
JOURNAL OF RESEARCH of the National Bureau of Standards-A. Physics and Chemistry 
Vol. 6SA, No.2, March- April 1964 

Stereoregularity in Ionic Polymerization of Acenaphthylene 
V. M. Story and G. Canty 

(Novc mbcr 15, 1963) 

F our distinct polym.crs wcrc isolated from t he polymeri zat ions of accnaph Lh.v lcnc ill i­
t iated by boron t r ifiu oride and n-butyllithium. A syn diotactic or isotactic conform atio n 
was assigned to t h ese prod ucts on t he basis of infrared and N M R evidence. T he conforma­
t ions and reaction details a re discussed. 

I . Introduction 

A survey of the fi eld of stereor egulm' polymers 
indicated that little has been don e in deliber at e con­
trol of chain conformation by means of steric 
hindmn ce of bulky groups [1] .1.2 In t his sense, ace­
nap hLl1 ylene as a vinyl monomer Wt1S parliculnrly 
int eresLin g du e Lo the extreme bulk fi nd rigidit y 
of the 1 ,8 -pel"in~tphthylen e residue. Additional 
feftt ures were i ts slm ined five-membered ring [b ] 
and well defin ed co nditi ons for polYllleri zfl tio li. 

The polymers of ftcenflpil thylene h ftve been ex­
tensively investigated. D ziewonski and his co­
worke rs [2] were able to show iO llic, thermftl, ftll d 
solicl-st~lte polymerizat ion of ace lHlphlhylene before 
t he present-day tools for measuring Jl igh molecular 
weights were available. Their invest igl1tio ns started 
in 1912 rmel ended in ] 924. Since then, oL her work· 
ers have examin ed these polymers. Jones [3] and 
Flowers and Miller [4], fOl" example, JHlve cOllClucLed 
extensive investigations. The only paper on tllO 
meclm nism of this polymerir.ation was by JmoLo and 
TakemoLo [5], using boron triIluoride et herate as an 
iniLin,tor. It should be emphasized t haL very little 
was done to measure molecubr weights of t hese 
polymers [6] fl nd no reference to possible stereo­
regularily was fou ll d . 

A sLudy of Fisher-Hirschfelcler models of acenaph-
thylell c polymers was made. Th e cis-isotactic 
polymer I , where A is ill 

I 

1 Figures in brackels indicate the Iileralme references at the end of this paper. 
'.:vote adclecl ill proof: The paper by G. Nalla, G. Dall' Asta, G. M azzanti, ancl 

G. Metroni (Mukro11l01. Cilelll. 69 , 124, 1963) describes the polymerization of 
cyclobutcnc with Ziegler cMa lysts. The ste reochemistry of t hc products arc 
ap parently identical with the case described hero. Instead of cis or trans, the 
nomenclature tILTeo or eTl/tltro, rrspcctivl'iy, is used. 

165 

the plftl1e of t.he papcr a,nd tll e B 's are i ll fl para llel 
plane below, was self-termin ating . Ri ll g Jormat.ion 
was fftvored . I n fact, both a cyclic trimer and 
tetranw r ftre kn own [2}. The cis-sy ndiolactic 
polymer II was impossible to construct beyond the 
Lrimer. 

II 

T he Silme nolation is used here ,1S for J ~lbove. 
The A's werc acLuftlly Lwisled out of plane due Lo 
storic hindrance. trans-Iso tactic poJ~-acenaphLhy­
lene, lIT , for med a helix.3 

III 

3 'r'he limited rotation about the backbone carbon-carbon bonds due to stcric 
hind rance of the 1,8-acenaphthylcnc residues suggests that change in the se nse 
of the helix of III is not possible if a penultimate effect in fl uences the course of 
add ition. Of course, a mixture of d and 1 cha ins would be produced, unless an 
assynlctric initiator wcro used. 



In this diagram, C is in a parallel plane- above the­
paper, A is in it , and B below i t . Similarly, the 
trans-syndiotactic polymer, IV, formed a "stair­
stepped" rigid rod . The same 

IV 

notation is used here as in III. The tertiary aliphatic 
protons (H ) are on the inside of the helix in III and 
are 1,3-axial. In IV, these protons are isolated 
(to use the same nomenclatme, they are 1,3-
equatorial) from each other. H' is adjacent to the 
ortho aromatic protons of the next residue above 
(C) and to the 7r cloud of the residue below (B). 

The products of the polymerization of acenaphthy­
lene with boron trifluoride and n-butyllithium 
initiators were investigated for conformations cor­
responding to III and IV above. 

2. Experimental Details 

2 .1. Materials 

Acenaphthylene (Aldrich Chemical Company) was 
sublimed twice in a vacuum apparatus. The 
melting point found was 92 .5- 93 °C. The literatme 
value is 92- 93 °C [7]. Boron trifluoride (:'/[atheson 
Company, Inc. ) was transferred to a glass vacuum­
line and distilled twice, from a 2,2,4-trimethyl­
pentane slush bath (- 107.4 °C), to a trap cooled by 
liquid nitrogen . The vapor pressme of the redistilled 
boron trifluoride was found to be 458 mm Hg at 
- 107.4 °C. The literatme value is 466 mm Hg [8]. 
Chlorobenzene and benzene (Fishel' Analyzed re­
agents) were used without further pmification. 
.An n -butyllithium preparation in n -heptane (Foote 
Mineral Company, Inc. ) was used as received. 

2.2. Procedures 

a. Polymerizations Initiated by Boron Trifluoride 

The accnaphthylene was weighed into a round­
bottomed flask containing a Teflon-encased magnetic 
stirring-bar. Chlorobenzene was added and the 
flask was connected to a vacuum line. The flask 

contents were degassed by three £ree.ze-pump-thaw 
cycles. A m easmed volume of boron triffuoride- was 
transferred to the frozen solution. The flask con­
tents were permitted to warm to the required reaction 
tempemture with stirring. The color of the reaction 
mixtme varied from deep green to black. On com­
pletion of the reaction, the flask was vented to the 
air. This did not cause much color change, and pre­
sumabl)- did not destroy all of the complex. On 
poming the flask contents into boiling methanol, all 
color disappeared (except that of residual monomer) 
and a dense , white precipitate coagulated from the 
reaction mixture. The precipitate was filtered off , 
washed with cold methanol , air-dried, and dissolved 
in benzene, and the solution was filtered through 
anhydrous sodium sulfate and freeze-dried. The 
filtrate from the original precipitation was vacuum­
evaporated. An)- resulting residue was treated in 
the same way as for the original precipitate. 

Co-initiators were added to the acenaphthylene 
solutions before con nection to the vacuum line. In 
these cases, degassing was confined to one freeze­
pump-thaw c.\-cle. 

A strong T.\-ndall effect \\-as observed in all reftc­
tion mixtures. However, no solid separated out 
during or aCter the retwtions. 'Vhen suill.cient water 
was used as a co-initiator , it was observed as ice 
droplets in solution or film on the sides of the flask. 

b . Polymerization Initiated by n-Butyllilhium 

The reaction was conducted as above, except that 
the n -but)Tllithium solution was added through a 
r ubber disk with a hypodermic s)Tinge and needle . 
Again, the complex formed was dark green to black 
in color. Admission of air immediatel~- destroyed 
all traces of color. After the solution had been 
vented to the air , it was extracted twice with 0.1 N 
HCI and washed three times with water. The or­
ganic layer was then treated as in (a) above, by 
precipitation in boiling methanol , etc. 

2.3. Physical Properties 

Intrinsic viscosities were determined in the stand­
ard manner at 35 °c in benzene. Infrared spectra 
were determined on a Perkin-Elmer 221 with a grat­
in g interchange . KMR spec tra were obtained, for 
all polymers isolated, on a Varian A- 60 instrument. 
Carbon tetrachloride was used as the solvent [11] and 
tetramethylsilane as the external standard. Ultra­
violet spectra were made on a Car)- Model 14 in 
benzene at 25 °C. X-ray photographs of powder 
specimens were taken with a Deb)-e-Scberrer camera, 
using copper Kex radiation. 

3 . Results and Discussion 

The results of the pol~-merization s of acenaph­
thylene, initiated by boron trifluorid e and 
n-butylli thium with and without cocatalysts, are 
listed in table 1. 
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T AB I, I, 1. Tonic polymerization of acenaphlhylellP 

Reaction 
number 

I 
2 
3 
4 
5 
(j 

7 
8 
!J 

10 
Jl 
12 
13 
14 
15 

16 
17 

e"lI , 
[.\ 1) ,., 

2.3.1 
2.35 
2.35 
2.35 
0.211 

.2 11 

.2 11 

. 211 

.2 11 

.2 11 
0.201 

.201 
0. 343 

. 358 

.516 

0.075 
.028 

Co-initiator 
I nitiator,] 
[I] X 10' I COIlC. t )"f)e [.\ 1] X lO' 

1. In itiation 1J~- horon t rifluoride 

const:' H , O ' - -- -- .- - - -
const.4 H , O ' -- --- -----
const:' lJ,O ' ----------
const.4 H , O ' ---- -- ----
48.1 none; -.-.- . - . -. 
45.0 non(- -.-.-.----
35.1 non e -. -.--- --. 
11. 3 none -- - . -- - - - -
6.67 nono -. -. - - -- - -

32.7 ClI ,orr ' 2.4 
8.85 e Jl ,OH' 01. 8 

29.1 '11 , 0 ' 55.6 
17.4 IJ,O 7 139 
13.9 H , O ' 556 
12.2 lJ , O ' -.-. ------

II. Initiatio n by n-butylli thium 10 

6.0 
30 1 ____ _ ~7! ____ -1:::::::::.1 

Reactio n 
Lime 

Ij 5 min 
4 days 
6 clays 
8 cla ys 

30 min 
30 min 
30 m in 
30 min 
30 min 
30 min 
30 min 
2:2 m in 
30 min 
30 min 
30 m ill 

24 hr 
24 hr 

Yield 

9:2.4 6 
82 .4 6 

89.0 6 

90.16 
84.2 
87.0 
86.8 
i 'l. 3 
82.3 
30.2 8 
0.0 

GU.! 
82.4 
49. (j 
87.6 

7. 0 
0.7 

1 [J} ind icatf's t he ('o ncrniratioll (moles pcr liter) o f ionic initiator if it all d is­
solved in thl' m onomer solutio n . 

2 T'he so lnnt for tlwsp reuctions was chlorohC' n zel1e. H eHcl io ll s ] -4 wcre delle 
at _ 5 0(' ancl tlw f('lIlailide r at - :2:3 0 ('. 

' [.\1] inciicates til(' conce n tration of ac('nap hth)'I('lle in moles per liter. 
4 A slo'" flow of B Fa was supp1il'd to the reaction mixture. 
,5 'l'rac('s or wale I' were present. 
6 rl'hese reaction produ cts were precipitated rrom col(1 methanol. 
j Sl'C ex pl'ril11l'lltal sl'ction for (\Nails . 
S 'J' he product soluhle in hoi ling llI et ilanol was 30.2% . the insol u hh" 2.0%. 
9 !\ loist ai l' was a<i miUNI to til(' reaction fl ask d ur ing the run . 
10 T Il(' sol\'(' nt was 1)(, llcze ne. The reacLiol1 trm l)enl.tul'(' was ~l °c. T ile' 

ealc ul a. t('d molarity o f n-bu ty lliihiulll in thc fin al solution is reported. 

The fll"sL four r eacLions in table 1 duplicaLe Lhe 
procedure of Flowers and Miller [4]. lL was round 
L1w,t Lhe yields from precipiLation or Lhe r eacLion 
mixture in cold methanol were not reprodu cible. 
Th e pokmeric product W~lS observed Lo redissolve 
on sLanding in the methanol-clllorobellzelle mixture. 
All exhaustive cxtraction or a pOl-Lion of pol.rmer 
precipitated in the above man ner showed an 11 
percent weigh t loss. Si nce the methanol-soluble 
m ate rial showed Lh e sam e specLnt as the parent 
polymer in the ultravioleL region, it was conclud ed 
that ol igomers were b ein g ex Lra,cted. To circum vent 
t he coprecipiLation of t he oligomers, hoL (boiling) 
methanol was used as the precipit~l ting medium . 
The precipitated pol.\-mer isola Led b.\' Lhis method 
will be designated " insoluble" and the prod uct 
isolated from t lte supernatant ho t meLlIanol­
chlorobenzene solu tion b.\' coolin g and vacuum 
evaporation will be designated "soluble " ill the 
[ollowi ng discussion. 

The r csidue left after isolat in g both the " in soluble" 
and "soluble" pol.nllers was <determined to be 90 
to 95 percent monomer in all cases. The " insoluble" 
Pol.\"111el' isolated in the above series was designated 
t.\·pe G. 

R eacl ions 5 tiJroligh 9, table 1, were performed 
using anhyd rous boron trifluoride as illi tiator. Th e 
average Lotn l re coverY, caklilatecl O il the basis of 
monomer weight , \\"as 97.6 percent. Th e "soluble" 
polym er isolated ill react ioll 7 proved to be similar 
to the "in soluble" one, buL of lower molecular 
weight . 
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\iVhen water or moist air was used as a cocatalyst 
(r eactions 12 t hrough 15, table I ), the pooled 
"soluble" polymer for l'eactions 13, 14, and 15 
showed proper ties different rrom those of the "in­
soluble" polym er obtained in the sam e reactions, as 
described below in terms of their r especLive physical 
properties. [ t was designated type K. 

The m ost striking change in products was ob­
served when a sm all amount or methanol was added 
as co-initiator. Tn t his case (reaction 10 , table 1) , 
the "soluble" polymer was the pr edom inant com­
ponent and proved to be a different maC'J"0ll101ecular 
species, designated type ~I. T he small amount of 
"insoluble" polymer r ecovered in t his reaction was 
type G. lncr ease of the concentration or methanol 
co-initiator completely inhibited polymer formation , 
as the data for reaction 11 in table 1 in dicate. 

The polymerizations or acenaph tiJylene in i tiated 
by n-blltyllithium gave low yield s ror the conditions 
chosen, as ShO\\-11 in tab le 1, reactions 16 and 17. 
Tlte separation procedure given above 1"01" t he poly­
merizations initiated by boron trifluoride did not 
give deFin i ti ve results, be cause of low yields. Th e 
product isolated was di (reren t fr om a ll oLhcrs de­
scribed above a nd was designaLed type N. 

The p hys ical properties or t he polymer types de­
scribed abo ve a re sUllunarized ill table 2. 

TA BI~(i; 2. Pol ymeric lJ l"od llcts of polymerizcttion of 
acenaphthylene 

Polymer Hrndion Rolu-
, [.]326orr. EAI 

type t (ta ble I ) hility ' 
.----

(1 1- 4 0 o. 039± O. OO~ GRoO 
5- 9 0 . 034±0. 00 1 6870 
7 + .025 ,5 6570 

.1 0 0 (6) --------- -
12- 1,5 0 . 0·17 ± O. 002 68!1O 

K 12- 15 +' .029 GoOn 
.\1. 10 + .028 ,I!JOO 
.'< 16, 17 (') .00G, O. JOO , 60~0 

I 'rhe polymer types aro as designated ill the text. 
2 Tho solubility re fers to th e boiling methanol ehlorobenzcnc mix.iu fe f~om 

which the polymer is precipitated, as described ill thc ex perimcntal sectIOn. 
Reactions 1-4 were preCipitated ill cold methanol. 

a re wo-point visco metric determ inations were mado. Tho [1]] valu C's were cor~ 
rceled for the p resonce of 11% oligomer [or rcactions 1-,1 a nd all "sol uble" prod­
lI cts (sec text) . rphc mean and the average d eviation rrom the' moan is reported • 

.. The extinction coeffIcien t was c::l lc ul a tcd per accnaphth y ll'llc res idue. Tho 
determina tions \VCfe· done in benze ne at 2960 A a nd at 25 °C . The average or ror 
was 2%. I 

5 ' r' he physical properti rs were determined on one sample, reaction 7, table 1. 
6 Product was identifieci by its infrared spectrum. Sec text for details. 
7 T'hc properties of a pooled sampi r W('rc d e termined , 
81'ho yield was too low to pcrmiL detcrmin·tLion of t h e solubility. 
9 1"' ho intrinsic v iscosities of the two produ cts were widel y different, due to 

varying experimental co ndit.ions (table 1). 

3.1. Physical Properties 

a . Viscosities and Molecular W eights 

Several molec ula r-weig ht dete rmination s were 
ilLUde, to index t he viscos ity determinations given 
ill table 2. An osmoLic-pressure del ermination of 
one or the polymer ization products (fnJg:~I6=O . 036, 
reaction 1, table 1) initiated by boron trifluoride 
gave t he value 7,070 for a number-average molecular 
weight. Th e large efl'ecL of molecules of very low 
molecular weighL on th is type or measurement led 
us to make the same determinat ion with a vapor­
pressure osmometer. The value 2,670 was obtained 



by this means. This is reasonable in view of the low 
molecular weights and the absence of extensive 
purification. Taking 3,000 as an approximate num­
ber-average molecular weight, the mean degree of 
polymerization was about 20. 

Two groups of workers have reported on the num­
ber-average molecular weight of polymers of ace­
naphthylene initiated by boron trifluoride. Flowers 
and Miller [4] stated that the moleuclar weight by 
osmometry was about 150,000. lmoto and Take­
moto [6] reported an intrinsic viscosity of 0.040 
(30 °C, in benzene) and a number-average molecular 
weight of 125,000 using a collodion membrane. 
Both the above papers mention "repeated reprecipi­
tation in methanol" from benzene solutions . How­
ever, the intrinsic viscosity value reported in the 
second paper indicated that extensive purification 
was not obtained, compared to the methods used in 
this study. ~We were not able to resolve these large 
discrepancies. 

b. Infrared Spectra 

The saturated , tertiary carbon atoms of the back­
bone of polyacenaphthylene would be expected to 
show different C-H stretch frequencies for th e 
trans-syndiotactic and trans-isotactic polymers. Fig­
ures 1 and 2 show the C- H stretch spectra corre­
sp onding to the four polymer types isolated in this 
investigation. Polymer type G, table 2, corresponds 
to spectrum A, figure 1 ; type K to spectrum B; 
type M to C; and type N to D and E in figure 2. 

z 
. S:> 

(f) 

'0 50 
:;;: 
(f) 

Z 
<l 
0:: 
f-

,~----~--------~--------,----------r----, 

A 

em-I 

F IGURE 1. T ype G polymer, spectmm A; ty pe K , B j and 
type M , C. 

Ord inates, em-I; abcissae in arbitrary perce nt transmission . 
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Fre URE 2. T y pe M polymer, spectrum C; type N, spectra 
D and E. 

D is thE' spectrum of the product isolated fro m reaction 16, tab le 1, and E of that 
from reaction 17. Ordinates, em- I; abcissac in arbitrary percent transm ission . 

The frequencies of the aliphatic C- H stretch bands 
of these spectra are listed in table 3, together wi th 
t hose of the cis- and trans-declains and acenaph­
t hene. lUthough the frequencies are accurate to 
± 5 cm - I in this study, comparison with other 
spectra from the literature are prob ably accurate to 
only ± 10 C111- 1 because of resolution differences and 
changes of state. 

The assignment of the aliphat ic C- H stretch 
frequency of type G po]yacen aphthylene is straight­
forward and unambiguous, sincp it is almost exactly 
the 2890 ± 10 cm- I for tertiary C- H established by 
Fox and Martin [9]. This frequen cy assignment 
corresponds to the syndiotactic tmns polymer (IV), 
as an isola ted tertiary alipha tic C- H bond is 
unique to this structure. 

Spectrum B , figure 1, contains frequ encies common 
to both A and C. liVe will discuss spectrum C first , 
to clarify its assignments, before considering B. 

A Fisher-Hirschfelder model for the trans-isotactic 
polymer, III, required 1,3-axial proton interactions 
similar to those of the aA'lal bonds of cyclohexane. 
The closest analogs found were cis- and trans­
decalin. As shown in table 3, the asymmetric C- H 
stretch frequency of spectrum C (type M polymer) 
is at 2908 cm - \ which is 16 cm- I below that of 
cis- and trans-decalin at 2924 cm- I . By invoking a 
limited degree of chain flexibility for polymer con­
figuration III, the decrease in frequen cy can be 
attributed to lower " 1,3" proton-interaction energy 
as compared to that of the model compounds. 
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TABLE 3. Aliphatic C- I-I infmTedfTequencies J 

Dccalin 2 Polyacenaphthylcnc 3 
Accneph-

thy lenc 
trans- cis- A (type B (l.ype C (type D&E 

0) K) 1\1) (typP N) 
---

2942 
2924 2924 

2910 2908 2908 2908 
2887 2887 

2875 
2857 2865 2860 

2841 2840 2840 2843 

1 rrhe frequencies arc given in em-I; the solvent was carbon tctracllloride, unless 
otherwise stated . 

2 l<'rom A merican Petrolenm Institu te, I nfrared Spectra 1086 and 1087. 
respectively. T hese were spectra taken on pure liquid sam pIes. 

3 rrhe letter designations correspond to the spectra in figu res 1 and 2. rrhe 
type designations are given in the text. 

The symmetric C- H str etch frequency at 2840 
cm - 1 for spectrum C con esponds exactly with that 
of cis-decalin. As h as been shown by nuclear 
magnetic reson ance spectra [10] , cis-decalin has one 
averaged proto n-proton in teraction, sin ce the ring 
system is flexible. This fact suggests that the 
aliphatic protons in polymer M are predominantly 
1,3-axial a nd do not in teract with aromatic proLons. 

'Vit h th e above assign men ts in mind, specLrum B 
can be raLionalized as indicatin g Lhe presen ce of 
either a mixtme of types G and :M, or a block 
copolymer. Spectra D and E , figure 2, correspond­
ing to type N polymer, are clearly rel!Lted to spectrum 
C, but have two more peaks, at 2860 and 2942 cm- l . 

The fLrst of these can be assigned to the C- H 
stretch frequency of the CH2 group, as shown for 
trans-decalin , table 3, and the second to a combin a­
t ion of CH 2 and CH 3 frequen cies. This reasoning 
is based on the !Lssumption thaL n -buLyl groups, 
derived from the n-bu tyllithium initator, were ap­
pended to on e end of t he polymer chain. 

c. Nuclear Magnetic Resonance (NMR) 

Acenaphth ene was in vestigated as a reference 
compound under the same conditions as for the 
polymers. This compound has nine peaks in the 
aro mati c pro ton range, fro m 7.07 to 7.54 P arts per 
million of the applied magnetic field (ppm) [12, 13] 
and a sharp peak at 3.23 ppm correspondin g to the 
secondary aliphatic pro tons. The latter valu e is 
higher th an that for alipha Lic protons 0 11 alky l 
groups; for instance, a cyclohexane NMH specLrum 
gives 1.43 ppm [14]. Acenaphthene is known to 
have a strain ed ring [l a), and this fact possibly 
accounts for a higher screenin g-constan t, because of 
reduction of t he bond angle between the gemin fil 
proLons. 

The arom atic-proton peah:s characLeristic of ace­
naphthene were smeared in to a broad peak in the same 
loc!Ltion for all of t he polymer spectra. Only type G 
and Lype M polymers showed t he sh arp peaks 
chamcLerisLic of the aliph at ic proton s. The field 
shiH for type G was 7.25 ppm, and for type ::\IT, 
1.20 ppm. 

The model sLudies and infrared assignmen ts above 
r equired that the III structure have its tertiary 
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aliphatic protons 1,3-axial to each other and on the 
in side of a h elix. Close examination of such struc­
tures led to the conclusion that the nearest neighbor 
interactions were sm all, due to th e fl exibility of the 
backbon e. The value found for M, 1.20 ppm, is in 
complete agreement with this reasoning, and com­
parison with the NMH spectra of cyclohexane 
(loc. ci t .) supported this argumen t. 

The structure predicted for G, IV above, showed 
close proximity of the tertiary protons to the 7['­

electron "cloud" and to aromatic protons of adjacent 
flromati c residues. The chemical shif t is expected 
to be high due to high screening of aromatic rings. 
The value found for G, 7.25 ppm, is in !Lccord with 
structure TV. 

These N\!(H spectra complemen ted the infrared 
assignments and indicated that the tertiary-proton 
environ men ts are those l)l'edicted from the model 
studi.es of polymers G a nd M. T ype Ie polymer 
remained ind etermin ate in s tructure , sin ce no further 
information was acq uired as to whether i t was a 
mixture or a copolymer . The NMR spectrum for 
type N was not resolved, due, no doubt, to its higher 
molecular weigh t . (High-temperature equipmen t 
was not available Lo increase the r esolu tion .) How­
ever, the infrared evidence indicated that N is a 
derivative of lli. 

d . Ultraviolet Spectra 

It would be expected that trans-isotactic poly­
acenaphthylene would be less accessible to solven t 
in ter action, due to i ts h elical conformation (TIl), 
t itan the trans-synd iotfl,c tic polymer (IV) and thus 
show a lower extinction coefficient. The results 
shown in table 2 support this con ten Lion. These 
data are considered h ere to be supplemen tary sup­
porting evidence for the proposed configmations. 

e . X-ray spacings 

Powder specimens of polyacen aph thylene desig­
naLed type G, M, and N gn,ve t he Bragg spacings 
sllOwn in table 4_ The powder photographs were 

TABLE 4. Bmg(J spacings faT polyacenaphthylene I 

Type 0 Type ,\1 T ype N n elativc 
intensity 2 

2.07 2.07 2. 06 vw 
2.81 2.76 2.75 w 
3.95 3.9] 3.95 s 
5. 47 5.47 5.27 III 

10.3 10.8 lO. 4 v S 

1 The spacings arc given in angstrom units . and the ty pe u csignaLions aro 
given in tile text. . 

2 vw indicates vcry weak, w wea.k , til m c dlllll1 , S s tro ng, and, vS very strong 
rchlti ve intensities. 

not sharp. The larger spacin gs useful for deter­
mining th e chain confoI'matio l': were not r.esolved. 
There were several SptLCLl1gS wlu ch were slgmficantly 
differen t among the three polymer ty pes. The 2.81 
A spacing for type G, and the 5.27 A spoacing for 
type N were clearly different. The 10.8 A spacing 
for type }Vl was not significantly different from the 



1.0.3 and 1004 A spacings for types G and N , respec­
tIVely. Thus, although differences were apparent, 
no definitive analysis could b e made of these data to 
determine the crystal structures of the polymer types . 

3 .2. Mechanism 

It is useful to consider the chemical nature of 
initiator and co-initiator complexes before inquiring 
into the polymerization process. Greenwood and 
Martin have shown that stable complexes are formed 
when boron trifluoride r eacts with water or meth anol 
[15]. They have also shown tha t the compounds 
hydroxyfluoroboric acid (II+BF30 H -), dihydroxy­
fiuoroboric acid (H 30 +BF30H-) , methoxyfluoro­
bo:ric acid (H +BF30 CH 3-), and dimethoxyfiuoroboric 
aCId (H 20 CH 3+BF 30 CH 3-) have defini te and large 
conductivities in the melt [16]. These da ta are 
repor ted in table 5 in terms of percent ion ization in 
the melt , together with t he melting points of the 
fiuoroboric itcid compounds measured by the same 
au thors. As solids, these compounds are reported 
t o be par tially ionized if crystallized rapidly from 
solution [17] . Other evidence [18] favors th e ionic 
structures indica,ted in the empirical formulas. The 
relative amoun ts of ionization of the methoxy­
fiuoroboric fwids are suppor ted by the calculations 
of Bender [1 9] from the equation of E dwards [20]. 
Bender's calcula tions indicate that methanol is a 
stronger nucleophile than water . Thus, the meth­
oAJ7fluoroboric acid compounds would be expected 
to show less ionization than the comparable hydroxy­
fiuoroboric acids, in agreemen t with tllB results in 
table 5. 

T AB L E 5. Properties of fl liOToboric acid complexes 1 

Acid complex 

H +BF30 11-
JT30 +B F30 l-I-
H +B F30 CII,­
H , OC H 3+ I3F,OCH3-

1 The referen ces are given in the text. 

l\1 P Ionizatio n 2 

° C % 
5.9- 6.0 10 
6.2 20 

- 18. 6 2 
-58. 1 7 

Z T he ionization was mea'mrcd in the melt at 20 °0. 

. On the basis of infrared sDectra, the greH.ter ioniza­
t lOn of the dihydroxyfluoroboric and dimethoxy­
fiuoroboric acids as compared to the corresponding 
mono-acids (table 5) is attributed by Babushkin 
et aI. , to dimer formation, as contrasted to polymer 
formation for the 1 : 1 compounds [21] . Diehl [22] 
r eports NMR evidence in accord with this conclusion . 

Comparison of the meltin g points for the fluoro­
b oric acid complexes given in table 5 with the 
~xp~rime~ tal c:onditions for acenaphthylene polymer­
lzatlOn gIVen m table 1 suggest that all but one of 
t he r eactions initiated by boron trifluoride were 
conducted under heterogeneous conditions. As 
Clark has poin ted out [25], traces of water are present 
even when extreme care is taken to produce 'anhy­
drous' boron trifluoride for vinyl polymerizations. 
The observed T yndall effect must be due to the 
ini tiator complex presen t as a finely divided solid 
since the polymer is soluble in chloroben zene. Thus, 

the ftuorob oric acid componnds are solid under the 
given reaction conditions, as was excess water , bu t 
no t methanol. I n reaction 11, the initiator complex 
would be dissolved in excess methanol, in contrast 
to 10 wher e heterogeneous ini tiation is expected . 

Sever al a t temp ts were made to determine the 
rates of polymerization of acenaphthylene under the 
conditions of experimen t 6, table 1. R eaction times 
as shor t as 20 sec gave the same y ields . It was not 
feasible to extend these experin'len ts to shor ter 
reaction timos. 

The deliberate addition of water or methanol had 
a variable effect on the yield (reactions 10 through 
15). With the excep tion of reaction 13, the excess 
of co-initiator over the initiator (on a molar basis) 
depressed t he yield as well as changed the nature of 
the product. These facts suggest that t he addition 
of co-initiator inhibits the formation of both poly­
mers, but that the inhibition is greater for the iso­
t ac tic product. The exact cause of the increase in 
yield of reaction 13 compared to 12 and 14 is no t 
known. 

R eactions 1 through 4 are compar able to reactions 
6 through 9 in yield when corrected for oligomer 
concentra tion. These reactions were probably init i­
a ted by h.vdroxyftuoroboric acid while r eactions 12 
through 15 were initia ted predominantly by di­
hydroxyftuoroboric acid. The degree of polymeri­
za tion of r eactions 12 through 15 was higher (table 
2) with respect to the insoluble product (type G). 

The above discussion is certainly oversimplified, 
since both hydroxyfluoroboric acids are present at 
all t imes, but in differen t proportions [18]. How­
ever , we have argued in terms of the predominan t 
species for the sake of clarity. 

Before proceeding to the case of acenaphthylene 
polymeriza tion by initia tion wi th methox~,ftuoro­
boric acid, it is profitable to r eview the details of 
acenaphthylene polymerization initiated by hy­
droxyfluoroboric acid. Consideration of the per ti­
nen t data in table 1 show that t emper atnre (foo tno te 
3, table 1)) monomer concentration, and r eaction 
time have no discernible effect on the yield under 
the given reaction-conditions . The degi ee of poly­
merization of the products increases when the wat'er 
concentration increases. The extinction coefficien ts 
for the poly mers given in table 2 indicate that small 
amounts of the trans-isotactic polymer are presen t 
in the "soluble" product. \Vhether or no t the 
isotactic polymer is or is no t presen t as par t of a 
block copolymer remains undecided. However , a 
block copolymer is unlikely at these low degr ees of 
polymerization . The primary conclusion from the 
structnre assignments and discussion above is that 
solid hydrox~'fluoroboric acids give, predominantl~', 
trans-syndio tactic polyacenaphthylene. It is prob­
able, but not so well es tablished, that the stronger 
dihydroxyfluoroboric acid decreases the yield, but 
incr eases the degree of polymeriza tion. 

With the above summary in mind, the hetero­
geneous initia tion of acenaphthene polymerization 
by methoxyfluoroboric acid (reac tion 10, table 1) h as 
only one difference from initiations by the hydroxy-
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fluoroboric acids. As shown in lable 5, methoxy­
fluoroboric ac'd is ~ distinctly weaker acid or, 
jl]:ternat-ively, a stronger- nucleophile. ~he pre­
dominant polymer found is trans-isotactic polyace­
naphtb.delle, with traces of the trans-BJIldiotactic 
pol.nner, in co ntrast to the pol~'merizaLions of 
acenaphLh .dene by hy'droxyHuoroboric acid s. It 
follow Llw,L the methoxyfluoroboric acid an ion 
stabilizes the cfLrboniull ion formed fL fter donfLting its 
proLon Lo flcenaphth)'lene. Fmthermore, Lhe propa­
gating pol.l'mer carbonium ion must be stabilized . 
The increase in nucleophilici t)- of the m.ethox~'­
fluoroboric fLcid over the hydroxyfluoroboric fLcids 
is enouglt to favor formfLtion of the trans-isotactic 

:c- polym~r carbonium. ion over the corresponding 
trans-syndiotactic carbonium ion . The high s teric 
hilldra nce of the trans-isotactic carbon ium ion indi­
ca tes t hat a "sufficientl.\' s table" complex m ust last 
longer than the comparable syndio carbonium ion, 
since Lb ree of the six Cartes ian axes are accessible Lo 
monomer attack, compared to fOlli' in the trans­
s \'ndio carbon ium iO ll. 
. Turning now Lo aceniLpltLhylene pol.nllerization 

b.\' n-butylliLhium, we find fL clear precedent se t for 
us. Worsfold fLnd B~'waler [23] have shown Lh aL 
previousl.\- reporled cases or s tereo regula r pol.\· meri­
za tion or sL.\Tene [24] b~' n-b uLylli thiun1 in ,l.l"omaLic 
solven ts were dependent on Lite presence of traces of 
waLer. The experimenLs r eporled h er e did no L 
rigorousl.\' exclude water in Lh e acenaphLhene poly­
merizalion wiLh n-butyllithium initiation. The 
product obtained was trans-isotacLic polYfLcenaph­
tbylene wiLh n -butyl end -groups (loc . ci t. ). 

AlLhoug lt Worsfold a nd B y water [23] did noL 
b elieve Lhat t heir experiments decided Lhe question 
of " whether a colloidal s urrnce is necessfLr~'," Lh eir 
r eac tions were run at -30 00 wh ere any added wfLLer 
is certainly frozen to ice. Th e generaLion o( liLhium 
n-butoxide without co mplete des Lruction of th e 
iniLiator probtl.bl.v creates a situ<l. tion a nalogous to 
that d iscussed above, where mix tures of solid 
compounds act as stereoregular initiaLors. The 
sarne r easoning applies in detail to r ea,ct ions ] 5 and 
16 in hl.ble l. 

The d iscussion fLbove leads to the conclusion th at 
all of the effective initiators used were heterogeneous. 
The l1ucleophilicit .\, of tlte fluoroboric acid complex 
de tcrmined the stability of the ini tiating and prop­
aga tin g carbonium ion and, hen ce, the predominant 
s te reoregular product. Traces of ice reacting with 
n-buty lli ttl i urn were probfLbl.\' instrum en tal in in­
ducing heterogeneous initiation of ace lHLpbth.dene 
polymcrizn tion. 

4. Summary 

The roUl" polym ers isola led from acen aphthylene 
polymerizations initiated by boron Lri fluoride and 
n-bu Ly llithi um were shown to correspond to S.\']l­

diotac ti c or isotac tic s lruc tures on the basis of 
infrared and NMR sp ec lra. The syndiotactic poly­
mer had a " rod" conform a tion, and the isotactic, a 
h elix. 
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