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Abstract 

A series of polyethers have been synthesized from 1-(4-hydroxy-4'-biphenyl)-2-(4-hy- 
droxyphenyl)propane and ct, o~-dibromoalkanes having different numbers of methylene units 
[TPPs]. Both odd- and even-numbered TPPs [TPP(n=odd)s and TPP(n=even)s) exhibit multiple 
transitions during cooling and heating and they show little supercooling dependence, indicating 
close-to-equilibrium nature of these transitions. Combining the structural characterization ob- 
tained via wide angle X-ray diffraction powder and fiber patterns at different temperatures and 
the morphological observations from mieroseopy techniques, not only the nematie liquid crystal- 
line phase but also highly ordered smeetic F, smectic crystal 0 and H phases have been identi- 
fied. The phase diagrams for both TPP(n=odd)s and TPP(n=even)s have been constructed 
[1-3]. Thermodynamic properties (enthalpy and entropy changes) during these transitions are 
studied based on differential scanning calorimetry experiments. The contributions of the meso- 
genie groups and methylene units to eaeh ordering process can be separated and they indicate the 
charaeteristies of these processes thereby providing estimations of the transition types. 

Keywords: DSC, Gibbs energy, liquid crystalline polyethers 

Introduction 

The classification of the distinct liquid crystalline phases in small-molecule 
liquid crystals has been well established (Fig. 1) [4, 5]. The least ordered liquid 
crystalline phase is the nematic (N) phase which only possesses molecular ori- 
entational order due to the anisotropy of the molecular geometric shape. The 
smectic A (SA) or smectic C (Sc) phase introduces a layer structure in addition 
to the molecular orientation. In the S^ phase the molecular long axis is parallel 
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to the layer normal while in the Sc phase this axis is tilted away from the layer 
normal. Following the SA phase the hexatic B (HB), smectic crystal B (SB) and 
smectic crystal E (SD phases are observed. In this series the long axis of the 
molecules is oriented perpendicular to the layer surface while order is increas- 
ingly developed from positional order normal to the layer in SA, bond orienta- 
tional order in HB, positional order within the layers in SB and, finally, 
asymmetric axial site symmetry in SE [4, 5]. After the Sc phase, two subclasses 
of highly ordered smectic phases are recognized. The difference between these 
two series lies in the tilt directions: the smectic F (SF), smectic crystals G (S~) 
and H (SH) possess the long axis tilted towards one side while the long axis di- 
rections in the smectic I (S0, smectic crystals J (Sj) and K (SK) are tilted towards 
one apex (Fig. 1). The development of order in both cases is correspondingly 
identical as in the first series from SA to SE. Furthermore, the SF, SG, St and Sj 
phases exhibit hexagonal packing when viewed parallel to the long axis. The 
packing of the tilted long axis leads to a monoclinic lattice (for SF and SG phases 
a > b and for S~ and Sj phases a < b). In the SH and S~ phases, an orthorhombic, 
herringbone type of packing exists [4, 5]. To identify these highly ordered 
smectic phases in small-molecule liquid crystals, wide angle X-ray diffraction 
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(WAXD), calorimetry, polarized light microscopy (PLM) and phase mixing ex- 
periments are usually utilized [4]. 

In the last two decades, efforts have been made on understanding the transi- 
tion behavior of the main-chain liquid crystal polymers [6]. It has been known 
that a liquid crystal transition from the isotropic melt usually exhibits a thermo- 
dynamic first-order transition [7], which is defined that the first derivatives of 
the Gibbs energy are discontinuous, and occurs close-to-equilibrium. This be- 
havior is reflected by the cooling-rate independence of the transition. Such be- 
havior can be easily determined through differential scanning calorimetry 
(DSC). On the other hand, structural changes during the transition can be char- 
acterized via WAXD powder and fiber experiments. In some cases, quantitative 
descriptions of defects may be obtained from PLM. For semicrystalline poly- 
mers having a liquid crystal state, the 'lamellar decoration' method using trans- 
mission electron microscopy (TEM) [8, 9] has also been developed to establish 
relationships between molecular characteristics, such ffs chain rigidity, molecu- 
lar weight, and Frank constants. Molecular motions in different liquid crystal 
phases have also been investigated via 13C-solid state nuclear magnetic reso- 
nance. The nematic phase has been the most commonly reported phase in main- 
chain liquid crystalline polymers. Recently, some studies have shown that SA, 
Sc or higher ordered smectic phases may also be possible in these polymers 
[10-14]. The difference between polymers and small-molecule liquid crystals is 
the covalent connectivity existing in the polymer case. Despite this difference 
we can show that highly ordered SF, SG and Sa phases are also found in a series 
of main-chain liquid crystalline polyethers. 

Experimental section 

Materials 

The polyethers were synthesized from 1-(4-hydroxy-4'-biphenyl)-2-(4-hy- 
droxyphenyl)propane (TPP) and % m-dibromoalkanes. The detailed synthetic 
procedure has been reported in an earlier publication [15]. Molecular weights 
of the samples were ranged between 20 000 and 50 000 based on gel permea- 
tion chromatography experiments using polystyrene as standards. The chemical 
structure of the TPPs is shown below: 

~ O  --(CH2).~- 

Instrument and experiments 

DSC experiments were carried out in a Perkin-Elmer DSC-7. The temperature 
and heat flow scales at different cooling and heating rates (2.5--40~ min -1) were 
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carefully calibrated using standard materials. Typically, the DSC sample size 
was 2-3 mg. When fast cooling and heating rates were applied the sample 
weight was reduced to less than 0.5 mg to avoid thermal gradients within the 
samples. The samples were heated to above their melting temperatures and hold 
there for two minutes and then cooled to below the glass transition temperature 
at different cooling rates. The consecutive heating was also performed at a rate 
which was equal to or faster than the prior cooling rate. When the DSC cooling 
curves were used to analyze the transition behavior, the onset temperature of the 
transition in the high temperature side was determined. When the heating 
curves were used, the onset temperature was found from the low temperature 
side. When the peaks were overlapped, those were resolved using PeakFit pro- 
gram published by Jandel Scientific. Asymmetric double sigmoidal function 
was used for the peak resolution. 

Wide angle X-ray diffraction (WAXD) experiments were performed on a Ri- 
gaku 12 kW rotating anode generator (CuK~ radiation) equipped with a 
Siemens two-dimensional area detector with built-in hot stage to determine the 
temperature dependence of the unit cell dimensions. The refinement of unit cell 
dimension was carried out via a program developed in our laboratory. 

Results and discussion 

Figures 2a and 2b show phase diagrams for TPP(n=odd)s and 
TPP(n=even)s, respectively [1-3]. Due to the well-known odd-even effect of 
the methylene units, the transition temperatures and phase boundaries of the 
diagrams are significantly different. It is important that the transition tempera- 
tures in these phase diagrams must be in thermodynamic equilibrium. Based on 
our DSC results at different cooling and heating rates in the range between 2.5 
and 40~ min -l, these phase transitions in this series of polyethers show little 
supercooling and superheating dependence as shown in Figs 3 to 6 for 
TPP(n= 11, 17, 8 and 16), respectively, as examples [1-3]. This is a clear in- 
dication that these transitions are close-to-equilibrium. With increasing the 
number of methylene units a tendency of slightly increasing supercooling or su- 
perheating may be found. Additionally, the enthalpy change for each transition 
is also almost cooling- or heating-rate independent [1-3], which further reveals 
the equilibrium status of the phase transitions. The enthalpy and entropy 
changes at each phase transition in the liquid crystalline states for all the TPPs 
are listed in Table 1. The supercooling of each transition in the cooling-rate 
range between 2.5 and 40~ rain -1 is also included in this table. Since the DSC 
results provide precise information about the heat release or absorption during 
the transitions, sudden change in enthalpy, entropy and volume at the transition 
manifests the nature of the first-order transitions based on the thermodynamic 
definition [7]. It should be aware that however, DSC experiments do not give 
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rise to information of the structural changes during these transitions. As a re- 
suit, the assignment of each phase in Figs 2a and 2b has to be identified via 
structural characterizations such as WAXD and electron diffraction (ED) ex- 
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T a b l e  1 The transition enthalphy and entropy changes of  TPPs at each phase  transit ion 
temperature  

I --> N l or  N--~ Sv SF --~ S~ Sc --~ SH 
n 

AH AS AH AS AH AS AH AS 

4 6.66 11.96 7,85 14.21 3.74 7.44 3.58 8.42 

5 4.74 10.48 2.68 6.70 1.99 5.08 - - 

6 7.35 14.25 8.05 15.92 4.35 9.00 5.49 13.38 

7 6.21 13.76 3.45 8.40 2.78 6.92 - - 

8 8.20 16.73 8.46 17.46 4.95 10.69 7.39 17.14 

9 7.34 16.56 4.24 10.34 3.77 9.36 - - 

10 - - 17.92 37.97 5.70 12.58 9.30 22.86 

11 8,48 19.36 5.23 12.50 4.71 11.54 10.15 25.89 

12 - - 18.84 41.20 6.45 14,90 11.20 26.61 

13 9.94 23.11 6.40 14.28 5.58 13.78 11.96 30.84 

14 - - 19.87 44.61 7.05 16.59 13.11 30.99 

15 - - 18.14 42.15 6.21 15.44 13.69 35.01 

16 - - 20.90 47.73 7.65 18.08 15.01 35.66 

17 - - 20.20 46.96 7.71 17.53 15.50 40.37 

18 - - 22.13 51.99 8.25 19.72 16.92 40.76 

19 - - 22.43 52.17 8.56 19.55 17.21 44.66 

20 - - 23.25 54.72 8.84 21.25 18.82 45.59 

AH is in kJ mo1-1 and AS is in J (K mol) -1 

periments coupled with morphological observations. Combining Table 1 and 
Figs 2a and 2b, it is interesting that the enthalpy and entropy changes of the 
transitions associated with N and SF phases are relatively large compared with 
those in the transitions of S~ and SH phases. In particular, the Sv---> Sc phase 
transitions show very small enthalpy and entropy changes. 

The N phase is the most commonly observed phase in main-chain liquid 
crystalline polymers. This phase possesses one-dimensional orientational order 
along the long axis of the molecules while the lateral packing is still liquid-like. 
The I ---> N phase transition in the liquid crystalline polymers can be clearly ob- 
served via DSC and it shows a first-order transition with relatively small 
entropy and enthalpy changes during the transition [16]. From Figs 2a and 2b, 
the phase diagrams indicate that the I ---> N transition exists in odd-TPP(n<_13)s 
and even-TPP(n<8)s [1-3]. Figure 7 shows the relationships between the tran- 
sition enthalpy change and the number of methylene units for both TPP groups. 
This kind of plot was first reported by Blumstein et al. for another main-chain 
liquid crystalline polymer [17, 18]. It is clear that linear relationships of the 
transition properties with respect to the number of methylene units (up to 
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n=20) are found and the enthalpy changes for the TPP(n =odd)s are relatively 
small compared with those in TPP(n=even)s. This is due perhaps to the odd- 
even effect which affects the mesogenic group packing and orientation 
correlation due to methylene unit conformation. Since the equilibrium transi- 
tion temperatures are known from Figs 2 and 3, the entropy changes at the 
transitions can be calculated via the well-known thermodynamic relationship 
A S = z ~ I / T  and shown in Fig. 8. Both Figs 7 and 8 illustrate that the nematic 
structure in TPP(n = even)s is more ordered than that in TPP(n = odd)s. Further- 
more, the slopes in Figs 7 and 8 roughly represent the contribution to the 
thermodynamic transition properties per mole of methylene units while the in- 
tercepts, which are extrapolated to zero methylene unit, should be the 
thermodynamic properties solely attributed to the mesogenic groups. For the 
I ~ N transition, the results are listed in Table 2. The enthalpy and entropy 
changes of the mesogenic groups in TPP(n = even)s are much greater than those 
in TPP(n=odd)s [5.01 kJ mol -~ vs. 1.64 kJ mol -~ for the enthalpy changes and 
7.65 J (K mol) -~ vs. 2.80 J (K mol) -1 for the entropy changes, respectively]. On 
the other hand, those changes of the methylene units in TPP(n=even)s are 
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slightly smaller than those in TPP(n=odd)s [0.40 kJ mo1-1 vs. 0.63 kJ tool -1 for 
the enthalpy changes and 1.12 J (K mol) -l vs. 1.54 J (K mol) -~ for the entropy 
changes, respectively). This reveals that the structural order in the nematic 
phase for TPP(n=even)s is mainly attributed to the mesogenic groups. This in- 
dicates that both the mesogenic group and methylene unit may play different 
roles to stable the liquid crystalline state. When the minimum energy necessary 
for stabling a liquid crystalline phase is determined (an ultimate thermodynamic 
stability of a specific phase), a balance of the contributions from both the meso- 
genic group and methylene unit may be achieved. A higher contribution from 
the mesogenic group to the energy may lead to a less interaction introduced 
from the methylene units. Similar observations can also be found in other main- 
chain liquid crystalline polymers [ 11]. 

The thermodynamic transition properties of the I ~ N and N --~ SFtransition 
for odd-TPP(n<13)s and even-TPP(n_<8)s as well as the I ~ SF transition for 
odd-TPP(n>_15)s and even-TPP(n>10)s are shown in Figs 9 and 10. The linear 
relationships between these properties and the number of methylene units (simi- 
lar to Figs 7 and 8) can be found. Again, the slopes and intercepts possess the 
same physical meanings as described above. Specifically, it is important to note 
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that in these two figures the transition enthalpy and entropy changes for odd- 
TPP(n>15)s and even-TPP(n>10)s are only attributed to the single transition 
process directly from the isotropic melt (the I ~  SF transition), while for 
odd-TPP(n_<13)s and even-TPP(n___8)s these changes are the summation of the 
contributions from the two transition processes, namely, the I ~ N and N ~ SF 
transitions. Surprisingly, all the data fit well into the same linear relationships. 
It is thus expected that an additive scheme holds in these thermodynamic prop- 
erties. This indicates that Ostwald's law of successive states can be used to 
describe this scheme which says that a phase will occur step-by-step through 
successively more stable polymorphs [19]. Furthermore, the quantitative data 
show that the mesogenic group contributions to the enthalpy and entropy 
changes of this transition in TPP(n=even)s are almost five times greater than 
those for TPP(n = odd)s. On the other hand, the methylene unit contributions to 
these changes for TPP(n=odd)s are more than two times of those in 
TPP(n=even)s. The detailed results are listed in Table 2 for comparison. 

Further cooling the TPP samples leads to the appearance of transition pro- 
cesses which indicates continuous ordering (Figs 2 and 3). The SF-+ Sa 
transition can be observed in all TPP(n= odd)s and TPP(n= even)s. Figures 11 
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and 12 show the linear relationships between the thermodynamic transition 
properties with the number of methylene units and again, the data are listed in 
Table 2. An important observation here is that for TPP(n=odd)s the extrapola- 
tions of both the relationships to zero methylene unit (intersect) are very close 
to zero. This indicates that the ordering process of this SF ---> Sa transition is ba- 
sically attributed to the methylene units and the mesogenic groups do not 
contribute. However, in the cases of TPP(n=even)s, the transition enthalpy and 
entropy changes for the mesogenic groups are 2.45 kJ mol-" and 
3.85 J (K mol) -~, respectively. Also, note the non-zero contribution from the 
methylene units (Table 2). This reveals that the formation mechanism of this SG 
phase in TPP(n=odd)s is intrinsically different from that in TPP(n=even)s. 
Note that the small enthalpy changes in this transition fit well with the observa- 
tions of this transition in small-molecule liquid crystals [4]. Furthermore, it is 
evident that the SF--, Sa phase transition is not a second- or even higher-order 
transition as speculated previously. 

From WAXD experiments, it is also interesting to find that the unit cell di- 
mensions along the a- and b-axes show small, but sudden, changes at the tran- 
sition temperature of the SF ---> Sa. Their first derivatives with respect to the 
temperature, the coefficients of thermal expansion of those axes, also exhibit dis- 
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continuous changes [20]. This clearly indicates that the SF---> S~ transition pos- 
sesses the characteristics of a thermodynamic first-order transition [7]. Figure 13 
shows the a- and b-axis changes for TPP(n=9) as an example. From Fig. 2a, it is 
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clear that the SF ~ SG transition occurs at 129~ Below 129~ down to the 
glass transition temperature no transition can be observed in the DSC experi- 
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ments. This indicates that the So phase is retained down to the glassy state. In 
the So phase, the dimensional change of the a-axis (8.9x10-4+ 0.3x10 ~ nm/~ 
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is greater than that of the b-ax is (1.10x 10 -4 _+ 0.3 x 10-4 nm/~ and these changes 
are caused by thermal expansion since linear changes of the dimensions with 
temperature are found (Fig. 13). This implies that constant coefficients of thermal 
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Table 2 The transition enthalpy and entropy changes for methylene units and mesogenie groups 
for the liquid crystalline transitions 

zSY//kJ mol -t AS/J (K mol) -l 

Transition Mesogene Methylene Mesogene Methylene 

Odd 

Even 

1 ~ N 1.64 0.63 2.80 1.54 

N ----> SF 0.50 0.43 1.78 0.96 

l---~ SF 2.14 1.06 4.58 2.50 

SF'-~ So =0.00 0.42 ~0.00 1.04 

SO ~ Sn =0.00 0.92 =0.00 2.35 

l --~ N 5.01 0.40 7.65 1.12 

N--~ SF 7.15 0.16 11.43 0.73 

1--~ SF 12.16 0.56 19.14 1.81 

SF--~ So 2.45 0.32 3.85 0.89 

SG ~ SH =0.00 0.95 ,~0.00 2.25 

expansion (CTE) for each axis exist. Above the temperature of 129~ 
TPP(n=9) enters the Sv phase and another set of linear CTE for both the a- and 
b-axes (1.71 x I0-~ 0.3 x 10 -4 nm/o C w'. 1.40x 10-4_+0.3 x 10-4 nm/~ C) can be ob- 
served (Fig. 13). Discontinuous changes at 129~ between the dimensional 
changes in the SF and S~ phases indicate that the SG --+ SF transition is a ther- 
modynamically first order transition. This reveals that, in the S~ or SF phase, 
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Fig. 15 Relationship of entropy change at SG ~ SH transition with the number of methylene 
units for TPP(n=odd)s and TPP(n=even)s 
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the a-axis expands almost one order of magnitude greater than the b-axis. In ad- 
dition, the coefficients of thermal expansion for both the a- and b-axes in the SF 
phase are about 2 and 1.3 times greater than those in the SG phase, respectively, 
thus revealing that the Sa phase retains more solid nature than the SF phase. This 
observation provides additional evidence for the DSC observations and phase 
assignment. 

For TPP(n=odd)s, the SG phase is retained down to their glass transition 
temperatures for n<9. Only TPP(n(11))s show the S~ ---> SH transition (Fig. 2). 
On the other hand, all TPP(n= even)s possess this transition. Figures 14 and 15 
show the linear relationships between thermodynamic transition properties and 
the number of methylene units. It is important to find that the mesogenic groups 
in all the TPPs do not contribute to the enthalpy change during this transition. 
This indicates that the ordering process is solely attributed to the methylene 
units. Moreover, the quantitative values of the contributions for both series of 
TPP(n= odd)s and TPP(n = even)s are close to each other (Table 2). 

Conclusion 

In summary, TPPs show complicated phase transition behaviors. Based on 
the phase diagrams are established, the thermodynamic transition properties of 
various phases obtained from DSC are discussed. It is evident that the concepts 
of highly order smectic phases developed in small-molecule liquid crystals can 
also be utilized in the main-chain liquid crystalline polymers. 

:~ :g :,g 
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