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ABSTRACT: Copolymerization of 2-butyl-1,3-dioxepane (2-Bu-DOP) with 1,3-dioxolane (DOL) was
carried out with boron trifluoride etherate (BF;-O(C;Hs),) as an initiator and the mechanism was
investigated theoretically using semiempirical modified intermediate neglect of differential overlap
(MINDO/3), modified neglect of diatomic overlap (MNDO), and Austin Model 1 (AM;) methods.
The nucleophilicity and the reativity of cyclic acetals were explained by the negative charge on
the oxygen atom and the LUMO energy of propagating species of cyclic acetals. The GC determina-
tion of unreacted monomers during the copolymerization indicated that the preferential polymeriza-
tion of 2-Bu-DOP had occurred. The values of reactivity ratios, calculated by the Fineman-Ross
method, were ry=2.1340.05 and r3=0.12+0.05 at —10 C. Relative equilibrium concentration
the of cyclic oxonium ions (1) and the open carbenium ion (2) is considered very important to
determine the copolymerization mechanism. The reactivity of 2-Bu-DOP containing butyl substituent
at 2-position can affect the relative computational stability of oxonium ion by 5~7 kcal/mol favoring
the carbenium ion. Considering the rapid equilibrium of these two cations and the reaction coordi-
nate based on calculations, the chain growth via SN; mechanism might be as fast as that via
SN, mechanism.

Introduction

The identification of the propagating species and
the elucidation of the propagation mechanism have
been long standing problems in the cationic polym-
erization of cyclic acetals.! However, the comple-
xity of polymerization systems prevented the direct
study of active species by spectroscopic techniques.
Nevertheless, the mechanism of the cationic polvm-
erization of oxygen containing heterocyclic com-
pounds has been widely studied.?” Cyclic oxonium
ion is often regarded as the propagating species
in the polymerization of dioxolane. Penczek and Sz-
ymanski* proposed nucleophilic ring opening of cy-
clic oxonium ring (1) as the rnain propagation path-
way. We have recently suggested that the alterna-

tive pathway involving an a-oxycarbenium ion (2)
is important in the polymerization of 2-substituted-
1,3-dioxepanes (2-BU-DOP)?, However, the polymer-
ization of cyclic acetal ion is in equilibrium with
an alkoxycarbenium ion stabilized by the a-oxygen
atom, as shown below.
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Neglecting the possible depropagation and assum-
ing that the cyclic oxonium ion (1) is in equilibri-
um with an a-oxycarbenium ion (2), equilibration
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Figure 1. Homopolymerization of (A) 2-butyl-1,3-dio-
xepane (Bu-DOP) (O) and (B) dioxolane (DOL) (1))
with BF;-O(C,Hs); at —10 CT. [Bu-DOP],=4.8
mole/L; [DOL],=4.9 mole/L; [BF;-0(C,Hs),1,=3.1
X107? mole/L.

is likely to be as fast as the propagation.

In this study the cationic copolymerization of 2-
butyl-1,3-dioxepane with 1,3-dioxolane was investi-
gated. We applied the semiempirical molecular or-
bital theory to understand whether the cyclic acetal
polymerization under given conditions occurs via
a simple SN, type attack or by ring opening of the
complexed acetal followed by addition.

Experimental

Materials. 2-Butyl-1,3-dicxepane  (2-Bu-DOP)
was prepared by the reaction of 1,4-butanediol and
valeraldehyde in the presence of Dowex-50X8 ion
exchange resin according to the Astle’s method.®
1,3-Dioxolane, methylene chloride and 1,2-dichlo-
roethane were purified by the standard procedures.
Boron trifluoride etherate was distilled immediately
before use under nitrogen.

Procedure. Copolymerization was carried out
in the Schlenk tube under nitrogen. During the
course of the polymerization samples were removed
with a syringe and quenched with excess triethyl-
amine. A known amount of tetralin was added as
a GC standard for the determination of the extent
of the conversion. When the polymers were isola-
ted, the copolymers were characterized by 'H-NMR
and DSC.

Calculations

In all calculations herein, the QCPE program
AMPAC® was used for the optimization of both ener-
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Figure 2. Time-conversion curves for the copoly-
merization of 2-butyl-1,3-dioxepane (C) with 1,3-
dioxolane (7). [Bu-DOP],=4.96 mole/L; [DOL]=5.
1 mole/L; [BF-(C;Hs)],=1.1-10 * mole/L; sol-
vent=CH,Cl,; temperature= —10C.

gy minimum and transition state structures, using
restricted Hartree-Fock (RHF) closed shell wave
functions. The transition states were obtained by
using the saddle routine in AMPAC and were veri-
fied in each case by finding a single imaginary vi-
brational mode at the AM1-RHF level. We applied
the AM, semiempirical molecular orbital method
of Dewar et al” and Cheun® to examine whether
the cyclic acetal polymerization under cationic con-
ditions occurs by simple SN,-type attack or by ring
opening of the complexed acetal followed by addi-
tion. The success of such comparisons in the past
semiempirical reaction studies is sufficient to justify
the use of this approach.’

Results and Discussion

Homopolymerizations of 2-Bu-DOP and DOL, re-
spectively, were carried out in methylene chloride
with boron trifluoride etherate as an initiator. The
time-conversion curves in Figure 1 show that both
polymerizations reached equilibrium within 70 hrs
at —10 T. It is worth noting that the polymeriza-
tion commenced immediately upon mixing the mon-
omer and the catalyst. This is contrary to the re-
sults observed by Okada and coworkers for 1,3-di-
oxolane™ and 1,3-dioxepane™ initiated by triethyl
oxonium tetrafluoroborate, where there was an in-
duction period. Copolymerization of 2-Bu-DOP and
DOL was carried out in methylene chloride with
boron trifluoride etherate as an initiator. The time-
conversion curves in Figure 2 show that the slope
of the conversion curve of DOL gradually decreased
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Figure 3. 'H-NMR spectrum of Bu-DOP/DOL co-
polymer.

but faster than that of 2-Bu-DOP. But the reactivity
of 2-Bu-DOP is considerably higher than that of
DOL.

A typical 'H-NMR spectrurn of the copolymer
shows resonance signals centered at 0.87, 1.29, 1.60,
3.39, 3.56 and 4.42 ppm, respectively in Figure 3.
The composition of the copolymer were obtained
from the integration of peaks at 0.87, 3.39, 3.56 and
4.42 ppm. A series of copolymerizations with vary-
ing monomer compositions proceeded at low conver-
sions. The experimental results are given in Table
I. These data were used to obtain the composition

the copolymeric chain because its propagating rate
constant is much larger than that of DOL. The mon-
omer reactivity ratios of 2-Bu-DOP and DOL were
determined by the Fineman and Ross equation. The
values were ry=2.13% 0.05 and rg=0.12% 0.05. The
rate constants of polymerization, Ka, Kpb, Kan and K,
were 7.1X107, 65X 10 4, 3.3X107* and 54X10°°
M-sec !, respectively. The polymerization reactions
followed the classical random copolymerization in
which only four propagation rate constants are con-
sidered. This conclusion was confirmed by diads
analysis obtained from 'H-NMR spectrum and DSC
analysis, in which a good agreement between the
two methods was obtained.

The glass transition temperature (7}) varied with
the composition of copolymer as shown in Figure

Table I. Copolymerization for 2-Butyl-1,3-dioxepane (Bu-DOP) and Dioxepane (DOL)

Monomer(mole/L) DOL DOL mole DOL mole
fraction Reaction Conversion fraction in
DOL Bu-DOP Bu-DOP in feed time(hr) (%) copolymer
5.76 1.28 45 0.82 30 5 0.46
3.53 0.85 42 0.81 24 4 0.40
542 2.04 2.7 0.73 15 8 0.35
3.79 1.90 2.0 0.67 5 8 0.31
2.83 2.54 1.1 0.53 3 9 0.25
1.36 2.54 0.54 0.35 3 5 0.15
0.74 2.54 0.29 0.22 12 7 0.11
* Catalyst: BF;O(C:Hs),, solvent: CH,Cl,, temp.: —10 C.
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Figure 5. Glass transition temperature (7,) meas-

ured by DSC versus copolymer composition (DOL-
Bu-DOS).

5. It is noteworthy that higher glass transition tem-
perature was observed as the composition of DOL
of the copolymer was increased.

Previously we studied the energetics of cyclic
oxonium ions versus their ring opened carbenium
forms, using different ring sizes and different sub-
stitution at 2-position.® Formal charges of oxacyclic
compounds, protonated cyclic oxonium ions, and
opening carbenium ions are presented together in
Table II. The fundamental polymerization mecha-
nism for cyclic acetals initiated by boron trifluoride
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Alternatively, the two monomers may polymerize
both via essentially the same open-chain alkoxy car-
benium ion (Eq. 3), but the propagation of carbe-
nium ions (Eq. 3) and cyclic oxonium ions (Eq. 2)
in their equilibrium is different each other. Two
mechanisms are considered to be involved in the
production of such a charge. The transition state
for the rate-determining step carries a partial posi-
tive charge on the carbon atom. Such a charge can
be stabilized by electron donation through the in-
ductive and hyperconjugative effects of substituent,
but only if that substituent, R is attached to the
carbon atom. The nucleophilicity of 2-Bu-DOP and
DOL was explained by the negative charge on oxy-
gen and the LUMO energy of propagating species.
Therefore, the formal charge was intended to meas-
ure the reactivity of cyclic ethers which were pol-
ymerizable with the cationic catalysis.

The FMO (frontier molecular orbitial) energy lev-
els of two cyclic compounds and propagating spe-
cies are shown in Table III. It has been shown
that the principal stabilization of the transition state
arises from the HOMO (highest occupied molecular
orbital), HOMO-LUMO (lowest unoccupied molecu-
lar orbital) interaction which is the closest in ener-
gy.!” The frontier orbital interaction between
HOMO of a nucleophile and LUMO of an electro-
philic species is important as shown in Table IIL

Table II. Formal Charges of Oxacyclic Compounds and Protonated Oxacyclic Compounds Calculated
by MINDO/3, MNDO, and AM; Methods

MINDO/3 MNDO AM,
Oxacyclic compounds O C, C, 0O, C. on O C, C.

S &

1Q_ 03 —0449 0.664 0.322 —-0343 0310 0.126 —0.303 0.110 —0.042

N

10\/03 —0515 0711 0433 —0365 0.319 0.183 —0291 (0.149 —0.020
8f

r?/0\,—/\0 —0324 0636 0.307 —0.185 0351 0.140 —0.157 0117 —0.063

H@/ 0 —-0385 0.652 0.394 —0.208 0.346 0.162 —0.184  0.180 —-0.041
Bu

Korea Polym. ], Vol. 2, No. 1, 1994



Copolymerization of 2-Butyl-1,3-dioxepane with 1,3-Dioxolane

Table III. Energy Level (eV) of HOMO and LUMO for Oxacyclic Compounds, Protonated Compounds,
and Opening Carbenium Ion Calculated by MINDO/3, MNDO, and AM,; Methods

MINDO/3 MNDO AM,
Oxacyclic coumpounds HOMO LUMO HOMO LUMO HOMO LUMO
6:0 ~10.303 1146  —10.934 2794 —10373 2422
Q ~9.711 0916  —10.818 208  —10.561 2.762
Bu
H%Co —16036  —5832  —16634  —4954  —16773  —5.494
@/Q —14699  —5050  —16.065  —4465 15689  —4.730
Bu
ho ™\ O\, 15400 5740  —15329  —6.994 -6994  —15968
”0/\/\/0\?” 13651 ~4.985 ~13.849 —6565  —13977  —6.339

Bu

Table 1V. Heat of Formation for Cyclic Oxonium and a-Oxycarbenium Ion Forms of Selected Complexed
Cyclic Acetals, Calculated by MINDO/3, MNDO, and AM, Methods

MINDO/3 MNDO AM,
Oxacyclic  Oxonium Carbenium  AH, Oxonium Carbenium  AH, Oxonium Carbenium  AH;
Compounds  ion(Hy) ion(Hy) (kcal) ion(Hy) ion(Hy) (kcal) ion(Hy) ion(Hy) (kcal)
0\/_\/0 8854 94.18 5.6 101.33 106.38 5.1 9447 97.77 33
@ 67.44 77.56 10.2 89.45 95.61 6.2 7142 89.19 178
(g/} 4747 40.09 —74 82.50 75.12 —74 64.08 59.79 —43

Moreover, the magnitude of HOMO-LUMO gaps
are relatively small so that the interaction energies
become large.!! Furthermore, the interaction be-
tween the FMOs of a nucleophile (HOMO) and a
carbenium ion (LUMO) are more effective than the
interaction between those of nucleophile and oxo-
nium ion. Thus the concentration of propagating
species is important, but its reactivity is higher for
carbenium ion.

The relative heat of formation (AHy) of proton-
ated species calculated by the three methods for cy-
clic oxonium and a-oxycarbenium ion for 2-Bu-DOP
and DOL are summerized in Table IV.

D
> HOAVVL(Q == CH,

N
H-0 0 %
~

The ring opening polymerization of the oxonium
form of cyclic acetals is expected to be a kinetically
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facile process that does not involve large enthalphy
changes. Our results show that an increase in the
ring size appreciably affects the thermodynamics
of ring opening polymerization. However, 2-butyl-
dioxepane as in a-oxycarbenium ion substantially
lowers the energy of the carbenium form relative
to the oxonium form. The effect of alkyl substitu-
tion at 2-position is understandable, since the oxo-
nium ion has only one resonance structure availa-
ble, while the carbenium form has two. The positi-
vely charged carbon would obviously be stabilized
by substitution of alkyl group for hydrogen. Quali-
tatively, butyl substitution at 2-position actually may
reverse the slight preference in the unsubstituted
case for the oxonium form of the complexed acetal,
implying that alkyl substitution at 2-position in cy-
clic acetal polymerization might propoundly affect
the reaction pathway. The activation barrier ener-
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Figure 6. Reaction coordinate for cationic 1,3-dio-
xepane oxonium ion and 1,3-dioxolane in SN,

mechanism.
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Figure 7. Reaction coordinate for cationic 1,3-dio-
xepane ring open carbenium ion and 1,3-dioxolane

in SN; mechanism.

gies Ea’s calculated for the opening of oxonium ion
to carbenium ion in the dioxolane and dioxepane
are small, 5~10 kcal/mol for 1,3-dioxepane and
—5~ —8 kcal/mol for 2-butyl-1,3-dioxepane.
Besides the thermodynamic and kinetic consider-
ation of the carbenium ion form, one must evaluate
the attack of acetal molecule upon oxonium ion ver-
sus carbenium ion model systems involving the rel-
ative kinetics of propagation in the two intermedi-
ates if they are formed. The reaction coordinates
for both reactions in Figure 6 and Figure 7 show
energy minima, when the nucleophilic acetal mole-
cule approaches the charged species, and becomes
complexed. This corresponds to the energy needed
for the attacking molecule to overcome to remain

passive as a solvating species that stabilizes the
positive charge on the attacked species, and so to
attack the 2-position. SN, mechanism shows a sharp-
ly rising barrieg as the attacking oxygen approa-
ches within 3.1 A of the carbon at a transition state
with an E, of ~6 kcal/mol, while the final product
C-O bond has a length of 1.53 A SN; mechanism,
on the other hand, has a potential coordinate, with
an Ea of —6 k%al/mol at a transition state, and
a distance of 2.4 A leading to the same final product
geometry. Therefore, our results indicate that addi-
tion of monomer to the carbenium ion form (Figure
7) should proceed with a lower activation enthalpy
than nucleophilic substitution at 2-position of the
oxonium ion form by ring-opening.

Conclusions

Copolymerization of 2-butyl-1,3-dioxepane and 1,
3-dioxolane, initiated by boron trifluoride etherate,
was investigated theoretically using the semiempir-
ical MINDO/3, MNDO, and AM1 methods, and the
following conclusions were drawn.

(1) The GC determination of unreacted mono-
mers during the copolymerization indicated that the
preferential polymreization of 2-butyl-1,3-dioxepane
occurred. The values of the reactivity ratios at —10
C, calculated by the Fineman-Ross method, were
2.13x 0.05 for 2-butyl-1,3-dioxepane and 0.12+ 0.05
for 1,3-dioxolane.

(2) The nucleophilicity and the reactivity of cyclic
acetals were explaned by negative charge on oxy-
gen atom and the LUMO energy of active species
of cyclic acetals. Thus, the LUMO energy of propa-
gating species becomes low as the reactivity be-
comes large.

(3) Relative equilibrium concentrations of the cy-
clic oxonium (1) and the opening carbenium ions
(2) will be the major determinant of mechanism.
Alkyl substitution at 2-position can affect the rela-
tive computational stability of oxonium ion and the
carbenium ion by 5~7 kcal/mol, favoring the car-
benium ion. Owing to the rapid equilibration of
these two cationic forms and the results based on
the experiment and the calculation, the chain gro-
wth step in the SN; mechanism will be at least
as fast as that in the SN2 mechanism since equal
concentrations of oxonium and carbenium chain
ends should result in preponderant propagation by
via SN; mechanism.
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