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* review

e elastomers

 liquid crystal elastomers & gels

e photoactuation, energy generation
 modeling & simulations

e summary
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What to remember:

e order parameter
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What to remember:

« free energy
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Liquid Crystal Elastomers

e ANISOTROPIC RUBBERS
with combined features of

LIQUID CRYSTALS

& PG. de Gennes, 1932-2007

ELASTIC SOLIDS

proposed by de Gennes

produced by Finkelmann

H. Finkelmann

P.G. de Gennes, C.R. Seances Acad.5ci.218, 725 (1975)
H. Finkelmann, H.J. Kock, G. Rehage, Makromol. Chem., Rapid Commun. 2,317 (1981)
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Why liquid crystals & elastic solids?

e Dboth are soft

 liquid crystals:
— respond to variety of stimuli
— liquid (cannot support stress)

-complementary!

 elastic solids:
— solid (supports stress)
— respond to stress only
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Liquid Crystal Elastomers: Behavior

e monodomain nematic LCE
e 5cmx5mmx0.3mm

e |ifts 30g wt. on heating,
lowers it on cooling

e large strain! (400%)

(H. Finkelmann)
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Elastic solids:

position of a material point before deformation:

position of a material point after deformation: I + R

displacement vector: R

. R
strain tensor: e :1 R, +@ P

af
2( OX;  OX,

7/26/2011 BOULDER SCHOOL S




Elastic solids:

o for incompressible materials, the free energy density is

« where 77 is Young’'s modulus

3
=2 o KT
=" P,

e and p, Is the cross-link density*.
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Elastic solids:

o for incompressible materials, the free energy density is

1
J =—ne*—c™e
277

« where 77 is Young's modulus, and ¢™ is the external
stress.

n =10°Pa

Theory of Elasticity, L.D. Landau and E.M. Lifshitz
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Liquid crystal elastomer

e polymer network incorporating mesogens

e polymer: anisotropic random walk

— step length tensor:

L+2, . 3
L=(”+3 4>, -1)Q

 liquid crystal: aligning effect of polymer chain
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Liquid Crystal Elastomers

» free energy density*:

F = %AQ2 + ..—%AS'QEE —yQe 4—%7762 —c™'e

sum of free energies of liquid crystal + elastic solid,
plus new coupling term Q€

Yy proportional to p, and to step length anisotropy

effect of strain on LC order iIs same as external field
effect of LC order on strain iIs same as external stress

*P.G. de Gennes, C.R. Seances Acad.Sci.218, 725 (1975)

12
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What happens:

F = %AQ2 + .. —%Ag'QEE —yQe +%7ye2 —-o™'e

« changing Q applies stress, causing shape change
— heating causes contraction along director

e Note: y/A=p, Ip,

 mechanical strain has same effect as strong E -field*
director n reorients, S changes .
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Liquid Crystal Elastomers

o key feature: coupling between orientational order and
mechanical strain

/ order parameter tensor

T =1(Q,.€.,)
[

strain tensor
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Free energy: another look

J = %an —%bQ?’ +%CQ4 —er+%ne2 -c%e-U'Q.e...

o /
Vv

e can also write

1 1 1 1y
F=—a'0°-=b0’+=cO*+=n(e—-0) +..
> Q 2 Q A Q 277( UQ)

SOFT ELASTICITY!
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Soft Elasticity

e If SIs constant,

5 =L pe-Lsi@Ern-1)
2 n 2

e changes in strain can be accommodated by director

reorientation without energy cost

L. Golubovic and T.C. Lubensky, Phys. Rev. Lett. 63, 1082 (1989)
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Structure

If orientational order increases,

.

expansion contraction

director

If orientational order decreases,

M

contraction expansion
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Composition of nematic LCE samples

CHgj
si 0  methylsiloxane monomer
| ; (main chain)

M@@ « mesogenic biphenyl
(side group)

S
acel  trifunctional crosslinker
oAV

19
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Sample preparation

e mix components in solvent

e centrifuge & evaporate solvent

o take out sample (partially polymerized)

e as solvent evaporates, polydomain nematic forms

 strain slightly to make sample monodomain

20
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Appearance of nematic LCE samples

birefringent sample between
crossed polarizers

samples from:
e H. Finkelmann, Freiburg
e now produced at the LCI
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Strain changes optical properties

« changing sample shape changes Q and
— magnetic permeability, dielectric permittivity
— optical properties: cholesteric pitch

cholesteric elastomer hex =5320m. 35ps

Light Intensity (a.u.)

T T T T T T T T
540 550 560 570 580 590 600 610

Wavelength (nm)

. . _ A { 4
-mechanically tunable PBG material mirrorless ‘rubber” laser

H. Finkelmann, S-T. Kim, A. Munoz, P. Palffy-Muhoray and B. Taheri, Adv. Mat. 13, 1069 (2001)

7/26/2011 BOULDER SCHOOL - 22



Effects of solvent vapors

e siloxane based side chain nematic LCE
— nematic single crystals
— solvent: chloroform

o effect: vapor reduces mesogen density:

7/26/2011 BOULDER SCHOOL
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Effects of solvent vapors

e Sidechain nematic + RTV silicone ‘bi-rubber’

RTV film cast on LCE
films have equal thickness
strong tendency to bend when exposed to solvent vapor

solvent: chloroform

T. Toth-Katona, P. Luchette, P. Palffy-Muhoray (unpublished)

7/26/2011
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Effects of solvent vapors
* hybrid aligned sample

K. Harris, C. Bastiaansen, D. Broer, J. MEM Syst., 16, 480 (2007)
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Light detection with LCEs

o order parameter depends on T
« AT causes strain

— LCE is photomechanical
transducer sensing light

— strain in LCE tunes
Fabry-Perot cavity

— can be cascaded to
Increase sensitivity

Fabry-Perot

mirror pec—
mirrors ‘ lens <>

tunable speaker
posts .i
glass beam
mirror splitter
detector Ll L ;|
cyl. lens
lens <] ::)‘C :', .
T iris
B Loe
tunable A
posts .
glass beam
) splitter
detector mirror lens
oyl lens
lens T iris
ee Loe
shutter
tunable
posts ﬁ polarizer <
detector
laser
1.0
,==o | ——Speaker - --LCE1 ----LCE2
0.84 " LCE1(Theory) —--— LCE2(Theory)
87 —

Time (s)

N. Dawson, M. Kuzyk, J. Neal, P. Luchette, P. P-M., Opt. Commun. 284, 991-993 (2011)
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LC Gels

* here: gel = elastomer + solvent

e scenarios for LC gels:

— LC elastomer + isotropic solvent
— Isotropic elastomer + LC solvent

— LC elastomer + LC solvent

7/26/2011 BOULDER SCHOOL
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LC gels

« Kornfield group (Caltech)

— triblock copolymer
e long midblock with mesogenic sidechains
e short polystyrene endblocks

— dissolve in nematic LC (5CB)
— In isotropic phase, have isotropic solution

— In nematic phase, endblocks become insoluble, aggregate,
forming physical crosslinks : physical gel
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LC Gels

isotropic nematic

M.D. Kempe, N.R. Scruggs, R. Verduzco, J. Lal and J.A. Kornfield, “Self-assembled liquid-crystalline gels designed
from the bottom up”, Nature Mat. 3, 177-182 (2004)

P. Palffy-Muhoray, R.B. Meyer, “Liquid Crystal Gels: Bridging the experiment-theory gap”, Nature Mat., 3, 139-
140 (2004).
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LC Gels: electro —optic effect
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Ambient light § |

7
N
% \‘h
A\
i &
Substrate =2 Printed logo
R < =

Polydomain Tl Monodomain

E field: OFF ON
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Mechanisms of Optomechanical Effects in LCE

e optomechanical coupling:

light
|

orientational order

!

mechanical strain

!

shape change
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Effects of light on order parameter

« optical field changes order parameter via:

— direct heating
— absorption

— disruption of order

— photoisomerization " -

— direct optical torque
— angular momentum transfer from light

— indirect optical torque
e Landauer’s blowtorch

e orientational Brownian ratchet
— no angular momentum transfer from light;
— light drives molecular motor

7/26/2011 BOULDER SCHOOL
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Experimental Results (Warner et al.)

e azo-dye incorporated in network

Cll-[?l

—[—E'-li - G_]_IIJ‘J PHMS

H
0 -cood S-ocH, M40OCH ,
0L 004 d—CN MACN
A0 -0CH, MOCH,
AN 0 A A 4

- MG’WW@N - o v,

FIG. 1. Chemical structure of elastomer AE4.

H. Finkelmann, E. Nishikawa, G. G. Pereira and M. Warner, Phys. Rev. Lett. 87, 015501
(2001)
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Experimental Results (Warner et al.)
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FIG. 3. Contraction fraction, | — ey, (r), versus time exposed
to UV radiation for T = 298 K (=), 303 K (o), 308 K (&),
and 313 K (L), Dashed lines are guides for the eyve. Close to
the origin curves may have an inflexion point. Inset: Recovery
of the contraction for the 298 K elastomer after the 90 min of
lumination.
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Experimental Results (lkeda et al. )

366 nm

=540 nm
_)

LC + diacrylate network
~540 nm + functionalized
azo-chromophore

timescale: 10 s

Yanlei Yu,Makoto Nakano, Tomiki Ikeda, Nature 425, 125 (2003)
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Photoinduced Bending

sample: nematic elastomer EC4A0CH3

+ 0.1% dissolved
Disperse Orange 1 azo dye

Ar
LaslefllllllllllIII\

! - Sample

Response time: 70ms

M. Chamacho-Lopez, H. Finkelmann, P. Palffy-Muhoray, M. Shelley, Nature Mat. 3, 307, (2004)
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Dynamic Response

1 P=0.6W 5mm x 5mm 1]
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Photoinduced oscillations

 |If sample bends >90° both sides are illuminated,

producing oscillations u n

Start position

Azo-LCN

Light beam Fad
e
]
L@
Y .
“h
Oscillation angle

Holder

nematic azo-elastomer

sample size: 5 mm 0.8 mm 0.05 mm

max. frequency = 270Hz
S. Serak, N. Tabiryan, R. Vergara, T. White, R. Vaia, T. Bunning, Soft Matter 6, 779-783 (2010)
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Photoinduced oscillations

 If sample bends >90° both sides are illuminated,
producing oscillations

sunlight operation is possible! n =6x10°Pa, T,= 65°C, T,, =147°C
sample size: 5mmx 0.8mm x 0.05mm

S. Serak, N. Tabiryan, R. Vergara, T. White, R. Vaia, T. Bunning, Soft Matter 6, 779-783 (2010)
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Photoinduced oscillations

e canitfly?

-particle velocimetry
to study lift of LCE wings

ongoing work:
T. White, AFOSR/WPAFB
A. Altman, U. Dayton
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Photoinduced oscillations

e |t can swim!

e azo-doped nematic
 LCE pumps water

e sample size:
50mm x5mm x 0.3mm

J. Neal, P, Palffy-Muhoray (unpublished)
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Swimming away from the light

e floating nematic LCE sample illuminated from above

Laser.beam

water
Elastomer
S

M. Chamacho-Lopez, H. Finkelmann, P. Palffy-Muhoray, M. Shelley, Nature Mat. 3, 307, (2004)
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Swimming away from the light

e floating nematic LCE sample illuminated from above

Laser.beam

Elastomer ethylene glyco
B

M. Chamacho-Lopez, H. Finkelmann, P. Palffy-Muhoray, M. Shelley, Nature Mat. 3, 307, (2004)
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Swimming away from the light

e floating nematic LCE sample illuminated from above

Laser.beam

water
Elastomer
T

M. Chamacho-Lopez, H. Finkelmann, P. Palffy-Muhoray, M. Shelley, Nature Mat. 3, 307, (2004)

7/26/2011 BOULDER SCHOOL
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the Puzzle:

e how does it work??

e LCE Is motor:

— motion is due to transfer of energy only, not momentum!
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what happens:

7/26/2011

laser

BOULDER SCHOOL
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Locomotion in batoid fishes

A 0 ms Atlantic stingray.

Swims by propagating waves down the pectoral fins from
anterior to posterior.

100 ms | "

200 ms

L.J. Rosenberger, J. Exp. Biol. 204, 379-394 (2001).
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Swimming dynamics

e elastomer
— swims like a fish

— Intrinsic instablility propagates wave-like deformation in
elastomer

e system is a light-driven motor

M. Chamacho-Lopez, H. Finkelmann, P. Palffy-Muhoray, M. Shelley, Nature Mat. 3, 307, (2004)

7/26/2011 BOULDER SCHOOL | 50




Light-driven artificial cilia

Flow A Ultraviolet on
~ ; Ultraviolet + Visible on
Uv & vis. o traviolet
responsive @
Visible on %!I

non-reciprocal motion
can drive current:

wr 0g-0L

LC network

i

can be printed via wy
ink-j hnol
Hariact SN ITTTTIT|

cilium in
action:

Light off

C. van Oosten, C. Bastiaansen and D. Broer, Nat. Mater. 8 677-682 (2009)
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Thermal actuation

e continuous production via microfluidics

X 21 ]

T=100°C T=120°C T=140°C T=100°C (again)

‘ silicone oil . monomer mixture . crosslinked polymer
hev

T=100°C T=140°C

e uniform array of microactuators
— can accurately control size & cross-link density

C. Ohm, C. Serra and R. Zentel, Adv. Mater. 21, 4859-4862 (2009)
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Responsive Helices

tendrils of passiflora edulis

liquid crystalline cellulosic fibers
via electrospinning
(note perversion)

form adaptive non-woven mats

H.M. Godinho, J. Canejo, G. Feioa and E. Terentjev, Soft Matter, 6, 5965-5970 (2010)
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Flexoelectricity

» the divergence of the dielectric tensor is a vector
V.-e~P

—> electric polarization

 if an isotropic rubber sample is deformed, V.-¢~P=0

7/26/2011 BOULDER SCHOOL _
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Flexoelectricity

» the divergence of the dielectric tensor is a vector
V.-e~P

—> electric polarization
 if an isotropic rubber sample is deformed, V.-¢~P=0

e ifan LCE is deformed V-e=V-(sl+AcQ)~P=0

— have ‘giant’ ferroelectricity! W%

56
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Giant flexoelectricity in ‘banana’ LCES

 panana elastomers ‘/‘/m L‘\‘

C,gHegCLO, mw. 793.81

c

<|:H3 CHy LI‘.H3
/\»Eflv o~ ot mepotiogoon
HCF 7
2 , CHy H TH,

C,H,O0, mw. 41466 m.w. 60.124 / monomer

0.06

| r
S0 b

e AN p
RVAVAYAY
S WM %Mﬂ W\W t\\'W/LH,
-0.03 J 1
P=ek e, =30nC/m
-0.06
0 0.5 1.0 1.5 2.0
J. Harden, M. Chambers, R. Verduzco, P. Luchette, J. Gleeson, Time (seconds)

S. Sprunt, A. Jakli, Appl. Phys. Lett. 96, 102907 (2010)
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Solar to electrical energy conversion via LCEs

» dielectric tensor of LCs depends on orientational order

e=¢cIl+AcQ

e since the order parameter depends on temperature, capacitor
with LCE* can act as a charge pump.

V, >V
(a) 2 1 (a) INI />|L/{
— V¥ o T e A -
V c ¢ % V ‘ < v,
low temperature high temperature

e as T increases, € & C decrease, VC increases.
e chargeis pumped from V, to V,; efficiency ~ 50 !

* high dielectric breakdown
T. Hiscock, M. Warner and P Palffy-Muhoray, J. Appl. Phys. (to appear).
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Modeling the dynamics of nematic LCEs

e Order parameters:

— Displacement: R (r)

— QOrientation: Q ﬂ(r)

7/26/2011 BOULDER SCHOOL
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Strategy

» specify free energy density
— nematic + elastomer

o specify dissipation
— nematic + elastomer

?z?(Qaﬁ,Ra)
. OR

R =R(Q,;5,—=
8xﬂ

7/26/2011 BOULDER SCHOOL s
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Strategy

o obtain dynamics from

momentum
conservation:

non-conserved
order parameter
dynamics:

7/26/2011

a

j 0F  OR

f_ d & JF SR
+ + —
dtéR, SR, OR
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Free energy:
?(Qaﬂ’ Ra) — ?

 mean field theory
e order parameters Q and R varyinspace
ap o

e use symmetry allowed squared gradient terms

squared gradient terms may be a problem!

7/26/2011 BOULDER SCHOOL _
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Elastic free energy

— for isotropic polymers, distribution of separation of
connected crosslinks is

3 R’
2L L

where [, is the chain length, and L is the step length

— the free energy of the polymer chain between the
crosslinks is

F =—kTInP(R.)
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Elastic free energy*

— for anisotropic polymers, distribution of separation of
connected crosslinks is

P(R.) = exp(-—[RIL'R, ]

— the matrix of effective step lengths L IS anisotropic,
— for nematic LCEs

L=11+AlQ
— while initially,
L, =11+AIQ,

* Liquid Crystal Elastomers, M. Warner and E. Terentjev (Cambridge, 2003)

64
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Non-local elastic free energy

Sél_

—%”ijo(r,r')g(rJr R,r'+R)d°rd°r’

-r IS Lagrangian coordinate, R — R(r)

7/26/2011

g(r+R,r'+R)=—kTInP(r+R,r'+R)

3kT

2L

(b+R, —r,—R)L;(r, +R, -1, —R,)

BOULDER SCHOOL o A

9iel = 9jel (Ra’Qa,B)
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Non-local nematic free energy
1l 1 1
Te =-]5:2Q0)" = 2bQ(r)” +cQ(r)* +.

QNQ) = Qs

_I_
r'+R'-r—R)°

Vo

Eulerian separation

e = ?LC(Ra’Qaﬁ)
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Rayleigh dissipation function

2R =TS =v® Q_Q,
R . . OR
(2) a /4
vV —- +
apro OX Qo Qup 8x5)
V(3) aRa 6R7
affyo
OX 5 OXg
e ViScosities depend on .
Vepys ¥ Qs

R = :RLC (Ra’Qaﬂ)
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Dynamics

« for material points

0F (2) 69(:?%5
TV aﬂ75
OR OX

oA 2 0F

VapsQys =~ f =
of
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Dynamics

 for the surrounding fluid:

Dv
—=V . (-pl+21nD
P o (—pl+27D)

V-v=0
* boundary conditions:
G;-N =0, -N

V= Vi = Vg

7/26/2011 BOULDER SCHOOL S
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Simulations
o Mike Shelley & Wei Zhu (Courant Institute, NYU)

 numerical solution of coupled PDEs:
— spectral Chebyshev method

)
0T o Q@ OR
SR, 0 ax, ok ox,

. S5F oR
(1) _ (2) y
1% =—— 7 =
afyo Q}/& 5 Qaﬁ yoaf3 a)(é

70
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Bending
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Bending
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Bending
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Bending

15
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Bending
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Bending

15
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-10—

-15 5 1]
13 10 5 0 -10
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Saddle

e observed light induced LETTERS
saddle deformation -

e want to simulate the
dynamics

e simulation imposes
Light lbqht
temperature l

SE -_-F-:-n:e on LCE

—
Forea on watar

M. Camacho-Lopez, H. Finkelmann, P. Palffy-Muhoray, M. Shelley, Nature Mat. 3, 307, (2004)
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SADDLE
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TWIST

e IS it possible to induce spontaneous twist in a uniform
achiral nematic sample with plane polarized light?

-

7/26/2011 BOULDER SCHOOL
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TWIST

e IS it possible to induce spontaneous twist in a uniform
achiral nematic sample with plane polarized light?

 illuminate (heat) along line in middle?

7/26/2011 BOULDER SCHOOL _
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7/26/2011

15 ~

10

BOULDER SCHOOL

88



TWIST
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TWIST
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TWIST
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TWIST

191
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Summary

« LCEs combine features of LCs & elastomers
o key feature: coupling of orientational order & strain

e salient feature: responsivity
— temperature, light, chemicals

 modeling underway
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