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Portions of this chapter are reproduced from Kempe, Scruggs, Verduzco, Lal, and 

Kornfield, Nature Materials 2004, 3, 177-182 and from Kempe, Verduzco, Scruggs, and 

Kornfield, Soft Matter 2006, 2, 422-431. 

1.1 Background 

Crystals and liquids are familiar condensed matter phases in which the relative positions 

and orientations of the constituent molecules are either well-defined by a rigid lattice or 

lacking long-range correlation, respectively.  In between the crystal and liquid phases lies a 

progression of partially ordered phases termed “liquid crystalline mesophases,” the 

simplest of which is termed the “nematic” phase (Figure 1.1).[1, 2]  Rod-like molecules 

typically lend themselves to the formation of a nematic phase in a particular range of 

temperatures, and such materials are termed “calamitic, thermotropic liquid crystals” 

(LCs).  In the nematic phase, the molecules diffuse about one another randomly, but they 

tend to retain orientation in a preferred direction called the “director,” n.  The director 

breaks the material’s isotropic symmetry and gives rise to properties such as optical 
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birefringence, dielectric anisotropy, diamagnetic anisotropy, and orientational elasticity.  

The coupling of order and fluidity makes LCs particularly intriguing materials because 

their orientation-dependent properties can be influenced by readily accessibly fields. 

Nematic LCs are far from perfectly ordered; the LC’s molecules have a distribution of 

orientations with respect to the director.  The nematic order parameter, S = ½ <3 cos2 θ - 

1>, where θ is the angle between a molecule and the director, quantifies the degree of order 

ranging from S = 1 in a perfectly oriented medium to S = 0 in an isotropic medium.  The 

intermolecular interactions maintaining the orientational order of a nematic LC are 

relatively weak: the Maier-Saupe model of nematic ordering estimates their strength to be 

approximately five times the thermal energy.[2]  For this reason, the local director is in a 

constant state of flux, and these thermally-induced distortions to the director field are 

responsible for the turbid, milky appearance of nematic LCs.  Distortions to a nematic LC 

can be expressed as the sum of splay, twist, and bend distortions (Figure 1.2), and the 

elastic free energy per unit volume, FV, is given by 
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where K1, K2, and K3 are the splay, twist, and bend elastic constants, respectively.[2]  The 

dynamics of director fluctuations are governed by the LC’s elastic constants and 

anisotropic viscosity coefficients.[3, 4]  One way to express the viscosity of a nematic LC is 

in reference to the three fundamental orientations of the director in shear flow.  The 

viscosities measured in these geometries, ηa, ηb, and ηc, are known as the Miesowicz 

viscosities (Figure 1.3).[1, 2] 

Macromolecular LCs can be formed when rod-like molecules are either incorporated 

directly into a polymer chain to form a main-chain liquid crystal polymer (MCLCP) or 

laterally attached to a polymer chain via a flexible spacer to form a side-group liquid crystal 

polymer (SGLCP) (Figure 1.4).  Macromolecular LCs are frustrated materials because the 

defining characteristics of polymers and LCs are directly at odds with one another: polymer 

chains seek random configurations and LC molecules seek long-range order.[5]  Bonding 

LC mesogens to a random-coil polymer forces compromise between the opposing 
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tendencies, compromise that often manifests itself in unique physical phenomena that are 

not present in either pure LCs or bulk polymers alone.   

Nematic order is coupled to the conformation of SGLCPs and MCLCPs in the melt and in 

solution with small-molecule LCs.  The trajectory of an ideal, random-coil polymer is a 

random walk from one end to the other and the chain’s conformation is spherical in 

solution and in the melt.[6]  The conformation of a liquid crystalline polymer deviates from 

sphericality in order to accommodate the orientational order of its mesogens.[5]  Neutron 

scattering experiments on LC polymers in the melt, reviewed by Cotton and Hardouin,[7] 

demonstrate that MCLCPs and side-on SGLCPs adopt a highly prolate (aspect ratio > 5) 

ellipsoidal conformation in the nematic phase.[8, 9]  On the other hand, end-on SGLCPs 

have mild anisotropy (aspect ratio ≈ 1.5) and can be either prolate[10] or oblate[11-15] 

ellipsoids.  Experiments on solutions of  liquid crystalline polymers in small-molecule LC 

solvents, reviewed by Jamieson et al.,[4] reveal that the orientation of the polymer’s 

attached mesogens is coupled to that of the solvent, and that the polymer adapts to the 

director field similar to the way it does in the melt: MCLCPs and side-on SGLCPs become 

strongly prolate[16-20] while end-on SGLCPs are mildly anisotropic prolate[21, 22] or oblate[16, 

18, 19, 22-27] ellipsoids.  A few experiments on solutions of non-LC polymers in LC solvents 

have demonstrated that these polymers, too, adopt anisotropic conformations in solution, 

but the strength of the orientational coupling is not as strong as it is when the polymer itself 

is mesogenic.[28]  

The coupling between polymer conformation and liquid crystalline order modifies polymer 

solution thermodynamics and results in novel phase behavior in mixtures of both LC and 

non-LC polymers with LC solvents.  The phase behavior of LC polymers in LC solvents 

has been treated theoretically by Brochard[29, 30] and ten Bosch et al.[31]  These theories 

agree with numerous experimental studies demonstrating the coexistence of two nematic 

phases in these mixtures,[27, 32-37] a phenomenon rarely, if ever, observed in binary mixtures 

of small-molecule LCs.[36]  Nematic-nematic coexistence appears to be a unique 

consequence of the coupling between LC order and polymer thermodynamics.  The phase 

behavior of non-LC polymers in LC solvents has also been treated theoretically[38, 39] and 
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experimentally.[40-46]  In these systems, the solvent’s orientational order presents a large 

entropic penalty to dissolution in the nematic phase, but when the solvent transitions to the 

isotropic phase the polymer’s solubility instantly increases.  It is not uncommon to observe 

a transition from nematic / isotropic coexistence to a single isotropic phase coincident with 

the solvent’s nematic to isotropic phase transition.   

When mesogens are grafted to a polymer chain, LC order also becomes coupled to polymer 

dynamics.  Conformational anisotropy of an SGLCP dissolved in small-molecule LC 

solvent leads to anisotropic modification of the solution’s flow properties.[4, 16, 21, 22, 25, 26, 47-

50]  The hydrodynamics of solutions of LC polymers in LC solvents has been treated by 

Brochard,[51] whose theory predicts the LC’s orientation-dependent viscosity coefficients to 

be modified differently according to the anisotropy of the dissolved polymer chain: the 

increase in ηb, for example, is larger when an oblate polymer is dissolved in nematic 

solvent than when the polymer is prolate.  A modification of Brochard’s theory[22] has been 

used with some success to deduce a dissolved polymer’s anisotropy from the solution’s 

rheology.[21, 25, 26, 50]  Polymer anisotropy also leads to anisotropic modification of the 

director’s fluctuation dynamics.[4, 18, 52, 53]  Dynamic light scattering experiments on 

solutions of SGLCPs in nematic LCs[4, 18, 52, 53]  have demonstrated that prolate polymers 

preferentially slow the relaxation of splay distortions while oblate polymers more strongly 

affect the relaxation of bend distortions.   

The discussion of coupling between LC order and polymer conformation has been thus far 

limited to homopolymers, but introducing LC order also has a profound effect on the 

structure and dynamics of block copolymers (BCPs).[54]  Two or more different polymers 

covalently bonded together constitute a BCP, and unfavorable thermodynamic interactions 

between the blocks usually cause a self-assembled microstructure to form in which the 

contact between them is minimized.  BCPs have been extensively studied in recent decades 

because they are a versatile system for engineering nanotechnologies, as reviewed by Park, 

Yoon, and Thomas.[55]  Selection of the length, chemical structure, and connectivity of the 

component blocks gives access to a wide variety of morphologies, having sizes typically on 

the order of ~10-100 nm, which can be ordered with respect to one another in grains of one 
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micrometer or larger.[55, 56]  When one block of a BCP is an LC polymer, the resulting 

material exhibits order over a variety of length scales from a few nanometers (the 

cooperative alignment of LC molecules) up to the larger-scale structure of the BCP.[54, 56]  

In these systems the orientational order of the mesophase couples strongly to the 

microphase separated BCP morphology, and the LC director often dictates the orientation 

of the microdomains.  In contrast to the alignment tendency of cylindrical microdomains of 

a triblock copolymer that normally align in the direction of shear, an orientation 

perpendicular to the shear plane is observed when one block is a LC polymer because of 

the anchoring of the mesogens to the cylinder walls.[57]  Another  example of this coupling 

is the observation that changing LC order can either change the morphology of the 

microphase separated structure (order-order transition),[58, 59] or trigger the order-disorder 

transition coincident with the isotropization temperature of the LC block.[60-62] 

BCPs in solution are thermodynamically rich systems because the polymer’s self-

assembled structure depends not only on pairwise interactions between the different 

polymer blocks, but also on interactions between the blocks and the solvent.[63-70]  The 

polymer concentration and the relative enthalpic interactions between the solvent and the 

polymer blocks (the solvent’s “selectivity”) determine the morphology of the BCP in 

solution.  In a strongly selective solvent, the solubility of one block, A, is distinctly greater 

than the other block, B, and the BCP usually self-assembles into micelles with block B 

segregated to a core surrounded by a solvent-rich corona containing block A.  In the limit of 

no selectivity, both blocks are soluble and the BCP will not self-assemble in dilute solution 

where block-block interactions are screened by polymer-solvent interactions.  For a fixed 

BCP at fixed concentration, the choice of solvent determines whether or not micelles form.  

If they do, the solvent choice also determines their shape, size, and long-range order 

relative to one another (e.g., BCC or FCC lattice).   

Knowing that orientational order is strongly coupled to the thermodynamics of SGLCP 

homopolymers in LC solvent and to the morphology of LC BCPs in the bulk suggests an 

additional layer of complexity might be added to the thermodynamics governing self-

assembly of BCPs in solution if one block is an SGLCP and the solvent is nematogenic.  
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From a practical standpoint, swelling an LC BCP with small-molecule solvent could serve 

to improve their sluggish and weak responses to electro-magnetic stimuli, making them 

better candidates for use in devices such as liquid crystal displays.  Despite these 

motivations, only one research group[71-73] reported experiments on LC solutions of LC 

BCPs prior to the Kornfield group’s studies of liquid crystalline gels self-assembled from 

triblock copolymers in nematic solvent.[19, 74, 75]  Much of the work described in this thesis 

was motivated by a desire to better understand the physics of these gels.   

1.2 Motivation: Orientational Coupling Phenomena in Self-Assembled Triblock 

Copolymer Gels  

Solutions of coil-SGLCP block copolymers in a nematic solvent combine the 

thermodynamic phenomena deriving from the coupling of LC order to polymer chains with 

the rich thermodynamics governing BCP self-assembly in solution.  Triblock copolymers 

were synthesized with polystyrene (PS) endblocks and an SGLCP midblock having 

mesogens attached either end-on or side-on.  Dissolving the triblocks in 4-pentyl-4′-

cyanobiphenyl (5CB), a small-molecule nematic LC, causes the random-coil PS endblocks 

to segregate from the ordered solvent, and a nematic gel is formed when the polymer 

concentration is 5 wt % or greater (Figure 1.5).[19, 74]  The segregated PS-rich domains form 

the crosslinks of a polymer network spanned by the LC-soluble SGLCP midblocks.  The 

network structure of 5 wt % polymer gels is thermoreversible because the entropic penalty 

to dissolution of the PS blocks disappears when the solvent is heated to the isotropic phase 

(> 35 °C), causing the segregated domains to dissolve then re-form when the solution is 

cooled to the nematic phase again.  However, the rheology of gels containing 20 wt % 

triblock copolymer shows that associations between PS  blocks persist beyond the solvent’s 

nematic to isotropic transition,[74] suggesting that polymer concentration plays a non-trivial 

role in the self-assembly of LC gels, just as it does in the self-assembly of non-mesogenic 

BCP solutions.   

Director reorientation dynamics in nematic gels self-assembled from coil-SGLCP block 

copolymers are almost as fast as in 5CB itself and are coupled to the underlying polymeric 
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network.  The gel’s director aligns parallel to electric fields of 1.2 V/µm or greater, 

allowing for the creation of an optically clear monodomain from an initially opaque, 

polydomain gel (Figure 1.6).  When the electric field is removed, the coupling of the 

solvent orientation to the topology of the polymer network provides a memory of the 

original orientation and the gel returns to the polydomain state on time scales as fast as 15 

ms,[19] comparable to the relaxation time of pure 5CB in a 5 µm-thick cell (~ 40 ms).[76, 77]  

In stark contrast to small-molecule LCs, the time required to fully return to the original 

polydomain state depends strongly on the previously applied field: higher applied fields 

cause the relaxation time to increase (Figure 1.7).  Nevertheless, there appears to be a 

separate, fast relaxation process present that allows the gel’s optical response to track the   

1 kHz oscillation of the applied voltage (Figure 1.7). 

The gels’ responses to mechanical strain also demonstrate the coupling of the LC 

orientation to the polymer network.  The LC director becomes uniformly aligned when the 

gels are subjected to shear and the orientation of the SGLCP mesogens dictates the 

orientation of the director relative to the velocity gradient: end-on gels align with the 

director parallel to the velocity gradient, side-on gels align perpendicular (Figure 1.8).  

These orientations mirror the behavior of SGLCP homopolymers in nematic solvent.[47]  

However, in contrast to homopolymer solutions, the gel’s network serves to lock in the 

orientation and the monodomain alignment remains after cessation of shear.   

Changing the anisotropy of the SGLCP block by heating or cooling the gel in the nematic 

phase causes an unusual buckling instability to occur because of the LC director’s coupling 

to the polymer network.[75]  When the network initially forms near the nematic / isotropic 

phase transition, the order parameter of the solvent is low and the induced conformational 

anisotropy of the SGLCP midblocks is mild.  Upon further cooling into the nematic phase, 

the conformational anisotropy increases, but the SGLCPs are not free to expand in their 

preferred direction because their PS endblocks lock them into a network that is constrained 

by anchoring to the gel’s contact surface.  The compromise between changing 

conformational anisotropy and the constraints of the polymer network causes a periodic 
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distortion to the director field that generates a striking striped texture when the gel is 

viewed in a microscope between crossed polarizers (Figure 1.9).  

1.3 Thesis Organization 

Experimental investigations of the physics underlying the novel phenomenology of self-

assembled liquid crystalline gels are the subject of this thesis.  In Chapter 2, the phase 

behavior of SGLCP and random-coil homopolymers in 5CB demonstrates the 

discontinuous change in random-coil polymer solubility that takes place when the LC 

solvent is heated from the nematic to isotropic phase.  The influence of polymer-polymer 

interactions on the phase behavior of ternary blends of SGLCP, random-coil polymer, and 

5CB is used to understand the self-assembly of coil-SGLCP diblock copolymers, whose 

temperature-dependent structure and rheology is expounded upon in Chapter 3.  The 

consequences of coupling LC order with the polymer’s conformational entropy on 

orientational order and polymer phase behavior is explored in Chapter 4, and in Chapter 5 

the influence of polymer architecture (side-on or end-on) and temperature on 

conformational anisotropy are demonstrated by small-angle neutron scattering.  The 

coupling of director relaxation dynamics to the underlying polymer network is investigated 

by dynamic light scattering in Chapter 6.  Finally, Chapter 7 looks at the effect of the 

interconnected triblock copolymer network on the gel’s orientational memory and 

demonstrates that memory is absent in gels composed of non-interconnected diblock 

copolymer micelles.   

 

 

 



 9
1.4 Figures 
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Figure 1.1 Schematic representation of the molecules of a thermotropic liquid crystal, 
represented by gray ellipses, in the solid, nematic liquid crystal, and liquid phases.  In the 
solid phase, the molecules have regular positions and orientations.  When heated above 
the crystalline to nematic phase transition temperature, TCN, the molecules lose their 
positional order, but remain oriented in a preferred direction called the “director,” n.  
Above the nematic-isotropic transition temperature, TNI, the molecules have no long-
range positional or orientational correlations.   
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Figure 1.2 Schematic representation of the three fundamental distortions of the nematic 
LC director.  The free energy cost of each distortion is expressed in Equation 1.1 using 
elastic constants K1, K2, and K3 for splay, twist, and bend, respectively.  The spatially 
varying local director orientation is represented by black ellipses and the equilibrium 
director is denoted n.      
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Figure 1.3 Schematic representation of the three fundamental orientations of the nematic 
director, n, in relation to the gradient of the velocity, v, in shear flow.  The effective 
viscosities measured in these geometries, ηa, ηb, and ηc, define the Miesowicz viscosities 
of a nematic LC.   
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Figure 1.4 Schematic representation of liquid crystalline polymers.  Main-chain liquid 
crystal polymers incorporate the mesogens into the polymer chain, and side-group liquid 
crystal polymers have mesogens laterally attached to the backbone via a flexible spacer.  
End-on polymers have the mesogens attached with their long axes perpendicular to the 
polymer, while side-on polymers have the mesogens attached with their long axes 
parallel.   
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Figure 1.5 Chemical structures of the side-on and end-on triblock copolymers that self-
assemble in the nematic solvent (4-pentyl-4′-cyanobiphenyl, 5CB) to form liquid 
crystalline gels.  Schematics of the gels illustrate the segregation of the polystyrene 
blocks (blue circles) to form physical crosslinks spanned by the LC-soluble SGLCP 
midblocks (black lines to represent the polymer backbone with red ellipses to represent 
the attached mesogens).  The solvent is represented in the schematics by white ellipses.  
The relative sizes of the segregated domains, SGLCP midblocks, and solvent molecules 
are not drawn to scale.   
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Figure 1.6 (a) A 5 wt % end-on triblock copolymer gel is sandwiched between two 
transparent indium-tin-oxide electrodes spaced 25 µm apart.  The gel is loaded into the 
cell by capillary action: when heated above 35 °C it transitions to a liquid and flows into 
the gap, cooling to the nematic phase triggers the polymer’s self-assembly.  In this case, 
the gel is only partially filling the field of view, and the printed logo placed behind the 
cell is clearly visible in the empty portion.  (b) Applying an electric field of 1.6 V/µm 
reoriented the LC director and creates an optically clear monodomain; the empty portion 
of the cell cannot be distinguished from the portion containing aligned gel and the printed 
logo behind the cell is clearly visible.  The opaque, polydomain state (a) is recovered 
when the field is removed.  The gel’s structure is represented schematically according to 
the same conventions as in Figure 1.5. 
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Figure 1.7 Transient electro-optic response of a 5 wt % side-on triblock copolymer gel 
under application of alternating current electric fields of 2.4, 4.0, and 6.4 V/µm 
oscillating at 1 kHz.  The gel is contained between transparent indium-tin-oxide 
electrodes and the transmission of a 10 mW, 633 nm laser beam is measured during 
application of the field.  (a) The time required for the transmitted intensity to reach 90% 
of its maximum when the field is switched on is denoted τ90. (b)  The time required for 
the transmitted intensity to reach 10% of its maximum when the field is switched off is 
denoted τ10.  When not shown, τ90 and τ10 are beyond the graphs’ scales.   
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Figure 1.8 Conoscopic figures demonstrating monodomain alignment of end-on and 
side-on LC gels induced by shear flow.  The angle θ is the angle between the optic axis 
and the velocity gradient direction deduced from the type of conoscopic figure 
observed.[78, 79]  The cross pattern observed for end-on gels is characteristic of alignment 
of the director parallel to the velocity gradient, and the hyperbolic pattern observed for 
side-on gels is characteristic of alignment perpendicular.   
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Figure 1.9 Optical micrograph of a 5 wt % end-on LC gel observed at room temperature 
between crossed polarizers.  A periodic stripe pattern is observed because of a buckling 
instability induced by changes in conformational anisotropy of the gel’s SGLCP 
midblock.  The orientation of the director is denoted “n”.     
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