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ABSTRACT: Thermodynamic characteristics of a dimer liquid crystal comprising a relatively long sp@¢eH,-
CH,0)s— were investigated. The contour length of the flexible spas@5(A) exceeds that of the hard segments
(~18 A). The compound exhibits a nematic mesophase (N) between the crystal (C) and the isotropic melt (1)
over a sizably wide temperature range3Q °C). Thermodynamic quantities such as thermal expansion coefficient
o, isothermal compressibility, thermal pressure coefficiept(=a/f), and the volume changgV at the CN and

NI interphase were carefully determined by tA®T measurements. The transition entropies due to volume
expansion were estimated by the well-known relatdd®y = yAV. The latent entropiesAS;)r for both CN and

NI transitions were estimated according to the Clapeyron relation frorP¥ieand DTA data. The magnitude

of the constant-volume entropy changAs()y calculated was found to be about-580% of the corresponding
values of AS;)p. These results were consistent with the previislNMR observations that the chain segments
adopt a nematic conformation in the LC state. The thermodynamic role of the flexible segment in determining
the phase transitions has been critically discussed.

1. Introduction entropies calculated from the spectroscopic observations were

In a series of papefsye have reported the structurproperty shown to be favorably compared with the constant-volume
relation of segmented chain molecules comprising mesogenictransition entropies estimated from thevT analysist’2!
units jointed by intervening flexible spacers. One of the most Accumulation of various evidence suggests that the spatial
important features of these compounds is their ability to form configuration of the flexible spacer and its thermodynamic role
a mesophase between the crystalline (C) and the isotropic (I)femain nearly identical independent of DP from dimer to
molten state. Both boundaries are clearly defined by the first- polymers!
order phase transitions. When the neighboring mesogenic cores Through these studies, we have found that upon cooling from
are separated by a long flexible spacer, the liquid crystalline the jsotropic phase the spatial arrangements which are incom-
(LC) phase formed is often nematic (N). In such a partially patible with the nematic potential field are suppressed at the
ordered state, long c_hain segments exhibit some characteristicphase boundary, leaving a group of well-defined configurations
conformational ordering. o in the nematic LC state. Consequently, the flexible spacer

Since the degree of polymerization (DP) dependence of 455,mes more or less extended conformation in the LC state.
physical properties is expected to be most distinct in the gjnce this is a newly found group of spatial arrangements of
oh_gomer regiorf, a h_omologous series of dimer (a_lso cal_led @ chain molecules, they are termed the nematic conformation.
twin compound), trimer, and polymer LC.S he_1V|mgw-d|- . While the orientational fluctuation of the entire molecule varies
alkoxyalkane spacers were carefully examined in our previous as a function of temperature, the nematic conformation of the

work._ Efforts were made _to e|u<_:|date the conformational spacer remains nearly invariant over the entire range of the LC
ordering of the spacéiby using various methods such #s state

NMR (quadrupolar splitting},® SQUID (anisotropy of the
magnetic susceptibility}011and13C NMR (:3C chemical shift The most popular chain segment used as a spacer is either
tensor, 13C—13C dipolar coupling}?13 Studies were further ~ N-alkane or oxyethylene type. The lowest energy state of the
extended to include the effect of the size and orientation of former is the all-trans planar arrangement, which can be readily
mesogenic unit$! the effect due to the disorientation (tilting ~accommodated in the nematic environment. In contrast, poly-
angle) at the junction jointing the mesogenic unit with the oxyethylene (POE) is known as one of the most flexible
spacef® and the optical anisotropy of the partially ordered polymers, and the chain normally crystallizes in a 7/2 helical
spacer and its contribution to the orientation-dependent attractivearrangement? The OG-CO moiety of the POE chain prefers
interactions'® The main emphasis was placed on the thermo- to take a gauche form in an unconstrained statlucidation
dynamics involved in the formation of the LC state of the main- of the nematic conformation of the oxyethylene spac@CH,-
chain LC compounds.In these studies, the conformational CHy)— (x = 2, 3) has been attemptétiMore recently, the
preparation and the preliminary results of spectroscopic studies
lTok;r/]o Polytechnic University. of dimer LCs (called MBBEx with x = 2—6) have been
Kochi University. 5 iti —
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Chart 1
H3c—©—0ﬁ-©—olcl<©— (OCH,CHy),0 —@—ICITO—@—ICI‘,OQ—CH3
(6] (0] (0] (6]

MBBE-x (x =2~ 9)

x=2 C 191.8 N 3015 I(°C)
x=3 C 1654 N 2834 1(°C)
x=4: C 148.0 N 2429 1(°C)
x=35 C 1322 N 216.1 1(°C)
X=6 C 1066 N 189.8 1(°C)
x=7: C 945 N 1472 1(°C)
x=38: C 91.0 N 1284 1(°C)
Xx=9: C 888 N 1155 1(°C)
Chart 2 by the limited temperature range 30 °C) of the stable isotropic

CN O(CHz)nOCN state, and thus the results are not included.

2. Samples and Measurements
o, ®-Bis(4-cyanobiphenyl-4'-yloxy)alkanes (CBA-n) P

n=9: C 1348 N 173.0 1(°C) The preparation of MBBE-6 has been described previoﬁﬁﬁl.

_ o The phase transition temperatures observed by using a DSC (TA
n=10: C 1646 N 1840 1(0) Instruments Inc. model 2920) are given to the chemical formula
shown in the Introduction. Orientational characteristics of the sample

in the LC state were investigated by thé¢ NMR method, and the
CNO(CHZ)“OO(CHZ)“OCN variation of the order parameter with temperature has already been
reported?®26

A PVT apparatus manufactured by GNOMIX Co. was used to
determine the change in specific volume as a function of temper-

ature and pressure. Measurements were carried out in the isothermal
mode; volume readings were recorded over a pressure range from

10 to 100 MPa at a fixed interval (10 MPa) while the temperature

+©_OC(O)_©—O(CH2)“O_®_C(O)O_©—O(CHZ)“01; was kept invariant. The temperature was then changed HC10
and the process repeated. In the standard measurement, a sample
o of 0.8 g was used. Prior to tHeVT measurements, the density of
n=9: C 140 N 200 I(CO) the sample was determined with a pycnometer (volume ca. 10 mL)
n=10: C 169 N 204 1(C) at 25°C under atmospheric pressure. Calibration was carried out
by using reagent grade ethanol. The density was thus found to be
d?l = 1.26 g cm3.

Following our previous treatment on CBAand CBA-Th,19.21

4,4'-Bis[(o-(4-cyanobiphenyl-4'-yloxy)alkoxy]biphen&lls (CBA-Tn)
n=9: C 1460 N 1957 I(C)
n=10: C 1885 N 2099 I(°C)

Mainchain polymer LCs with o, w-dialkoxyalkane spacers

the order according to the series-3 1. Transition temperatures
and latent heats do not exhibit any appreciable -oeiebn the thermal behaviors were also examined under hydrostatic

oscillation when plotted against pressures up to 200 MPa by using a high-pressure differential
In the present work, we wish to repd?PVT characteristics thermal analysis (DTA) apparatus. The sample covered by alumi-
of MBBE-6 which includes a relatively long spacer derived from num foil was fixed onto an alumelchromel thermocouple junction
hexa(ethylene glycol). The contour length of the flexible spacer by giving it a coating with an epoxy adhesive, which at the same
(~25 A) exceeds that of the hard segmentsl8 A). The time p((_avented_ the sample from direct exposure to thg_ pressure
compound exhibits an interstitial N phase between C and I over fluid (silicone oil). The temperature and the heat of transition were
a sizably wide temperature range§0 °C), thus most suited calibrated with an indium standard at given pressures: the accuracy

. . . . of the observed enthalpy of transition is estimated toHi®%.
for the reliable estimates of thermodynamic properties of theé 1o DTA measurements were performed by using Bng samples

LC state. The results will be compared with those previously at 4 scanning rate of 5 deg minunder given hydrostatic pressures.
reported for the dimer and trimer compounds as well as Transition temperatures were defined at the maxima of the exo-
polymers witha,w-dialkoxyalkane spacers such as those shown and endothermic peaks in these DTA measurements.
in Chart 2. All of the compounds listed exhibit stepwise
crystallization via a nematic state. The effect of the intervening 3. Analytical Procedure of the PVT Data
nematic conformation on the crystallization process has been Following our previous treatmeft2°we have attempted to
discussed in our recent review artiél@here a part of the results elucidate the magnitude of the constant-volume transition
obtained for MBBE-6 have been included. The details of the entropy AS;)v at both CN and NI phase boundaries under
experimental procedure and the results of the analysis onatmospheric pressure. (Hereafter the subscript tr represents a
MBBE-6 are here reported for the first time. transition at the crystainematic (CN) or nematieisotropic (NI)

The PVT studies were also attempted for MBBESA interphase.) For this purpose, the transition entropies observed
reliable estimate of thermodynamic data was however hamperedunder constant pressure must be corrected for the volume change
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Figure 1. Volume vs temperature relations for MBBE-6 from 10 to

100 MPa. The uppermost curve (open circles) indicates the extrapolated

values to zero pressure.
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Figure 2. Variation of phase transition temperatufles, (circles) and
Twi (squares) as a function of pressure derived fromRk& data.
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Figure 3. Variation of transition volumea\Vcy (circles) andAVy
(squares) as a function of pressure.
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AVy. According to Mandelkern’s book;28the volume-correc-
tion termASy is defined as

AS, = yAV,, = (UB)AV, D
where y (=a/p) is the thermal pressure coefficient at the

transition, oo the thermal expansion coefficient at constant
pressure, anfl the compressibility at constant temperature. In
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Figure 4. (a) Thermal expansion coefficient, (b) isothermal

compressibility3, and (c) thermal pressure coefficign{=a/p) as a

function of temperature. The CN and NI transition temperatures at an
ordinary pressure are indicated by dotted lines. The numerical values
of y shown in (c) are those used in the present calculation (see text).

CBA-n and CBA-Th,1"2the (AS,)r values were thus estimated
by using the Clapeyron relation:

AS§, = AH /T, = AV, (dp/dt),, (2)
where (gb/dt),, designates the slope of the phase boundary curve
in the low-pressure region. Since the reliable estimation of
(AS)p is crucially important, the temperature dependence of
the phase boundary curvep{dt)y was determined in two
ways: one directly from thePVT data and the other by
employing the DTA method on the same sample.

4. Results

this hypothetical entropy-separation process, the physical mean- 4.1. Estimation of AVy, yi, and ASy on the Basis ofPVT
ing of the y value estimated at the transition point has been Measurements.TheV—T measurements were performed in the

controversial in the literaturé®-37 In the present analysis, we

isothermal mode by raising temperature up to 280 An

have examined this subject in some detail (see the following). example of the diagram is shown in Figure 1. The specific
We have learned from our experience that the estimation of volumes at zero pressurp € 0) were estimated from those

the transition entropy by DSC often leads to somewhat observed at higher pressures: extrapolations were executed by

inconsistent results. Following our previous arguments on using polynomial expressions. The extrapolated values are
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Figure 5. Variation of thermal pressure coefficientas a function of 0 o 20 40 60 80 100 120
specific volumevs, at given temperatures, obtained from the analysis
of PVTdata in each phase. Thevalues corresponding to the transition P/MPa

temperature were estimated by exptrapolation. The incidences of theFigure 6. Variation of phase transition temperatufgs, (filled) and
phase transitionVcy and AV) are indicated by dotted lines. T (open) as a function of pressure determined by DTA (cf. Figure 2).

indicated by open circles in the diagram. A visual examination ; t d illustrated i imil in Fi 4
after completion of the heating measurement indicates that the emperatures and illustrated in a simniar manner in Figure 2c.
sample may be to some extent degraded at higher temperature%onfc.f[rmmg :O the concepi[thof ec|1 1 for thi cgngs(;[ant-volume
~250°C. Slight deviations of the plot from the strictly vertical - a1=1on €N ropiesASy)y, the values ofy (= (0S0V)r are
line at fixed temperatures are observed in Figure 1. Some smallpl.OttGd against specmc volume, for given temperatures in
systematic drift 2 °C over a 90 MPa span) seems to be Figure 5..In.the figure, the bounds of the transition volumes
. . . AV are indicated by the arrows for boffty and Ty The
inherent to the apparatd%.The analysis was carried out . . . L
according to thePV'T data numerically recorded. curves become (_jlscontmuous at the pha_se bqundarles, giving
The melting pointTcy and the isotropization temperatures two different estimates for th? value defined Ineq 1. The
Tni may be in principle defined as the midpoint of the h!gher temperature phase gives oa lower Qstlmat@.oThe
corresponding transitions indicated in thle-T diagram. The d|screpanC|§§ amount t.914 andwsm respeciively for the (.:N
melting of MBBE-6 is however a moderate S-shaped process ?‘“d NI transitions (cf. Figure 4). Since the mo_IecuIar_ configura-
taking place over a certain temperature range<BB °C) with tions are quite d|_fferent_betwe(_an t_he two ne|ghbqr'|ng phases,
an increment of ca. 7% in volume. For the purpose of the discontinuity in the first derlyatlves @I’VTquantltles may
determining unambiguous valuesTiy and T, the initial and be taken to be natural. Such a discrepancy however |_rr_1med|ately
final points of the melting process were estimated from\thd suggests that the v_alues of th_e co_nstapt-volume transition entropy
curve, and the midpoint defined in this manner was taken to be may vary depending on which imaginary route is adopted in

the transition temperature. Variations @ty and Ty thus Its estimate. Uge OT €a 1,'“ calculating%,)y inevitably S%’ffefs
from such ambiguity iny’s. Nonetheless, the expression is at

estimated are plotted against pressure in Figure 2. The VOIumeIeast approximately useful in separating the transition entropy
changes\V; at Tcy and Ty can be obtained from the observed in two parts: AS)e = (AS)v + AS,. In most cases, the

VT relation. Variations of\Vi, with pressure observed during values can be determined more accurately for the fluid state
the heating process are illustrated in Figure 3. While the volume . - . y
than in the crystalline solid state. In the present example, the

changeAVcy at the CN transition tends to be moderately o h
. : .. two phases separated by the NI transition are both fluid state,
depressed as pressure increases, the corresponding transﬂm?évr which the determination of th®VT properties can be

volume AVy, at the NI interphase is relatively insensitive to : R o
pressure. The estimated values for the ordinary pressure aréJerforrneol relatively in high precision.
AVcn = 45.8 andAVy, = 4.0 cn® molL. 4.2. Pressure Dependence of Phase Boundary Curves and
The magnitude of. and3 in the low-pressure region is the Estimation of (ASy)p. The variation of the phase transition
major interests in this work. The values estimated using temperature as a function of pressure can be elucidated from
appropriate polynomial expressions are plotted as a function of the PVT data, as shown in Figure 2. The values thus obtained
temperature in Figures 4a<T) and 4b §-T), where the phase  are (@/dt)en = 3.47 and (@/dt)y = 2.25 MPa K.
transition boundarie3cy and Ty are indicated by the dotted The same physical quantities can be elucidated from the DTA
lines. In the real measurements, a pronounced anomaly usuallycurve measured under enhanced hydrostatic pressures. The
appears in the immediate vicinity dk;. The values given in samples adopted for the measurement were those prepared by
the figure are those extrapolated from the stable regions andcrystallization under a high pressure. Upon heating, the endot-
thus unaffected by the anomaly. The thermal pressure coef-hermic CN phase transition exhibits double peaks in all
ficients y were calculated from these diagrams at given observations, suggesting a possible coexistence of two crystalline

Table 1. Phase Transition Enthalpies and Entropies of MBBE-6

CN transition NI transition
Ten (K) AHcn (kJ morl) AScn (J molt Kil) T (K) AHn; (kJ morl) ASu(J molt Kil)
DSC 379.8 40.0 105.4 463.0 1.3 2.9
PVT (Clapeyron) 372.4 59.2 158.9 455.7 4.1 9.0
DTA?2 (Clapeyron) 374.6 45.3 120.9 447.3 3.2 7.2

aValues of AVy required for the calculation cAHy and AS; were borrowed from th®VT measurements.
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Table 2. Constant-Volume Transition Entropies AScn)v and the Ratio to Those AScn)e under Constant Pressure for Dimer and Trimer LCs
at the CN Phase Transitions

CN transition

(AScn)v
compound Ten (K) AS; (I mol1 K1) (AcN)p (J Mot K™Y (= (ASn)p — AS)) I mol 1 K1) (ASenVI(ASen)P
Dimer LCs witha,w-Dialkoxyalkane Spacer
CBA-9 412.2 66.0 147.00,127.¢ 81.0061.1 0,48-0.55
CBA-10 438.2 67.4 143.8,132.0 76.4°64.6 0.49-0.53
Trimer LCs witha,w-Dialkoxyalkane Spacer
CBA-T9 419.2 97.1 222.5 125.4 0.56
CBA-T10 461.7 103.1 226.9 122.9 0.54
Dimer LC with Oxyethylene Spacer
MBBE-6 372.4 49.9 (Ny 158.9¢120.9 109.0 (N), 71.0 (N 0.59-0.69
58.2 (Cy 100.7 (C):62.7 (C} 0.52-0.63

aReference 172 Reference 19¢ Reference 219 Reference 202 PVT: they values used for elucidation &S, are obtained by extrapolation from either
the N or C phase as indicated in parenthes€he value of AScn)e was estimated by DTA.

Table 3. Constant-Volume Transition Entropies ASy)v and the Ratio to Those ASy)p under Constant Pressure for Dimer and Trimer LCs at
the Ni Phase Transitions

NI transition
(ASu)v
compound T (K) ASy(J molrt K1) (ASu)p (I molF1 K1) (=(ASw)p — AS)) (I mol1 K™Y (ASUMV(ASu)P
Dimer LCs witho,w-Dialkoxyalkane Spacer
CBA-9 468.9 7.0 14.9215.3013.1° 7.928.306.1° 0.47-0.54
CBA-10 466.9 8.8 22.1215.319.0¢ 3.326.5210.Z 0.42-0.60
Trimer LCs witho,w-Dialkoxyalkane Spacer
CBA-T9 468.9 10.3 25.0420.8 14.7910.5 0.50-0.59
CBA-T10 483.1 19.3 49.8143.2 30.5923.9 0.55-0.61
Dimer LCs with Oxyethylene Spacer
MBBE-6 4557 3.0 (I 8.98¢7.16 5.98 (1)€4.16 (If 0.58-0.67
3.56 (Ny 5.42 (N)¢3.60 (N 0.50-0.60

aReference 172 Reference 19¢ Reference 219 Reference 202 PVT: they values used for elucidation &fS, are obtained by extrapolation from either
the | or N phase as indicated in parenthe$@ée value of ASy)e was estimated by DTA.

Table 4. Constant-Volume Transition Entropies ASy)v and the Ratio to Those ASyi)r under Constant Pressure for Representative Monomer
LCs for the Ni Phase Transitions

compound Tni (K) ASy(J molt K1) (ASw)p (I mol1 K1) (ASw)v(I mol't K1) (ASUVI(ASw)p
5CB 308.4 15 2.1 0.6 0.29
7CB 315.9 2.4 2.8 0.4 0.14
50CB 340.6 1.1 1.3 0.2 0.15
80CB 352.9 15 2.3 0.8 0.35

forms. The DSC analysis at an ordinary pressure indicates thatPVT, and DTA are compared in Table 1. The values\®fy,,

the low-temperature peak merges into the higher one by a heatand AS;, derived from DSC are substantially lower than those
treatment (annealing) at temperatures between these two peaksrom the Clapeyron relation on bo#VT and DTA data.
Variation of the Raman absorption spectra at phase transitions 4.3. Elucidation of Constant-Volume Entropy Change
suggests that the conformation around the @O bond (AS,)v- The values oAS,, (AS)p, and the transition entropies
changes from the gauche-rich (1156 @jnin | and N to a at constant volumeASy)v, defined as the difference between
mixture of the gauche (1156 ¢ and trans (1166 cri) forms (AS))p andASyin eq 1, are listed in Tables 2 and 3 respectively
in C on cooling?® Under such circumstances, the high- forthe CN and NI transitions. For comparison, the correspond-
temperaturd cy peaks were adopted in the following Clapeyron ing values of CBAn and CBA-Th are included in these tables.
analysis. The phase transition peaks observed at 0.1 MPa byThe values of AS;)p derived from bothPVT and DTA were
DTA are Tcy = 101.4 andTy = 174.1 °C, which are accommodated. For MBBE-6, twAS, values are listed: the
respectively lower by about 5 and 2T than those obtained difference is due to how thg, values are derived (see Figure
by DSC (Table 1). The pressure dependence of the transition4). Accordingly, four values ofAS;)v estimated via somewhat
temperaturesTy; and Tey, is shown in Figure 6. The phase different routes are shown in the table. Given in the last column
transition curves can be approximated by the first-order of these tables are the ranges of the ratS)v/(AS))p,

polynomial forms:t = a+ bp (t = temperaturep = pressure). indicating the contribution of the constant-volume entropy
The coefficients obtained for the heating process (solid lines) change to the total transition entropy observed under ordinary
are as follows:Ten/°C, a = 101.4,b = 0.379 andl\y/°C,a = pressureFor the dimer and trimer compounds including MBBE-
174.1,b = 0.558. The values of (#dt); required in eq 2 are 6, the ratios are found to be 580% for both the CN and NI
estimated to be ldt)cy = 2.64 and (@/dt)y = 1.79 MPa KL, transitions. For the purpose at hand, the differences arising from

The magnitude estimated by DTA amounts to about 80% of the two alternative choices of for MBBE-6 are reasonably
those from thePVT measurement. The representative thermo- small, and the conclusions drawn are unaffected (cf. the last
dynamic quantitiesTg, AHy, and AS;) obtained from DSC, row of Tables 2 and 3). The prescription given by eq 1 is, despite
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its simplicity, proved to be effective provided that appropriate
caution is taken for the approximation involved.

In Table 4, the results of the analysis for some monomer LCs

such asnCBs andnOCBs are also included for comparison.

The thermodynamic data for the transition of these LCs were

taken from the table reported by Orwoll et*8In the monomer
LCs, the ratios of ASy)v/(ASui)e for the NI transition are 16

30%, being much smaller than those of the dimers and trimers.

5. Discussion
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contribution from the spacer segments. The incrementg?ini

due to the nematic arrangements of the flexible spacer were
respectively found to be 6.8 and 4.7% for these two LCs.
Accordingly, it has been concluded that the spacer should not
much contribute to the attractive interactions under the nematic
orderlé

In the thermodynamic treatment of conventional monomer
LCs, the contribution from the volume change/y, at the
isotropization point is often neglected. The relative volume
change AV/V)y, at the NI transition point is 0.0046 for MBBE-

6, being comparable to those estimated for monomer LCs (cf.
Table 4): 5CB (0.00433¢ 7CB (0.0058)° 50CB (0.0030%?°
80CB (0.0043%° PAA (0.0032)>® and MBBA (0.0011p*
Substantially enhanced ratios are obtained for the dimer and
trimer carryinga,w-dialkoxyalkane spacers (cf. Table 3); CBA-9
(0.015)1” CBA-10 (0.017)}” CBA-T9 (0.014)2° and CBA-T10
(0.023)20 As stated above, the oxyethylene spacer should tend
to be more disordered than tlhew-dialkoxyalkane spacer in
the nematic phase. This may provide the reason why the volume
change AV/V)n of MBBE-6 is smaller relative to those of
CBA-n and CBA-Th.

The o—T relation shown in Figure 4a indicates a discrete
change ofo at the CN and NI phase boundaries. The value of
a (0.6Q; x 103 K1) extrapolated toTy, from the high-
temperature | phase is lower than the corresponding values(0.83

The nematic conformation of the OXyethylene spacer has beenx 103 K*l) obtained from the |OW_temperature N phase_ The

previously investigatedH NMR measurements were performed
on main-chain dimers (named BuB&-and polymer liquid
crystals having deuterated oxyethylene space(©CD,-
CD)xO— (x = 2, 3) in the bulk nematic state as well as in
solution with a nematic solvent, paraoxyazoxyanisol (PAR).

trend is opposite for the CN transition. Similar discordance in
o at the NI interphase is also observed, but less markedly, for
conventional monomer LCS. As pointed out in various
thermodynamic theories, is closely related to the free volume
of the liquid>5%6 The discrete enhancement énon crossing

In these analyses, the ratio of the deuterium quadrupolar the NI border from the | phase (i.e., on cooling) may suggest a
splittings Av/AvR (Av = spacerAvR = mesogenic unit) was  mechanism such that steric constraints due to the excluded
found to remain nearly invariant over a wide range of temper- yolume effect are alleviated by the spatial rearrangement of

ature and concentration in the LC state. The results Obtainedmesogenic cores, and the associated Ordering of the flexible
are consistent with the preViOUS conclusion drawn on a SerieSspacer gives rise to an increase in the free volume. These

of main-chain LC oligomers and polymers comprisiagy-
dialkoxyalkane spacers-O(CHp),O— (n = 9, 10)172! As
revealed by théH NMR studies?® the orientational character-

considerations provide a plausible explanation for the observa-
tion that while the macroscopic volume diminishes at the
transition, the constituent molecules gain more free volumes.

istics of the mesogenic units are essentially the same for A similar increase in the isothermal compressibifitpn the |

MBBE-6 and BuBEx, indicating that the nematic conformation

to N transformation would perhaps arise from the same origin

of the oxyethylene spacer involved in these LC compounds (Figure 4b). Contrary tax and 3, the y value defined as the

should also be similar. In the previous wdrkye have further
performed the rotational isomeric state analysis orfthBIMR
data of CBA-9 and -10. The conformational entropy changes
ASO thus calculated were favorably compared with the
observed values ofAS;)y. Since trimers CBA-T involve two
spacers, the values oA§;)y were found to be nearly twice of
those of the corresponding CB#'s (cf. Tables 2 and 3). Results

ratio o/ tends to decrease with raising temperature in all three
phases and exhibits a discontinuous reduction at both CN and
NI boundaries (cf. Figure 4c).

Recently we have attempted a van der Waals potential
analysis on thePVT data of MBBE-6 observed in both the
isotropic and anisotropic LC staté.Assuming the intermo-
lecular interaction potentid = —»/V™, the mean-field param-

of the conformational anaIySiS SUggeSt that similar arguments eter representing the Strength of the interaction f@h‘vas

apply to the phase behaviors of MBBEX6The concept of the

nematic phase described above is schematically illustrated in
Figure 7. The conformational ordering of chain segments in the

estimated by using the relation

nematic state has also been investigated by other research

groups?®6 Although molecular constitutions are divergent, the
results reported are more or less mutually consistent.

As discussed critically by several authéfs?® the free energy
change at the NI interphase includes two contributions: (1)
anisotropic attractive (MaierSaupe forcéy-51and (2) repulsive
steric interactions (volume exclusiot).The conformational

(OE/OV); =Ty — P=nmy/V™* (3)
Under an atmospheric pressure (ife.= 0)
INTy=—-mM+21)InV+Inmy (4)

With m = 1, the value ofy was found to decrease gradually
with descending temperature in the isotropic phase until the NI

ordering of the intervening flexible spacer at the phase transition transition emerges. At this point,exhibits a discrete jump from

may enhance the latter contribution. In our previous dipole
moment and optical anisotropy studies on CBAx = 9 and
10),16 the optical anisotropiegy?[Jhas been estimated for the
nematic configuration of molecules both with and without

2.9 x 10721t0 3.4 x 102 J cn? g2, followed by a decrease
with descending temperature over the nematic phase. The
increment iny, and thus inE, amounts to~13% at the NI
boundary. Separate estimates of the contribution due to the rigid



1752 Abe et al. Macromolecules, Vol. 40, No. 5, 2007

aromatic mesogen and flexible oxyethylene segment are difficult (2) The molecular weight dependence of the transition entréy$uje

at this moment. The change in should represent at least has been studied by Blumstein et¥dbr main-chain LC polymers,

. - T . DDA-9. When the unit is expressed by the entropy change per spacer,
partially the variation of the local structure of liquids. Finally, the magnitude of4Su)» becomes nearly invariant over a wide range
the discontinuities observed in the temperature dependence of  from the dimer model compound (9-DDA-9) to polymers. These results
a, B, andE at Tyy may be mutually related. strongly suggest that the spatial configuration of the flexible spacer

and its thermodynamic role remain nearly identical independent of
; the degree of polymerization (DP). The st8dlydicates that the DP
6. Concluding Remarks dependence of physical properties should be most distinct in the
The odd-even oscillation of thermodynamic quantitiesTat oligomer region. _ _

with the parity of the number of spacer atoms has been a subject (3) Blumstein, R. B.; Stickles, E. M.; Gauthier, M. M.; Blumstein, A.;

. . 59 L Volino, F. Macromoleculesl984 17, 177-183.
of many investigations®5° The effect of the linking group X (4) Abe, A. Macromolecules984 17, 2280-2287.
has been examined in our previous work for dimers such as (5) Abe, A.; Furuya, HPolym. Bull. (Berlin)1988 19, 403-407.

NCppX(CH2)nXpgpCN with n = 9 and 10'* While the effect (6) Abe, A.; Furuya, HPolym. Bull. (Berlin)1988 20, 467-470.

; _ (7) Abe, A.; Furuya, HMacromolecules 989 22, 2982-2987.
V_V%S_fognd to tl)e prcl)nounced Wltf:j:X Pfsr':e;é OCl()O)_ or eot?:er (8) Abe, A.; Shimizu, R. N.; Furuya, H. I®rdering in Macromolecular
» It was largely suppressed wit carbonate— B SystemsTeramoto, A., Kobayashi, M., Norisuye, T., Eds.; Springer-

(O)O—. The difference was attributed to the disorientation angle Verlag: Heidelberg, 1994; pp 13453.

(>X) defined by the mesogenic axis and the first bond of the (9) abey A. Macromol. Symp1997, 118 23-32 and references cited
H H erein.

flexible spacer. As S.hown for a series of .MBB(E{he oda- (10) Furuya, H.; Dries, T.; Fuhrmann, K.; Abe, A.; Ballauff, M.; Fischer,

even phenomenon is very weak even with=Xether when E. W. Macromolecules199Q 23, 4122-4126.

oxyethylene-type spacers are used. The-eglcen trend char- (11) Furuya, H.; Abe, A.; Fuhrmann, K.; Ballauff, M.; Fischer, E. W.

acteristic of the tetrahedrally bonded chain system is smeared _ Macromolecules991 24, 2999-3003. _
(12) Shimizu, R. N.; Kurosu, H.; Ando, |.; Abe, A.; Furuya, H.; Koroki,

out by the conformational disordering due to the gauche S. Polym. J.1997, 29, 598-602.
preference around the GO bond. (13) Shimizu, R. N.; Asakura, N.; Ando, |.; Abe, A.; Furuya, Magn.
As well-known, the orientation-dependent attractive interac- Reson. Chenl99§ 36, S195-S199.

tions are the most important driving force to form liquid ggg Flruya, . Asahl Ki Abe, Abolym. J'1?86501t8'57|9_7f§§5 "
crystalline phasé?*1 The flexible chain segments inevitably take 3y ang o rYe T A, = DRamoo, Seta Foym ’

a one-dimensional nematic order. In principle, therefore, the (16) Furuya, H.; Okamoto, S.; Abe, A.; Petekidis, G.; FitasJGPhys.
transition entropy after corrected for the volume change at the Chem.1995 99, 6483-6486.
I/N boundary must include the contribution from this source in (17) Abe, A.'Nam, S.-¥Macromolecule.995 28, 90-95.

.. . . 18) Abe, A.; Furuya, H.; Shimizu, R. N.; Nam, S.-¥lacromolecules
addition to the conformational entropy change due to the flexible (18) 1995 28, gléuflogl izt !

spacerASont: (19) Maeda, Y.; Furuya, H.; Abe, A.iq. Cryst.1996 21, 365-371.
on (20) Abe, A.; Takeda, T.; Hiejima, T.; Furuya, Rolym. J.1999 31, 728—
(AS)y = ASyien + AS (5) 734. o
(21) Abe, A.; Hiejima, T.; Takeda, T.; Nakafuku, ®olymer2003 44,
whereASyent designates the orientational entropy chahés. 3117-3123.

stated above. however. the latter term is overwhelmingly (22) Tadokoro, HStructure of Crystalline PolymerViley-Interscience:
’ ! gl New York, 1979; Chapter 4.

i iti 17
_res_pon_S|bIe for the c_ons_tant-volume transmor_] emrmrIV' (23) Abe, A.; Furuya, H.; Mitra, M. K.; Hiejima, TTheor. Polym. Sci.
indicating that contribution fromASyrient is relatively minor. In 1998 8, 253-258 and references cited therein.
this regard, the major contributors of the transition entropies of (24) ggéléyfé;-z;;gfgsga, H.; Nakajima, T.; Abe, Macromol. Symp.
dimers "?‘”d higher anabgues are quite 1d|f_ferent from those of (25) Hiejima, T.; Seki, K..; Kobayashi, Y.; Abe, A. Macromol. Sci., Part
conventional monomeric LC compourfd$!Since the NI phase B: Phys.2003 431—439.
transition takes place between the two fluid states, the obscure(26) Kobayashi, Y. Master Thesis, Tokyo Polytechnic University, 2003.

contribution from the so-called communal entropy can be safely (27) Mandelkern, LCrystallization of PolymersvicGraw-Hill: New York,
ignored31.36 1964; Chapter 5.

9 ' . 20 (28) Mandelkern, L.Crystallization of PolymersCambridge University
As has been demonstrated by careful examinafidhs®: Press: Cambridge, 2002; Vol. 1, Chapter 6.

the nematic conformation and its thermodynamic characteristics (29) Tsujita, Y.; Nose, T.; Hata, TPolym. J.1972, 3, 587-590.

remain nearly invariant for DB 2 as long as the chemical gfl)g Putllta, Y)i Ng_se, 'rl'] Eita,c;f]Polyrg-hJé%% %25522-_ 1673
[ . . . urturro, A.; blancnl, . em. Y. " .

structure of the_spacer is |_de_nt|cal. Studies on a dimer quel (32) Bianchi, U.: Turturro, AJ. Chem. Phys1976 65, 697699,

compc_)und prO_VId(_E agood _InS|ght for th_e nematic C(_)n_format'on (33) Karasz, F. E.; Couchman, P. R.; KlempnerMacromoleculed 977,

of flexible chains involved in mesogenic-unit-containing poly- 10, 88-89. _

mers. We would like to emphasize that the thermodynamic role (34) Wunderlich, B.; Czomyj, GMacromoleculed977 10, 906-913.

. B . (35) Naoki, M.; Tomomatsu, TMacromolecules98Q 13, 322—-327.
of the spacer elucidated for MBBE-6 (cf. Figure 7) should also (36) Wurflinger, A. Colloid Polym. Sci1984 262 115-118.

be valid for higher homologues including polymer LCs. (37) Bleha, T.Polymer1985 26, 1638-1642.
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