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Self-Assembly of a Nonionic Photoresponsive Surfactant under
Varying Irradiation Conditions: A Small-Angle Neutron Scattering
and Cryo-TEM Study
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We have used small-angle neutron scattering (SANS), and cryogenic transmission electron microscopy (cryo-TEM)
to determine the structure of aggregates formed by the photoresponsive surfactants diethylene glycéldmono(4
butyloxy, butyl-azobenzene) (&zoOCE;) and diethylene glycol mono(4-hexyloxy, butyl-azobenzene) {C
AzoOGE,) under different illumination conditions. At high concentrations, the self-assembly behavior of these surfactants
changes remarkably in response to different radiation conditions. The trans isomers assemble into bilagellar (C
AzoOGE;) and unilamellar (¢AzoOGEy,) vesicles, while the cis isomers (under UV light) form bicontinuous phases.
These light-induced structural changes are attributed to a change in the sign of the Gaussian rigidity, which is the
direct result of azobenzene photoisomerization.

Introduction photocontrolled gelatioh protein folding and unfolding,and

; i blei icell doth ) urface tensiof.However, to date, no detailed study has been
Surfactants can sel-assemble into micelles and other organize eported on the structural changes induced in self-assembled

structures of various shapes and sizes to provide extensivespqioresponsive surfactant systems by changing illumination
applications in detergency, micellar catalysis, fabrication of ¢ongitions. A full understanding of these light-regulated structural

mesoporous materials, micellar facilitated filtration, and many changes in self-assembly is not only crucial for the design and
other important industrial processeA. flexible and reversible development of new photoresponsive surfactants, but can also

method to control surfactant self-assembly is not merely of ,rqvide new insight into the fundamentals of the self-assembly
academic interest, because it can also facilitate and extend theyrgcess itself.

applications of surfactants in traditional industries and inemerging - \ye nave synthesized an homologous series of four new,
high technologies. Surfactant self-assembly is determined mainly ., nignic surfactants, as shown in Figure 1, in which the functional
by the hydrophobic effect, for which the energy scale is on the 5,,penzene group is located within the tail and is separated from
order of severakgT.2 This small energy scale makes surfactant the ethylene oxide headgroup by an alkyl spaceméthylenes.
self-assembly very sensitive to variations in external conditions, these surfactants can exhibit significant differences in surface
in which slight changes may cause significant changes in the (g nsjon of about 1612 mN/m at concentrations above the critical
morphology of the self-assembled structures. This sensitivity t0 nicelle concentration (CMC) when exposed to light of different
external conditions allows, ir_] principle, fo_r the active control (_)f wavelengthg. This large difference in surface tension strongly
self-assembly. One attractive method is photocontrol using g ggests that the structures of the aggregates in the bulk may
photoresponsive surfactants incorporating a group (€.g., azobenysq pe very different from each other, but this issue has yet to
zene) that changes conformation reversibly when illumination |, explored in depth.

is switched between UV and visible light. Under UV irradiation,
for instance, azobenzene takes on a bent cis conformation
whereas, upon illumination with visible light, it reverts back to
the planar trans conformatiénWhen the azobenzene group is
incorporated into the tail of a surfactant, this reversible
photoisomerization often induces changes in self-assembly

b?[ﬁ;"or' 'trhus, slelf-atlﬁsembly can be controlled by irradiation transmission electron microscopy (cryo-TEM) under both UV
ot ditteren wavg engins. o ~andvisible lightirradiation conditions. The results are rationalized
Photoresponsive surfactants have been exploited in a varietyjn terms of a simple model of the effect of conformational changes

ofrelated processes, such as the regulation of metal ion permeatio the bending and Gaussian rigidities of surfactant bilayer
through vesicle$, the breaking and formation of vesicles, systems.

Here, we report a detailed structural study on the self-assembly
'properties of two of these nonionic, azobenzene-carrying
photoresponsive surfactants diethylene glycol mohé{duty-
loxy, butyl-azobenzene) (@BzoC4E,) and diethylene glycol
mono(4,4-hexyloxy, butyl-azobenzene) {£200GE;) as de-
termined by small-angle neutron scattering (SANS) and cryogenic
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Figure 1. Molecular structure of photoresponsive surfactanf8200G,E,; the structure fon = 6 is shown.

Experimental Section placed on the grid and readied for TEM examination. The prepared
samples were examined using a Philips EM410 electron micro-
SynthesisThe two photoresponsive surfactani\ZoOGE, and scope.
C4AzoOGsE; were synthesized according to our published proce-  The vitrified cryo-TEM samples were prepared in a controlled-
duresé environment vitrification system (CEVS). Thin films of samples
SANS.Neutron scattering intensities were measured as a function Were formed by placing a-35 uL drop of the liquid on a holey
of scattering angle on the NG3 30 m SANS line at the National Polymer supportfilm that had been coated with carbon and mounted
Institute of Standards and Technology (NIST) in Gaithersburg, MD. 0N the surface of a standard TEM grid or a bare 400 mesh copper
An unpolarized neutron beam with a wavelengftd & (wavelength grld_. The drop was th_en carefully blotted_ W|th_ filter paper u_ntll a
spreadAi/A ~ 0.11) was used in all experiments. The samples with liquid layer of approximately 56500 nm in thickness remained
D,0 as solvent were loaded in quartz cells with a path length of 5 @cross the holes in the support film. About& s after the liquid
mm. The scattering experiments were conducted at two sample-film was formed (to allow the system to relax after any shear
to-detector distances, 1.33 and 7 m, with a lateral detector offset of Introduced by the blotting process), itwas vitrified by rapidly plunging
0.25 m. TheQ range covered in the experiment was 0.608 < the holey_grld_thr_ough a synchronous_ sh_uttgr at the bc_>ttom of'the
0.4 A-%. The scattering intensity on the detector was circularly chamber into liquid ethane (cooled by liquid nitrogen) at its freezing

averaged for each scattering angle because the sample was observdint. The vitrified specimens were mounted on a cryotransfer stage
to be isotropic. Scattering from the cell itself was subtracted by (OXford Instruments CT3500J) and examined at 100 kV in the

assuming that it was the same as the measured scattering from arqonventionaITEM mpde of an analytica! electron Mmicroscope (‘]EOL
identical empty cell. The absolute scattering intensity was obtained 1200EX) equipped W't.h aMm-bIade a”“‘jomam'”a?"“ The specimen
by using NIST protocols and calibration standards. Trans samples (€MPerature was maintained belevl.65°C during imaging. The
were measured in an ambient light environment. For cis samples,Cry.o'TE.'VI experiments were performed by Paul Johnson of the
the solution was firstlluminated under UV light using a lamp (Oriel  Jniversity of Rhode Island.

6283) mounted in an arc lamp housing (Oriel 66902) powered by ]

an arc lamp power supply (Oriel 68910)rf@ h to ensure that Neutron Scattering Theory

essentially all trans surfactants were converted to the cis form (NMR
analysis in CDGJand similar analysis of an ionic analogue at higher ;
concentration in BO suggested a conversion of the trans isomer to INt0 tWo components according
the cis form of 92-95%). Monochromatic UV light was obtained

using a 320 nm band-pass filter (Oriel 59800). Then the samples 1(Q) = nP(Q)YQ) Q)
were loaded into the sample holder in the tank in which a small UV

lamp was mounted to provide necessary UV illumination during wheren is the number density of particles a@i= (4x/A)sin
experiments; this low-dose UViIIuminationwasfoundto be ;ufficient 6, with 6 as the scattering angl®(Q) = |F(Q)|2 is the form
to compensate for the slow thermal conversion of the cis isomer t5ctor with F(Q) = Jpartice Rrep(r) — pg, wherep(r) is the
back to the trans form. The tank was covered by a lid to prevent the scattering length density distribution within the particle, agd

intrusion of ambient !'ght during the measurgments. - is the scattering length density of the solvé&(Q)is the structure
Cryo-TEM. Two different cryo-TEM techniques were utilized factor, Q) = 1IN, 5,5 [@°R-RIJwhereR — R is the center-

to visualize surfactant aggregates: replica and vitrified cryo-TEM. 1 conter distance between two scattering aggregates. In dilute
In all cases, trans samples were prepared under ambient light, while

cis samples were first illuminated f@ h under UV light (Oriel solutions,S(Q)is essentially 1.
6283), and the final preparation for the TEM studies was done in )
the dark. The time required for the preparation of the frozen sample Results and Analysis

was on the order of minutes, significantly rapid to avoid thermal . .
isomerization of the sample back to the trans isomer, which can take  SANS- Typical SANS spectra of both trans and cig-C

hours. AzoOGE; and GAzoOGE, samples are shown in Figure 2. It
The replica cryo-TEM samples were prepared through the quick 'S eyldent that ther_e are S|gn|f!cant d|ffe_ren_ces in _the scattering
freeze-deep etch (QFDE) method. First, a ki5drop of surfactant  Profiles for the two isomers, with scattering intensities from the
solution was deposited on the top of a metal plate, and the drop wastrans sample being larger than those for the cis at Righnd
frozen by inserting the metal plate rapidly into propane, which was lower atlowQ. These significant differences in SANS intensities
cooled to about-186°C by liquid nitrogen. Second, the frozendrop  suggest that the self-assembly behavior may be quite different
was transferred to a sealed chamber, where it was equilibrated andor the two isomers.
evaporated for 36 min under a vacuum of 1@orr. This served SANS intensities from the trans samples were well-described
to evaporate the propane and to sublime some of the water, therebyyy the polydispersed vesicle model, in which the vesicle core has
producing a bas-relief of any aggregates that were present near the, ye||-defined distribution of sizes, and the thickness of the shell
drop surface. In the third step, the frozen drop was coated first with is fixed. In general, for a single coreshell structure with core

a thin platinum film of thickness-23 nm; and then with a 2930 radiusr. and shell thicknesd, whose scattering length density
nm carbon film. Finally, the frozen drop was removed from the

chamber and kept at room temperature for a few minutes. After the (9) Higgins, J. S.: Berity H. C. Polymers and Neutron Scatterin@xford

remaining ice had melted, the metal plate was plunged into water series on Neutron Scattering in Condensed Matter; Clarendon Press: Oxford,
and the replica film floated to the water surface. The film was then 1994; vol. 8.

In SANS, the coherent scattering intensity can be factored
%to
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Figure 2. SANS spectra for surfactants in both trans and cis
configurations. (a) 0.7 mM £zoOGCyE,, (b) 1.2 MM GAzoOGE,,

and (c) 0.6 mM GAzoOGE,. (d) The relative structures of the
vesicles formed for the trans samples.

(SLD) distribution can be approximated by

_[psT=re
w0 ={0 1 g @

the form factor i&°
PX) = IFX)|* = |4Qi§(Pd = pIlix+06x) —j®11* (3)

in which x is the dimensionless variab@r., 6 = d/rc, andj(x)
= sin X — X COSX.

(10) Bartlett, P.; Ottewill, R. HJ. Chem. Phys1992 96 (4), 3306-3318.

Shang et al.

Table 1. Vesicle Properties for the trans GAzoOC,E, and
C4Az0OGCE; Surfactants as Determined by SANS

C,Az00GE: C4AZzoOGE,

concentration (mM) 0.7 1.2 0.6
average vesicle core radius (nm)  38.4 43.5 28.1
shell thickness (nm) 11.2 125 5.9
polydispersity s 0.43 0.37 0.74

The polydispersity of the core size was described by the Schultz
distribution!* in which the normalized distribution function is
defined as

rCZ z+1 re
G(I’Q = F(Z—‘I'l)(z _T'; 1) exr{— i(Z +1)

(4)

wherer, is the mean core radius, amd= (1 — s9)/s?, with s =
olt¢ (c?is the variance of the distribution). The Schultz distribution
skews toward large sizes for finitand asymptotically approaches
the Gaussian distribution with increasizgbut the standard
deviation diminishes asincreases, so that, in the linat— co,
it tends to the delta function.

The form factor in the system must be averaged over the size
distribution© that is,

P@Qr) = [ G(roP(Qrdr, )

which can be integrated to yield an explicit size-averaged form
factor for Schultz-distributed coteshell spheres; the final result
is given in the Appendix.

The highest surfactant concentration used was on the order of
1 mM. Atthis concentration, the interactions between aggregates
are negligible, as indicated by the fact that no correlation peak
was found in the SANS spectra for either surfactant in the trans
state. As a result, the structure factor was assumed to be unity
for all trans samples. Thus, the theoretical scattering intensity
was taken to be

1(Q) = nP(Qry) (6)

where the full expression f&(Qr.) is given explicitly as eq A-1
in the Appendix.

The SANS spectra for the trans samples were fitted by eq 6;
the fits are shown together with the measured SANS spectra in
Figure 2. The parameters extracted from these fits are summarized
in Table 1. Since the molecular lengths of the trans forms of both
C4,Az00OCE, and GAzoOGE; are about 2.82.9 nm, with the
shell thicknesses being about 12 and 6 nm, respectively, we can
infer that GAzoOG,E, forms vesicles with shells consisting of
four surfactant layers (i.e., bilamellar), whereagA@OGE,
forms normal bilayer (i.e., unilamellar) vesicles. These vesicles
are represented schematically in Figure 2d. Note that the bilamellar
structure discussed here does not appear to be an artifact of the
fitting procedure, as the same results were obtained for two
different samples of éAzoOGE; at different concentrations
(0.7 and 1.2 mM), and a unilamellar model with a bilayer thickness
of about 6 nm could not be used to fit either spectrum satisfactorily.
Itis known that subtle differences in the balance between attractive
bilayer interactions and bilayer curvature energy can lead to
differences in vesicle structure, with either unilamellar or
bilamellar vesicles being favored, depending on this baldhce.
The small differences between the spacer groups in the two

(11) Hayter, J. B. Structure and Dynamics of Micelles by SANSPlhysics
of Amphiphiles: Micelles, Vesicles, and Microemulsjdbsgiorgio, V., Corti,
M., Eds.; North-Holland: Amsterdam, 1985.
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surfactants may be sufficient to tip the balance one way or the T S T
other, hence yielding unilamellar vesicles in one case and s
bilamellar in the other. V3 i R (@) »
In contrast, the SANS spectra for the cis isomer cannot be i
described by the coreshell model. Rather, these spectra were S “
fit well by the Debye-Anderson-Brumberger (DAB) model3 £ st
which characterizes the scattering density function in random & BN 3
two-phase systems, in which two phases with different SLDs SANS Si;e ! '. ' n. o "
randomly interpenetrate each other and spread over the whole b £ Hucla CECRE X
sample. In the DAB model, the scattering intensity, which is oal . ~70nm
proportional to the densitydensity correlation, is given B§ e o -"0" o T
by T
3 2 n<,0 2
1(Q) = 8ra’(p, P2)2 ‘fl‘ﬁz @ 100 nm .- ey :
(1+(Q9)) | Wlloommllle : L

wherea is the correlation lengthp; and p, are the SLDs of _
phases 1 and 2, respectively, apdand ¢, are the respective 73
phase volume fractions. et - -

All the cis samples were fit well by the DAB model, as is r _—_
evident from the comparisons of the curve fits with the s
experimental spectrain Figure 2, which yield a correlation length, >
a, of about 200 nm. Once scaled by the aggregated surfactant
concentrations, the curves for all three cases studied here (0.7
and 1.2 mM for GAzoOGE,, and 0.6 mM for GAzoOGEy)
essentially collapsed onto a single curve, strongly suggesting
that the structures were the same for all three samples. These
results are consistent with those for some other surfactant
solutions, particularly aqueous solutions of nonionic surfactants,
in which bicontinuous phases show the features of a random
two-phase system. In bicontinuous phases, surfactants self-
assemble into a single large bilayer or multiple layers that extend
over the whole system and separate the water phase into
disconnected parts, each of which also extends over the sample.
Such surfactant layers, which are the sole visible objects in neutron
scattering, are randomly oriented and positioned in space and
possess all the characteristics of a random geometry. This
randomness in the surfactant layer has been captured well by the
DAB model. On the basis of this analysis, we can conclude that
cis photoresponsive surfactants form bicontinuous phases under
the experimental conditions considered here.

Cryo-TEM. The structures inferred from the SANS analysis
were confirmed by cryo-TEM images, typical examples of which
are shown in Figure 3 for the trans and cis surfactant solutions.
Inthe trans GAzoOGsE, 0.6 mM sample, many spherical objects
with diameters ranging from 5070 nm were observed in the
replica cryo-TEM picture (Figure 3a), indicating that this
surfactant self-assembles into spherical aggregates of a size similar
to that derived from the SANS analyses. Furthermore, in the Figure 3. Cryo-TEM images of 0.6 mM ¢AzoOGE, photore-
vitrified cryo-TEM picture of the same system (Figure 3b), sponsive surfactant aggregates, with scale bar showing the relevant
vesicle-like structures were clearly evident (the linear striations SiZ& parameters for the structures obtained from the SANS

S . . : . experiments. (a) Replicaimage for trans conformation, which shows
In this image have bgen attributed to arnfaptsl Introduceq durlln.g spherical aggregates. (b) Vitrified samples, which indicate that these
the sample preparation). Because of the limited resolution, it is aggregates are vesicles. (c) Replica image for the cis surfactant,
difficult to estimate the vesicle thickness from the TEM picture, which shows a bicontinuous structure with large aqueous domains

but it is very likely a bilayer. These cryo-TEM images of the separated by thin surfactant walls.
C4Az0OGsE; are both consistent with the results of the SANS
analysis, which indicated that the trangA200GE; surfactant
self-assembles into vesicleg0 nmin size. Similar quality cryo- ~ @s expected, while vitrified samples yielded tantalizing images
TEM images were not obtained with theAz0OC4E, surfactant; of what appeared to be bilamellar vesicles-300 nm in diameter,
the replica results indicated the formation of spherical entities, but these were not able to be confirmed definitively.
In the cryo-TEM picture of the cis ££zoOGE; solution
(12) Jung, H. T; Coldren, B.; Zasadzinski, J. A.; lampietro, D. J.; Kaler, E.  (Figure 3c), there appear to be many domains of random shape
W. Proc. Natl. Acad. Sci2001, 98 (4), 1353 1357. and various sizes, each enclosed by a wall consisting of surfactant

(13) Roe, R. IMethods of X-ray and Neutron Scattering in Polymer Scignce - - - ) ;
Oxford University Press: New York, 2000. 5—10 nm thick, that is, about the thickness of a bilayer. This

FEa ~ 70 nm
SANS Size
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A In a bilayer, both the bending and the Gaussian rigidities can
be calculated from those of the monolayér:
K= 2%,
Bicontinuous k= 2(k,, — dog,,) 9
Phase
in whichd is the thickness of the bilayer. Because the chemical
> composition is the same in each monolayer, the bilayer
Lamellar K spontaneous curvature is essentially zero, and thus the free energy
Phase density for the bilayer is representedthy
’i\\\ le(o + 0,)% + k0,0 (20)
Micelles 3 (oL + o))" F ko0,
&
which can be rewritten in the more convenient form,
Figure 4. The phase diagram for surfactant solutions as predicted 1 1. . 1. 5
by the Helfrich elastic theory is the Gaussian rigidity, and is f= > (K + EK)(Ol +o0,)" — EK(Ol —0,) (11)

the bending rigidity.

From this free energy, we can construct the phase diagram of
a surfactant solution in terms efandk, as shown below.

Fork +k/2 > 0 andk < 0, the equilibrium state is the lamellar
phase in which botlr; andos are zero. If« + k/2 < 0 andk
< 0, the free energy decreases without limitas- o, increases,
and, for any given value of eithen or o, will be a minimum
whenoi — 0> = 0. This latter condition corresponds to a spherical
aggregate. Above the CMC, the largest attainable curvature in
spherical micellar surfactant aggregatesk hereR, the radius
of the spherical micelles, is on the order of the surfactant length.
Therefore, itis concluded that the spherical micellar phase is the
stable phase under these conditions. Similarly, 4 x/2 > 0

structure is consistent with that of a bicontinuous phase. Moreover,
the average domain size was found to be around 200 nm, which
is close to the correlation length extracted from the SANS spectra.
No images were obtained for the cigAzoOGE; surfactant,
butits structure was expected to be similar to that#Zo OGE,,

on the basis of the superpositioning of the appropriately scaled
SANS spectra.

Clearly, in both cases (trans and cigd200GEy), the cryo-
TEM results are consistent with the results from the SANS analy-
sis and support the conclusion that the trans and cis forms of
these surfactants have distinctly different aggregate morphol-
ogies. Cryo-TEM results for transs8z00C4E; suggest that _ . D
thge bilam)éllar vesicle structures deduced from tk?g analysis of andi > 0, the free energy decreases without limit éar— o2

the SANS spectra are possible, but the results are not conclu-large’ and, for any given value of either or 92, 1 minimized .
sive whenoi + g, = 0. This corresponds to a minimal surface, in

which the average curvaturesy(+ 02)/2 is zero everywhere. In
reality, there is always some repulsive interaction originating
from either steric interactions or entropy, which stabilizes the
The SANS and cryo-TEM studies suggest that trans C  System atsome finiie. Under such circumstances, the equilibrium
AzoOGE; self-assembles into vesicles, whereas the cis form system is the bicontinuous phase. Finally, fot- /2 < 0 and
takes on the characteristics of a bicontinuous phase. We will ¥ > 0, the bending rigidity is negative, which makes no sense
attempt to offer a theoretical explanation for this interesting for any real physical system. The above results are summarized
structural transition. First, we introduce the elastic theory of in the surfactant solution phase diagram shown in Figufe 4.
surfactant films and enunciate the various surfactant phasesThe region of this phase diagram most relevant to the self-
predicted by it. Second, a microscopic theory to calculate bending assembly behavior of our photoresponsive surfactants is the
rigidity from molecular parameters is introduced to estimate the transition from a lamellar to a bicontinuous phase, thatis, where
signs of the bending and Gaussian rigidities of both the trans andthe Gaussian rigidity changes sign from negative to positive, and
cis isomers from simple geometrical considerations. Finally, by there is a transition from a lamellar to a bicontinuous phase. If
combining these two theories, we can rationalize the observedthe Gaussian rigidity of the cis isomer is positive while that of
structural transitions in terms of the conformational changes in the trans is negative, then our experimental results can be
the surfactants. explained in terms of elasticity theory. However, to apply the
The behavior of surfactant membranes is captured well by a elasticity theory, we must estimate the sign of the Gaussian rigidity
simple elastic theory, according to which the free energy density from the surfactant architecture; this is the task of the next

of a monolayer can be described'by subsection.
Petrov—Derzhanski—Mitov Model. The Petrov-Derzhan-

ski—Mitov (PDM) model is a microscopic model relating the
bending and Gaussian rigidities to the surfactant molecular
parameters. According to the PDM model, the free energy per
in which «y and’,,, are the bending and Gaussian rigidities, molecule in a monolayer &

respectivelyp; andos are the two principle curvatures; ang

Elasticity Theory and Phase Diagram

f= %Km(gl to,— 200)2 + K010, 8

the spontaneous curvature of the monolayer, is a function of the f = E ﬁ _ 2 n ke 'ic _ 2 12
chemical composition and molecular architecture of its constituent m— 2\H 2\C (12)
surfactants.

(15) Kleman, M., Lavrentovich, O. D5oft Matter Physics: An Introduction
(14) Helfrich, W.;Z. Naturforsch, C 1973 28 (11-1), 693-703. Springer-Verlag: New York, 2003.
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Inthe symmetrical bilayer, in which the chemical components
in the two monolayers are identical, the neutral surface is located
exactly between the two monolayers. Under such circumstances,
the distances from the neutral surface to the head and tail groups,
Oon anddc, respectively, can be expressed®bas

S =gandéc=g— 5 (16)

in which d is the bilayer thickness, andl = oy — dc¢ is the
distance between the head and the tail groups of the surfactant.

By substitution of eq 16 into egs 14 and 15, the bending and
Gaussian rigidities can be representetf as

ki ko e
0%, Ky _201H €
K—Z(H2+C2(1 d))kH kc (17)
W e
and
oo oKk H—C
k= —20(d 6)H2C2kH+kc (18)
W

Figure 5. (a) Schematic of a bilayer defining the model parameters respectively. Therefore, the bending and Gaussian rigidities are

in the PDM model. The molecular architecture of&2o00OGE; in

functions of surfactant molecular architecture, which is char-

the (b) trans and (c) cis forms showing the difference in the head geterized by the cross-sectional areas of the hetdr{d tail C)

and tail-group areas for the two configurations. The equilibrium
molecular architectures were computed by Gauss 94 with a 3-21

basis set.

groups in the PDM model. The bending rigidityis always
positive, consistent with the stability requirement for the bilayer
system. However, the Gaussian rigiditgan change sign with

in which kg andkc are the elastic constants of the interactions Vvariations in the surfactant molecular architecture. Specifically,

between heads and between tails, respectivglandAc are the

for a surfactant whose cross-sectional head area is larger than

cross-sectional areas actually occupied by the head and tail groupsgthat of the tail > C), k' is negative. In contrast, for surfactants
while H andC are the corresponding cross-sectional areas in the With a larger tail groupil < C), k is positive. In terms of the
absence of interactions. The cross-sectional areas of the heaghase diagram depicted in Figure 4, it can be concluded that,

and tail groups can be calculated frm
A, = AL+ 0y(0;, + 0,) + 0,°0,0,)] (13)

Ac = All + (0, + 0,) + 00,0,

when H > C, surfactants self-assemble into a lamellar or,
equivalently, a vesicle phase, while tar< C, surfactants form
a bicontinuous phase.

The particular advantage of the PDM model is that we can
predict the sign of the Gaussian rigidity, and therefore predict
the surfactant phase behavior by using only simple geometrical

whereA is the mean area per molecule measured at the neutralarguments based on surfactant architecture. As shown in Figure
plane, in which the surfactants do not experience any strain, andd, for the trans form, the cross-sectional area of the heat,

Oy anddc are the distances from the neutral surface to the head similar to that of the tailC; while, in the cis form, the headgroup
and tail groups, respectively, as illustrated schematically in Figure area is significantly less than that of the tail group. Therefore,

5a.

according to the above analysis, the trans surfactants prefer to

Both the bending and the Gaussian rigidity can be obtained form lamellar or vesicular phases, whereas cis surfactants self-
by substituting eq 12 into eq 13 and comparing the corresponding@ssemble into bicontinuous phases. This conclusion is consistent

coefficients with those in eq 11:

K= (H%aHZ + C%scz)Ao (14)
and
7= E‘;'éi e = o) (15)
[

whereAs = (kyH 1+ kcCY)/(kyH 2+ keC?) is the equilibrium
area per surfactant molecule for a planar monolaer.

with the results of the cryo-TEM and SANS studies.

Conclusions

We have investigated the self-assembly behavior of a particular
pair of nonionic photoresponsive surfactantgAZbOGE, and
C4Az00OGsE,, under different illumination conditions by SANS
and, for GAzoOGE,, by cryo-TEM. At high concentrations,
the trans surfactants self-assemble into vesicles with either a
bilayer (GAzoOGE,) or a double bilayer (bilamellar; £
AzoOGE,) structure. In contrast, the cis surfactants form
bicontinuous phases. This light-regulated structural transition

(16) Petrov, A. G.The Lyotropic State of Matter: Molecular Physics and
Lizing Matter Physics Gordon and Breach Science Publishers: Amsterdam,
1999.
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originates from the change in molecular architecture ac- where the function8(X) andD(X) are defined as
companying transcis isomerization. Because of the differences

in molecular architecture, the trans surfactant possesses negative N (z+ 1)2
Gaussian rigidity, while the cis form possesses positive Gaussian (x) = z+ 1)2 + 42
rigidity. As a consequence, trans surfactants tend to self-assemble

into vesicles, while cis surfactants form a bicontinuous phase. respectively, withk = Qr, and the coefficients; are given by
This light-regulated structural change in self-assembly could

1 2X
andD(X) = tan (_z T 1)

find applications in the fabrication of microstructured objects c, = 1_ (cosy + y siny) + 1(1 + yZ)

and light-directed separation processes. 2 2
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Appendix C,=—1— % +cosy+ysiny+ (siny — y cosy)?

The form factor for polydisperse vesicles obeying the Schultz

plistribution obtained in closed form by the integration of eq 5 C =2 sir12(3—2/)(y + 2y cosy — 2 siny)

is

~ 16722 ) 742 Cg = cosy(cosy — 1)
P() = F(Pd - Ps)z{ €+ CX+ C3X2(§ T 1) T

B(X)“*Y4(c, cos[ + 1)D(X)] + ¢, sin[z+ 1)D(X)]) +
xB(X)“ " 2%(c, cos[z + 2)D(X)] + cgsin[z+ 2)D(X)]) +
z+ 2

(m)sz(X)(” 92(c, coslz + 3)D(X)] +

¢, = —siny — y cos(3) + cosy(y + siny — y’siny)
Cg=—1—cos ¥+ ysiny + cosy(2 — 2y siny)
Cy = siny(1 — cosy)

in whichy = Qd.
cosinliz + 3DED] (A Laoszarsy



