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ABSTRACT

Poly(2,6-dimethyl-1,4-phenylene oxide (PPO) containing pendant mesogenic

units separated from the polymer main-chain through spacers of three to ten methy-

lene units were synthesized and characterized. The synthetic pathway used for the

chemical modification of PPO involved the radical bromination of its methyl groups

followed by phase transfer catalyzed esterification of the resulting bromobenzyl

groups with potassium w -(4-oxybiphenyl)alkanoates and potassium

rw-(4-methoxy-4'-oxybiphenyl)-alkanoates. Only the resulting polymers containing

ten methylene units as spacer and 4,4'-methoxybiphenyl as mesogen present

thermotropic liquid crystalline mesomorphism. , '1
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SW9IARY

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) containing pendant
mesogenic units separated from the polymer main-chain through spacers of
three to ten methylene units were synthesized and characterized. The
synthetic pathway used for the chemical modification of PPO involved the
radical brominatlon of Its methyl groups followed by phase transfer
catalyzed esterification of the resulting bromobenzyl groups with potassium
w-(4-oxybiphenyl)alkanoates and potassium w-(4-methoxy-4'-oxybiphenyl)-

* - alkanoates. Only the resulting polymers containing ten methylene units as
spacer and 4,4'-methoxybiphenyl as mesogen present thermotropic liquid

-"crystalline mesomorphism.

INTRODUCTION

Finkelmann and Ringsdorf proposed the spacer concept in 1978 as a

systematic method for obtaining side-chain liquid crystalline polymers,
with the idea that a spacer must be Introduced to partially decouple the
mobility of the main chain from that of the mesogenic groups (14). If
this is so, then it should be possible to obtain side-chain liquid
crystalline behavior from even very rigid polymer backbones. The goal of
this paper is to determine the length of the spacer that is required to
obtain side-chain liquid crystalline polymers from the rigid polymer
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) by introducing mesogenic units
to the PPO backbone through spacers of from three to ten methylene groups
via polymer analogous reactions.

The synthetic procedure used for the chemical modification of PPO
Involved in the first step the radical bromination of PPO methyl groups to
provide a polymer containing bromobenzyl groups. The bromobenzyl groups
were then esterifted under phase-transfer-catalyzed (PTC) reaction
conditions with potassium 4-(4-oxybiphenyl)butyrate, potassium
4-(4-moethoxy-4'-oxybiphenyl)butyrate, potassium 5-(4-oxybiphenyl)valerate,
potassium 5-(4-methoxy-4'-oxybiphenyl)valerate, potassium 1l-(4-oxy-
biphenyl)undecanoate, and potassium 11-(4-methoxy-4'-oxybiphenyl)-
undecanoate. The esterification of PPO is presented in Scheme 1.



H3 3 <a KICO

Scheme 1.0
Esterification of PPO. Is 3.4,10
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EXPERIMENTAL

A. Methods and Materials

Commercially available PPO (Aldrich, 4n-19,000, Rw-49,000) was
purifled by precipitation with methanol from chloroform solution, and
brominated as described previously (5). Sodium hydroxide, potassium
hydroxide, tetrabutylammonium hydrogen sulfate (TBAH) and all solvents were
reagent grade and were used as received. Ethyl 4-bromobutyrate (Aldrich,
95%). ethyl 5-bromovalerate (Aldrich, 99%), 5-bromovaleronitrile (Aldrich,
95%), and 11-bromoundecanoic acid (Aldrich, 99%) were used without further
purification. 4-Phenylphenol (Aldrich) was recrystallized from a
toluene/ethanol solution, and 4,4'-dlhydroxybiphenyl (Polysciences) was
recrystallized from methanol. 4-1ethoxy-4'-hydroxybiphenyl was synthesized
as described peviously (6).

200 M H; H-NMR spectra were recorded on a Varian XL-200 spectrometer
and 60 MHz H-NMR spectra were recorded on a Varian EM 360A spectrometer,
both in COCI solutions with TS as internal standard. Calculation of the
Elmer 1320 Infrared Spectrophotometer was used to record IR spectra from

KBr pellets. Thermal analysis was performed with a Perkin-Elmer DSC-4
differential scanning calorimeter equipped with a Perkin-glmer TADS thermal
analysis data station. Heating and cooling rates were 20 C/mmn, and Indium
was used as the calibration standard. All samples were heated to just
above Tg and quenched before the first heating scan was recorded. A Carl
Zeiss optical polarizing microscope equipped with a Mettler FP82 hot stage
and FP8 central processor was used to analyze the anisotropic textures.
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B. Synthesis of Ethyl 4-(4-oxyblphenyl)butyrate, Ethyl 4-C4-methoxy-41-oxy-
biphen 1 butyrate, Ethy1 5-(4-oxybipheny1 valerate Ethy1 5-(4-methoxy-

4-oxybi Dhenyl )valerate. n-Propyl 1 l-(4-oxybiphenyl )undecanoate, and n-Propyl

The sodium salts of 4-phenylphenol and 4-methoxy-4'-hydroxybiphenyl
ii were first prepared by stoichiometric reaction of sodium hydroxide with a

methanol solution of the corresponding phenol, followed by solvent
evaporation and drying. These sodium salts were used without further
purification, as in the following example. Ethyl 4-(4-oxybiphenyl)butyrate

* was prepared by the addition of ethyl 4-bromobutyrate (9.8 ml, 0.068 mol)
to a solution of sodium 4-phenyl-4 -phenoxide (9.8g, 0.05 mol) and TBAH
(1.7g. 5.0 mmol) in0 dimethylformamide (DMF) (200 ml). The reaction mixture
was stirred at 82 C for 3.5 h, and then precipitated in water. The
precipitate was filtered, dried, and recrystallized three times froT
methanol, r~ielding 8.3 g (58%) white crystals: m.p. 51-52 C. IR: 1735 cm-

(u ) H-NMR (60 MHz, CDC1, 6 . ppm): 1.3 (to -CH ) 1 9-2.7 (in,
-APHCOO), 3.8-4.4 (in, -CH 0-. 3-CH 000), 7.0 (do 2 aromatlc' pro tons), 7.5

(m72 ilromatic protons). 2
Ethyl 4-( 14-iethoxy-4'-oxybiphenyl )butyrate: m.p. 94-970C. IR: 1730

cm-1 ( ). H-NMR (60 MHz, CDC1 3 * 6 9 ppm): 1. 3 Ct, -CH )1. 8-2. 8 (in,
-CH H & '*3.9 (so -OCH ) 3 39-4.4 (in, -CH 00C, -CHi .) 7.0 (do 4

ar at Nc protons), 7.5 (m, a romatic protons). --2-

Ethyl 5-(4-oxybiphenyl)valerate: in.p. 73-750C. IR: 1735 cmin 1 (u)
H-NMR (200 MHz, CDC1 I ppm): 1.3 (t, -CH3) 1.8 Cm, -CH CH -),t'

-CH COO). 4.0 (to -CH3.O-), 4.1 (q, -CH200CT 6.9 (d, 2 aria7cpotn)
7.(m, 7 aromatic prons)

Ethyl 5-(4-methoxy-4'-oxybiphenyl)valerate: m.p. 93-95 C. 1H-NMR (200
MHz, CDCl 39 6 , ppm): 1.2 Ct. -CH ), 1.8 (in, -CHI CH -), 2.4 Ct, -CH COO),
3.85 (s, LOCH ), 4.0 Ct. -CH ,0-I, 4.1 (q, -Cr-&ij. '6.9 (q, 4aritc

*protons), 7.51 m. 4 aromatic pf'otons). =
n-Propyl 11-(4-oxybiphenyl)undecanoate: m.p. 73-75 C. 1H-NMR (200 MHz,

* CDC1 a6 ppm): 0.9 Ct, -CH ),1.2-2.4 (m, -(CH ) COO, -CH -). 3.96 Ct,
pro on), '4.02 Ct. -CH200C, 6.V9 d, 2 aromatic pr;-os) 7.in rmtc,

1 n-Propyl 11-(4-methoxy-4'-oxybiphenyl)undecanoate: m.p. 108-1 10 C.
H-NMR (200 MHz, CDC1 6 ppm): 0.9 Cto -CH ), 1.2-2.4 (m. -(CH 2)COO

-CII -), 3.8 (s, -OCH 1" 3.97 (t, -CH 0-), 4.62 Ct, -CH200C), 6.9 C~,
* arc-atic proton's). 71 Cm, 4 aromatic X~tons).

C. Synthesis of 4- 4-oxybipheny1 butyrnc acid, 4-(4-inethoxy 4'-oxy-
I hen 1 butyrnc acid, 5-(4-oxybipheny1 valeric acid, 5-(4-inethoxy-4-oxy-

bi heny1 valeric acid. 11- 4-ox bipheny1 undecanoic acid and
11- 4-inethox -4 -ox biphenylundecanoic acid.

The acids were best prepared by refluxing the corresponding esters
overnight with excess potassium hydroxide (8 fold excess) in aqueous
ethanol. The acids were Isolated by first acidifying, (because the
carboxylates themselves displayed limited solubility In water and in cold
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aqueous ethanol), and then precipitating In water. Following filtration
and drying, the acids were recrystallized from methanol, or from toluene to
avoid esterification.

5-(4-4lethoxy-4'-oxybiphenyl)valeric acid was also prepared from
5-bromovaleronitrile (1.75 m1, 0.015 mol) by reaction with the sodium salt
of 4-tethoxy-4'-hydroxybiphonyl (2.9g, 0.014 mol) and TBAH (0.52g. 1.5
nol) in DOW (75 ml) at 8!?C. After 4 h, the solvent was removed, and

potassium hydroxide (7g, 0.12 .01) in aqueous ethanol (250 ml, 1:1) was
added. The reaction mixture was ref luxed overnight to hydrolyze the cyano
group to a carboxylic acid, and then worked up as described in the previous

-~ ~ paragraph.
4-(4-0xybiphenyl)b rcai:mu.1719C IR: 3300-2500 (uOH),

ftri acd acid: m37-1 17817 CC.R

3300-2700 0u ), 1700 (u ) and 900 cm (UnH).
5-(4-0x~iphenyl)va~' ic acid: .. p. 14 -142 0C. IR: 3360-2400 (uOHj)V

1695 (u ), and go00cm (U ).
5 -ethoxy-4'-oxybp~tyl)valrc ai:m.,1 8.-7PC R

3400-2300 ( 91690 (ut )9 and 900 cma cid m(u18.-7 C R
11-(4- Rybiphnyl)udcanoic acid. IR: 1360-2400 (UJOH). 1680 (uC.0),

'-a and 900 cm (v H)., cd 5-5 C R
-i acd m. p.

3300-2400 ("0Hd' 1720 (uco). and 910 cm (uOH).

- 11- 4-oxybieheny1 undecanoate and Potassium 11- 4-methoxy-4'-oxybiphenyl)-
undecanoate.

The potassium salts were all prepared by approximately stoichiometric
reaction of potassium hydroxide with a methanol solution of the

46 corresponding carboxylic acid, followed by solvent evaporation and drying.
The salts were used without further purification.

V E. Esterification of Brominated PPO with Potassium 4-(4-oxybiphenyl)-

btyrate (h3CO- ) Potassium 4-(4-methox --4 -oxybiphen 1 butyrate

4-methoxy 4-oxybi hen lvalerate f4CO-P) oasu

11- 4-methoxy 4 -oxybi henylundecanoate (Mel O-PO.

The general procedure used for the esterification of PPO is presented
in the following example. Brominated PPO (0.74 bromobenzyl groups per
structural unit) (0.23g, 0.97 mmol Br) was dissolved in toluene (20 ml),
and TBAH (0.078, 0.21 mmol) and potassium 4-(4-xybiphenyl)bu rate (0.51g.
1.7 uol) were added. The reaction mixture was stirred at 60V' for 46h and
then poured into methanol. The obtained polymer was purified by



precipitation from tetrahydrofuran (THF) solution into methanol. 1H-NMR
(200 MHz, CDC13.6 , ppm): 1.8-2.5 (m, -CH , -CH CH COO), 3.9 (-CH 20-), 5.0
(s, -CH OOC), 6.4-6.8 (m, 2 aromatic , pr'oon), 6.9 (d, 2- aromatic
protons?. 2-7.6 (T,7 aromatic protons). 6

Me3COO-PPO. H-NMR (200 MHz, CDC, V ppm): 1.7-2.5 (m, -CH3,
-CH2CH2Cn, 3. , -O.H3 ), 3.96 (s, -C_0-), 5.0 (s. -CH OOC), 6.3-6.8
(mn 2 aromatic PPO prt°ons), 6.9 (s . aromatic protoni 7.4 (s, 4
aromatic protons).

PH4COO-PPO. "H-NMR (200 MHz, CDC 6, ppm): 1.6-2.5 (m, -CH,
-CH2 CH CH COO), 3.9 (s, -CH 0-), 6.4-6.8 ?m, 2 aromatic PPO protons), 6.9
(d,"2-2hr-oatic protns), 7.-7.6 (m. 7 aromatic protons).

Me4COO-PPO. H-NMR (200 MHz, CDCI ppm): 1.5-2.5 (m. -CH 3,
-CHCH CHCO) 3.8 (s, -OCH )f 394 (s. -ZH-), 5.0 (s, -CH OOC), 6.4-6.8
( 2 2 ' matic PPO proton' 6.9 (s. 2-romatic protons$, 7.5 (s, 4
aromatic protons).

PhlOCOO-PPO. 1H-NMR (200 MHz, CDC 6. ppm): 1.0-2.5 (mn -CH3 '
-(CH) 9 C0), 3.9 (t, -CH 0-), 4.3 (s, -CHBr), 5.0 (s, -CH OOC), 6.3-6.8
(m.,- aromatic PPO protoAs), 6.9 (d, 2 aomatic protons),-%.2-7.6 (m, 7
aromatic protons).

MelOCOO-PPO. 1H-NMR (200 MHz, CDCI, 6 ,ppm): 1.1-2.3 (m, -CH
-(CH ) COO), 3.8 (s, -OCH ). 3 9 (t, -CH&K), 4.3 (s, -CH Br), 5.0 N:,
-CH20). 6.4-6.8 (m, 2 ar-Iatic PPO proto n) 6.9 (d, 2 aromitic protons),

7.4 (d. 4 aromatic protons).
Table I summarizes the experimental conditions and the results of

substitution of PPO for all reactions performed.

Table I. baction Conditions and Rsults of Synthesis of P9o

* Cmntaisiu% sipimyl m

Hole Fraction Noe a oe-:~ Reaction ZCHisr
; Nucleophile Structural Units Nucleophile TBAH Tom. Time Sub tt-

Containing -CH2Br (0 C) (hr) tuted

1 biPhO-(CH2 )3 COOK 0.52 2.2 0.22 25 45 25
2 0.74 1.8 0.24 25 45 26
3 0.74 1.8 0.12 60 46 100

* 1 4 NeO-biPhO-(CH2 )3COOK 0.52 2.0 0.19 25 40 15
* 5 0.74 2.0 0.19 25 40 12

6 0.74 1.7 0.39 60 61.5 100

I 7 biPhO-(CH2)4 COOK 0.52 2.0 0.21 25 62 87
8 0.74 1.9 0.07 25 62 93
9 0.74 1.9 0.14 60 46 100

10 ND.-biPhO-(CH2 )4COOK 0.52 2.1 0.14 25 62 SO
11 0.74 2.1 0.10 25 62 61
12 0.74 2.0 0.39 60 61.5 100

13 biPhO-(CH2 )IoCOOK 0.52 2.0 0.12 25 96 25
14 0.74 1.9 0.21 25 96 24

15 N@O-biPhO-(CH2)IoCOOK 0.74 0.9 0.24 60 54.5 71
16 0.74 0.9 0.24 60 139.5 75

Solvent - toluene

'. . . .r V r ' ; : // \ ..



RESULTS AND DISCUSSION

Polymer analogous reactions have been used previously to synthesize
liquid cry0+slline polymers. For example, liquid crystalline
polyacrylates, polymethacrylates, and polyacrylamides have been prepared by
conventional esterificatlon or amidation of poly(acryloyl chloride) and
poly(methacryloyl chloride) with a mesogenic alcohol or amine in the
presence of triethylamine (7-9). Similarly, liquid crystalline '
polyacrylates, polymethacrylates, and polyitaconates have been prepared by
phase-transfer-catalyzed reactions on the sodium salts of the corresponding
polycarboxylates (10-12). In addition, alternating poly(methylvinyl-
ether-co-maleate) copolymers were prepared by the PTC reactions of
poly(methylvinylether-co-dlsodium maleate) with mesogens containing
bromoalkylesters (13). The most important use of this class of reactions,
however, is in the preparation of liquid crystalline polysiloxanes, which
cannot be obtained by any other method. It involves the platinum catalyzed
hydrosilation reaction of vinyl substituted mesogenic molecules with
poly(hydrogen methylsiloxane) or its copolymers. The synthesis of liquid
crystalline polysiloxanes was recently reviewed (3,14).

We believe the polymer analogous reactions on PPO presented here are
(also important since it would be very difficult to obtain liquid

crystalline PPO by any other method. In addition, as was demonstrated with
PPO substituted similiarly with a series of alkyl side-chains, the glass
transition temperature decreases with an increase in the side-chain length
(15). Therefore, it is very likely that we may obtain
poly(p-phenylene ethers) with low glass transition temperatures, even
though unsubstituted IPO is a rigid polymer with a glass transition
temperature (Tg) of 220 C.

It was previously shown that the only available procedure for the
nucleophilic substitution of brominated PPO was by solid-liquid
phase-transfer catalyzed reactions in nonpolar aprotic solvents (5), since
PPO is not soluble in aprotic dipolar solvents which are required for
conventional nucleophilic substitutions. In this case, it was necessary to
use elevated temperatures (60 t) to obtain good halide displacement.

Table II summarizes the thermal characterization of substituted PPO,
and demonstrates that although the Tg is easily dropped with any of the
substituents, liquid crystalline behavior is not observed until
4-methoxy-4'-hydroxybiphenyl Is decoupled from the PPO's backbone by ten
methylenic units. Therefore, liquid crystalline behavior can be obtained
from very rigid polymers, provided a long enough spacer is employed. A
smectic liquid crystalline mesophase was confirmed by polarized optical
microscopy for MelOCOO-PPO, but the exact smectic phase could not be
determined because some thermal crosslinking takes place during extensive
annealing. This could be the result of the presence of unreacted
bromobenzylic groups. In contrast to MelOCOO-PPO, PhlOCOO-PPO is not
liquid crystalline. Although there is comparatively little substitution in
this case, p-biphenyl itself would not be expected to act as a mesogen in
such a rigid polymer due to its low degree of anisotropy and
polarizability.

In conclusion, the experiments described in this paper demonstrate
that thermotropic side-chain liquid crystalline polymers can be prepared
from any polymer backbone, including rigid ones, provided that a long
enough spacer is employed. "-



Table 11. Theriml Charcteizatim of FM Cwtall l1phamsl .res

Temerature (0 C)

I Heating Cooling
Tl Endotherms Tg Exotherms

1 0.13 Ph3COO-PPOb 141.7 -

2 0.19 Ph3COO-PPO 130.0 -
3 0.74 Ph3COO-PPO 69.5 -

4 0.08 e3COO-PPO 172.5 -
5 0.09 M3COO-PPO 155.2 -
6 0.74 Me3C0O-PPO 69.4 - 58.4 -

7 0.43 Ph4COO-PPO 80.8 -

8 0.69 Ph4COO-PPO 67.0 -
9 0.74 Ph4COO--PPO 59.6 -

10 0.26 M4COO-PPO 106.2 -
11 0.45 M4COO-PPO 89.2 - 85.6

4, 12 0.74 MNCOO-PPO 62.5 - 53.1

13 0.13 PhlOCOO-PPO 105.5 -
14 0.18 PhIOCOO-PPO 83.7 -

15 0.53 NelOCOO-PPO 54.2 114.5 39.2 77.5
16 0.56 MlOCOO-PPO 38.6 72.4, 116.8, 129.0 c 40.4, 101.4

'from Table 1. b) ole fraction of mesogen substituted structural units;c)buried In peak
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