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Liquid crystal ‘blue phases’ with a wide temperature

range

Harry J. Coles' & Mikhail H. Pivnenko'

Ligpuiid al ‘Blue phuses’ are hi fid self-assembled
I:l‘m.\!‘\-d.iwfzﬂnsimzl cuhic defect mmﬂlhl EXiSE OVET TATTOwW
eerperature ranges in highly chiral liquid crystals', The charsc-
teristic period of these defects is of the arder of the wavele af
wisihle light, and they give rise to vivid specular reflections” that
are controllable with external ficlds"®, Blue phases may be
considered as examples of tuneable photonic crystals™ with
many potential applications, The dissdvantage of these materials,
as predicred theoretically and proved experimentally’, i3 that they
have linated thermmal stabiliny: they exist over a somall teimperatire
range (0.5-2°C) between isotropic and chiral nematic (N7)
thermotropic phases, which linits their practical applicability.
Here we report a generic famiby of liquid crystals that demonstrate
an unusaially broad body-centred cubic phase (BP 1) from 60°C
down o 16 We prove this with optical texture analysis,
selective rellection spectroscopy, Kiiksel dingrams and differential
scanming calori amel show, using a si arizer-free

tic :dm the reflected arinrul:nl.l’.:cﬁ reversibiby
in applied electric Relds over a wide colour range in typically
10ms. We propose theat the unustal behaviour of these biue phase
materials is due to their dimeric melecular strocture and their
very high flexoelectric coefficients, This in turn sets out new
theoretical challenges and potentially opens up new photonic
applicationa.

There are three well-knovwn' thermodymamically stable bloe
pluses, BRI, BRI and BPI®, obwrved on oooling from the
otropic phase to the chival nematic plase. BPFTIT is amorphous
wiith alecal cubic latiice structure in the dirsctor fdd, whenas EPIT*
and B 1™ have 2 fhod three-dimensional periodic strocture i the
director field with simple cubic and body-centred cubse symmetry,
respuctively. For BE 1 and BE 11 the lattiar periods are of the arder of
the wavelength of vshle light and gve mse o sdective “Bragg
reflections, These lead o potentizlly interesting phatanic appli
cations, such as three-dimensional blue-phase lasers™, Further,
hecause of the thuidity of blue phases, external fields may be used
o induce changes in the lattice parameters, therdhy changing the
spacular reflection; this has led to simple colour change devices and
optical filters. Hitherto, ae prediceed thearetically and ohserved
experimentally, neat blue phases luve ondy existed over o namos
remperature range i few degrees Celsius wide and this has limited
such practical applicability. Several atternpts have been made w
widen the termpseratun val of the blue phases, notabhy by
polymer stabilization'™" the mest recent report describes the
stabalization of the three-dimeniacnal cubie lattice in 2 defect con-
fined polymer matrng™. Although an electro-optic Kerr effed, that i,
a field-induced hirefingence, was obse n an external electric
field, this arose from the regions between the defect or desdlination
lirees!, and the palymer latbice deardy sestncted the deformation of
the Bue-phase lattice. Henee, no colour switching was chaerved.

In this paper, we describe novel blue-phase materials (BPT* and

BP11*) that are stahle cver a d0-50°C 1 erperatire rAnge, in which
their reflectance band is switchad line iman external ficdd through
deformation of the defoct lattice, to give any desired refloctance
colonr at ambient temperatures, An dectro-optic resporse with
mwitching times of 10-40ms and rdaxation times of —1-10ms,
depending on temperature, is also detected. We have s far made
o 30 diffierent mixtures that shew blue phases $0-50°C wide
usireg botl spmmetnic and non-spmmetic birmesngens. The generic
strucrune of o bimesogens s slsown in Fig, 12 and for a typical Blue-
pluse miotare of the ype we deseribe bere we wse mivtures of the
ralxe MEA% {n =7, 51% (= B, JUE% (e = 11} with 3.5% of
e high twisted posser {HTP) agent BDH1 281 (avalable from Merck
Chemicals and desribed in refl 150 All concentrations are wiw
and 1 refers 10 the ramber of methydee spacers in the alkyd chain
linking the tan mesogenic structures. The maxtienes: were studsed by
polarzng optical meowopy, bght diffraction | Bossel diagrams),
differential scanning calorimetry and dectro-optic spectmscopy. The
mizterials were enmtained in paralld plate glass cells with 7.0, 15 2nd
S-pm cal| gaps and 4 mm x 4 mm indium-tin-ovide pivel kot
des, There were no alignment livers on the dectrodes, The mivture
shoveed the Fnllnmng phase ssquence: sotropic 57.72°C BRI,
57.58"C BRI, 2°C BPI7, 165%C SmX* and —18°C plase
phase, where SmA” is ATy a5 }'{“1. unidentified amectic phase, The
eooling rate was 01" Cmin © from the isotropic phase divm o
50,84 °C po allonw us o identify the phase ransitions socouratey, and
thenat 05%Cmin ' Figure [h, ¢, d diwws the dassical BP1* tevture
aibservid i our ikt on forming at 57.24°C and then on aooling,
tlarenegh 4150 10 2570, some 32 0 beos the BE IF—BE 1™ transition.
“Tes e that this was met 2 supercoaled BP 1, we maintained the
eell 2t 22-25°C for over four momths, and ths texture remained
unchanged irespective of the ample thickness. Cleardy the BP1* =
sdemtical at 41°C and 25°C and apart from some slight neflection-
cobour changes hetween 57,24 “Cand 56.7 “C (see Fig. 1a), the platele
texture is identical, Farther, o placing the sample betwaen orossed
]'snL'\rin'm and |r|t.1ring the sﬂnﬂe in pl.me' e testunes remain
identical, This comdirms that the reflected enlours come from specu-
lar latice reflections and ot birefringence phenomena,We then
iredemed these lattice pararmeters using the Kossd disgram tech-
migue'™, In Fig. 1e we give the Kossd diagrams and indexing for
twn sperific platelets at 250, These are identical totlwese reconded at
higher ternperatures up o the ransition region of 56.7%C. Differ-
ential scanning calorimeny mesarements, on thermal cpcling,
eprnfirmid the stabilicy of thess pluses and te data are given in the
Supplermentary Fg. | along with tecures fo the BRI, BPIT® and
BPII® phase tansitions {Supplementary g, 20, Textures for the
BPI* phase o2 50-pm-thick sample are gven in Supplementary
Fig. 3, comfirming that the stability of the BPI* i not due 1o super
enoling or due to sample thicknes:

Caven that the aptical kextures are dassical Bue plases over such 2
wide temperature range and that the latiice perindicities could be
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indeed weing Baseel diagrams, we examined the spectral, thenme-
and electro-optic properties in more detail. We repested the same
cyeleof cooling from the isotropic phase throsgh the BP 117 and B8P 1
phases (Fig. 2a, b). BP1I* giwes a near-ultrminlet reflection which
decreases m wavelength on coaling, eommensurate with a lattice
contraction. At the BPII*-BPT* transition the lattice parameter

23.00°C

Wawalsngth inm)
Figure 1| Blue phase materials, tempersture dependence of optical
textures and Késsel diagrams. a, Generic chemical struciure of the
miateriile b-d, Typleal resvares of the BP [* phase over & temperaniiee range
drome 570 1 2550 in a Town el with cesling rate of 0.5° min e The
Koo | dmagranas lar the dosmaing i (001 and |112) oricnlalions (o
different wavelangibs
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increzse 1o give a ®bam increte i the reflection band, which
then gradually increases over a 44 “C temperature range and then
maximizes at —SKhnm (that is, green reflected light; Fig, Za). On
further conling, cver a 40 “C range, this [ 20} reflection wavelength
then very gud%.l‘n”rd(rmw\i byanly 11 nm, until the SmX* phaseis
reached | Fig, 2hi. We also monitnored the {1 10} refloction from a ‘red”
platelet which showed exactly the same behaviour (Fig. 2h), The
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Figure 2 | Spectral properties of blue phases as a funetiss of temperature
and esmpogition. &, Temperature deprndencr of the warrdbength of the
Reragg, rellectinn far the BP " and BF 1" phases over 3 narrow femperature
range and a typical shape of the reflection specira Ginsereh. b, Temperature
dependenge of the wavelength of the Brage refleciians for two domais of
(0 and (2004 srentation of the BPT* phase ever o broad temperature
range. €, Selecuve reflection specura in che BF 1* phase at 25 °C for mismres
with 3.9, 8.8 and 5.5% concemration of the chiral additve (ved, green and
blus specirad lines, respectivelyh, wnd the sebective rellection specinam in the
N* phuie (hlick ivercially alsle maaterial E49 with the
samw chiral additive

b lsr a
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imsets for Fig 2a, b show the dassical narmo linewideh asocaned
with reflections from blue phases. By adjusting the concentration of
chiral additive we altered the pitch of the system to give red, green
and blue reflections in B I; thes: are compared with a typical chiral
nematic using the sume chiral additive in Fig, 2. All sets of daa are at
25°C and it s chear that the narrmw specral lines of the blue phases
give mmach rarrenver linewidths and higher reflection intensities than
tlee chiral nematic at the same temperatare, From these data sets—
that i, the optical textures, the Rossd disgrams, the differentizl
searming calorimetry and the spectral linewidels—it is el that we
viheervend blue pluses over & 40-50-EK-wide ternperature range, in
pare mixtures wstided by supercooling effects achieved using
pdvrner metverrks'

W then studied the dlectric-fiedd dependency of the sdective
reflection m BE I 21 25°C by applying increasing and then decras-
g putlsed alternating curvent (e} electnic felds | 100 He; Fig. %a).
This shows tan very detinet regimes. For fields bedow 14V pm™ ',
with increasing field strengeh, there is a gradual decrease in reflected
wvelength from 5725 m devm to 568 nm with a small residusl
Inesteresis | = | ) betweeen increasing, and decreasing ficdd. This is
comsistent with small changes in refractive index due to local diveceor
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Figure 3 | Voltage- and time- depesdent colour switching of BE 1=,

a, Bleciric-field dependence of the seleciive reflection peak for BP 17 a1 2570,
b, Colowr switching ol an individual display preel obeerved on reflection axa
Funcilom ef gpplied fidd in BF L at 25°C €, The iemperaiure dependene of
thie wiae wmd Gall respance dimes ahserved between crossed palarizers. The
insel sbows an expanded ploi of e sebective reflection s a functios of the
applicd electeic fickd at baiw lichds | that is, hebose 14 Vm ') The s khels
are the sama Tar hotk plods,

orientation withan the {110} attice, However, above the anitical or
threshold field for these materials, the reflected colour chanpes
rapisdly from red!orange t0 green'hlue {that is, 572 nm to 506 nm)
as the field is increased to 18V am™ . On remeral of the field the
green/blue reflected colour neverted badk tn rediorange. The hyster
esis. between increasing and decreasing field s wry small {a few
mancmetres), This dramatic field-switchahle colour is shoam in
Fig. 3h As showm in Fig 5, the reflocted wavelength is linearty
dependent on fidd in this field regime (that is, between 14V pm .
and 18V pm ") These charges arequite deardy due to dectric-field-
irsbuced lartice distertions: that is, dectromstr . Farther, up to the
startoif the transition from BE I"—BP 11" these wavelength dhanges are
independent of temperature to within a few nanomenes. The
reflection images recorded in Fig. 3h are for ypical pisel-sised
anschrem-tin- ot edectmdes | that i, Spm = 50 pm) of 2 dot mata
armay on glass subsirzies. On application of a pulsed 200 feld
{100 Hz) the lattice distortion has a rse tme of 53 ms {21 30°C) in
resparss to a 14V um” ' {mot mean square, rmes) ficld and on
remowal of the field the decay or fall time hade to the undisturbed
lattice was 7 ms, As the temperature is increzssd for e same field
thiese respomse times decrease an 2 logarithmic scale so thatat —40°C
thie rise tirme is 20ms and the Gl time drops to 3 ms {Fig. S0

T understand the origine of these Hlue-phase materials and their
properties we consider the racrmscopic behaviour of the himesogens.
in more detail. We recently discovered'” thar these himesogens give
rise v the highest recorded (an order of magnitude greater than for
imnoresigens ) ol ectio-optic ratios (%) in the dairal nermatic
plusse (N1 In the Aevoeloctro-optic effea™ a chiral nematic i
congtrdined to le in the plase of 2 simple domm-optic device,
oo by the twe glss sabstrates with indiarm-tin-edde dectiodes
o each face, lybnid aligrment layers and the N* material posationed
between the substrates. On application af an dedric field, the
optic axis rotates in the plane of the deviee by an angle @ defined
bytang =71 wher eis the average of the flexodectric coefficient, &
is the average of the splay and bend elastic constant, Kis the helical
wave vector 2a(p (where p is helix patch) and ¥ is the applied field.
The figure of merit here is e Tn Ei‘lmwrg!'nir mistures similar o
thse described herein'™ we have now achioved switching angles of
=8, which implies a very high ok for these bimesogenic maderials,
Wi have also measurad high & valees compared &0 “normal’ nematic
Ticquid crystals, so these himesopens can readily deformin the dirsctor
field togive extranrdinarily highvalues of e It s the demonstration of
the high & and & valoes associated with the bimesogers, when
inscenrprated intor sheort-pitch dhival stroctures, that led s to exam-
ety e plisses: feoremed by tluse materials, The large Aeseelectric
effert arises from the distertion of the rapidh varving diector fidd in
e chival vematic plase and similar distortions. must be present in
EP1* and BP11* at the site of the line singulanty |s = — 1/2) formed
by the intersection of the three arthogonal double test cdinders
characterstic of the Blue phases'. We beieve that it is the large
localized Hlexnelectric polarization penerated by such director dis
trartinng close to these disclination Hine singularities that sabilizes the
blue phases with the bimesagenic materials and effoctively “pins'
the lattice defects. Macmiscopically, owing to symmetry, the ne
pelarization will be zero when averaged around the singularity:

Here we report naturally ooourring broad- temperatre-range:
blue-phase materials thar demonstrate lange andlogue reflacted-
codonr switching induced in choctric fiekds with response times of
few milliseconds, The zevo-field veflected colour 5 chosen by the
eoneritration of HTP chival additive (we Fig. 2e). The pinellated tes
divice did not incorparate polarizens, anabpsars or color filters and
we belivve that these materials will lead w2 vew generation of
trandreflectrve bright, low-priver-consumption hquid crpgal dis-
plays™. Further, the use of valtage-controlled alour means that
each pite can reflect red, green or Blue (RGE) wing temparal dither
and reduce the pase and thin film trarsistor { TFT) dersity bya Getor
af three The matenals may alio be wied motuneable optical Alters.
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Further, because of the photonic bandgap nature of BPL, the
materials may alen readily be incorporated indn three-dimensional

ric lasers'™ but with a wide ternperature range of stability. The
ehectric-field-induced lattice distortioms will add 2 new generation of
continuoudy tuneable laser sources and indeed opens up new
perspectives for lkpid-crystal-hased phodonics.
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Short-term variations in the oxidizing power of

the atmosphere

Martin R Manmng David C. Luwe Rowena C. I'u'lass

The hylir-u!y' radical is the predominant atmospheric axidant',
responsible for removing a wide range of trce gases, including
greenhnuse gases, from the stmosphere, Determination of tremds
and variahility in hydroxyl radical concendrations™ is critical in
understanding whether the ‘cleansing’ properties of the atnins-
phere are changing. The varability i hydrocyd radical concen-
trathons on annoal to monthly tnescales, however, {3 difficolt o
quantify. Here we show reconds of carbon monoxlde containing
radincarhon ("CO), which is oxidized by hydrosyl radicals®,
from cleam-alr sites at Baring Head, New Zealand, and Scott
Base, Antarctica, spanning 13 years, Using a model stody, we
correct for known variations in production of '*C0) (refs 6, T,
allowing s 1o exploil this species as a diagnostic for short term
changes in hydrosd rdical concentrations. We i no sgnificant
“term trend in h;nlm!}l radical concentrations but provide
for recurring short.term vuriations of aroand ten per
cent persisting for a few months. We also find decreases in
Fnpelrer sﬂmﬂl:l]mmtmﬂmnflqﬂn'!lp:rn!nt.z Ily
triggered by the emption of M Pinatubo in 199 Illﬂ by the
¢ of extensive fives in Indonesia in 1957,
Y00 ie produced in the atmesplere by cosmic-ray-induced
reutrons and hes an atmespheric lifetime of about the: months,
Extersive measurements of OO became practical after teclical

Gregory E, Bodeker” & William Allan®

advances™ ! in the late 1%80s. Here we consider the two longest
recomds ot MO0 hased on these methods, which are from Southem
Hemisphere dean-air sites at Baring Head (414" 5), Mew Zealand,
and Scobt Tese Iy Antarctica, and uruc'r 1983t M5, Our
focus is om the produced directly from ', sowe remove a
“recycled” fraction'? due to sufsce emissions of OO containing 'O
and exidation of atmospheric ' %CH, te 00 (see Metlids). These
corections cally amount o 200 of the mesured values and
result in a ‘primary’ "CO concentration directly ativibutable o
revent 'O production.

Figure 1 sl primary OO0 concentratinrs from our two sites
and thiree fextures are evident. First, there i a large sesonal epcle of
about 400 arcumd thee armual mean owing o the stmng smson-
abity of hydrmyd mdicals (OH) an these latitudes together with the
sensitivity of OO o OH variations. For m‘rn|1.|1'imn the seasonal
evele of the lomgger-lived methyldilormtonm species, also wsed 1o
tflagr\m.'o'l 1, varics by ahent 50 areumad i1s annusl mean, Second,
annual mean 0O concentrations varied by more than 50%,
reflecting solar modulation of "*C production” during the last
Schhah. cwde and apparently following independentiy estimated
procfuction rates” for the |nnr-d Third, d.\.ﬂuh. theeir large
Latitudinal separatiom, concentrations at the two sites generally
agree to within | molecale om ™, athowgh in some years Antarctic

Frimary “C0 concortration
imokzoules ol

T
1390 aaz 1994

Figure 1| 00 dota and simwlation, The upper ssction shaws primary oo
coseh lralians lar Sdual spmples lromm Baring Hlesd (hlie cirdle) and
Scont Base |red squares) frang 19 o D003, The green and Black curves show

oS

Septembeer 1991, and masked sut during 1996 and 1997 —when the shies

diller 4 discusied in the et The geey shaded region shows the de

Erasm the e din b ouldd b comeed by a 10F% reducti ingrease in LVH
Lraliani. A. lisse of cruplion of MU Pinatube; B period af high

e praduction rates | right-band seale) and the best- 1 sisulatian of "o0
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