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Abstract: A new strategy to effect pho-
toinduced control over molecular self-
assembly is reported. This strategy uses
the reversible trans ± cis photoisomeri-
zation of a novel azobenzene system,
where the trans- and cis-forms self-
assemble into dramatically different
higher-order structures. The trans-azo-

benzene form of this molecule associates
into infinite hydrogen-bonded linear

tapes, while the cis-azobenzene form
undergoes hydrogen-bonded self-assem-
bly into cyclic tetramers. This results in a
second level of association, where the
cis-hydrogen-bonded supramolecular
cycles ultimately form long, rod-like
aggregates through stacking interac-
tions.
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Introduction

Molecular self-assembly has recently emerged as one of the
most efficient methods to create new materials with con-
trolled physical and chemical properties.[1] In particular,
hydrogen-bonded self-assembly has generated an impressive
range of structures, such as helices,[1] linear tapes,[1, 2] cyclic
arrays[1, 2d, 3] and three-dimensional objects.[1, 4] An especially
attractive goal is to use external stimuli, such as electrical,
chemical or optical signals to control the self-assembly
process.[1±11] In particular, photoswitchable units have been
incorporated in a variety of supramolecular systems,[5±11] such
as peptides,[5] DNA,[6] dendrimers,[7] molecular hosts[8] as well
as macromolecular and liquid crystalline structures.[9, 10] These
systems have almost exclusively relied on the photoswitching
of a molecule between two distinct states,[5±8] or on using the
reversible photoisomerization of a chromophore to pattern a
surrounding polymer or liquid crystal matrix.[9, 10]

We here report a new strategy to effect photochemical
control over molecular self-assembly, by using photorespon-
sive azobenzene units 1 and 2 as supramolecular building
blocks (Scheme 1). This results in the light-driven switching of

a material between two dramatically different nanoscale
morphologies.[11] The trans-azobenzene form of these mole-
cules 1 associates into infinite hydrogen-bonded linear tapes,
while the cis-azobenzene form 2 undergoes hydrogen-bonded
self-assembly into cyclic tetramers, which then further asso-
ciate to form long, rod-like aggregates.

In the design of molecule 1, the photoswitchable azoben-
zene unit is incorporated in the main chain, and two hydrogen
bonding carboxylic acids are para to the N�N linkage.
Dicarboxylic acids, such as isophthalic and terephthalic acid
derivatives have been shown to associate into discrete
hexameric rosettes and linear tapes, respectively.[3a,b] The
azobenzene units in molecule 1 can undergo a reversible
trans ± cis photoisomerization.[12] In the trans-isomer 1, the two
carboxylic groups are expected to be aligned, and they can
thus undergo hydrogen-bonding self-assembly into linear
aggregates. On the other hand, in the photogenerated cis-
form 2, the carboxylic acids are expected to be oriented in a
near perpendicular fashion, thus they can self-assemble into
cyclic structures (Scheme 1). Building block 1 also incorpo-
rates two long alkoxy chains ortho to the azo group, in order to
sterically favor the formation of discrete, cyclic structures
once converted to the cis-form 2.[3]

Results and Discussion

Theoretical calculations : To validate the above assumptions,
we first investigated the geometry of cis-p-azodibenzoic acid
as a model compound by semiempirical PM3,[13a,b] density
functional theory (B3LYP[13c]/6-31G*), as well as ab initio
(HF/6-31G*) molecular orbital calculations.[13] These consis-
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tently showed similar C�N�N bond angles for this building
block, and an orientation of 82� between the carboxylic acid
groups. We then proceeded to perform PM3 calculations,
using the unsubstituted p-azodibenzoic acid, as well as o-
bis(methoxy)azodibenzoic acid as model compounds, in order
to estimate the most stable supramolecular structures from
trans-1 and cis-2. PM3 enthalpies and Gibbs free energies of
reaction at 298 K were calculated for the formation of open
and closed oligomers from monomeric trans- and cis-azodi-
benzoic acids (Table 1).[14]

These calculations indicated that the trans-azodibenzoic
acid self-assembles most favorably into linear tapes (Fig-
ure 1), while cis-azodibenzoic acid is most likely to form cyclic
structures (Figure 2).[15] Comparison of the closed aggregates
indicated that the cyclic tetramer shown in Figure 2 is
thermodynamically more stable than both the pentameric
and hexameric rosettes[16] (see Table 1). These calculations
also suggested that the formation of closed structures from
azodibenzoic acid trimers might be difficult. Consequently, as
expected from our design, PM3 calculations predict that trans-
azodibenzoic acid forms oligomeric linear tapes, whereas cis-
azodibenzoic acid 2 associates into cyclic structures; this
suggests that the self-assembly of 1 can be reversibly photo-
induced between dramatically different structures. Notably
this study is one of a few examples of the use of semiempirical
calculations to fully optimize a supramolecular assembly.[17]

Synthesis and self-assembly of
trans-azodibenzoic acid 1:
Scheme 2 outlines the synthesis
of 1 from 3-hydroxy-4-nitro-
benzoic acid (3). Carboxylic
acid 3 was first protected in
acidic media to give ester 4,
which was then treated with a
stoichiometric amount of 1-bro-
modecane under mild basic
conditions. The resulting ether
5 was deprotected under reflux
in 1:1 KOH/MeOH, then re-
duced using zinc dust under
basic conditions. The desired
azodibenzoic acid 1 was isolat-
ed by chromatography of the
corresponding methyl ester, fol-
lowed by hydrolysis under basic
conditions.[14]

We first studied the hydro-
gen-bond self-assembly behav-
ior of trans-azodibenzoic acid 1.
Vapor pressure osmometry
(VPO) measurements were car-
ried out in CH2Cl2, using benzil
(MW� 210) as the molecular
weight standard.[18] The calcu-
lated y intercept of the plot of
VPO molecular weight versus
concentration was found to
match the origin, and the calcu-
lated association constants of

dimer, trimer, tetramer, and so on were nearly equal.[14] This
indicates that 1 does not form discrete aggregates, but rather
oligomeric linear chains. Single crystals of trans-1 were grown
by evaporation of a DMF solution, and the X-ray structure is
shown in Figure 3.[19] Diacid 1 does indeed form an extended
hydrogen-bonded network of linear tapes, confirming the
PM3 calculations and the VPO results. In addition, these
tapes pack together through their long alkyl substituents to
form infinite parallel sheets (Figure 3b and c). This high
crystallinity of the trans-1 monomer is also observed in its
powder diffraction (XRD) pattern (see Figure 5a).

Reversible photoisomerization of trans-azodibenzoic acid 1 to
the cis-form 2 : The propensity of trans-1 to undergo reversible
photoisomerization was then examined by UV/Vis and
1H NMR spectroscopy. Irradiation of samples of trans-1 at
�� 300 nm results in a decrease in the two UV/Vis absorption
maxima at 321 and 387 nm, with an isobestic point around
286 nm, and the appearance of a new peak at 250 nm
corresponding to cis-2 (Figure 4). In [D6]DMSO, this photo-
isomerization results in distinct 1H NMR signals for trans-1
and cis-2, and a 1:1.3 trans ± cis photostationary state can be
reached after 2 h of irradiation. Kinetic studies were carried
out on the thermal conversion of cis-azodibenzoic acid 2 to
trans-1, using both UV/Vis and 1H NMR in DMSO,[14] and an
activation enthalpy �H�� 84.9� 2.5 kJmol�1 and entropy
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Scheme 1. Hydrogen bond self-assembly of trans-1 and cis-2 azodibenzoic acid.
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Figure 2. PM3 optimized geometry of the square formed from cis-
azodibenzoic acid.

�S���72.8� 8.0 Jmol�1K�1 were obtained. These results
were similar to previously obtained parameters for ortho-
alkyl azobenzenes.[20] The conversion of cis-2 to trans-1 was
complete in 1 h at 70 �C. These studies thus demonstrate the

ready formation of cis-2 via
photochemical isomerization
of 1, and its facile thermal
conversion to trans-1.

In DMSO, trans-1 and cis-2
are expected to exist in their
monomeric form, therefore the
kinetics involve the isomeriza-
tion of monomeric cis-2 to
monomeric trans-1. However,
in a non-competitive solvent
such as chloroform, trans-1
and cis-2 should associate into
hydrogen-bonded structures.
Thus, the kinetics in chloroform
should reflect the interconver-
sion between self-assembled su-
pramolecular structures of cis-2
and trans-1, and are expected to
differ for this reaction from the
results obtained in CH3OH or
DMSO. The photoisomeriza-
tion behavior (�� 300 nm) of
cis-2 to trans-1 in CDCl3 was
compared with that in
[D6]DMSO and CD3OD, using
1H NMR spectroscopy at a
range of temperatures (20 to
�30 �C). While the photosta-
tionary state was rapidly
reached upon photolysis of cis-
2 in all solvents even at low
temperatures (ca. 5 min), the
cis ± trans photoisomerization
rate was nearly double in
[D6]DMSO and [D4]methanol
than in CDCl3. This is consis-
tent with the need for dissocia-
tion of the hydrogen-bonded
supramolecular structure
formed by cis-2 in CDCl3, prior
to its reisomerization to trans-1.

Scheme 2. Synthesis of 2,2�-bis(decyloxy)-4,4�-azodibenzoic acid 1.
a) Conc. H2SO4, MeOH, reflux, 48 h; b) 1-C10H21Br, anhydrous K2CO3,
DMF, N2 atmosphere, 80 �C, 24 h; c) KOH pellets, 1:1 MeOH/H2O, reflux,
4 h; d) Zn dust (1.6 equiv), 30% aq. NaOH, 24 h; Zn dust (1.4 equiv),
water, 3 d.

Chem. Eur. J. 2003, 9, 4771 ± 4780 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4773

Table 1. PM3 standard enthalpies and Gibbs free energy of the self-assembly as a function of the hydrogen-
bonded aggregate formed with the trans- and the cis-azodibenzoic acids at 298 K. These energies were obtained
by substracting the cumulated energies of the n monomers involved in the self-asssembly of the compound from
the energy of the formed complex.

Hydrogen-bonded �Hr
0 �Gr

0

aggregates [kcalmol�1] [kcalmol�1]

trans-1
linear tape n� 6 � 24.46 � 11.24

cis-2
linear tape n� 6 � 39.55 31.25

cis-2
trimer n� 3 � 15.27 12.71

cis-2
cyclic tetramer n� 4 � 30.87 8.62

cis-2
cyclic pentamer n� 5 � 37.42 15.34

cis-2
cyclic hexamer n� 6 � 43.72 19.49

Figure 1. PM3 optimized geometry of a linear hexameric tape formed from trans-azodibenzoic acid.
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Figure 3. a) X-ray single crystal data showing the hydrogen-bonded tapes formed by trans-1. b) Sheets formed upon aggregation of these tapes (top view).
c) Sheets formed from these tapes (side view). The arrows indicate the planes defined by the sheets.
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Figure 4. UV/Vis absorption spectrum recorded during the UV irradiation
(�� 300 nm) of a 3.44� 10�5� solution of trans-1 in methanol.

Kinetic studies were carried out on the thermal conversion
of cis-azodibenzoic acid 2 to trans-1 in CHCl3, using UV/Vis
and 1H NMR spectroscopy.[14] The enthalpy of activation
obtained was higher in CHCl3 (�H�� 97.4� 4.2 kJmol�1)
than DMSO (�H�� 84.9� 2.5 kJmol�1), and the entropy of
activation (�S���15.9� 13.7 Jmol�1K�1) was more positive
in CHCl3 than DMSO (�S���72.8� 8.0 Jmol�1K�1). This
data is consistent with an additional contribution to the
enthalpy of activation of the cis ± trans isomerization, which
involves dissociation of the cis-2 hydrogen-bonded supra-
molecular structure. Furthermore, the larger entropy of
activation is consistent with the presence of a higher degree
of order in the supramolecular structure of cis-2 in CHCl3 than
in the monomeric structure of 2 in DMSO. Consequently, the
kinetic behavior observed in chloroform for the cis ± trans
isomerization is consistent with the formation of higher-order
supramolecular structures from cis-2, and their thermal and
photochemical switching to the trans-1 linear tapes (see
above).
cis-Azodibenzoic acid 2 can be isolated from photoirradi-

ated samples of trans-1 using reverse-phase HPLC,[14] and its
stability (up to 2 d in the dark at 20 �C and two weeks at 4 �C)
allowed its full characterization. As will be shown, the self-
assembly behavior of cis-2 is radically different from trans-1.
cis-2 is significantly more soluble in non-polar solvents (e.g.,
CH2Cl2) than trans-1. 1H NMR spectra of 2 (CD2Cl2) taken at
a range of concentrations, show symmetrical azobenzene
peaks. These results are consistent with the formation of a
discrete cyclic structure, rather than oligomeric aggregates
from this molecule. Examination of the aromatic region upon
dilution (from a saturated 3.0 m� solution to 0.2 m�), showed
a small shift of �0.01 ppm for these peaks. This shift was
accompanied by a peak sharpening, which suggests the
existence of � ±� stacking interactions in solution.[21]

Vapor pressure osmometry (VPO) studies were carried out
on solutions of 2 in CH2Cl2. In order to determine the
molecular weight of the hydrogen-bonded structure formed
by 2, two molecular weight standards were used for this
experiment, and the experiment was repeated using two
different osmometers.[14] In all cases, the plots of VPO

molecular weight versus concentration showed clear y inter-
cepts corresponding toMn� 2210 using benzil (�� 1.2%) and
Mn� 2317 using polystyrene (�� 0.1%), consistent with the
formation of a tetramer (Mn� 2328) in solution.[14] In
addition, ESI-MS of cis-2 enabled the detection of a
tetrameric structure at m/z 2330.[14]

X-ray powder diffraction spectra were obtained for cis-2,
and showed a dramatically different supramolecular structure
for this isomer than for trans-1 (Figure 5b). In contrast to the
sharp peaks obtained for 1, the spectrum of 2 features one
main broad peak at 14.0�, followed by three less intense peaks
at 24.0, 25.7, and 27.0�.[22a]

Figure 5. a) X-ray diffraction (XRD) pattern for trans-1. b) XRD pattern
for cis-2. The asterisks mark the presence of trans-1 impurities.

Applying Scherrer×s equation to the width at half-height of
the main diffraction peak[22b,c] gave a crystal dimension of
3.6� 0.2 nm for this solid. This distance is in good agreement
with the expected diameter for a cis-2 cyclic tetramer
(4.2 nm).[23] Thus 1H NMR spectroscopy, vapor pressure
osmometry, ESI-MS, X-ray powder diffraction studies, as
well as theoretical PM3 calculations are all consistent with the
self-assembly of cis-2 into discrete cyclic tetramers, in contrast
with the oligomeric linear tapes obtained from trans-1.[24]

Transmission electron microscopy and dynamic light scatter-
ing studies : Transmission electron microscopy (TEM) studies
of trans-1 and cis-2 allowed direct visualization of the large
differences in their self-assembly behavior. Interestingly,
these studies also revealed a second level of self-organization
of these molecules. Figures 6 and 7 show transmission electron
micrographs of replicas prepared from dispersions of trans-1
and cis-2 in 1,2-dichloroethane or by direct deposition onto a
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carbon-coated grid.[25] Large,
sheet-like aggregates are ob-
served for trans-1 (Figure 6),
consistent with the ordered ar-
rangement of stacked linear
tapes from this molecule (Fig-
ure 3).

On the other hand, the TEM
of samples of cis-2 showed the
formation of dramatically dif-
ferent supramolecular struc-
tures. In contrast with trans-1,
periodic arrays of elongated
aggregates, with length as great
as 170 nm, arise from the cis-2

isomer (Figure 7). In some cases, these structures aggregate
into large bundles of 23 nm in diameter and 430 nm in length
(Figure 7d). The outer hydrodynamic diameter was measured
as �3.9 nm, in agreement with the estimated diameter of the
self-assembled supramolecular cycles of cis-2 (4.2 nm), and as
already shown by our XRD, VPO and PM3 studies (see
above). This diameter was observed on more than 10 differ-
ent, freshly purified samples of cis-2, and for various
deposition conditions (direct deposition and replica methods,
see Experimental Section).[25] This result suggests further
organization of the supramolecular cycles from cis-2 through
� ±� stacking and/or alkyl ±
alkyl interactions. Among the
possible higher-order arrange-
ments consistent with these ob-
servations, we have considered
the two structures shown in
Figures 7e and f. Rod-like struc-
tures would arise as a result of
stacking interactions along the
normal to the macrocycle plane
(Figure 7e). Preliminary molec-
ular mechanics MM� and
PM3 calculations showed that
favorable � ±� stacking of
these cis-azodibenzoic acid su-
pramolecular cycles can result
into unidimensional, rod-like
structures, when the aromatic
rings are slightly rotated (ca.
30�) relative to the normal of
the macrocycle plane, and the
interplanar distances are short-
er than �4.5 ä.[14, 26] On the
other hand, side-by-side, lateral
arrangement of these macrocy-
cles with their rings parallel to
the normal of the macrocycle
plane can also lead to structures
with high aspect ratio (Fig-
ure 7f). We are currently using
both spectroscopic techniques
(e.g., solid-state NMR) and
theoretical studies to determine

whether the cis-2 macrocycles pack into either of these modes,
or into other intermediate higher-order arrangements.

Dynamic light scattering (DLS) studies were carried out for
cis-2 in 1,2-dichloroethane at scattering angles of 45, 90, and
135�, and confirmed the presence of these elongated aggre-
gates in solution.[27] The hydrodynamic diameters obtained for
these angles were significantly different from one angle to the
other, for example, 745 nm at 45� and 566 nm at 135�, clearly
demonstrating the presence of elongated, rather than spher-
ical cis-2 aggregates in solution. In addition, changes in
concentration led to diameters varying from 282 ± 746 nm at
1.0 gL�1 and 565 ± 746 nm at 2.5 gL�1, consistent with the
formation of longer structures at higher concentration.[14]

Another set of DLS experiments was carried out for solutions
of cis-2, which were cooled to 4 �C for 2 d. These measure-
ments indicate that much longer, non-spherical aggregates
with hydrodynamic diameters ranging from 3090.0 to
4572.5 nm were formed. Thus, the photochemically formed
cis-2 undergoes self-assembly into elongated aggregates both
in solution (DLS) and in the solid state (TEM).

Conclusion

We have shown that the self-assembly of azodibenzoic acids 1
and 2 can be reversibly photoswitched between two dramat-
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Figure 6. TEM of a replica for
trans-1.

Figure 7. a) TEM of directly deposited films of cis-2. b), c) and d) TEM of replicas of cis-2. e) and
f) Representations of possible packing modes (alkyl chains are omitted for clarity).
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ically different supramolecular structures. On a first level,
photoirradiation triggers the trans � cis azobenzene isomer-
ization, which changes the self-assembly of these molecules
from linear tapes in the trans-form, to discrete cyclic
structures in the cis-form. On a second level, these cis-
azobenzene cyclic structures self-organize into elongated
aggregates through stacking interactions. Overall, a primary
photochemical event of the trans ± cis isomerization has been
considerably amplified using supramolecular self-assembly.
We are currently investigating the use of this novel strategy
for the creation of reversibly photopatterned surfaces. In
addition, efforts towards further stabilization of the cis-
azobenzene form by increasing the number of hydrogen
bonding interactions are currently underway.

Experimental Section

Materials : 3-Hydroxy-4-nitrobenzoic acid was purchased from the Aldrich
Chemical Co. Methyl 3-hydroxy-4-nitrobenzoate (3) was synthesized
according to the reported procedure.[28] The structures of the intermediates
and the final products were confirmed by FTIR and NMR spectroscopy,
high-resolution and low-resolution MS, and elemental analysis.

Equipment : 1H and 13C NMR spectra were acquired on a Varian Mercury
400 and 500 MHz spectrometers. Infrared spectra were acquired on a
Bruker IFS-48 FTIR spectrometer (solution, resolution: 2 cm�1). UV/Vis
spectra were measured on a Varian CARY 1 UV/Vis spectrophotometer
equipped with a Peltier temperature controller. Preparative HPLC was
carried out using a Hewlett-Packard model equipped with a semiprepar-
ative Zorbax 300 SB-C18 9.4 mm� 25 cm reverse phase column. Trans-
mission electron microscopy (TEM) was conducted on a JEOL-2000 FX
instrument by using the replica and the direct deposition methods. Vapor
pressure osmometry (VPO) measurements were carried out in dichloro-
methane using a Model 233 Molecular Weight Apparatus by Wescan
Instruments, Inc. A second set of measurements was carried out in
dichloromethane using Vapro 5520-model vapor pressure osmometer
equipped with AC-066 Head for 0 ± 3200 mmolkg�1 range manufactured
by Wescor. Electrospray ionization (ESI) was perfomed using a Finnigan
SSQ7000 (ThermoFinnigan) or a Quattro II triple quadrupole (Micromass,
Manchester, UK) mass spectrometer equipped with a syringe pump
(Harvard Apparatus). X-Ray diffraction data were collected using a
Siemens D-5000 diffractometer, consisting of a step scanner equipped with
a 1.2 kW cobalt tube (�� 1.78897 ä) coupled to a silicon detector.

Methyl 3-decyloxy-4-nitrobenzoate (4): 3-Hydroxy-4-nitrobenzoic acid
methyl ester (3 ; 2.00 g, 10.15 mmol), 1-bromodecane (2.1 mL, 10.15 mmol),
anhydrous K2CO3 (4.20 g, 30.45 mmol), and dry DMF (26 mL) were purged
with nitrogen. The reaction mixture was heated to 80 �C under nitrogen for
24 h. After cooling to room temperature, the heterogenous mixture was
poured into ice-cooled water, and the resulting precipitate 4 was filtered,
washed with water and dried (3.27 g, 96%). 1H NMR ([D6]acetone): ��
7.91 (d, 1H), 7.83 (s, 1H), 7.72 (d, 1H), 4.28 (t, 2H), 3.93 (s, 3H), 1.83 (m,
2H), 1.51 ± 1.31 (m, 14H), 0.88 (t, 3H); 13C NMR (CDCl3): �� 165.27,
151.94, 142.47, 134.63, 125.14, 121.02, 115.37, 69.90, 52.78, 31.84, 29.48, 29.47,
29.26, 29.19, 28.76, 25.74, 22.64, 14.08; EI-MS: m/z : calcd for C18H27NO5:
337.4; found: 337.0.

3-Decyloxy-4-nitrobenzoic acid (5): Methyl 3-decyloxy-4-nitrobenzoate (4 ;
1.44 g, 4.27 mmol) and KOH pellets (287.5 g, 5.12 mmol) were heated to
reflux in a 1:1 MeOH/H2O mixture (4 mL) for 4 h. The disappearance of
the ester was checked by thin-layer chromatography (silica gel, dichloro-
methane). The reaction mixture was cooled using an ice-water bath, and
concentrated HCl (�1.5 mL) was added dropwise. The resulting precip-
itate was filtered, washed with water and air-dried (1.27 g, 93%). 1H NMR
([D6]DMSO): �� 7.92 (d, 1H), 7.73 (d, 1H), 7.61 (dd, 1H), 4.20 (t, 2H), 1.70
(m, 2H), 1.38 ± 1.23 (m, 14H), 0.84 (t, 3H); 13C NMR (CDCl3): �� 169.21,
151.94, 143.09, 133.70, 125.21, 121.72, 115.82, 69.98, 31.86, 29.75, 29.55, 29.47,
29.03, 26.02, 22.92, 22.59, 14.34; FTIR (CHCl3): �� � 2976 (C-H), 1717.4
(C�O), 1529.3 (N�O); EI-MS: m/z : calcd for C17H25NO5: 323.4; found:

323.5; elemental analysis calcd (%) for C17H25NO5 ¥ 2KCl: C 43.21, H 5.33,
N 2.96; found: C 43.63, H 5.17, N 2.90.

trans-2,2�-Bis(decyloxy)-4,4�-azodibenzoic acid (1): 3-Decyloxy-4-nitroben-
zoic acid (5 ; 1.073 g, 3.32 mmol) was heated to 80 �C in the presence of Zn
dust (347.5 mg, 5.31 mmol), in 30% aqueous NaOH (15.55 mL). After 23 h,
the reaction mixture was diluted with water (62 mL), and Zn dust was
added (303.9 mg, 4.65 mmol). The reaction mixture was heated to 80 ± 85 �C
for 3 d, and then cooled and filtered. The orange solution was acidified with
glacial acetic acid. The obtained precipitate was filtered and washed with
water (3� 50 mL) and a minimum of ethanol (�20 mL). The solid was
dissolved in dilute aqueous ammonia, the solution was acidified with dilute
hydrochloric acid and heated to gentle reflux for 5 min. The resulting solid
was filtered, washed repeatedly with water and ethanol, and dried. The
crude (476 mg) contains a mixture of azoxy-, azo- and hydrazobenzene
derivatives. These were methylated with diazomethane. The methyl esters
were separated by silica gel chromatography with dichloromethane. The
isolated methyl azodibenzoate (284.7 mg, 0.47 mmol) was then hydrolyzed
by refluxing for 4 h in a solution of KOH (pellets, 109.6 mg, 1.96 mmol) in
1:1 EtOH/H2O (12 mL). Acidification with hydrochloric acid at 0 �C,
filtration and drying gave 1 as yellow crystals (267.7 mg, 28%). 1H NMR
([D6]DMSO): �� 7.71 (d, 2H), 7.58 (dd, 2H), 7.47 (dd, 2H), 4.22 (t, 4H),
1.78 (m, 4H), 1.45 ± 1.19 (m, 28H), 0.80 (t, 6H); 13C NMR ([D4]methanol):
�� 174.33, 157.45, 145.39, 142.94, 122.74, 117.42, 116.50, 70.66, 33.07, 30.80,
30.66, 30.46, 30.34, 27.25, 23.74, 14.47. FTIR (CH2Cl2): �� � 3677, 3595 (O-H),
2976, 2915 (C-H), 1604 (C�O); FAB-MS (positive mode): m/z : calcd for
583.7; found: 583.0; MALDI-TOF MS: m/z : calcd for C34H50N2O6 ¥Li� :
589.7; found: 589.0: elemental analysis calcd (%) for C34H50N2O6: C 70.07,
H 8.65, N 4.81; found: C 69.67, H 8.94, N 4.45.

cis-2,2�-Bis(decyloxy)-4,4�-azodibenzoic acid (2): An NMR tube filled with
a solution of azodibenzoic acid 1 (7 mg, 0.012 mmol) in [D6]DMSO
(0.7 mL) was fitted inside a photochemical reactor equipped with a 450 W
Hanovia lamp, for which a Pyrex sleeve was used to cut-off the wavelengths
below 300 nm. The disappearance of the trans-isomer, and appearance of
cis-isomer were monitored by 1H NMR. A 1:1.3 trans/cis photostationary
state (1H NMR) was reached after 1 h. The reverse cis ± trans thermal
isomerisation in solution is quantitative after 2 ± 3 d in the dark at room
temperature, and upon heating at 70 �C for 1 h in [D6]DMSO. The cis-
isomer was isolated by reverse phase HPLC. A 30 min gradient of 90:10 to
100:0 MeOH/H2O (�0.06%TFA) was used as the mobile phase. The UV
detector was set at 286 nm, which corresponds to the isobestic point
observed when the trans-isomer is irradiated in methanol. The collected
fractions were immediately stored in the dark at low temperature (�4 �C)
before solvent evaporation in order to avoid thermal reisomerisation.
1H NMR ([D6]DMSO): �� 7.42 (d, 2H), 7.35 (dd, 2H), 6.62 (d, 2H), 3.96 (t,
4H), 1.65 (m, 4H), 1.45 ± 1.17 (m, 28H), 0.83 (t, 6H); FAB-MS (positive
mode): m/z : calcd for 583.7; found: 583.0.

Thermal cis ± trans reisomerisation kinetics by 1H NMR : An NMR tube of
irradiated azodibenzoic acid (5 mg, 0.008 mmol) in [D6]DMSO (0.7 mL)
was maintained at temperatures between 25 and 60 �C. The kinetics of the
reaction were followed by monitoring the 1H NMR signal of the methylenic
protons � to the ether oxygen (triplets between 3.5 ± 4.5 ppm, where trans-1
appears at 4.25 ppm and cis-2 at 3.99 ppm).

Thermal cis ± trans reisomerisation kinetics by UV/Vis : A solution of
irradiated azodibenzoic acid (1 mg, 0.002 mmol) in DMSO (100 mL) was
maintained at temperatures between 25 and 60 �C. The kinetics of the
reaction were followed by monitoring the increase in absorbance at
315 nm. A solution of cis-2 azodibenzoic acid (1 mg, 0.002 mmol) in CHCl3
(100 mL) was maintained at temperatures between 20 and 45 �C. The
kinetics of the reaction were followed by monitoring the increase in
absorbance at 309 nm.

Vapor pressure osmometry (VPO) measurements : A total of eight
different stock solutions of cis-azodibenzoic acid at concentrations ranging
from 2 to 12 gL�1 were prepared in dichloromethane. 30 �L of solution
were injected into the osmometer chamber. After temperature equilibra-
tion (5 min), the voltage was recorded in mV. Three independent measure-
ments were made at each concentration, and the experiments were
duplicated. A calibration curve was generated using benzil (M� 210.23)
and polystyrene (M� 2100) as molecular weight standards under the same
conditions. Average molecular weight of studied aggregates were calcu-
lated using Equation (1):
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MWunknown� lim
C�0

VPOunknown

Cunknown

�MWstandard� lim
C�0

VPOstandard

Cstandard

(1)

Using a different instrument (see above), a total of six different stock
solutions of cis- and trans-azodibenzoic acid were prepared in dichloro-
methane (higher solubility was observed for the cis-isomer than for the
trans-isomer). 10 �L of solution were placed into the osmometer sample
holder. After temperature equilibration (75 s), osmolality was recorded in
mmolkg�1. Five independent measurements were made at each concen-
tration, and the experiments were duplicated. A calibration curve was
generated using benzil (M� 210.23) as the standard under the same
conditions and the molecular weights were obtained.

Electrospray ionization mass spectrometry (ESI) measurements : A
solution of cis-2 in dichloromethane (or chloroform), to which were added
a few �L methanol, was infused at a flow rate of 5 �Lmin�1 for molecular
weight determination. The spectrometer was programmed to scan for the
negative product ions to give monomer, dimer, trimer and tetramer
between m/z 100 and m/z 2500 with a spray voltage of 3.5 kVand capillary
heater at 200 �C, trimer with a spray voltage of 4.0 kV and capillary heater
at 150 �C and tetramer with a spray voltage of 3.5 kVand capillary heater at
150 �C.

A solution of cis-2 in chloroform onto which were added a few �L of 5 ±
30 m� Et3N was directly infused into the mass spectrometer, which was
configured for negative product ion analysis and used with the spray
voltage set to 3.5 kV, source temperature 50 �C, sample infusion rate
5 �Lmin�1. The spectrometer was programmed to scan for the product ions
from m/z 400 to 2800 in multichannel acquisition mode (MCA) showing
m/z for monomer, dimer, trimer and tetramer/Et3N complex.

Sample preparation for TEM measurements by the replica method : A
solution of cis-2 or trans-azodibenzoic acid 1 was prepared by dissolving the
sample in 1,2-dichloroethane into a vial wrapped in aluminum foil at room
temperature, and deposited on a freshly cleaved mica sheet. 7 ± 9 �L of
solution were transferred via pipet onto the mica leaf. After allowing the
solvent to evaporate for 1 ± 2 min, the mica sample was placed inside a high-
vacuum Edwards Carbon coater equipped with Pt-C and C-guns. The
replicas were prepared by successive evaporation of Pt-C at a 15� angle
then carbon at a 90� angle on the air-dried sample. Each gun was
consecutively turned on for about 10 ± 15 s, starting with the Pt-C gun. The
replica was detached from the mica surface by floating the thin Pt/C film on
distilled water, transferred onto a 400 mesh TEM copper grid and dried
overnight on filter paper, before observation under the microscope. On the
micrographs, the Pt-C is seen as dark gray and the carbon as light gray. The
size of the Pt-covered substrate agree with the size of the shadow. For the
replicas, the error estimate on the measurements is �1 nm.

Sample preparation for TEM measurements by the direct method : A
solution of cis- (2) or trans-azodibenzoic acid 1 was prepared by dissolving
the sample in 1,2-dichloroethane into a vial wrapped in aluminum foil at
room temperature. A carbon-coated 400 mesh copper grid, prewashed with
chloroform for 12 h was dipped into the solution for approximately 5 min
then dried on a filter paper.

X-ray powder diffraction (XRD) measurements : X-ray diffraction patterns
were acquired for 2� values ranging from 3 to 50� for trans-1 and cis-2
azodibenzoic acid powders. Diffraction patterns for the cis-isomers were
acquired on freshly chromatographed and vacuum-dried samples over 2 ±
3 d. Despite these precautions, some thermal reisomerization to the trans
isomer was observed by X-ray diffraction.

Dynamic light scattering (DLS) measurements : Dynamic light scattering
measurements were carried out using a 532 nm laser equipped photo-
multiplier detector. The autocorrelation functions were acquired for �

values of 45, 90 and 135� for prefiltered solutions of trans-1 and cis-2
azodibenzoic acid in 1,2-dichloroethane. The wavelength of the laser source
corresponds to an absorption minimum for the cis-azodibenzoic acid 2 in
this solvent. Data acquisition was carried out at 20 �C and within a few
hours to prevent any thermal reisomerization of the cis-isomer. Inverse
Laplace transforms of the data were performed using Provencher×s
FORTRAN program CONTIN,[30] diffusion coefficients were determined
from the slope of the relaxation frequencies (�) vs q 2. Assuming a spherical
behaviour for the particles and using the translational coefficient DTr and
the Stokes ±Einstein equation, the hydrodynamic diameters are calculated
for each scattering angle.

Theoretical calculations : Optimizations of the azodibenzoic acid supra-
molecular assemblies were performed using the PM3 semiempirical
molecular orbital theory,[17b,c] which is less computationally expensive than
ab initio or density functional methods. In addition, density-functional
theory (DFT) B3LYP/6-31G* and ab initio HF/6-31G* calculations were
performed on the cis-p-azodibenzoic acid monomer to confirm the
geometry obtained using PM3.

The geometry of the trans- and cis-monomers were optimized using PM3
until an RMS gradient of 0.01 was reached. After this optimization, another
monomer was added and the hydrogen-bonded structure energy was
minimized. This monomer addition-optimization sequence was repeated
up to the hexameric compound. The hydrogen-bonded geometry and the
total heat of formation were extracted for each optimized species. Standard
Gibbs free energies were obtained for each optimized structure by
vibrational analysis.

Geometry optimizations used the PM3 method contained in the Gaus-
sian98W[30] program package. PM3 frequencies were obtained from
Gaussian98W. Frequencies were scaled using the default settings (Scaling
factor� 0.8929).

Calculations for the packing of the cis-2 azodibenzoic acid tetramers were
performed using the molecular mechanics MM� applied to the Ring
Packing Scan (RPS) method. This method consists in a rigid scan of the
total energies of the stacked macrocycles while changing the distances
between 3.5 ± 6.0 ä along the z axis and between 0.0 ± 2.0 ä along the
x axis. The obtained minimum geometry was then optimized using PM3.
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