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ABSTRACT: Spacer-modified anion exchange resins were prepared by suspension copoly-
merization of w-bromoalkylstyrenes or w-bromoalkyloxymethylstyrenes with 2—8 mol
% of divinylbenzene, followed by quaternization with trimethylamine. The thermal
stability of the spacer-modified anion exchangers of the OH form was examined by
standing the resins in deionized water at 100—140°C for 30—90 days. The anion ex-
changers with alkylene chains such as butylene or heptylene groups between the ben-
zene ring and the quaternary nitrogen exhibited higher thermal stability compared
with commercial, strongly basic anion exchangers with benzylic ammonium groups.
The thermal stability of the exchangers with butyleneoxymethylene or hexyleneoxy-
methylene spacers was also higher than that of the commercial exchangers. The ex-
changer with the propyleneoxymethylene spacer, however, had less stability than did
the commercial ones. The decreased stability of this spacer-modified exchanger is due to
the accelerated degradation of the spacer chain via Hofmann elimination. The excellent
stability of the anion exchangers with alkylene or alkyleneoxymethylene spacers, except
propyleneoxymethylene, results from the structure of the exchangers, where there are
no reactive benzylic carbons, which are attached directly to the quaternary nitrogen.
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INTRODUCTION

Styrene-based strongly basic anion exchange res-
ins have been effectively used for a variety of
fields such as water treatment, hydrometallurgy,
food industry, chemical industry, bioindustry, and
so on.'* However, commercial anion exchange
resins such as (I) with benzylic trimethylammon-
ium groups are unstable chemically in the hydrox-
ide form or basic conditions and are not suitable
for applications at temperatures above 60°C.°~7
The low thermal stability of the exchangers of the
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OH form is well known to be due to the increased
reactivity (decreased stability ) of the benzylic car-
bon, which is attached directly to the quaternary
nitrogen atom.

)

.
CH,N(CHy); X

We have already reported that spacer-modified,
polymer-supported phosphonium salt catalysts
such as (IT) have higher chemical stability than
do conventional polymer-supported phosphonium
salt catalysts such as (III), which contain a ben-
zylic onium structure in reactions of alkyl halides
with NaCN under triphase conditions.®
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(CHpP(C4Hy)3 X I= .

() n=4,7 ;X=CLBr (1)

N
CH,P(C H,); CI

Therefore, the introduction of spacer chains be-
tween the benzene ring and the quaternary nitro-
gen in the anion exchangers is expected to be ef-
fective in order to increase the stability of the ex-
changers. This article reports the synthesis and
thermal stability of novel spacer-modified anion
exchangers such as (IV) or (V) with alkylene or
alkyleneoxymethylene chains, respectively.

'u .t(CHz)nN(CH3)3 X CHZO(CHz)mN(CH3)3 X

(IV) (V)

EXPERIMENTAL

Materials and Measurements

w-Bromoalkylstyrenes were prepared by a cross-
coupling reaction of vinylbenzylmagnesium chlo-
ride with a,w-dibromoalkanes, according to the
method described in the literature.® Other re-
agents and solvents except w-bromoalkoxymeth-
ylstyrenes were purchased and used without
further purification. Infrared (IR) spectra were
obtained with a Shimadzu FT-IR 4000 spectro-
photometer. 'H nuclear magnetic resonance
(NMR) spectra were recorded on a 270 MHz in-
strument (JEOL EX-270) with CDCl; as the sol-
vent and tetramethylsilane as the internal stan-
dard.

Preparation of w-Bromoalkoxymethylstyrenes

Styrene derivatives with a 4-bromobutoxymethyl
or 6-bromohexoxymethyl group were prepared as
follows. A 300 mL four-necked flask with a reflux
condenser was charged with 40 g of a 50% aqueous
NaOH (0.5 mol) and toluene (100 mL) solution
containing vinylbenzyl alcohol (a mixture of m-
and p-isomer, 0.1 mol), 1,4-dibromobutane (0.15
mol), and tetrabutylammonium bromide (0.01
mol). The mixture was vigrously stirred at 40°C
for 8 h. The separated organic layer was washed
with water and dried over anhydrous MgSO,.
After the evaporation of toluene, the residue was
distilled under reduced pressure in the presence
of 1,1-diphenyl-2-picrylhydrazyl (DPPH): boiling
point (bp), 112-117°C/0.6 torr; yield, 56%. IR
(neat): 1,630 (C=C); 1,110 (C—0—C); 640

em ' (C—Br). NMR (CDCl3): § 1.64-1.74
(m, 2H, OCH,CH,CH,CH,Br); 1.85-1.96 (m,
2H, OCH,CH,CH,CH,Br); 3.33—-3.45 (m, 4H,
OCH,CH,CH,CH,Br); 4.42 (s, 2H, PhCH,);
5.17-5.23 (m, 1H, trans CH,=); 5.67-5.78 (m,
1H, cisCHy;=); 6.61-6.73 (m, 1H, CH=); 7.15—
7.36 (m, 4H, phenylene).

3-Bromopropoxymethylstyrene was prepared
by another method, because the above method
could not afford the monomer with the bromopro-
poxymethyl group. A 1 L four-necked flask with a
condenser was charged with 1,3-propanediol (6.5
mol ), NaOH (2.0 mol), and hydroquinone (1.5 g),
and the mixture was stirred at 80°C until the so-
dium hydroxide dissolved. After chloromethylsty-
rene (a mixture of m- and p-isomer, 1.6 mol) was
added dropwise over 0.5 h to the stirring mixture
at 80°C, the mixture was stirred at the same tem-
perature for an additional 0.5 h. After cooling, the
reaction mixture was poured into a brine (20%),
and the organic layer was separated. The aqueous
layer was extracted with toluene, and the extract,
combined with the organic layer, was washed with
water and dried over anhydrous MgSO,. After the
evaporation of toluene, the residue was distilled
in vacuo in the presence of DPPH: bp, 101°C/0.42
torr; yield, 60%. IR (neat): 3,400 (OH); 1,630
(C=C), 1,095 cm ' (C—0—C).

The hydroxypropyl group of this product was
converted into the bromopropyl group by treat-
ment with PBr;. A 300 mL four-necked flask was
charged with (3-vinylbenzyloxy)propanol (1.0
mol) and pyridine (55 mL), and PBr; (0.4 mol)
was added dropwise over 2 h to the stirring mix-
ture at —5— —10°C. After the complete addition,
the mixture was stirred for 1 day at room temper-
ature. The mixture was poured into a brine
(20%), and the separated organic layer was
washed with water and aqueous NaHCO; (8%)
and dried over anhydrous MgSO,. After the evap-
oration of toluene, the residue was distilled in
vacuo in the presence of DPPH: bp, 100°C/0.52
torr; yield, 35%. IR (neat): 1,630 (C=C); 1,105
(C—0—C); 650 cm™! (C—Br). NMR (CDCl;):
62.06—-2.16 (m, 2H, OCH,CH,CH,Br); 3.48—3.62
(m, 4H, OCH,CH,CH,Br); 4.50 (s, 2H, PhCH,);
5,020-5.28 (m, 1H, transCH,=); 5.70—-5.79 (m,
1H, cisCHy;=); 6.64—6.76 (m, 1H, CH=), 7.18—
7.40 (m, 4H, phenylene).

Preparation of Anion Exchange Resins

Suspension polymerization of w-bromoalkylsty-
renes or w-bromoalkoxymethylstyrenes with divi-



nylbenzene (DVB) was conducted according to the
procedure described before.” The typical proce-
dure for the preparation of anion exchangers is as
follows. A 1 L three-necked flask with a reflux
condenser was charged with 20.0 g of poly(4-bro-
mobutylstyrene) resin crosslinked with 2 mol %
of DVB and 200 mL of dioxane. The mixture was
stirred for 1 h to swell the resin at room tempera-
ture. Then, 200 mL of aqueous trimethylamine
(30 wt %) was added dropwise to the mixture at
room temperature. The mixture was stirred for
an additional 15 h at 50°C. The obtained anion
exchanger was separated by filtration; washed
thoughly with deionized water, methanol, tetra-
hydrofuran, and dichloromethane; and dried in
vacuo for 15 h at 90°C. The bromide ion content
was determined by the Volhard method: 3.21
mEq/g (97% quaternization).

The resin with bromide counter ion was con-
verted to the resin with chloride ion (Cl form) by
treatment with aqueous NaCl. The ion exchange
capacity of the resin of Cl form was 0.72
mEq/mL.

Measurement of lon Exchange Capacity

The strong base capacity (salt splitting capacity)
of anion exchangers was determined as follows.
Ten milliliters of anion exchange resin with hy-
droxide counter ion (OH form) was packed in a
column, and 250 mL of 4% aqueous NaCl was
passed through the column. The eluent was recov-
ered and titrated with 1N HCI.

The resin treated with aqueous NaCl was pro-
vided for the following determination of weak
base capacity. One hundred milliliters of 0.1N
HCI was passed through the column containing
the anion exchanger of Cl form (10 mL), and 50
mL of methanol was subsequently passed through
to rinse the resin. The recovered eluent was ti-
trated with 1N NaOH.

Thermal Stability of Anion Exchangers

A sealed glass autoclave tube was charged with
100 mL of anion exchange resin of the OH form.

CH,=CH CH,=CH

Li,CuCl,

+ Br—R—Br
CH,MgCl CH,—R—Br
R = (CH,); CH,CH(CH;)CH,, CH,CH,CH(CH;)CH,CH,

(CH,), CH, @CHZ

Scheme 1
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CH,=CH CH,=CH
NaOH
+ Br—R-Br —>»
(C4Hg)N'Br
CH,OH CH,0—R—Br
R = (CHy)y, (CHy)g
CH,=CH CH,=CH CH,=CH
HO(CH,);0H PBr;
NaOH
CH,CI CH,O(CH,);0H CH,0(CH,);Br
Scheme 2

The resin was held at 100—140°C for 30—90 days
in demineralized water. After exposure, the
strong and weak base capacities of the resin were
measured. The wet resin was dried at 105°C for
4 h, and the moisture content of the resin was
determined from the weight decrease. The per-
centage of residual strong base capacity was cal-
culated as follows: remaining ratio (%) = strong
base capacity (per unit volume or weight) of re-
covered resin after test/strong base capacity (per
unit volume or weight) of virgin resin.

RESULTS AND DISCUSSION

Monomer Synthesis

w-Bromoalkylstyrenes were prepared in moderate
yields (30—-48%) by the cross-coupling reaction of
vinylbenzylmagnesium chloride with «,w-dibro-
moalkanes (see Scheme 1).

w-Bromoalkoxymethylstyrenes except bromo-
propoxylmethylstyrene were prepared in yields of
50-60% by the phase transfer catalyzed reaction
of vinylbenzyl alcohol with «,w-dibromoalkanes
(see Scheme 2). w-Bromopropoxymethylstyrene,
however, could not been synthesized with 1,3-di-
bromopropane under these conditions: the ob-
tained product was allyloxymethylstyrene. In this
case, allyl bromide, produced by the reaction of
dibromide with the hydroxide ion, may react with
vinylbenzyl alcohol to afford the allyloxymethyl
derivative. The desired monomer, therefore, was
prepared by reactions via 3-hydroxypropoxymeth-
ylstyrene, as shown in Scheme 2.

Preparation of Anion Exchange Resins

The suspension copolymerization of w-bromoal-
kylstyrenes or w-bromoalkoxymethylstyrenes with
DVB at 70°C could afford crosslinked poly (w-bro-
moalkylstyrene) or poly(w-bromoalkoxymethyl-
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R'-Br

Scheme 3

R
R'-N(CHy); Br

styrene) in good yields (>90%). The microporous
(gel-type) polymer beads were treated with tri-
methylamine and were converted to anion ex-
change resins with spacer chains (see Scheme 3).
The quaternization of the bromoalkyl group pro-
ceeded smoothly to afford gel-type anion ex-
changers with spacer chains (R’) (Table I).

Thermal Stability of Anion Exchangers

The thermal stability of synthesized and commer-
cial anion exchange resins of the OH form was
examined by standing the resins in deionized wa-
ter at 100-140°C for 30-90 days and was esti-
mated by a comparison of the strong base capacity
between the resins recovered after the heat resis-
tance test and the original ones. The results for
the alkylene spacer-containing exchangers and
the alkyleneoxymethylene spacer-containing ones
are shown in Tables II and III, respectively. A
commercial DTAION®SA 10A resin (Mitsubishi
Chemical) with a benzyltrimethylammonium
group exhibited lower thermal stability compared
with the alkylene spacer-containing exchangers
without benzylic ammonium groups (Table II).
The common, commercial anion exchanger with

Table I Preparation of Anion Exchange Resins

benzyltrimethylammonium moiety is well known
to be decomposed by the nucleophilic substitution
of OH™ ion on the benzylic or methyl carbon
atoms, which results in the decreased strong base
capacity (see Scheme 4).°~7

The main reaction in this decomposition is the
former one, which liberates the free trimethylam-
ine base. This enhanced reaction on the benzylic
carbon must be due to the electron-withdrawing
inductive effect and the resonance effect of the
benzene ring.

Hatch and Lloyd of Dow Chemical attempted
to prepare anion exchangers containing a neophyl
ammonium structure without the reactive ben-
zylic ammonium group and examined the thermal
stability of the synthesized resin (see Scheme 5).°
The resin with the isobutylene group between the
benzene ring and the quaternary nitrogen atom,
however, did not have the improved stability com-
pared with the common resin with the benzyl
group. In this case, the main decomposition pro-
ceeded via the nucleophilic attack of the OH ~ ion
on the methyl carbon atom bound to the quater-
nary nitrogen, whereas the decomposition via the
reaction on the methylene carbon adjacent to the
nitrogen atom was depressed drastically. The de-
creased reactivity of the methylene group must
be attributed to the steric hindrance caused by the
methyl groups in the neophyl quaternary amine
structure. The increased reactivity of the methyl
group bound to the nitrogen has been considered

DVB Content

Yield of Quaternization

Bromide Ion Content”

Spacer Chain® (R') (mol %) (%) (mEq/g)
(CH,)4 2 92 3.08
CH,CH,CH(CH;)CH, 2 92 2.96

4 83 2.66
(CH,);CH(CH;3;)CH,CH, 2 87 2.58
(CHy), 2 84 2.49
2 82 2.27
CH,0O(CH,); 4 85 2.69
6 88 2.73
8 920 2.72
CH,0O(CH,), 4 98 2.90
6 96 2.81
8 96 2.75
CH,O(CH,)q 4 97 2.65

* See Scheme 3.
® Determined by the Volhard method.
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Table II Thermal Stability of Anion Exchange Resins with Alkylene Spacers

Strong Base Capacity®

(mEq/L)
DVB Content Remaining Ratio®
No. Spacer Chain® (R') (mol %) Initial After Test? (%)
1 CH, (DIAION® SA10A) 1.42 1.12 79
2 (CHy), 2 0.84 0.78 (0.03)° 92
3 CH,CH,CH(CH;)CH, 2 0.77 0.71 92
4 4 1.05 0.91 86
5 (CH,)sCH(CH;3)CH,CH,, 2 1.01 0.97 96
6 (CHy), 2 1.13 1.03 92
CHZCH2~<E>7CH2
7 2 0.93 0.86 93

* See Scheme 3.
»Values based on Cl form.

¢ Remaining ratio = strong base capacity of resin after test/strong base capacity of virgin resin.

4 Thirty days in OH form at 100°C.
¢ Weak base capacity after test.

to result from internal steric strain between the
methyl groups of the bulky isobutylene group and
the methyl groups attached to the quaternary ni-
trogen.®

The anion exchangers synthesized in this study
also do not have the reactive benzyl groups, i.e.,
the ones attached directly to the quaternary nitro-
gen. The resins, moreover, do not contain any
structures with internal steric strains. The in-
creased thermal stability of the alkylene spacer-
modified anion exchangers must result from the
introduction of less reactive alkylene groups be-

tween the benzene ring and the quaternary nitro-
gen. However, such structures in the exchangers
may lead to decomposition by the Hofmann elimi-
nation reaction,'® as shown in Scheme 6.

If Hofmann elimination takes place under this
heat resistance test, the resins with alkyl groups
at the SB-position to the quaternary nitrogen atom
must be more stable than the resins without alkyl
groups at the position.

The resin with the 2-methylbutylene spacer
(No. 3 in Table II) exhibited thermal stability
comparable to that of the resin with the butylene

Table III Thermal Stability of Anion Exchange Resins with Alkyleneoxymethylene Spacers

Weak Base
Strong Base Capacity®
Capacity® (mEq/g) (mEg/g)
DVB Content Remaining
No. Spacer Chain® (R’) (mol %) Initial After Test? After Test? Ratio® (%)
1 CH, (DIAION® SA10A) 3.81 2.77 0.24 73 (57)°
2 CH,f 2 4.07 2.82 0.20 69
3 CH,0O(CHy)s 4 3.38 0.43 0.20 10
4 6 3.33 0.49 0.22 11
5 8 3.12 0.56 0.23 13
6 CH,0O(CHy), 4 3.42 3.20 0.13 94 (75)°
7 6 3.21 2.87 0.18 89 (74)°
8 8 3.32 2.93 0.20 88 (71)°
9 CH,0O(CHy)s 4 3.00 2.93 0.09 98

*See Scheme 3.

b Values based on CI form.

¢ Remaining ratio = strong base capacity of resin after test/
strong base capacity of virgin resin.

4 Thirty days in OH form at 100°C.

¢ Values after 90 days in OH form at 100°C.

fDerived from crosslinked poly(chloromethylstyrene) pre-
pared by copolymerization of chloromethylstyrene with DVB.
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+ (CHyN
. —7 CH,0H
CH,N(CH;); OH
CII,N(CH,),

Scheme 4

spacer (No. 2 in Table II). The resin with the
cyclohexylene structure at the S-position (No. 7
in Table II) also had similar stability compared
with the other spacer-modified exchangers. These
results suggest that decomposition via Hofmann
elimination hardly proceeds in these spacer-modi-
fied anion exchangers.

The introduction of alkyleneoxymethylene
spacers such as butyleneoxymethylene or hexy-
leneoxymethylene groups between the benzene
ring and the quaternary nitrogen was also effec-
tive in increasing the thermal stability of the
anion exchangers (Table III). The exchanger with
the butyleneoxymethylene spacer exhibited a
fairly high remaining ratio even after the test for
90 days (Nos. 6—8 in Table III). However, the
exchanger with the propyleneoxymethylene
spacer (Nos. 3—5 in Table IIT) had less stability
than the commercial resin DIAION®SA 10A (Mit-
subishi Chemical) or a synthesized resin (Nos. 1
and 2 in Table III) with a benzylammonium unit.
The IR spectra of the recovered resin containing
the propyleneoxymethylene spacer showed ab-
sorption bands at 1,640 and 990 cm ™' due to
CH=—CH, linkage (Fig. 1). This result indicates
that decomposition takes place via Hofmann elim-
ination, as shown in Scheme 7.

The drastically decreased stability must result
from the presence of the propylene group between
the quaternary nitrogen and the electronegative
oxygen atom, which increase the reactivity (acid-
ity) of the hydrogen atom attached to the §-car-
bon. Such an electron-withdrawing effect of the
oxygen atom decreases with an increasing num-
ber of carbon atoms between the oxygen and the
fB-carbon. The exchangers with alkylene spacers
longer than the propylene chain, therefore, are
less susceptible to being decomposed by a nucleo-
philic attack of OH .

?Hs . / CCH,N(CH3),
CCHN(CH), OF u,

CCH,0H

I
CH,

Scheme 5

I Oa

CH,CH,CH,CH,N(CH;); OH CH,CH,CH=CH,

CH,CH,CHCH,N(CHy); OH CH,CH,¢=CH,

+ (CHy;N

Scheme 6

The main decomposition in the anion ex-
changers containing spacer chains, except the
propyleneoxymethylene spacer, as well as in the
common ones, was likely to occur at the methyl-
ene or methyl carbon adjacent to the quaternary
nitrogen. The reactivity of the methylene car-
bons in the spacer-modified exchangers was re-
duced largely compared with that of the benzylic
methylene carbon in the common exchangers,
whereas the reactivity of the methyl carbon of
the former did not differ significantly from that
of the latter: the reaction of OH ™ on the methyl
carbon affords the resin with tertiary amine
structure (see “weak base capacity” of the recov-
ered resins in Table III).

The thermal stability of the spacer-modified ex-
changers decreased with an increasing level of
crosslinking, although the magnititude of the de-
crease was not significant (see Nos. 3 and 4 in
Table II; Nos. 6—8 in Table III). A similar depen-
dence of the thermal stability of the anion ex-
changer on crosslinking level has been observed for

A)

Transmittance

—CH=CH,

b v o e by

2000 1500 1000
Wave Number (cm-1)

Figure1l IR spectra of anion exchange resin with pro-
pyleneoxymethylene spacer. (A) virgin resin; (B) resin
after heat resistance test at 100°C for 30 days.



+ (CHy;N
CH,0CH,CH=CH,

s
CH,0CH,CH,CH,N(CHy); OH

Scheme 7

a commercial, strongly basic resin, De-Acidite®FF
(Permutit Company).” The reduced mobility of
the matrix in the exchangers with higher DVB
content may result in decreased absorption of the
thermal energy, and thereby in the reduced stabil-
ity of the ammonium groups.”

Figure 2 shows the thermal stability of the al-
kyleneoxymethylene spacer-modified exchangers
at 100-140°C. The exchangers with butyleneoxy-
methylene or hexyleneoxymethylene spacers,
crosslinked with 4 mol % of DVB, exhibited excel-

e 10g., 109
o
2 804 ™80
&
‘f{) 60 ~60
8 L
§ 404 40
§ 20 ~20
7
04 ~0
CH,0(CH,),
100 CH O(CHZ) w
120 2 2 4'ﬁ
Te l4g pat
m C

Figure 2 Thermal stability of alkyleneoxymethylene
spacer-modified anion exchangers. Heat resistance test
conditions: 100—-140°C; 30 days.
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lent stability at 120°C compared with the commer-
cial exchanger. These spacer-modified exchangers
had moderate stability even at 140°C, whereas
the commercial exchanger decomposed nearly
completely under these conditions.

In conclusion, the introduction of alkylene or
alkyleneoxymethylene spacers such as butylene
or butyleneoxymethylene chains between the ben-
zene ring and the quaternary nitrogen in strongly
basic anion exchange resins was confirmed to im-
prove the thermal stability of the resins. The ex-
cellent stability of the spacer-modified anion ex-
changers results from the fact that the exchangers
have no reactive benzylic carbons which are
attached directly to the quaternary nitrogen.

REFERENCES

1. C. E. Harland, Ion Exchange Theory and Practice,
Royal Society of Chemistry, Cambridge, 1994, 2nd
ed.

2. K. Dorfner, Ed., Ion Exchange, Walter de Gruyter,
Berlin, 1991.

3. M. Streat, Ed., Ion Exchange for Industry, Ellis
Horwood Ltd., Chichester, 1988.

4. R. Kunin, Ion Exchange Resins, Wiley, New York,
1958, 2nd ed.

5. E. W. Baumann, J. Chem. Eng. Data, 5, 376
(1960).

6. M. J. Hatch and W. D. Lloyd, J. Appl. Polym. Sci.,
8, 1659 (1964).

7. G. R. Hall, J.T. Klaschka, A. Nellestyn, and M.
Streat, Soc. Chem. Ind., 62 (1970).

8. M. Tomoi, E. Ogawa, Y. Hosokawa, and H. Kakiu-
chi, J. Polym. Sci. Polym. Chem. Ed., 20, 3015
(1982).

9. M. Tomoi and W. T. Ford, J. Am. Chem. Soc., 103,
3821 (1981).

10. A. C. Cope and E. R. Trumbull, Org. React., 11, 320
(1960).



