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Penultimate Unit Influence
in the Cationic Copolymerization
of Tetrahydrofuran with Oxetanes

PRZEMYSLAW KUBISA and STANISELAW PENCZEK

Center of Molecular and Macromolecular Studies
Polish Academy of Sciences
L6dZ 40, Poland

ABSTRACT

Copolymerization of exetanes ((OX) with tetrahydrofuran
(THF) above the ceiling temperature of THF leads to the
formation of highly ordered copolymers if a large excess

of THF (M,) is used. At [THF]/[OX] -~ « in the monomer
feed, the alternating copolymer with a limiting composition
[thf]/[ox] - 1:1 results if OX is 3,3-dimethyloxetane (DMO)
or 3,3-bis(fluoromethyl)oxetane (BFMOQ). In a copolymeriza-
tion with 3,3-bis(chloromethyl)oxetane (BCMO) the limiting
copolymer composition is close to 2:1.

These data suggest the influence of the penultimate unit in
the latter pair due to the presence of the bulky chioromethyl
groups. This influence is of electronic rather than of steric
character since no difference in the structure of copolymers
was observed for DMO and BFMO.

Analysis of the Stuart molecular models reveals that the
chloromethyl groups of BCMO adjacent to the growing center,

4 becmo + SG, are frozen and cannot rotate freely. Thus the
depropagation step of a ~m m,m, * sequence, involving the
1509
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back bending within + bemo + thf + BG ,» proceeds

with a much more negative entropy of activation than the
depropagation step of the similar seguence involving DMO
or BFMO. Therefore the depropagation of the former is
slower than that of the latter.

The simplified kinetic scheme, applied for a copolymer-
ization above the T c of THF, allowed the reactivity ratios

to be determined.

Reversibility is a common but seldom acknowledged feature in the
ionic copolymerization of heterocyclic monomers. Depropagation of
one or both of the comonomers influences both the copolymerization
kinetics and resulting copolymer structure. Particularly pronounced
effects are observed in copolymerization above the ceiling temper-
ature (Tc) of at least one of the comonomers [1].

The influence of depropagation in the copolymerization of tetra-
hydrofuran (THF) was observed by one of us previously [2]. The
application of the Lowry's general treatment of the reversible
copolymerizations for the THF-BCMO [ 3,3-bis(chloromethyl)oxetane ]
pair below T, of THF was described by Yamashita et al. [3].

In the present work the copolymerization of THF with three differ-
ent oxetanes above the Tc of THF was studied:

CH CICH

CH FCH CH
3\c/ 2 2\< z\o / 2\
cns/ \cna/ Fcuz/ CH;_,/ cncn/\ /
3,3-Dimethyloxetane 3,3-Bis(fluoro- 3,3-Bis(chloro-
(DMO) methyl)oxetane methyl Joxetane
(BFMO) {BCMO)

The dependence of the ultimate copolymer composition (at [ THF],
[OX] ~ =) on the oxetane (OX) structure is described and the re-
activity ratios were determined.

EXPERIMENTAL

All the copolymerizations were conducted in sealed ampoules, in
bulk, with Al (i-Bu), as catalyst [2]. Special care was paid to stop
copolymerization conducted above Tc at the temperature of the
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experiment. Ampoules were filled in a stream of prepurified N, or
on a high-vacuum manifold.

THF was purified according to a known procedure-[ 4] and was
finally distilled from a violet Na-benzophenone complex just before
use.
DMO was prepared by the direct addition of a neopentylglycol
solution in H,S0, to a boiling NaOH solution, according to Shmoyer
[5]. BCMO was prepared and purified as earlier described by one
of us [ 6], and BFMO was prepared directly from BCMO by using
anhydrous KF in boiling ethylene glycol { 7].

All of the copolymerizations were stopped at low conversions,
not exceeding 5-7%, by fast cooling in liquid nitrogen, followed by
addition of water solution in THF. Copolymers were isolated and
freed from monomer by heating the monomer-polymer mixture in
boiling water until no more monomer was evolved. Independent
measurements, using the GLC technique, proved this method to be
effective. Compositions of the obtained copolymers were deter-
mined by elemental analysis, and in some cases checked by IR and
NMR.

RESULTS AND DISCUSSION

Composition of Copolymers

The experimentally cbserved dependence of m,/(m, + m,) on
[M,]/([M,] + [M,]) (m, and M, always refer to THF polymer and
monomer, respectively) are shown in Figs. 1, 2, and 3 in copolymer-
izations at 30 and 120° with DMO, BFMO, and BCMO, respectively.

It follows from an examination of the data obtained above the 'I‘c

of THF (at 120°) that the DMO-THF and BFMO-THF pairs give the
1:1 limiting compositions (at ([THF]/[M,])= =).

In the copolymerization of BCMO with THF the limiting composi-
tion is closer to [-(-bcx:no)—(-thf-)-é]n (67% of THF units) than to

[ +bcmo~thi -)-3]n (75% of THF units). Exact determination of the

limiting structure is difficult because of some scatter in the ex~
perimental data. This behavior of the BCMO-THF pair, allowing
the limiting structure [+bcmo J—¢thf -)-2] o to be formed above the T c

of THF, has been noted by one of us previously [2] and interpreted
in terms of penuitimate unit influence.

Thus a question should be asked: Why is the penultimate unit in-
fluence observed in the BCMO-THF copolymerization while in both
DMO-THF and BFMO-THF pairs there is no influence of this kind.

To answer this question, the mechanism of chain growth and depolym-
erization should first be considered.
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FIG. 1. Dependence of copolymer composition on monomer feed in
copolymerization of DMO with THF at 30 and 120°,

According to current views [ 8], the active species in the polymer-
izations of both THF and oxetanes have the structure of tertiary
oxonium jons:

- ./ (:HZ—CH2 . /CHZ
CHZ-CHZ—O l or ~ CHZ—CHZ-O /CRZ
CHZ—CHz CHg

where R = CH,, CH, F, or CH,Cl in this paper.

This structure has several important consequences in the co-
polymerization itself, since every depolymerization step should be
assisted by a cyclization of the penultimate unit [ 9], e.g.,
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FIG. 2." Dependence of copolymer composition on monomer feed
in copolymerization of BFMO with THF at 30 and 120°.
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1 ' 1 i
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FIG. 3. Dependence of copolymer composition on monomer feed
in copolymerization of BCMO with THY at 30 and 120°.

Thus, before a monomer molecule splits off the chain end, a partial
bond within a penultimate unit is formed in the transition state. If the
antepenultimate unit in the depropagation step, underlined by a wavy
line in the formulas above, i3 similar in structure to the last two
units, then no additional interactions should be taken into account.
Therefore there is no reason to expect that above TC(THF) a sequence

of two or more THF units can be introduced into a copolymer chain.
These conditions are met in the copolymerization of DMO and BFMO
with THF. Apparently the presence of —CH, and —CH, F groups
(encircled in the schemes below) does not disturb the properties of
the active centers bearing THF molecules at their ends:

For this reason the equilibrium constants of the polymerization-
depolymerization equilibrium are identical for THF for both
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2 - M2 tHa - Gy
Le=y CH2 /CHZ ,-=~~ CH2 CHz
:‘?Hs'; +o..7 CHy=CHy l‘(l:Hz F“ ¥0imy, CHa=CHy

and ~O-CH2-’<':—CH2
‘CHy CHy=CH, ‘cnz F) CHy~CH,

.
- --'

homopolymer and copolymer, involving DMO or BFMO. Obviously, at
limiting conditions ([THF]/[M,] - =) the copolymer structure tends
toward an alternating [ 4thf 1-)-] structure.

The experimental data show that in the copolymerization of the
BCMO-THF pair the influence of the penultimate unit structure (or
in antepenultimate in the depropagation step) cannot be neglected.
Among the possible structures of the active centers bearing a THF
unit at their ends:

+ + +
4 bemo ++ bemo + o::] . 4 bemod+thf + G, and + thiHtht +°C.]
T Iz

+
only I and II are able to depropagate (inability of the -bcmo-og unit

to depropagate is discussed in the next section). The equilibrium
constant (K ) of the propagation-depropagation-equilibrium in IT is
similar to that for homopropagation, since there is no experimental
evidence indicating any influence of more remote units (e.g., an
antepenultimate unit in chain growth, lea.ding, after THF molecule ad-

dition, to the structure - bcmo 4~ thf -H-thf-)-oG ).

The equilibrium constant K, in I should, however, be larger than K,
in O and in homopropagation if a limiting composxtion [-(-bcmo-)-(-thf-)- ]
is to be observed.

K, and K, are defined as K, > 0, K, =0 [above Tc {THF)], and,

+
+ bemo + OG + OC] <+ becmo 4 tht OG i Ky®kpa/k_pp
-22 I

_222
Iz
therefore, T > T , where 'r 'corresponds to the ceiling temperature

of THF a.dd1tion to the active center +bemo+ o::] Obviously, at this
temperature K, = 0.
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At the copolymerization temperature equal to, e.g., Tc (THF) and
related to the equilibrium involving the active center II, the equilib-
rium monomer concentration with that active center is [Mz] el =
K-332 /K34 and is higher than (Myler= K-32/k;,. Remembering that
In [Mz]e =-lnK = AHp/RT - ASp/R, the influence of the penuitimate unit

will be apparent if it leads to an increase in the exothermicity of polym-
erization (more negative AH p) or to an increase in the entropy of THF ad-

dition to the influenced active center (here I) in comparison with a
homopropagation (addition to the center II).

It we, therefore, denote AH oL~ AH oIl = AAHp and AS oL~ AS

ASP’ then, to fulfill the requirement K, > K,, In KeI -lnK
and, therefore,

pIl =
ell >0,

(-AHpI + AHpn )J/RT + (AspI - Aspn)/n >0 (1)

or

A - TA
AHp 'rAsp>0 (1a)

Therefore the enrichment of a copolymer with the depropagating
comonomer will proceed independently of the copolymerization temper-
ature, if simultaneously AAHp < Oand AASp > 0. I, however,

simultaneously AAH o > 0 and AASp < 0, then no enrichment could be

observed. The two other remaining cases are temperature-dependent.

Both AH p and Asp are equal to the differences in the corresponding

activation parameters in the depolymerization and propagation
processes, e.g., AHP = AH p* - d*’ and the influence of the penulti-

mate unit structure on the equilibrium constant K should be discussed
in terms of these parameters.

The possibility of a direct electronic effect, which could account for
the observed inequality K, > K,, is ruled out since no penultimate unit
effect was observed in the copolymerization of THF with BFMO. Thus
only an electronic space effect or steric effect, hoth a consequence of
the large size of the chloromethyl group, can operate.

The net effect of an electronic interaction of —CH, Cl groups with
an active center is a lowering of its electrophilicity due to the electron-
withdrawing effect at the Cl-atoms. Thus the formation of an activated
complex in the propagation step is more difficult because less energy
is released in the interaction of the lone electron pair of the incoming
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monomer molecule with an active center. In depolymerization the last
unit is attached by a sigma bond, and due to the above-mentioned
interaction, the enthalpy of activation in depolymerization (AH dI*) is

influenced by two counteracting effects. Bond breaking, leading to the
release of the last unit, is facilitated (in comparison with II); bond
making, however, within the new last unit is hindered for the same
reason. It is difficult to decide which of these effects outweighs the
other and, therefore, whether AAH o is positive or negative.

The presence of two bulky chloromethyl groups close to the active
center should also influence entropies of activation in both the chain
growth and depropagation. Again, when compared with homopropaga-
tion (structure II), the simple steric effect makes the entropy of
activation more negative, thus AS pl* < A8 H*. In depolymerization,

however, for the same reason, AS dI# < AS dII#’ and it is difficult to
decide about the actual sign of AASp

Analysis of the molecular models has, however, revealed that the
reverse influence of the proximity of the active center on the mobility
of the chloromethyl groups should also be considered.

-+~
Indeed, in +bemo+- o::[ , both chloromethyl groups are frozen

Thus, in 2 propagation reaction involving this active center, both the
starting state and the activated complex completely hamper the free
rotation of the chloromethyl groups These two effects partially ‘cancel
each other and eventually AS pI * is comparable to ASpII

On the other hand, in + bemo 3—+1thf OG formed after addition of

a THF molecule to the already discussed active center, both —CH, C1
groups in a -{-bcmo—- mer rotate freely. When, however, the two last
units bend back to form an activated complex for a depropagation
step, the chloromethyl groups become frozen again. For this reason
the activation entropy of depropagation is more negative for this
active center and the depropagation reaction becomes less probable
than depropagation involving IL

This is sufficient to make ASpI > AS pll (it should be remembered,

that Asp = Asp* - Asd* ) and, eventually, K, > K,.

Therefore the immobilization of the chloromethyl groups, adjacent
to the active center and bearing a THF molecule at its end, is
responsible for the observed penultimate effect, manifested in the
formation of the copolymer of the structure {-ébcmo-)-{-thf-)-]- above
the ceiling temperature of THF and with a large excess of THF in
the monomer feed.
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Determination of the Copolymerization Parameters

In the previous paper of this series the following kinetic scheme
was proposed to describe the copolymerization of THF with oxetanes:

-* kll *
~m, + M, ~m, (2)
= kl’ *
~m, + My —— ~mm, (3)
* Kaa x
~m,m, + M,""‘gk- . ~m m, (4)
2
L 3 k?’ﬂ ]
~m,m,m, - '——"k—.;‘z ~m,m,m, (9)
* - *
~my(mg)ymy  + M, my(my)y 1@y =0 (6)

This scheme was based on the following facts and assumptions:

Equation (2): The chain propagation of oxetanes is treated as a
practically irreversible reaction because of the high ring-strain in the
four-membered rings (e.g., AHp in both oxetane and 3,3-dimethyl-

oxetane is higher than 20 kcal/mole compared to only 5-8 kecal/mole
for THF polymerization [8]).

Equation (3): Addition of the THF molecule to the active center
bearing an oxetane monomer at its end is irreversible because the
depropagation step would require the back cyclization of the four-
membered oxetane ring.

Equations (4) and (5): Addition of THF to its own active center is
reversible. Since in the limited composition of the copolymer pre-
pared above the Tc {THF) the number of —thf— units separated by

an —ox- unit does not exceed two, then the next equilibrium constant,
namely K, =k, ,,,/K-;,,,, Should always be zero because k_,,,, >»>
K,,2,- In all of the cases studied, K, = 0 for the same reason and
K, = K; = 0 for both DMO and BFMO.

Equation (6); Addition of an oxetane to the active center bearing
a THF molecule at its end is irreversible because, due to the high
strain of the four-membered ring, the rate of the four-membered
ring opening is higher than the rate of the five-membered ring-
closing:
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CHZ
~~ OCHZ CHZCHZ CH2-0 /CRZ
cuz
CHp
/ \ . o/ {OX or THF)
N
CHp
slower faster
CHa
CHo-CH CH.
v/ 272 o~ 2\ e O(CH ) 4 OCH 5CR,y CH,0.
— + 27475 2M 2 M2\
N A CHa
CHp=CHp CHz

Some of the elements of the present scheme have been considered
previously by Yamashita et al. (eq. II) [ 3].

The general solution of this scheme, with an assumption that

= 0, was given by one of us previously | 9] in the form of the
composition equation:

(M, ]
m, (rer[—z] +1)(1 +G+B) (7)

1+2a+ 38
where
tm m,m, [M,]
‘s [~m,m,*] "1 1 K;'ra [M,] (8)
1772 = + = [M,] +——
K, r, r, +K,[M,]
x
(~mm,m,m, ] [M,]
T T L2 *
~m,m,m - — M
1M, Kz + T, [ x]
L=k /k,, r,=k;,/k, ,and K, and K, were both defined above.

Smce the 11m1tmg compos1tion 1for the %CMO-THF pair does not in-
clude sequences -{thfy, it can be assumed that 8 = 0, and therefore
K, =0
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In copolymerizations with DMO and BFMO the limiting composi-
tion is simply -¢ox)~¢thf-, and therefore a = 8= 0and K, and X, = 0.
For these conditions Eq. (7) converts to its simplest form

my (M,]
—_—= 1 r,
m, 1M, ]

(10)

To find the required value of r, from the experimental data, m,/m,
is plotted against [M,]/[M,]. This is shown in Figs. 4 and 5 for DMO
and BFMO, respectively.

Both sets of data were obtained at 120° about 40° above the T (THF).

The linearity of the slopes and the intercepts equal to unity in the
copolymerization of both pairs confirm the validity of Eq. (10).

From the slopes of the straight iines the r, values were measured;
r1(DMO) = 4.5, r; (BFMO) = 0.25.

The dependence of m ;/m, on[M,]/[M,] for the BCMO-THF pair,

45
ol /CHZ\ /CH
M,-O\ C\
35¢ c“z/. CHy
My=0 |
o~
g 25¢ CH,—CH,
> 50
g 20 8
15 3.0
10 1.0
0 Q.5 1.0
5
O 2 ' 5 9 10

4 5 6

(] /e]

FIG. 4. Determination of r, = k, ,_/k1 ; in copolymerization of DMO
(M,) with THF (M,) at 120°.
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9
ol /CHZ\ /CHZF
M=ol el
7t cHy NCHF
L CH—CH,
M4m0
~
E"lo

o 1 A . 1 1 1 1 | i

0] 2 4 ] 8 10 12 1w 1B B 20

[M] / M2

FIG. 5. Determination of r, in copolymerization of BFMO (M,)
with THF (M, ) at 120°.

measured at 120° (Fig. 6), is not, however, a straight line, and cannot
be treated according to Eq. (10) for whicha= 8= 0,

The limiting composition of BCMO-THF copolymer is close to 1:2
(cf. Fig. 3), therefore’a = 0 and 8 = 0. To determine the independent
copolymerization parameters K,,r,, and r,, r, was first measured as
the slope of the tangent to the experimental plot, relating m, /m, and
[M,]/[M,] (Fig. 6), when [M,]/[M,] - 0 (a - 0).

Thus {rom Fig. 6, r,{BCMO) = 0.35. According to expectations, this
value is very close to that obtained for the BFMO-THF pair (0.25). It
should also be noted that the "intercept" in Fig. 8 is close to 1/2.
According to Eq. (7), when [M,]/[M,] - 0, then m,/m, -~ 1/2.

To determine both K, and r,, a knowledge of the dependence of a on
[M;]/[M,] is required. By rearranging Eq. (7) (8 = 0), one obtains a
as a function of [M;]/[M,] and m,/m,:

(m,/m,) - rz[Ml]/[Mz] -1
a = (11)

2(m,/m,)- rl[MIJ/[MIJ -1
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CH,Cl
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. * M- \
2ok Y VCH, Ol
My=0
£'s.of CHy—CH,
& 40f o 0
.0
2.0k
1.0r r,=0.35
.
o.o 1 1 El 3 1 r 'S 2 1
0o 2 & 8 10 12 14 16 18 2

["'1] / [M2]

FIG. 6. Determination of randa = fm,m,m, ]/ f-m m, ] in co-
polymerization of BCMO with THF at 120°.

Since [M, ]/[M,] and m,/m, are interdependent, the corresponding
values can be taken from the plot of Fig. 6 and then the related a's are
easily calculated from Eq. (11). These values are given in Table 1.

TABLE 1. Numerical Values of a Determined from the Plot in Fig. 6
According to Eq. (11) (r, (BCMO) = G.35)

(M, ]/(M,] 0.1 0.5 2.0 5.0 10.0
m,/m, 0.55 0.65 10 L9 3.2
fm,m,m, ] 7.5 4.0 2.3 0.81 0.69

Q= 7
fmym, ]
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25

1.0F

[M,]/oc..mole N

o J il 1 | )
0 2.0 4.0 6.0 8.0 10.0 120

[M,],mo(e- !

FIG. 7. Dependence of [M,]/a on {M,] and determination of K,
and r, in copolymerization of BCMO with THF at 120°.

By rearranging Eq. (7) in which K, = 0, we get an equation from
which both K, and r, can independently be determined:

(M, ]

a

(M, ]
(ra]

By plotting the left-hand side of this equation against {M, ], K, is
obtained {rom an intercept and r, from a slope. This dependence is
plotted (BCMO + THF at 120°) in Fig. 7. Thus K, = 0.8 mole/liter
and r; = 9.0.

If we now compare the determined reactivity ratios with the cor-
responding pr values, recalling the basicities of the monomers

involved, a good correlation is observed. Thus pr values are

oxetane = 3.13 (DMO should be close to it), BCMO = 5.65, and THF =
5.00; the corresponding r values are r, (DMO) = 4.5, r;, (BCMO) =
0.35, r, (BFMO) = 0.25, and r, (THF) (in copolymerization with
BCMO) = 9.0.

1
E —
K,

(12)
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