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ABSTRACT

The synthesis, characterization, and select emulsification proper-
ties of T- and comb-shaped sequential copolymers comprising a poly-
(ethylene oxide) (PEO) backbone carrying one or multiple polyisobutyl-
ene (PIB) branches linked by acetal groups are described. Conditions
have been developed under which PIBs carrying an aldehyde endgroup
(PIB-CHO) react with commercially available PEOs carrying one or two
hydroxyl termini (MeO-PEO-OH and HO-PEO-OH) to yield

MeO—PEO—O—CH—O—PEO—OMe or HO—PEO—OCH—O—PEO—O-H,
| | §
PIB PIB

respectively. The microarchitecture and composition of these copolymers
can be influenced by the CHO/OH ratio and the molecular weight of the
prepolymers. These sequential copolymers form very stable oil-in-water
emulsions. The linking acetal group is resistant to hydrolysis in aqueous
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suspension at room temperature, most likely because of steric protection
afforded by the bulky water-repellent PIB blocks. However, the acetal
linking groups can be rapidly cleaved by 1N aqueous HCI at ~ 100°C.

INTRODUCTION

We recently described the synthesis and characterization of linear mono- and
di-aldehyde-telechelic polyisobutylenes, PIB-CHO and OCH-PIB-CHO [1]. Hav-
ing on hand well-defined aldehyde-capped PIBs and commercially available MeO-
PEO-OH and HO-PEO-OH, we became intrigued with the possibility of assembling
various PIB/PEO sequential copolymers held together by acetal linkages. While
several types of block copolymers of isobutylene (A) and ethylene oxide (B) have
already been synthesized, i.e., (AB), [2], AB and BAB [3, 4], as well as butyl
rubber-graft-poly(ethylene oxide) [5], copolymers comprising a hydrophilic PEO
backbone carrying hydrophobic PIB branches have not been described. Such am-
phiphilic copolymers may be of interest for a variety of uses including biomedical
applications [6, 7]. This paper describes the synthesis and characterization of select
PIB/PEO-based polyacetals (see formulas in Abstract), and gives some insight into
the use of these materials as stable emulsifying agents.

EXPERIMENTAL
Materials

Toluene (EM Industries) was refluxed with p-toluenesulfonic acid (TosOH)
for a week, distilled, redistilled over CaH,, and stored over CaH, under nitrogen.
The TosOH was obtained from its monohydrate (Fisher) by azeotropic drying with
toluene and used as a 0.1 M solution in toluene. 2-Methoxyethanol (Aldrich, 99% )
was dried with Drierite (CaSO,) and used without further purification. Poly(ethyl-
ene oxide)s and isovaleraldehyde (97%), were from Aldrich; acetic acid, THF,
molecular sieves (type 3A, beads), Drierite (8 mesh), CaCl,, NaHCO,, and buffer
solution pH 7.4 were from Fisher and used as received.

Syntheses

The preparation and characterization of aldehyde-capped polyisobutylenes
have been described [1]. The condensations of aldehydes with alcohols were carried
out in glass-stoppered 250 mL round bottom flasks equipped with a Teflon-covered
magnetic stirring bar under a blanket of nitrogen. The reactions were stopped by
neutralizing the acid catalyst with NaHCO,. Drying agent and NaHCO; were sepa-
rated by centrifugation. The products were dried in vacuum at 40°C and analyzed
by GPC and NMR spectroscopy.

Procedures

NMR spectra were obtained by a Varian Gemini-200 spectrometer. The con-
version of aldehyde into acetal was quantitated by comparing the integrated inten-
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sity of the aldehyde proton signal (6§ = 9.75; *Jy; y = 2 Hz) with that of the acetal
proton (6 = 4.64; 3J,m = 5.5 Hz). Figure 1 shows a representative spectrum to-
gether with the assignments.

GPC traces were generated by a Waters instrument. Details of both NMR and
GPC techniques have been described [8].

RESULTS AND DISCUSSION

The condensation of aldehydes with alcohols to acetals is an equilibrium reac-
tion. Therefore, to shift the equilibrium toward the product and to obtain high
conversion, the water formed should be removed. This can be achieved by physical
or chemical methods [9]. Chemical drying involves the addition of organic com-
pounds (e.g., orthoesters, dialkyl sulfites) whose removal from the target amphiphi-
lic copolymers may be difficult. Physical drying may involve azeotropic distillation
of water (e.g., with toluene) or adsorption of water by solid drying agents. Accord-
ing to preliminary experiments, refluxing PEO in benzene in the presence of TosOH
for a week leads to the formation of small but noticeable amounts of longer chains
(detected by GPC). In view of this, we decided to use solid drying agents that work
at relatively low temperatures and can be easily removed by centrifugation after use.

Model Reaction

To guide our synthetic efforts, a series of model reactions were carried out
with isovaleraldehyde and 2-methoxyethanol which mimic the aldehyde-capped
PIBs and hydroxyl-ended PEOs, respectively:

PEO
@ PIB

E g
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0 L)

H—C— O\Cﬁo
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FIG. 1. 'H-NMR (200 MHz) spectrum of PEO-comb-PIB (Exp. 3, Table 2) in
CDCl,. The aldehyde and acetal proton signals are enlarged and expanded.
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(CH,),CHCH,CHO + 2HOCH,CH,0CH, —>

(CH,),CHCH,CH(OCH,CH,0OCH,), + H,0

The progress of the reaction was monitored by '"H-NMR spectroscopy. The
acetal formed was isolated by vacuum distillation (bp = 107-108°C/3 mmHg) and

-characterized by NMR spectroscopy: 'H-NMR (CDCl,) § = 0.92 (d, J = 6.6 Hz,

6H, 2CHj; in i-Bu group); 1.55 (t, 2H, CH, in i-Bu group); 1.61-1.84 (m, 1H, CH
in i-Bu group); 3.39 (s, 6H, 2CH,0); 3.52-3.79 (m, 8H, 4CH,0); 4.71 (t, J = 6.0
Hz, 1H, OCHO). "C-NMR (CDCl,) § = 22.9 (2CH, in i-Bu group); 24.5 (CH in
i-Bu group); 41.8 (CH, in i-Bu group); 59.2 (2CH,0); 64.0, 72.3 (4CH,0); 102.2
(OCHO).

A variety of solvent, drying agent, and catalyst combinations have been tested,
and representative results are collected in Table 1. Apparently the condensation is
more efficiently catalyzed by TosOH than by acetic acid {(compare Exps. 4 and 8),
and the yield is lower with TosOH-H,O than with TosOH (compare Exps. 8 and
10). The process is slightly faster in toluene than in THF (compare Exps. 8 and 9).
CaCl, most likely forms an insoluble complex with 2-methoxyethanol since, accord-
ing to '"H-NMR analysis, the latter disappears from the solution without yielding a
corresponding amount of acetal, and after long stirring the system becomes an
unstirrable paste. Molecular sieves were the least efficient drying agents under the
conditions employed (see Exp. 7).

The data indicate the following sequences of overall activities: Catalyst:
TosOH > TosOH-H,0 > > CH,;COOH; Dryingagent: CaSO, > > CaCl, > mo-
lecular sieves 3A; Solvent: toluene > THF.

A comparison of Exps. 10 and 11 shows that the reaction may stop spontane-
ously. To gain insight into this phenomenon, the charge in Exp. 11 was split into
two and fresh CaSO, was added to one part (Exp. 12) while 5 mmol/L TosOH was
added to the other (Exp. 13). The reaction resumed only upon TosOH addition;
evidently catalyst is consumed either by the formation of the TosOH - CaSO, com-
plex (which is similar to MgSO,-H,SO, [10]) or by esterification of the alcohol
terminus: TosOH + ROH — TosOR + H,O (similar to sulfation of alcohols

(11]).

Syntheses of T- and Comb-Shaped Copolymers

Led by the information obtained in model experiments, we have studied the
synthesis of T- and comb-shaped copolymers in the presence of TosOH and CaSO,
in toluene solution. Scheme 1 helps to visualize the overall reactions investigated,
and Table 2 shows the data.

The GPC traces of the products obtained in Exps. 1 and 2 of Table 2 were
virtually identical (Fig. 2a); however, upon the addition of a second aliquot of
TosOH to the reaction mixture of Exp. 2, the peak corresponding to the starting
prepolymers decreased by ~ 5% (Exp. 3, Table 2, and Fig. 2b). Evidently, just as
in the case of the model reaction, the acetal formation stops but can be restarted by
the addition of fresh catalyst. In line with this observation, incremental catalyst
addition was employed in most subsequent experiments (see Table 2).
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H®
2 MeOmPEOWOH + EHO ~—  MeOWPEO~O—CH—O~PEO~OMe + H,0
1B PIB
H

(n+1) HOWPEOwOH + ngHO === HOMPEQ MO §H—()M»PEOM»()}H +1 Hy0
n
1B PIB

SCHEME 1. Synthesis of T- and comb-shaped copolymers of PEO and PIB.

Both GPC traces in Fig. 2 show a peak characteristic of the starting materials
and three additional peaks reflecting the formation of T- and comb-shaped copoly-
mers with » = 1, 2, and 3 PIB branches (see Scheme 1). The resolution of these
peaks is due to narrow molecular weight distribution (MWD) of the T- and comb
products obtained by the use of narrow MWD prepolymers (M,/M, = 1.1). The
peak molecular weight (M,) of the three products indicated by the numbers 1, 2,
and 3 in Fig. 2 agree with the values calculated from Scheme 1: M, = nM, 5 + (n
+ )M, rgo, Where M, is the GPC peak molecular weight of the products, M, pg
and M, pr are those of the prepolymers, and n is the number of PIB blocks per
macromolecule. The discrepancy between experimental and calculated data is less
than 2%. Thus, according to GPC analysis, the reaction can be confidently de-
scribed by Scheme 1.

Table 2 and Fig. 3 show the results of further representative experiments
carried out to study the effect of the nature of the prepolymers and the CHO/OH
ratio on the products synthesized.

The reaction between monofunctional prepolymers HO-PEO-OCH, and PIB-
CHO (Exp. 4, Table 2) gave T-shaped product with M, = M, p3 + 2M, ppo. Fig-
ure 3(a) shows the GPC trace, on the basis of which this conclusion was reached.
We could not use "H-NMR quantitation in this case because the M ,of the PEO used
was relatively high so that the aldehyde and acetal proton signals were too weak for
quantitative analysis. Thus, the conversion, ( ~50%, Exp. 4 of Table 2) was also
calculated from the GPC trace. To this end, the signal of the refractive index
detector (of the GPC) was calibrated with a series of prepolymer blends.

In Exp. 5 (Table 2), the molar ratio HO-PEO-OH/PIB-CHO was 1.5. The
product was a mixture of relatively short macromolecules with a small number of
PIB branches (n = 1, 2, 3) (Fig. 3b). However, when the HO-PEO-OH/PIB-CHO
ratio was unity (Exp. 6, Table 2), higher molecular weight products with more PIB
branches (n = 1-4, etc.) were obtained (Fig. 3¢). Such a dependence of the length
of polymers formed on the ratio of reagents is characteristic of condensation poly-
merizations and can be used to control the degree of polymerization.

An attempt was made to synthesize an H-shaped copolymer (four PEO blocks
connected by one PIB link) by using 1 mole of OCH-PIB-CHO plus 4 moles of
HO-PEO-OCH,; (Exp. 7, Table 2). However, the conversion was relatively low
( ~40% estimated by GPC analysis) and the expected product was formed only in
minute amounts.
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PIB-CHO and
HO-PEO-OH

l

b

Y NN 1,
30 40 Retention time, min

FIG. 2. GPC traces of PEO-PIBs: (a) Exp. 1 (and 2); (b) Exp. 3 (Table 2). The
numbers indicate the number of PIB branches per macromolecule (# in Scheme 1).

According to the representative examples in Table 2, the overall composition
and microarchitecture of the sought T- and comb copolymers can, to a certain
extent, be controlied by varying the functionality of the prepolymers, their molecu-
lar weights, and the OH/CHO ratio. However, due to the incomplete conversion of
the aldehyde, the products are always contaminated with the starting prepolymers.

Emulsification Experiments

In view of the highly amphiphilic nature of our T- and comb-shaped copoly-
mers, it was of interest to examine their emulsification behavior with water.

First, we ascertained that neither a mechanical blend of equal amounts of
HO-PEO-OH and PIB-CHO nor the model acetal (CH,),CHCH,CH(OCH,-
CH,0OCH,), form emulsions in water. In contrast, stable aqueous emulsions were
readily formed with various products of Table 2. Thus, shaking various quantities
of the products whose synthesis is outlined in Table 2 with water gave opaque milky
emulsions which remained stable for at least 3 months. Similarly stable emulsions
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2 PIB-CHO and
HO-PEO-OH

PIB-CHO and
HO-PEO-OH

N BRI BT

30 40 Retention time, min

FIG. 3. GPC traces of PEO-PIBs: (a) Exp. 4; (b) Exp. 5; (¢) Exp. 6 (Table 2). The
numbers indicate the number of PIB branches per macromolecule (# in Scheme 1).

TABLE 3. Emulsification Tests?

Emulsified volume, %

Polymer® in Toluene/H,O Toluene/H,0 Toluene/PBS*
toluene, wt% 2/18, mL/mL 5715, mL/mL 5/15, mL/mL
0.12 10 35 ¢
1.25 100 ¢ 30
5 100 100 50

*Polymer solutions in toluene were shaken with water (20 mL total volume) and
stored at room temperature. Emulsified volume, upper milky layer, was measured after
3 days.

°*Product from Exp. 3, Table 2.

‘Aqueous phosphate buffer, 0.05 M, pH 7.4.

4No clear separation between emulsified and aqueous phases.
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were also formed when we attempted to purify crude products by precipitation from
toluene into methanol.

To estimate the emulsifying efficiency of PEO-PIB copolymers, emulsions were
prepared by briefly shaking water with toluene solutions containing various quantities
of the product obtained in Exp. 3, Table 2 (20 mL total volume). The mixtures were
stored at room temperature for 3 days, and the volume of the emulsified layer was
determined. This procedure is similar to that used by Japanese authors [5]. Table 3
shows the data. The results obtained indicate that a small amount of polymer can
efficiently turn the water/toluene systems into uniform stable emulsions.

Hydrolytic Stability of PEO-PIB Copolymers

Acetals are frequently used as protective groups for aldehydes because they
are less reactive and can be readily hydrolyzed back to aldehydes [12]. In view of
this, we have examined the hydrolytic stability of our acetal-linked copolymers. We
theorized that the relatively large hydrophobic PIB moiety in the proximity of the
acetal linkage might keep water out of reach of the acetal group and thus retard
or even prevent hydrolysis. To verify this hypothesis, the hydrolytic stability of
copolymers was compared with that of the model acetal (CH,),CHCH,CH(OCH,-
CH,0CH,;),. Thus we prepared 1 wt% aqueous emulsions of neat polymers formed
in Exps. 5 and 7 (Table 2) and visually inspected their appearance while storing
them at room temperature. The stability of the emulsion is a sensitive indicator for
the hydrolytic stability of the acetal groups since the cleavage of the latter should
lead to the loss of the amphiphilic nature of the polymers and result in coagulation.
After 5 months the milky appearance of these emulsions did not change, indicating
that under these conditions the acetal groups linking the PEQ and PIB segments
were hydrolytically stable. In contrast, the low molecular weight model acetal, when
shaken with 5 volumes of water, was completely hydrolyzed within 1 week at room
temperature. The hydrolysis was followed by quantitative 'H-NMR spectroscopy,
i.e., by monitoring the appearance of the aldehyde proton signal (6 = 9.75) and
disappearance of the acetal proton signal (6 = 4.71) as a function of time. Evi-

‘dently, the bulky PIB segment protects the hydrolytically sensitive acetal groups

from cleavage.

The hydrolytic stabilities of the model acetal (CH,),CHCH,CH(OCH,-
CH,0OCH,), and copolymers were also compared under forcing conditions, i.e., in
acidic medium. The model compound was extremely unstable: 1 mL of the model
acetal was completely hydrolyzed within 5 minutes of shaking with 5 mL of 1 N
HCI at room temperature. The organic layer isolated after 5 minutes was pure
isovaleraldehyde without any traces of parent acetal which is also water insoluble.
In contrast, under the same conditions, 1% emulsion prepared in 1 N HCI with the
product from Exp. 3 (Table 2) was stable for a week. After 10 days of storage at
room temperature, the first signs of a second lower clear layer became noticeable.
These observations are also in line with the steric stabilization of acetal linkage by
hydrophobic PIB block.

Heating the emulsion in 1 N HCl to reflux breaks the emulsion within minutes
and leads to coagulation.

According to these experiments, the hydrophobic PIB block efficiently pro-
tects the adjacent acetal linkages against hydrolysis at room temperature. However,
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the emulsifying activity of these nonionic detergents can be controlled since rapid
hydrolysis can be effected at ~100°C.

CONCLUSIONS

Novel T- and comb-shaped sequential copolymers comprising a poly(ethylene
oxide) backbone carrying one or multiple poyisobutylene branches linked by acetal
groups have been synthesized. These amphiphilic copolymers form stable oil-in-
water emulsions. In contrast to low molecular weight model acetal, the linking
acetal group in copolymers is resistant to hydrolysis in aqueous suspension at room
temperature. This is most likely due to steric protection afforded by the bulky
water-repellent PIB blocks. However, the acetal linking groups can be rapidly
cleaved by hot aqueous HCI. Thus the emulsifying ability of these polymers can be
controlled.
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