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ABSTRACT: In order to investigate the limits of macromolecular chain flexibility tolerated by the nem- 
atic state, a new group of polyethers has recently been synthesized, where not only the spacer but also the 
mesogen provide a degree of flexibility. This is achieved by introducing a rotationally mobile ethylene 
group linking the two phenyl rings in the l-(4-hydroxyphenyl)-2-(2-methyl-4-hydroxyphenyl)ethane (MBPE). 
These *mesopens” are separated by flexible -O(CHz),,O- spacers, where n is either a single value (homopoly- 
mers) or has two different values (copolymers). Results of X-ray diffraction studies of MBPE polymers 
using the simultaneous X-ray diffraction and DSC technique (XDDSC) conclusively prove the existence of 
the nematic phase in most homopolymers and all copolymers. Depending on the polymer, the phase is 
either mono- or enantiotropic. While in a few cases the phase is thermodynamically stable, in most cases 
it is metastable. The weak first-order transition below the I-N transition temperature appears not to be 
the nematic-smectic transition as previously suspected, and its nature is still being investigated. Current 
X-ray evidence shows further that the molecular packing density in the nematic phase is considerably 
higher for polymers with even spacers than it is in polymers with odd spacers. 

Introduction bv introducing a rotationally mobile ethylene group link- - -  
ing the two ghenyl rings in the 1-(4-hjdroxyphenyl)-2- 
(2-methyl-4-hydroxypheny1)ethane (MBPE). Both homo- 
and copolymers were prepared, the latter containing spac- 
ers of tWol-3 or three4 different lengths in a random 
sequence, 

The beneficial effect of liquid crystallinity in the pro- 
cessing of polymers with superior mechanical properties 
is now well established. However, in order to facilitate 
processing of main-chain nematogenic polymers, the intro- 
duction of flexible spacers into the chain has been exper- 
imented with extensively. In order to investigate &ill 
further the limits of flexibility tolerated by the nematic 
s ta te ,  a new group of polyethers has recently been 
synthesized,1-4 where not only the spacer but also the 
mesogen provide a degree of flexibility. This is achieved 

t Present address: School of Materials, University of Sheffield, 

Original studies by DSC and optical microscopy sug- 
gested that the polymers exhibit liquid-crystal phases, 
presumed nematic and possibly also smectic. Presently 
we show results of X-ray diffraction studies of MBPE 
polymers using the simultaneous X-ray diffraction and 
DSC technique (XDDSC).5 The results conclusively prove 
the existence of the nematic Phase in most homopoly- 
mers and all copolymers. Depending on the polymer, the Northumberland Road, Sheffield SI0 2TZ, U.K. 
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phase is either mono- or enantiotropic. While in a few 
cases the phase is thermodynamically stable, in most cases 
it is metastable. In addition, it will he shown that the 
nematic phase in polymers with even spacers is consid- 
erably more ordered than that in polymers with odd spac- 
ers. 

Materials a n d  Methods 
MBPE homo- and copolyethers of the chemical formula 

Macromolecules. Vol. 23, No. 14, 1990 

were synthesized as described in ref 1-3. Here m # n denotes 
copolymers and m = n homopolymers. 

Thermotropic behavior was initially investigated by polariz- 
ing optical microsmpy and by DSC (Perkin-Elmer DSC-7). Fiber 
X-ray diffraction patterns showed rich polymorphism in the 
crystalline state, as will be described separately.fi The main 
technique used in the present work is simultanenus X-ray dif- 
fraction and differential scanning calorimetry (XDDSC).s 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 unambiguously he related 
to the features (peaks) in the thermogram, and transient meta- 
stable phases, as well as those existing in a narrow temperature 
range, can he easily identified. The powerful X-ray beam was 
provided by the synchrotron source at Daresbury. U.K. The 
technique has originally been introduced by Russell and 
Koberstein,’ and the details of our improved version are given 
elsewhere.s 

Resul t s  and Discussion 
MBPE-9 Homopolymer. DSC heating and cooling 

thermograms of a typical MBPE homopolymer, MBPE-9, 
are shown in parts a-c of Figure 1. There is only one 
endotherm on heating, attributed to crystal melting directly 
into the isotropic phase (note t h a t  t h e  small broad 
endotherm below the main melting peak in Figure l a  is 
due to the small fraction that crystallized on quenching 
subsequent t o  the annealing). On cooling, however, two 
exotherms appear if the cooling rate is low (Figure IC). 
The phase between the two exotherms has been pre- 
sumed monotropic nematic.l.2 On faster cooling, the crys- 
tallization exotherm (the lower exotherm of Figure IC) 
is further supercooled to expose yet another small exo- 
therm a t  60 “C (Figure lb) .  This has been tentatively 
attributed to the nematic-smectic transition.1.2 

Typical polarizing optical texture produced upon the 
first exothermic transition during cooling a MBPE poly- 
mer from the isotropic state is shown in Figure 2, MBPE-9 
being the example. On the basis of such textures, it has 
been proposed previously1 that the first anisotropic phase 
produced on cooling is nematic, although clear Schlieren- 
type nematic textores could not he created by annealing 
since crystallization would intervene. For the same rea- 
son the conjecture that the lower temperature phase, below 
the small sharp exotherm, is monotropic smectic could 
not he tested properly either. No apparent change in 
texture takes place upon this transition, and annealing 
again leads to crystallization. Conventional X-ray dif- 
fraction experiments were also limited by the transient 
nature of the presumed liquid crystal phases and, to some 
extent, by their narrow temperature interval. Thus, we 
resorted to the XDDSC technique, which appeared ide- 
ally suited to resolving problems of this kind. 

For reference, in Figure 3 we show the room-tempera- 
ture X-ray diffractogram of the MRPE-9 homopolymer, 

TEMPERATURE (TI 
Figure 1. DSC thermograms of MRPE-9 (a) heating scan of 
the polymer previously annealed at 87 OC; (b) cmling scan, rate 
-20 “Clmin: (c) cooling scan, rate -2 “C/min. 

” 
Figure 2. Optical micrograph of MRPE9. taken through c d  
polars at IO “C immediately on cooling from the isotropic melt. 

M B P E - 9  
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Figure 3. Room-temperature X-ray diffractogram of homopoly- 
mer MBPE-9, which had been annealed at  85 “C.  
which had been annealed at 85 OC. The material is clearly 
crystalline. For completeness, in Figure 4 the diffrac- 
tion pattern is shown of a melt-drawn and annealed fiber 
of the same material. Crystal structures will he dis- 
cussed elsewhere.fi 
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Figure 5. Simultaneous X-ray/DSC (XDDSC) cooling scan 
(-2 "C/min) for MBPE-9 (a) thermogram. (b) diffractograms 
(one every 2 "C) .  Bold diffractograms correspond to arrowed 
positions in the thermogram: Cr = crystal, N = nematic. I = 
isotropic. 

The  results of a cooling XDDSC scan of MBPE-9 
homopolymer are shown in Figure 5. The cooling rate 
was 2 "C/min. The thermogram, which was recorded 
during the actual XDDSC run, is shown in Figure 5a. I t  
features two exotherms, in agreement with the DSC-7 
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Figure 6. DSC thermograms of copolymer MBPE-5.7 (1:l 
comonomer ratio): (a) heating scan of the sample previously 
annealed at60 "C; (b) cooling scan; (c) reheating scan after cool- 
ing. Rate of heating and cooling: 20 OC/min. 

trace in Figure lb. Diffractograms in this run were 
recorded as 30-s time frames, Le., every degree Celsius. 
These are displayed in Figure 5b, after coadding consec- 
utive pairs of frames; hence, each curve in Figure Sb cov- 
ers a temperature interval of 2 OC. The  two bold ther- 
mograms correspond to arrowed positions, i.e., to exo- 
thermic peaks, in the DSC trace (Figure Sa). 

The main point to note in Figure 5h is that the phase 
between the two exothermic transitions is indeed amor- 
phous. Not only are there no wide-angle reflections present 
but there are no low-angle peaks either. Thus the phase 
is neither crystalline nor smectic, and since it is birefrin- 
gent, it can be unambiguously identified as nematic. This 
confirms previous tentative conclusions about the liquid 
crystal forming ability of this material.'-' More gener- 
ally, it clearly illustrates that  rigid moieties are not nec- 
essarily required to render a polymer nematogenic. I t  is 
evident that  semiflexible units, like diphenylethane, are 
also capable of lending liquid-crystal properties to a mac- 
romolecule, even where such units are themselves linked 
by fully flexible spacers. This conclusion will be further 
substantiated by additional examples below. 

The lower temperature exotherm in Figure 5a clearly 
represents crystallization. However, note that the crys- 
tal form in Figure 5b is not the same as that in Figure 4. 
The  present form is metastahle and will transform into 
that of Figure 4 upon heat annealing. I t  may be men- 
tioned that the diffraction patterns in Figures 3 and 4 
in fact represent superposed patterns of two similar forms 
present in the annealed sample.6 As in other segmented 
mesogenic  polymer^,^,^ there is an abundance of crystal 
polymorphs in most homo- and copolymers studied.6 

MRPE-5.7 Copolymer. Thermograms of MBPE-5,7, 
a typical representative of MBPE copolymers with odd- 
numbered spacers, are shown in Figure 6. In this poly- 
mer -O(CH&,O-and -O(CHz),O-spacen, in a 1:l molar 
ratio, are randomly distributed along the chains, and crys- 
tallization is suppressed relative to either of the parent 

A well-annealed specimen gives only 
one melting endotherm on heating (curve a; note that 
the small step in the base line a t  65 "C results from the 
annealing a t  60 "C and that its position varies with the 
annealing temperature; this effect is well documented for 
aromatic polymers; see, e.g., ref 12). On cooling two exo- 
therms are seen (curve b), and on immediate reheating 
the two transitions reappear in reverse order (curve c). 
Such behavior is also typical of most other copolymers 
with odd-numbered spacers, such as MBPE-S,9, MBPE- 



3414 Ungar et al. 

.5?E 2 - 

Macromolecules, Vol. 23, No. 14, 1990 

I" I 

' i 

' I  

> )  0 7 l 0  B 5Q 5 85 5 3Q 1 5 1  30 

Bragg spacing A ,  
Figure 7. Room-temperature X-ray diffractogram of copoly- 
mer MBPE-S,7, which had been annealed at 65 "C. 

7,11, and MBPE-9,ll .  Within the practicable range of 
cooling rates the two exotherms remain unchanged, unlike 
the situation in MBPE-9 parts b and c of Figure 1. The 
lower temperature peak in the copolymers is smaller in 
area than the higher one, and it is always sharp. The 
enthalpies of the upper and lower exotherm in MBPE- 
5,7 are, respectively, 0.7 and 0.17 kJ/mol repeat unit, while 
in MBPE-9 they are 1.1 and 2.5 kJ/mol repeat unit (for 
the present purpose the repeat unit of the 1:l MBPE- 
5,7 copolymer is taken as the repeat unit of homopoly- 
mer MBPE-6). 

The diffractogram in Figure 7 confirms that the annealed 
copolymer is crystalline a t  room temperature. The  
XDDSC heating run performed with such a sample indeed 
shows that the crystals melt a t  78 "C (cf Figure 6a). 

It is an interesting finding, revealed by the present exper- 
iments on MBPE-5,7, that  on cooling from the isotropic 
melt all three phases that appear are amorphous; i.e., nei- 
ther of them displays any wide- or small-angle diffrac- 
tion peaks, apart from the broad amorphous halo. The 
low-temperature amorphous phase in MBPE-5,7, as well 
as in other copolymers such as MBPE-7,9 and MBPE- 
5,9, can be frozen a t  room temperature (glass transition 
temperature is around 15 "C). On reheating, such a non- 
equilibrium sample undergoes the reverse sequence of 
phase transitions. A reheating XDDSC scan is shown in 
Figure 8 for MBPE-5,7. Immediately prior to the scan, 
the specimen was cooled a t  5 "C/min. As seen in Fig- 
ure 8b, there is no noticeable change in the powder dif- 
fractogram on going through the two first-order transi- 
tions, apart from some change in position and width of 
the amorphous halo, which will be discussed further below. 
Optical studies have shownlJ that both low-tempera- 
ture phases are birefringent, displaying fine grain tex- 
ture. Unfortunately, attempts to develop coarser tex- 
tures by annealing failed due to incipient crystallization. 
In view of the fact that both low-temperature phases show 
only amorphous scattering and that they are optically 
anisotropic, one would conclude that both phases are nem- 
atic, and the possibility of a new type of transition13 may 
not be ruled out. A more detailed study of this unusual 
phase behavior is currently under way. For the present 
purpose we shall denote the lower temperature phase as 
phase X. I t  should be noted that the "nematic-X" tran- 
sition is consistently occurring in most copolymers with 
odd spacers, as well as in some homopolymers (e.g., the 
middle exotherm in the fast cool thermogram of MBPE-9; 
Figure IC). 

As is clear from this example, the nematic phase in 
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Figure 8. XDDSC heating scan (5 OC/min) for MBPE-S,7 pre- 
viously cooled from the isotropic phase at -5 "C/min: (a) ther- 
mogram, (b) diffractograms (one every 2 'C). Bold diffracto- 
grams correspond to arrowed positions in the thermogram. 

MBPE copolymers with odd spacers can be easily made 
enantiotropic, i.e., to appear both on cooling and reheat- 
ing, even though it is metastable (cf. the discussion of 
metastable polymeric mesophases in ref 10). 

MBPE-8,10 Copolymer. MBPE polymers with an even 
number of carbon atoms in their flexible spacers have a 
somewhat different phase behavior than the odd MBPEs.~  
Both the crystal melting points and isotropization tem- 
peratures, where a suspected N-I transition occurs, are 
higher than in the odd members. Most homopolymefs 
do not actually show mesophases, while in a number of 
copolymers, a thermodynamically stable nematic phase 
is s u ~ p e c t e d . ~  Here we show the example of MBPE-8,10 
where two strong first-order transitions are observed on 
both heating and cooling (Figure 9a,b). The intermedi- 
ate phase is birefringent and no amount of annealing will 
dispense of it; i.e., it  is an equilibrium phase. A XDDSC 
heating scan is shown in Figure 10. I t  confirms the pre- 
viously tentative assignment3 of the phases as crystal- 
line, nematic, and isotropic, in the order of ascending 
temperatures. No "N-X" transitions were observed with 
even-spacer polymers. 

Packing Density in Nematic Polymers with Even 
and Odd Spacers. In all polymers studied in this work 
there is a significant shift in the position of the amor- 
phous peak upon the I-N transition toward smaller spac- 
ings (larger angles). This is accompanied by some decrease 
in peak width. The reverse happens on the N-I transi- 
tion, where such transition is observed (see Figure 8). 
This behavior indicates that, with respect to the isotro- 
pic phase, improved intermolecular contact and correla- 
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Figure 9. DSC thermograms of copolymer MBPE-8,10 (1:1 
comonomer ratio): (a) heating scan; (b) cooling scan. Scan rate: 
20 "C/min. 
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Figure 10. XDDSC heating scan (5 OC/min) for MBPE-8,10 
previously cooled from the isotropic phase at -5 OC/min: (a) 
thermogram, (b) diffractograms (one every 3 "C). Bold diffrac- 
tograms correspond to arrowed positions in the thermogram. 

tion is found in the nematic phase. This is a general 
feature of the nematic state. 

In order to  illustrate these effects in a more quantita- 
tive way, the mean amorphous peak position, expressed 
as Bragg spacing in angstroms, was calculated as 

5 7 7 - - - - - - - - - - - -  ------- 

5 5-1 

LO 60 80 100 120 
T I 'C)  

Figure 11. Mean amorphous scattering peak position ( r )  (see 
eqs 1 and 2) vs temperature for homopolymer MBPE-9 (A) and 
copolymers MBPE-5,7 (+) and MBPE-8,10 (0). The main jump 
in ( r )  corresponds to the N-I transition, and the small jump in 
MBPE-5,7, marked by an arrow, corresponds to the "N-X" tran- 
sition. 

where the mean wavevector (s) is given by 

J ) i  ds 
(s) =- 1:i ds 

i is the uncorrected scattered intensity and SI and sz are 
appropriate integration limits. ( r )  can be viewed as an 
arbitrary empirical parameter of the radial distribution 
function, which, in turn, is determined by molecular cor- 
relations in the liquid. The temperature dependence of 
( r )  is shown in Figure 11 for MBPE-9 (cooling), MBPE- 
5,7 (heating), and MBPE-8,10 (heating). 

The jump in ( r )  upon the N-I transition is clearly seen 
in Figure 11 for all three polymers. An additional small 
jump of about 0.02 A (marked by an arrow) is observed 
in MBPE-5,7 a t  the N-X transition temperature. As would 
be expected, the ( r )  values for the isotropic phase of all 
three polymers fall on the same line (dotted line in Fig- 
ure ll), which is ascending with temperature due to ther- 
mal expansion. The isotropic melt can be taken as the 
reference state; its structure ought not to be signifi- 
cantly affected by the length of the flexible spacers as 
these should have a fairly random conformation anyway." 
The notable distinction between the polymers in Figure 
11 is in the amount by which ( r )  drops upon the transi- 
tion into the nematic phase. This drop, A ( r ) ,  is signifi- 
cantly larger in MBPE-8,10 than in the two polymers 
with odd spacers, MBPE-9 and MBPE-5,7. A ( r )  is 0.18 
A for MBPE-8,10, but only 0.10 8, for MBPE-9, and 0.08 
8, for polymers MBPE-5,7 and MBPE-7,9 (the latter is 
not shown). We interpret this difference in A ( r )  as indi- 
cating that molecular packing in the nematic phase is 
significantly denser for the polymer with even spacers 
(MBPE-8,10), compared with that in polymers with odd 
spacers. 

The latter conclusion is also supported by the mea- 
sured values of the entropy of the N-I transition. A selec- 
tion of these values is listed in Table I for a number of 
MBPE polymers with even and odd spacers. The tran- 
sition entropy for polymers with even spacers is seen to 
be consistently higher than those for odd-spacer poly- 
mers, by a factor of 2.5 on average. The higher packing 
density, and hence lower enthalpy, of the nematic phase 
is also reflected by Ti, which is by about 40 "C higher 
for even spacer polymers than that for their odd-spacer 
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atic polymer; even when interchange between extended 
and bent conformations is allowed in both the spacer and 
the "mesogen", nematic state is still possible. The simul- 
taneous DSC and X-ray technique employed proved to 
be very useful in studies of this kind, especially where 
transient metastable phases, or phases occurring in a nar- 
row temperature range, are investigated. 

2 .  The suggested existence of a metastable smectic phase 
in MBPE polymers122 is not supported by present exper- 
iments: neither crystalline nor smectic reflections are found 
below the sharp first-order transition occurring in odd- 
spacer copolymers below the I-N transition. The possi- 
bility of it being a nematic-nematic transitionI3 is cur- 
rently being investigated. 

3. I t  is shown that the nematic phase in polymers with 
even spacers is considerably more densely packed than 
that in polymers with odd spacers. 

Table I 
Temperatures (Ti) and Entropies (A&) of N-I Transition 

and the Change in Mean Amorphous Scattering Peak 
Position, A ( r )  for Odd- and Even-Spacer MBPE Polymers ____ 

T,, "C ASl ,  cJ/mol repeat unit/K A( r ) ,  A- 
MBPE-8,10 120 27 
MBPE-8,12 119 27 
MBPE-10,12 113 29 

0.18 

average (even) I17 28 (0.18) 

MBPE-5.7 70 8.6 0.08 
MBPE-i,9 79 12 0.08 
MBPE-9,11 81 i 3  
MBPE-9 54 13 0.10 

average (odd) 76 11.6 0.09 

counterparts. As has been proposed previously," there 
is a rationale for a higher nematic order in polymers with 
even spacers: in such polymers the lowest energy all- 
trans conformation of the alkylene spacer would keep 
the attached mesogenic moieties parallel to each other, 
a favorable situation overall. On the other hand, for an 
odd number of carbon atoms within the spacer, the adja- 
cent mesogens attached to the terminal atoms would be 
at  a considerable angle to each other. This is unfavor- 
able for chain packing; thus, from a purely energetic con- 
sideration, a compromise will need to be established 
between the opposing tendencies for parallel alignment 
of mesogens and for the minimum energy conformation 
of the spacer. 

Conclusion 
The main results of the present XDDSC study of the 

newly available polymers with semiflexible mesogens and 
flexible spacers are as follows: 

1. It  is conclusively proven that macromolecules as 
flexible as MBPE polyethers can exhibit the nematic phase, 
which is either monotropic or enantiotropic. Thus rigid 
linear mesogens are not essential ingredients of a nem- 
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