polymerlzatlon ülme'

3. Klnetlc sbud-i'es $rere performed' at several constant

llvlng anlon ooncentrations' The result obtalned-

shows a flrst orcLen relatlon wlÈh mono!Êer conoentratlon'

4.ThekinetlosT¡fereaLsoperformedd.l].atometrlcallyanÖ
theeffeotsofmonomerconce]ttratlon,lmpressed,ourrenü

and"stlrrlngonthepolynerizailonratesweresÈud.led.

5.[heroo}ecularwelghtsandmicrostruoi;urewerefound.
io be depend-ent on current d'enslþy'

180



coNtl,uÉroN

One of the most lmportant features of the eleotrolyülc
polynerlzatloo- ls ühe conürol over the raÈes of formaülon

and molecular.welghts of polymers. The polynerlzaülon

of i{i¡i*, has clearly d.euonsÈrated, thab the reactlons oan be

started and stopped. at lrrll] or lncreased. or d"ecreased.

ln rate by Èhe passage of elecËric current.

In thermal polymerizt"ËLon one ilay oonbrol the poly-

merlzaülon rate as well as the molecular welghts of poly-

mers by controlllng the reaotlon temperaËures. However,

one d.oes not have the same d.egree of control over fhe

temperature as over bhe passage of eleotrio current. The

elecùrochemlcal polyroerlzaËLon bears a close si-mllarlty

bo photochemioal polymerlzatlon where externa] energy

Fource ls li-ght*

Furihermore, the eleotrolytlc technlque employed. for fhe

prod"uctlon of liv1ng polymers has several d.lstlncü advan-

tages over conventlonal technLques. The llvlng polynner

formatlon by eleotrochenlcatr neans may be lesc orlülcaIIy
related to the strlngenü stâ¡ldard.s of purlty of the

reactarrts as a s:nal] amount of lmpurltlir present in ühe

solution ls purged. by passlng the eleotrlc currenf. AnJr

d-eslred. llvlng anlon ooncenüraÈlon nay be obtained and.

the concentrai;ion ls ee"sIly d"êtermined. by the number of

electrons transferred at ühe electrode, The llvlng anlon.

forna.tlon of alpha-methylstyrene showed a süolchioroetrlc

relaùlonshlp between thê llvlng anlon. popula.tlon e.nd charge



CHAPTER V

CONCLUSION
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transferred. I{oreover, lt has been found that the llving

end concentra.tlon can be reduced stolchlometrically by

the reYersar of erec'brod'e porarlty' sucb processes of

aoülvation and. d.eacËlvation of ltving anlons provlde a

slmple and lmportant tool for ühe synthesls of tallored

polymers. For example, 1Ë may be possLbl-e to prograrn

a desired- ooncenüratlon of llvlng end"s by passlng a pre-

deternined. current for a glven tlme. Jå.t the depletlon

of i0 percent monomer, the cìrrrent can be reversed" to

reduce the llving end. conoentratloo to one tenth of the

orlglnal value. The remalnl-ng 10 percent of the llvlng

enös caTi reaet wlth the reslðua} 50 percent of the aorrof,'ler

ùo produce a polyner of molecular welght ten ülmes of that

obtained Ln the flrsb 50 percenü of reaction. Thls nethod.

nay be extend"ed to produoe polymers of any arbltra'ry

molecular welght d1strlbutlon. An faoþ, sLlch a polymer

formatloa has been oarrled. out in tk¡Ls iaboratory (I05).

However, ùhe niethod" uray not be sultable for a sys'i;em

ln whlch rates of inltiation and propagatlon are equal.

In ma.ny cases, a solvent or e' reacülve g?oup on Ùhe

monomer sucTr as carbonyl group on methylsleühacrylate

d.eactir¡ates the actlve grortlng end.s resultlng in decreased

Ilv1ng anlon concentra.tlon with tfune. Suoh a d-eactivatlon

process lnÈerfers wlth ki.netlc etud.ies and polymer synthe-

sis. The electrochemlcal method offers a sultable way of



183

rßaintalnlng a constant populatlon of the reactlve species

as has been descnibed ln ühe case of isoprene. It is
belleved that this prooess ma5, yleld- molecular weights

wlth a smaller range of d.lstrlbutton than those forned.

by d.lrect polynerizati.on. The liv1ng arrlon prod.uctlon

ln the absence of alkali netals l'¡ould open the possibtllty
to lnvesbigate the effect of a oounüer 1on, other than

al}call oations, on the growing polymerJ.c anlons.

Since l,üa(C6li5)48 ane I{aAI(CZH5)3 ln TIíF fumish con-

ductlng nedla at below -6OoC the 3:resent work could be

extended üo low temperatures. Effeets of the cunrenË

density and electrode naterlal on pol-yisoprene ulcrostruc-
ture may be also lnvestlgated. Furühernore, lt Is feaslble

to form a stereoregular polymer b3' eleetrolytlc tecLmlque.

The lr.ltlators or rea.oüants f'ormed. by the eleotrolysls
may be ad-sorbed on the electrode 1n a regular manner and

may result Ln stereoregularlty ln the polymero ünder

such cond.itions d-Lfferent elecirod"e materlals ¡uay have

a remarkable influence on the sLereospeclftoity of the

polymer.

.å. clear lnslght lnto the reacüion rnechanlsns nay be

obtained, from polarographlo arrd. consta¡rt potenÈlaI elec-

trolysls studles. Such studles are und.erway in thls la"bora-

tory.
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