ELASTI C VI TRI FI CATI ON OF EMULSI ONS BY DROPLET
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wappkiossts on clains priority to U. S. Provi si one€T/US2008/000800
Application No. 60/881, 161 filed January 19, 2007, the
entire contents of which are hereby incorporated by
ref erence. BACKGROUND 10001 1Field of Invention | 00021
The present invention relates to methods of producing
elastic materials fromviscous materials and the
materi al s made by the nethods. [0003] Di scussion of
Rel ated Art [0004] Col |l oi dal dispersions can behave in
Edt AS83C A BRIFICATAONOF EMUBSIONSEBY DRQRLET
shear stresses that alg prg INgiructures away from
thermal equilibrium (W ussel D.A Saville, and
W R Schowal ter, Colloidal Dispersions (Canbridge

Uni versi ty acr?éﬁ%w%ﬁ'ﬁ\*dﬁ?&m{%@q ApPRicATidhance,

sheari ng nmer entangl enent sol ution can cause the
pol W‘ép@)'lﬁaﬁlostctaevfc hricaity tcevJeSn Priiviseomalafipllieatiop ¥pdiop§8 . &o ! filed

JarldQf)- lble)%p McantiRREAE L S WHG Q@B?Wc%oratteﬁ] By Rkl on’ s

viscosity, h, decreases at higher shear rates, g (R G
Larson, The Structure and Rheol ogy of Conpl ex Fl uids
(Ckford Uni versity Press, New York, 1999)). O her

di spersions, such as BAGISOIRQENDar d spheres in a

sinmpl e quuid can exhibit a shear-thickening

viscosity (J. Bender, and NJ. Wagner, J . Rheol. 40,
[0@9PFielRP6vEntiocand t he di spersion increasingly resists

nore vigorous shear: h rises with g . Attractive

IO(fMngIQe &@ﬁ]er?venpgnerre%?ets It&?lgth?usﬁﬁogué Pgeelgﬁil a?eplla rfl%%‘l \pgc%us

formation eres t
maggndlseah theveteripbmogk &y dhe nedtiicdet | vel y causi ng h to
di verge (BJ. Maranzano, and NJ. Wagner, J. Chem Phys.
117, 10291 (2002)). This increase in //is reversible;

[odoBEDRBlssibsrrRftddedi stri bute the spheres and the
equilibrjumparticle structure rg?urns _€0| ner .
08 Gl B SEIBE T BRSO PART B hsEr 3 TEREged o bigh

sh@haf@esthhtrmrhﬁelﬁsmuﬁrteuﬁx&ycfom m&r&lﬁ%hﬂllﬁ@llﬁWRGﬁHSD A
Sa It %r %FEH% ! alat}ﬂ TSI? id) fg ? dg (8] d}p

glle pag chpwalig{eGpHloidg ’%‘3”“3(0’(5 BeprioEy “'V?é’Hr 7S kcfa’"b{)dge
198 p Fadinstice Ahainigy a bol%er\éﬁiak@émenaftﬂhtllan Ban MéNetihe, polymers to

|1 gi ds Surfaces A 213, %

SRR i BT e 6 e RSB g IRy gor
visBbshty,of, déchase af Highar shagtuated }/r(RGTOILngrQ dhe Shangesd Rheology of
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concentrated hard spheres in a simple liquid, can exhibit a shear-thickening viscosity (J. Bender,
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do not persist for long aging tines after the flow has
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[0006] The elasticity of glassy microscale emulstons of repulsive uniform droplets arises from
the deformation of jammed disordered droplets (T.G. Mason, J. Bibette, and D.A. Weitz, Phys.
Rev. Lett. 75, 2051 (1995); and T.G. Mason, M.-D. Lacasse, G.S. Grest, D. Levine, J. Bibette,

and D.A. Weitz, Phys. Rev. E 56, 3150 (1997)). At low ¢ < gy, where the droplets are not
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def ormabl e surfaces as being "hard". This is a
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since ionic surfactants, which strongly inhibit
dropl et coal escence through Debye-screened repul sions
in the pair interaction potential, U are very short
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made according to enbodi ments of production of the
current invention. BRI EF DESCRI PTI ON OF THE
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strongly ordered emulsion or other ordered colloidal dispersion, such as a colloidal crystal,
would exhibit very sharp Bragg peaks at higher values of g beyond the plateau region of
intensity at low g. Since these Bragg peaks do not appear in our data, we have directly
verified that the positional structure of the droplets in the elastic nanoemulsion, measured

subsequent to said applying stress, is disordered.



intensity at low g. Since these Bragg peaks do not

appear in our data, we have directly verified that the
w@omsossImal structure of the droplets in the ePE@BUSI08/000800

nanoenul si on, neasured subsequent to said applying

stress, is disordered.[0013 1Figures 2(a)-2(c) show
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represents the average droplet radius, determ ned from
al I nanoenul sion data shown in Figure 3 (sane
10U ghkygyre yt shoprrer scalprbinfegaction ptertigl ag afhlsijen fcpragaiien between the

dmi)wi gLﬁfé@esr @g#ﬂas WOBre oyt StbdhiE thedhv EBDYRoHG rrmry merlnﬁ{agtﬁlam all
nm Inset: To determ ne rom

“a'me@uks@néata.s@@da|*’ézafw {AmepYnbohd Sh nedtp f”ntofa Egﬁxeoscg@ened

SUMSF@EISE)H ry@ding @0E6e-dicgMRelehgth BOWS Basu Bl Reakro
mpl i tude of the shear stress, r, as a function of
detiemja%’é& PBAR Fighpn 3 ae afé'esﬁm%wéa e ehiftedingt gnigpagiter curve:
G']hhdom). 9, at a frequency w = 10 rad/s for a viscous
ermul sion after being subjected to N=1 (circles), 2
(squares), 3 (triangles), and 6 (dianbnds) passes
[oxllay Biggh Sahd'WSQﬁBapI‘r&S]ﬁﬂak emplitcde0fflthiei shehir 6tred€ i B@ finchion of

. h | si t
mBAPaK FRABRG o1 pTbiedeRor Sty oy FRMeR 4gdets ore

visSahlls feaors@nbfrermkmg smOm‘d tS wdq ugirded exyhuasy), B atrandI &SNS 6
d let v oncent

f
(di ) paase%{}fough E;gﬁ Iguetss ci: chlﬁ?fgg(gﬁijeénctegf fpigron cLannel width).

Thererouleibh canghiositidieis iPOM DFilinz o Q1 0psSt yiscosity) in an aqueous surfactant
solution of sodium dodecyl sulfate (SDS): droplet volume fraction ¢ = 0.45, SDS
concentration Csps = 100 mM, and input air pressure to the microfluidic device of p = 90 psi;
the emulsion composition remains fixed and does not change as a function of N. At low
strains, the stress-strain response is linear, corresponding to a slope of 1 on the log-log plot.

The departure of the slope from linear behavior occurs when the stress exceeds the yield
6
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slope of 1 on the log-log plot. The departure of the
sl ope fromlinear behavior occurs when the stress
exceeds the yieldstress, ry. For applied strains that
produce stresses that exceed ry, the peak stress
exhi bits a power |aw behavior with a slope |ess than
unity. We have attenpted to neasure the stressstrain
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067} Figome sbows richbureSicdisse8,54, tdyt)enilineca“mnamﬁehﬁasstress srram data
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anf LY Bl p s DR R ex GOMMAMINVAR sk k RRftr Al ASNAY S
8 ure shoms the avera radi us, <a>,
tymeshguarigdiotyy sigsprramiat Whild hauss i & fﬂ@r wh@;p q \DE@) confainang igis tipped
sid hggous enul si on has been subjected to N = 4 passes
rough a hi gh-pressure microfluidic device (75 micron
channel size) and then has been aged at a tenperature
[0(ﬂf8] PigieiTnhéwsseahethey et raﬂ1|ﬂa,t<al>ﬂhldabﬂréc‘,6b)ed/>ampmfcatgh@sﬁatterlng
te??rfl? Ign%mg]s ipn %af%gensﬁtubj\%tgco T 4j)asses tgrr?u%qzhh]%h gressure
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th f h
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effga({/g %(ﬁf] Qtt e 9(%5 Qﬁb%ﬁ%oﬂgs&%nﬁ rét%% Iisé rsity of the radial size
I'stribution tru resolutiton 1n
distrifiugoptopae stamiatd desiangrouthe ugcenpintysad thetieean of the radial size
distribution due to DLS instrumental resolution in this experiment is about £ 4 nm, so the
average droplet radius has not evolved over more than three and a half years within the

instrument’s resolution.

[0019] Figure 8 shows the plateau linear elastic shear modulus, G', (w = 10 rad/s) as a
function of volume fraction ¢ for a monodisperse nanoemulsion (<a> = 47 nm, Csps = 10

mM) after being diluted with an aqueous surfactant solution at Cspg = 10 mM that also
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average dropl et radius has not evol ved over nore than
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EMBCODI MENTS [ 0021] According to some enbodi ments of
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through a history of extrene shear or flow w thout

altering its conposition. Thus, a physical process
quzﬁh{\“‘@&ﬁ%’éé Seie $1RRASVERST I I A KYBNHPN Gfliapiddike viscous material

carSbd HREMFRS M aRbINY-fite 1458 BkleAd! tlﬁ@«l@lhtb%d’l'&?@f &:@eme shear or flow
dramatically transformthe materi s rheol agi cal

withap AUFryIe IS comPestion dhusaa PhygiriPrecsssethai causes 'ga‘iersob*e
brehRddsvni &tﬂ%lsgmtb{reyﬂuﬁH atle, mAR G ALES Be B Yo ﬂfﬁtn@trdaﬂif &ansform the
weaken jrreversi ture.

act yal | through_ fr el ax
mabeéléﬁs %lggxcaé@ﬁw&nogﬂsmél&t gga I%lodlr(gtaérﬁgm agsl,?? hglaF is 1ghly unusual
be@ﬂfbdhetniymna[sa&ﬁaly ‘e biSirenSsiBly enrélighPRL@iei Sola back after
uid phase material in another
be'"ﬁ‘ﬁ’iﬂ)éec §|t°e5‘1095‘§hahe ﬁ%\é'gﬁ'ﬁﬂﬁ” erial that can be forned
t hrough fl ow i nduced rupturing of bigger droplets into

[Oﬁﬁptlln@lgloﬁ)sna@§dls&rs$&\rs 0@ 8o @{s of mtl1q9fd§ih§§e$na@éd§pfnk&h&geron

the interfaces between
immiscible liquid phase material that can be formed through flow-induced rupturing of bigger

droplets into smaller ones. A surfactant that prefers adsorbing on the interfaces between the
two liquids is usually added in order to prevent subsequent droplet coalescence (i.e. fusion)
and to keep the size distribution of the droplets from changing over time. Emulsions are
generally classified as oil-in-water (“direct”) and water-in-oil (“inverse”), and these different
morphologies can be obtained by using an appropriate surfactant that provides adequate

stability and through the order of addition of the components while shearing.
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Janingngms@'rmtn%nggls&eps% sEMerse&qled the “maximally random jammed volume

fraction”, or gyry = 0.64, and emulsions comprised of microscale or larger droplets only have
measurable elasticities when the droplet volume fraction exceeds @gur;. The source of the

elasticity of such microscale and larger droplets is the additional deformation of the interfaces
of droplets, which are already deformed by pressing against closely neighboring droplets, that
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ouqﬁagﬁstﬁﬁ@glﬁj rGontrol e‘(perlments show that the phenomenon of elastic vitrification is

not due to alteration of the structure of the surfactant in the solution; it is generally due to an
increase in the number of dispersed elements (e.g. droplets) and a corresponding reduction in

the average volume or size of each of the dispersed elements. In addition, we can control the
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p i ed stress COU e Ccreate tan
raaifrigls thah ate S@mténtdﬂ agt linenys gre geneedd lalmqﬁanlemrtgemé e4sier &

apﬁl;!n@fitﬁ: i sipn HEB SHowever, usually the non-aqueous ingredients, including the oil , are
the most costly components of the product, so using less of any costly component and
achieving the same feel may be a profitable alternative formulation that satisfies consumer
demand, yet reduces the overall cost of the product. Another interesting potential application

is in food products. For example, low-fat mayonnaise of nanoscale droplets that has more
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phase once on the droplet interfaces. Certain
Pluronic(r) surfactants are exanples of non-ionic
walrdBogdo1sur f act ants that can stabilize dropl epGI/aRIN0S/000800
extend significantly into the continuous phase. [0027]
Potential applications of elastic vitrification of
enul si ons by dropl et breakdown into the nanoscal e
i nclude uses in cosmetic products, personal care
products, and food products. A reason for this is that
rheol ogy of a material determ nes how pleasing the:
wagphan edcpWa bemaddpscerding k4 embodimentyef Skicwrrinsinveiiignt Wersall this
eldsHOWred s HAleHiS1 @RS nEerTals| Yo BQLor ARG itRRGHiSH rseadmhya. way of
peopl e. Thicker materials that are snooth, but
makingdgy - eBuigionethal 6y rerip éheslas e praperintdhas s @pers @\pawrf y
m&ohihisk €A% 0 SIRé Bﬂticﬁ‘l%rod@ﬁ‘@?gﬁﬁw U@ el hulshs PR RAVRAUS look
i'ngredients, including the oil , are the nost costly

C"??bﬁﬁ%’i’é‘i’ﬁysa'saﬁndt‘%@ B EORLRETS habthergiivigssifdsd h?)‘PP“éi‘f)P“?PSgteF gould

al HOIRENRNE] RNEbKAGHTHe Y laind HEerp aNRI faRkr AN LB/rdplets that cause
profitable alternative fornulation that satisfies

MU BiE lighe Feageienyithoyetien ianibedteringthe glattis rorepist atdew Phika white
apPERAUER o ulAPOMBRMappedfi ) BSbis0Be RO ifelcBturRPldscation is
In food products. For exanple, |owfat mayonnai se of
nanoscal e dropl ets that has norewater than oil could
[00238] Nedeliave clont diwild be ppse’trbd@ii naeseTs!sgfns, tvhéchauhibig tite same elasticity
I ri
B S S R P T A TR
maaorFAMOeTENt akdye qﬁfenmmf ngmbaows frathaemgéwicanetsorat case prioflucts,
LRGRLE BoddMFodtb@SHh OR & ansH SXmfRct of
o e o b Sy B oS bR A BURE ™ AR
nanoscal e enuIS|ons can be tailored to | ook clear,
whi §ix 4R lgghso indicate to consuners that there is
| ess fat. The optical properties could al so be
controlled to | ook white by adding a very small nunber
[0@2‘9] mrcﬂﬁlﬁns%@mo@t iRduc PRl £AYUSE AT S leﬁg hd Qm:ally stabilized
scattering without significantly altering the elastic
Mase bRt ey st apaovdine fofin aminediment apihe sy ERE B WG AN-di nparticular,
wé@oﬁctﬁm%gdar&glIFcheCch§|Wé‘r prleﬂm§ Qm:r‘llsﬁ)'n IQ%MQHSIQ% fixed ¢ <
Ve believe that it will be possible for
mnan @mpeﬁ regsionghflew rasssHi- i ttratrhretes anetogbag P’y 't yHoagver, the
geﬁ@r&ﬁ%@&%&k gf tﬁgqllnéht@&lsarpwt hﬁltlte@tosdn%hgs'e g@e@Hanalté?l\ﬁ@ and are not
opl et volunme fraction, to becore nmaj or conponent
lmafed thachhigkflpy g@esOThecwﬁ'ah pleagses ﬁfeB‘H%Phﬁ’@é sitdng &lloy's or other

mdafy SRR ati &RV PG IuSe drEASIBEWIES naf ROMe RFQ0ME HR reRNfg
even potentially products such as paints and coat | ngs.

disesdarrg | ggssy owgim%md@n%rmﬁoaﬂé“ thb‘vma fial dtetsgom: €|Ba§th'rntg and

S.Mi GFabvdsl £ Ph{Oonl&k NacP 18, Q3 edoboy)) SR ult@@gjstlﬁm%lthough é
enul si on systen1accord|ng to_an enbodlnent of the

itself | bas @At changedn By applogy o Fjaq,yppr&ﬂe&rwhlch commonly refers to elastic

emulsions of microscale droplets, we refer to elastic nanoemulsions as “nanonaise”. For
ionically stabilized emulsions, as the rupturing occurs, 4 decreases towards the Debye-
screening length, Ap, and the droplets repulsively jam into what we refer to as a “Debye
glass”. We attribute the large elasticity of the nanoemulsions at low ¢ to a combination of the
increased influence of the Debye screened repulsions as well as to an overall increase in the

Laplace pressure, [T, = 2074, of the undeformed nanodroplets. Using a simple model for
12



we subject a mcroscale silicone oil-in-water

"prem x"' emulsion in this exanple at fixed f < VviRto
WE@n@Be8e$8 ext ensi onal flow rates (i.e. 'strai NPCHUSH03/000800

up to about 108 s 1 . However, the general concepts of

this invention are not limted to only these specific

materials and are not limted to such high flow rates.

The extreme stresses created by such strong flows or

ot her nmeans of excitation effectively rupture droplets

down to nanoscal e sizes, and the resulting disordered
de@kaSsmwoﬂanﬁenMMsédnm@ﬂi@kemhsomgaﬂﬁﬁkiM%h«wngowKMI%a

B erigp o Rl o R A D 8 o0 T g e
satestheng stgmanngh Withi & Bably §-streening ddw.c Han gsendeneByleamltamgyeptlblonS
' e L.

o T AELS S AL SHITER My LELPOR A BBLBRU S,
stahdipormdesiub®sas " nanonai se”. For ionically stablllzed

enmul sions, as the rupturing occurs, h decr eases

towar ds the Debyescreenlng | ength, D, and_the droPIets
[038] {1 @rKkrdPS PR SIS T oy RIp gnbqdimere ofhe Bakpeinvention,
weglipese polyé&mahjnsndahﬂeqpbhﬂ;) laay georetinsnt Gilt, ym@fmdrdﬂ;eale droplets

nanoeml |ons at | ow conbi nati o

UP{iHOF AEEEYY IMT I LASHEYS 6‘?'”%%@?&%‘%‘*%’&%@%& @@5&% ons
co@sntyieibh, @S, typlcamy ;EB()% @k krifidacihrasEcoheentrinam@oe s mM using

su of the undef or. med nanodropl e
o R L e Fer e G aT S i ST BN RLTge hevinga
bmmepué6$w®mehemﬁae$mzmﬁoemm&acﬁﬁtheyavehagemhmﬁema@bhon
pr(Rllc{es a ?eggeosa %Et P'resusﬂnlz% QGStilnlsie ?eeﬂaere%l lIC é’nlCl‘%tLgnf(#I L\%EC
(annoﬂsmrwslﬁg/Mgroﬂg:rieexﬂ@mtodw t1hS)awiDédy bicls cnuglsmﬁmt} btaa\mulsion is
pul}%ﬁglioiu j lﬁncr e gr%r(tr:rr% ozzﬁtglrd]ﬁg%%%ldélg ?1“@/ ?e %l%?ﬂ?w geometry
everi eecerhctasﬂthlemltryﬂ wofic Ki@meoaetchgn1@!lablmblllfzeedlenMelnutessums, by a
facuoqgg%out 910'?@ @at%] h&‘u.&? felllufts ﬁﬁu)l a%l)tqri4&?§tﬂr ghe@@sn%ﬁﬁ&!ﬂt ﬁ’quid
e current ntion, di spers
pre@f@tﬂydﬁ ﬂeenwjpltlsﬁ ok thaemelPDi®)charpet tjzt@éne@s an'cedatej largppeak
il", into nlg&oscale droplet to the desired f
S

eXtF?ﬂ%’a'a%’f a'éldﬁféso *sof ‘btsl ohPsf “@g&]ﬂﬁﬁ?‘ﬁ%d’e‘&% cag ffqalg geal
stre(s&DS)ouat dr@pl@@I’ﬂl&eaﬁd'cﬂ{/dly)ﬂver(ﬁmg%face ienpibe &l Hryakabweu ihdl@idual

ical mcelle copcentra
iR T i e Rl P PREb e leaf ibely R
disgipatlos] tbaﬂremerpmteyﬂltf&pmnﬁeemdmtvn wg ba chroded w@ea heat exchanger
i s r | oxi na
A Shisedt e T B PR B PRAdRhS e it sf Sl
soltithar o’ calst ehie rshré@emsio&elloﬁ oeeadmeel istic b}thiellﬂ, theeb§ Henonstrating
thai %gl «&o Mﬁ%is]eoréaq dl ?t% l(jl’ ﬁog/let%/l arcé:rnoegelfsya!eydtlolzaglq%\% e)las Kb vnFrllﬁcatlon
through ntcrofIU|d|c_channeIs of 75 mMmmin a
(0081 EBkREHsB ARt floWw 18 XlosNic RNBIdicfde ONEIROINBHE Yhe specific model to which

we have referred in the above example, is typically inhomogeneous, one can re-circulate, or
“pass”, the emulsion through the microfluidic device more than once to ensure that all
droplets experience the peak stress conditions that can be generated by the device. After each
pass, N, we recover a small volume of the emulsion and perform standard small-strain linear

oscillatory shear viscoelastic rheometry using cone-and-plate and small Couette geometries to

13



every second. The m crofluidic device nmechanically
anplifies the input air pressure, p, by a factor of
W@bwasP49 to create liquid pressures up to abpCr/U2008000800
atm These significant |liquid pressures in conbination
with the small m crochannel thickness can create |arge
peak extensional strain rates, >eak . 18 s ' . These
high flow rates, in turn, can create | ocal stresses
around droplets that effectively overcone surface
tension to break up each individual mcroscal e droplet
deferntive e fryqusnatdegendnatnesapalredane 6l (ezt)snd Pes moctuluyalr E(w).
t
D)Jﬂﬁgltcgggt &%J%ﬁﬂ%ﬁ oghg @gﬁté"gﬂm‘ﬂ% & %?th aggrﬁgeec}aélus <g>
an@vhchtamgeidev;&tlorf oz Bl mnesulrawetssmmdttcttatat toh® texteraure, 7' =23
o~fl Oow does not alter the viscosity of the surfactant
solution or cause the surfactant solution to becone
el astic by itself, thereby denonstrating that at | east

IO(BQ[TEItldiuéiPﬁé»S-erQiu@édee'@ﬁé Smm‘cawn%h 84 £hRIQ INBRDHE s hiQhe
achieve elastic vitrification, [0031] Because the flqw

highgst BUYAITRESP T P i I@iakm gRegiCa &Y the fapifastigh te&sshloRrss & 54

ammMBbw tHe haih&Rs y¥evitidivRioh 8@ nagerirdhgt BEN Bligwe lpmk@s Csps
B ﬁ@ipl cal I i nhonbgeneous, one can re-cjrcul ate
- b and f’he r?ﬁWs'P%SFFS‘E%? 66@%‘5 fess (& of PO a5 ¥ ~deiop! E'é and

syd’tﬁh’faﬁcili})&ﬂar@@ﬁlﬂtota(ﬁ eRBSURSohfat ' ald ’ |dr opl @t & RXpeh &n6e

Ithe cg,e3k tress condltLons }hat can_ be eneraélﬁg b¥

PR HeFEoPs BPRerraisd AhaHaE (Y RO i ¢ seridigrise Uiedve

croéQlveHTRqOdncy, N8, BMdtest ONGaNEsP@bpsQuitk 5t SadERE the onset of
snmall-strain |inear oscillatory shear viscoelasti

vitpificat pre R4 the S1diRY SEOPRAY ATPATS Y ity ‘é‘HH aRGphPY <ot 8L t-" fecord wit

DIGeRNBEI4.es todeterm ne the frequency-dependent storage
nmodul us, G { w) and loss nodulus, G'( w . Dynamc

| ight scattering (DLS) of highly diluted enul sions
10038 bitirded ntitenavaticage weddvasbseracd tagrd nedrest stiginiga pehks in the

A
soledl, arwtthese péaks preinptal ragmpe@mhbr@cta@pr ef/e@ryﬂwhqupotynex_sq@_&@s
solﬁi; I\Fenﬁormcgtm?x%g ei}ﬂmr%m@bfelz@f @ﬁachléglﬁéls?ns tﬁggﬁ%mg?%%?grfolmet%

he manufacturer, we use a | ower ; } I
Pr0§hﬁé\ﬂf ALY it TE TSR Wishout anyisphseqUepirocsss Qbviee fractioggtgarand re-

cox’fc@:ﬂgiﬂorpfev&ll [hF{ o) Eh%pie] struE@fe it 16 Her PR rEsehb s Hyasﬂr&ge f-lgure
as N incr eases, a Vi scous response

1A}. oTh'?\F*QerE“‘f“éfﬂrdP%ﬁf@HE 1B gasensifucts is jUndpn '@: dl’flfﬂ’r@“ #gn any
priéi r@ﬁttrdrﬁscit@ﬁﬁg) Hl%é%u(e@ent% ofenanob @ilsibhsbeBuse Aichl errlz&ﬁirlments
el astic ‘PslA? eau, 'p, devel ogs upon repeated shearin

re"GNL‘&O"é?e @”‘”ﬁ‘@ﬁ?'ﬂ?’y’ MEGPreHE 1 gRRErale gLty diauid-li IR
narfoeRAISiON G a EMMcentralcaREiEliNe naneenﬁs)onqmlo MAESD S. MG B¥s VI, N.

B BB 09,1.0 BT, Mol O Gt 8 g v
drdpletsasiag dravdntrifugation involves a compositional change of the droplet volume
fraction and is thus fundamentally different than the process described for the invention
herein. This new evidence from neutron scattering that nanoemulsions produced directly by
extreme flow have glassy structures is non-obvious since flow-induced ordering of particles
and droplets is known to occur and since this can alter the effective volume fraction at which
droplets pack, thereby influencing the elasticity.
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DLS, for /V> 6. |0033] Through neutron scattering, we

have observed broad nearest nei ghbor peaks in the
wareaossme factor of the resulting vitrified dpOpUS1088/000800

t hese peaks are characteristic of a glassy solid, and

t hese peaks are not Bragg peaks characteristic of a

crystalline or polycrystalline solid. Neutron

scattering experinents of elastic nanoenul sions that

directly result fromthe process of applying stresses

W t hout any subsequent process of size fractionation
[00RAbF lpwdtrhedht! skt VioH 1 bes fixedats teme!ly egpiased Wit axeene e
drd t@llpa%gearmﬁhe@raggr@@m B3u@d 9bASSenke 8 GEnTisBW £ 1dDas the

hi s expérinment for confirmng the glassy structure is

netfafifgefcireistiiam ojeats pR BcEate ip Hﬁﬁ”fg%?? aspiigyolpaefapp Al the dispersed

eleffe Al €Rd iNGeATB AR RIRIH $n @n(l\ﬁ@&@&myﬂ@ k&ﬂ@re@@&n@h‘&ﬁi SHSdlion in
prior experinments relied upon the use

<a@@m[F iptragdet{Bh Unamosatbit pressuret ’dﬂ@m&évéfﬁrelr whege ghe

sut%l:rl ;Ht ?atl r'eﬁ:%I 34t rjéﬁonnﬁwl sh &Jg}&@og@meﬁuz%t@@'l and
-1i ke nanoenul si on (T G son, S.M Gaves N

N[,Wl| 2k5| :lh(@09 aede. N« yeferg fathe b/e vpdhygfth@}@ﬁﬂeng_lg_lglecrgegggq satur.an(.)n

ocbBODBRN bel & sBYPH Bas A, @m@m&ﬁ@an dxJonEndl PRk &S S
using ultracentrifugation involves a conpositiona

satpiEeg e dit Gt® E ot etP(PolNuMt Vi lgetn(@nNaMtfo Db YigliRg G o =

a4 Fupdamendyalchy, Mi Elsareos, lban. £ be2 @R)@C¢§§co%§>ﬁﬁdeh&dofftw
the invention herein. This neMIeV|dence from neutron

satyiahen 815 W) tHarCRANEEMH SN anddhodiae EdvdiFisaeaA(§] pyicate that

e1a80Xd Vi @iTRatfoh QVELRAM @h e r SR &Y ar8 bFIHEH 88V SinloShd¥RRoLAY FQHSe.
since flowinduced ordering of particles and droplets

is known to occur and since this can alter the
[0035f Eedtidyehowal Ynienasacthi on, at simhirahiottopine¢nsulparskising

LnltraFcaenrtr?ka)%atllogfo Q lel]]rgalé ol%ghpo l arss}tI &%/LX> L pqgf}\lnl? fmng ?Dgucl%d
(T GoMaginal BdWiking, l@)t\neflesnm CdBo@iaeg and SMrGrm\@;s, JaPItws mCoedns.
Mﬁctitgg{Se §63{ q%é(l)()ﬁ ndu g\?gea%eﬁt%c alp%et él?_y rt?z{cmltmsul%mg at ﬂ)sOOO
lumnenémsmmthghehSMEKamemamaaaWthmhmHmsbmn¢mfhmmnygthen%
. di, .sed enents. .The crease and saturati in

n EutRF at o Clep bR ot PEUGRT R a0t Aot

v tiN) sharp FHs@ mrcep(z)(la)ol l()b/}d by ¥oermpddihldadréage tfowbrd<tagé\l)5 >THis
<as at> +Jbsxp % wher e the subscrip

bel}aépé P§ gr ?a? a&éfqr HHcrg calRlemu lonilly%tl aflrwaalie ésas(trgngy é@snclat

mudMowRr #thdn Bas lerbecdftelvibidiyoblerd& foPrePsivdian@sioMN0 refers
to the Me value o f the exponential decrease, so

saturation occurs when N becones several times NO
[003p kesinsesimpletriode) cddisendprodidinpdarsel spliesieal elgmants tiaUirag¢ ptdenst a

sta}é\@ﬁi} %?ﬁpgf’si'oEét'ﬁ‘noridﬁa%&e@,b?%{hgaai ﬁcll;e Efe’%?e'_i iniereg}:.ti %nzp&)%ng al>,( %#éf"from
G 'gor rrespunglen é@eafst ndighbors per droplet, the osmotic pressure is: T1(¢) ~

3U(@)/ Ve, where the unit cell volume, V. = Vy/d, and V is the volume of a droplet. For
disordered repulsive networks under osmotic pressure, both experiments and simulations
support the conjecture that G'p(¢) = I1(¢#) (T.G. Mason, J. Bibette, and D.A. Weitz, Phys. Rev.
Lett. 75, 2051 (1995)), so we find U(¢) = G'p(#)V4/3 ¢ as the interaction energy per droplet-

droplet “contact”. To determine k, we shift the measured G 'p/(o/a) upward in ¢ so that it
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saturation in G'P(N) and <a(N)> with Nsa ~ 3NO and
the drop in w [Figure 2(c)] indicate that elastic
W@ Raosiogsoesmt i on occurs as the droplets are brokpeT/usms/000800
into the nanoscale reginme. |0035J T study how G 'p
changes with <a>, we size-fractionate nanoenul sions
using ultracentrifugation to obtain a | ower
pol ydi spersity dal<a> 0.15 while fixing C SDS = 10 ni M
(T.G Mason, J N W ki ng, K. Mel eson, CB. Chang, and
S.M @G aves, . Phys.: Condens. Matter 18, R635
ov?rm@mty thep)fﬁdlcégr&fpr Qggrm% deenlety wih ]l@fdg é@tgraftlo@? (T.G. Mason,

M.Ub tir-aged s faigi, g Laling0, $08:RRM . ANH 1N @Ry dREWE 3893150
each stock nanoermul sion with surfactant sol ution.

(187D Kivtyt)y, |- MR hd brr i) [Fpgrg 4 £ Eisgflar Bhigghifi piovides dr, and
we%ﬁﬁ?l%{@# éi&%/@aﬂ PjeasfsQHMQ (1R rdpRY a'f}és;fher caf- S%?&e tlﬁ‘ﬁé‘ﬂye—
| oner tha he sharp rise in ( S)
sciegiiefl eRmeldiveyotantivbserqpeEnaito ihasguaresd tfteoxhag@ weawgealfze U(h) by
a EE@U% r%eatﬁﬁétg{t sdr?ac&:ﬂﬁée%renstl@ pGFor QI( £)>. fﬁ{ls ;@Lc%hﬁ’gs&%;%es all of
emul sions, yet "nanonaise" is strongly elastic at nuch
thel @ve@rialf ofith alsln@la&a@t\dlecrur\he{éfgurfar@\hvml&bwf absSBpyeqdHHang)/(hs,),
repul sive enul sions. | 0036| Using a sinple nodel of
Wheies%us AEPRSENHRT et 8 t@ﬂﬁ'éwecdaff'e@'%mtsw RAVaRE T ot = 32

0y %tﬂa b tcﬁé abL'lbﬁnM‘& LERWRLQN. f‘tSt Q‘H M%‘d?bﬁkﬂ@%ﬁl PV\%ulm

e dro i nteracti on
and3. Riferte, PAgs e ri@ttzn: 299 &%rdsthe rﬁle}/lglldbé =s5.9pep. 4di|ﬂd)|@d> eb 8 +

OSLTF]? lgggqatacccorcf)&'ﬁl’?ﬁllé ok/g’(} A A g anb&§%gr)#]yr%qvl Lwﬂlg{re.l Egl?md

e vol ume
IntehfappiSett 128611 (dP&or dféue edcerlep adl&ipsesn i @lediwrlurqidlepnstrates that a

) ’ o lat

G5 R BT AL PP,
J . Bibette, and D.A. Witz, Phys. Rev. Lett. 75, 2051

|0d3l91%5j)1)1.¢.o.$£?) ph&i thé‘éjsaugﬁy)ng ex&;drP( Br) Mctbf(f@ @8hdub ?esortmgl_to an ad

I nteracti on ener gy per dr Op etd cont act
hogjetpesssiPher A(P).War Wisrretatineot n@@gmwé@n cheolsgy grozidey gmegrepcopic

mek%dffo%agtnﬁﬂg U(E)%esroha@%sw %hlmtvp@olchﬁmu%e'nggnsf&_rpheres
def or mab lets wit i nteractions

Thwas'bﬁrePN)lstcorLaa&é'é@éer <&C§) ingrrgitionpwhichgsspmes L at'z =6,
_]alTﬁhlth&l%FS a{f‘%(l Qﬂé\G Y\ﬁ:t ﬁ{fﬁ) W&falmy mlcgoégplwﬁoln':prlor work on

éqé eff) rrv i gure
rep4jlswe|cp| 44l cryJtals. O S(]qﬁ) has bpq-miatgég‘;o the fmficroscepiel Uq@ essentlally by

assggL gr{:; g%f: R’g@) whg'r]e ’Kn?aﬁ)isl‘{m 5‘5910‘ p@mwg{rgsgiloﬁ%ﬁnog[nﬁs (R. Buscall, J

I'nce byescreened repul sive potential”
Chprg. ocolpmaday dreas- 8t70bt6hél9§b)uarrdeL d¥aynane, B ramsgye;. Waee, and J.

Mé&ﬁ{ Wdl@% I e ‘?% /) ?gfdd@?) NQd %ﬁg‘%ﬂg% tand ats¢ur §.3FGdz=12.

arge density p rescal’l ng
Wheo [thiagrpessclafor crm%tals Irﬁeappbetdengiaaly@oldnwab systegisnig) faels fregpéde the

corf Flycglill; 4nd lrlt\rlﬁ r]o’t %I r‘éefhs%“@,z éntdré.oBﬁ(éf&tﬁst,elg@?{o'und ksiﬁ% t)le
| er' , |saconstafa e = Is the
RGleinedei \ﬁ@ouﬁisednewtth Boagp eratterirtg experymenfs onatagneticHbyr maigslated
fer?b’ﬂ%id)%mulsions at the same Csps (F. Leal-Calderon, T. Stora, O. Mondain-Monval, P.
Poulin, and J. Bibette, Phys. Rev. Lett. 72, 2959 (1994)). Although the assumption G'p(¢) =
[1(¢) has been confirmed by simulations (M.-D. Lacasse, G.S. Grest, D. Levine, T.G. Mason,
and D.A. Weitz, Phys. Rev. Lett. 76, 3448 (1996)), it has received only minimal theoretical
attention (S. Alexander, J. Phys. (France) 45, 1939 (1984)). In principle, the RCD approach
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10" esu/cm2 and CSDS = 0 nM (F. Leal -Cal deron, T.

Stora, O Mndai n-Mnval, P. Poulin, and J . Bibette,
wehoos/0sfes/. Lett. 72, 2959 (1994)), the fit yirCTESH08/000800

5.9 0.4 and LD = 3.8 0.5 nm in good accord with the

reported A= 3.5 nm(J. Marra, and ML. Hair, J

Colloid Interface Sci. 128, 51 1 (1988)). The

excel lent collapse in Figure 4 clearly denonstrates

that a realistic nodel for f/nmust be used to

accurately predict G'p of nanoenul sions at |ow f.
carj BOBPlied tp obrdidi (i omhends ‘W¥biy kdbwigforany apieshydterg soft, glassy

' f o) . C

rep%ﬁgjlpgglz(%l Oaggys%ﬁn ?C‘? s]pl;i)e?es.o)BlyV(Y:ohttnagfBtlhéretgccl)}:ﬁﬁq{l&%PEh as%latxc%jtrgb%?ng
(Drfakoven@usi @pinrCebldgieripredei- de2044 | 99 Dr bs coface fonees hgpdratus
(J. ](Iolr aOI (31%"” lrneg'mygcglarfwdés?%ge Fogi’eg%ﬁ(‘)éﬂé‘lﬁpgh% YSndon 1992)), and

col suspensi ons spher es rough a repul sive

feredindeesrtulséing OF- deet!-GaRED). I nterap® elendapriiownl, EhPagsame <.

! @ [ Sre i 5P ) Nanobm ki
BllSeth Ph s 'Re@ Lhe frg%grl%s(ggﬁ% §rugp)l<%‘all¥ R@%ﬁp%arasvé)ri. I?IJ?]noLmIIIllbns
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su?‘%ta%g n£9 &%;%ﬁ%\?ﬁ\aﬁ: GUW % %??er%gﬂa@%\léhxwp YOr%ﬁl%HlmS??% s@fzpc(ant

wl@@nsproeg)gmoamﬂ unpipadgedtpoly(Rr- stBb}Q’@|nhnoemuls@emLIIMIblt different
F . : L. Raynaud, B.

(;é?%gg?y@ﬁh%@%dg?%gﬁéﬁggu%%ﬁﬁé%m?ﬂnq%bIIO|d Interface
Sci. 181, 11 (1996)), and packing occurs at f ~ 0.74

IO(BBﬂWé haveld%momﬁfédml e$fearb|9 aeaxmnf.a&an@ﬁ ¥y brdhigngd &)mpﬂkﬂo&dle
colloid st ens, s to provid

gl ass fail

gl oty W@P'&ﬁ% 451 SHIBEE Mot 4R iR i Bafsere Tnaiig o
em8isioBy subfbrkd &)detrerhlé howd @unticlesLiag devie:. B&Har pekadf desices that can

consji stent with Bra scatterin %Xfer I ments on
CreEGRETIoCPTY SRS G o RO T o GHTUATA - AP SIBAY oot break
do@ﬂﬁﬁ:r@ﬁﬂ&al(d:larghjecaipeﬁad deners me a gS&aQ‘H‘r aumBr of smaller elements that

bette, Ph Rev

are'\{b %a?lyyilowgégéfn( i@@ﬁljn)al l”}&l‘art(?]l rglgshont lﬁféregslgar’ﬁ?ﬂ gytﬁe rétlo of the
tothlB(lrffa)ce arefr §f thy dhmessseb emego dividernbyl tHeyotﬁlvmmlnatolf o‘teshs()MsedD

LaC Son

ele%n ?‘?’n tﬁi‘bﬁm tlghaﬂe dlspﬁ_ ?I{D'OtthEYypés ci{éle iegél& fan ap{)ly sgesses capable

of bred@mgﬂmoﬂlmndsyd sremintaincltdecforused @&hstlawmemoato(ssultrasonlc

deﬂe@xf@m%{ ultrgsomc I%%c?’es }(oﬁ{o fe}s ﬂ1$>4erslgo$ll%ld(lﬂ'l%§%)n)i thglﬂﬁrs. In

rinci can be a ed fo o
ade( 1) 'f\mémrs @ 'p{srf ¥ shogt- rkmmpuﬂmn inthy r@terﬁetemtppmneaj betwgfrt the

surgdc@ss(;\ther(ﬁs%Qtls@d M@n&@ thzglhg@'é raﬁé’estkﬁ% eggo b%Rl&b%R GSout ﬁ% and one

contrast, other techni ques such as optical trapping
hugdredgangpqtesp. thanyfhe effeginfislasicotiiridicesion by drepkipeot i dispersecr 6.4.

elefnd@9 Gnoccdr N istd U dndfeBo s 6rGRSstAPRART Rt SestflinNelastic vitreous multi-
I srael achvi l i I nt er nol ecul ar and Surface Forces

PhEAEERETHI IO bF disardenegsiigh the pfasivs volyme fragiiop Gerggpepding to

jan@hHE SO0 Hah woluﬁlaie't@dageeﬂfQﬁﬁtrJotur@B%@res@nng multi-phase
Mondai n- Monval , P. Poulin, and J.

dlsperSIon would be ordered or crystalline.’

[0039] In summary, flow-induced elastic vitrification through irreversible structural
breakdown of dispersed elements in a multiphase dispersion provides an exciting route for
making nanoemulsions that are highly elastic at surprisingly low @. These unusual and
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Bi bette, Phys. Rev. Lett. 72, 2959 (1994)), are

typically performed as f O Nanoenul sions that are
w@b@sgesst abi | i zed, whether by cationic, ani onPCT/US2008/000800

charged polymer, or zwitterionic surfactants, may

exhibit simlar G p(f) to what we have shown for

ani oni ¢ SDS surfactant, whereas nonionic- and

unchar ged- pol yner - stabili zed nanoemul si ons coul d

exhibit different G p(f) due to repulsions related to

nmol ecul ar conpressibility. [0038] W have denonstrated
PopeRirl krupbliprasrrtis asiqnioplly sihtfilized mhramaipyaris Eakithrgm erbwreater
relmn\férlﬁ%ﬁ&ﬁlﬂ@e &rcﬁef}%eegéeelnm e J]Q&%%%@Jegn gf[n@@oﬁet% adl? h;ﬂ)goaches Ap.

extrenme flows ? I's nore general than HUS
Bapesronepreisiaadiagip rapenatte tibis eleerribate bragugaren opmultiphase

didptiSioRd, L]M'O(Hlycéngles\/dng &an gm{lrrre\)/@ﬁ@e efx StQ:Q’Yt'rlﬁ%loﬁ Batn £R%ory of
Create extrene stresses on %perse elenents in a
g

eXHEIPG §U5HdS aPrlpdiperuse die beahdtye Afserylsivs elsmsak intfplld into a greater

nufb&ToP Sk alce repMeivé Ak aets BhiSPRAiS @0he hEIBOLSydrhi@hiRhts a need for
greater nunber of smaller elements that are typically

ass'émwsmbth?ﬂw fhat a¢au PR Pradihe@ r( Al RfElRed Bhnaneqquiisityy, including

repulteB@Siadthnd, ﬁ?opfe@ﬁéf@mﬂaﬁloﬁ hgd EFQItOﬁJ/ f5|H5lfyaQ/@ arﬁrcﬁﬁteQiﬁat%m@ful
dlsgfrsed el enent s di vi ded e total volunme of the

magyos @%B@'%P/@ﬁ%'mréer%wwsﬁﬁnoeinb'ﬁ'ézgiecaam&d&e@.%w't@vraer
metawa&noéf td@wcaﬁsopmatera@m Pty c$dalfc@ DS S AR BhEotRdr
k”pg ngg] % rsed elenents i ncl ude focused
mo%ﬁ sthpie 5 8P'5tSyFecesy| t rasoni ¢ devi ces, focused
ul trasoni c-devi ces, honobgeni zers, m xers, coIIoid

IO(WOi 'nsa'ddlﬁgﬁjto%ﬁ&LlH ﬁ{eﬁncréa@ei ﬂ(mel Jlét@gﬂl lwlezgr e‘a@t@é’s@ledrsmoﬂhlus G'pof

| east a short-range re S on I nt eract
thqdeftUétmgueallulswewré@wnbﬁe)f @aﬁs¢sd%@50tleh thefhéghdirespese @efdoﬂmdlc device,

weqiaem&to%mton%tebgat aleweiws%egshzatesbo%ﬂea#o%ﬁ RS s%@ar ?&Ees

one and one nanonet er s en the effect o
funstierselie Peg rigdrecaeniddn by breakup of the di spersed
el enents can occur. It is advantageous for the

cture of the resulting elastic vitreo [t 0.
10 4HLH§”8 i’ SpBPSITER Py ‘E“ereﬂﬁ’c '8F 8ﬁf‘éi‘ufop'§ § 978 24 ég“ejtﬁ wpligd sress
is N@buﬁﬁlefowaﬁltﬂyomgaﬁﬁdsemn dhiRgnehm thaﬁﬂdiﬁgﬂgnd @lrlg@)\ﬁl&fe etab@n

ma‘ﬁaﬁi L(goes 'F1°t§eé“'éli”sab‘éféalnéﬁ'“v\}%‘f # cﬁgtn%ijnagP o méaPy years to w%un the
measruyexrteat Uricergaintf GQBQ]iynmnwrgmascygterfng(QWLS)ndumetdnted/mé kcC

deté! ngln%( gaﬁ%p%? I%?I Sﬁpng:lrélglgéllarsﬁrlc(?tv%g)rf Ie%!nﬁnlsn‘g)tn%cl%e%ﬁ ?orrelated to the
avmgmefrpslﬂt oire, pipddtdaso impliextbiattthejastiositear rhmulumkihnglastlc

: | ri
RGOS, Lk 00,0 AL 050 ALl
impsfrtaptrfoioiel€ dife of agradbétl | zed nanonai se arise fromthe

much greater relative inportance of charge-screened
o TR P PR BP0
furichi@t ofaohime @adeionr Bidgemohodigpbisé A& RuIsion (<a> = 47 nm, Csps = 10
mM) after being diluted with an aqueous surfactant solution that also contains dissolved
NaCl: Cnaci =0 mM (red circles), 10 mM (blue upside-down triangles), 40 mM (green
diamonds) and 90 mM (black right triangles). Thus, the concentration of salt in the



di spersions, not only enul sions, can exhibit
irreversible elastic vitrification when a history of
WeziBes1St ress is applied to cause the breakdperrusioos/000800
repul sive elenents in a fluid into a greater nunber of
smal l er repul sive elenents that remain in the fluid.
Qur work highlights a need for a sel f-consistent
theory that accurately predicts G'p(f) and FI( ) of
nanoenul si ons, including repul sive interactions,
dr opl et defornatlon and entropy. Finally, we
confinpysiphase @l terh K rangp ef repulﬁafz:lmsfsaébms@etme*bllhegsﬂpkffs and can be
uséditS ORI B e Midchif Ot RANARMhFLONS can provide a
quantitative neasurenent of the m croscopic
i nteraction potential created by surfactants and ot her
{0098] Bigurk @ Shdwsad visces nﬁineromletd?re:lsﬂcrrqm:ex@s agdsaclies mN1 O0éObeing
sulp?cﬁeadq e‘tét[eggtlﬁe%hangcgvﬁo@wdﬁp ulgenl%&;eogmgfcll{c])ﬁmtggerrelégtﬁ%qeuﬁér pressure
p =e?muhts1) OiﬁhaMnt LhSldﬂUﬂibGtendfeW@Sﬁ@@h INhetnlmﬁrtDﬂ glldlcthbaogemzer for N
r devi LEE p ve.a
pasaem)nstsam d‘?tr ﬁacf pflfﬁ 1s pla ?CP larllg t as? g//larsean |ma es fare taken
severph ogects sfigdhe sampleedd e@s asned of R eitle. diertbfs ngwny Bewts downward
fr&ih G Fheh) 8
(el G YRl Bk 4RO e LS o EERES Pt e
thegemudsion apgearsyhaexs dlredildsk eegmnewvteqcyum@rtg airj rfibs emlailom §ecomes
mo-xré"él%ug?ﬁm% ﬁap@éen s@d}&:tetdltg? h@g)lr)ngfsgg gtmﬁv gg é\ﬁ% dnte by the inability
material does not result in dn ange in the si'ze
of te earHy pgrayiwHons Beld fmcr@ysey@eaty@ndqrbbwgqmthﬁ gitged the emulsion. Ata

loWBAS IR IV = 4NGE Eh ALk YoaRfialliNGis ORI fowsis@Mar the normal to the
scattering (DLS) instrunment we use to determine the

surdfee f51adang deirectgingf grayifs aghighs past pumpbenY T Rkthe myltvhesa maksial
is DRBO Ao LIARNBH sb hat REnGWRT BIR: AFRRIE&haidd FefpendiBiisr 16l @taity,
also inplies that the elastic shear nodul us of the

evel| & IpRe atsdls 4P sdueEs-38Y MeiRge appreci ably over
time, even over the scale of years. This can be
t r. 4
|0d45‘P\9?/’é 'h?d?: vafl gﬁdzgaﬁ I{e el}]aélgcrwg[facgttcﬁlcgg %rs:bl[e gg %JIJ tE)J %85\/%%%1&
the:drqnbet rsadﬁlst)rlba@ndm o @pirexia by cf\mgeldnlelt ﬁlﬁ@&ltqugh lifeaf giscaglastic
rhe%@l%dhgeggrreﬁﬁ@ntp aﬂQ Wé\%‘er@nﬂer{t iﬁ?emulégn Mpogﬁ&lsls %h’l‘g\@lhcone
bel ng w't h an aqueous surfactant
oil étﬂ <1§4 w@wsmam armoe@we eifagianssoditian of spaidmnadicy | @lfaEi(SRSX)
drogM! ((Jlﬁge fhdiih 93)0'4 %BS'EM\CQP[H’('%n W'ﬂﬁam Err{p%pgl Fr%gsure to
(green di amonds) and bl ack ri ght
thetmlprgﬂglp@g)awcemfwg- 5¢ s aﬁyﬂ&eﬁtppﬁgq tbﬁ)uglf thg gligroflyidic device (75

mit:HEQRAR (NS TROATRAAIARE ShehPRJARIP, Als HERMLE IR Gy = (34
i nteracti,ons between the droplets and can be used to

1) &dft Syereny Hutiadly £ehs it e Broceshayas easmpieson o s agipgtime of 461

daysOR4BIm&k Ged €, ForshOWeaMhiS RUSad &Y IRPCiRla Q184 1P R tefibn-
=0. 40, CSDS = "116 after being

coated screw cap at a temperature of 23 °C, and we found Gp=(5+1)x 10* dyn/em’.

Within the experimental uncertainty due to loading conditions of the mechanical rheometer,

these values are essentially the same, so we conclude that the process of elastic vitrification of

the emulsion is irreversible and the large elastic shear modulus that was created through the

process remains unchanged over more than a year.



subj ected to extrenme nechanical flow within the

m cr of | ui di ¢ honogeni zer (input air pressure p = 3.4
w@renp/0ssPiie enul si on has been fl owed through thECT/US2008/000800

m crof |l ui di ¢ honogeni zer for N passes, a subsanple

after each pass is placed in upright glass vials, and

i mges are taken several mnutes after the sanple via

was turned on its side. Earth's gravity points

downward (fromthe top of the page to the botton). The

vials are approximately 1 cmin dianeter, and the
IO@ﬁUInsaidéiﬁOIapp@ap@tlhérz%ﬁ'aStih githficaiddo freglicone pib djopksts dispersed in
anfi WURLn yw@Mve SHE, (RIS hAD AR COTRS i IR R &l STk s for

after it has been subjected to a history of strong
silicpris\gil daep ey disherred inpapuedye selwizans phi cetjorid surfagtarsgr infpagicular, we

ha@ @Y% haploPRabr didsGl dltm@caﬁaﬂ%awﬁl)ﬂon@tgnataﬁa/o.b@b w@temscwﬁ) in
air and the emulsion. At a | ow pass nunbe

an @fHsP ' YFagknt & itian of Sevpiinisssriagvt fq%mm%tay'wn@fm't"ﬁévmm'de

(Cﬁ@émloptepvglmﬁe ﬁb’crtlfoﬁlﬂiﬁ& d. £ @Amnéenﬁatwnrc%? |=Ofb0Qif|M and input
gravity; at high pass number (N = 8) the nultlﬁ ase

airpeseig Qithg micelighG devisa Al o 88 Phater ¥ 0\)9 RegSe Haruer M

miBBfIREk dbAcd B8 mIUEL afnd G/m'l)ns"h@%l%f&gHﬁHJh@broE@ss of elastic
gravity, even over long tinmes (i days, . weeks, and

V"HB??{“H%‘)’CC“'IS(')"ES’4%$€”V@”1‘1ﬁif@a{f"&?‘is a%retaart %ﬁ'é&onf Piksins1vagt grpulsions
staMillikdd Byl 46 @hicQUbrfictantslsb&@varssisbl € not only by show ng that
the droplet size distribution has not appreciably
changed, but also through |linear viscoelastic
[004REDPe o veytiondas baee desatiteed ifdatailt withgespsqd ér Vaprewstembpéhiaents, and it
B\ SHT
A PG Pl s ™, 1 um
moddetiops m&ulpeflmde wispsylepaging ioatthaiptentien ritabropdsn afpects, and the
m\gnt4m t§9§o&oﬂ%ﬁ$erd% h@@la%%nﬁ:ncﬂeaﬁ) JMr a"ﬂ@ch Jﬂ@r%tes Qidr
pressure to the microfluidic device of p = 50 psi,
""HﬁFéﬁm%W”NBWﬁ@§§Eémﬁﬁﬁ@UﬁHwﬂﬁ@mﬁmcrofIU|d|c devi ce (75
m cron channel w dth). The plateau el astic shear
nmodul us G p was neasured to be Gp =( 3 1) x 104
dyn/cpr initially right after the process was
conpl eted. After an aging tinme of 461 days, we
re-neasured G 'p for the sane sanple that had been
kept in a glass jar wwth a tefloncoated screw cap at a
tenperature of 23 0C, and we found Gp =( 5 | ) x |
04 dyn/cnR2. Wthin the experinental uncertainty due to
| oadi ng conditions of the nmechanical rheoneter, these
values are essentially the same, so we concl ude that
the process of elastic vitrification of the enul sion
is irreversible and the large el astic shear nodul us
that was created through the process renmai ns unchanged
over nore than a year.| 0045 In addition to
denonstrating elastic vitrification for silicone oi
dropl ets dispersed in anionic surfactants, we have
shown that the sanme effect of elastic vitrification
occurs for
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silicone oil droplets dispersed in aqueous sol utions
of cationic surfactants. In particular, we have used
wo b@spssacess of elastic vitrification to make RDVBS2008/000800
silicone oil (10 cSt viscosity) in an aqueous
surfactant solution of the cationic surfactant cetyl
tri met hyl ammoni um brom de (CTAB): droplet vol une
fraction f = 0.4, CTAB concentration CCTAB = 200 nM
and input air pressure to the mcrofluidic device ofp
=90 psi, after N = 6 passes through the mcrofluidic
device (75 mcron channel width). This validates that
the process of elastic vidtAiMati on occurs nore
generally for materials other than silicone
oi |l -in-water enul sions stabilized by anionic
Weglpiact ant s such as SDS. [0046| The invention has been
1. desghidrd of proe!&t@ Jn ems&@mﬁt@tﬁm%tnphgnyar I ous
enbodi nents, and it wll now be apparent fromthe
f or BGYFNg arEeus dgisriakiiaying@n irtal etesipkcopRattiqtbsigpdesaignd
visdBdinfd&at lbe@(@sa AR pace ABHARIM ctohlgﬂgméjz?ﬂalratlﬂyrb@ disér@@efents of a
invention in its %roader aspects, and the invention

firyt Gesp RN SlisPerae it im & EOTHIRUGUR @“kﬁil PR P SCCPRi cORMBRF"E Gnd

covafplﬁﬂg strééé@&seﬁd’]ﬁﬁ@ﬁ@ oamcrmadleﬁﬁeet@bf Qrtsmtscofn@brlem to break
{rue Sp irit of the invention. CLA

upeft SPLHa"iY of gi Sﬁféff’rfé"d“eafs ‘BtPGdEFc?P?]@'UE?HWe‘If&&mE? %‘F |h%1‘f‘"g a
gr@ﬂ:ﬁ'ﬁlﬁmb‘elr BdiscpdtOMbidéngthan saidseysuramy ef disdretl) awmags an

init 0 tion t
oot Epiein B ROFRS Rl Bl Bt Sl hgve o
leapl aine af a d:oyh;xaémah wwtfeceeayemnéash erfamantfthalt sﬁovudenmmﬁmtrepulsnve
' rsed w ¢t cond

.d
mtce:%a%n between adhaﬁenq dlsr:re{% e‘iemeprpsl'go gre%/ent sar(pcascr?qe eqelper}ts Por{g

irrd/iesdnrbettoeleednwmmrtreyeafbl:s a:udntfﬂgraﬁtr eorspess ebmst beterorebtoeak saigh

v1s§@h?n§lpe%ntdrtﬂ J gvqulblglbéc%ﬁ?%%'la%ﬁtﬁmét?nél rﬂ!ixg gfa S?é&%%&qer

Comﬁﬁdk$@$embméhEMEnm@CDMannwaJd first plurallty of
di screte el enents, wherein said discrete el enents of
said second plurality of discrete elenments have at
| east one of a conmposition or a surface |ayer on each

2. €l eRGRthol R roBIcE R8s @ mhERS bocrdi@RYLBInY € HalRl Q?J deOhd
bet ween adj acent “di screte el ements to prevent sa

copaERtet gaidyigipehmgterizl dndtiltasteape P Bawyd Baigrid sl @#ut‘on and a

lighitbedasphliynre-uniting after said stress has been
renoved, said viscous material thus irreversibly
beconlng an elastic material having a sane nateri al

3. CONMRG&etHol @Npraduchii @ elabiid thabridNBdRFdidl to CRMP OSiHete@said first
component of said viscous material is at least one of a liquid material, a liquid solution and a

liquid-based dispersion, said first component being immiscible with said second component.
4. A method of producing an elastic material according to claim 2, wherein said first

component of said viscous material is at least one of a liquid material, a liquid solution and a

liquid-based dispersion, said first component being immiscible with said second component.
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2. A nethod of producing an elastic material according
to claim1l, wherein said second conponent of said
woeesossisat erial is at | east one of a |iquid PEL/E81088/000800
a liquid solution, and a |iquid-based dispersion. 3. A
nmet hod of producing an elastic material according to
claiml1l, wherein said first conponent of said viscous
material is at |least one of a liquid material, a
liquid solution and a |iquid-based di spersion, said
first conponent being inmmscible with said second
S>. conporeghed of aroducingrpptelasies oftennt aebauinggo alainel .adgterein said viscous
madi@fa Bt ifdr BG ﬁyegé Hgo ﬁgngczlg@htm\czelnvgiaﬁrsﬁllbnlzﬁlglagenft Frroydmg at least
conponent of said viscous material Is | éast one of
a pgrtjop qfﬁa@d irRdldyq igferacyon tpeq\med adjateant qhg:metgﬁlgmgwts of said second
pldrdiApbariRasedefinger sion, said first conponent being
imm scible with said second conmponent.5. A mnethod of
producing an elastic material according to claim 1,

6. Whexs @efhod aF &omn&%%%lamt B4tk addrdi b cRRNE, r\i/h%ﬁz% Rid
stabilizing | gent therein, said stab|I|2|ng ent
9

staBnll 6'\'7% a$eﬁb|s éf d’éo(m a l?jiétrctnie aﬁa Wfagtéi]tdanraé]wr@u agctant, a cationic

surifddtaar, aetvn@norbemmaaamaﬁm@mmsudhcﬁ&ﬁ Qltc%teﬁéeﬁﬂ'@m&lﬁulﬂf“ersﬁi d
te el enents. t hod of

second p ural
B S PRl s Pt ol LS ROy Bt 0l o e
amphighigé Qraﬁabﬁ)l)sﬁea,m Hld)[Z)Iymg:r algﬁlf}iol)lpSptﬁieJ Alyeakchdrial) Bgrotein, an
ctant, an an on|c sur f act

e O 20 AP B b B P DR BGFE SG ARGy o nuclei

amnso|a|dems1r1<borsmrefcamtdamtlbonaclehetaeﬂgaeﬁnhqnoam1zednnblsuﬂ¢ @rderivaized

mo"f%nplglprl{lllnlopl)a(r:tlcﬁreolane 2}suefhceafunct&))ngizec?nann%a}‘r'élcq?(f'Ikl Pgl )é:n;[t a

copolyner a blopolyner a co-pol ypeptide, a

7. po' X%&%E aF f)rggtlcm% AR EEt?c' :Qater%ﬁ‘ a(%%rld%g i clB‘PA ¥ %“ele‘?n ﬁ%fd‘ d.

base, yneric sa
stabbklymenbrfs ahlgaﬂ @il% baenadsof saldd/mwsmm@bl eic acid, a
ri bonucleic acid, a functionalized nol ecule, a
derivati zed nol ecul e, a nanoparticle, and a
8. surt aeewf gheredusiglap 2@@1%@%%@@9@"@ to FlaimpS. yetsbrusaisi

staﬂhgqg%eﬂgls @ﬂe%l a}%tbk thalBIreLik lsc AL GRLHLNG to claim 5,
wherein said stabilizing agent is at |east 0.1% by

mass of said viscous material. 8. A nethod of

9. Pr oAl WetHag oPpto@lciptah ClalMRl Rftd i a6 Bidint © WHeridWaRt
wherein said stabilizing agent is at | east’ 1% by nass

stayjfizigg pgeniis algrss | frabempssiof sad viscoawpAsHof produci ng an
elastlc material according to claim5, wherein sald

§|I|Z|n? agent is at |east 10% by nass of said
01 S8 BSLIoR AT RPFEInG a1 glasti Wb eESBH! nsy Yo dlgen hghars Meteidapplying
strersmtoeﬁidailurﬂﬁyi of dicige &lem&ltod Mhidl firsMo@h @inBntSai prisRP @l 1yasGhe

energetic excitation selected from the group of energetic excitations consisting of a shear
flow, an extensional flow, a viscous flow, a plastic flow, a visco-elastic flow, a yielding flow,
a mechanical extrusion, an extrusion through a solid porous membrane, an extrusion through a
solid channel, an extrusion through a microchannel, an extrusion through a nanochannel, a
mechanical milling, a mechanical mixing, a microfluidic flow, a high-pressure microfluidic
flow, a homogenization flow, a cavitation flow, a turbulent flow, a transient flow, a pulsed
flow, an acoustic wave, a focused acoustic wave, an ultrasonic excitation, a focused ultrasonic
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stress to said plurality of discrete elenments of said

first conponent conprises at | east one energetic
wexashstoion sel ected fromthe group of energetPCT/US2008/000800

excitations consisting of a shear flow, an extensiona

flow, a viscous flow, a plastic flow, a visco-elastic

flow, a yielding flow, a nmechanical extrusion, an

extrusion through a solid porous nmenbrane, an

extrusion through a solid channel, an extrusion

through a m crochannel, an extrusion through a
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the¥in ¥l eR@itatiBn Atk Qfil ddGHing ahd P¥henfcahieBiopr €SSUr €
m crof | ui dic fl ow, a honogeni zation flow, a cavitation
flow, a turbulent flow, a transient flow, a pul sed
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thermal gradient, and a chem cal reaction. 11. A
nmet hod of producing an elastic material according to
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strpsrs ltJo sadileolyrahtg ogdlg’cgertg%lgggqtag%sFuffg?t e ponf:ntd)r% l%-;escaoswgm rate of at
la@hﬁnmno%sof said first conponent that is greater than
about 104 dyne/cnR. 12. A method of producing an
el astic material according to claim1l, wherein said
I3apphyietiyd of predwinganshistc phtenad hicosdingfto diag k.eteredd wieis's
[
congfé%ngﬁt o‘#é id Cééoag%%%%@pﬁ%g’g#&ﬁ&g% ?Eé@@%@%gergnf &lid
visgpuggnaitesiahepmmeripailan agueovsgiohgon of acduefhalant., wherei n sai d
first conponent of said viscous material conprises an
oi | and said second conmponent of said viscous materi al
Hconprmesed ofhprogifinecil $1ast matprénh agsprdined e pipie t-ayiterein spid segond
coﬂFJnlaﬁ%d)fQJId pl@&)qyﬁ:llal@gaﬁemﬁrlxé§5t| 1EasTTHe BF hdbil é\cacsgru‘f*bﬁ]gf(tl Psoluble
im1l, wherein said second conponent of said viscous
“"Wﬁ?@?@éph@6ﬁﬁWH%es at | east one of an oil or a

SOl da@ifirGif coRbbresOd il elseals AfattrigScofipsQ laVieght bt @Wakk hid a
and said first conmponent of said viscous materi al

Sm&%ﬁﬁ#ﬁ§§§sﬂPmF@8??”8HE$BWG%HP%W“and a sol ution of

wat er - sol ubl e nol ecul es di ssol ved in mater 15. A

net od of uci n n.elastic terl accordlng to
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16. A nmethod of producing an elastlc naterlm

16.2CCRY % {H3g OF ;S)rog’ucﬁ’lglpn %lastwgtgrllaﬁ] agclaredmgqg e agel ?a\a\/heeFefargt%e ensemble-

averaged maximum dimension of said second plurality of discrete elements is greater than

about 1 nm and less than about 200 nm.

17. A method of producing an elastic material according to claim 1, wherein said elastic
material has a linear elastic shear storage modulus that is at least 1 dyne/cm? for at least one
frequency within a range of frequencies greater than about 10 5™ and less than about 10° s™".
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maxi mum di nensi on of said second plurality of discrete
el ements is greater than about 1 nmand | ess than
wab@ans®e® nm 17. A nethod of produci ng an el BSI/U82008/000800
mat eri al according to claim 1, wherein said elastic
material has a linear elastic shear storage nodul us
that is at least 1 dyne/cm 2 for at |east one
freqguency within a range of frequencies greater than
about 10 5 s 1 and |less than about 105 s 1 .18. A
nmet hod of producing an elastic material according to
claiml, wherein said elastic material is at |east one
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22. A nethod of producing an elastic materi al
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el astic material according to claim1, wherein said
first conponent of said viscous material is at |east
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'Wﬁﬁﬁéﬁﬂépﬂﬂé%8?%#%@“96“&¥§FW11 further conprising
applying stress to said plurality of discrete el enents
of said second conponent after the first nentioned
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mentioned applying stress to said plurality of discrete elements of said first component to
break said plurality of discrete elements into a third plurality of discrete elements having a

greater number of discrete elements than said second plurality of discrete elements.
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conmponent of said viscous material, that is dispersed

Wi thin said continuous fluid phase of said viscous
woraos/ossalls i s selected fromthe group of materPEl/§S2008/000800

consisting of a viscous liquid, a liquid solution

contai ning liquid-soluble nolecules, a liquid solution

containing drug nol ecules, a polar liquid, a non-polar

liquid, an aliphatic liquid, a wax, a lipid, a fat, a

petroleumliquid, a plant extract, a nut extract, a

plant product, an anj nmal uct uji ce
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superegitird fluld, e qeeplex fividqui d, an al i phati c Iqu|d a

wax, a lipid, a fat, a petroleumliquid, a plant

extract a nut extract, a pl ant product, an ani nmal
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aggregate of a polymeric material, an aggregate of asphaltenes, an aggregate of crystals, a

supercritical fluid, and a complex fluid. .

27. A method of producing an elastic material according to claim 1, wherein the volume

fraction given by the volume of said first component of said viscous material divided by the
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fraction given by the volune of said first conponent

of said viscous nmaterial divided by thetotal volune of
wa@ adod/osd9scous material is | ess than about a maRCTEE1098/000800

random j anmed vol une fraction of about 0.64. 28. A

nmet hod of producing an elastic material according to

claim1, wherein said second plurality of discrete

el enents are charge stabilized and have an average

maxi mum di mension that is smaller than about
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frabdnerhedut aggording to claim1l, wherein said discrete

el ements of said second plurality of discrete el enents

have a di sordered positional structure that is
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stress 34. A nethod of prodUC|ng an elastic materi al
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produced according to the nethod of any one of clains
1-34.
32. A method of producing an elastic material according to claim 1, wherein a size
distribution of said discrete elements of said second plurality of discrete elements remains

substantially constant over time after said applying stress.
33. A method of producing an elastic material according to claim 1, wherein said elastic
material exhibits a linear elastic shear storage modulus that remains substantially constant

over time after said applying stress.

34. A method of producing an elastic material according to claim 1, wherein said elastic

material exhibits a yield shear stress that exceeds 10 dyn/cm? after said applying stress.
35.  Anelastic material produced according to the method of any one of claims 1-34.
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