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Orientational susceptibility and elastic constants near the nematic-isotropic phase transition
for trimers with terminal-lateral-lateral-terminal connections
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Magnetically induced Freedericksz measurements were performed in the nematic liquid crystal phase to
extract the elastic constants of a terminal-lateral-lateral-terminal trimer, i.e., a trimer in which the connections
to the first and third mesogens are at the end of the mesogen and both attachments to the central mesogen are
lateral. Polymeric liquid crystals based on this unit have negative Poisson ratios. Additionally, electric field
Kerr measurements were performed in the isotropic phase to extract the orientational susceptibility. The elastic
constants were found to be similar to values obtained for typical monomers, albeit with a slightly enhanced
ratio K33/K11 and reduced ratioK11/K22, especially near the transition temperature. The temperature depen-
dence of the susceptibility was found to deviate significantly from that of typical monomers. The observed
behavior is discussed in terms of coupled order parameters representing the terminal and core mesogens of the
molecule.@S1063-651X~98!11408-3#

PACS number~s!: 61.30.Gd, 64.70.Md
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Most polymeric materials exhibit a positive Poisson rat
i.e., they become thinner when stretched. This is beca
under tensile strain, polymers generally develop more or
facilitating interdigitation of groups along the main chai
One can imagine, however, cases where the Poisson ra
negative, wherein the material exhibits a lateralexpansionon
stretching@1,2#. This behavior has been found in some bu
polymers@2–6# and metal foams@5#. For some of these poly
mers the negative Poisson ratio—sometimes ca
‘‘auxetic’’—behavior is based upon atomic scale mech
nisms@7,8#; in others, the auxetic behavior is based upon
inverted honeycomb~reentrant cell! molecular structure
@1,3,9#. Because of some undesirable physical properties
sociated with the honeycomb polymers, He, Liu, and Grif
synthesized a new class of auxetic materials based upon
connectivity-driven rod reorientation in main chain liqu
crystalline polymers@10#. The principle of this design con
cept is illustrated schematically in Fig. 1, wherein alternat
mesogens are connected at their ends or cores by fle
spacer groups. In the nematic phase the molecules inte
via a combination of anisotropic van der Waals and ste
interactions, giving rise to a molecular arrangement in wh
the mesogenic axes are approximately parallel to each o
@Fig. 1~a!#. When stretched, however, the spacer groups
come fully extended, causing the core-linked mesogen
orient at a large angle, or even perpendicular, to the m
chain direction@Fig. 1~b!#. X-ray results on one such mate
rial indeed show increased lateral separation between ch
when the polymer fiber is stretched@10#.

A low molecular weight trimer has also been synthesiz
~Fig. 2!. The trimeric liquid crystal was prepared by a mu
tistep synthetic route which will be described in a forthco
ing paper@11# on trimers and polymers, having the centr
rod laterally attached to the connecting spacers. This c
pound was subjected to standard chromatographic and s
troscopic techniques for purity and structure determinati
Its phase transition sequence is crystalline-137.9 °C-nem
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154.6 °C-isotropic. The trimer contains two terminal en
connected mesogens and a central core-connected mes
and is shown schematically in Figs. 1~c! ~ordered nematic!
and 1~d! ~stretched!. Unlike the polymer, the trimer flows
easily, with a relatively low viscosity, which is not muc
different from that of typical low molecular weight nematic
To better understand the nature of the auxetic architectur
it applies to low molecular weight molecules, we examin
the elastic constants in the nematic phase and the orie
tional susceptibility in the isotropic phase above the nema
isotropic transition temperatureTNI . Our central results are
that although the splay, twist, and bend elastic constants
not greatly different from those of typical monomers, t
pretransitional behavior of the Kerr coefficient in the isotr
pic phase differs markedly from its monomer counterpa
@12#.

FIG. 1. Schematic representation of auxetic polymer in the ne
atic phase.~a! Oriented mesogens with significant gauche behav
in the spacer groups.~b! Stretched polymer with elongated spac
groups.~c! Same as~a!, except for the trimer.~d! Same as~b!,
except for the trimer.
2041 © 1998 The American Physical Society
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FIG. 2. Chemical structure of the trimer.
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To measure the elastic constant, we employed a mag
cally induced Freedericksz transition technique, whereb
monodomain liquid crystal cell is subjected to a magne
field @12#. Above some threshold fieldH th5(p/d)AKii /Dx
a distortion of the director profile sets in, which can be o
served by a change in optical retardation or capacitanc
the cell. Hered is the cell spacing;K11 is the splay,K22 the
twist, or K33 the bend elastic constant; andDx@[x i2x'# is
the magnetic susceptibility anisotropy, wherex i corresponds
to the susceptibility parallel to the directorn̂, andx' to the
susceptibility perpendicular ton̂. Dx was obtained with a
Faraday susceptometer. The instrument and technique
described in detail elsewhere@13#, and the results forDx are
shown in Fig. 3. Because of the scatter inDx, we also mea-
sured the optical birefringenceDn in the nematic phase. Thi
measurement was performed at wavelengthl56328 Å us-
ing a 5-mW He-Ne laser. A planar sample (d54.0mm) and
a Babinet-Soleil compensator were placed between a pa
crossed polarizers, and the compensator was adjuste
achieve a null at the detector. Thus the birefringence w
extracted fromDn5al/2pd, wherea is the optical retarda-
tion of the Babinet-Soleil compensator; the results are sho
in Fig. 4. To a reasonably good approximation we exp
thatDx}Dn. We therefore fitted the birefringence data to
ad hoc form: Dn5A(T2T* )f, whereA is a constant and
the fitted value off50.217. ~We shall see later that th
system does not exhibit traditional, single order parame

FIG. 3. Magnetic susceptibility anisotropy vsT2TNI , where
TNI5165.4 °C. The solid curve belowTNI represents anad hocfit
of the birefringence data~Fig. 4!, scaled to overlay the magneti
susceptibility data, and is used for determining the elastic consta
ti-
a
c

-
of

are

of
to
s

n
t

er

mean field behavior.! We then overlaid the magnetic susce
tibility data in Fig. 3 with this fitted polynomial, adjusting
only the amplitude to give a best fit to theDx vs T data.
Points along this fitted curve were used in the analysis of
threshold fieldH th in order to determineKii .

To measure the splay elastic constant, two indium-t
oxide ~ITO!-coated slides were spin coated with polyimid
PI2555~DuPont! and buffed unidirectionally to facilitate pla
nar alignment of the liquid crystal. The cells were separa
by Mylar spacers and cemented; the thickness was de
mined with a micrometer to be (2361) mm. The cell was
then placed into an oven temperature controlled to 0.1
which in turn was placed between the poles of an elec
magnet; the magnetic fieldHW was oriented perpendicular t
the cell. An Andeen-Hagerling model 2500A capacitan
bridge operating at 1 kHz was used to measure the cell
pacitancein situ. The magnetic field was slowly stepped u
from zero to 8000 G over 300 s, and the capacitance
computer recorded. A well-defined threshold was obser
in the capacitance atH th , and, assuming rigid anchoring a
the cell walls,K11 was extracted fromK115H th

2 d2Dx/p2.
The results are shown in Fig. 5.

The twist elastic constantK22 was determined optically. A
pair of microscope slides was treated as above for pla
alignment; the thickness was determined to bed5(23
61) mm. The cell was inserted into the magnet withHW

parallel to the cell and perpendicular ton̂. The beam from a
5-mW He-Ne laser passed consecutively through a li
chopper, a polarizer oriented at 45° with respect toHW ,
a focusing lens, the cell~with the beam perpendicular ton̂),

ts. FIG. 4. Optical birefringence vsT2TNI in the nematic phase.
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and an analyzer, and into a photodiode detector. The dete
output was fed into a lock-in amplifier referenced to the lig
chopper, and the output from the lock-in amplifier was co
puter recorded. The magnetic field was again stepped
over 300 s, and the Freedericksz threshold fieldH th was de-
termined by a sudden increase in the detector signal. FoH
.H th a twist distortion was obtained. For thick cells an
large optical birefringence the two components of the opt
polarization would ordinarily follow the director, emergin
from the sample with the same orientation and retardatio
in the absence of twist distortion@12#. Fortunately the optica
birefringence and the cell thickness were sufficiently smal
obviate this situation, resulting in a clear change in the o
cal signature atH th . Again assuming rigid anchoring cond
tions, the twist elastic constant isK225H th

2 d2Dx/p2. K22 is
shown in Fig. 5.

To measure the bend elastic constant, one ordinarily u
a Freedericksz transition technique in the homeotro
geometry. Although we tried numerous surfactants and p
imides to achieve homeotropic alignment, we were uns
cessful. Instead we used a twisted planar cell, where
director orientation at one surface was rotated by 90° w
respect to the other surface, giving a uniform twist throug
out the cell. For this geometry the threshold fie
H th5(2/dADx)„(p2K11/4)1@p2(K3323K22)/16#…1/2 @14#.
Therefore, from measurements ofK11 and K22, as well as
H th , we were able to extract the bend elastic constantK33.
ITO slides were used, and the surfaces were prepare
before; the cell spacing was (24.561) mm. The cell was
placed into the magnet withHW perpendicular to the cell sur
face, and the field was again ramped up over 300 s.H th was
determined from measurements of the capacitance vsH,
from which K33 was extracted and shown in Fig. 5.

We also examined the orientational susceptibility in t
isotropic phase using an electric-field-induced birefringe
~Kerr! technique. A pair of clean but otherwise untreat

FIG. 5. Splay (K11, d!, twist (K22, m!, and bend (K33, j!
elastic constants vsT2TNI .
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ITO-coated glass slides was separated by Mylar spacers
cemented together; the cell thickness was (561) mm. The
beam from a 5-mW He-Ne laser passed consecutiv
through a light chopper, a polarizer, a Babinet-Soleil co
pensator, a focusing lens, the sample, and an analyzer,
into a detector. In order to detect the electrically induc
optical phase shifta through the sample, the cell was rotate
by an angle of 45° about an axis perpendicular to the be

Owing to the very small magnitude of the induced pha
shifts (a,1024), a phase sensitive detection scheme w
used to measure the susceptibility@15#. The detector inten-
sity I is given by I 5I osin2a, whereI o is the maximum in-
tensity,a5acell1acomp, andacomp is the optical phase shif
of the compensator. The phase shift associated with the
is acell5k(ne

effde2nodo), wherek is the wave vector of light
(k59.933104 cm21), ne

eff is the effective extraordinary re
fractive index,no is the ordinary refractive index, andde and
do the optical pathlengths through the cell for extraordina
and ordinary light, respectively. As usual,ne

eff5(cos2we/no
2

1sin2we/ne
2)21/2, where we , the extraordinary angle of re

fraction inside the tilted cell, is determined implicitly from
Snell’s law, viz., sinwi5ne

effsinwe. The ordinary refractive
angle wo in the cell is likewise obtained from sinwi
5nosinwo , and the pathlengths are given bydo5d/coswo
and de5d/coswe. Finally, we have the usual relationsh
that 1

3 ne
21 2

3 no
25niso

2 , where the isotropic refractive indexniso

was estimated to be the very typical value 1.6@12#. From this
set of seven equations we uniquely obtain the birefringe
Dn5ne2no from a measurement ofacell , whereDn}acell
for small phase shifts. We thereby can extract the quan
dDn/dE2, which is proportional to the orientational susce
tibility dS/dE2, sinceDn}S for small S.

The sample was driven with an electric field at frequen
f 5219 Hz. For a fixedacomp the intensity for smallacell

is given by I 5I osin2acomp1I oacellsin 2acomp1O(acell
2 ),

whereacomp was chosen to be 0.31 rad andI o was calibrated
by measuring the change in detector output voltage fo
given change inacomp. A measurement ofI thus yieldsacell ,
which in turn is proportional toDn. The signal from the
detector was input to a lock-in amplifier, which was refe
enced in the 2f mode to the driving voltage. The field wa
ramped up from 0 to 200 statvolt cm21 over 60 s, and the
signal I was recorded. As expected,I was found to be linear
in E2. The magnitude of the susceptibility was obtained fro
the slope of a linear least squares fit ofI vs E2, and this
quantity yieldsdDn/dE2, whose inverse is plotted again
temperature in Fig. 6.

The shape of the inverse susceptibility curve is consid
ably different from typical electric Kerr or magnetic Cotton
Mouton results aboveTNI @12#, although the magnitude is
comparable to other Kerr results@15#. For nearly all low
molecular weight materials, the quantities@dDn/dE2#21 and
@dDn/dH2#21 are linear with temperature over a very wid
temperature range. At high temperatures the inverse sus
tibility may begin to deviate from linearity, most likely du
to conformational changes in the molecule. Close to the tr
sition one often observes a slight concave downward st
ture to the inverse susceptibility vs temperature@16#, often
attributed to correlation effects near the nematic-isotro
phase transition. Both the high and low temperature effe
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for monomers tend to be modest, however, and for all pr
tical purposes the shape of the inverse susceptibility vs t
perature curve is nearly linear. The data in Fig. 6 are cle
different. The concave downward behavior is far stron
than found with other materials. This is especially true clo
to the transition, where the apparent behavior seems to
much more weakly first order than that of typical low m
lecular weight nematogens. On fitting the data to the fo
dDn/dE25xo(T2T* )2g, we obtained a not-very-good fi
with an exponentg50.35; this is considerably smaller tha
the mean field and tricritical valuesg51. It is smaller still
than thed53, N55 n-vector model exponentg'1.53 @17#
associated with the symmetry of the nematic order par
eter, the sort of behavior that might be expected for a ne
second order transition@18# close to the transition tempera
ture. As we do not expect crossover critical behavior for t
system, we are hard pressed to believe that such a s
apparent susceptibility exponent represents true critical
havior of the system.

Instead, we present another, somewhat speculative, ex
nation. The trimer is composed of three mesogens, where
center mesogen is attached to the spacer groups at its
rather than at its ends. Clearly the environment ‘‘felt’’ by th
center mesogen is different from the two terminal mesoge

FIG. 6. Inverse order parameter susceptibility vs temperatur
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and this must be reflected in the free energy of the syst
Moreover, because the mesogens are tethered, macros
phase separation is not possible, which places a constrain
the system. If we suppose thatS1 corresponds to the orde
parameter of the two end mesogens andS2 to the order pa-
rameter of the central mesogen, we can write the most g
eral phenomenological Landau free energy for scalar or
parameters as

F5aS1
21bS1S21cS2

22e1S12e2S2 , ~1!

wherea, b, andc may each have a unique temperature d
pendence, viz., a5ao(T2Ta), b5bo(T2Tb), and c
5co(T2Tc). The coefficientsa0 , b0 , andc0 are constants,
ande1 ande2 correspond toDx1E2 and 1/2Dx2E2, respec-
tively. The model assumes that the effects of the spa
groups can be incorporated into the individual order para
eters and coefficients. We note that the cross termbS1S2
includes the effects of not only the usual mean field, but
spacer conformations as well. For bothS1 andS2 to be posi-
tive in the nematic phase requires several gauche bond
the spacer~see Fig. 1!. On the other hand, ifS1.0 andS2
,0, there would be an energetic cost associated with van
Waals interactions and packing, but an energetic advan
associated with an extension of the spacers. On minimiz
F with respect toS1 andS2 , we find

S15
2ce12be2

4ac2b2 and S25
2ae22be1

4ac2b2 .

We can also write each ofS1 and S2 as the sum of two
partial fractions:

S15
q11

T2T11
1

q12

T2T12

and

S25
q21

T2T21
1

q22

T2T22
,

whereqi j andTi j are constants. After some algebra we fi
T115T215
~2aocoTa12aocoTc2bo

2Tb!1@~22aocoTa22aocoTc1bo
2Tb!22~4aocoTaTc2bo

2Tb
2!~4aoco2bo

2!#1/2

~4aoco2bo
2!
6,

s
bly

t-
and

T125T225
4aocoTaTc2bo

2Tb
2

T11~4aoco2bo
2!

.

As the birefringenceDn5k1S11k2S2 , wherek1 andk2 are
constants that reflect the relative optical weights of the m
sogens, we find that the inverse susceptibility is

dE2

dDn
5E2Fk1q111k2q21

T2T11
1

k1q121k2q22

T2T12
G21

. ~2!
-

The data may be well fitted to this form, as seen in Fig.
where k1q111k2q2151.331028, k1q121k2q2251.9
310210, T115110.0 °C, andT125165.4 °C. It is important
to recognize that with a four-parameter fit, thex2

surface has many shallow minima, and the parametersT11

andk1q111k2q21 are extremely sensitive to small variation
in the data. For example, one of several other compara
good fits may be obtained with the parametersk1q11

1k2q2152.631028, k1q121k2q2252.1310210, T11

540.0 °C, andT125165.4 °C. Therefore, one should no
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draw strong quantitative conclusions from the particular v
ues determined from the fit. Nevertheless, it does appear
the two mesogenic species feel different environments,
individual ~but coupled! order parameters may provide a re
sonable explanation for the observed behavior. Thus
strongest conclusions that can be drawn from this interpr
tion of the data is that two order parameters contribute to
signal with very nearly equal and opposite weights far fro
the transition. Only near the transition do they become s
stantially different, where the susceptibility of a particul
combination diverges. This is consistent with the molecu
structure if the two order parameters correspond to the l
axes of the central and terminal rods.

A second feature is the closeness of approach of the
towardT12, which is the effective supercooling temperatu
of the isotropic phase. Although we are not certain that
lowest temperature data point in Fig. 6 is entirely within t
isotropic phase, data were certainly gathered in the isotro
phase within 0.5 °C ofT12. @Note that the general conclu
sions drawn above would not be affected even if this low
temperature point were discarded; the curvature is still
larger than could be explained with only a single order
rameter#. A close approach to the supercooling limit h
been theoretically associated with a nearby Landau point
biaxial phase on a temperature–molecular-architecture p
diagram, and has been positively observed for a lyotro
liquid crystal @19#, and reported for a thermotropic liqui
crystal @20# as well. Just below the continuous isotropic
biaxial-nematic transition~the Landau point!, the bend and
twist elastic constants should be equal. We find no evide
of this, which may suggest that these materials are not
fact, too close to the Landau point. An examination of oth
possible biaxial materials in this class of molecules will
the subject of future investigations.

We remark that the apparent small size of the first or
transition—this is defined as the closest approach to the
percooling temperature—is interesting in the context
coupled order parameters. If there are coupled order pa
eters and there are cubic interactions such asS1S2

2 andS2S1
2

between them, then the elimination of the less important
der parameter results in a small~or negative! quartic term in
the primary order parameter. This is then expected to re
in a transition with evenmorefirst order character, which is
contrary to our observations in this material. Similar stron
first order behavior is expected if the system is viewed
being an equilibrium mixture of different conformers, ea
of which couples differently to the nematic order parame
This may explain why behavior of this nature is unusual
nematic liquid crystals. However, in this system, it is reas
able to suggest that there are couplings between two~or
more! order parameters—say the long axes of the central
terminal mesogens—that are mediated by intramolecular
teractions via the conformers and bending of a connec
chain. It is also reasonable that the intermolecular interac
between these order parameters are Meier-Saupe-
i.e., proportional to the product of the order parameters
each molecule. With these assumptions, the quadratic ter
the free energy can have any form, depending on the na
of the intermolecular interactions. The nonlinear terms in
free energy would, as usual, come from the entropy ass
l-
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ated with the the rotations of the molecule. However, a
molecule rotates~for any given conformer and therefore fo
any thermal average of conformers, provided the conform
are not strongly affected by order parameter of the mediu!,
all order parameters, that is to say all second rank tens
will transform in the same way. It follows that all such ord
parameters can be related to a single order parameter. Th
turn implies that a single second rank tensor order param
can be assigned to the whole molecule, and all such poss
tensors can be deduced from the others. Further, it is pos
to view the free energy of a single molecule as a function
oneof these order parameters. Thus the nonquadratic pa
the free energy of such a system is a function of this sin
order parameter. Analysis of such a free energy does
suggest a strongly first order transition; rather, it sugges
‘‘normal’’ first order transition.

The elastic constant data, on the other hand, are simila
typical monomer results in the nematic phase@12#. The cal-
culated bend constant is perhaps slightly larger than ge
ally observed, and the splay constant slightly smaller,
though not unusually so. From these data we can conc
that the elastic properties of the nematic are not too diss
lar from those of most monomers, and it is likely that bothS1
andS2 are positive in the nematic phase. This conclusion
consistent with the x-ray data reported on an auxetic polym
@10#, and is therefore consistent with flexible spacer grou
connecting the central mesogen with the two terminal m
sogens. Due to the flexibility of the spacers, the central m
sogen is then able to align in the nematic mean field do
nated by the terminal groups. Deviations of the rat
K33/K11 and K11/K22 from typical monomer values ma
come about from the central mesogen, which makes the m
ecule somewhat bulky in the center. Unfortunately, we
not aware of any theoretical treatment of elastic constants
such a molecule. Moreover, as this molecule is not asymm
ric ~i.e., wedge shaped, bent, or twisted!, one would not ex-
pect a decrease in the corresponding~splay, bend, or twist!
elastic constants. This is borne out experimentally, as th
seems to be no significant experimental evidence of suc
decrease.

Auxetic liquid crystals represent a new class of molecu
with interesting and potentially useful physical propertie
Although the system reported herein exhibits elastic beha
not too dissimilar from typical monomers, one can imagi
that shorter spacer groups would substantially inhibit
central group from aligning with the terminal groups. Su
behavior would likely have a profound effect on the elas
constant ratios, and may more strongly promote
biaxial nematic phase. Moreover, shorter spacer gro
would have an important impact on the coupling term in E
~1!, and significantly affect the behavior of th
susceptibility. These issues will be the subject of future
vestigations.

This work was supported by the National Science Fo
dation under Grant Nos. DMR-9502825 and DMR-94208
by the NSF’s Advanced Liquid Crystalline Optical Materia
Science and Technology Center under Grant No. DM
8920147, and by the U.S. Air Force Office of Scientific R
search under Contract No. F49620-94-1-0454.
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