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1. Intreduction

Organometallic actuated addition polymerizations of
unsaturated compounds {vinyl, diene, etc.} in hydro-
carbon and ether media have received considerable
attention. Many of these polymerizations are unusual
in that spontaneous termination is avoidable throogh
the judicious choice of experimental conditions; a
feature first fully appreciated by Szwarc [1, 2).0
" ponsiderable experimental value is the fact that the de-
activation of these “living” polymercarbanions may be
accomplished at the leisure of the experimenter by the
- selective addition of a reagent snited to meet a par-
ticular need. This retention of chain-end aetivity is &
feature that facilitates investigations of the thermo-
dynamics of polymerization processes, simplifies
studies of polymerization kinetics, and permits
. synthesiz of novel macromolecnles.

These systems can therefore consist of active chains
which will continue to incorporate mwonomer until
monomer depletion is accomplished. Hence, if each
center of propagation is afforded equal opportunity
of growth, tke resulting product will possess a homeo-
geneaus molecular weight. [3]. As a result, many
_ studies of homogeneous anionic prlymerization have
had as a foremost goal the synthesis of polymers of
predictable molecular weight and predeterminable
molecnlar weight distributions. Obvicusly, this goal
can only be anained in the absence of any constituent
capable. of reacting with these carbanions, e.g., acids,
alcohols, or the usual atmoapherie components.

The general case of a termination-free syatem re-
ceived treatment by Flory [3], who showed that the
growth of a fixed number of active chains leads to
molecular weight distributions appreaching mono-
- dispersity, i.e., the Poisson distribution. These
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molecular weight distributions may be repressnted
by the Pojsaon function,

WK, Xapy=[K(Xag— 1V~ exp (1 = Xa U EngK — 1]
K=1234. ..

where IF{K X.o] denotes the weight fraction of K-mers
residing in a mixture of chains of number average
chain length X,. For these systems, the weight-to-
number average cha.m length ratio is given as:

Xy Xy =1+ 1/, — /%3,

Such distributions have not been achieved, or even ap-
proached, until quite recently with monomers such as
styrene [4-15], a-methylstyrene [16, 17), isoprene
[18-21], and butadiene [21-24]. This was due prin-
cipally te various factors which combined to wveil che
true poasibiliies of these systema. These factors
included the presence of impurities or solvents which
could terminate or transfer with the growing chainas,
4 slow initiation reaction, a depropagation step {equi-
librinm polymerization) or the presence of interchange
reactions between polymer chains. The latter tweo
phenomena are encountered in the polymerization
of cyelic siloxanes [25, 26]).

Hence, the fulfllment of the following conditions
is necsssary if precise control over moleenlar weight
and molecular weight distribution is to be achieved:
{a) rigorous exclusion of sybstances capable of cansing
termination or tramsfer; (b) uniformity of reaction
conditions with regard to temperature and concenira-
tion of reactants; (c) a high ratio of the apparent
initiation to propagation rates; and {d} the absence of
depropagation steps and bond interchange reactions.
In view of increasing intereat in the study of bulk
and solution properties of polymers with narrow dis-
tributions of molecular weights, a3 well as those of
precisely constructed copolymers and *star”™ macro-
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molecules, the purpose of this communication is to
review the techmiques by which the preparation of
these polymers may be achieved. Results from various
laboratoriea have indicated that the high-vacuum
technigque provides the moast reliable method for the
successful attainment of these goals. As will be dis-
cusszed later, among those who have realized the poten-
tial of these techniques have been Bywater and Wors-
fold, Wenger, Szwarc, Rempp, and Morton.

The monomers considered herein are styrene, o
methylstyrene, isoprene, and butadiene. The polym-
erization initiators described are the isomers of butyl-
lithium. These monofunctional initiators provide
several advantages over the electron transfer initiators,
e.g., sadiom biphenyl or sodium napbthalene, Addi-
tien of an electron transfer initiator 1o an ether solution
of monomer results in the formation of an ioen-radical
{1, 2] which eventually undergoes a combination reac-
tion with the resultant generation of a polymeric
species possessing a carbanion at each end. In pre-
paring the difunctional species, the accidental deacti-
vation of a fraction of the carbanions will result in
a bimodal molecular weight distribution [5, 7, 16], i.e.,
the material will possess a portion that will have one-
half the molecular weight of the remaining polymer.

For the case of the polymerization of styrene in an
ether such as tetrabydrofuran (THF), complications
arise as a consequence of the rapidity of the propaga-
tion reaction [27, 28]. In order to maintain homo-
geneous reaction conditions, it is necessary to add
monaomer very slowly, either by distillation or dropwise
addition, to a rapidly agitated solution. The presence
of trace impurities in the monomer will cause a
broadening of the molecular weight distribution be-
calse of continuous termination of chain ends through-
out the duration of the polymerization. This assumes
a constant rate of replenishment of any impurty.
Szwarc has shown [29] that when an anion deactivator
is present in the monomer at concentrations sufficient
to annihilate the entire initial palymercarbanion popu-
lation by the ime the monomer supply is exhansted, the

resultant sample will possess the “most probable”
molecular weight distribuation.

The monofunecriotial organolithium-initiated polym-
erization of styrene and opther monomers in hydro-
carbon media offers several distinct advantages over
reactions carried odt in tetrabydrofuran. The slow
propagation rates [30] permit the addition of the mong-
mer 10 the solvent-initiator solution in a batchwise
fashion. Hence, any impurities will react on mixing
with the initiator. I a fraction of the total injtiator §s
destroyed, the moletular weight distribution will not
be broadened, although an increase in the molecnlar
weight will occur. The effeet on the distribution of
a slow termination reaction, comparable in speed to
the comsumption of monomer, has received considera-
ticn by Coleman et al., [31]. Fortunately, for certain
monomers the occutrence of such reactions is avoid-
able through the proper selection of solvent and by
the application of the procedures to ke outlined shortly.

2. Experimental Techniques

2.1. High Yacwum Apparatus

A high vacuum dpparatns, Ggore 1, permits the
attainment of the figorons experimemtal conditions
neceszary o prevent the termination of a reaction by
the presence of conteaminants. Therefore, all mono-
mer and solvent purifications and polymerizations are
carried out on the vacuum bine, or in sealed evaciated
vessels. The vacuum apparatus is composed of an
oil pump (1) working in concent with a mercury dif-
fusion pump (2). In a leak-free system pressures in
the range of 10-% to 10-% mm Hg are obiainable. A
liguid nitrogen trap (3} is vsed to condense any con-
densable gases so that the pressure registered on the
McLeod gage (4) is exclusively that of noncondensable
ppecies. e nitrogen trap also prevents the passing
of mercury vapor from the diffusion pump into the
main manifold (3).

Ficuee 1.

Higk varvum appormis.
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The pressure release (6) is a tube over 76 c¢m in
length with one end connected to the vacuum appara-
tus and the other end submerged in a mercury pool.
When substances with low bailing points, e.g.. buta-
diene, ethylene oxide, ete., are used in vacuum systems
there exists the possibility that pressure may build up
1o the point of fracturing the apparatus or blowing
temporarily attached pieces of equipment off the line,
The purpose of the pressure release is to relieve such
pressure in the apparatus and still maintain ar air-
tight aystem. Furthermore, the fall of the mercury
column pmwdes a visual indication of the onset of
such a pressure increase,

a. The Main Manitfold

A manifold of thi= type consista of a 4 to 6 em diam-
eter section of Pyrex glass tubing, clamped in place on
a metal supporting frame. The vacuwm stopeocks con-
necting the main manifold to the secondary one possess
stoppet bores of 6 to 10 mm. The stoprocks placed in
the secondary manifold are those with 4 mm stopper
bores. The connecting tubes of the secondary mani-
- fold are made of 12 mm diam heavy wall Pyrex tubing,
since this is about the largest size of glass tubing that
is practical in constructing a large and rigid piece of
apparatus where proper annealing is impraciical.
Apiezon ¥ hydrocarbon grease is recommended for
use in the main manifold whereas silicon grease should
be used in the secondary manifold stopcacks sinee
this lubricant is highly resistant to the passage of ether
and hydrocarbon vapora. After the application of
greage to a stopcock, the system should be pumped
for several hours in order to remove trace amounts of
maisture [rom the freshly applied grease.

Gradvated cylinders (7} are used to measure owt
approximate amounts of solvent or monomer prior 1o
final collection. These pieces of equipment may
either be permanently attached to the line or equipped
* with ground glass joints for temporary placement.

The entrance stopeock (§) of the McLeod gage to the
vacuum line is located so as to register pressure on
gither side of the nitrogen trap. During the early
stages of evacuation readings taken between the cold
trap and the manifold will indicate a lower pressure
than will measurements made directly from the mam-
* fold. This disparity is doe to the removal of conden-
sable gas in the nitrogen trap. Hence the readings
referred to herein are thosze registered directly from
. the main manifold.

2.2. Guneral High Yacuum Techniques and Equipmant

All reactars and ampoules are constructed from
Pyrex glassware. Prior 1o assembly of the equipment,
the glassware should be cleaned with either ¢leaning
. solotion or hydroflueric acid, rinsed with & dilute sely-
tion of sodium hydroxide, washed with distilled water,
and dried.
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FizURe 22 Manomer-1ofvend ampandes,

Figure 2 depicts typical monomer-solvent ampouies,
The breakseal= are nspally those made from 12 mm
diam tubing, A convenient size of ground glass jeint
in the 14{35 type.

After construetion of the squipment, the glassware
is evacuated on the vacuum line and tested with a
Tesla coil for leaka. When it is ascertained thar the
apparatuz iz strecturally sound, the glassware is
heated, with a handtorch adjusted to give a soft blue
flame, until the yvellow sodium fame iz given off from
the glass surface. The glassware during this heating
ﬁeriod iz continuously being evacuated. Intermittent

eating is continued until a presaure of ~ 10~% mm Hg
iz recorded on the McLeod gage. The purpose of this
treatment is 10 remove the adsorbed gas and water
filn which are present on the surface of the glassware.

Rupturing the breakseals is accomplished with the
aid of an iron nail enclosed in a glass envelope, The
glass jacket is made from tubing of the appropriate
diamater rounded off at one end. The nail is put in
place with either glazs wool or ashestos fibers to pack
it solidly in place. A constriction is then placed above
the nail and the 1ube sealed onte & manifold for even-
tual evacuation. After thorough evacuation is accom-
plished, the nail iz sealed off and the end of the
envelope rounded off.

a. Dutillotions and Degoiking Procedurss for Liquids in a Votuum
Syvtam
Ir the absenrce of appreciable amounts of noncon-

densablée gases, transfer of wolatile materials to a
cooled zone is rapidly effected. However, in the




presence of even small amounts of noncondensable
gases, the difusion of condensable materials iz im-
peded. It iz therefore necessary 1o maintain the
pressure below ~ 102 mm Hg in order to carry out
transfer of condensable materials at a practical rate,
Thus, it is quite important to exhaustively degas all
liquids prior to any subsequent operation, such as
distillation, drying, and collection.

The removal of air is carried out as foilows. The
fask containing the Lquid to be degassed is connected
to the vacuum line and cooled until frezen,  An appro-
priate cooling bath such as liquid nitrogen or a dry-ice-
alechol mixture is used, depending on the freezing
point of the liquid being degassed.

When the substance is frozen, the fask is evacuated
by opening the stopcock between it and the vacuum
line. After approximately 3 min, the flask is isolated
from the vacuum line and the frozen material warmed
to room temperature. To expedite melting, the fask
may be submerged in an alcohol bath. The freezing
and thawing cycle is repeated wmil the pressure reg-
jstered on the MeLeod gage is of the order of 107* mm
Hg with the material in the frozen state. The material
is then ¢ongidered degassed and is ready for subse-

uent treatment. A supplementary discussion on the
istillation and collection of Liquid hydrocarbons can
be found elsewhere [32].

b. Prapamiion of $adivm Mimen

For pse as a drying agent for trece guantities of
moisture, a thin sodivm mirror is advantageous. This
made of drying is not to be confused with the usunal
ritual of drying organic liquids with farge lumps of
sodiom, which in the usual 2ourse of events all 100 soon
accumulate a coating of oxide and hydroxide. These
mirrors are readily prepared on a high vacuum line as
follows. Approximately ¥e 10 Y g of dry sodium metal
fnot kept under mineral oil) is placed in & Haak, whkich
may be of any size upto 1 to 2 Elem capacity, and con-
nected to the vaepum line. The flask is evacunated
until a pressure of 10* mm Hg or less is obtained.

Vh

Fleune 3. Solwert purificaiion apporaiss,

While atill being evacuated, a small area at the botiom
of the flask i= gently and intermitiently heated with a
small, soft flame from a hand torch until the metal
begins to melt. The metal will then vaporize to form
the mirror. Excess heating may cause the flask o
crack. Once the mirror is formed, evacuation is
continued until the flask has cooled to room tempera-
ture. Then the liquid to be dried is distilled onto the
godium film. Once the liquid is in contact with the
mirzgr, it should receive further degassing in order to
remove any hydrogen formed by the reaction of mois-
ture with sedium. Exposure to two or three mirrors
is usually sofficient to ensure drymess.

¢. Pporation of Sedivm-Potatsiom Alloy

The ailoy of sodium and potassium is prepared in a
flask (R) as noted in figore 3. Approximately equal
parts by weight of the two alkali metals are vsed in
the preparation. The use of this ratioc ensures the
existence of the alloy in the liquid state at room tem-
perature. In this form it serves as a very efficient
drving agent for hydrocarbon solvents. The total
weight of the two metals need not exceed 1 g

The sodinm used in this preparation should be as
free as possible from hydroxide. The mineral oil is
removed from the potassium by rinsing the metal in
dry benzene or toluene. The nnsed lumps must be
covered by solvent at all times during bhandling and
transfer.

Following the placing of the flask containing the
two alkali metals, the covering solvem and a stirring
bar on the vacuum line, the apparatus is then care-
fully evacuated and the covering solvent diztilled off
and allowed to collect in a second flask cooled by a
dry-ice-aleghol mixture.  After the attainment of a
good vacuum (~ 10~% mm Hg), the flask is gently heated
with a soft flame from the gas rorch until the liguid

i# formed. The glass-enclosed stirring bar is
he]j' against the side of the flask until the alloy coola
to room temperature. Extreme care must be exer.
cised during the heating operation since a crack in
the Hask would result in apontanecus ignition of the
alloy.

A congequence of this characteristic is that a flask
containing the alloy should never be allowed to lose
its vacuum unlesa the alloy is covered with solvent.
In this condition, the Hask can be removed from the
vacuum line for the decomposition of the residual
alloy. The flask should be placed in a heod and the
alloy destroyed by the addition of cold (dry-ice term-
perature) isopropyl alcohol. The reaction must be
monitored vntil I;le decomposition is complete, :

d. Pruporvodion of Organalithiem Purge Ampouks

The final step in the purifcation of hydrocarbon
solvents and of diene and vinyl monomers is exposure
te an organolithium, Butyllithiom iz uwsed except -
for styrene. Fluorenyllithium is used for this mono-
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met. A fask is constructed with a sidearm consiric-
tion, to which is added an ampoule of organolithiom.
The apparatus iz placed on the vacoum line and evacu-
ated. The solution of grganclithium is added to the
flask by ropturing the breakseal The solvent is
then distilled away. Exposure of either solvent or
monomer to the organolithium ensores eradication
of the Gnal vestige of any polymerization terminating
i purity.

3. Preparation of Materials

From a practical standpoint it is pecessary to de-
lineate what is meant by pure materials. We are
concerned with the removal from the various reaction
companents of any material capable either of carbanion
deactivation or of influencing the reaction patiern of
the polymerization. The exclusion of this latter class
of impurities, e.g., polar compounds, is of importance
in the polymerization of dienes since the intrusion of
even trace amounts of certain polar species can alter
the microstructure of the polydienes.

3.1. Solvent Purification

a. Teirahydrofuron

This ether is stoted over finely ground calciom hy-
dride and stirred for several days on the vacuum line
{hg. 3}. After degassing, the ether is distilled, with
the aid of a dry-ice-alcohol bath, over a succession of
sodium mirrors (F) until the ether produces no visible
degradation of the mirror at room temperature. The
ether is again degassed and subsequently distilled
into a flask (R}, usvally of one Lter capacity, contain-
ing approximately one-quarter gram of bipheny! or
naphthalene and one-half 10 one gram of sodium or
potassiom.  The addition of the ether to the alkali
metal and the organic aromatic species soon results
in the formation of a dark blue (biphenyl) or dark green
(naphthalene} solution. The excess alkali metal is
necessary lo ensure complete conversion of the aro-
matic to the complex since any vnreacted aromatic
_will sublime in subsequent distillations of the ether.

When naphthalene is used, a dark red color may
eventually develop in the solution. This is due to the
reaction between the alkali metal naphthalene and an
isomer of dihydronaphthalene [33]). FEither 1,2- or
1.4&-dihydrenaphthalene may he generated by the reac-
tion of water with the alkali metal naphthalene com-
plex. The 1Z-isomer will polymerize to give an in-

“soluble low molecular weight product while the
1l 4-form will react with the alkali metal naphthalene
but will not polymerize [34].

Measured quantities of ethet can be fash-distilled
as needed into an appropriately evacuated, calibrated,
and weighed ampoule {A), The collection ampoule
may be given & thin sodium film in arder to ensure
“dryness. Shielding the collected ether from any
ultraviolet radiant-energy sevurce, incloding sunlight,

should be practiced as a precaution against peroxide
formation and other deleterious side reactions. This
can best be accomplished hy storing the ampoules in
the refrigerator. Other ethers (dioxane, methylietra-
wydrofuran, ethyl ether, e1c.) can be processed by this
procedure.

b. Bavatad

This solvent is atored over sulfuric acid, with stir-
ring, for at least one week., The material is then
placed on the vacuum line (fig. 3) and degassed. The
Liquid is then diztilled to Hask {(K) which contains the
alloy of sodium and potassiom. Stirring is then com-
menced and continued for 24 hr. After degassing,
portions are distilled to a sodium mirrer {F). From
flask {F}, the benzene can then be distilled to a fAask
containing butyllithiom. The residence time of the
benzene with the butylithium is usually of several
hours duration. Then measured gquantities are col-
lected in ampoule (A), as needed, or distilled directly
into A reactor.

e Tolvens

Toluene is processed in a fashion similar to that
used for henzene. The only difference is the deletion
of the exposure to sulfuric acid. In its stead, the
toivent is exposed to lithium allominom hydride prior
to treatment on the alkali metal alloy.

d. n-Huxomm

The purification process for r-hexane ia identical to
that of benzene.

3.2. Monomer Purification

o Shyrane

Siyrene is purified in & vacuum apparstus as follows.
A flask (A}, figure 4, is prepared containing a alurry
of finely groond caleiom hydride in atyrene. The
mixture is then throroughly pumped and degassed.

The contents {~ 1M 1o 150 cm?) are then agitated
by a magnetic stitrer for several days with periodic
degassing. During this period, the viscosity of the
mixture will increase slightly, indicative of the for-
mation of a small amoont of low molecolar weight
polymer. At the end of this treatment the styrene is
distilled through the manifold into a chain flask where
the monomer is circulated through & sodium costed
bulk {B) and condensed in flask {IM by & dry-ice-
isopropanol mixture. The sodium-coated buolb is
formed by placing approximately 0.1 g of sodium into
the stde arm of the flask and gently melting the alkali
metal. The metal vapor will then condense an the
upper portion of the chain fask. This mode of
monomer purification was developed by Hall [8] and
Meier [22]
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FIGURE 4.  Apporatus for the purification of styrene.

The monomer is then distilled imo several addi-
ticnal flasks prior to its final collection. Exposure to &
minimum of three flasks is recommended. This
procedure has proved to be adequate for reducing
contaminants to low levels. However, if desired,
the monomer may also be exposed to Aoorenyllithium
prior to final collection. d:lol.ike butyllithium, this
organolithium will not react with styrene [35] Care
must be exercized in the final collection step to ensure
that residual flucrene does not sublime into the col-
lection ampoule. This can be cireomvented by dis-
tilling the monomet into & chain Aask prior to the final
collsction,

b, cMethyhiyrane

Thie monemer ean be purified by procedures similar
to thme used for styrene. Polymer formation during
purification iz negligible due to the low ceiling tem-

¥ B ¥

11

FIcuRE 5. Appargtus for the purification of dime monomers.

Ht |

perature of the monomer. Several separate exposures
are sufficient to dry the monomer rigorously. After
punification the monomer is collected and stored in a
mannet identical to styrene.

£ leopren

This diene lends itself to ready purification with the
use of a high vacoum manifold a= depicted in figure 5.
The monomer iz expased in flask (R} to calcium hy-
dride and stitred for 24 hr. The monomer is then
degassed, with nitrogen uged to freeze the monomer.
The monomer iz Hash-distilled three times to flasks (F)
which are ¢coated with freshly sublimed sodium. The
first distillation removes, as it dees with the other
manomers, any inhibitor. The monomer is then ex-
posed to butyllithizm at room temperature for 15 min
or g0, Finally, designated quaniibies of monomer are
collected in ampoules {A), where final degassing is
accomplished. The ampoules are sealed off, weighed,
and stered at ~ O °C until vaed.

d. Butadisne

The sectivn of the manifold used is fitted with a
mereury colomn pressure release (P), as depicted in
fignre 5. The drying procedure is ideatical to that
of iscprene. Due to the low boiling point (— 4.4 °C}
of butadiene, it is necessary to maintain the tempera.
ture at a low level with a dry-ice-aleohol bath.

3.3. Preparation of Organclithivms

o. r-Burdlthivm

The apparatus uszed to prepare sn-butyllithivm is
illustrated in figure 6. An amount of di-n-butylmer.
cury sufficient to make up a one molar solution of
orgaticlithium ia placed i 2 clean dry flask fitted with
a standard-taper joint vacunm connection and a
breakable seal. After the fask is degassed, dry n-
hexane (5075 ml) is distiled i, the coatents are
again degaszsed, and the flask iz sealed off. This
ampoule (S} is then sealed 1o the apparatus (R} as
illustrated in Agure & Lithiom ribbon or wire with

w

FICURE 6. Apparaies for the praparation of n-bueyliithium,
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- tion.

the petroleum coating intact is charged inte (R), a
reaction Hask of about 300 em? capacily, through ()
an open side arm; (P) ia then sealed off. After pomp-
ing to high vacuum, 30 cm? or so of aghydrous hexane
is distilled into {R) and degassed. After degassing,
the apparatus is removed from the vacuum line and
the contents of the Hask (R) are stirred for several
hours. The resultant solution of petrelatum in hexane
is then decanted through a glass wool plug to {W).
Clean hexane is then distilled back to {R) and the eycle
repeated until the Lithium aorface is cleaned and all
soluble residue removed from fask (R} Flask {W)
is then removed by zealing off. The di-n-buiylmer-
cury-hexane mixture is then added ro the lithiom in
{R) and stirring commenced at room temperature.
At the erd of the reaction period, psoally of several
week’s duration, the a-butyllithium-hexane solution
is transferred w (B} through a medium porosity
ritted glass disk (F). (R).is vinsed several times by
hack-distillation in order lo ensure a clean transfer.
The content of (B} is divided inte several ampoules
having breakable seals. Analysis is made according
to the method of Gilman [36, 37].

b. lsomers of Butyllithivm

A vacuum modification of the method reported by
Telalaeva and Kocheskov [38] is used for the prepa-
ration of the remaining isomers of butyllithivm. The
appropriate organc-chloride or bromide (sec-butyl,
iso-butyl, or t-butyl) ia placed under vacuum in a man-
ner gimilar to that of the di-n-butylmercury. Reaction
progress is accompanied by the farmation of the
lithium halide. After completion, the slurey is filtered
and the solution collecled in Aask {B). This procedure
has alse been used by Hall [B] for the preparation of
ethyllithjum.

. Fuoranyllivhivm

The preparation of fluorenyllithium for monomer
purification is a modification of procedures prezeated
_ elsewhere [39]. A reaction ampoule is constructed 1o
which is artached a breakseal and a sidearm consiric-
Attached to the sidearm constriction is an am-
poule of r-butyllithivm. The amount of fluorene
added is always in slight excess { — 5 mole %) of the
added n-butyllithium. After thoreugh evacuation,
about 75 cm? of dry benzene is distilled imto the reac-
tor and the reaction allowed to proceed until comple-
tion. Complete conversion of the r-butyllithinm must
. be accomplished since any residual organolithinm will
react with styrene. After completion of the reaction,
the fluorenyllithium is divided into ampoules for use.

d. Polyorganalithiven "Sesd”™ Preparation

It is now recognized [30, 40-43] that the reaction
between organolithiums and unsatorated monomers
is a relatively aluggish process in hydrocartbon media.

It should be remembered that initiation is a one-step
reaction whereas the growth of a chain involves alarge
number of consecutive addition steps. Hence, even
if the individual initiation is somewhat slower than
the individual propagation reaction, the actual forma-
tion of a chain may take considerably longer than the
time required for complete initiation. However, if the
initiation reaction is two or three orders of magnitude
slower than propagation, then the two processes may
hecome competitive,

The slowness of the initiation reaction results in
a process in which the kinetics of initiation and propa-
gation hecome rather complex [41-46]. The decipher-
ing of the order of the initiation reaction in organo-
lithium for these polymerizations has thus far proved
to be highly tronblesome.  From a synthesis viewpoint,
the simultanecus accurrence of the twa reaction ateps
lead to relatively broad molecular weight distributions
(MM, 1.3-14) [49, 50]. This complex behavior
resuits from, in pan, the ability of the initiating organo-
lithium to form associated species with itself [51] as
well as with polymerlithium [52] Kinetic [30, 4048,
53-55] and molecular weight measurements [47, 52-57]
indicate that the various organolithium species partici-
pating in initiation and propagation form diverse as-
sociated species. The unambignous assignment of
the kinetic orders of the varions processes and the
elucidation of the association states of the various
species and the nature of the reactive species, remain
incomplete 2

The effect of slow initiation can be partially eircum-
vented by using a two-stage polymerization method,
i.e., a “seeding” technique. In this procedure, a
small quantity of monomer and solvent are mixed in
an amponle with an apprapriate amoeunt of the initiating
organalithivm. The low molecular weight polyorgane.
lithium is formed wnder conditions that are not practi-
cable or convenient for the preparation of the high
molecular weight polymer.

For the preparation of low molecular weight poly-

, styryllithium, styrene (in henzene) is mixed with

n-but¥llithium and the reaction permitted to proceed at
approximately 30 °C for 12 hr orso. It has been deter-
mined [30] that for compiete conversion of a-butyl-
lithium to polystyryliithium, the following must hold,

[Mol{ J542 = 504

where [M]s and [ ]¢ are the initial monomer and argano-
lithinm concentrations, respectively. At the comple-

tion of the initiation reaction the value of H., the
number-average molecular weighe, is

< . gZrams of monomer
®  maoles of initiator

Cwrgamn
A Sane and AL Weu,

Brvem,

* For an iedesing probe [ty shis woh]m aer 1
br F. G A

T- L,
X, 191 {196k Advsoce m allin Chem 3, Ed.
p- 35, Aoadamls Pres, Hoew Tork. 1965,
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This relation is valid since each of the monofunctional
initiating organolithijym molecules generales one
polymer chain. The relatively hroad distribotion of
the “seed” polystyryllithium ts overshadowed by the
great excess of additional polymetization where all
growing chainz have equal probability of growth.

Ii should be mentioned that polystyryllithium in
benzene undergoes a slow isomerization reaction at
elevated { 75 °C) temperatures [58]. Thia reaction
was first noted by Szwarc [59] and co-workers for
polystyrylsodium  in  tetrahydrofuran. Thuos  the
“seed” preparation, as well as the polymedzation
reaction, should be accomplbshed at relatively mild
temperatnores.

The preparation of the polyisoprenyllithivm “seed™
can be carried out in a manner similar to that vzed for
polystyryllithivm. For this procedure n-hexane is
used as the solvent, Complete conversion of a-butyl-
lithinm to polyisoprenyllithium can be accomplished
as follows f;-)'j.' . A solotion of r-hexane and isoprene
is made with an isoprene concentration of ~ 8 moles
liter—%.  This is then mixed with an appropriate amount
of s-butvllithiovm to vield a polymer with a number
average molecular weight of ~ 10,004, The reaction
is carried out at a temperature of 0 *C. This rela-
tively mild temperature is vused since the apparent
energy of activation for initiation { ~ 18 kg cal} has been
found to be lower than for propagation (—22 kg cal)
[#0, 42]. These values lack their usual physical sig-
nificance since they contain coniributions from Lhe
heats of disaaciation of the alkyllithiom, polyisoprenyl-
lithium, and the cross-associated species. Therefore,
the mitiaticn efhciency is found to increase ar lower
temperatures [42]. This 15 convenient {rom an ex-
perimenial point of view, since it permiits working at
high monomer and initiator levels without fear of the
exotherm becoming vncontrollable.

These conditions may also be applied for the forma-
tion of polybutadienyllithium. Evidence exists
[40, 41] that the rate of initiation of butadiene is faster
than that of isoprene vnder identical conditions.  This,
coupled with the fact that the apparent rate of propaga-
tion for buladiene is less than that of isoprene, greatly
enhances the quantitative conversion of the n-butyl
lithium 10 polvbutadienyllithium under the condirions
ontlined above,

It is of interest to cecord that the preparation of
these low molecolar weight polymeric-lithiume {ree
from unreacted iniiating organolithinm, is facilitated
by the sobstitmion of see-, iso-, or t-buryllithivm for
a-butyllithiom. Kuntz [36] and Hsieh [41] have
noted that these isomers are more efficient in initiating
1oprene and botadiene than is m-butyllithiom. Al
though no truly quantitative study of the relative ap-
parent rates of initiation of these variows isomers of
butylithiom is currently available, the indication does
exist that under the conditivns outlined herein, Te-
placement of a-butyllithiom with one of the other
isomers will result in a faster and more efficient “seed™
prepatation. The enhanced initiation rates appear to

FiouRe 7. Apparares for subdivision of initiater sofution.

ke due, in pact, o the lower degrees of self-association
exhibited by these isomers of butyllithium [60].

After completion of the “seed” preparation, the

ask (B) containing the =olution is zealed onto a mani-
fold containing approximately 10 amponles, as shown
in figore 7. The manifold iz then connected to the
high-vacuum apparatus, evacuated, lezk-tested, and
Aamed. After removal from the high-vacoum line by
sealing the manilold of a1 the constriction [(A), the
breakseal of the “seed” solution is ruptured thos per-
mitting the mixture to flow into the breakseal amponlea. |
Flask (B} is removed by segling it off at the constriction
which has been rinsed by refluxing solvent. The
manilold is then inverted so thar a unilorm solulion in
all of the ampoules is achieved. The manifold is
then allowed to stand for approximately 24 hr in order
that each constriction has sufficient time to drain free
of residual polymer.  The refluxing of solvent onto the
constrictions is no recommended since distillation
of solvent among the ampoules will cause Huctualions
in the lithium concentration. The same procedure
ia used for the dilution of the initiabng organolithioma.

The determination of the lithium content = cartied
aut gg follows. The volume of zolution in the 12 mm
diamater sealed breakseal tubes js estimated by a
comparison with a similar tube which is calibrated in 1
ml increments. A more aceorate measure can be ab- -
tained, after use of the solution, by titration of the used
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ampoule by means of a 10 m! micro-buret.  After the
volume of the sample is determined, the decomposed
organolithiom is titeated with either 0.01 ¥ or 0.1 ¥
hydrochloric acid te a phenolphthalein end point.
Fot the polymeric-lithium, the titration is carried out in
a neutraﬁed solution (11 by volume) of methanol and
water, This prevents the coagulated polymer from
absorhing either indicator or lithium hydroxide, Two
ampoules from each bateh are titrated in this manner
to determine the lithium content per cubic centimeter
of solution. It is alse recommended that the Gilman
double titration procedure [36.37] be employed on
occasion o asceridin the concentration of noninitiating
lithium compounds in solution.

4. Polymerization Procedures

The procedures sutlined in the fsllowing will apply,
in the main, to all of the monomers covered herein.
Where applicable, the necessary variations will be
. listed in the appropriate place. To perform an experi-
ment, the various ampoules are sealed onto a reactor,
figure 8, in such a manner that the separate corpo-
nents can be conveniently added to the reaction mix-
ture while maintaining a closed system. A vacunm
line (V) consisting of a standard-faper ground-glass
joint at one end and a constriction at the other is also
attached to the reactor vessel in & position that will
evenly support the weight of the reactor. The vacunm
line i= the sole connection and, in many instances, the
only support holding the reactor to the vacuum system.
It is therefore imperative that the weight of the reactor
and its components be well balanced. The respective
ampoules pictored contain monomer (M), solvent (5),
inmitiator {I), and terminator (T). A glass wool plug,
previously washed with THF, is placed above the
- constriction of ampoule (5} e provide a Elter for any
sodium particles which might be carried from the
mirrgr on which the solvent is stored.  For most cases
the terminator may consist of several drops of well-
degassed water or methanol. Sampling ampoules (1)
and (2) may be added to {R) if desired.

Once the reactor is assembled as shown in figure 8,
it is connected to the high-vacoum apparatus by means
of the ground-glass joint on the vacuum lube and evacu-
" ated. After several minutes, the reactor is tested
with a Tesala coil for pinheles or cracks, especially in
the area where the component parts are sealed on.
I no pinholes are found, or after thoze that are found
are sealed, the reactor is evacoated until a pressure of
10-%* mm Hg is obtained. All of the glass surfaces,
except the amponles containing the reaction ingre-
dients, are Hamed strongly with a yellow-blue Hame
from a hand torch. The reactor is continnously under
evacuation during this procedure. After 1 br or so the
vacuum is again checked, and if a pressure of 10-% mm
Hg is obtained, the reactor iz sealed off from the
high-vacuum line at the constriction.

Prior to the addition of the reactants, the reactor is
purged, on oceasion, by an addittonal ampoule of dilute
butyllithium, This solution is removed in ampoule (B}

Ficure . Polymerizotion reacior.

This procedure is used when very large reactors and
small initiator charges are employed. However, care
must be taken to thoroughly rinse the ayatem free from
any traces of the purge catalyst. Fluorenyflithinm
may also be used as a purge organolithium,

The s=olvent and initialor are introduced and the
inikiator ampoule iz tinzed by refluxing solvent. The
mixture is then allowed to come to the desired teaction
temperature and the monomer is added. The mong-
mer genetally comprises from 10 te 20 percent by
volume, with 5 to 20 g being a typical charge. All
emplty ampoules are then removed by sealing off at
the respective constrictions. The exact volume of
initiator used can then be determined by sealing the
ruptured breakseal and titrating 1o the previously
applied mark, K desired, samples may be removed
at (2) in order to analyze for the active lithium content
of the solution by means of the Gilman double titration.
Ampoule {C) contains a THF solution of henzyl chlo-
ride, allyl bromide, or 1,2-dibromoethane used in thia
analysis.

For the styrene polymerization {in benzene or
toluene), a procedure may he used which can circum-
vent the slow initiation reaction. Several workers
[22,61] have investigated the effect of small quantities
of tetrahydrofuran on the initiation and propagation
reactions of styrene in benzene. It was noted that
with small concentrations of the ether ([TH.FA= IBuLi]}.
the initiation reaction hecomes very rapid, ie., too
fast to be measured by-the optical methods vsually
used [30,61] in studies of this system. These char-
acteristics are of value from a synthesis atandpoint
since it is possible now to prepare samples of mono-
disperse, low molecular weight {~ 1000 polystyrene
{14621 The propagation reaction changes its rate
in a rather complex Fashion with variations in the THF
concentration at a constanl concentration of butyl-
lithinm. These results [22,61] have been tentatively
explained on the basis of salvation of the active species
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with the ether. It would appear that the changes in
carbanion reactivity are due to the formation of periph-
erally solvated and solvent-separated ion-pairs.
This change in reactivity is a forther demonstration of
the sensitivity and susceptibility of carbanions te
subtle environmental changes.

The use of the ether in the concentration mentioned
ahove eliminates the relatively long period of initiation
but does not appreciably alter the rate of the propaga-
tion reaction [22,61]. This result= in an easily control-
lable polymerization in benzene at moderate { ~ 30 °C}
temperatores.  Also, this low ratio of ether to organo-
lithiom rules out the possibility of any extensive reac-
tion between THF and the arganolithium [8,63,64].

In this procedure the measured quantity of ether is
added immediately after the addition of monomer.
The solution will then turn bright red within several
seconds. Only small amounts of ether are required,
i.e.., ITHF){[BuLij=1 to 10. After tharough mixing,
the pelymerization is allowed to proceed at the deaired
lemperature {0 to 30 *C). Depending upon tempera-
ture, initiater concentration, and ether conventration,
complete conversion can be attained frem 15 min
1o & hr,

Atactic polystyrene iz prepared [65] under the
conditions outlined above. It has been reported
[66—68] that polystyrene resulting from organolithium-
initiated polymetizalions in nonpolar solvents (toluene}
at low {—20 to —40 "C) temperatures contains a suhb.
stanrial fraction of crystallizable polymer. The
presence of any polar material prevents stereoregular-
ity. The cryatallizable portion has been identified
as jsolactic material. It was shown [69] that the forma-
tion of the jsolactic material was due entirely to the
presence of lithium hydroxide, the Tormation of which
was due to the presence of mwoisture in Lhe reaction
mixture. Polystyrene prepared under anhydrous
conditions is predominately syndictactic [69). Eleva-
tion of the reaction temperature above 0 *C resultz in
the production of alactic material.

In connection with this point, it has been reported
[70] that the presence of lithiom methoxide in the
a-buryllithium-initiated  polymerization of  methyl
methacrylate enhances thée rate of propagation,
increases slightly the amount of isotactic pelymer, and
facilitates the formation of high molecular weight
material. The presence of lithium ethoxide ar lithiom
butoxide ncreases the rate of imitiation of isoprene
[42471 A possible explanation for this is given by
Brown [71]. Brown has shown that lithium ethoxide
forms & soluble complex with ethyllithium, presumably
through the unshared pair of electrons on the oxygen
atom. It is therefore possible that these lithiom
salts can associate or complex with the normal organo-
lithium ion-pair. Their presence may alse promote
the dissociation of the associated organolithium, as
do traces of ethers. In any case, the infiltration of
these lithium salts can aller the reactivity of an
active organolithiuvm 2nd influence the mode of
monomer addition. These hndings emphasize Lhe
necessily of obtaining a stringently pure system and
of maintaining a atatic reaction environment.

The polymerization of a-methylstyrene is carried
out in tetrahydrofuran at — 7B *C. This low tempera-
ture is necessary since the formation of high polymer
is thermodynamically unfavorzble at higher tempera-
tures [72,73]. Mixing and initiation are carried out at
room temperature, At this temperature, initiation will
occur withoot the formation of high polymer. The
a-butyllithiym should he added to the monomer-ether.
solution in arder to retard the reaction [63] between
the ether and the organolithium. The reactor is then
placed in a dry-ice-alcohol bath and the contents
swirled for 10 min or so while the mixture is cooling.
Complete conversion wsually occurs in 24 hr [74].

The polymenzation of dienes is readily accomplished
in hexane at temperatures ranging from 0 to 30 °C, .
The use of THF to circumvent the “seed” prepara-
tion iz avoided since the microstructure of these dienes
1= altered by trace amounts of polar compound [47,
56,57.75)

Polyisoprene prepared in pure hydrocarbon media
is strocturally a close counterpart 10 Hevea rubber.
The cis-1,4 enchainment is enhanced if the organo-
lithinm concentration is of the order of 10-2 to 10—+
moles liter—' and the reaction temperature remains in
the vicinity of 0 °C [75]. Under these conditions,
several days are necessary for the attainment of com-
plete conversion. Polybutadiene microstructure ap-
pears to be moderately dependent on reaction tempera-
ture and initiator concentration [76,77]. Generally
a polymer with 10 percent vinyl, 4 percent cis-1.4,
and 50 percent trans-1,4 content is obtained.

On termination of the polydienyllithiom species, a
marked decrease in solution viscosity will occor. This
is due to the association which the active chain enda
undergo [30,47,53-57]. It is advisable to maintain
the samples under vacuum at — 0°C so as not to impair
their structural integrity.

In conjunclion with this point, it is pertinent to
note that z small amount of branched material, in
conlradistinetion to the claims of others [23,24), i=
formed during the polymerization of buladiene [22,56].
Thiz appears to be due 10 the susceptibility of the
vinyl group to altack by an organclithium. At high
molecular weighta {~ 10%), gel has been observed
[36] to form. Thia behavior is parallel to the branching
and gelation encountered in the sodium- or potasaium.
initiated polymetization of buladiene [78].  The forma-
tion of branched material is retarded by carrying out
the polymerization at 0 °C, At this temperature, at
least several days are necessary for complete conver-
S10H0.

The measurement of viscosity is a convenient mode
of determining the molecular weight of polymers
prepared by these homugenecus anionic polymeri-
zation techniques. Yalves for & and « for several
polymer-zolvent pairs have been published; poly-
styrene [13,14], poly-cemethylstiyrene [17), polyizoprene
[20.] and polybutadiene [23,24).

The relention of chain end activity of these paly-
organolithiums has many important ramifications from -
the standpaint of opportunifies to synthesize polymers
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of novel architecture, i.e., branched macromolectles.
Morton [79]) and Wenger [80.81] have synthesized
tri- and letra-functional “star” macromolecunles from
linear monodizsperse polyslyrene joined at one end
thcough a common junction. Similar star species
were created from polyhotadiene [82]  loleresting
viscosity studies have heen performed on bolk and
dilute constellations of these composite polymers.
Trichloromethylsilane  [82], silicon  tetrachloride
[79.82], 1,2 41ri and 1,2 4 5-tetrachloromethylbenzene
[14.8038]1] have been uatilized as coupling agents.®
Branched polymers of the *comb™ type have alsn been
synthesized by coupling polystyryllithium to a partially
chivrumethylated polystyrene backbone [Bi] and by
reaciing, acrylonpitrile with poly-p-lithostyrene [83].
Yen [13] has used a tetrabydroferan selution of o
phenylethyipotassium  to  prepare virtually mono-
disperse polystyrene and star species.  Utilization of
the polystyrylpotassium carbanion resulis i & more
efficient preparation of a star macromolecule, ascriba-
bie, in part, 1o the absence of any metal-halogen inter-
conversion. Szwarc [B4] has also outlined several
ingeneous procedures by which star- and comb-
sha ed(li)ﬂlymers might be synthesized.

.In additional consequence of these systems is that
linear block copolymers can be prepared by the selec-
ted addition of monomer according te a preconceived
plan. After the complete conversion of monomer A,
monomer B iz added to the solution and pelymerization
again ensues. In this fashion, precise control iz af-
forded over the number, sequence, and length of the
blocks, Pelymers can thos be produced having blocks
of elastomeric and nonelastomeric segmenls.

An example of this type of polymerization is the
preparation of a polystyrene-polyisoprene-polystyrene
block copalymer. A polymer with good elastomeric
properties is obtained when the segment molecular
weights are about 10,000—50,000-10,000. These
elastomers exhibit the high gum tensile strength of at
least 3500 psi at an elongation of 110¢ percent. The
elastomeric properties of this composite macromole-
cule arise from the agglomeration of the glasay poly-
styrene segments. Hence, these aggregates act as
cross-links. :

Since participation in the network by a chain is
dependent upon the diene unit having polystyrene
segments at each end, it is important that the initbiation
reaction be accomplished as rapidly as possible. Tt
it particularly important that no butyllithium be pres-
ent at the cessation of the first atyrene polymerization.
The residual butyllithiom would eventially react with
isoprene and subsequently form an elastomerically
ineffective chain. The slow initiation step is elimi-
nated by the addition of a tertriary amine or aniscle in
amounts equal to the concentration of butyllithium.
Initiation is Lthus completed in several minutes. The
presence of either of these two components does not
alter, to any detectable degree, the diene microstrue-
ture [85].

*The frmativn of siar polymery whik wors than faur chales per maleeube hon boan
ceponted.  T. Altwws, Jr., DL B Wywan, ¥, A- Al aod K Meyersen, ], Polymer Sai.
Eﬁ.,. 4131 98 I, Gervad and A B Goamell, ). Pelymer Soic 441, 139) (] A

After depletion of the styrene, the desired amount of
jsoprene s added and polymerization again ensues,
In hydrocarbon media, the rate of reaction of isoprene
with a styryllithiom polycarbanion ia rapid [86).
Hence no prablem similar to the slow s-butyllithiom-
monomer reaction is encountered. Following the
complete incorporation of the diene, the desired
amount of styrene iz then added. Since the reaction
of a dienyllithinm with styrene is a celatively slow
process, the addition of a trace amount of tetrahydro-
furan is desirable to expedite the crossover step. In
this fashion it is passible 1¢ prepare & copolymer with
virtnally monodisperse segments of any degree of
polymerization. Buotadiene can, of course, be nsed in
lieu of isoprene. Copolymers with polybutadiene as
the interior segment have achieved commercial
importance as thermoplastic elastomers.

Table 1 lists some block copolymers. Mary of
these copolymers were prepared =o az lo compare
their dynamic mechanical properties and thermal
stability with those of random copolymers and mechan-
ical blends of similar composition.

The selective termination of theze polycarbanions
permits the introduclivn of specialized functional
groups at the ends of the chains. 'When the polymers
in question possess two active sites, il is possible to
form bifunctional macromolecunles which may then be
applied to further synthetic work, The addition of
carbon dicxide to a selotion of polyearhanions gener-
ates, after hydrolysis, chains with carboxylic endgroups
[97-100]. Carbaxy]l terminated polysiyrene is ob-
tained by reacting the carbanion ends with suceinie
or phthalic anhydtide [131]. Eeaction with ethylene
axide introduces hydroxylic endgroups [93.99,102].
The introduction of terminal double bonds is effected
by the addition of allyl chloride or allyl bremide to an
ether solution of polvstyrylsodium [101]. Terminal
primary atnine endgroups can alse be added. This
procedure consists of reacting p-aminoethyl benzoate
with polystyrylsedium carbaniona [103]. Michlers
ketone also reacts quantitatively with polystyrylsodium
carbanions [104-105].

These polymeric species have been utilized in a
variety of ways. For example, polybutadiene with two
hydroxylic groups may be reacted with an appropriate
coupling agent, e.g, a trifupctional isocyanate, to
vield an elastomeric network. This procedure unveils
possibilities for novel applications in casting and
molding polymers.  Solid rocket foel binders are one
example of cast elastomers,

Cyclohexadiene [106] may, under Lhe appropriate
conditions, be polymerized to yield monodinpsrse
rubber. The polymerization of methzll methacrylate
by organslithivm compounds [107] is kinetically com-
plex and vields pelydisperse polymer. Much of this
complexity is the result of reaction of the organolithivm
reagents with the carbonyl group. Monodisperse
polyimethyl methacrylate) has been prepared in tetra-
hydrofuran at — 75 °C by sodium biphenyl initiation
[108]. The snsceptibility of this monomer to electron
transfer initiation was described eaclier [109,110].
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Eummaory af Moek copolymers prepared in arionic polymeriaation
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-Erun g Minbsu m Toluene LB,
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Meh - meshacy vlue 1Byl ot i b [N b b Tuluene B.A,B,
" y ’ " I;:rh:ﬂlﬂ kL Ilm e .;:
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:D L T:]I“ Rk BB,
Acryloodrile a-Butyl isocyansaie & i e hve
” -ph Ph:rhrl-li Tnlﬂm* ok AR
a-phen Lot .
* (109 THF) '
¥inr cvalohezane Batadiese by i b Benzema AL BA, -}
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L ] P L3 tS ]
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In the taubere: THF mixtures ibe

of THF d Im

*Pidy-(4-hruiylisocyan=ie has oo chncnerm-d nnn r-:d rod 1G],

The presence of iransfer reactions prohibita the prep-
aration of monodisperse pelymer from acrylonitrile or

methacrylonitrile [111-114].

The guidance in years paat of Dr. E. E. Boatick i=

gratefully recalled,
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