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Experimental Procedure

Materials. Didodecyldimethylammonium bromide (DDAB, Tokio Tsei, 99 %as recrystallized
first from a mixture of acetone (Fisher, 99.7%) and ethyl effkésher, 99.5%) and then from
ethyl acetate (Fisher, 99.9%), following procedures mnesiy reported:? In short, a saturated
DDAB solution (5 g of DDAB in 60 ml in an egivolume acetoneidtbther mixture) was heated
to 30°C and filtered through a Bochner funnel with Whatman filtergrgiNo.1) to remove any
insoluble impurities. The filtered solution was cooled dawr °C and the crystallized DDAB

was collected. Subsequently DDAB crystals were dissolue@0i ml of ethyl acetate to make a
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saturated solution and heated to4D) The warm solution was filtered and DDAB recrystallized
by cooling down to 4 C. the DDAB crystals were collected and washed with etherfaradly
were dried in a vacuum oven at 8CQ for 30 minutes. Complete solvent removal was confirmed
by gravimetry. The purity of the recrystallized DDAB was #ied by IH NMR and13C NMR
measurements. Figure S1 shows the proton NMR spectra fantheified and the purified DDAB,
as well as that reproduced from SciFinder (Chemical akisti®ervice), as a reference. The
NMR spectra of the unpurified DDAB shows a small peak thatppsar after recrystallization.
No differences between tHéC NMR spectra of unpurified and recrystallized DDAB (Figutd S
were observed. It is worth mentioning that the small amo@imhpurities detected by proton NMR
had no influence on the phase behavior of DDAB solutions.

Ethylammonium nitrate (EAN, lolitec, 99 %) was deuteratgarixing with equimolar amounts
of D0, and subsequent heating to“4Dfor three hours. Immediately afterwards, the mixture was
heated to 90C under vacuum for 24 hours to remove the water, after whielag remixed with
fresh DO. This cycle was repeated three times, resulting in suibistit of about 86 % of the
amino-hydrogens with deuterium, as confirmediby NMR. Figure S3 shows the spectra ob-
tained for pure EAN before and after deuteration, as welhas peak assignments. The level of
deuterium substitution is obtained from the differencehi@ areas under the;Hpeak, which are
indicated under the spectra. The water content, after ghelkging cycle, was 0.13 wt% (measured
by Karl Fischer titration).

Phase behavior. DDAB/EAN solutions with concentration ranging from 1 wt% & wt%
were prepared in capped vials. The samples were homogemyzieamersing the vials in an oil
bath set to 80C for at least 24 hrs. The phase behavior of DDAB/EAN solioras studied
by visual inspection of the samples immersed in an oil batih wontrolled temperature. After
setting the desired temperature, samples were left toibrptg for 24 hours. The temperature
range tested was 1I'& < T < 120°C with steps of 5°C; except for the temperatures around 35
°C, for which the steps were in increments ¢f(. The sample compositions range studied here is

1 wt% < [DDAB] < 75 wt%, with steps of 5 wt%, except for compositions near thase limits
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Figure S1.'H NMR spectra for DDAB in CDQ at 25°C (a) before and (b) after recrystallization.
The inset in (b) shows the spectra taken from SciFinder; Gtembstracts Service: Columbus,
OH; proton NMR spectrum, spectrum ID WHSP45017; httpgfifter.cas.org (accessed July 13,
2012).
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Figure S2.13C NMR spectra for recrystallized DDAB CDght 25°C. The inset shows the spectra
taken from SciFinder; Chemical Abstracts Service: ColusyidH; carbon-13 NMR spectrum,
spectrum ID WCDS11418; https://scifinder.cas.org (a@medsly 13, 2012).

(1.9 wt% and 68 wt%), for which the steps where of 0.1 wt%. Fegb4 shows pictures of vials
containing DDAB/EAN solutions with different compositisywithin the two-phase region, along
with the volume fraction of the lower phase (calculated a&shbight ratio: h/H) as a function of
DDAB wt%. Notice that the volume fraction line lies below tegaight (dashed) line calculated
with the lever rule (LP mass fractigifever rule = [68— DDAB wt% ]/[68— 1.9]). This negative
excess volume of mixture indicates a decrease of the partir volume of both DDAB and EAN
when mixed as compared to their molar volume when pure.

Bright field microscopy (BFM). BFM was carried out using an (1X2 Olympus) inverted mi-
croscope with 10X and 20X objectives. A drop of each sample & in between two glass
cover slip separated by glass spacers (thickre8s5 mm) and sealed with UV-curing adhesive.
The cover slips were put on an home-made aluminium plate evteraperature is controlled by
circulating water (from a Julabo refrigerator/heatingulator bath) through inner channels. Mi-

crographs of the samples were taken at temperatures raingmd.5°C to 80°C. The temperature
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Figure S3.XH NMR spectra for pure EAN at 25C (a) before and (b) after deuteration.
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Figure S4. Upper panel: DDAB/EAN solutions with the indeétcompositions. White arrows
indicate the position of the lower phase (LP)/uper phasg(oterface. The total height of the
solutions and the height of the LP are indicated by the symbidland h, respectively. Lower
panel: Volume and mass fractions of the LP correspnding ¢ostilutions shown in the upper
panel. The volume fraction is calculated as h/H, whereasith&s fraction is calculated using the

lever rule.
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was measured by immersing a thermocouple directly intodhegpte.

Figures S5 and S6 show representative micrographs of sarfipi@ extracted lower phase
(LP) and upper phase (UP) of biphasic DDAB/EAN solutionsemehuilibrium conditions (2 hrs
of equilibration) at 25 C (after loading), 65C and 25°C (after cooling from 65 C). In general,
vesicles are observed after loading the samples but withmenigolydispersity than those formed
after cooling from 65°C. This could be due to mechanical mixing during pippetiraading).
Vesicles dissapear after heating above°85 The absence of vesicles was verified by keeping
some samples for longer time (> 72 hrs) at€5 Additionally, several heating-cooling cycles were
repeated and similar behavior of vesicle disappeararfoeanation was observed. It is found that
the sample after one heating-cooling cycle shows less Eggdsity than that without subjecting
to any heating-cooling cycles.

Rheology.Rheological characterization was performed on a straitroied rheometer (ARES
G2, TA Instruments) with cone and plate geometry. Dynammicperature ramps (with strain of
0.2,w = 1 rad/s) where carried out with heating/cooling rate ®€Imin and temperature range: 15
°C < T < 80°C). Regardless the composition and the temperature, aktimples in the composi-
tion range reported here showed Newtonian behavior, hey, showed negligible elastic modulus
and shear rate independent viscosity.

Small and ultra-small angle neutron scattering (SANS and UBNS). SANS and USANS
were carried out at the National Institute of Standards asahiiology (NIST) Center for Neutron
Research (NCNR) on the NG-7 30 m instrument (using neutratts mwean wavelengtih = 6
A and wavelength spread (FWHM) Af /A = 11%) and on the perfect crystal difractometer (with
meant = 2.4 A),3 respectively. Sample to detector distances of 1 m (with 25ffset), 4 m, and
15.3 m were used for SANS measurements to cogefrange of 0.008 to 7.0 nnt. Samples were
held in standard (1 mm) titanium cells with quartz windowkeTell temperature was equilibrated
for 30 min before the measurements using a Julabo tempeiaatin unit. SANS and USANS data
were reduced and analyzed using IGOR Pro macros availameNiST.# Circular averaging was

used to compute the average absolute, angle-independetarsntensity] (q).
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Figure S5. BFM micrographs of the lower phase of 2 wt% (uppen s 10 wt% (middel row) and
30 wt% (lower row) DDAB/EAN solutions. Micrographs takerteafloading the samples at 25
°C and two hours of equilibration (left column), after hegtto 65°C (middle column) and after
cooling from 65°C to 25°C (right column). The scale bar is common for all nine micegrs.
The horizontal white lines in the vial pictures (left) mahletposition of the LP/UP interface.
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Figure S6. BFM micrographs of the upper phase of 30 wt% (uppe&j, 50 wt% (middel row)
and 60 wt% (lower row) DDAB/EAN solutions. Micrographs takpist after loading at 25C
(left column), after heating to 68C (middle column) and after cooling from 6& to 25°C (right
column). The scale bar is common for all nine micrograph® Adrizontal white lines in the vial
pictures (left) mark the position of the LP/UP interface.
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Proving Equilibrium State of the Vesicular Phase

Probability density (for vesicle diameter). The core diameteD)., of more than 1500 vesicles
in each sample were measured from the BFM micrographs andidhgeter density distribution

calculated, using ImageJ (http://imagej.nih.gov/ijhelprobability density function is defined as

(Dei)?
PD(Dc):m (S1)

whereD¢; andn; are the vesicle diameter of theth bin center and its frequency count, respec-
tively. At is the total area of the micrograpfp was defined in such a way thgf\‘zlPD = Aa,
whereN in the total number of bins andl, is the area fraction. The volume fractiah, is readily
obtained with the stereological relatiofs = ®.°

Three key experiments were performed to verify that thecudar phase, LV, exists in a state
of true thermodynamic equilibrium:

(1) Cooling of a 1.8 wt% solution from 6% to 25°C. The sample was loaded to the aluminium
plate at room temperature and then heated and equilibra&si°’&€. Subsequently, the plate was
cooled to 25°C and micrographs were taken every 5 minutes during the rip@iocess. As
discussed in the paper, no vesicles are observed &€ f&whereas at room temperature they form
spontaneously.

(2) Heating of a 1.8 wt% solution from ZC to 25°C. The sample was put in the refrigerator
(at 2°C) overnight to reach equilibrium. The microscope stage prascooled at 2C via an
ice-water bath for at least 2 hrs before loading the samgie.stage temperature was well kept at
2 °C via reading the thermocouple on the stage. The sample weldygtransferred to the stage
and was equilibrating for at least 4 hrs after loading. Nbotd the reported melting temperature
of EAN is 14°C, however, the solution remained fluid at the refrigeraéonpgerature (at 2C).
This could indicate a depression in the melting temperadueeto the presence of the surfactant;
however, the proof of this hypothesis is beyond the scopdisfstudy. Interesting, no vesicles

were observed at the refrigerator temperatureQ®, as shown in Figure S7. After equilibration at
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2 °C on the microscope stage, the water bath temperature wesZeC. Micrographs were taken
every 5 minutes to monitor the vesicle formation. Vesictavdy form as the temperature reached

25°C (Figure S7)T

25 °C (after 24 hrs)

Figure S7. BFM micrographs of 1.8 wt% DDAB/EAN solution &ff) 2°C and right 25 C, after
heating from 2°C and equilibrating for 24 hours.

(3) Dissolution from a concentration of 70 wt% to 1.8 wt%. Aw®o sample in the micro-
scope stage (at 285C). Subsequently, enough EAN to reduce the composition8on% was
added to the sample in the glass slide and micrographs we¥e & 5 min intervals. The dissolu-
tion and equilibration processes occurred slowly and irss\stages (see Figure S8). As soon as
pure EAN is added to the concentrated solution, small dtsjlethe latter were observed floating
on a lower phase, which indicates that dissolution is ndgaimsaneous. After 24 hrs, giant vesicles
(GVs) form inside the droplets. At later times (48 hrs), &axgsicles (LVs) start to form and the
droplets of concentrated solutions (with the GVs insidajtdb decrease in size. Eventually, the
droplets disappear completely and only LVs are observe@. sHme sequence of events (except
for the last droplet disappearance) is shown in a movie(awed in the Supporting Information)
of a 2 wt% solution upon cooling. Notice that the 2 wt% solatis a biphasic sample, hence the
equilibrium state shows small droplets of the upper phasetaining giant vesicles, floating on
the lower phase, containing large vesicles (see the moweddSpontaneous formation of large
and giant vesicles.qt” in the Supporting Information).

Figure S9 shows the vesicle diameter distribution of (a) EBGwt% solution at 25C after

cooling from 65°C, (b) 1.8 wt% solution at 25C after cooling from 65C, (c) 1.8 wt% solution
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UP droplet

Figure S8. BFM micrographs of 1.8 wt% EAN/DDAB solution af@ilution from a 70 wt%
solution. Micrographs were taken at the indicated timesy éiie EAN addition to the concentrated
solution.
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at 25°C after heating from 2C, and (d) 1.8 wt% at 23C after 60 hrs of dissolution from a 70
wt% solution. Clearly, the four distributions are very denj with an overall average diameter
and polydispersity (defined #DI = 20/ D¢, wherea? is the variance of the distribution) of 2.89
+ 0.4 um and 0.24+ 0.03, respectively. The path independence for vesicledtion strongly

supports that vesicles exist in a true thermodynamic dayuulin.

5] Do =2.87um (a) |

1 PDI=0.21

5] D, =3.09um

1 PDI=0.22

5] D, =278um (c)]

10°x P (D,)
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o] D, =2.83um
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Figure S9. Vesicle diameter distribution(measured at@pfor (a) the lower phase of 30 wt%
DDAB/EAN solution, (b) 1,8 wt%, after cooling from 6%, (c) 1.8 wt%, after heating from°Z,
and (d) 1.8 wt%, after dilution from a 70 wt% solution.
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Mass Balance of the Biphasic Solutions

Here, we confirm the consistency of the methods used fortsteidetermination (i.e., BFM and
SANS) by checking the mass balance for the phase splits wdgb@r the DDAB/EAN solutions.
SANS is an absolute method and can be used to determine nassopbmposition. The bilayer
thickness is obtained from SANS and the vesicle diametérilolisions are measured with BFM.
BFM measures a 2-dimmensional image and the phase congpossittharacterized as area frac-
tion, Aa 8. For the samples DE2 and DE30LP, the global volume fractiosudfactant in the

vesicle shell @), core ;) and medium ®,,) are computed with

q)s = AA,s
®c = @Aac (S2)
P = tnAam

where@. and @, (presented in Table 1) are the individual phase volumeitrastof the core and
medium, respectively, measured by SAMQ s , Aa c andAx n, are the area fractions of the shell,

core and medium, respectively, measured directly from thigl Bs

<%)2 (S3)

whereD¢; is the diameter of theth vesicle N is the total number of vesicles measured in a total
areaAr.
The bilayer (shell) thicknes$, is obtained withd = ®,d (see inset in Figure 4), whergy,

is the volume fraction of the bilayer in the;lphase andl is the d-spacing obtained by fitting the

SWe use nomenclature used in stereology textb®éisthe geometrical parameters
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SANS data with the Teubner-Strey (TS) model. The volumedifsaccan be obtained with

w

W (1w

P, = (S4)

wherew is the measured weight fractionoppag and pean are the DDAB and EAN (mass)
densities, respectively, which, at 2&, arepppag = 0.941 g/ml andpgan = 1.236 g/ml (mea-
sured with a density meter DMA 45000M, Anton Paar). Hencewoe= 0.68 (solution DE6E8),
®, =0.737. The DE68 SANS data fitted with the TS model gides: 2.95 nm. Therefore,
0 = @ ,d = 2.09 nm. This value is consistent with that reported by Dubois Zemb for DDAB
in water Gppag/H,0 = 2.4 nm) 8 For the DE30UP sample, SANS data fitting gives: 2.98 nm,
hence the volume fractio® , = 6/d = 0.702.
The volume fraction of the surfactant in the shell of the giasicles is in the order of2 104,

hence it is neglected in this calculation. The total volumaetion for the 30 wt% DDAB/EAN

solution is calculated with

D1 = (Ps+ P+ Pry) PLp + Py Pup (S5)

where @ p(=0.42) andgyp(=0.58) are the macroscopic volume fractions of the lower apper
phases, respectively.

Table S1 show the calculated volume fractions and the esawaeight fractions. It should be
noted that the volume fraction of DE3OLP (given #y+ @ + @) is very similar to that of the
sample DE2, and similarly, the volume fraction of DE30UPI@se to the corresponding value for
DEG68. This indicates that the phase separation leads tastmgxphases with compositions close
to the boundaries of the two phase region in the DDAB/EAN pldiagram (Figure 1). As the tie
lines must be horizontal (i.e., isothermal), this caldolatonfirms that the phase split is between

the soluble-monomers andg phases.
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Table S1. Volume fractions and weight fractions for the DDEBN solutions.

Sample  Wmeassured =~ Ps D D, Ay D, D1 Wetimated
DE2 0.019 95E-4 8.30E-3 1.12E-2 2.04E-2 —— 2.04E-2 0.016
DE30LP b 1.2E-3 1.04E-2 1.05E-2 2.18E-2 —-

CEagup 080 o RTTES LR SAtEs 50418 034
DE68 68 —— —— —— —— 0.743 0.743 0.68

aqDLV = Qs+ P + Oy
bGlobal weight fraction, i.e., considering both lower angh@pphases.

Structural Analysis of the Giant Vesicles and the I3 Phase.

As discussed in the paper, structural details of the giasities are not detected by neutron scatter-
ing techniques (SANS and USANS). However the vesicle dianistreadily measured by BFM.
The mean diameteD(), and polydispersity (PDI) of the giant vesicles in the upplease of the
30 wt% and in the 68 wt% solutions are shown in Table S2.

For the L3 phase, whose scattering peak was fitted to the Teubner{St&8ynodel (Eqn. 2 in
the paper), two characteristic length scales can be obtained from thenpetersay, ¢, andcs: a

domain periodicity,

-1/2
1/a 1/2 1c
—2m| = == it
d n(Z(Cz) 4y (86)
and a correlation length scale,
-1/2
1/a 1/2 1
- (é (5) i <9
which reflects the short-range order among the domains. ®hmpuatedd and ¢ values for the

samples DE30UP and DE68 are shown in Table S2. Also showrbile B2 are the average thick-

ness of the EAN channels in thg phase §ean = d — 8) and the volume fractiond§, , = &/d).
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Table S2. Parameters from BFM analysis and from SANS mogl&nDE30UP and DEG8 at 25
°C and 80°C.

BFM SANS
Sample T D, PDI & d dan 9/d
(°C) (um) (nm) (hm) (nm)
25 26,5 0.31 251 298 0.88 0.70
DE30UP 80 - == 2.27 292 082 0.72
DEGS 25 326 0.30 237 295 0.85 0.71
80 - == 2.09 288 0.78 0.73

Viscosity-structure relationship for the L3 phase.

Figure S10 shows the temperature dependence of viscofti¢se four samples studied here.
The viscosity of all the samples is shear-rate independent &ll the samples are Newtonian)
throughout the temperature range investigated. The visee®f DE30LP, DE2 and EAN are
essentially the same at all temperatures. In contrast, DB3hd DEG68 display viscosities of at
least one order of magnitude larger than EAN and exhibitfamiht temperature dependence. This
shows that the viscosity is sensitive to the bilayer micragtire.

The viscosity of EAN measured here is in agreement to thadrte@ by Weingartner and

coworker$ (also shown in Figure S10). They fit the data to an Arrheniysesion

N = Nee™/RT (S8)

in the range 18C < T < 45°C (dashed line in Figure S10), obtaining an activation enéigy-
24.5kJ /mol. However, Eq. S8 does not fit the viscosity data in the whaotekrature range studied

here. To account for this, we used the empirical Vogel-Tammeulcher (VTF) equatiotr!

n=Ae®(T-T0 (S9)

whereA andB are fitting parameters afd is the Vogel temperature. Equation S9 is normally used

to describe the temperature dependence of the viscositlyc@mductivity) of ionic liquidst?—21
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Figure S10. Temperature dependence of the complex vigdosiEAN and DDAB/EAN solu-
tions. Solid (curved) lines are fits to VTF equation (Eq. Sddh the parameters shown in Table
S3. Crosses are data for EAN reported by Weingartner andr&evsd and the dashed (straight)
line is the fit of these data to Arrhenius equation.
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The VTF equation accounts for the extraordinary slowing nl@f the relaxation and trans-
port (viscosity and diffusion) mechanisms occurring assysem approaches the glass transition
temperatureTy).22 Hence, Ty is commonly used as the Vogel temperatité®18.20.23The VTF

parameteB = E,/R,'? such that Eq. S9 becomes
n = AeR/RT-To) (S10)

The solid lines in Figure S10 are fits for the viscosity datagishe modified VTF equation
(Eq. S10). The VTF parameters are shown in Table S3. We usk Wadue for EAN previously
measured calorimetricallyf§ ean = —182 K24). The activation energy for the dilute solutions is
slightly higher with respect to EAN, whereas for the concatetd solutions it is about two times
higher. This reflects the restriction to flow imposed by thiy®r bicontinuous structure. In
a separate paper, we show that VTF equation also describdsrtiperature dependence of the

viscosity and conductivity of concentrated DDAB/EAN saduits 22

Table S3. VTF fitted parameters for EAN and DDAB/EAN solugon

Sample A, Pa-s Eg kd/mol Tg, K
EAN 9.49x10° 7 3.49 182
DE2 7.59x10°4 3.84 182
DE30LP 6.24x10°4 3.91 182
DE30UP 6.23x10°4 7.25 182
DE68 5.63x10* 7.44 182

Finally we investigated the viscosity of the phase in relation with the local structure. The
Newtonian behavior observed in DE30UP and DEG8 is typic#hel s phase, which is due to the
fact that the stresses on the membrane are released viareapieintation or destruction/creation
of the sponge channef8.However the stronger temperature dependence of the DDAB/EA
phase with respect to that of EAN suggests that there is ailbotibn to the viscosity due to the
bicontinuous structure of theslphase. This contribution is quantified via the specific véstyoof

the Lz phasefjsp = nN/nNean — 1, wherengay is the EAN viscosity.
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Both nsp and the correlation length (from SANS) are plotted as a fonabf temperature in
Figure S11. Similar temperature dependence is observeldotbr parameters, which suggest a
direct relation between andé. This relation can be explained by the fact that as the crosl
length increases, the bilayer is stiffer and hence the siscincreases. The inset in Figure S11
shows the strong dependence of the viscosity ogiven by a power lawgsp [ &% The origin of

this strong dependence is beyond the scope of the presest ipatpdeserves further study.

Figure S11. Specific viscosityesp, and correlation lengttg of the DE30UP sample as a function
of temperature. The inset shows, vs. & (Solid line is the fit to the power lawgp [ &,
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