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ABSTRACT: The synthesis and characterization of copolyethers based on 1,2-bis(4-hydroxyphenyl)ethane 
(BPE) and a 1/1 molar ratio of 1,lO-dibromodecane with 1,12-dibromododecane [BPE-10/12(1/1)] and, 
respectively, BPE and a 1/1 molar ratio of 1,8-dibromooctane with 1,12-dibromododecane [BPE-8/12(1/1)] 
are described. A combination of techniques consisting of differential scanning calorimetry (DSC), simultaneous 
X-ray diffraction/DSC (XDDSC), and thermal optical polarized microscopy was used for the characterization 
of both copolymers. BPE-10/12(1/1) exhibits two orthorhombic crystalline (Cr and Cr') phases and an 
enantiotropic smectic B phase (probablythe crystal B variant). In the Cr phase the spacers are crystalline, 
while in the Cr' phase they are in a molten state. BPE-8/12(1/1) exhibits an enantiotropic smectic B phase 
and an enantiotropic hexagonal columnar mesophase. Fibers drawn from BPE-10/12(1/1) orient the plane 
of the smectic layer parallel to the draw direction, suggesting that a substantial fraction of polymer chains 
form reentrant folds within the spacer layer. This result is contrary to findings in previous main-chain liquid 
crystalline polymers where the plane of the smectic layer aligns perpendicular to the draw direction. 

Introduction 
In the  previous publications from this series we have 

advanced the  concept of flexible rodlike mesogenic unit 
or rodlike mesogenic unit  based on conformational isom- 
erism. This  concept was already used to  synthesize main- 
chain liquid crystalline polyethers based on conformational 
isomerism without,' and  with,2-'3 flexible spacers. While 
in the  case of rigid rodlike mesogenic units the  rodlike 
conformation is created and  maintained through the  con- 
formational rigidity of t he  m ~ l e c u l e , ' ~ - ' ~  in the  case of 
rodlike mesogenic units based on conformational isom- 
erism, the  rodlike conformation is created and  maintained 
through the rmodynamic~ l -~  (Scheme I). 

So far, we have reported the  synthesis and character- 
ization of homopolyethers and  binary copolyethers based 
on l-(4-hydroxyphenyl)-2-(2-methyl-4-hydroxyphenyl)- 
ethane (MBPE) and a,w-dibromoalkanes containing from 
4 t o  20 methylene units in their flexible  pacer.^-'^ Co- 
polyethers based on MBPE and threeeor more than three1* 
flexible spacers were also investigated. All these poly- 
ethers display virtual, monotropic, or enantiotropic nem- 
atic mesophases.2-20 T h e  transformation of virtual or 
monotropic mesophases of homopolymers into enantio- 
tropic mesophases can be accomplished by copolymer- 
ization. We have demonstrated tha t  copolymerization not 
only transforms virtual and monotropic mesophases into 
enantiotropic mesophases but  also leads to  the  only 
available technique to  determine the thermal transition 
temperatures and  thermodynamic parameters of virtual 

t Part 14 in this series: Reference 18. 

Scheme I 
Comparison of Rigid and Flexible Rodlike Mesogens or 
Rodlike Mesogens Based on Conformational Isomerism 

URod-likeMesoaens 
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mesophases displayed by  homopolymer^.^-'^ Although 
blends of two or more than two polymers displaying virtual 
mesophases can be used for the same purpose, this last 
technique is much less powerful than copolymeri~ation.~- '~ 
Simultaneous X-ray diffraction/DSC experiments were 
used to  demonstrate t ha t  the  mesophases displayed by 
these polymers and  copolymers are uniaxial n e m a t i ~ . ' ~  
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Scheme I11 
Synthesis of Polyethers and  Copolyethers Based on 

1,2-Bis(4-hydroxyphenyl)ethane (BPE) and  
a,w-Dibromoalkanes (BPE-X/ Y) 

HO- \ ,, OH + x Br.ICH*),-Br + Y Br-ICH,l,-Br 

NaOH 
o.dlchloroknzene 
TBAH 

~-+cHz)j-j~ \ O-ICHzlm $ Y 

of ice water. The organic layer was separated and washed 
sequentiallywith H20,10% aqueous NaOH,and HzO, after which 
it was dried with MgSOc and filtered and the methylene chloride 
was removed on a rotary evaporator. The crude product was 
recrystallized twice from ethanol to give 46.6 g (75.8%) of white 
needlelike crystals. Mp (DSC, 20 "C/min): 111 "C. 'H NMR 
(CDC13, TMS): b 3.74 (3 protons, -0CH3 of the phenyl ring 
attached to the methylene group, s), 3.81 (3 protons, -OCH3 of 
the phenyl ring attached to the carbonylgroup, s), 4.14 (2 protons, 
-CHzCO-, s), 6.84 (2 protons, ortho to methoxy on the phenyl 
ring attached to the carbonyl group, d), 6.89 (2 protons, ortho to 
methoxy on the phenyl ring attached to the methylene group, d), 
7.17 (2 protons, meta to methoxy on the phenyl ring attached to 
the methylene group, d), 7.97 (2 protons, meta to methoxy on the 
phenyl ring attached to the carbonyl group, d). 

Synthesis of 13-Bis(4-methoxypheny1)ethane. AlC4 (31.68 
g, 0.238 mol) was added slowly to 140 mL of dry diethyl ether, 
and the resulting solution was added dropwise to a slurry of 
LiA1H4 (4.1 g, 0.108 mol) in dry diethyl ether under nitrogen 
atmosphere. To this reducing agentZ was added dropwise a 
solution of desoxyanisoin (11.23 g, 0.0438 mol) in 75 mL of dry 
chloroform. The resulting suspension was stirred for 3 h a t  room 
temperature. A mixture of 115 mL of HCl and 150 mL of distilled 
water was then carefully added to the reaction mixture. The 
ether layer was separated and washed three times with distilled 
water. After drying with anhydrous magnesium sulfate, the 
solution was filtered and the solvent was removed on a rotary 
evaporator. The crude product was recrystallized from 700 mL 
of 95% ethanol to give 5.0 g of white needlelike crystals. Mp: 
125-127 OC. Subsequent concentration and crystallization of 
the filtrate yielded 4.0 g more of the product for a total yield of 
9.0 g (84.7%). lH NMR showed both crystal fractions to be 
essentially 100% pure with no evidence of unreduced carbonyl. 
'H NMR (DMSO-d,J: 6 2.76 (4 protons, -CHzCHz-, s), 3.70 (6 
protons, -0CH3, s), 6.81 (4 protons, ortho to methoxy on the 
phenyl ring, d), 7.10 (4 protons, meta to methoxy on the phenyl 
ring, d). 

Synthesis of 1,2-Bis(4-hydroxyphenyl)ethane. A solution 
of 1,2-bis(4-methoxyphenyl)ethane (8.4 g, 0.0347 mol) in 150 mL 
of dry methylene chloride was added dropwise under dry nitrogen 
atmosphere to 80 mL (0.078 mol) of 1.0 M BBr3 in methylene 
chloride cooled in a dry ice/acetone bath. After the mixture was 
stirred a t  room temperature overnight, enough H20 was added 
to hydrolyze the excess BBr3. Ether was added to dissolve the 
solid that had formed. The ether layer was separated and washed 
three times with H20. The solution was then dried with 
anhydrous magnesium sulfate, and the solvent was removed on 
a rotary evaporator. The resulting white solid was recrystallized 
from 100 mL of 1/1 ethanol/HzO. Purity (HPLC): 100%. Mp 
(DSC, 20 "C/min): 200 "C. 1H NMR (DMSO-&): d 2.69 (4 
protons, -CHzCHz-, s), 6.66 (4 protons, ortho to hydroxy on the 
phenyl ring, d), 6.97 (4 protons, meta to hydroxy on the phenyl 
ring, d). 

Synthesis of Polyethers and Copolyethers. Synthesis of 
polyethers and copolyethers based on 1,2-bis(4-hydroxyphenyl)- 
ethane (BPE) and a,w-dibromoalkanes is outlined in Scheme 
111. Conventional liquid-liquid two-phase (organic solvent/ 
aqueous NaOH solution) phase-transfer-catalyzed polyetheri- 
fication conditions were used for the preparation of the polyethers 

Scheme I1 
Synthesis of 1,2-Bis(4-hydroxyphenyl)ethane (BPE) 

LiAlH, 

1 

t 

The goal of this paper is t o  describe the synthesis and 
characterization of the first examples of liquid crystalline 
polyethers based on conformational isomerism that exhibit 
smectic mesomorphism. The particular examples to be 
described here refer to copolyethers based on 1,2-bis(4- 
hydroxypheny1)ethane (BPE)  and a 1/1 molar ratio of 
1,lO-dibromodecane with 1,12-dibromododecane [BPE- 
10/12(1/1)] and, respectively, BPE and a 1/1 molar ratio 
of 1 ,&dibromooctane with 1,lP-dibromododecane [ BPE- 
8/12(1/1)1. 

Experimental Section 

Materials. Boron tribromide (1.0 M in CHZClz), 1,lO-dibro- 
modecane (97%)), 1,8-dibromooctane (98%), lithium aluminum 
hydride (99%), thionyl chloride (97%), Aliquat 336 (trimeth- 
ylcaprylammonium bromide), o-dichlorobenzene (99 % ) (all from 
Aldrich), and (4-methoxypheny1)acetic acid (99%, Lancaster 
Synthesis) were used as received. 1,12-Dibromododecane (tech- 
nical, Aldrich) was recrystallized once from methanol. Chloro- 
form and methylene chloride were dried over calcium hydride, 
followed by distillation. Diethyl ether was dried over LiAIHl 
and then distilled. 

Scheme I1 describes the synthesis of 1,2-bis(4-hydroxyphenyl)- 
ethane (BPE). 

Synthesis of lf-Bis(4-methoxypheny1)ethanone (Desoxy- 
anisoin). Thionyl chloride (42.96 g, 0.362 mol) was added drop- 
wise to a mixture of 40.0 g (0.240 mol) of (4-methoxypheny1)acetic 
acid in 200 mL of dry methylene chloride. The resulting mixture 
was refluxed for 2 h, after which the excess thionyl chloride and 
methylene chloride were removed by distillation under reduced 
pressure. The resulting acid chloride was used directly in the 
acylation reaction. (4-Methoxypheny1)acetyl chloride (44.44 g, 
0.240 mol) and anisole (53.24 g, 0.492 mol) were dissolved in 400 
mL of dry methylene chloride. The resulting solution was cooled 
to below 10 "C in an ice water bath, after which 49.38 g (0.370 
mol) of anhydrous AlCls was added slowly and in small portions 
so that the reaction temperature did not rise above 15 "C. After 
all the AlC13 was added, the ice bath was removed and the solution 
was stirred at  room temperature for 15 min. The reaction mixture 
was then poured into a mixture of 100 mL of HC1 and 400 mL 
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Table I 
Characterization of Copolyethers Based on BPE and 1,8-Dibromooctane, 1,lO-Dibromodecane, and 1,12-Dibromododecane 

thermal transitions ("C) and corresponding 
copolymer yield, enthalpy changes (kcal/mru) in parentheses" BPE-X/ Y ( A / B )  7% Mi? M w I M n  

BPE-10/ 12( 1/ 1) 93.5 14 400 2.40 1st heating scan k156s172(5.911)i 
2nd heating scan kl45k154~171(8.19*)i 
2nd cooling scan i157(7.96*)~142k136k 

BPE-8/12(1/1) 90.3 23 300 2.4 1st heating scan slO4(0.52)~181(4.58)i 
2nd heating scan s111(0.10)~180(4.66)i 
2nd cooling scan i166(4.39)l@6(0.14)~ 

Asterisk indicates enthalpy changes that correspond to overlapped transition peaks. 

and copolyethers. The polyetherifications were carried out under 
nitrogen atmosphere at 80 OC in an o-dichlorobenzene/lO N 
NaOH water solution (10 times molar excess of NaOH versus 
phenol groups) in the presence of Aliquat 336 (10 mol % of phenol 
groups) as phase-transfer catalyst. The ratio of electrophilic to 
nucleophilic monomers was in every case 1.0/1.0. 

The synthesis of the copolyether based on BPE and a 1/1 
molar ratio of 1,lO-dibromodecane to 1,12-dibromodecane is 
detailed below as an example of copolyetherification. To a 25- 
mL single-neck flask equipped with condenser and nitrogen inlet- 
outlet were successively added 0.2500 g (1.1668 mmol) of BPE, 
2.3 mL of 10 N NaOH, 0.1750 g (0.5834 mmol) of 1,lO-dibro- 
modecane, 0.1914 g (0.5834 mmol) of 1,12-dibromododecane, 
0.1914 g (0.5834 mmol) of 1,12-dibromododecane, 2.0 mL of 
o-dichlorobenzene, and 0.0943 g (0.2334 mmol) of Aliquat 336. 
The reaction mixture was stirred at  1100 rpm with a magnetic 
stirrer a t  80 OC under nitrogen. After 6 h of reaction, 5 mL of 
chloroform was added to the reaction mixture, followed by 10 
mL of water to separate the two phases. The aqueous layer was 
removed, and the organic phase was washed several times with 
water, followed by dilute hydrochloric acid, and finally with water 
again. The polymer was separated by precipitation of the polymer 
solution into methanol to obtain 0.3999 g (93.5%) of a white, 
fibrous precipitate. The polymer was further purified by two 
subsequent precipitations from chloroform solutions into acetone 
and then into methanol. 

In this entire paper the polyethers will be designated BPE-X 
where X is the number of methylene units in the spacer. 
Similarly, copolyethers will be designated BPE-X/ Y(A/B)  where 
X is the number of methylene units in one of the spacers, Y is 
the number of methylene units in the other, and A / B  refers to 
the molar ratio of the two spacers. 

Techniques. 'H NMR (200-MHz) spectra were recorded on 
a Varian XL-200 spectrometer. 

Molecular weights were determined by gel permeation chro- 
matography (GPC). High-pressure liquid chromatography 
(HPLC) and GPC analyses were carried out with a Perkin-Elmer 
Series lOLC equipped with a LC-100 column oven, LC 600 au- 
tosampler, and a Sigma 15 data station. The measurements were 
made by using the UV detector, tetrahydrofuran as solvent (1 
mL/min, 40 OC), a set of PL gel columns of lo2, 5 X 102,103, lo4, 
and 1CF A, and a calibration plot constructed with polystyrene 
standard s . 

A Perkin-Elmer DSC-4 differential scanning calorimeter 
equipped with a TADS data station Model 3600 was used to 
determine the thermal transitions. Heating and cooling rates 
were 20 OC/min in all cases unlessstated. First-order transitions 
were read at  the maximum of the endothermic or exothermic 
peaks. The transitions reported were taken from the second or 
third heating or cooling scans. 

A Carl Zeiss optical polarizing microscope equipped with a 
Mettler FP-82 hot stage and a Mettler 800 central processor was 
used to observe the thermal transitions and to analyze the 
textures.1em 

Simultaneous X-ray diffraction and differential scanning cal- 
orimetry (XDDSC) experiments were performed with an ex- 
perimental setup that was described in a previous publication.21 
In this method, time-resolved powder diffractograms are collected 
during linear heating or cooling of the specimen, while at the 
same time the differential heat flow in or out of the specimen is 
recorded. Thus diffractograms can be unambiguously related to 
the features (peaks) in the thermogram, and transient metastable 

n "* 1 BPE - 10/1211:1) 

c rl 
L 
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T P C l  
Figure 1. Representative heating and cooling DSC traces (20 
OC/min) of BPE-10/12(1/1): (A) first heating scan; (B) second 
and subsequent heating scans; (C) first and subsequent cooling 
scans. 

phases, as well as those existing in a narrow temperature range, 
can be easily identified.'8#z1 The powerful X-ray beam was 
provided by the synchroton source at Daresbury, U.K. The 
technique has originally been introduced by Russel and 
Koberstein,22 and the details of our improved version are 
presented elsewhereaZ1 

X-ray scattering patterns were recorded by using a flat-plate 
wide-angle (WAXS) vacuum camera (room temperature and 
elevated temperatures). Ni-filtered CuKa radiation was used. 
The samples were in the form of (a) fibers pulled from the melt, 
(b) bulk samples in Lindemann capillaries cooled from the melt, 
or (c) as-prepared polymers in the form of a free-standing powder. 
The temperature stability of the X-ray cell was f O . l  OC. 

Results and Discussion 
Table I summarizes the characterization of BPE-10/ 

12(1/1) and BPE-8/12(1/1). The synthesis and charac- 
terization of the parent homopolymers BPE-8, BPE-10, 
and BPE-12 as well as of their copolyethers with different 
compositions will be described in another publication. On 
the  first heating scan BPE-10/12(1/1) exhibits two en- 
dotherms at 156 and  172 "C (Figure 1A). The endotherm 
at 156 "C corresponds to a melting into a smectic phase 
tha t  undergoes isotropization at 172 "C. On the cooling 
DSC scans BPE-10/12(1/1) exhibits three exotherms at 
157, 142, and 136 "C (Figure IC). From 157 to 142 "C 
BPE-10/ 12( 1/ 1) exhibits a smectic phase that crystallizes 
at 142 "C. Second and subsequent heating scans display 
two melting transitions at 145 and 154 "C, followed by the 
smectic mesophase that undergoes isotropization at 171 
"C. T h e  assignment of the crystalline and smectic phases 
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a 

Figure 2. Optical polarized micrographs (75X) of the smectic 
phase of BPE-10/12(1/1): (a) batonnets at 165 "C; (b) focal 
conic at 160 "C. 

was made by X-ray experiment, which will be discussed 
in the second part of this paper. On cooling from the 
isotropic phase, the smectic phase of BPE-10/12(1/ 1) 
appears first as batonnets (Figure 2a), which upon 
annealing transform into a focal-conic texture (Figure 2b). 

Figure 3 presents representative DSC traces of BPE- 
8/ 12( 1/ 1). This copolymer does not crystallize. Below 
104 "C on the first heating scan (Figure 3A) or 111 "C on 
the second heating scan (Figure 3B), RPE-8/12( 1/1) 
presents a smectic mesophase. From 104 to 181 "C on the 
first heating scan and from 111 to 180 "C on the second 
heating scan this copolymer exhibits a hexagonal columnar 
mesophase. Both the smectic and the columnar mesophase 
of RPE-8/12( 1/ 1) areenantiotropic (Figure 3). The smec- 
tic mesophase will be characterized in this paper. However, 
the characterization of the hexagonal columnar mesophase 
will be presented in a subsequent publication. 

Figure 4a shows the extended conformation of a BPE- 
10 dimer. The -O(CH2)10- spacer is in the all-trans 
conformation. The molecular parameters of the diphe- 
nylethane unit are taken from the crystallographic data 
on diben~yl.~3 The monomer repeat distance in this model 
is 25.2 A. While this conformation has the minimum 
energy in the case of an isolated chain, the work of Bryan 
et al.25926 on p-alkoxybenzoic acids indicated that in the 
crystalline and smectic states the preferred conformation 

A L L  104 

A 

. . I  - 1 -  I . l . l ' I . I ' I .  

T (OCI 

n 

Figure 3. Representative heating and cooling DSC traces (20 
"C/min) of BPE-8/12(1/1): (A) first heating scan; (B) second 
and subsequent heating scans; (C) first and subsequent cooling 
scans. 

2 

6 

Figure 4. (a) Molecular models of a BPE-10 dimer unit in the 
extended conformation (all bonds within the alkylene spacers 
are trans). (b) Molecular models of a BPE-10 dimer unit in the 
"crimped" conformation (end C-C bonds in the alkylene spacers 
are gauche). 

is one where, in the alkylene moiety, the Ca-CB bond 
adjacent to the ether oxygen is gauche. The model of the 
BPE-10 chain with two opposite gauche bonds next to the 
ether groups, i.e., CQ-CB and C@-Cw bonds, is shown in 
Figure 4b. In this model the monomer repeat distance is 
22.8 A. 

X-ray investigations were carried out by using the 
simultaneous X-ray diffraction/DSC technique 
(XDDSC).21 Figure 5a presents the DSC thermogram 
recorded during a XDDSC cooling scan a t  5 "C/min, 
starting from the isotropic melt. The corresponding X-ray 
diffractograms, recorded every 24 s (every 2 "C), are shown 
in Figure 5b. The diffractograms corresponding to the 
positions of the numbered arrows in the thermogram, Le., 
to the two endothermic peaks and the shoulder, are 
emphasized in Figure 6. 
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TEMPERATURE 
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Figure 5. XDDSC cooling scan of the BPE-10/12(1/1) copol- 
ymer, spanning the isotropic (Iso), smectic (Sm), and two 
crystalline phases (Cr and Cr'). Cooling rate 5 OC/min. (a) DSC 
thermogram. (b) Simultaneously recorded diffractograms. The 
bold curves in Figure 5b correspond to the positions in the ther- 
mogram marked by the numbered arrows. Note that each curve 
in Figure 5b is an average of two 1% time frames. 

Four thermotropic phases are distinguished in BPE- 
10/12(1/1), three of which are shown as separate time- 
averaged diffraction curves in Figure 5: the isotropic melt 
(Iso) above 164 "C, the smectic phase (Sm) between the 
two strong exotherms, and the crystal phase (Cr) below 
130 "C. The phase between 140 and 132 O C  is a crystalline 
variant, denoted Cr' (Figure 5a,b). 

All four phases in BPE-10/12(1/1) are enantiotropic, 
and the heating XDDSC scan is the almost exact reversal 
of the cooling scan (Figure 7). 

The three wide-angle reflections of the crystalline phase 
below 130 O C  can be easily indexed on an orthorhombic 
unit cell with a = 9.46 Aand b = 4.41 A. The peaks at  4.72, 
4.41, and 4.03 A would thus be the 200, 010, and 110 
reflections, respectively. The fact that all three reflections 
are hlzO suggests that chains are perpendicular to the layers. 
The projection down the chain axis of a unit cell compatible 
with the observed diffraction pattern is schematically 
shown in Figure 8. The two crystallographically nonequiv- 
alent chains are denoted as X and Y. 

Note that the layer spacing (22.8 A) in the crystalline 
phase matches exactly the monomer repeat of 22.8 A in 
the second model of the BPE-10 molecule (Figure 4b). It 
is reasonable to expect that the average layer spacing would 

7 47 4 725 d 4\41 4 03 
- B R A G  SPACING IAl 

a -  
Figure 6. X-ray diffractograms of the three main phases in 
BPE-10/ 12( l/l): isotropic, smectic, and low-temperature crys- 
talline. 

BPE -1W12 11/11 
heat 

I. I 
22.7 11.2 7 .  I 0  ,4i~144;~ - B R A G  SPACING I A l  21 1 

Q- 
Figure 7. XDDSC heating scan of BPE-10/ 12(1/1) previously 
cooled at 5 "C/min. Heating rate 10 OC/min. Bold curves 
correspond to the positions of the three endothermic DSC peaks 
(thermogram not shown). 

be, in the main chain, governed by the length of the shorter 
spacer, and hence we do not expect the spacing in BPE- 
10/12(1/1) to be very different from that in the BPE-10 
homopolymer. This decisive role of the shorter spacer 
has already been established in the case of layered crystals 
of copolyethers based on 4,4'-dihydroxy-~~-methylstilbene 
and ~u,w-dibromoalkanes.~~ 

The high-temperature crystalline phase, denoted Cr' in 
Figures 5b and 7, retains all the reflections of the low- 
temperature form, as far as can be established from the 
present powder diffractograms. In the wide-angle region, 
the 010 peak is slightly more intense, while the 200 and 
the 110 peaks are less intense, compared to the low- 
temperature Cr phase. The lateral cell dimensions are 
increased a little in the Cr' phase. The 001 layer reflections 
are somewhat unclear, and the layer s acing is by 0.5 A 
smaller in the Cr' phase (Lcr = 22.8 1, Lc< = 22.3 A). 
These selectively minor differences in the diffractograms 
are in contrast with the considerable difference in en- 
thalpies of the Cr and Cr' phases. The Cr-Cr' transition 
enthalpy of 8.4 cal/g (entropy 7.2 cal/K-mru) is of the 
same order of magnitude as the enthalpy of the C r S m  
transition measured as 6.2 cal/g (entropy 5.3 cal/K*mru). 
Note that the somewhat arbitrary separation of areas of 
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I 

x 
e 

=- ax9.46A ------* 
Figure 8. Projection down the chain axis of a unit cell of the 
crystalline phase of BI'E-lO/ 12( 1 / 1) compatible with the ob- 
served diffraction pattern (schematic). The two crystallograph- 
ically nonequivalent chains are denoted as X and Y. 

the partially overlapping Cr-Cr' and Cr'-Sm peaks leads 
to an estimated 10% error in the above values. 

There is little doubt that the orthorhombic unit cell of 
the Cr phase, with its cross section a X b = 9.46 X 4.41 = 
41.72 A*, contains two polymer chains. Thus the chain 
cross section is 20.86 A, which is in the usual range for 
polymers of similar con~t i tu t ion .~~-~l  It is noted that this 
chain packing is fairly dense. Referring to the packing of 
alkylene parts, the cross section of 20.86 A2, or less if the 
alkylene chains are tilted (Figure 4b), is small enough for 
considerable interchain interaction. Similar cross section 
is found in the "rotator" phase of n-alkanes (19-20.5 8(2),32 
and in the conformationally disordered hexagonal phase 
of polyethylene, when the value is extrapolated to atmo- 
spheric pressure (21-22.5 8(2).33 If the alkylene spacers 
are in a similar partially ordered crystalline state in the 
Cr phase, i t  is quite possible that the Cr-Cr' transition 
involved "melting" of these spacers. If the entire entropy 
of the Cr-Cr' transition was apportioned among the 11 
CH2 groups of the average spacer, it would amount to 0.72 
cal/K*mol of CH2. This is of the same order as the entropy 
of the hexagonal-isotropic phase transition in polyethylene 
at  atmospheric pressure estimated to be about 1.0 cal/ 
K-mol of CH2. Thus, in summary, the following three 
observations are consistent with melting of spacers in the 
Cr-Cr' transition: the Cr-Cr' transition is accompanied 
(a) by a small lateral unit cell expansion, (b) by a small 
contraction along the chain axis, and (c) by a considerable 
absorption of heat. 

For comparison we note that, in a similar polymer, 
containing 4,4'-dihydroxy-cu-methylstilbene mesogenic 
groups instead of RPE ones, the chain cross section was 
found to be 24.2 8( in the layered crystalline phase. This 
means that the alkylene layers in these polymers were 
already effectively "molten" in the crystalline phase. No 
phase change equivalent to the Cr-Cr' transition was 
observed in these polymers.27 

In addition to the 2 orders of layer reflections a t  low 
angles (21.1 and 10.5 A), the smectic phase in BPE-10/ 
12( 1 / 1) also features a single intense wide-angle diffraction 
peak corresponding to a Rragg spacing of 4.49 A. Thus 
the phase is of an ordered smectic type with a hexagonal 
arrangement of chains within thesmectic layers. The wide- 
angle peak width is resolution limited, although the 
resolution of the position-sensitive detector used is rel- 
atively low. Thus we cannot be categoric, but it would 
appear that the phase is a crystal variant of an ordered 
smectic rather than a hexatic The 4.49-8( smectic 
peak is actually sharper than the wide-angle reflections of 
the low-temperature crystalline phase in the preparation 
shown in Figure 5b. 

It is not clear from the powder patterns whether chains 
are tilted or not in the smectic phase. We are inclined to 
believe that the reduction in layer spacing from 22.8 to 
21.1 8( on the Cr-Sm transition is due to shrinkage of the 

Figure 9. X-ray diffractogram of the smectic phase of BPE- 
8/12(1/1) recorded at 50 "C. 

Figure 10. X-ray diffraction pattern showing the first-order 
layer reflection (two equatorial arcs) of the smectic phase of a 
melt-drawn fiber of BPE-10/12(1/1). Recorded at 150 "C with 
a flat-plate camera; Ni-filtered Cu Kcu radiation; fiber axis vertical. 

chains through increased conformational disorder rather 
than tilting of whole chains. In tilted smectic phases like 
G and I other weaker reflections are usually observed 
around the main wide-angle diffraction peak, and these 
are not observed here. Thus i t  is likely that the "smectic" 
phase is of the crystal B t ~ p e . 3 ~  Note that the 4.49-A 
spacing of the observed wide-angle reflection corresponds 
to a chain cross section of 23.3 A2 if the phase is crystal 
B. This cross section is sufficient for an essentially melt- 
like disorder of paraffin chains, but if the BPE molecule 
has a crimped conformation similar to that in Figure 4b, 
the alkylene spacers are tilted and the effective cross 
section is somewhat less. 

Regarding the above discussion, i t  is interesting to 
compare the smectic phases in copolymer BPE-10/12- 
(1/1) with that in BPE-8/12(1/1) (Figures 3 and 8). In 
the latter polymer there is a larger disparity in length of 
the two spacers (octylene versus dodecylene) and this 
greatly suppresses the crystalline melting point, so that 
the smectic phase is stable a t  room temperature (Figures 
3 and 9). The diffractogram of the smectic phase of BPE- 
8/12(1/1) is similar to that of the smectic phase of BPE- 
10/ 12( 1/ 1) (Figures 6 and 9). The smaller spacing of the 
wide-angle peak (4.40 versus 4.49 A) is accounted for by 
the 100 "C difference in temperature of the recordings. 
However, it is interesting to note that, in spite of having 
shorter spacers, on average, the layer periodicity in BPE- 
8/12(1/1) is larger: 21.5 A in BPE-8/12(1/1) versus 21.1 
A in BPE-10/12(1/1). 

One possible explanation of the above apparent paradox 
in layer spacings is that the chains in BPE-8/ 12( 1/ 1) are 
closer to the extended conformation (Figure 4a) than to 
the crimped one (Figure 4b). Since the octylene spacer 
is so much shorter than the dodecylene unit, the latter will 
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necessarily be contracted lengthwise and expanded lat- 
erally in order to approximately match the length of an 
extended octylene unit. This might require the full 23.3- 
A2 cross-sectional area per average chain and may therefore 
prohibit the tilt of alkylene chains, which would reduce 
this area. Thus, in BPE-8/12(1/1) an increased layer 
spacing would result. For example, the models of a chain 
of BPE-8 corresponding to those in parts a and b of Figure 
4 give respective monomer repeat distances of 22.7 and 
20.6 A; these values are to be compared with the 21.5-A 
spacing observed in BPE-8/12(1/1). The smectic phase 
of BPE-8/12(1/1) would appear to be of the B type. 

Attempts have been made at producing oriented fibers 
by melt drawing. The copolymer BPE-10/12(1/1) was 
heated to the isotropic phase and stretched while cooled. 
Thus "solidification" occurred in the smectic state. The 
resulting orientation was poor, and fiber diffraction 
patterns did not provide further information about smec- 
tic or crystal structures. However, it is interesting that 
the smectic layers tended to align parallel to the draw 
direction (Figure 10). While this is the usual mode of 
orientation in smectic phases of low molar mass compounds 
and of side-chain polymers, where layers are free to slide 
past each other in the direction of shear, it is surprising 
that it is found in main-chain polymers. The usual mode 
of orientation in nematic*s36 and smecti~,~'-39 as well as 
crystalline, phases of melt-drawn main-chain polymers is 
one where the chains are parallel to the draw direction. 
Sliding of smectic layers is not easily visualized in BPE- 
X /  Y ( A / B )  polymers, unless a substantial fraction of chains 
form reentrant folds within the spacer layers. This latter 
possibility is not to be excluded in the case of polymers 
with long spacers such as BPE-10/12(1/1). 

The fact that the orientation achieved by  melt drawing 
of BPE-10/12(1/1) was invariably poor may possibly be 
traced to the opposing and competing tendencies of both 
smeqtic layers and polymer chains to align parallel to the 
draw direction. 
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