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a b s t r a c t

The photochemistry of three azobenzenes representing contrasting photochemical behaviors is described
in the present work. Thus, Methyl Orange (MO, 4-[[(4-dimethylamino)phenyl]-azo]benzenesulfonic
acid sodium salt, hereinafter (1) and 4-hydroxyazobenzene-4′-sulfonic acid (2) undergo in water fast
photochemical proton shift, with decays in the microsecond timescale. In contrast to the previous
cases, azobenzene-4,4′-dicarboxylic acid (3) undergoes photoisomerization in water. This photochemical
behavior allows the preparation of aqueous gels with Aerosil as gelating agent (5% weight) exhibiting
high cyclability and photoreversible isomerization of the trans to cis (300 nm irradiation) and cis to trans
eywords:
hotoisomerization
zobenzene
aser flash photolysis
hotoresponsive gel
agnetite nanoparticles

(visible white light irradiation). Gels containing azobenzene 3 as photoresponsive molecule and well-
dispersed magnetite (Fe3O4) nanoparticles exhibit simultaneously high photoresponse and magnetic
properties. Photoisomerization of compound 3 in these gels leads to small but reliable changes (25 G
coercive field) in the magnetic hysteresis loop of magnetite nanoparticles. This novel concept of optical
modulation of magnetism in iron oxide nanoparticles paves the way for the study of new systems, with

een tr
ultifunctional materials a stronger coupling betw

. Introduction

Photochemical isomerization of trans azobenzenes to the cis
somers and the corresponding dark (thermal), or photochemical
elaxation to the most stable trans isomer of the azocompound
as attracted a considerable attention from the fundamental [1–4]
nd applied points of view [5–14]. In general this photoisomer-
zation can be conveniently followed by monitoring the optical
pectrum since trans isomers absorb at around 350 nm, while the
is isomers typically exhibit a less intense absorption band at longer
around 450 nm) wavelengths [1,3]. The significant variation of the
bsorption band from trans to cis is useful, not only to follow the

hotoisomerization, but also to induce specifically the transforma-
ion of the trans into the cis (with UV light) and the conversion of
he cis into the trans (with visible light), that can be employed to
ontrol at will the configuration of the molecule [1].
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ans–cis photoisomerization and magnetic properties.
© 2010 Elsevier B.V. All rights reserved.

One of the most notable consequences of the trans to cis iso-
merization is the dramatic change of molecule’s length, that for
the parent azobenzene changes from 9.0 Å for the trans isomer to
5.5 Å of the cis azobenzene isomer, this change in the molecular
dimensions is among the largest possible for a reversible reaction
[2].

Since the establishment of methods to control the narrow size
distribution of nanoparticles [15], materials including metal and
metal-oxide nanoparticles in combination with organic molecules
and/or polymers have been widely reported [16], searching for
new and enhanced properties relative to their individual compo-
nents, based on the interaction between the metal or metal-oxide
nanoparticles and the organic molecules and/or polymers [17].
Unfortunately, an important part of these materials are based on
organic matrix that fall in a low chemical durability and mechanical
resistance.

Recently, sol–gel derived inorganic matrices have been used
as hosts due to their good chemical and mechanical stability and
moreover, the synthesis is performed at low temperature, which is
appropriated for the thermal stability of organic molecules [18].
The aim of this study is to present data of photoisomerization
of three 4,4′-azobenzenes having acid groups as substituent (see
Scheme 1), showing the behavior in water and in a silica gel matrix.
Our study is complemented with laser flash photolysis data and
analysis of the photoreaction process to rationalize the results pre-

dx.doi.org/10.1016/j.jphotochem.2010.10.003
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:hgarcia@qim.upv.es
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Fig. 1. Absorption spectra of 1 under UV irradiation in water. The arrows indicate
the growth or decrease of the absorption band upon UV irradiation.

Fig. 2. Absorption spectra of 2 under UV irradiation in water, showing some minor
variations in the 200–240 nm region upon UV irradiation.
cheme 1. Variation in the molecular dimensions upon cis–trans isomerization and
tructure of the three azocompounds under study.

ented. The three azobenzenes under study have in common the
ossession of acids groups, whose presence would make possi-
le to complete the trans/cis isomerization with the use of these
olecules as ligand of magnetite nanoparticles. The novel concept

f our work is to couple the well-studied reversible cis/trans iso-
erization of azobenzenes with the magnetic properties of iron

xide nanoparticles. The presence of acids groups as substituents
f azobenzenes would allow coordination of these photorespon-
ive molecules with the nanoparticles. In the long-term we are
nterested in developing systems in which azobenzene photoi-
omerization can switch in a controllable manner the magnetic
roperties of metal oxides. Towards this goal, herein we have pre-
ared gels that have been magnetically characterized before and
fter UV irradiation showing, indeed, that the photoisomerization
odifies the hysteresis loop when azobenzenes with acid groups

re coordinated to the nanoparticles.

. Results and discussion

Preliminary studies with the three azobenzenes in aqueous
olutions (about 10−5 M) were carried out under steady state
rradiation. Although some minor changes were observed in the
10–240 nm region for 1, this azocompound basically does not
ndergo any change in the optical spectrum under these conditions
Fig. 1). Considering the short wavelength in which the changes are
bserved (<250 nm) these small variations could be due to some
mpurities formed in small amounts during the photochemical
reatment and unrelated to the cis/trans isomerization.

In the case of 4-hydroxy, 4′-sulfonic substituted azocompound
, irradiation at 355 nm with quasi monochromatic mercury

amps in water (pH 6.3) leads to relatively minor changes in the
00–520 nm region that are compatible with the occurrence of
ome photoisomerization to reach a photostationary trans/cis mix-
ure different from the initial state. In addition also some minor
ariations in the 200–240 nm region were also observed (Fig. 2). As
ommented in the case of compound 1, variations of the absorbance
n such short wavelength region, are most likely due to the forma-
ion of impurities, even in trace amounts, during the photochemical
rradiation.

More interesting from the point of view of the photochemical

somerization under amenable conditions was the behavior of sym-

etric 4,4′-dicarboxylate azobenzene 3. In this case it has to be
oted that the pH of the aqueous solution was set to 11 to facil-

tate the solubility of the azobenzene 3 [19]. As it can be seen in
ig. 3, 355 nm steady state irradiation of compound 3 leads to a

Fig. 3. Absorption spectra of 3 under UV irradiation in water. The peaks at about
330 nm are characteristic of the trans isomer, while the peaks at about 430 nm cor-
respond to the cis isomer. The series of spectra presented correspond to the visible
light photoisomerization of the cis isomer into the trans. The inset shows a first order
plot for cis to trans thermal isomerization.
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Fig. 4. Transient UV–visible absorption spectra given as variation of absorbance,
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Fig. 5. Transient UV–visible absorption spectra given as variation of absorbance,

A, divided by the initial absorption of an O2-purged 1 solution recorded 1 �s after

55 nm laser excitation. The inset shows the temporal signal decay measured at
60 nm.

radual decrease of the 330 nm band and 228 nm corresponding
o the trans isomer accompanied by a concomitant increase of the
30 nm and 250 nm bands of the cis isomer. Observation of four

sosbestic points at 226, 238, 284 and 393 nm indicates the inter-
onversion of the initial trans isomer to the cis. It should be noted
hat compounds 1 and 2 even at pH 11 exhibit exactly the same
ehavior (i.e. lack of evidence for trans-cis photoisomerization) that
as observed when these compounds were irradiated at the pH

hat results from adding the compounds to solution. After photo-
hemical isomerization using quasi-monochromatic UV-lamps, the
ourse of thermal isomerization of the photogenerated cis isomer
o the more stable trans isomer was followed in the dark (∼25 ◦C) by

onitoring the band corresponding to the trans isomer (330 nm).
itting of the experimental data to a first order kinetics (see inset
f Fig. 3) has allowed an estimation of the value of the rate of the
is to trans thermal isomerization of 3.8 × 10−4 min−1.

Since in the case of methyl orange (1) we have not been able
o obtain any evidence of the photoisomerization using conven-
ional spectroscopy, we have submitted an aqueous solution of 1
fter 15 min purging with oxygen to laser flash photolysis using a
anosecond system and operating at 355 nm as excitation wave-

ength. The presence of oxygen during the experiment should
uppress the formation of any triplet excited state that could mask
he spectral changes of the isomerization. In principle trans–cis
somerization should occur independently of the presence of oxy-
en [20]. Under these conditions we have been able to record
transient spectrum showing an absorption band from 340 to

00 nm accompanied by an intense bleaching of the ground state
bsorption peaking at 455 nm and a continuous absorption from
00 to 800 nm (see Fig. 4). The temporal profile of the signals in
he 500–800 broad band is identical showing that this absorption
orresponds to a single species that do not correspond to the cis
somer. For the cis isomer a narrower band from 500 to 600 nm
hould have been recorded. Based on precedents in the literature
e attribute the continuous 500–800 nm absorption to a photo-

hemical proton shift mediated by the solvent in which, at the
H studied, a proton from the dimethyl amino substituent move
o the azo group [21]. Similarly laser flash photolysis of azoben-

ene 2 in water was performed in the presence of oxygen to avoid
he interference of the triplet excited state. Fig. 5 shows the cor-
esponding transient spectrum recorded upon 355 nm excitation.
s it can be seen there, this transient spectrum has many simi-
�A, divided by the initial absorption of an O2-purged 2 solution recorded 250 �s
after 355 nm laser excitation. The inset shows the temporal signal decay measured
at 360 nm.

larities with that previously commented from azobenzene 1, i.e.,
narrow absorption peaking at 260 nm, bleaching of the trans iso-
mer at 360 nm and a continuous absorption from 470 to 800 nm,
and it was again attributed to photoinduced proton transfer from
the phenolic to the azo group mediated by the solvent. One interest-
ing difference between azobenzenes 1 and 2 is the lifetime of the
initial trans isomer. This increased lifetime of the species arising
from prototropism of compound 2 has to be related with the sta-
bility of the corresponding phenolate, with respect to the acid/base
equilibrium corresponding to azobenzene 1. In any case for azoben-
zene 1 and 2 under the conditions studied, laser flash photolysis
clearly rules out the occurrence of trans to cis photoisomeriza-
tion.

Compounds 1, 2 and 3 were used to prepare gels that could
exhibit photoresponse as consequence of the trans/cis isomeriza-
tion. As observed in aqueous solution only compound 3 exhibits
reversible photoisomerization upon UV irradiation (see SI-1, SI-2
and SI-3, respectively). In contrast to solutions, the much higher
viscosity of gels allows the formation of thick films and other bulky
systems containing indefinitely persistent suspended micro-/nano
particles. The reduced diffusion and mobility of suspended parti-
cles occurring in gels is not possible in solution. In our case the gels
were obtained by suspending Aerosil (5% weight) in water contain-
ing 3, then the suspension was vigorous stirred and mild heated at
70 ◦C until thick gel was obtained. Irradiation of this gel contain-
ing 3 leads to changes in the optical spectrum, compatible with
the occurrence of trans–cis isomerization observed for this com-
pound in aqueous solution [22]. The two main differences of the
photoisomerization in gel and in liquid phase are the extent of the
decrease/increase of the bands corresponding to the trans–cis iso-
mers (which is smaller in gel than in solution), and the kinetics of
the reverse cis to trans isomerization that is much slower in the gel
than in solution [23,24]. Consecutive cycles of trans to cis isomer-
ization irradiating at 300 nm and cis to trans by irradiation in the
visible were performed up to 10 times, without observing signifi-
cant fatigue in the system. Considering that the increased viscosity
of gels could favor the trans to cis isomerization of azobenzenes
1 and 2, despite that these process do not occur in aqueous solu-

tion, we also studied the photochemical behavior of two analogous
gels prepared by incorporating azobenzene 1 or 2. However, like in
solution, also for the gels we have been unable to obtain any spec-
troscopic evidence that could support the occurrence of trans to cis



160 G. Abellán et al. / Journal of Photochemistry and Photobiology A: Chemistry 217 (2011) 157–163

F
c
n

p
t

p
c
w
n
v
p
c
w
c
c
c
F
t
d
s
p
t
i
h
a
d
m
f
H
n
a
(
w
p

a
f
s
l
s
a
l

Fig. 7. Absorption UV–vis spectra of the photoresponsive gel containing iron oxide

cycles, within experimental error, demonstrating that the changes
ig. 6. HRTEM micrograph of the photoresponsive magnetic gel containing azo-
ompound 3. Scale bar 20 nm. The inset shows a HRTEM image of magnetite
anoparticles obtained with a higher magnification. Scale bar 5 nm.

hotoisomerization, and therefore, no further studies with these
wo azobenzenes were pursued.

One advantage of gels with respect to liquid solutions is the
ossibility to add, together with the azocompound 3, nanoparti-
les homogeneously dispersed in the medium, providing in this
ay, additional functionalities and properties coming from the
anoparticles [16f,25], to the already existing photoresponse pro-
ided by the trans-cis isomerization of the azocompound. In the
resent case, we have prepared a gel in which in addition to azo-
ompound 3, magnetite nanoparticles (average particle size 10 nm)
ere also incorporated. The purpose is to disclose if the photo-

hemical trans to cis isomerization observed for azocompound 3
an lead to changes in the magnetic properties of Fe3O4 nanoparti-
les. The preparation of the material started by the synthesis of the
e3O4 nanoparticles, using the high temperature decomposition of
he Fe(acac)3 precursor in organic phase, following the method
escribed by Sun and Zeng [26]. This method guarantees the
mall size and the monodispersity of the nanoparticles. However it
resents the disadvantage, from the point of view of the synthesis of
he gel, of requiring organic solvent. This inconvenience was solved
ncluding an aqueous phase transfer post-synthesis process, using
exadecyl trimethyl ammonium bromide (CTAB, cetyl trimethyl
mmonium bromide) as transfer agent. This larger synthetic proce-
ure assures the advantage of the organic phase method (small and
onodisperse nanoparticles) and the aqueous medium required

or the preparation of the gel material. Fig. 6 shows representative
RTEM of the as-prepared gel. This gel containing 3 and magnetite
anoparticles exhibits exactly the same photochemical cyclability
s that previously commented for gels containing azocompound 3
Fig. 7 shows a set of optical spectra recorded for this gel together
ith cyclability data), while simultaneously presenting magnetic
roperties.

As the particles size decreases, a large percentage of all the
toms in a nanoparticle are surface atoms, which implies that sur-
ace and interface effects become more important. The two most
tudied finite-size effects in nanoparticles are the single-domain

imit and the superparamagnetic limit [27]. It is well known that
pherical nanoparticles of magnetite form single-domain even for
diameter of 128 nm and depending of this size the temperature

imit for the superparamagnetic behavior (blocking temperature,
nanoparticles. The peak at about 330 nm is characteristic of the trans isomer, while
the peak at about 430 nm corresponds to the cis isomer. The inset shows the
reversibility data monitored at 324 nm to 327 nm after successive cycles of irra-
diation with UV and visible light.

TB) changes [15d]. So, magnetite nanoparticles smaller than 20 nm
are usually superparamagnetic at room temperature, it means that
the magnetic moment of the nanoparticles fluctuates in response to
thermal energy, overcoming the anisotropy energy (EA) and there
is no coercive field (HC). However, upon cooling, this superpara-
magnetic behavior turns into typical field dependence, showing
HC.

On the other hand, one of the greatest influences on the mag-
netic behavior of nanoparticles may be exercised by the magnetic
interactions, the higher interactions the bigger coercive field. Addi-
tionally, the Stoner–Wolhfarth theory for single-domain particles
predicts that the HC of the nanosized materials depends also on
the anisotropy constant (K). Organic ligands used to stabilize the
magnetic nanoparticles have an influence on their magnetic prop-
erties, that is, ligands can modify the anisotropy of the metal atoms
located at the surface of the particles [28]. In consequence, when
the surfaces of the nanoparticles are modified or adsorb different
molecules, the anisotropy constant changes, leading to changes in
the HC.

The magnetic properties of the gel were measured before and
after irradiation of the sample (at room temperature in a photoreac-
tor at 350 nm) at 2 K, below the TB. Therefore non-zero coercive field
was expected, because as mentioned above, the normal superpara-
magnetic behavior of magnetite nanoparticle have been canceled,
due to the spin blockage, as a result of the low temperature.
Figs. 8 and 9 show the hysteresis loops obtained in both cases. Note
that the measurements were not performed under irradiation but
after irradiating the sample. As can be seen in Fig. 9 the hysteresis
loop obtained after irradiation shows a slightly higher coercive field
(ca. 2.5 mT = 25 G) but no change in the saturation magnetization.
Since between both measurements the sample is heated to room
temperature and kept at room temperature during the irradiation
process, in order to discard any interference due to the temperature
variation, we have also performed blank measurements repeating
the heating of the sample but without any irradiation. These mea-
surements (Fig. 8) show no change at all between both hysteresis
observed in the hysteresis loops cannot be attributed to any ther-
mal effect but to the irradiation itself. Since the differences in the
hysteresis loop are only observed after irradiation of the sample,
we can conclude that these reproducible changes in the hystere-
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ig. 8. Hysteresis loops at 2 K of the gel prepared with 3 before and after heating
he sample to room temperature and without irradiation.

is loop are due to the trans–cis isomerization of the azocompound
. As mentioned above, the hysteresis loops of magnetic materi-
ls are very sensitive to the distance between the nanoparticles
ue to their interaction and the changes in the coordination shell
round the magnetic center since the spin dynamics of the magnetic
anoparticles is strongly dependent on their size and environment
29–31] and, therefore, it is proposed that those molecules of 3
hat are coordinated to the iron oxide nanoparticles and undergo-
ng the trans–cis isomerization are responsible for inducing slight
hanges in the distance between the nanoparticles and/or nanopar-
icle environment and, consequently in the coercive field of the
ysteresis cycle.

These changes indicate that the original oleic acid/CTAB capping
round the nanoparticle has been partially exchanged by azocom-
ound 3 through the carboxylate groups analogous to those of oleic
cid and, thus, some azocompound 3 molecules are acting as a
ew capping agent. Then, upon irradiation of the azocompound
, occurrence of the trans–cis isomerization of the azocompound
nd variation of the hysteresis loop of the iron oxide nanoparti-

les, takes place. Apparently magnetite nanoparticles containing
rans azocompound 3 have somewhat different magnetic prop-
rties than those magnetite nanoparticles coordinated to the cis
somer. In addition, other possibility would be that the changes in

ig. 9. Hysteresis loops at 2 K of the gel prepared with 3 before and after UV irradi-
tion.
tobiology A: Chemistry 217 (2011) 157–163 161

the dimensions of the trans and cis isomers makes the interactions
between the magnetic nanoparticles vary as consequence of the
distance between them.

3. Experimental

All reagents were of commercial grade and were used
as received without further purification. Methyl Orange
(4-[[(4-dimethylamino)phenyl]-azo]benzenesulfonic acid
sodium salt), iron tris(acetylacetonate) (Fe[acac]3), 1,2-
hexadecanediol, oleic acid, oleylamine, were obtained from
Aldrich. 4-Hydroxyazobenzene-4′-sulfonic acid and azobenzene-
4,4′-dicarboxylic acid were obtained from TCI. Phenyl ether,
ammonium hydroxide, ethanol, hexane and dichloromethane
were obtained from Scharlau and silicon dioxide Aerosil (a fumed
silica constituted by nanoparticles of uniform size below 20 nm)
was obtained from Degussa. The synthesis of the materials and
the visible-light photoisomerization experiments were carried out
with Milli-Q water.

3.1. Preparation of azocompound solutions

Samples were prepared by dissolving the compounds 1–3 in
Milli-Q water, reaching a concentration 10−5 M. In the particular
case of compound 3, it was necessary to add a base to dissolve
the sample correctly. For this purpose we employed 2 M sodium
hydroxide.

3.2. Preparation of photoresponsive gels

The azobenzene-containing gels were synthesized by mixing
an aqueous solution of 1–3 (10−4 M), previously alkalinized with
sodium hydroxide (2 M) until the sample was completely dissolved
(final pH = 11, yellowish solution), in the case of azocompound 3.
Then 5 g of Aerosil were added to the initial solution (100 mL) and
the mixture was vigorously stirred during 5 min. Finally the sample
was placed on a preheated oven at 70 ◦C for 3 h to generate a yel-
lowish dense and viscous gel that does not fall down upon turning
the vial upside down.

3.3. Synthesis of Fe3O4 nanoparticles

The synthesis of Fe3O4 was carried out following the high tem-
perature organic-phase method described by Sun and Zeng [26].
According to this method, a mixture of iron tris(acetylacetonate)
(Fe[acac]3, 2 mmol), 1,2-hexadecanediol (10 mmol), oleic acid
(6 mmol) and oleylamine (6 mmol) was dissolved in phenyl ether
(20 mL), under argon and refluxed for 30 min. The mixture was
cooled to room temperature and the nanoparticles precipitated
after the addition of 80 mL of ethanol. The dark-brown solid was
recovered by centrifugation and dissolved in hexane (20 mL) in the
presence of 5 �L of oleic acid and 5 �L of oleylamine. The washing
process was repeated twice without the addition of oleic acid and
oleylamine and finally the solid nanoparticles were suspended in
chloroform (60 mL).

The transfer of the Fe3O4 nanoparticles to the aqueous phase
was performed using a modification of the method developed by
Fan et al. [32]. An aqueous solution of CTAB (0.1 M, 30 mL) was
added to the chloroform solution of the nanoparticles (15 mL),
forming a two-phase system. The chloroform was removed in a
rotavapor, resulting in a homogeneous brown aqueous solution of
Fe3O4 nanoparticles.
3.4. Preparation of the photoresponsive magnetic gels

The incorporation of magnetite into photoresponsive gels was
performed by mixing 5 mL of the aqueous iron oxide nanoparti-
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les suspension with 100 mL of a solution of azobenzene 3 (10−4 M,
H = 11), resulting in a color change of the solution from yellowish
o brown. The so-obtained mixture clearly exhibited the Tyndall
ffect when irradiated with a laser beam. Then, 5 g of Aerosil
ere added to the azocompound/nanoparticle suspension and the

esulting mixture was vigorously stirred during 5 min, finally the
ample was placed on a preheated oven at 70 ◦C for 3 h, and a
rownish thick gel was obtained (∼5% of iron respect to Si deter-
ined by electron probe microanalysis, EPMA).

.5. Photoisomerization experiments

A Luzchem photoreactor equipped with 10 tunable quasi-
onochromatic mercury lamps emitting between 300 nm and

55 nm were used for most of the trans–cis reactions, including
hose performed on the gel for the magnetic measurements. For
is–trans isomerization a visible light projector equipped with a
00 W mercury lamp was used. The temperature of the sample was
lways lower than 35 ◦C by means a digital temperature controller.

.6. Instrumental techniques

All UV–vis spectra were conducted using a Varian Cary-5G
V–vis spectrophotometer. The samples were measured in 10 mm

ight path Hellma quartz precision cells in the case of azoben-
ene solutions and in a 1 mm light path Hellma quartz precision
ell in the case of gel. Spectra of all the samples were mea-
ured in transmission mode against air in the reference path.
aser flash photolysis experiments were carried out in a Luzchem
s laser flash system using the third (355 nm) harmonic of a Q-
witched Nd:YAG laser for excitation (pulse ≤ 10 ns) and a 175 W
eramic Xenon Fiberoptic Lightsource, Cermax, perpendicular to
he laser beam, as a probing light. The signal from the monochroma-
or/photomultiplier detection system was captured by a Tektronix
DS 3032B digitizer. Laser system and digitizer are connected
o a PC computer via GPIB and serial interfaces that controlled
ll the experimental parameters and provided suitable process-
ng and data storage capabilities. The software package has been
eveloped in the LabVIEW environment from National Instru-
ents and compiled as a stand-alone application. The samples

ontained on Suprasil quartz 0.7 × 0.7 cm2 cuvettes capped with
epta were purged with a N2 or O2 flow for at least 15 min before
aser experiments. Metallic atomic composition of bulk samples

as determined by means of EPMA analysis performed in a Philips
EM-XL30 equipped with an EDAX microprobe. HRTEM studies
f photoresponsive magnetic gels were carried out on a JEM-
010 microscope (JEOL, Japan) operating at 200 kV. Samples were
eposited on a carbon-coated copper grid and were tested when
hey were dried. The digital analysis of the HRTEM micrographs
as done using DigitalMicrographTM 1.80.70 for GMS 1.8.0 by
atan. Magnetic measurements were carried out with a Quantum
esign (SQUID) Magnetometer MPMS-XL-5. The susceptibility data
ere corrected for the diamagnetic contributions calculated using

he Pascal constants. The magnetization studies were performed
etween −5 and +5 T at 2 K. The sample was placed on a transparent
ealed plastic bag that had been previously measured in the same
onditions. In a first run the hysteresis cycle of the magnetization of
he sample was measured at 2 K and then the sample was heated
t room temperature and allowed to stand at room temperature
uring several minutes. After this heating, the sample was again

ooled to 2 K and the hysteresis cycle measurement was repeated
ithout noticing any difference between both cycles. In a second

un we performed a first hysteresis cycle at 2 K. Then the sample
as heated and irradiated at room temperature during ca. 15 min in
UV reactor. After irradiation, the sample was immediately placed

[

[
[

tobiology A: Chemistry 217 (2011) 157–163

into liquid nitrogen, inserted in the SQUID magnetometer at 100 K
and cooled to 2 K in less than 30 min and the hysteresis cycle was
repeated. Note that in order to remove any possible influence of the
thermal history on the magnetic behavior of the samples, we have
performed exactly the same thermal treatment to all the samples.
Furthermore, the reproducibility of the measurements was checked
for up to three different samples that gave very similar results.

4. Conclusions

In the present work we have shown that azobenzene-4,4′-
dicarboxylic acid (3) is a suitable derivative that exhibits reversible
trans-cis isomerization triggered by irradiation of the most sta-
ble trans isomer in aqueous solutions. Other azobenzenes having
sulfonic acid groups do not undergo photoinduced trans/cis iso-
merization in water at the natural pH arising from the solution of
the compounds (pH values: 8.7 and 6.3 for azobenzenes 1 and 2,
respectively) as evidenced by fast spectroscopic techniques with
nanosecond resolution. Compound 3 shows photoresponse with
a high photochemical reversibility. We have taken advantage of
the reversible trans to cis isomerization of azobenzene 3 even in
gel, and its ability to bind a Fe3O4 nanoparticles to prepare for the
first time a soft matter in which the hysteresis loop is influenced
by light through the photoisomerization event. We propose that
the photoisomerization alters the distance between the nanopar-
ticles or the coordination sphere of the same and these changes
are reflected in the coercitive field of the iron oxide nanoparticles.
Our studies will be expanded in the future towards the preparation
of photo-responsive materials having stronger coupling between
their magnetic properties and photo-isomerization.
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