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ABSTRACT: Isomerization of azobenzene has been studied for many years, but some aspects are still unclear
or controversial. This work provides further insight and clarifies the role that environmental parameters play in
determining the reaction kinetics of azobenzene derivatives in solution. Detailed spectroscopic measurements of
the photoisomerization and thermal isomerization kinetics in mixtures of various solvents and polystyrene have
been carried out. The results indicate a strong dependence of both photoisomerization and thermal isomerization
rates on the polarity, but not on the viscosity of the solvent.

1. Introduction chromophore molecule, environmental parameters like solvent
Isomerization of azobenzene and its derivatives has beenPOlarity and viscosity also play a role. Over 30 years ago,

extensively studied for the past 50 years because this molecule/Vhitten et afi* found an increase of several orders of magnitude
presents many interesting features and its applications range” the therma}l isomerization rate of an azob_enzene_denvatlve,
from electronics to biomedicine. It has been used as a modelWith @n aminic and a nitrate group as substituents, in solvents
molecule for all the biological processes that involve similar at increasing pO[arlty. At the same tlme., only a I.|tt.|e change
reactions:3 like the isomerization of retinal in rhodopsin, or Was detected using a molecule with a simple aminic substitu-
as a probe for measuring the free volume in polymiéislore tion!* An increase of the speed of the reactlon in some
recently, its characteristic response to the polarization of light 3Z0benzene molecules was also reported by &aled Asand?
made it a suitable molecule for surface patterrfifigrinally, Bortolus reports an increase in quantum yield oi—trans
azobenzene-containing elastomers constitute an interesting areRhetoisomerization in nonpolar environment for azobenzene
of inhomogeneous photomechanical effects and their appnca_molecul_esl.“ Sanchez _and De Rossi _studled in detail the effect
tions as photoactuators and artificial muscles are under &ily.  Of Polarity on thermatis—transtransition, and they found that

However, in spite of the large literature on the subject, many Nnydroxide ion plays an important role in speeding up ¢ie
fundamental mechanisms and effects have not been clarifiedt©-transisomerization for azobenzene compounds with aminic
yet. Itis known that the isomerization reaction is very sensitive Substitutions? o . ,
to both electrical and mechanical characteristics of the environ-  1he effect of solvent viscosity has been investigated too, but
ment which surrounds the molecules, but identifying and NO umver_sal conclusion has been r(_eached._Geg|ou et al. reported
separating these effects is a difficult and often ambiguous task.only @ slight effect on the photostimulateés—trans isomer-

UV —vis spectroscopy constitutes an appropriate tool for the ization quantum yield, but they observed a viscosity-dependent
study of this system because during isomerization the rear-duantum yield in thetrans—cis |som_er|zat|0r11.5 Gille et al.
rangement of the molecular orbital energy levels induces a reported a slowing of thermal relaxatiop) (in viscous environ-
change in the molecular absorption spectfum/hen the ment}? while Elsenpach found no effect at é?IMany groups
azobenzene molecule is in the ground-stedas configuration, have therefore studied the gffect of a very viscous matrix, i.e.,
the transition with the highest quantum yield is that between & molten or glassy polymer instead of a solution, and the results
the bonding and antibondingr£7*) orbitals: the result is a agree that the kinetics is the same as in solutl_o_n if the polymer
big absorption peak around 320 nm. The absorption of this high-!S N rubbery. state, but below the glass transition temperature
energy photon stimulates the molecular transition into the its characteristics changé.
metastableis configuration. In this state the highest quantum  The models that were proposed for reaction kinetics are
yield belongs to the nonbondirgntibonding (r-:7*) transition, basically first-order, with the important exception of azobenzene
which is identified by a peak around 440 AmThis cis—trans in glassy polymers. In solution, the fraction of isomers in the
transition can occur spontaneously, when thermal fluctuations Cis state,c, varies in time a8
carry the molecule over the energy barrier; it can also be
stimulated by absorption of a low-energy 440 nm photon. During dec _ k(1 — €) — IkerC —

. N S - TC ctC—VC 1)
isomerization, the relative intensity of these two peaks changes, dt
and in this way one can follow the course of the reaction.

Different chemical groups can be attached to the basic wherel is the irradiation intensitykct and krc are thecis—
azobenzene molecule. These substitutions dramatically changdrans and trans—cis constants of photoisomerization, respec-
the spectroscopic properties, affecting the relative position andtively, and y is the rate of spontaneous thern@s—trans
intensity of the two absorption peaks, and the kinetics of isomerization. Accordingly, (£ c) represents the fraction of
isomerization. This allows fine-tuning of the optical response molecules in the ground-stateans configuration. There is an
to many purposes; for this reason different azobenzene-basedissumption that the rate of spontaneous thertrais—cis
molecules have been used as probes in a wide range ofisomerization is negligible at room temperature, supported by
wavelengths. In addition to molecular substitutions in the the estimates of the energy barrier much excee#gig The
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law of photoinduced kinetics is exponential and is characterized 0

by a relaxation timerp, which depends on the three rate \/LO\/\/\/\OON=I\LQ0/W\
constants. Assuming all the molecules in thens state before
the irradiation and the derivative @fis zero at the photosta-
tionary state at — oo, the resulting solution is

t R. Tajbakhsh. This molecular structure is shown in Figure 1. The
c(t) = 7plkec{1 — exp — = (2) synthesis of this molecule starts from a 4-hydroxyaniline {HO
P Ph—NH,) protected by an acetic anhydride, which form an

Figure 1. Monomer used AGAzoCs has an acrylate head group
followed by a carbon chain where the azo group is attached.

acetanilide. The alkylation with BigEl;,OH gives a 1-hydroxy-

where
hexyloxyacetanilide, which is then hydrolyzed with HCI. Afterward,
_ 1 3 diazotization with concentrated HCI and sodium nitrite and coupling
T ilke + k) (3 with phenol give HO-CeHy,—O—Ph-N=N—Ph-OH. Adding

CeH1:Br leads to the formation of the carbon tail, and the
This formula is especially important for absorption studies esterification with acryloyl chloride completes the synthesis of the

because the LamberBeer law guarantees the proportionality monomer. _ _
between the concentration of speci€) {n molar units and Three different solvents were used, characterized by different

i molecular polarity: the least polar toluene, chloroform, and the
the measured absorbance (Abs) at each wavelength: highly polarN-methylpyrrolidone (NMP). For changing viscosity,

lo Sigma-Aldrich high molecular weight polystyrene (P8,, =
log|—] = Abs= ¢Cd (4) 280 000) was used without further purification to modify the
' viscosity of the dye solution. A very viscous stock solution of

whered is the sample thickness ardthe molar absorption ~ Polystyrene in chloroformd(ca. 15 g of polystyrene in about 40

- : : At ; mL of solvent) was prepared, and different dilutions were used for
coefficient. After a long period of photoisomerization, in the o . 0 . o .
photostationary state the plateau value is given by measurements (100%, 75%, 50%, 25%, and 0% of stock solution).

A solution of AGAzoCs 0.3 mg/mL in chloroform was prepared,

[ and subsequently 1Qd_ was injected in 10 mL of every dilution
Cyuax = Tplkic = S ket kD) (5) of chloroform and polystyrene; the solutions were mixed with a
7+ 1(kre + key) magnetic stirrer for at lea® h and left to equilibrate afterward,

L all in the dark. In each case the absorbance was around 0.25 (i.e.,
.'” gla§sy polymers the kinetics can no longer be modeled i the range of validity of the LamberBeer law). The same
with a single exponential because the system shows a fastelyrocedure was followed substituting chloroform with other sol-
initial isomerization kinetics followed by a slower one. Eisen- vents: less polar toluene and more polar NMP. The stock solutions
bach explained this by the occurrence of two characteristic were prepared in the same way: 5 g of polystyrene was dissolved
times for translational and rotational motion in gld3syhile in 15 mL of toluene, which corresponds to a weight fraction of
others have modeled the function as a stretched exponential0-39 polystyrene/toluene weight, @B g of polystyrene was
c(t) = A exp[—(t/7)?], which has been physically explained as dissolved in NMP. (The solubility of polystyrene is lower in this

the consequence of the distribution of relaxation times in the solvent than in chloroform and toluene, so the stock solution was
polymer matrixi92024Also in view of this consideration, it is less concentrated.) The stock solutions were then used to prepare

! S : . working solutions with different viscosities, by adding different
important to distinguish the effects of the mechanical constraints percentages of pure solvent (25, 50, and 75% in toluene and 30

from the electrical and chemical ones. and 60% in NMP). AGAzoCs was then added, mixed, and left to
This paper addresses an important issue of how (or whether)equilibrate in the dark.
the solvent viscosity and polarity affect the reaction of photo-  viscosity measurements were performed on a Perkin-Elmer
isomerization and thermal isomerization under low-intensity “Rheometrics” dynamic stress rheometer (SR200); stress was
illumination and in low solute concentration conditions (the measured at low strain (with limits of 0-%%) at a frequency of
same as used in earlier literature), i.e., when the linear Lambert 1 Hz using 25 mm diameter parallel plates and a distance of about
Beer law is valid and phenomena of aggregation between 0.5 mm between the pl_ates. The linearity of the bulk viscous
molecules are negligible. As mentioned above, the role of these"®SPonse has been verified. All measurements were performed at
factors in the isomerization kinetics is not yet clear, and the room temperature. The measured viscosity corresponds well to the

debate has gone on for years. In order to detect a dependencg)(peCted values for different polystyrene concentrations. .

. e . . For the measurements of light absorption a Thermo-Oriel MS260i
on viscosity, it was important to test it over several ord_ers of spectrometer (focal length 260 mm) was used. The apparatus is
magnitude: for this reason working with a polymer solution at composed by quartz probe lamp with an adjustable slit, a quartz
different concentrations in solvents seemed an approp”atecuvette with 1 cm 0ptica| path’ an optica| ||qu|d ||ght guide to
choice. Polystyrene was chosen because it is soluble in relevantonduct the light from the cuvette to the spectrometer, a0
solvents and because it does not phase-separate from thalit at the entrance of the spectrometer, and the Andor linear-array
azobenzene chromophore. We examine the change in isomerCCD camera connected to a computer. The wavelengths were split
ization rates of a ordinary low-molecular-weight azobenzene by two gratings in the spectrometer, and all the signal was detected
derivative in three solvents, differing in their polarity, and we Py the CCD array at the same time: this configuration can measure
find a strong effect of polarity on the transition rates. In spite ;pgggg 2:;:'&?0‘35";?1?5?3;2% ;c;%eg‘se?ait“i;o{) tglzslriaséoer}(l)tr:”g\\/lgy
of qulfylng the solvent V'S.COS'ty by over 3 prders Qf absorption spectrum, a background and a reference spectrum were
magnitude, the careful analysis shows that V'SCO.S'ty has little collected: the background is the spectrum collected without the
effect, and all of the results can be scaled onto a universal mastefjjymination from the probe lamp, and the reference was the
curve by accounting for the effective dipole moment per spectrum collected with the probe lamp on from the cuvette filled
molecule of solvent. with solvent (without the chromophore dye). The absorbance was

then calculated from the counts of the detector as
2. Materials and Methods

The molecule 4hexyloxy-4-((acryloyloxyhexyloxy)azobenzene Abs= | Og(reference— backgrounlf
(abbreviated as A§7zoCe) was synthesized in our lab by Dr. A. sighal— background




Macromolecules, Vol. 41, No. 3, 2008 Isomerization of Azobenzene983

Computer A

Sy
| Generator

,’ fcep b

/ \cam.

A
S

Spectrometer

"I_ ) UV source O Cuvette (sample)
A

rd

/
Monochromator

o

G
3

»

Time constant (s)(x 10'4)

Liquid lightgnide

1 10 100
Viscosity (cP)
Figure 4. Photoisomerization time constants,,(Hl) and thermal
All the spectra shown in the next section are a mean of 100 Lﬂ%ﬁg}g’r?n g’;\‘g p%(l);]:tt;gtr?é(;'f cﬁ%e‘;(é:]tﬁ‘/%ﬁzs?ﬂcgsi“ﬂ:gi’gﬁgfgisgfmer
Exiaes;zjnrqeerntes mvs\/’eretaacpherf\l\gf'rr]ngg Z?[(pr(c))il:;e tnge(r);tS%gz# Sth eA”d;hrE ization time constants are shifted upward by 600 s to allow both data
. . . - ; on the same scale. The lines are a guide for the eye.

ambient conditions, with the exception of those reported in the
Appendix.

The illumination to stimulate the isomerization of azobenzene
was provided by a lamp Schott KL 1500 LCD (power 150 W,

illumination flux 600 Im); the lamp was monochromated and placed
at 90 with respect to the incident probe light and the optical fiber of ACeAz0Cs was followed and absorbance was measured every

that collects the light from the sample. In this way the cuvette was 10's. F|gure_3 shows_ a typlca_l series of absprptmn_spgctra at
irradiated with UV light while the absorption spectrum was recorded SUCCessive times during the stimulated photoisomerization and
along the perpendicular beam path, so the absorption could beth® spontaneous thermal isomerization in the dark. For this
followed in real time without interference of the illumination light. molecule, the maximum which corresponds to thes*
A shutter was placed in front of the lamp so that the sample can betransition is at 360 nm, while the—w* transition has its
screened from the irradiating UV light rapidly. A scheme of the maximum at 440 nm. The time dependence of the absorbance
apparatus is sketched in Figure 2. . at these two wavelengths is well fitted with a single exponential
The intensity of the illuminating light after passing through the = corresponding to the first-order kinetics: eq 2 for trens—
mon_ochromator was meagured with a low-energy the(mal detector s reaction and: [ exp[—1] for the thermal relaxation. From
Ophir (3A-SH); the intensity of the monochromated light at 385 a6 fits we were able to extract the relevant parameters like

nm (used for many measurements) was 30 + 3 uW cm™2 at a -
distance of 3.5 cm from the monochromator, which was the same the rate constants and the absorbance at the photostationary state.

distance between the monochromator and the cuvette during theSINce the peak at 360 nm is more intense, all the further analysis

actual experiments. The error was determined as the maximumWill refer to this peak. In all cases, by photoisomerization we

fluctuation of the value over a period of 30 s. refer to the stimulatettans—cis process, since all the relaxation
The illuminating lamp was switched on some minutes before measurements were carried out in the dark.

starting the kinetic measurements in order to reach the stable Figyre 4 shows the time constants of photoisomerization and
intensity. All isomerization reactions were followed for 90 min, thermal isomerization as a function of viscosity: while the

which was a sufficient time for reaching the respective photosta- : o . S
tionary states. After this, the lamp was switched off and the photoisomerization times do not change significantly, the

absorbance was measured during thermal isomerization in the dark "€rmal relaxation time constant clearly decreases with increas-
Tests with different illumination intensities showed that our NG solventviscosity. This is unexpected, because it implies that
conditions and material constants span from the regime of low- the thermal equilibration is faster in more viscous environments.
intensity illumination, which is defined by < y/(krc + ker), to However, we shall see that there is an alternative explanation;

the high-intensity regime. that is, the trend actually reflects the change in effective solvent

Figure 2. Instrument setup, with the probe lamp for the spectra
measurements and the irradiating light which induces the isomerization.

3. Results and Discussion

The photoisomerization and thermal isomerization kinetics
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Figure 3. Photoisomerization (a) and thermal (b) isomerization curves ofA&6C;s recorded as a time sequence. The arrows indicate the direction

of the peak movement during the reaction. The isosbestic point is seen at 425 nm, where the absorbance is independent of the reaction state, and
the reversible red shift of the peak at 440 nm during photoisomerization.
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Figure 5. Inverse of fraction otis molecules at the photostationary  Figure 6. Thermal relaxation timeg~ for isomerization in different
state €uax)™ = Ad(Ao — Aun) as a function of the thermal  solvents as a function of the solution viscosity. In the inset, the
isomerization rate in different solvents at various viscosities. Linear increments with respect to the value in pure solvent are p|0tted_

fits are forcwax ~* = a + by. In the inset, the increments are plotted

to highlight the variation in the slope for the three solvents. 2
polarity rather than viscosity. Polystyrene is a nonpolar polymer,

; ; . : ~ 15
while chloroform is a polar solvent; therefore, the effective g
polarity of mixtures changes according to the fraction of each =4
component. In order to test the effect of the solvent polarity, =
the same experiment was performed substituting chloroform IR
with other solvents: less polar (toluene) and more polar (NMP). Z,* 0.5
In all three cases the thermal rate constants increased with ’
increasing viscosity, but in toluene and NMP the effect was
less pronounced. 0fo

It is also important to notice that the fraction of isomerized 0 5 10 15 20 25 30
cis molecules, which can be calculated from the absorbance at Ap (%)
the wavelength of the peak corresponding tottla@s form at Figure 7. Shift of thermal isomerization rate in various solutions as a
the photostationary state, changes. According to eq 5, a linearfunction of the percentage change of permanent dipole moment
relation holds at the photostationary state betwggx -1 and (symbols for NMP, chloroform, and toluene are the same as in Figures
¥, tmax ~* = yllkrc + (1 + ker/krc), as shown in Figure 5. The 5and 6).
slope of the lines ardKrc)~* and from the plot it is possible to Table 1. Dipole Moments of the Substancé&2®
see thaikrc is bigger in more polar solvents. Considering the

. . substance u (D)

curve for chloroform, and the value of intensity= 30 uW
cm2, the estimate fokrc is krc &~ 7 x 1076 cn? s~2 gW2, It toluene 0.36
S . . . L chloroform 1.01
is important to point out that this value refers to the illumination NMP 4.09
wavelength of 385 nm, which is not exactly at thans-peak polystyrene 0.29

maximum (365 nm).

As the constant of proportionality depends on illumination with the values of dielectric constant= 2.6, index of refraction
intensity, it is important to verify that polystyrene does not affect n = 1.57, densityo = 1.05 g cn73, and molecular weightl,,
the transmittance at 385 nm (the wavelength of the illuminating = 10425 The dipole moment of the solution was estimated
lamp): this was actually the case, as polystyrene has a smallaccording to the mixing relatiommixwure = solvenfsoivent T
absorption peak at 300 nm, but at 385 nm the decrease inu,qyfyoy, Wheref indicates the weight fraction of solvent and
transmittance was always smaller than 2%, i.e., not enough topolystyrene in each solution. The values used for the dipole
justify the big difference in the photostationary state absorbance.moments are shown in Table 1.

The thermal relaxation time constants! were then related In order to compare the different sets of data, the shifts in
to the logarithm of the solution viscosity, and the results are rate constants with respect to pure solvents were plotted as a
shown in Figure 6. The relation seems to be linear in all solvents, function of the percentage shift of the dipole moment
but with different slopes (in this case chloroform shows the
biggest effect). The difference of behavior between the three
solvents again suggests an effect of polarity rather than viscosity, Au
since the change in this parameter depends on the difference
between polystyrene and solvent polarity.

In order to verify this hypothesis, a value of the effective

__ Msolvent ™ Umixture

HUsolvent

The results are shown in Figure 7: all the data scale to the

molecular dipole moment was estimated for all the solutions as S8Me line, thus confirming that the dominant effect on the shift
an average between the dipole moment of pure solvent and thaPf thermal relaxation rate is the polarity and not the viscosity

of polystyrene. Dipole momenptof polystyrene was calculated of the §o|vent (in spite of its char\ge over 3 orlders o_f magnitude).
according to Debye’s equation It might seem more appropriate to use dielectric constant

instead of dipole moment, as a polarity indicator because the
2 M 2 measurements were performed in liquids. However, dielectric
e-1 n -1 _ ﬁlnN “o 20-6”2 constant depends not only on absolute dipole moment but also
et2 42 p 97 AKT on polarizability; using dielectric constant instead of dipole
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moment, the data do not scale on the same line, and this is archloroform andy + K = 5.4 x 104 s! for azobenzene in
indication that the permanent molecular dipole moment is the chloroform/polystyrene mixture at the highest polystyrene

defining parameter. concentration of 0.38 mg/mL. Substituting for the values
_ previously obtained during the measurements in the dark (at
4. Conclusions low and high viscosity, respectively), the two valueskofire

In order to test the effect of polarity and viscosity, the kinetics the same:K = kerd = 3.7 x 10~* s, It appears that the
of photoisomerization and thermal isomerization of the acrylate constant otis—transisomerization stimulated by ambient light
azobenzene-containing molecule #620Cs was characterized i independent of viscosity. 5
in various solutions of solvent with different polarity (toluene, ~ We could provide a separate independent measuremént of
chloroform, and NMP) mixed with different amounts of using the kinetic data from the UV-stimulatedans—cis
polystyrene, which increased the viscosity. The considered rangeisomerization experiment. Assuming that the ambient light
includes over 3 orders of magnitude of viscosities. In low does not contain any radiation at 365 nm interfering viith,
illumination conditions the photoisomerization cannot take place the rate characterizing this process modified by the ambient light
in full, and the thermal isomerization constant affects the extent becomes
of the conversion betwedransandcis. The photoisomerization L .
constant can be calculated from the relation between thermal T =Il(kct k) +K+y
isomerization constant and the amount of isomerized molecules;
the data show a slight dependence of photoisomerization (see egs 1 and 3). From the experimental values of thegate
constant on solvent polarity. The thermal isomerization constantin chloroform solutions (using the parameters previously
was correlated with solvent viscosity and polarity, and the calculated in the dark), the new measuremerit dfresults in
second factor appears to be much stronger in affecting theK = 3.2 x 104 s™1, which is in reasonable agreement with the
kinetics: the observed shift in the time constant is explicable previous value. Moreover, a further confirmation of the reli-
with the change in dipole moment due to polystyrene addition. ability of this value can be obtained analyzing the photosta-

From these data it is possible to hypothesize only a second-tionary statewax: the difference between the two expressions
order effect of viscosity, but further experiments would be for cuax, in the ambient light and in the dark, is
needed to identify it clearly; on the other hand, it is important -
to consider that in the measurements the azobenzene dye was Ac _ krclK
d|sper_sed in the viscous polymer solution. In fagt_, there is strong VAT (ke + kel + 7) (ke + kel + 7 + K)
experimental evidence that at the glass transition temperature

the isomerization kinetics of aZO'dyeS inCOprfated in the Using the parameters found from measurements in pure
polymer chain (in the main chain or as lateral group) chloroform, this formula gives\cyax = 0.33. We previously
change¥ 12" and that the amount of isomerized molecules measured the value in the dadgax = 0.87, which means that
scales with the free volume. One possible explanation is thatthe photostationary value in ambient light shoulddagx =

the range of viscosity investigated is still far from the viscosity (.53, In fact, this is in very good agreement with the actual
of a glassy matrix: in that range new effects can emerge and experimental measurement, giving 0.54.

viscosity can determine the change of kinetics. It could be |n chloroform/polystyrene mixture at highest viscosity, the

possible, though, that the determinant factor is the attachmentmeasurements giveax = 0.34 in ambient light anduax =

of the dye to the polymer network: preliminary work by 0.69 in the dark, making a differenaicyax = 0.35. This is

Eisenback suggests the effect is analogous in disperse dyesvery close toAcyax obtained in pure chloroform, which

and in dyes attached as lateral groups, but this field requires demonstrates th#t at different viscosities, or polarities, remains

more comparative studies. constant. In the same way, experiments in toluene and NMP in

_ ambient light lead to values & ~ 3.9 x 104 andK = 4 x
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