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I. Abstract

In this thesis, several examples of responsive liquid crystal elastomer
microparticles are reported, as well ashiral nematic films. Bipolar nematic liquid
crystal elastomer particles were of significant interest due their reversible shape
change at the liquid crystal to isotropic phase transition. Furthermore, a
spontaneous deformation of spherical droplets into gindle shaped particles upon
irradiation with UV light was investigated. The spontaneous deformation and
resulting particle surface morphology was studied to elucidate the phenomenon.
Droplets and particles were subjected to external stimuli such as tempature and
magnetic fields to produce samples with polar alignment not seen before in the

literature.

In addition, a microfluidic method is reported for the introduction of nanopatrticles
into bipolar nematic droplets with greater control of both droplet diameter as well
as the number of nanoparticles within droplets compared to methods previously
reported. To achieve thispolymer nanoparticles were dyed with fluorescent dye
and suspended in organic solvent so that they were compatible with the
microfluidic inner phase containing nematic monomer, photoinitiator and
crosslinker in chloroform, to which they were added. After photopolymerisation,
yielding nanoparticle infiltrated elastomer microparticles, we demonstrated, for
the first time, a reversible shape bange response to temperature of nematic
elastomer microparticles with localised nanoparticles, a initial step for
applications of these materials within areas such as micromechanics and soft

robotics.

Finally, doped chiral nematic systems were produceahithe form of elastomer film
and microparticle optical reflectors, and in some cases the dopant was extracted
to produce chiral imprinted elastomers. Chiral doped monomer systems with
tuneable selective reflection colours across the whole visible spectrumt room
temperature are reported along with their responsiveness to temperature and
pressure. Elastomer microparticles exhibited high quality optical properties after
polymerisation, due to preserved internal mesogen alignment stemming from the
particle size, monodispersity and overall quality of the droplets produced using

our microfluidic method.
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Figure 47: Orange, yellow and green boxes containing 6x zoomed and cropped
photomicrographs of individual droplets of M1 from M1-MF97, M2 from
M2-MF80 and M3 from M3-MF19 respectively. The top row of each box shows
the brightfield imaging, the middle is polarised inaging and the bottom a cartoon
representation of the suggested polar axis orientation based upon the baseball

texture pattern. Original photomicrographs correspond to those in Figure 46.
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Figure 48: Brightfield (a, ¢c & e), polarised (b, f & f) and SEM (g) photomicrographs
of E1 (a, b & g)E2 (c &d) and E3 (e & f) elastomer microparticles polymerised in
the isotropic phase, at 107 °C (a, b & g), 70 °C {d). Taken from E1-MF63

(a, b & 9),E2-MF78 (c & d) andE3-MF49 (e & f). Taken at 200x magnification,
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Figure 49: Brightfield photomicrographs, in transmission mode, ofE1l and E2
elastomer microparticles which were polymerised in the isotropic phase, from
E1-MF66 (az c) and E2-MF78 (d z f) when heated from the nematic phase, 25 °C
(a & d), to the isotropic phaseat 140 °C (b) or 100 °C (e) and then cooled back to
the nematic phase, 25 °C (c) or 30 °C (f). Originally taken at 200x magnification,
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Figure 50: Brightfield (a & c) and polarised (b & d) photomicrographs ofE3
nematic elastomer microparticles polymerised at RT at 50% intensity from 30 cm
away inE3-MF87 (a & b) and 100% intensityfrom 6 cm away inE3-MF73 (c & d).
Zoomed in areas zoomed by 2.9x. Taken at 200x magnification, scale barg 5@

(e) shows an elastomer microparticle cropped and zoomed in 5x which is rotated
by 30° and 60° left to right; cartoon representations of the sggested microparticle
orientation are shown underneath............cccoooiiii i iccecceeeiiciiien s eeeeeeeennn.. B8
Figure 51: Brightfield photomicrographs, in transmission mode, ofE3 nematic
elastomer micropatrticles, from E3-MF19 when heated from the nematic phase,
55 °C (a), to the isotropic phase at 105 °C (b) and then cooled back to the nematic
phase, 60 °C (c). Taken at 200x magnification, scale bars 50 um. Highlighted
particles referenced iN teXL. ... ... ceeeeeeees e ereereeem e eeeeeen L0
Figure 52: Brightfield (a & c¢) and polarised (b & d) photomicrographs of nematic
elastomer microparticles of E1 from E1-MF69 polymerised at 7% intensity

(a & b) and E2 from E2-MF78 polymerised at 55 °C (c & d). Taken at 200x
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Figure 53: Polarised photomicrograph showing aE1l elastomer microparticle
from E1- MF69 upon a 90° rotation with respect to the crossed polarisers in 10°
increments from (a) z (j). Originally taken at 200x magnification, croppedand

zoomed in by 1.7x. Corresponds t&1 particles in Figure 52.............ccccoeevivnee. 12
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Figure 54: Brightfield photomicrographs, in transmission mode, oE1 (az c) and

E2 (d z f) nematic elastomer microparticles from E1-MF22 and E2-MF78
undergoing a reversible shape change when heated from the nematic phase, 80 °C
(a) or 25 °C (d), to the isotropic plase at 140 °C (b) or 100 °C (e) and then cooled
back to the nematic phase, 80 °C (c) or 25 °C (f). Originally taken at 200x
magnification, cropped, and zoomed by 6.2x @c) or 5.0x (ezf).....ccccceeveerenns 712...
Figure 55: Plots of the effect of polymerisation UV intensity on the aspect ratio of
bipolar nematic elastomer microparticles of E1 (top) and E2 (bottom)
polymerised at room teMpPerature.............oceevvuvviicccereeeeeeeeeeeiie e e e ceeeennmmeeeesnnn . DL
Figure 56: Brightfield photomicrographs (a, c, e & g) and SEM photomicrographs
(b, d, f & h) ofE1 nematic elastomer microparticles from E1-MF64 (a z f) and
E1-MF66 (g & h) polymerised 30 cm (& f) or 6 cm (g & h) away from a UV source
at 7% (a & b), 50% (c & d) and 100% (& h) intensity at 55 °C. Brightfield
DEI OT 1 EAOT COAPEO OAEAT AO uvnm@ 1 ACl EZLAEAA
taken at 500x (b), 2500x (d), DOOx (f) and 2700x (h) magnification, scale bars
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Figure 57: Brightfield photomicrographs of E2 nematic elastomer micioparticles
from E2-MF75 (a & b) andE2-MF80 (c) polymerised 30 cm (a & b) and 6 cm (c)
away from a UV source at 7% (a), 50% (b) and 100% (c) intensity at RT. Taken at
¢nn@ | ACT EEZAEAAOQEIN.IL.h..QAALA...AAOQ..L.T..781 8
Figure 58: Brightfield Video 1 screenshots (a & b) and polarised photomicrograph
(c) of M1 droplets from M1-MF81 (a & c) before polymerisation into spindle
shapedE1 microparticl es from E1-MF81 (b). Taken at 200x magnification, scale
AAOO vmn 18 jAqQ OEI xO o AOiI PI AOO £&EOI I j A
been cropped and zoomed by 3x, the polarised images were used to indicate the
direction of the polar axis, representedy the cartoons in the & column.......... 81
Figure 59: Brightfield photomicrographs of nematic droplets (a) and elastomer
microparticles of E1 from E1-MF81. Taken at 200x magnification, cropped to
24219 @ c¢t1¢8x tih .QAALA..AAQOQ. . vm..1.1.8.83
Figure 60: Polarised photomicrograph of anE1 nematic elastomer microparticle
from E1-MF70 zoomed in by 3.2x showing the particle rotating through 170° in
10° increments from (a z r). Original photomicrograph taken at 500x
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Figure 61: Cartoon representation of twisted bipolar particles with opposite twist
(top and bottom rows) showing the internal particle alignment through 45° turns.
..85....
Figure 62: Polarised photomicrographs of nematic elastomer microparticles di1
from E1-MF70 (a) and E2 from E2-MF80 (b). Taken at 200x magnification, scale
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where orange circles show five random patrticles with the brightest birefringence
and white circles show five random particles with tle dark edged birefringence.
..85....
Figure 63: Brightfield photomicrographs, in transmission mode, oE1 (az c) and
E2 (d z f) nematic elastomer microparticles from E1-MF81 and E2-MF80
undergoing a reversible shape change when heated from the nematic phase, 80 °C
(a) or 25 °C (d), to the isotropic phase at 140 °C (b) or 100 °C (e) and then cooled
back to the nematic phase, 80 °C (c) a25 °C (f). Originally taken at 200x
magnification, cropped, and zoomed iN DY 4X.......ccoooiiiiiiiiiiecceeeee e 87.
Figure 64: SEM photomicrographs (g d) of E1 particles from E1-MF63 (a, b & d)
and E1-MF72 (c). Polymerised for 20 minutes at 3Qz 40 cm away from a 50%
intensity 365 nm UV light source at RT (a), 55 °C (b), 70 °C (c) and 107 °C (d).
Brightfield photomicrograph taken in transmission mode at 55 °@f E1 particles
from E1-MF63 polymerised at 55 °C after cooling to room temperature and
returning to 55 °C. Taken at 3300x (a & c), 2500x (b), 3000x (d) and 200x (e)
i ACTEEAEAAOQET T h OAAI A AAOO p t.l..j.AhMA Q AQ
Figure 65: Brightfield (a, c, e & g) and polarised (b, d, f & h) photomicrographs
taken in transmission mode of E2 nematic elastomer microparticles from
E2-MF75 (azf) and E2-MF77 (g & h) with 2.5x zoomed in areas shown in the top
right of each photo. Particles polymerised at RT (af) or 55°C (g & h) for 20z 40
minutes at 7% (a & b), 50% (c & d) and 100% (e h) intensity 30 cm away from a
cpuv 11 56 T ECEO Ol OOAA8 4AEAT AQ.commn@ | AC
Figure 66: SEM photomicrogaphs of E1 particles from E1-MF64 (a z c) and
E1-MF72 (d). Polymerised at RT at 30 cm (ac) or 6 cm (d) away 365 nm UV light
source at 7% (a), 50% (b), 100% (c & d) intensity for 2@ 30 minutes. Taken at
1600x (a), 2500x (b), 1000x (c) and 2300x (d) ACT EAEAAOQOEIT T h OAAI A
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1.6x zoomed in section of (c) allows for better visualisation of wrinkling on a
MICTOPAITICIE. ...eeiiii et eeere e meeeene e e e e e e e e e e eee e D
Figure 67: Portion of SEM photomicrograph found in Figure 66¢c zoomed in by
2.8x to show two particles with wrinkling of opposite twists and cartoon
representations of the two twists observed in the particles..........ccccccovieivieens 93
Figure 68: Cartoon representation of the magnetic field lines produced from the
N42 diametrically magnetised neodymium ring magnet (left) and three stacked
N42 neodymium bar magnets (right) used to align polar axes of nematic droplets
where petri dishes are swirledon top of the magnets.............cccooeevvvieeeeecceennn . 97
Figure 69: Polarised photomicrographs of bipolar nematic droplets oM1 from
experiment M1-MF97 (a), M2 from M2-MF89 (b) and M3 from M3-MF87 (c).
Droplets had been aligned by swirling on top of three stacked N42 bar magnets.
Taken in transmission mode at 200x magnification, scale bars 50 pum. Arrows
AARTT OA 1 ACi AOEA EEAI A AEOARAERT &n t OAQAQ
oI T OO T W@ 1 - OO OURUUROL © |
Figure 70: Polarised photomicrograph of bipolar nematic droplets ofM1 from
experiment M1-MF83. Solvent evaporation of chloroform from isotropic droplets
had been carried out on top of three stacked N42 bar magnets as the texture
developed. Taken in transmission mode at 200x magnification, scale bars 50 um.
Magnetic field direction not noted. Averad AEAT AOA.QO4,...c.x...991 8
Figure 71: Polarised photomicrographs taken in transmission mode of bipolar
nematic droplets of M3 from experiment M3-MF87 at 200x magnification,
highlighted area zoomed in by 1.5x, scale bar 50 um. The sample was rotated
AT OEAT T AExEOA AU pnJ AAOxAAT DPET QLOOEAOIT CC
Figure 72: Polarised photomicrograph of anM2 nematic droplet from M2-MF89
showing the texture evolution as the droplets were rotated through 180° between
the crossed polarisers, which were vertical and horizontal with respect to the
plane of doservation. Taken in transmission mode at 200x magnification, cropped
and zoomed by 1.6x. White dashed lines represent the suggested polar axis and
yellow arrows represent the magnetic field direction which the droplets were
subjected to. Cartoon represerdtions underneath each photomicrograph display
OEA ET EAOOAA AOT PI AO 1T OEAT.OAQE.I.I.B. 1@ OAOACA
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Figure 73: Screen$iots from Video 6 (a & b) and Video 7 (c & d) taken in
brightfield transmission mode of E1 (a & b) and E2 (¢ & d) elastomer
microparticles before (a & ¢) and 1 second after (b & d) irradiation with UV light

from dishes of E1-MF83 and E2-MF89 aligned in the magnetic field direction

ET AEAAOAA AU xEEOA AOOI x08 4AEAT AO ¢nng
OET x1 ET Oi P OECEO UITITAA ET AU p8@e@8 |
o2 LA T (PO N X < OO 10V

Figure 74: Polarised photomicrographs of nematic elastomer microparticles di1

from E1-MF83 (a) and E2 from E2-MF80 (b). Taken at 200x magnification, scale

AAOO uvmn ti8 #EOAI AO ET AEAAOA DPAOOEAI AO i
circles show particles with the dark edged birefringence. Droplets were aligned

prior to polymerisation with a magnetic field, white arrows indicate the field

(0 1= ox 1o o 1SRRI 1 0 Lo

Figure 75: Video screenshots from Video 8 (a & b) and photomicrographs gf)

taken in brightfield transmission mode ofE1 particles from E1-MF85 (a z d) and

E1-MF97 (e zf). Particles aligned with magnetic field direction, indicated by white

arrows, between (a & b) where a magnet was introduced and (c & d) where a

magnet was rotated 90°, but there was little change between (e & fitaf magnetic

AEAT A xAO Ol OAOGAA pynl8 4AEAT AQ..40in@ | AC
Figure 76: Video screenshots from Videdll (a & b) and Video 12 (c & c¢) and
photomicrographs (e & f) taken in brightfield transmission mode ofE2 particles

from E2-MF88. Particles aligned with magnetic field direction, indicated by white

arrows, between (a & b) where a magnet was introduced angt & d) where a

magnet was rotated 90°, but there was little change between elongated particles

in (e & f) after magnetic field was rotated 180° although crescent shaped particles

AEA O1 OAOA8 4AEAT AO ¢nn@. l.AClLEEEAMOEI T h
Figure 77: Fluorescence photomicrographs (coloured green) overlaid with

greyscale brightfield photomicrographs of nematicM1 droplets infiltrated no
nanoparticles from M1-MF3 (a) and infiltrated with 0.5 pum sulfate modified
polystyrene nanoparticles fromM1-MF3a (b). Taken at 200x magnification, scale

bars 50 um. Dark spots on droplets are contamination of the sample. Average

dEAT AOQAOQG. .G e B e AT

Figure 78: Molecular structure of fluorescent dye DiO.................cee e ieeeeeee. . 118
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Figure 79: Brightfield (a) and polarised (b) photomicrographs, taken in
transmission mode, of nematic droplets from5CB-SM1 at 100x magnification,
scale bars 100 JM.......oovvviiiiiiiiiiieeeeeeeeeeiieeimmmmmmmmeeeeeeeennnnnssmmmmmmmmeeeeeees L19
Figure 80: Fluorescence photomicrographs (coloured green) overlaid with
greyscale brightfield photomicrographs of nematic 5CB droplets infiltrated with
and 1 um amine modified polystyrene nanoparticles from experimerbCB-SM1b,
imaged after 1 hour (a) and 6 hours (pat 400x magnification, zoomed in by 1.7x,
highlighted area in (a) zoomed by a further 2x, scale bar 50 pm.................. 119.
Figure 81: Brightfield photomicrograph, taken in transmission mode, of isotropic
droplets at 100x magnification, scale bar 100 um (a); brightfield (b) and polarised
(c) photomicrographs, taken in transmission mode, of bipolar nematic 5CB
droplets at 200x magnification, sale bars 50 um; nematic droplet size distribution
graph (d). From experiment5CB-MF148 | OAOACA AEAL.AOATDOG ¢ o
Figure 82: Fluorescence photomicrographs (coloured green) overlaid with
greyscale brightfield photomicrographs of nematic 5CB droplets infiltrated
nanoparticles in ratiosof2:1 (a), 4:1(b&c)and 8: 1 (d & e) from experiments
5CB-MF14a, 5CB-MF14b and 5CB-MF14c. Imaged after 1 hour (b & d) and 3
hours (a, ¢ & €). 200x magnification (a, b & d), 400x magnification (c & e), all scale
AAOO uvn Ai8 ! OAOAGCA..AEAI.AQAQQ,..C.0.1281 8
Figure 83: Fluorescence photomicrograph (coloured green) overlaid with
greyscale brightfield photomicrograph of a bipolar nematic droplet ofM3
infiltrated with two nanoparticles from experiment M3-MF2la at 400x
magnification, scale bar 50 um. Highlighted droplet zoomed in by 2.3x, shown in
OEA O P OECEO Al O1 A08.....L.OAQACA .  AEALAOAOO(
Figure 84: Fluorescence photomicrographs (coloured green) overlaid with
greyscale brightfield photomicrographs of bipolar nematic droplets ofM3
infiltrated w ith up to one 1 nanopatrticle after 1.5 hr agitation at 200 rpm (a) and

1 hr agitation at 300 rpm (b). Taken from experimentdM3-MF25a & M3-MF25b
AO tnn@ |1 ACl EEZEAAOQCEI T h OAAT A AAOQ126m Al 8
Figure 85: Fluorescence photomicrograph of bipolar nematicM3 droplets in
M3-MF25a after 1.5 hr agitation at 300 rpm. Photomicrograph coloured green

and the colour satuated to see droplet boundaries. Taken at 200x magnification,
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scale bar 50 um. Highlighted droplets zoomed in by 5x, shown in top right corner.

I OAOACA AEAIT.AOAQ0OG...06G .k l.8eeeeirinnu 126
Figure 86: Fluorescence photomicrograph (coloured green) overlaid with
greyscale brightfield photomicrograph showing the deformation of bipolar
nematic droplets of M3 infiltrated after 2 hr agitation at 200 rpm in experiment
M3-MF25b taken at 200x magnification, scale bar 50 um. Average diameters:
o < T O - TP PR V.4 4
Figure 87: Fluorescence photomicrograph of FITC modified 1.0 um polystyrene
nanoparticles suspended in MilliQ water. Taken at 1000x magnification, scale bar
Figure 88: Fluorescence photomicrographs of FITC modified 1.0 um polystyrene
nanoparticles suspended in IPA (a) and chloroform (b). Taken at 200x and 1000x
magnification respectively, scale bars 50 pma and 10 pm (0).........cccceeeen... 131.
Figure 89: Cartoon representation of the microfluidic setup used to produce
nematic elastomer microparticlescontaining nanoparticles........................... 133
Figure 90: Fluorescence photomicrograph of isotropidvi3 in chloroform droplets
containing nanoparticles introduced in a 4 : 1 ratio, fronM3-MF96. Taken at 100x
magnification, scale bar 100 um. Section with 1.9x zoom shown in top right corner.
I OAOACA AEAIT.AOAQOM,...p0..1.0.8 e 134
Figure 91:. Brightfield (a) and polarised (b) photomicrographs taken in
transmission mode, and fluorescence photomicrograph (c) of bipolar nematid3
droplets from M3-MF32 containing nanopatrticles which were introduced in ratios

of 2 : 1. Taken at 200x magnification, scale bars 50 um. Zoomed section of (b) was
AOIl PPAA AT A UTTIAA ET AU .c@28....0AOABA AEAI
Figure 92: Brightfield (a) and polarised (b) photomicrographs taken in
transmission mode, and fluorescence photomicrograph (c) of bipolar nematid3
droplets from M3-MF33 containing nanoparticles which were introduced in ratios

of 4 : 1. Taken at 200x magnification, scale bars 50 um. Droplet circled in white is
zoomed in by 3x, shown in the top right corner of the photomicrograph, showing
two nanoparticles within the droplet. AveraCA AEAT AOAOQJ,....ald7. 1 | 8
Figure 93:. Brightfield (a) and polarised (b) photomicrographs taken in
transmission mode, and fluorescence photomicrograph taken in reflection mode,

overlaid with the brightfield image (c & d) of bipolar nematic (az c¢) and

XiX



isotropic (d) M1 droplets from M1-MF61 containing nanoparticles which were
introduced in ratios of 4 : 1. Taken at 200x magnification, scale bars 50 pmgz(a),
pnn@ | ACT EEXAEAAOQOEI T h OAAIT A AAO pgaandi | AQ:
U 1 O A 0 N 6 [ T OO G 2

Figure 94: Brightfield (first column), polarised (second column) and fluorescence

(third column) photomicrographs of M3 droplets containing nanoparticles from
M3-MF33. Cartoon representation of the suggested bipolar droplet orientation

(last column). Each row is imaging from a different droplet of the sample in
Figure 92, taken at 200x magnification, cropped and zoomed in by 6x. Arrows
indicate areas mentioned intextt OAOACA AEAIT.AQAQOG.ma 1 8
Figure 95: Brightfield (first column), polarised (second column) and fluorescence

(third column) photomicrographs of M1 droplets containing nanoparticles from
M1-MF61. Cartoon representation of the suggested bipolar droplet orientation

(last column). Each row is imaging from a different droplet of the sample in Figure

93, taken at 200x magnification, crpped, and zoomed in by 6x. Orange arrow

D R - s x oA s o~

Figure 96: Polarised (a), brightfield (b) and fluorescence overlaid with brightfield

i AQ PET O I EAOTI COAPE T &£# A AEDPTI 1 AO 1T AI AGEA
fluorescent polystyrene nanoparticle localised into a polar defect, shown in

cartoon representation (dd8 3 AAT A AAOO v tih «DABOT AOAR
Orange and blue arrows discussed in text, white arrows indicate free
NANOPAITICIES.......oeiiie e eereeeeeme e e s eeenmmmmmesen e e e e eee L2

Figure 97: Brightfield (a & e), polarised (b & f), fluorescence (c & Q)
photomicrographs of M3 from M3-MF96 (a z ¢) and M1 from M1-MF58 (e z Q)

bipolar nematic droplets and cartoon representation of suggested droplet
orientation (h). Yellow arrow indicates position of a dim nanopatrticle. Taken from

M3-MF96 at 200x magnification, cropped and zoomed by 15x (top row) and 12x

(DOLEOIM TOW). ..t eeeeeee e e et eeeeeenene e e e e e e e eseeeennnnneeeeeeeeeeeeee LA L

Figure 98: Brightfield (a) and polarised, with zoomed section in top right (b)
photomicrographs taken in transmission mode, and fluorescence
photomicrograph (c) of bipolar nematic M3 droplets from M3-MF48 containing
nanoparticles which were introduced in ratios of 7 : 1. Taken at 200x

magnification, scale bars 50 um. Section highlighted in (b) zoomed in by 1.7x and

XX



droplet highlighted in (c) zoomed by 3.4x, shown (d) in corresponding colours,
nanoparticles indicated byAT AAE AOOT x08 | OAQACA.14F ATl AOA
Figure 99: Brightfield (a) and polarised (b) photomicrographs taken in
transmission mode, and fluorescence photomicrograph overlaid with the

brightfield image (d) of nematic M1 droplets infiltrated with 7 : 1 nanoparticle to

droplets in M1-MF478 ¢nn@ | ACT1 EAZAEAAQOETI T h OAAIT A AAO
zoomed in by 2.1x shown in top right corner of each photomicrograph. Average

AEAT AOQAOOG, ... u..fedeBuii e 146

Figure 100: Brightfield (a) and polarised (b) photomicrographs, and fluorescence
photomicrograph (c) of bipolar nematic E3 elastomer microparticles from

E3-MF33 containing nanopatrticles introduced in ratios of 4 : 1. Taken at 200x
magnification, scale bars 50 pm............ccoooiiiiiimeeeemm e 149

Figure 101: Brightfield (a) and polarised (b) photomicrographs and fluorescence
photomicrograph overlaid with brightfield photomicrograph (c) of bipolar

nematic E1 elastomer microparticles from E1-MF61 containing nanoparticles

introduced in ratios of 4 : 1 Taken at 200x magnification, scale bars 50 pm.
Highlighted particle zoomed in 4x, shown in top corner..............ccccvvvvieeeeeez. 149

Figure 102: Brightfield (first column), polarised (second column) and
fluorescence (third column) photomicrographs ofE3 elastomer microparticles

containing nanopatrticles from E3-MF33. Cartoon representation of the suggested

bipolar axis orientation (last column). Each row is imaging from a different

elastomer microparticles of the sample in Figure 100, taken at 200x magnification,

AOT PPAAR AT A UITIAA ET AU .u8pg28..L.0BA0ACA A
Figure 103: SEM photomicrographs ofE1l particles from E1-MF58 (a) and

E1-MF61 (b) of nematic elastomer microparticles containing nanoparticles,
introduced at ratios of 4 : 1. Taken at 3000x magnificatibm OAAT A AAO p ¢t i
pnnn® | ACT EEZEAAOGET LA OAAILA AAO. . pmisi j AQs
Figure 104: Brightfield (a, ¢ & e) and fluorescence photomrographs (b, d & f) of

bipolar nematic E3 microparticles from E3-MF48 containing nanoparticles, at

25 °C before (a & b) and after (e & f) heating above theixifo 110 °C (c & d) and

returning to the nematic phase at 25 °C. 200x magnification, scalarns 50 pm.

Particle highlighted zoomed in by 3.8x, shown in top right corner. White arrows

indicate nanoparticle locations. PVA crystals highlighted in red.................... 154..
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Figure 105: Fluorescence photomicrographs of bipolar nematic Emicroparticles
from E3-MF34 containing nanopatrticles at 70 °C before (a) and after (b) heatin
above their Tnito 100 °C and returning to the nematic phase. 200x magnification,
scale bars 50 um. Highlighted particles zoomed by 3.3x, shown on the rigiand
side of photomicrograph in corresponding COIOUIS..........ccooieeiiiiviccccceeeee, 155
Figure 106: Brightfield (a, ¢ & e) and fluorescence photomicrographs (b, d & f) of
bipolar nematic E1 microparticles from E1-MF61 containing nanoparticles, at
25 °Cbefore (a & b) and after (e & f) heating above theirnlto 140 °C (c & d) and
returning to the nematic phase at 30 °C. 200x magnification, scale bars 50 um.
Particles highlighted zoomed in by 5.2x, shown in top right corner. White arrows
indicate nanoparticle l0CatIONS............coiiiiiiiii i ieeeeeeeeeee e eeeeeeeeee . LD
Figure 107: Brightfield (a, ¢ & e) and fluorescence photomicrographs (b, d & f) of
a bipolar nematicE1 microparticle from E1-MF45 containing one nanoparticle at
25 °C before (a & b) and after (e & f) heating above theinilto 140 °C (¢ & d) and
returning to the nematic phase at 25 °C. 200x magnification, zoomed by 4.1x and
cropped, scale bars 25 PM..........couviuiiiuiiicreeeeeeeeiiiiiiimmmmmmmmeeeeeeeeeeneieeeees 1D 7
Figure 108: Molecular structure of chiral dopant CB15.......................ceeeee.. 160

Figure 109: Photomicrographs, taken in reflection mode, of contact preparations

of CB15 with:M2 A0 pnn@ | ACT EAEAAOETIMB at®Ak]l A AA«

i ACTEEAEAAOQET 1T h...QAALA..LAAOQO. .v.m..{.0.8...161.
Figure 110: Polarised photomicrographs, taken in transmission mode (Z ¢ &

gz i) and reflection mode (dz f & jz 1), of CB15 doped mixtures oM2 and M3 in

ATECTTATO AAIT 10 AO pnn@ | AgAarEse RARET T h

M2-CF7 (b & e), M2-CF10 (c & f)d, M3-CF3(g & j), M3-CF7 (h & k), M3-CF8
Figure 111: Graphs showing the effect of increasing CB15 concentration on the
Tnrin chiral nematic mixtures and elastomer films oM2 and E2 (top) 4and M3 and
=R (o To T T0] 1 1) TR OO PPRTRRRPPPPPPPPPPPPPPPN X o Lo
Figure 112: UV-Vis-NIR reflection spectra at room temperature for CB15 doped
chiral nematic elastomers ofE2d (top) and E3 (bottom). ..............cceevvvviieeeeeen. 167

Figure 113: Photomicrographs, taken in reflection mode, of CB15 doped films of

(

E2andESET Al ECT i AT O AAT1 O AO pnn@&2CRA@Y E AE A A

E2-CF7(b)4, E2-CF10(c)d, E3-CF3(d), E3-CF7(€), E3-CF8(). vvvrvrvvrerrrerreenn. 168..
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Figure 114: Brightfield (a) and polarised (b) photomicrographs of WE2-CF4 at

pnn@ | ACT EEEAAOEII A OAAILA _ AAOO. . Amu70t | 8
Figure 115: Photomicrographs, taken in reflection mode, of washeH2 elastomer

AET T O AO pnn@ i ACl E AEREACHFHL), WE2-CFAH),WE2-AAOO p
CF3(c), WE2-CF4(d), WE2-CF5(e), WE2-CF6(f).%...ceeveiiiiiiieeeieeeecceee . 170
Figure 116: UV-Vis-NIR reflection spectra at room temperature for CB15 doped
chiral nematic elastomer films and acetone washed elastomer fim&2-CF1 &
WE2-CF1 (a), E2-CF2 & WE2-CF2 (b), E2-CF3 & WE2-CF3 (c), E2-CF4 &
WE2-CF4(d) and E2-CF5& WE2-CF5(€).4....cccvvvviviiiiieiiiiicccee e LT3
Figure 117: Brightfield (a), polarised (b) and reflection mode (c)
photomicrographs of WE3-CF7at 100x magpnification, scale bars 109 | .8...174
Figure 118: UV-Vis-NIR reflection spectra o WE3-CF7at room temperature.174
Figure 119: Polarised photomicrographs taken in reflection mode of a heat/cool
cycle at 10 °C/min of a cut sample oWWE2-CF1in PEG 200 taken at 100x
magnifiA AOET T F OAAI A AAOO pnm ti8 )i ACAA
(d), 65 °C (e), 75 °C (f), 85 °C (g), 85 °C (h), 90 °C (i), 85 °C (j), 75 °C (k), 65 °C (I),
55 °C (m), 45 °C (n), 35 °C (0) and 25 °C @Yhite arrows show dimension in

Which film Was MeasUred.........c.oveeeee e eeneena LT T

>
O

Figure 120: Polarised photomicrographs taken in reflection mode of the first
heat/cool cycle at 10 °C/min d a cut sample oE3-CF2in PEG 200 taken at 100x
i ACTEEAEAAOQET T h OAAT A AAOO pnm ti8 )i AGCAA
(d), 64 °C (e), 69 °C (f), 72 °C (g), 74 °C (h), 77 °C (i), 83 °C (j), 89 °C (k), 100 °C (1),
86 °C (m), 78 °C (n), 69 °@], 60 °C (p), 53 °C (q), 40 °C (r), 31 °C (s) and 25 °C (t).
...179..
Figure 121: Polarised photomicrographs taken in reflection moe of the second
heat/cool cycle at 10 °C/min of a cut sample dE3-CF2in PEG 200 taken at 100x
i ACT EEAEAAOGETI T h OAAI A AAOO pnm ti8 )i ACA/
(d), 70 °C (e), 78 °C (f), 87 °C (g), 100 °C (h), 90 °C (i), 76 °C (jyB&), 56 °C (l),
40 °C (m), 30 °C (n), 25 °C (0) and after 3 days at RT (p)........cvvvveeerriennn. 180
Figure 122: Screenshots from a video (@ and photomicrographs (k) taken
under POM in reflection mode at room temperature dVE2-CF1before (a), during
(b) and 1s (c), 3s (d), 10s (e), 20s (f), 30s (g), 1 min (h), 2 min (i), 3 min (j), 30 min
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(k) and 60 min (I) after applying pressure to the film with a spatula tip. Taken at

pnn@ | ACT EEEAAOEII A OAAILA _ AAOO. . Ami82t | 8

Figure 123: Screenshos from a video taken under POM in reflection mode at

room temperature of E3-CF4before (a), during (bz d) and 1s (e), 3s (), 7s (g), 10s

(h), 20s (i), 30s (j), 1 min (k), 2 min (l), 3 min (m), 5 min (n), 10 min (0) and

15 min (p) after applying pressure to the film with a spatula tip. Taken at 200x

i ACTEEZEAAOQOEIT T h .QAAIL.A..LAAQQ. . p.mm..1.1.8.184

Figure 124: Brightfield (a, c, e, g) and palrised (b, d, f, h) photomicrographs, taken

in transmission mode, of chiral nematic droplets 0€M1-MF86 (a, b), CM2-MF76

(c, d), CM3-MF91 (e, f) andCM4-MFCG(g, h) taken at 200x magnification, scale

AAOO uvm t18 | OAOACA AEAIXAGQAOGIA @ YATtA ¢ ol
....186..

Figure 125: Polarised photomicrographs, taken in reflection mode, of chiral

nematic droplets of CM1-MF86 (a), CM2-MF76 (b), CM3-MF91 (c) and

CM4-MFCG(d)IOAEAT AO ¢mmn@ | ACl EEZAEAAQOET T h OAAI A

right corner of each photomicrograph show a section zoomed in by 2.7x. The field

diaphragm was reduced to better resolve the imag1 C 8 I OAOACA AEAIT A

i AqQh co t1 jAQh ¢x.t.do . AQ..ALA. . cw..187 j AQS

Figure 126: Polarised photomicrograph (a), taken in reflection mode with very

bright illumination, of chiral nematic droplets of CM2-MF93 to show droplet

crosscommunication. The field diaphragm was reduced to better resolve the

imaging. Photomicrograph zoomed and pcessed to make crossommunication

lines clearer (b) and a cartoon representation of the crossommunication lines

i Aqs ! OAOACA AEALAAANOG...CX. bl j.AQ8&88

Figure 127: Cartoon representation to show a central hexagonally closgacked

droplet (orange) surrounded by the nearest neighbour droplets (blue), the next

nearest neighbour droplets (yellow) and the next next nearest neighbourrdplets

(01 L=T] o) TP PP PURSRRRRI R 0

Figure 128: Brightfield (a, c, e, g) and polarised (b, d, f, h) photomicrographs, taken

in transmission mode, of chiral nematic particles oCE1-MF86 (a, b), CEZMF76

(c, d), CE3MF91 (e, f) andCE4MFCG(g, hY taken at 200x magnification, scale

AAOO vm ti8 1171 AA ET OAAOGEI T O OEIT x1 EI

O
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Figure 129: Brightfield photomicrographs of droplets of M2-MF76 (a) and their
polymerised counterparts E2-MF76 (b). Average dAi AOAOOd <co t1 j
L I L I TN X < PP [ X

Figure 130: Polarised photomicrographs, taken in reflection mode, of chiral

nematic droplets of CE1:-MF86 (a), CE2MF76 (b), CE3MF91 (c) and CE4AMFCG

(IOAEAT AO ¢nmmno | ACl EEXZEAAOEI T h OAAIT A AAOO

of each photomicrograph show a section zoomed in by 2.7x. The field diaphragm

xAO OAAOAAA O AAOOAO OAOI T OA OEA EI AGET ¢

i AQh c¢x At G wj AQ...ARQS o194

Figure 131: Photographs of Petri dishes containing chiral nematic elastomer

particles of CE:-MF82 (a & b) andCE1-MF84 (c z f) where particles are in water

(a), 3 wt% PVA in water (b), 70 wt% sugar in water (c), 75 wt% sugar in water (d),

80 wt% sugar in water (e) and 85 wt% sugar in water (f). Brightfield (g), polarised

(h) and reflection (i) POM photomicrographsof particles in sugar water solution,

¢cnn@ | ACl EEZAEAAOQEIN.L.h..QAALA. . AAOQ...L.m1971 8

Figure 132: Brightfield (a, d, g) and polarised (be, h) and reflection mode (c, f, i)

POM photomicrographs of chiral nematic elastomer microparticles cFE2MF76

pre-acetone wash in water (& c), in 75% acetone (dz f) and postacetone wash

once returned to water (gz i). Taken at 200x magnification, 8 A1 A AAD®O ovm t |

Figure 133: Brightfield(a, d, g) and polarised (b, e, h) and reflection mode (c, f, i)

POM photomicrographsof chiral nematic elastomer microparticles ofCE4MFCG

pre-acetone wash in water (& c), in 75% acetone (dz f) and postacetone wash

once returned to water (g7 EQ8 4 AEAT AO ¢nm@ 1 ACIHEZEAAQ
...200..

Figure 134: Brightfield(a, d, g) and polarised (b, e, h) and reflection mode (c, f, i)

POM photomicrographs of chiral nematic elastomer microparticles dCE3MF91

pre-acetone wash in water (& c), in 75% acetone (dz f) and postacetone wash

s o~ s oA

once returned towater (izEQ8 4 AEAT AO ¢nn@ | ACRPBAEAAODE

Scheme 1: Covalent binding of fluorescein isothiocyanate to amine modified
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vii.  List of Accompanying Material

Accompanying this thesisare Videos 1z 13 discussed in Chapter 3Video captions

can be found below, as well as in theccompanying material

Video 1: Video taken in brightfield transmission mode at 200x magnification of
droplets of M1-MF81. Upon polymerisation into E1-MF81 an instant geometry

deformation occurred.

Video 2: Video taken in brightfield transmission mode at 200x magnification of
nematic elstomer microparticles E1-MF81 in the ten minutes after
polymerisation, sped up 64x. Showing the microparticles move to pack more

densely.

Video 3: Video taken in brightfield transmission mode at 200x magnification of
droplets of M2-MF80. Upon polymerisaton into E2-MF80 an instant geometry

deformation occurred.

Video 4: Video taken in brightfield transmission mode at 200x magnification,
zoomed, cropped, and sped up 64x showing spindle shaped particlesedf-MF81
undergoing a reversible shape change durin@ second heat/cool cycle from
25271402740 °C, controlled at 10°C/min.

Video 5: Video taken in brightfield transmission mode at 200x magnification,
zoomed, cropped, and sped up 64x showing spindle shaped particlese#-MF80
undergoing a reversible slape change during a second heat/cool cycle from
2571402740 °C, controlled at 10°C/min.

Video 6: Video taken in brightfield transmission mode at 200x magnification of
droplets of M1-MF83 after being aligned on three stacked N42 bar magnets where
the magnetic field was aligned vertical { Quith respect to the video. Upon
polymerisation into E1-MF83 an instant geometry deformation occurred in the

direction of the magnetic field.

Video 7: Video taken in brightfield transmission mode at 200x magnificatiorof
droplets of M2-MF89 after being aligned on three stacked N42 bar magnets where

the magnetic field was aligned vertically ¥ Qith respect to the video. Upon
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polymerisation into E2-MF89 an instant geometry deformation occurred in the

direction of the magnetic field.

Video 8: Video taken in brightfield transmission mode at 200x magnification and
sped up 64x showing spindle shaped particles &1-MF85 after being placed on a
N42 ring magnet where the magnetic field was aligned horizontaP( Quith respect

to the video. Particles aligned with the magnetic field.

Video 9: Video taken in brightfield transmission mode at 200x magnification and
sped up 64x showing spindle shaped particles d&1-MF85 on top of a N42 ring
magnet where the magnetic field was rotatd 90 ° to be vertical # @ith respect to

the video. Particles rotated to align with the magnetic field.

Video 10: Video taken in brightfield transmission mode at 200x magnification and
sped up 64x showing spindle shaped particles &&1-MF97 on top of a N4 ring
magnet where the magnetic field was rotated 180to be vertical ¢ @ith respect

to the video. Particles did not rotate 180 with the magnetic field.

Video 11: Video taken in brightfield transmission mode at 200x magnification and
sped up 64x showng spindle shaped particles oE2-MF88 after being placed on a
N42 ring magnet where the magnetic field was aligned vertical'( @ith respect to

the video. Particles aligned with the magnetic field.

Video 12: Video taken in brightfield transmission mode at 200x magnification and
sped up 64x showing spindle shaped particles &2-MF88 on top of a N42 ring
magnet where the magnetic field was rotated 90 to be horizontal (©¢ Gwith

respect to the video. Particlesotated to align with the magnetic field.

Video 13: Video taken in brightfield transmission mode at 200x magnification and
sped up 64x showing spindle shaped particles &2-MF88 on top of a N42 ring
magnet where the magnetic field was rotated 180 to be horizontal (N Cwith
respect to the video. Spindle shaped particles did not rotate 180with the

magnetic field, however crescent shaped ones did rotate with the magnetic field.

XXXIV



viii.  Acknowledgments

Firstly, thank you to my supervisor, Dr Verena Gortz for the opportunity to work
on this project and explore this area of research under her supervision. | am hugely
grateful for the incredible support, guidance and encouragement she has given me,

particul arly through the most uncertain of times of 2020Danke

| would also like to thank Dr Nick Evans and Dr Nathan Halcovitch for their advice
and support as my panel members and Dr Sara Baldock for lending her SEM

expertise to the project.

This project has panned some tough times, however the support and friendship
of a number of incredible people made getting to this point today so much easier.
Thank you to my work family Gillian Laidlaw and Jack Lowe, | love you both and
could not imagine doing this without you. Merci Marine Aublette and thank you
Bette Beament and Bec Spicer for your friendship. Thank you to the rest of C21 for
welcoming me in and letting me distract you all as the funniest person in the lab,

good luck to my successor!

Thank you to my mum,dad, sisters and my whole family for literally everythingg
thank you for being so inspiring and for your love and support for everything | do.
A special thanks goes to my niece Nelliand Bunnytoo, for entertaining me and
keeping my heart full. Finallyto Scott, | love you so much, thank you for standing
by my side throughout not only this PhD, but also through life. In the words of Little
- E @bu pdthe sun up in my sky8

This thesis is dedicated to John Chapman and Elsie Kaufman.

John wasa talented chemist but more importantly a family man His advice and
wise words have guided me through life ths far and will continue to do so
Elsie was the definition of gentleness and resilience. She was so proud of her family

and her love was unwavering

Thank youGrandad Jack and Grandma Eldier inspiring me to be the best version

of myself,| am so grateful andve miss youboth every day.

XXXV



ix. | OOET 060 $AAI AOAOGEIT 1
| declare this thesis is my own work and has not been submitted in support of an

application for another degree at this, or any other, university.

Word Count: 64,732.

XXXVI



1 Introduction

1.1 Thesis Overview
This thesis centres around the investigation of various responsivdiquid
crystalline systems, from actuating nematic elastomer microparticles, to colour

changing chiral nematic films.

Chapter 1 provides the fundamental background within the field, t@ive a basis
for the discussions within this thesis. The nematic and chiral nematic phases are
introduced in the context of phase structure and properties in bulk mixtures,
elastomer films and systems within spherical confinement. The addition of
nanoparticles to nematic systems is explored within the literature to provide a
foundation for investigations later in this thesis. Chapter 2 introduces droplet
production methods, particularly the microfluidic method and details how this
method was used to produce moadisperse samples of droplets in the micrometre
size range below 50 m. In the following Chapter 3, production of bipolar nematic
droplets and their response to external stimuli is discussed. Droplets were
photopolymerised to produce bipolar nematic elastmmer microparticles in
different geometries, including spherical and spindle shaped. The morphology and
responsiveness of the elastomer microparticles was then investigateth chapter

4, the nanoparticle infiltration of bipolar nematic droplets is detailed Several
methods for the nanoparticle infiltration of droplets are discussed before
photopolymerisation to produce nematic elastomer microparticles containing
nanoparticles. In chapter 5 chiral nematic systems are discussed in the context of
monomer mixtures doped with a chiral dopant, used to produce chiral nematic
films, droplets and elastomer particles. Optical properties of the systems and the
response of these to external stimuli were investigated. Penultimately, Chapter 6
provides the conclusions ofthis thesis. Finally, the experimentaprocedures are
found in chapter 7, which details the experimental setup and parameters for

producing all of the materials discussed within this thesis.



1.2 Liquid Crystal Phases

The liquid crystalline state exists betwen a solid crystalline state and an isotropic
liquid state. Liquid crystals exhibit orientational order and hence havemore order
than an isotropic liquid, but less order than a crystalline solidwhich exhibits both
orientational and positional order. Thedegree of order present in liquid crystals
allowsfor unique properties. Liquid crystal phases share some of the properties of

a crystalline solid, whilst being fluid?

In thermotropic liquid crystal phases, there are twomain types of molecules,

known as mesogers, which promote liquid crystalline order. They are
characterised by their anisometric shapes, and known as calamitic (relike), and

discotic (disc-like). For example, Figure 1a shows the general structure of a

calamitic, rod-like, liquid crystal molecule. The two core groups, 1 and 2, are often

AAT UAT A OET cO xEOE A 1ETEAOh oh ATTTAAOQET
Changing the struture of the mesogen by altering 1, 2, 3 or R groups will vary the

order and properties of the liquid crystal. Mole®1 AO ET OAOAAO AU OA]
forces, which due to the anisometric shape ofmolecules, favours a common

direction for the molecular axes tgpoint in, known as the director (n), represented

in Figure 1b.12 Figure 1¢c shows an example of a calamitic mesogen, 5CB which

displays a liquid crystal phase at room temperature, it can be seen that a ridle

shape is presentdue to the core of the molecule being composed of 2 bound

benzene rings.

) 914 I8\
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Figure 1: Cartoon representation of a general rodike molecule (a) where 1 and 2 represent two
AT OA cOi 6pOh 1T £ZO0AT AAT UAT A OET cOh xEOE A 1 ETEAON
chains which are usually hydrocarbon chains; cartoon representationfdhe nematic phase (b)
where n represents the director. Redrawn from ref3. Molecular structure of 5CB (c).



There are several measures of orientational rder, the order parameter (S)is
commonly used todescribethe degree of orderin a uniaxial liquid crystal system

and is calculated usingequation 1. Pointed brackets represent an average taken

i A0 TATU 117T1AAOI A0 ET OEA OUOOAI AT A 7

and the orientation of a single molecule. A perfelstalignedcrystal is described by
S =1, whereas S = 0 describes an isotropic ragal with no order. A typical liquid
crystal has more order than an isotropic material, but less than in a perfect crystal
and hence in liquid crystalline materials the order parameter lies between 0.3 and
0.83

. O~ . P
Y 6AI[O 2O
C C

Equation 1: To calculate the order parameter.

Order of the liquid crystal is lost upon the transition from the liquid crystal state
into an isotropic liquid, which is known as the clearing point (g, or Tni in nematic

systems).

1.2.1 The Nematic Phase

There are several types of liquid crystal phases, known as mesophases, which
differ by the degree of order. The nematic phase is the least ordered of all tiguid
crystal phases? and will be investigated in this project. In the nematic phase,
mesogers possess longrange orientational order, with the long molecular axes of
mesogers, on averagepointing in the direction of the director, however no layered

arrangement is present.

1.2.1.1 Anisotropic Properties
Anisotropy is the quality of a material haing differing properties depending on
the direction at which the property is measured in and arises in liquid crystal

systems due toboth the anisometric shape of molecules and themall degree of

2



order, described by S;ompared to isotropic liquids.Anisotropy gives rise to useful

properties which can be exploited for characterisation and alignment.

1.2.1.1.1 Birefringence

In isotropic materials the refractive index of the material is the same independent
of the direction in which it is measured. This means thatgdarised light travels
through an isotropic material at the same rate in any direction. However, in liquid
crystalline materials, optical anisotropy, known as birefringence, is present due to

the refractive index of the material being different depending o the direction of

polarisation. Equation2 OET x O OEAO OE An) iA & didxdBEmagcAT A A

can be quantified as the difference between theefractive index of a material
where light is polarised parallel to the director (r) and the refractive index where
light is polarised perpendicular to the director ().3> The refractive indices apply
at optical wavelengths, hence at frequencies ~20 Hz, and are determined by

anisotropic atomic and molecular polarisabilties.

Equation 2: To calculate birefringence.

Birefringence can be exploited to characterise liquid crystal mesophases under

polarised optical light microscopy (POM).

1.2.1.1.2 Dielectric and Diamagnetic Anisotropy

Dielectric materials are those which can be polarised in an electric field. The
dielectric permittivity measures the polarisability of the dielectric material.
Uniaxial liquid crystalline materials possess different dielectrigpermittivity values
dependingon directionality. Similar to in birefringence,the difference between the
dielectric permittivity parallel to the director (R ), andthe dielectric permittivity

~ A oz~

as descibed in Equation 3. Dielectric constants are generally measured with
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oscillating electric fields at low frequencies, typically 100 Hz to 100 kHz. Abhése
frequencies thermally frustrated partial molecular reorientation contributes to
the anisotropic permittivity values, as well as the atomic and molecular

polarisabilities.

3R R R

Equation 3: To calculate dielectric anisotopy.

Dielectric anisotropy gives rise to the ability of liquid crystals to align with electric
fields. Where the dielectric anisotropy is positive the director will align parallel to
the field, and if the dielectric anisotropy is negative the director wil align

perpendicular with the field above a certain value for the applied field®6.”

Furthermore, the majority of liquid crystalline materials are diamagnetic.
$EAT Acl AOEA 7AS pEe€eht@riaRial nefnatic liquid crystals due to
the magnetic susceptibility parallel to the director ) being different to the
magnetic susceptibility perpendicular to the director Qu). The difference in these
values describes the diamagnetic anisotipy, as shown inEquation 4. In calamitic
nematic systems the magnetic susceptibilities are negative aney is usually
greater than ?, hence the diamgnetic anisotropy is usually positive. Molecular
axes can be alignedh a magnetic fieldby exploiting this anisotropy, allowing for
monodomain alignment of samples to be obtained. Magnetic alignment of
mesogers is favourable as it reduces the free energpy aligning the director
DAOAT T Al O OEA ?piAmbithédad perfigadiclld wheitihis 3

negative 810

2 > 9

Equation 4: To calculate diamagnetic anisotropy.



1.2.1.1.3 Elasticity

The lowest energy state of diquid crystalline system is where there is uniform
director present, however without the presence of external fields or alignment
layers this is rarely observed. The director field is elastic, allowing for distortions
of the director field to occur whichcan happen by bending, twisting or splaying.
The bend deformation is a result of the director turning in its plane; the twist
deformation is a result of the director turning around a perpendicular axis; and
the splay deformation is a result of a tapered spading of the director resulting in
a wedge shaped director profile Figure 2).3 Each elastic distortion has an elastic
constant associated with it, K1, K2 and Kss for bend, twist and splay respectively.
The elastic constants are used to calculate the overall contribution to the free
energy per unit vdume (Fv), using the Frank free energy density equation

(Equation 5), where n is the director!!

"O EL‘) n EL‘) Ton ¢ EU T n ¢
q q C

Equation 5: Frank free energy density equatior?.

@0
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Figure 2: Cartoon representation of bend (a), twist (b) and splay (c) deformations of the director
field where arrows denote the local director. Redrawn from ref3.

1.2.1.2 Texture and Alignment

Due to birefringence, liquid crystalline mesophases can be characterised under
polarised light optical microscopy (POM). In POM, the sample is placed between
two polarisers which are crossed 90 to each other. If the light was shonenly
through the crossed polarisers, or through an isotropic material, the light would
be extinguished and blackness would be observed. Howeven a birefringent

material colours are observedThe colours observed when a birefringent layer is



placed between crossegolarisers are due to optical interference effects within
the nematic layerbecauselight polarised along the director travels at a different
speed compared to light polarisedperpendicular to the director. In unaligned
samples, area where the director changes in the sample result in a so called
@ A AADefédls8are associated with abrupt spatial variations in the director
alignment direction, hencethey are areaswhere a single director cannot be
determined. Defects are characterisd by highly localised melting, on the
nanometre scale, and a thua loss of nematic orderPoint and line defects occur
where the director field aligns with either polariser and is observed as blackness
within the sample, the pattern of these lines, givase to characteristic textures for
each mesophasé.For example, auniaxial nematic phase gives rise to achlieren
texture, Figure 3 shows a cartoon representation of how the orientation of the
mesogens with respect to the crossed polarisers gives rise to both 2 anddAished

schlierenbrushes which male up the texture.
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Figure 3: Cartoon representation of how mesogen orientation in a calamitic nematic produces
defects (a) and with respect to crossed polarisers (vertical and horizontal with respect to page)
produces to aschlierentexture with 2 and 4 brushes (b). Redrawn from ref3.

Figure 4 shows an example nematic schlieren t¢ure where both 4-brushed
(example highlighted in red) and 2brushed (example highlighted in yellow)

schlierencan be seen.



Figure 4: Polarised photomicrograph of a nematic phase liquid crystal displayingchlieren
texture. Both 4-brushed (circled in red) and 2brushed (circled in yellow) schlierencan be seen.
Reproduced from ref.12.

Defects are high energy areas and hence the lowest energy state for the director
field is where it has a monodomain structure, with uniform director alignment
over large distances. A monodomain structure can be promoted in thin films by
treated alignment layers!3 For example, rubbed polyimide can be utilised to
successfully uniformly align mesogens between the two alignment layers. Rubbing
the surface of the polymer oients the polymer chains parallel to the glass cell and
introduces grooves. When the liquid crystalline material is introduced it flows into
the cell along the grooves and the orientation of the polymer is transferred to the
mesogers.13.14 Hence, the rubbed polymer surface promotemesogers to align
parallel to the surface, this is known as homogeneousr planar,alignment and s

shown in Figure 5a.

The alignment cell surface can also be treated with a surfactant, for example
octadecyltrichlorosilane or lecithin. The liquid aystalline material interacts with

the surfactant on the surfacevia OAT AAO 7AAI1I 08 /A&l OAsh®©h
that they are perpendicular to the surface, this is known as homeotropic alignment

and is shown inFigure 5b.15



Figure 5: Cartoon representation of homogeneous (a) and homeotropic (b) alignment of nematic
mesogens in an alignment cell where black bars represent the top and bottom of the alignment
cell. Redrawn from ref.3.

Alignment of mesogens can also be achieved by the use of external fields, such as
electric or magnetic fields, due to their dielectric and diamagnetic anisotropy as
discussed in the previous subsectioR8.7.9.10|n this thesis the responsiveness of

nematic liquid crystals to magnetic fields will be investigated.

1.2.2 The Chiral Nematic Phase
1.2.2.1 Phase Structure

Introducing chirality into a nematic system, either by using a chiral nematogen or
by introducing a chiral dopant that does not itself have to be liquid crystalline, for
example CB15 (structure shown irFigure 6) is a common chiral dopant, may lead
to a chiral nematic phase. In the chiral nematic phase, the asymmetry arising due

to chirality promotes a periodic rotation in the director throughout the systems3

Figure 6: Molecular structure of chiral dopant CB15.

The rotation in the system makes up a helical superstructur@igure 7) which has
a handedness based upon the enantiomer of the chiral component. Tpich, P,
describes one full rotation of the director and, therefore, the structure is repeated
every half pitch. In doped systems the helical twisting power (HTP) can be

described by Equation 6 which measures the degree to which the dopant



influences the twist of the helix. A positive HTP value indicates a rigtianded
helix and a negative value indicates a leftanded helix16.17 HTP shows that the
pitch (P) can be tuned by altering the dopant concentration . Chiral dopants
with relatively high HTP values are desirable so high dopant concentrations are
not required to alter the helical pitch. The dopant acts as an impurity and therefore

the higher the concentration of dopant, the lesser the phase stability.

Figure 7: Cartoon representation of a helical macrostructure in the chiral nematic phase with
pitch P, the rotation of the director denoted by arrows. Redrawn from ref.

Temperature affects the pitch of the helix, this is due to an increase in temperature
increasing the energy of the mesogensyhich in turn increase the angle at which

the director changes direction, and hence tigtens the pitch18

1.2.2.2 Texture and Alignment
As in the nematic phase, alignment cells can be utilised to aligmesogensin the

chiral nematic phase so that they exhibit either homogeneous dromeotropic
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alignment, commonly known as uniform lying helix (ULH) alignmentThis orients
the chiral helices so that the helical axis is perpendicular to the mesog@rd

alignment, as represented irFigure 8.

o) I b)
v T = |I|-ll| |I|-ll|
=== Jis-t] Juo-nil
- = = fu-ol| {he-0]

Figure 8: Cartoon representation of homogeneous (a) andLH (b) alignment in the chiral
nematic liquid crystal phase.

The chiral nematic phase can be characterised under POM due to the cluaeaistic
textures which are observed. The textures depend on the alignment in the sample,
photomicrographs of chiral nematic textures are shown irFigure 9. AGrandjean
OAGOBOA jAQ AT TOAETEIC OIEIU OOOAAEODS
homogeneous alignment, whereas a fingerprint texture (b) occurs witHJLH
alignment. Where there is random orientation of helices within noraligned

systems, foal-conic (c) textures arise319

jean(a)a, f|gerprint (b)22 and focal
conic (c)* textures of the chiral nematic phase.

1.2.2.3 Selective Reflection

When incident light with wavelengths of he same order as the chiral pitch
interacts with chiral nematic systems with homogenous alignment, an important
optical property is observed, known as selective reflection. Circularly polarised

light with the opposite handedness as the chiral helix is abl® propagate along
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the helix and is transmitted through the sample. However, polarised light of the
same handedness as the chiral helix cannot propagate along the chiral helix and is
reflected, hence the term selective reflection. Theentral reflection wavelength of
the reflected light (3) is proportional to the chiral pitch (P) and can be described
using the Bragg reflection law Equation 7), where ¢ is the average refractive
index.3 If the wavelength of the reflected light is wihin the visible region then the
sample is observed as being coloured. As the wavelength of selective reflection is
dependent on the chiral pitch, altering the chiral pitch, for example as a result of

temperature changes, varies the colour of the reflector

EDAT-O

Equation 7: Bragg reflection law?2

Selective reflection depends upon the birefringence of the material, the
wavelength of the reflected light must lie betweemyP andn P. Hence, the larger
OEA AE OA mAQle brgaddr thefréflecton wavelength band:23

1.3 Liquid Crystal Polymers and Elastomers

1.3.1 Liquid Crystal Polymers

Polymers are high molecular weight molecules which are composed of repeating
subunits, known as monomers, covalently bound together. Polymers ithe
solid-state may be semurystalline, and display a melting point, or be in an
amphorous glassy state with low or no degree of crystallinity. The glass transition
temperature (Tg) is the temperature at which the phase of the polymer changes
from a viscoelastic state to a glass state. The properties of the polymer vary
depending on the monomer, chain length and synthesis. Polymerisation of
monomers, for example acrylate monomers, can be initiated by a radical initiator
such as thermal initiator azobissobutyronitrile; or  photoinitiator
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide. Thermal initiators decompose

to produce radicals at elevated temperature which can initiate freeadical
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polymerisation, whereas photoinitiators decompose upon irradiation with

ultraviolet (UV) light to produce radicals.

If a mesogen contains a polymerisable unit, such as an acrylate group, and upon
polymerisation displays a liquid crystal phase, then this is known as a liquid crystal
polymer. To maintain mesogen alignmenpolymerisation is performed within the
nematic phase, hence photoinitiation is generally preferred as the temperature of
the system can be altered to maintain the liquid crystal phase. Upon

polymerisation, the mesogen alignment is retained in the resultingolymer.

There are two types of liquid crystal polymer, main chain and side chain.
Monomers which produce main chain liquid crystal polymers are bifunctional and
upon polymerisation become incorporated into the polymer backbone with linker
groups betweenmesogers, as depicted inFigure 10a. Side chain liquid crystal
polymers are those where a mesogenic unit is bound to a spacer unit, which is then
bound to a polymer backbone. The mesogen unit in side chain liquid crystal
polymers can either be attached laterally (sideon to the polymer chain) or

terminally (end-on to the polymer chain), as represented ifrigure 10b & c.

a)

== 1

Figure 10: Cartoon representation of a main chain (a) and side chain (b & c) liquid crystal
polymers with lateral (b) and terminal (c) mesogen (blue) attachment. Linker groups shown in
red, spacer groups in orange and the polymer backbone in green.

A nematic phaséas promoted by lateral attachment of mesogen in side chain liquid
crystal polymers. The lateral attachment of mesogen allows for greater coupling
between the mesogen and polymer backbone, giving rise to greater anisotropy
within the polymer backbone. As tle mesogerstake up more space on the polymer

backbone compared to when terminally attached, the polymer chain is drawn out
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into an elongated coil conformation in the direction of the directof3.24 Figure 11
shows the molecular stru¢ure of a monomer where the mesogen is attached
laterally. The mesogenic unit is made up of a rigid core of three benzene rings with
hydrocarbon terminal chains at each end. From the centre benzene ring, the spacer
group is bound which attaches the mesogea unit to the polymerisable acrylate

group, bound to the other end.

O\/\/
0
N
0
(0]
0 O\/\/\O)v
A 0

NN

Figure 11: Molecular structure of a reactive mesogenic monomer where the mesogen is attached
laterally to the polymerisable acrylate groupvia a spacergroup.

As well as the mesogen itself, the spacer group and polymer backbone influence
the thermal properties of the liquid crystal polymer. A shorter spacer group
increases coupling of the mesogen and polymer backbone, which increases the
anisotropy of the polymer, compared to liquid crystal polymers with longer spacer
groups. Increasing the spacer length decreaselse Ty due to greater decoupling of
the mesogen and polymer backbone, resulting in a lower order parameter. Thg T
of a system also decreases with increasing polymer backbone flexibility. The
mechanical properties of the polymer backbone, and therefore fléility, are
altered with composition, for example polysiloxanes FEigure 12b) are more
flexible so have a lower §, and therefore wider phase stability than polyacrylates
(Figure 12a). Despite this, polyacrylates are an example of a flexible polymer
backbone and therefore their suitability for liquid crystal polymers to be
investigated in this project is high due to relatively low § values, and facile

synthesis by freeradical polymerisation.3.25.26
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Figure 12: Molecular structures of repeat units of polyacrylate (a) and polysiloxane (b).

1.3.2 Liquid Crystal Elastomers

In liquid crystal polymers without crosslinking the mesogen alignment is&tained,
upon clearing into the isotropic phase and cooling back to the nematic phase,
alignment is usually lost. Introducing a small amount (for example 10 mol% with
respect to monomer) of crosslinking groups between liquid crystal polymer chains
createsan elastic polymer network with a degree of shape memory. The shape
memory allows for the liquid crystal elastomer to retain alignment through

clearing to the isotropic phase and returning to the liquid crystal phas#.

1.3.3 Nematic Liquid Crystal Elastomers
A nematic liquid crystal elastomer is represented irFigure 13a which shows a

diagram of a nematic liquid crystal elastomer where the blue rods represent

mesogenic units and the black lines the polymer backine with crosslinking.

a) ; -

23.64 mm? 20.90 mm?

b)

Figure 13: Cartoon representation of a lateral side chain liquid crystal elastomer (a) changing
shape into a random coil (b) when passing through its phase transition temperature;
photomicrographs showing a measured liquid crystal elastomer exhibiting a shape change
denoted by a decrease in area, when heated from 22.8 °C (c) to 74.4 °C (d). Photomicrographs
reproduced from ref. 28.
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Monodomain nematic elastomer films have been shown to display a change in
shape when the temperature is increased above itsn When the temperature is
returned into the nematic phase, the film returns to its original elongated shap#
Figure 13a & b show a laterally attached side chain liquid crystal elastomer around
the phase transition temperature. When the elastomer is heated above theviland
order is lost as the film becomes isotropic, the polymer chains adopt a random coil
configuration and the elongation of the polymer network is lost. This is observed
as a shape change. Once the tesrature is returned, the mesogens reassemble
and return the film to an elongated configuration from a random coil. Contrary to
laterally attached systems, in elastomers where mesogen are attached terminally
the mesogers are aligned perpendicular to the poymer backbone and therefore
less anisotropy is transferred to the polymer chains and hence the degree of

actuation response is lesse3.27

An example of a shape change response to temperature can be seen in
Figure 13c & d which shows the width of an aligned liquid crystal elastomer film
decreasing when the sample is heated from 22.8 °C to 74.4 °C due to loss of
alignment.28 A reversible shape changing response to temperature allows for
applications of liquid crystal elastomers as soft actuators which can be used for

example as switches and valves in micromachiney.30

1.3.4 Chiral Nematic Liquid Crystal Elastomers

Chiral nematic elastomers can be produced by the polymerisation of a crosslinker
with either a chiral liquid crystalline monomer or chiral nematic mixture of an
achiral liquid crystalline monomer with a chiral dopant. Similar to the
non-polymeric systems discussed previously, chiral nematic polymers and
elastomers exhibit selective reflection which can be within the visible range,

depending on the length of the helical pitch.

Notably, the selective reflection in chiral nematic elastomers is responsive to
mechanical stimuli. Mechanical deformation of chiral nematic elastomer films, for
example by stretching or compressing, can cause a colour change of the films in
monodomain parallel aligned samples.The chiral pitch is physically compressed

upon stretching or manual compression, which reduces the wavelength of light
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reflection, causing a blueshift in selective reflection31z33 This allows for tuning of
the selective reflection wavelength by not only CB15 concentration, but also by
mechanical force.For example, Finkelmanret al produced dye-containing chiral
nematic liquid crystal elastomer films which, when stretched, changed colour from
orange to blue3! This colour change was due to the film thickness shortening upon
stretching, compressing the chiral helices and hence causing a bisieift in the
selectively reflected light. This colour changing response to mechanical stimir
chiral nematic elastomer films has also been reported for chiral imprinted
films.34238 Responsiveness to compression gives rise to the application of pressure
sensors for chiral nematic elastomer films which selectively reflect within the

visible region of light31z33,39

1.4 Liquid Crystal Droplets and ElastomeMicroparticles

When a liquid crystal system is confined in a spherical geometry, as in a liquid
crystal droplets, a nunber of unique properties arise. Droplets can be produced by
several methods, including suspension of one immiscible phase within another or
by microfluidics. These two main droplet production methods are discussed in
chapter 2. Droplets of mesogenic monoser can be produced which contain
photoinitiator and a crosslinker which can then go on to be polymerised to yield

liquid crystalline elastomer particles.

1.4.1 Nematic Droplets

As in planar systems, nematic microdroplets exhibit two main surface anchoring

conditions of the mesogens relative to the surface, either parallel or perpendicular.

Figure 14 shows 2dimensional cartoon representations of how the mesgens

align with respect to the spherical droplet surface in parallel (a) and
DAOPAT AEAOI AO | AQ OOOZAAA AT AET OET ¢ AT T AE
dispersion medium is known to promote certain surface anchoring conditions.

Sodium dodecyl sulfag (SDS) in water will promote perpendicular surface

anchoring, for a radial configuration, by creating a pseudbydrophobic
environment around the droplet49-41 On the other hand, polyvityl alcohol in water

will promote parallel surface anchoring, for a bipolar configuratiort2.43
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Figure 14: Cartoon representation of parallel (a) and perpendicular (b) surface anchoring in
nematic liquid crystal microdroplets. Redrawn from ref.44.

There are many possible director configurations in nematic systems such as
monodomain, bipdar, twisted bipolar, concentric and radial, although many more
can arise. Several configurations are represented ifigure 15. The director
configuration which arises depends on the size of the droplet and the elastic
energies of the systems. Hence, certain configurations are more likely to occur

than others based on these parameters.

Figure 15: Cartoon representation of monodomain (a), bipolar (b), twisted bipolar (c),
concentric (d) and radial (e) director configurations of spherically confined nematic systems.
Redrawn from refs.45,46 & 47.

The size of the droplet has atrong influence on the director configuration in
droplets as the elastic energy, ¥ discussed previously (Equation 5), is
proportional to the droplet radius and can be describd as k = rK where r is the
droplet radius and K is the bulk elastic constantThe single constant, is used so
as to combine the effects of K, K2 and Kss. Furthermore, the surface energy of

the droplet is proportional to the squared radius and can be described as
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Fs = Wer2 where We is the anchoring energy. Consequently, the director
configuration of very small droplets (<1t m) is governedby the bulk elastic energy
to a greater degree than the surface energy andce versa Satisfying surface
anchoring conditions in smaller droplets would require larget and higher energy,
bend and splay deformations to the director field compared to larger droplets.
Hence, for droplets <1f m, a monodomain nematic director configuration Figure
15a) may be accessible to minimise the free energy by preventinge large,
energetically costly,bend and splaydeformations of the director field which are

associated with the smaller droplet diameter>47

In larger micrometre sized droplets, the surface anchoring conditions have a
greater influence on the director configuration. In parallel aligned droplets, the
lowest energy director configuration is the bipolar configuration Figure 15b). As
the linear director cannot perfectly lie parallel to the curved surfaceof a
3-dimensional sphere,a pair of topological defects, known as boojums, arise at
opposite poles of the droplet*248 Splay deformatiors are present aboutthe defects
with energy determined by the magnitude oklastic constant Ki, and the bend
deformation, with elastic constant ks, dominates the remaining areas within the
droplet due to the curvature of the defect field between boojums in a bipolar
system. The balance between these elastic energies determines the lowest energy
configuration of a system,with a high Kss/Ki1 value leading to a bipolar
configuration. Whereas, if Ki/K 33 > 0.7 a concentric configuration withmesogen
aligned in concentric rings which become smaller inside the droplet and defect
line through the centre (epresented in Figure 15d) is promoted instead, due to
the lower free energy arising from increased splay energy contribution compared
to bend energy. Furthermore, if the twist elastic energy (&) is small enough, a
twisted bipolar configuration (Figure 15¢) may be favoured to reduce the overall

free energy of the systents

In a spherical environment with perpendicular surface anchadng, a radial
configuration (Figure 15e) is favoured which results in a topological defect
inevitably forming in the centre of the sphere. The only elstic deformation

present in a radial configuration is splayt?
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Surfactant
Surfactant

Figure 16: Cartoon representation of a bipolar director configuration (a) transitioning to a radial
configuration (c) via an escaped radial configuration (b) in a nematic droplet with the addition of
surfactant.

These are some of the common director configurationsf a nematic in spherical
confinement. Many more configurations are possible, including transition
configurations as one director configuration transforms into another, for example,

A O1 AAT 1T AA OAOGAAPAA OAAEAI & Anfiguatog OOAOQEI
transitions to a radial director configuration (Figure 16). One method for
transitioning the director field from bipolar to radial was performed by changing

the surface anchoring conditions by introducing surfactant, such as SDS, into the

aqueous dispersion medium. As it is polar, water will promote parallel surface

anchoring however introducing surfactant, which creates a pseudbydrophobic

environment around droplets, changes the surface anchoring conditions to

promote perpendicular alignment. As the concentration of surfactant is increased

OEA AEPITAO A1 ZECOOAOQEIT1T OOAT OEOEILT O Oi
before transitioning to a radial configuration at higher concentrationg8.49

Spherically confined nematic systems give rise to characteristic textures when

I AOAOOGAA O1T ARAO o0/-8 2AAEAIT U AITECI AA AOT
AOT 006, wheke@d @dtkdAshoccurs when the director is parallel to either of

the 90° crosse polarisersWhereas bipolar droplets not only exhibit a Maltese

AOI 00 OABOOOAR AOO Al OiFigdre 10 idepdndentiudodh OAA O
the orientation of the droplet with respect to the crosseé polarisers. For

I ACGAOOGAOGEIT T &£ A AEDPITAO AOi P11 AOSGO - Al OR
droplet must be in aplane perpendicular to the plane of the crossed polarisers, any

deviation from this orientation will give rise to the baseball texture Hence it is far

more likely that a baseball texture, rather than a Maltese cross texture, is

observed47.50
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Figure 17: Theoretically calculated images of so called 'Maltese cross' texture (a) and 'baseball’
texture (b), scale bar 2 um. Reproduced from re50.

1.4.2 Nematic Elastomer Microparticles

Polymerisation of nematic droplets ontaining monomer, crosslinker and
polymerisation initiator (e.g. a photo or thermal initiator) can yield nematic
elastomer particles. Similar to nematic elastomer films, these may be capable of an

actuation response to temperature changes about thew.

Taylor produced small micrometre sized bipolar elastomer particles, from bipolar
nematic droplets produced by microfluidics (method discussed in the next
chapters), which showed actuating properties?! The particles exhibit a reversible
shape change, contracting in the direction of the director, as a response to
temperature changes about their . Thus, the elastomer microparticles elongate
in the direction perpendicular to the polar axis, which follows the director, and
contract in the direction parallel to the polar axis152 Figure 18 shows this
reversible shape change in a population of nematic elastomer microparticles. The
highlighted microparticle flattens vertically and elongates horizontally with
respect to the observer. This property gives rise to applications of bipolar nematic
liquid crystal particles as soft microactuators in numerous applications including

micromechanics, soft robotics, photonics and as artificial musclé§30.53.54

; UV I 1LV RA
Figure 18: Brightfield photomicrographs, taken in transmission mode, of nematic elastomer
particles of M1 at 100x magnification: in the nematic phase at 100C (a); in the isotropic phase at
130 °C (b); and returned to the nematic phase at 108C (c). Scale bar§0 pm. Reproduced from
ref. 51.
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As well as spherical particles, exaples of anisometric liquid crystal polymer
particles have been reported. For example, droplets of a mesogenic monomer with
non-polymerisable 5CB have been produced. Upon polymerisation, the mesogenic
monomer formed a polymer network, however as 5CB is nepolymerisable it was
not incorporated into the network. This meant that the 5CB could be removed after
polymerisation, causing the particles to deform from spherical to spindle shaped
due to the volume reduction. Due to a lack of crosslinking however, the particles

did not actuates3z57

Finally, 10t m anisometric nematic elastoner particles have also produced by a
two-step polymerisation method>8z80 Liu et al produced partially polymerised

OAOIT b lakéaydnicimdBomer, chain extender, crosslinker and photoinitiator
mixture, by dispersion polymerisation. These partially polymerised droplets were

OEAT AI AAAAAA ET O A 06! EEI|I xEEAE xAO
were polymerised a secondtime by photopolymerisation to yield nematic
elastomer microparticles which maintained their anisometric shape. As these
particles were crosslinked, they were able to undergo actuetn upon heating and

cooling about their phase transition temperature, show in Figure 19.58

Heat above T
N

N
Cool below T

Figure 19: Brightfield photomicrographs showing the actuation of stretched nematic elastomer
microparticles as a response to temperature change about theyTReproduced from Liuet al.58

1.4.3 Chiral Nematic Droplets and Elastomer Micropatrticles

Production of chiral nematic droplet allows for the spherical confinement of the
characteristic helical superstructure of the phase. Much like chiral nematic
mixtures and films, chiral nematic droplets can be produced from a chiral

mesogen, or from an achiral mesogen doped with a chiral dapt.
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Figure 20: Cartoon representation of radial chiral nematic helical structure within a parallel
aligned droplet. Redrawn from ref61.

Chiral nematic systems wiere the mesoges have parallel surface anchoring
within spherical confinement may give rise to a radial helical structure
(Figure 20). However, similarly to nematic droplets, the director configuration will
depend on the fine balance of surface and elastic energies as well as droplet size.
The radial chiral nematic configuration is characterised under POM by the
observed texture. In systems witha longer pitch, in the micrometre range, a
fingerprint texture is observed (Figure 21a). In systems with shorter helical pitch,

on the same order as \ible light, a Maltese cross texture is observed, arising due

to the central topological defect Figure 21b).61

E====—vey —
Figure 21: Polarised photomicrographs of chiral nematic droplets showing fingerprint (a) and
Maltese cross textures (b). Reproduced from re61l.

Much like chiral nematic mixtures and films, chiral nematic droplets, where the
helices are radially aligned and have a pitch within the visible region, are capable

of selective reflection of visible lighté2.63 Under reflectance microscopy, selective
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reflection is observed as a central coloured spot within the droplefThe selective
reflection colour is seen in the centre as this is the poi where the of incident light
meets the chiral helices at 0°, and so the Bragg reflection la&dquation 7, section
1.2.2.3 shows that this must be the area reflecting the longest wavelettg As in

films, the colour of the selective reflection is proportional to the helical pitch

Further to the selective reflection colour, which is usually observed under
reflectance microscopy as a central spot within the droplet or particles, photonic
cross-communication can occur. Photonic crossommunication is characterised
by bright coloured reflection lines which appear to radiate out from the centre of
droplets, an example is shown inFigure 22 showing droplets produced by
Fanet al%4 The crosscommunication occurs as a result of the spherical symmetry
and optical Bragg reflection in a monodispersénexagonally closepacked chiral
nematic system The interference reflects the packing symmetry of the hexagonal
lattice, with cross coupling linesin Figure 22 originating from strong reflections
and interferences involving both nearest and next nearest neighbours. Photonic
cross-communication been reported in several chiral nematic systems, including
those reported by Nohet aland Genget al,who proposed themechanism by which
photonic crosscommunication works. More recently examples were produced

Petersonet al.22.6466

Figure 22: Photomicrograph, taken in reflection mode through crossed polarisers, of a
monolayer of chiral nematic droplets displaying central selective reflen spots and photonic
cross-communication lines. Reproduced fromref648 3 AAT A AAO pnn

Figure 23 shows a cartoon representation of the angle between incident light and
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