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bstract

The self-aggregation behavior of a series of photoresponsive bolaamphiphiles consisting of a central azobenzene moiety linked to terminal
ugar groups via oligomethylene spacers in water/DMSO mixed solvents are reported. Changes in the absorption spectra in these solvent mixtures
ndicated the formation of tightly packed H-aggregates. The ease of formation and the stability of the aggregates were observed to increase with

ncrease in the length of the oligomethylene spacers. Microscopic studies indicated the formation of vesicles or fibers depending upon the length
f the oligomethylene spacers. Disruption of the aggregates induced by photoisomerization of the azobenzene unit and their reformation via the
ubsequent thermal cis to trans isomerization was also investigated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bolaamphiphiles (bolas) have been receiving increasing
ttention in recent years in view of their potential to form a
ariety of supramolecular architectures and biomimetic materi-
ls [1–3]. Interest in bolaamphiphiles arises mainly from the
act that they can simulate the architecture of monolayered
embranes of Archaebacteria in the manner of placement of

heir hydrophobic and hydrophilic parts [2]. Archaebacteria are
icroorganisms capable of surviving extreme conditions such as

igh salt concentration or high temperatures [4]. An interesting
eature of naturally occurring lipids found in Archaebacteria is
he high proportion of glycosylated structures [5]. This aspect as

ell as the ability of sugars present in the glycocalix of biomem-
ranes to participate in intracellular recognition processes and
hus induce affinity for target cells [6], has motivated several

� This work is contribution No. RRLT-PP-220 from RRL, Trivandrum.
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roups to synthesize and study supramolecular assemblies of
ugar derived bolas [7–10].

The strength of supramolecular assemblies of amphiphilic
olecules can be enhanced by introducing various assem-

ling units, which can self-aggregate via different non-covalent
nteractions [1,11–14]. Introduction of mesogenic units into
mphiphiles is known to substantially stabilize nanostructures
btained from them [1,4,15,16]. As a part of our ongoing stud-
es on investigating the correlations between molecular structure
nd self-assembly of molecules containing photoresponsive
esogenic units [17–20], we report here a detailed study on the

elf-aggregating properties of a series of sugar-based bolaam-
hiphiles [20] (Scheme 1), in which the sugar moieties are linked
o an azobenzene chromophore via oligomethylene spacers.
he presence of azobenzene chromophore in self-assembling
aterials is known to impart unique photoswitchable proper-

ies to them [21–26]. In the present manuscript, the role of the

ligomethylene spacers and �-stacking ability of the azobenzene
hromophore, as well as the effect of the trans to cis photoiso-
erization and the subsequent thermal cis to trans isomerization

f the azobenzene chromophore in controlling the nature of

mailto:sdaas@rediffmail.com
dx.doi.org/10.1016/j.jphotochem.2007.03.003
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he supramolecular aggregates formed in solutions have been
nvestigated.

. Experimental

.1. Materials and methods

Ultraviolet–visible (UV–vis) and circular dichroism (CD)
pectra were recorded in quartz cuvettes. UV–vis spectra were
ecorded on a Shimadzu UV-2401 PC UV–vis scanning double
eam spectrophotometer. CD spectra were recorded in the Jasco
-810 spectropolarimeter equipped with Jasco PTC-423S Peltier
ype temperature control system. (1S)-(+)-10-Camphorsulfonic
cid, ammonium salt (0.06% aqueous solution, 1 cm light path)
as used for calibration of the spectropolarimeter sensitivity

nd wavelength (CD = +190.4 mdeg at 291.0 nm). The CD exci-
on couplet amplitude was calculated as ACD = CDfirst Cotton (at
he long-wavelength maximum of the couplet) − CDsecond Cotton
at the short-wavelength maximum) [27,28]. The CD spectra
btained were similar in stirred and un-stirred sample solutions.
ontribution from linear dichroism (LD) was negligible since

he aggregate solutions placed at different angles had no effect
n the type of Cotton effect and the solutions were clear at the
emperatures studied. 1H NMR experiments were carried out in
300 MHz Bruker Avance DPX or a Bruker Avance DRX 500

pectrometer equipped with a Bruker BVT 3000 digital tem-
erature controller. TMS was the internal standard and spectra
ere recorded without sample spinning. At higher D2O vol-
mes, the residual proton resonance in DMSO was used for
alibration since the TMS peak was difficult to locate. The trans
o cis photoisomerization in DMSO solution was investigated
y irradiating with 364 nm monochromatic light isolated from
450 W ozone free Xe lamp using the excitation monochroma-

or of SPEX Fluorolog-2. Laser irradiation was carried out with
55 nm laser pulses (10 Hz, 6 ns pulse width) from a Spectra-
hysics Quanta-Ray GCR-12S Nd:YAG laser. GC–MS analysis
as carried out in a Shimadzu GC–MS QP 2010 analyzer. CHN

nalysis was carried out in a Carlo-Erba 1106 elemental ana-
yzer.

Size distribution measurements of aggregates in solution
ere performed in a Malvern Instruments Nano-ZS by dynamic

ight scattering (DLS) employing a 633 nm He–Ne laser. Each
xperiment was repeated three times and the data was averaged.

Atomic force microscopy (AFM) was performed under nor-
al atmosphere using tapping and contact mode probes on a

igital Instruments NanoScope IV MultiMode scanning probe
icroscope (tapping mode—model: Veeco RTESP/material:

hosphorus (n) doped silicon, resonance frequency of 299 kHz
nd a spring constant of 20–80 Nm−1; contact mode—model:

3

c
2

.

eeco NP-20/material: silicon nitride). The samples for AFM
tudies were obtained by drop-casting and air-drying aggregate
ontaining solutions on freshly cleaved mica. Blank experiments
ere conducted with only solvent mixtures on freshly cleaved
ica to rule out any artefacts. Transmission electron microscope,
EM bright-field images were obtained using a Hitachi H-600

nstrument operating at an accelerating voltage of 75 kV with
ample solutions drop-cast and air-dried on copper grids (mesh
00) having a formvar carbon support film. Scanning electron
icroscope, SEM (signal: SEI) images were obtained using the

EOL JSM-5600 LV at 10 kV with the samples drop-cast and
ir-dried on a flat surface of cylindrical brass stubs and coated
ith gold in a JEOL JFC-1100 ion sputter, prior to viewing.
Solvents were of spectroscopy grade. Water was doubly

istilled and deionized (resistivity of 18.2 M� cm) using a Mil-
ipore Milli-Q-Plus water purifier. The solutions containing
ggregates were prepared from stock solutions of compounds
n DMSO. To a constant volume pipetted out from the stock
olution, various volume fractions of DMSO/water were added.

Aggregates were spontaneously formed upon adding non-
olvent to the stock solution of azo-bola, without the need
or ultrasonication or any other special treatment. The solu-
ions containing aggregates exhibited a slight blue hue due to
he scattering of white light. The percentages of water/DMSO

entioned in the text refer to volume percentage of water. On
dding water to DMSO solutions of the compounds, exother-
icity (�H = −715 cal mol−1 for 0.36 mol fraction DMSO in
ater at 22–25 ◦C) [29], caused the solutions to warm up. The

olutions were left to equilibrate at room temperature for 1 h
fter preparation before carrying out further studies.

.2. Synthesis

The synthesis, characterization and thermotropic liquid crys-
alline properties of the azo-bolas have been reported by us [20].
he synthesis and detailed characterization of the model com-
ound 10,10′-[(1E)-Azobis(4,1-phenyleneoxy)]bis[1-decanol]
s provided in the electronic supplementary material (See the
lectronic Supplementary Material).

. Results

.1. Spectroscopic characterization of supramolecular
ggregates in solution
.1.1. UV–vis and CD measurements
The azo-bolas were highly soluble in DMSO and practi-

ally insoluble in water. Fig. 1 shows the absorption spectra of
.5 × 10−5 M solutions of azo-bis 10 in water/DMSO solvent
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Fig. 2. Effect of varying water content on the CD spectra of azo-bis 10 in
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ig. 1. Effect of varying water content on the UV–vis spectra of azo-bis 10 in
ater/DMSO solvent mixtures (2.5 × 10−5 M). Volume percentage of water in

he solvent mixture is indicated in the figure.

ixtures with varying water content. In pure DMSO, azo-bis
0 exhibited a typical azobenzene monomer absorption spec-
rum [14,30,31] with a weak n → �* transition at 454 nm and
n intense � → �* transition moment along the long-axis (A
and) at 364 nm. Increase of water content in these solutions
esulted initially in a steady decrease in intensity and a blue
hift (�λmax = 31 nm) of the main absorption band centered at
64 nm (Fig. 1).

With subsequent increase in water content, the blue shift was
ccompanied by an increase in intensity and narrowing of the
and. In solvent mixtures containing 90% water, the full width
t half-maximum was narrower than that of the corresponding
onomer band by 658 cm−1. Similar results were observed for

zo-bis 8 (See the Electronic Supplementary Material). For azo-
is 5 however, only a slight decrease in the intensity of absorption
nd a small blue shift of 4 nm was observed in the water rich
olvent mixtures (See the Electronic Supplementary Material).
ormation of a blue shifted band by amphiphilic azobenzene
erivatives in aqueous or water rich media is attributed to the
ormation of H-aggregates, which essentially consist of a “card
ack” array of transition moments of the individual molecules
32]. The blue-shifted band of H-aggregated species is normally
ider and less intense than the monomer band, as is indeed
bserved in most of the azobenzene derivatives hitherto investi-
ated [33–38]. When the excitons are strongly coupled however,
ue to a high degree of ordering of the constituent molecules, a
arge hypsochromic shift of the band accompanied by an increase
n intensity and narrowing of the band are observed [39,40]. Such
ggregates are referred to as H*-aggregates, of which there are
nly very few reports in the literature [39,41].

The absorption band attributable to the aggregates was CD
ctive indicating a chiral arrangement of the transition moments
f the azobenzene segment within the aggregates. Fig. 2 shows
he CD spectra of azo-bis 10 aggregates in the water/DMSO
olvent mixtures. Whereas solutions of azo-bis 10 in pure
MSO was CD silent, a positive first Cotton effect and nega-
ive second Cotton effect was observed for solutions containing
ater, indicating a right-handed chiral arrangement of the tran-

ition moments of the azobenzene chromophores within the
ggregates. The CD spectra were observed only when the

A
s
s
b

ater/DMSO solvent mixtures (2.5 × 10−5 M; solutions in pure DMSO and sol-
ent mixtures containing up to 30% water were CD silent). Volume percentage
f water in the solvent mixture is indicated in the figure.

lue-shifted absorption spectrum attributable to the aggregate
as present. The zero-crossing point was close to the absorp-

ion maximum of the aggregated chromophore, indicating the
D spectra to be due to the exciton coupling bands of the
ggregate.

The tendency for aggregation of the azo-bolas was chain-
ength dependent. Whereas azo-bis 5 solutions were CD silent
ndicating a much lesser tendency to form strongly coupled H*-
ggregates, onset of CD activity for azo-bis 8 occurred in 50%
ater/DMSO solutions. For azo-bis 10 the onset of CD activ-

ty was from solvents containing 40% water. In this context it
s interesting to note that in bolaamphiphilic systems, where
he terminal sugar molecules were linked to a central azoben-
ene via an arylamide unit [14], aggregation only resulted in
15 nm blue shifted band of lower intensity. Thus the pres-

nce of the oligomethylene linker units of a suitable length
as observed to be essential for the formation of the H*-

ggregates.

.1.2. Effect of temperature on the UV–vis and CD spectra
The formation of strongly coupled aggregates in azo-bis 10

as also indicated by the persistence of the aggregate band and
D acitivity at very high temperatures (Fig. 3). The blue shifted
and exhibited a slight decrease in intensity and considerable
roadening, indicating a weakening of the interaction among the
zobenzene transition moments in the aggregate. Above 90 ◦C,
owever a considerable decrease in intensity and red shift in
he band indicated break-up of the aggregate to the monomer
orm. Interestingly the CD amplitude (ACD) increased by about
.3 times on heating until the temperature reached 80 ◦C, after
hich a decrease was observed (Figs. 3b and 4). To the best of
ur knowledge, such an effect, namely increase in the CD inten-
ity accompanied by broadening of the absorption band of the
ggregate, is unprecedented. In general, for chiral supramolec-
lar assemblies, the CD intensity decreases on heating [42,43].

possible explanation for the observed results is schematically

hown in Fig. 4. At room temperature, a near parallel face-to-face
tacking of the transition moments of the H*-aggregates would
e stabilized by intermolecular hydrogen bonding between the
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(>75 ◦C) the aromatic and oligomethylene resonances of azo-bis
8 and azo-bis 10 became well resolved indicating break-up of
the aggregate.
Fig. 3. Effect of temperature on (a) UV–vis spectra; (b) C

ugar groups. With increasing temperature, weakening of the
ntermolecular hydrogen bonding between the sugar moieties
ould result in a shift of the transition moments from a near
arallel face-to-face stacking to a chiral arrangement (Fig. 4),
esulting in broadening of the absorption band and enhance-
ent in the CD intensity. It is known that the ACD value is
aximal when the angle of interacting moments is ∼70◦ [27].
urther increase in temperature could result in the break-up of

he aggregates leading to reduction in ACD due to formation of
he monomer.

Similar results were observed for azo-bis 8 (See the
lectronic Supplementary Material), whereas azo-bis 5 solu-

ions only a hyperchromic effect on the absorption spectrum
as observed with increase in temperature (See the Electronic
upplementary Material), indicating break up of the weakly
ound aggregates to the monomer form.

.1.3. Proton NMR characterization of the aggregates
1H NMR spectra of the aggregates were examined to gain

urther insight into the mode of molecular packing within the
ggregates. Aggregation of molecules can make their motion

nisotropic, and reduced rate of motion of molecular parts in
olution can lead to long correlation times [44,45]. For the NMR
tudies, aggregation was induced by adding D2O to a d6-DMSO
olution of azo-bis 8. The spectrum of azo-bis 8 in pure d6-

ig. 4. Changes in CD amplitude with temperature of the azo-bis 10 aggregate
n water/DMSO (For CD spectrum, see Fig. 3b). Also shown is a schematic
epresentation of the probable arrangements of the molecules at various temper-
tures.

F
p
1

ctra of azo-bis 10 in 80% water/DMSO (2.5 × 10−5 M).

MSO displayed the expected resonances (Fig. 5a) [20,46].
n addition of D2O a slight resonance broadening occurred

n the aromatic (δ = 7.10 and 7.82 ppm) and oligomethylene
δ = 1.21–1.83 ppm) peaks. Further addition of D2O, resulted in
coalescence of the aromatic doublets until finally the aromatic
eaks collapsed and the region became featureless, indicating
otal loss of freedom of movement in the aromatic segment as a
esult of strong aggregation. The line broadening and decrease
n intensity was much lesser for the oligomethylene peaks, indi-
ating that this part of the molecules was less tightly packed
ithin the aggregates, and retained considerable amount of their
exibility.

The onset of the collapse of the aromatic peaks in the NMR
pectra on addition of D2O was chain-length dependent. For a
6 mM solution of azo-bis 8 in d6-DMSO, the aromatic peaks
ollapsed when the D2O concentration reached 40%, whereas
or an azo-bis 10 solution of the same concentration, the collapse
ccurred at a concentration of 30% D O. At high temperatures
ig. 5. 1H NMR spectra of azo-bis 8 showing aromatic and oligomethylene
rotons: (a) in pure d6-DMSO (16 mM); (b–f) changes upon adding D2O in
00 �L increments (T = 27 ◦C).
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Fig. 6. Vesicles of azo-bis 8 (2.7 × 10−5 M) imaged

.2. Morphology of the aggregates

Dynamic light scattering studies of solutions of azo-bis 8
n water/DMSO indicated the presence of polydisperse aggre-
ates ranging from 200 nm to 1.5 �m (See the Electronic
upplementary Material). Microscopic (AFM, SEM and TEM)

nvestigations of the solutions were carried out in order to visu-
lise the morphology of the aggregates. AFM images of films
eposited on mica by drop-casting 10−5 M solutions of azo-bis 8
n 90% water/DMSO indicated the presence of spherical aggre-
ates existing singly as well as in the clustered state (Fig. 6).
he spherical particles were also observed in the SEM images
Fig. 7a). The spherical particles were confirmed to be vesicles
y TEM analysis which showed a clear electron contrast between
he membrane and centre of the vesicles (Fig. 7b) [47–51]. The
eights of the spheres estimated by cross-section analysis of the

o
a
s
e

Fig. 7. Vesicles of azo-bis 8 (2.7 × 10−5 M

ig. 8. Tapping mode AFM images of aggregates formed by azo-bis 10 (2.5 × 10−5 M
orphology when drop-cast after heating to 97 ◦C and cooling.
ontact mode AFM and their cross-section analysis.

FM images were in the range of 8.2–9.4 nm which was equal
o or little more than twice the length of the all trans form of
zo-bis 8 (l = 3.8 nm). This is indicative of a bilayer stacking,
hich can occur in collapsed vesicles possessing a monolayer
embrane structure.
Formation of vesicles was also observed in water/DMSO

olutions of azo-bis 5 (See the Electronic Supplementary
aterial). For azo-bis 10 the morphology of the aggregates
as found to be dependent on the method of preparation of

he solution. Films deposited from solutions of azo-bis 10 in
ater/DMSO prepared under identical conditions, viz by adding
ater to DMSO solutions of the azo-bola, indicated the presence

f fibers (Figs. 8a and 9a) instead of vesicles. Formation of fibers
nd tubular structures have been reported for a large number of
ugar based amphiphiles and bolaamphiphiles [1,2,12,52]. How-
ver films deposited from the same solutions which had been

) viewed by (a) SEM and (b) TEM.

): (a) fiber morphology when drop-cast in freshly prepared state; (b) vesicular
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Fig. 9. TEM images of aggregates formed by azo-bis 10 (2.5 × 10−5 M): (a) fiber morphology in films cast from a freshly prepared solution; (b) vesicular morphology
observed in a film deposited from solutions heated to 97 ◦C and cooled to ambient temperature.

F isome
o rizatio

h
fi

3

t
i
i
(

k
s
o
i
e
o
t
t
t
c
c
t
d
fi
g
f

c
A
a
gates to 355 nm laser pulses (∼70 mJ pulse ). This could be
attributed to multiplet of the cis-isomer by comparison with
the NMR spectra of irradiated solutions of a model com-
pound, 10,10′-[(1E)-Azobis(4,1-phenyleneoxy)]bis[1-decanol]
ig. 10. UV–vis spectra of azo-bis 10 in DMSO showing (a) trans to cis photo
n irradiation with 364 nm monochromatic light; (b) cis to trans thermal isome

eated to 97 ◦C and cooled to room temperature did not contain
bers, with only vesicles being observed (Figs. 8b and 9b).

.3. Photoinduced break up of the aggregates

In pure DMSO solutions, the azo-bolas underwent trans
o cis photoisomerization when irradiated with 364 nm light
solated from a 450 W Xe lamp (Fig. 10a). The reverse isomer-
zation (cis to trans) occurred in the dark over a period of 24 h
Fig. 10b).

In the H-aggregated state, the azobenzene chromophore is
nown to be resistant to photoisomerization [34]. Thus photoi-
omerization was not observed on irradiation with the UV light
utput of the Xe lamp. On exposure of a solution of azo-bis 8
n water/DMSO, to 355 nm laser pulses (∼50 mJ pulse−1), how-
ver, a decrease in intensity of the 339 nm band and appearance
f a broad band centred at 450 nm attributable to the n → �*
ransition of the cis-isomer was observed (Fig. 11). Changes in
he UV–vis spectrum were accompanied by a significant reduc-
ion in the scattering nature of the solution. These observations
learly point to the disruption of the aggregate due to trans to
is photoisomerization of the azobenzene moiety. Recovery of
he blue shifted aggregate band was observed when the irra-

iated solutions were kept in the dark for 24 h. However the
nal spectra were less intense and also slightly broader, sug-
esting a difference in the nature of the aggregated species
ormed.

F
b
i

rization change from all trans to photostationary state over a period of 14 min
n; (—) photostationary state, (- - -) spectra obtained after 24 h.

Disruption of the aggregates due to photolysis was also indi-
ated by changes in the 1H NMR spectrum (Figs. 5f and 12).

new broad peak centred at δ = 6.79 ppm appeared in the
romatic region on exposure of the solution containing aggre-

−1
ig. 11. Effect of irradiation on the UV–vis spectra of the aggregate of azo-
is 8 (2.7 × 10−5 M) in 90% water/DMSO: (©) before irradiation; (�) after
rradiation; (�) Irradiated solution kept in dark for 24 h.
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ig. 12. Changes in 1H NMR (a) aromatic protons; (b) oligomethylene protons o
fter keeping irradiated solution in the dark for 24 h (top; 7.5 mM, T = 27 ◦C).

See the Electronic Supplementary Material). Irradiated solu-
ions of the model compound also showed doublets at δ = 7.10
nd 7.82 ppm attributable to the residual trans-isomer (See the
lectronic Supplementary Material). Peaks attributable to the

rans-isomer were however not observed in irradiated solutions
f the aggregated azo-bis 8, indicating the strong tendency of
he residual trans-isomers to remain in the aggregated state. On
eeping the irradiated solution at room temperature for 24 h,
he peak due to the cis-isomer disappeared, implying thermal
somerization to the trans-isomer and subsequent aggregation
Fig. 12). At high temperatures (>75 ◦C) appearance of the peaks
ttributable to the trans-isomer indicated that no permanent
hemical transformation had occurred on laser irradiation. Sim-
lar effects were also observed for azo-bis 10 (See the Electronic
upplementary Material).

TEM images of the films cast from solution of azo-bis 8 in
0% water/DMSO indicated the presence of vesicles (Fig. 13a).
he same solution was initially exposed to 355 nm laser pulses to

nduce trans to cis photoisomerization of the azobenzene moiety.

he solution was kept in the dark for 24 h to allow the thermal

ecovery of the trans isomers. For these solutions, recovery of
he aggregated form was indicated in both the UV–vis and NMR
pectra. TEM images of aggregates obtained from these solu-

t
m
a
o

ig. 13. TEM images for azo-bis 8 solutions (2.7 × 10−5 M) in 90% water/DMSO sho
rradiation at 355 nm and keeping in the dark for 24 h.
bis 8 aggregate upon irradiation with 355 nm laser pulses (bottom) and recorded

ions indicated mainly the existence of a large number of flat
heets and fibers alongside a few vesicles (Fig. 13b). On heat-
ng this solution to 97 ◦C and cooling under ambient conditions,
owever the TEM images indicated the formation of vesicles,
s observed in the freshly made un-photolyzed solutions.

. Discussion

Sugar based amphiphiles and bolaamphiphiles have been
hown to be very useful for generating a wide range of self-
ssembled structures. Recently Shimizu and co-workers have
hown that the morphology of the self-assembled structures of
ome amphiphilic sugars could be controlled by controlling the
tructure of the seed materials used [53]. Thus crystalline mate-
ials precipitated from methanol gave rise to tapes, whereas
olid films of the same materials obtained by evaporating a
MF solution gave rise to nanotubes. In both cases the self-

ssembled materials were obtained by preparing hot aqueous
ispersions (100 ◦C) of the two solids. These studies indicate

hat the supramolecular structural information stored in the seed

aterials are retained at least partially at the high temperatures
llowing the materials to self assemble into different structures
n cooling. In the azo-bolas investigated in the present study, the

wing photoinduced changes in aggregation: (a) before irradiation; (b) following
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s indicated by the formation of an intense, narrow, blue-shifted
and compared to that of the azobenzene monomer, increased
ith increase in the length of the oligomethylene spacers. The

tability of the aggregates as a function of temperature was also
ependent on the length of the spacers. Whereas the absorption
pectra of azo-bis 5 indicated complete break-up of the aggre-
ate to the monomer form on heating, in the absorption and CD
pectra the presence of substantial amounts of residual aggre-
ates was indicated for azo-bis 8 and azo-bis 10 at temperatures
90 ◦C.

Microscopic studies of films deposited from aggregated solu-
ions of azo-bis 5 and azo-bis 8 aggregates indicated the presence
f vesicles. Films deposited from solutions of the azo-bis 10
ggregates however, indicated the formation of fibers. Solutions
f azo-bis 10 heated above 95 ◦C and cooled to room tempera-
ure however, resulted in the formation of vesicles. A possible
xplanation for this effect may be that in azo-bis 10 the strong
nteraction between the individual molecules, due to the longer
ligomethylene spacers, could initially lead to the formation of
he kinetically trapped aggregates [54–56], resulting in the for-

ation of fibers. In solutions that are cooled from above 95 ◦C to
oom temperature under ambient conditions, the self-assembly
rocess can be slowed down sufficiently, resulting in the forma-
ion of vesicles, which may be thermodynamically more stable.
t is interesting to note that the case of the photolyzed solu-
ions of azo-bis 8, the reverse cis to trans isomerization of the
zobenzene unit resulted in a preferential formation of flat sheets
nd fibers. Under such conditions the trans-isomer, which is
he only species capable of aggregating, becomes available at

very slow rate (controlled by the rate of the thermal cis to
rans isomerization), which may not be conducive for the for-

ation of vesicles. Formation of vesicles capable of trapping
olvent within them can be expected to be a more spontaneous
rocess. In contrast, when these solutions in which the ther-
al cis to trans isomerization had been completed, are heated

nd cooled to room temperature, formation of the vesicles was
bserved. In conclusion this work provides an understanding
f the controlled thermal and photochemical transformation
f organized assemblies in a series of azobenzene containing
olaamphiphiles. Further studies along these lines are expected
o lead to more versatile photoresponsive vesicles which are of
nterest from the point of view of developing controlled release
ystems [13,49,50,57].

cknowledgements

We thank the Defence Research and Development Organiza-
ion (DRDO), Government of India for funding. GN, NSSK,
P, OS thanks Council of Scientific and Industrial Research

CSIR), India for research fellowships. We thank Mr. Robert
hilip, RRL-T for assistance in AFM imaging, Mr. M. R. Chan-
ran, RRL-T for SEM, Dr. Annie John for TEM and Dr. Willi
aul for DLS both from Sree Chithra Thirunal Institute for Medi-

[

otobiology A: Chemistry 189 (2007) 405–413

al Science and Technology-BMT Wing, Trivandrum and Mr. G.
ohan Raj, NMR Research Centre, Indian Institute of Science,
angalore for the temperature dependent NMR.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.jphotochem.2007.03.003.

eferences

[1] T. Shimizu, M. Masuda, H. Minamikawa, Chem. Rev. (Washington, DC,
USA) 105 (2005) 1401–1443.

[2] J.-H. Fuhrhop, T. Wang, Chem. Rev. (Washington, DC, USA) 104 (2004)
2901–2937.

[3] I.O. Shklyarevskiy, P. Jonkheijm, P.C.M. Christianen, A.P.H.J. Schen-
ning, E.W. Meijer, O. Henze, A.F.M. Kilbinger, W.J. Feast, A. Del
Guerzo, J.-P. Desvergne, J.C. Maan, J. Am. Chem. Soc. 127 (2005) 1112–
1113.

[4] H. Ringsdorf, B. Schlarb, J. Venzmer, Angew. Chem. Int. Ed. 27 (1988)
113–158.
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