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A compact monolayer containing azobenzene has been prepared on silicon substrates. The elaboration
route consisted of covalent grafting of freshly synthesized azobenzene moieties onto an isocyanate-
functionalized self-assembled monolayer (SAM). The highly packed and ordered isocyanate-functionalized
SAM and the azobenzene-functionalized SAM were monitored and characterized by contact angle
measurements and X-ray reflectivity (XR). Photoswitching of the wettability of the film induced by the
reversible cis—trans isomerization of the azobenzene chromophores is experimentally shown from water

and olive oil contact angle measurements.

Introduction

Two-dimensional nanostructures with chemical func-
tionalities and physical properties based on the formation
of highly ordered functionalized self-assembled mono-
layers (SAMs) have attracted increasing interest because
of the great potential that such molecular architectures
offer for chemical, biological, and medical applications.!
More recently, specific research on microfluidics has been
focused on fluid—surface interactions in microchannels
based on surface tension or on special geometrical designs
of wetting patterns.?? The field of microfluidics holds a lot
of promise. The design of the microfluidics hardware differs
from that of macroscale hardware. It is generally not
possible to scale down conventional devices and then
expect them to work in microfluidics applications. Hence,
new ways have to be identified to manipulate small
amounts of fluid. Thus, new functionalized solid surfaces
whose wettability can be controlled by an external stimulus
(radiation, electric field, etc.) have emerged.*?

Azobenzene derivatives are typical compounds adapted
to prepare such a surface. Indeed, because these chro-
mophores undergo photon-driven reversible cis—trans
isomerization, they have been widely studied for potential
applications in specific areas such as liquid crystal
alignment,%7 electrooptics,® and information storage.®

It is well known that the physical and chemical
properties of the two isomers are different'® and that
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photoisomerization can induce changes in the dipole
moment.! Therefore, the use of azobenzene molecules has
received significant experimental and theoretical atten-
tion. However, the origins of the wettability variation are
still obscure. Several mechanisms have been proposed in
the literature: changesin the orientation of the functional
units,'? roughness introduced by illumination,!® and
changes in the dipole moment.!4~16

In the same way, the influence of chromophore density
on the wettability variation remains unclear. It has been
reported that the density of the chromophore monolayer
should be limited in order to allow the isomerization.*6.17
However, Hamelmann et al. have recently shown the
ability to elaborating a dense azobenzene monolayer
showing a large variation of wettability.!®

Self-assembled monolayer (SAM) depositions are among
the most attractive for controlling molecular structure at
the surface.! The preparation of SAMs containing azoben-
zene moieties onto silicon surfaces has already been
described with two different synthesis methods.*?~23 The
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Figure 1. Schematic outline of the procedure used to elucidate the compact azobenzene-containing monolayer by grafting

chromophores onto the SAM-modified Si substrate.

first method consists of the chemisorption of triethoxy-
silane containing an azobenzene moiety (azo-silane).!?~23
However, this process did not allow a dense azobenzene
monolayer to form, probably because of the difficulties
with purification during the synthesis of the azo-silane.??
The second synthesis route consists of forming a dense
functionalized self-assembled monolayer on which, in a
second step, azobenzene moieties are grafted.*1%2° Siewier-
ski et al. have shown that this method gives rise to a
higher density for the monolayer containing azobenzene
moieties.?

In this article, we describe the preparation of a dense
monolayer containing azobenzene derivatives onto a
silicon surface such that the wettability can be controlled
by light. Our approach consists of two key steps as shown
in Figure 1. First, an alkylsilane SAM containing an
isocyanate function (TESPI) is formed on a silicon
substrate, and subsequently an azobenzene derivative
(AB—OH) is covalently grafted on it. Such an approach
allows accurate step-by-step control of the processes by
contact angle measurements, AFM, and X-ray reflectivity
analysis of the architectures. The photodependent wet-
tability properties of such systems were then evidenced
by alternate exposure to UV (1 = 325 nm) and visible
(A = 442 nm) radiation of a HeCd laser.

Experimental Section

Synthesis of 4-(Phenylazo)phenethyl Alcohol (AB-—
OH).2* Aminophenethyl alcohol (14.8 g) and nitrosobenzene (9.8
g) were dissolved in absolute ethanol (100 mL). The mixture was
stirred for 15 min, and glacial acetic acid (10 mL) was added
slowly. The mixture was then heated to reflux over the course
of 2h. After cooling to room temperature, the solution was poured
into distilled water (1 L). The precipitate was filtered and air
dried. The solid was recrystallized from an ethanol/water mixture
(3/2 by volume). Yield: 86%.HNMR (CDCls): 6 1.25 ppm (—OH),
2.95 ppm (Ar—CHsz—), 3.92 ppm (—O—CHzy—), 7.27 ppm (aromatic,
ortho to —CHy—), 7.49 ppm (aromatic, meta and para to
—N=N-), 7.92 ppm (aromatic, ortho to —N=N—).

Substrates. Single-sized polished silicon wafers from Siltronix
(orientation {100} ) were cleaned in pure ethanol (Aldrich) in an
ultrasonic bath for 5 min, followed by immersion in a piranha
solution (70% H2S04/30% H205) at 100 °C for 5 min. Afterward,
the wafers were rinsed with deionized water, dried in a nitrogen
stream, and placed into the chamber of a UV—ozone cleaner
(UVO cleaner, Jelight Company Inc.) for 10 min. The silicon
wafers were immediately used in order to prevent surface
contamination.

Film Preparation. Self-assembled monolayers of alkyl-
siloxanes were prepared from solutions of 3-isocyanatopropyl-
triethoxysilane (TESPI-Fluka) in bicyclohexyl (Fluka, purity
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1995, 28, 4179.

>99%). Experiments were performed in a Teflon beaker using
a TESPI concentration of 4 x 10~* mol-L~1.

The grafting reaction between 4-(phenylazo)phenethyl alcohol
(AB—OH) and the isocyanate-functionalized SAM was realized
by placing in a three-necked flask purged with argon the silanized
wafer in a solution containing 10 mL of anhydrous dioxane
(Aldrich),5 x 103 gof AB—OH, 0.2 mL of triethylamine (Aldrich,
99.5%), and one crystal of dibutyltin bis(2-ethylhexanoate) as
previously reported.?? The resulting mixture was heated to reflux
for 15 h under an argon atmosphere. After immersion, the wafers
were rinsed in toluene in an ultrasonic bath for 1 min to remove
nongrafted molecules.

Characterization. Water contact angle measurements were
performed using a Ramé-Hart Inc. goniometer. Three drops of
deionized water (3 uL) were used to measure the wettability of
the surface.

AFM measurements were performed with a Nanoscope III
Multimode SPM from Veeco in tapping mode under ambient
conditions. The surface roughness was evaluated by the root-
mean square (rms), which can be expressed as rms = [};(Z; —
Zay)in] where Z; is the height at point i, Z,, is the average of Z,
and n is the number of data points. The reported rms values
were calculated using WS x M 4.0 software developed by Nanotec
Electronica S. L.

X-ray reflectivity curves were obtained with a Philips X’Pert
MPD in a parallel beam optics configuration. The X-ray wave-
length source was 1.54 A (Ko-ray of Cu). Refinement of the
normalized Fresnel reflectivity on the basis of the matrix method?
(preferred to the Born approximation?$) gives the electron
thickness, roughness, and electron densities of the different stacks
(molecules and molecular sequences). In these treatments, the
silicon substrate is supposed to have an infinite thickness, and
its electron density is fixed (0.710 e~-A~1);27 similarly, the electron
density of the oxide layer, always present on silicon surface?
was fixed at 0.670 e -A~1.29

Photoisomerization. Photoisomerization investigations were
carried out by exposing the sample surfaces to a He—Cd laser
beam. The two available wavelengths at 325 nm (P = 0.33 W-cm~2)
and 442 nm (P = 0.86 W-cm2) allow us to modify the conformation
of the azobenzene molecules and verify the wettability modifica-
tions related to irradiation contact.

Results and Discussion

Isocyanate-Functionalized SAM. Figure 2 shows the
evolution of the water contact angle as a function of the
silanization time. At the beginning, the water contact angle
was close to 0°, indicating that the cleaning process used
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Figure 2. Water contact angle as a function of the TESPI
silanization time.
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Figure 3. AFM topography image (252 nm x 252 nm) of the
isocyanate-functionalized SAM (¢ = 45 min).

in our experiment allows a total decontamination and the
formation of silanol groups on the wafer surface. The water
contact angle value rapidly increases with the silanization
time until a plateau value (53° + 2) after about 30 min,
which may correspond to the surface saturation with
isocyanate groups.

The topographic characteristics of the surface of the
film were controlled by AFM measurements. The AFM
topography image (252 nm x 252 nm) illustrated in Figure
3 proves that the surface of the sample is very smooth
once the water contact angle plateau is reached. This is
quantitatively shown by the weakness of the rms rough-
ness equal to 0.07 nm. Furthermore, we did not observe
defects at larger scale (1 um x 1 um), which confirms that
the film can be considered to be homogeneous.

The X-ray reflectivity curves (Figure 4) clearly show
the emergence of oscillations, proving the development of
uniform layers with a shift of the first minimum toward
lower @, indicating a progressive increase in the SAM
thickness.?? Moreover, the relative decrease in the in-
tensity of the minimum can be straightforwardly assigned
to the progressive increase in the molecular packing. No
changeis observed for reaction times greater than 45 min.
The characteristics of such a film deduced from the
refinement of the reflectivity curve are given in Table 1
(model 1). The different components of the stacking are
shown in Figure 5, each one being characterized by its
electron density, thickness, and roughness. In addition to
the silicon substrate and the silicon oxide layer, the
architecture consist of a transition layer, the alkyl layer,
and the isocyanate layer. The former includes the complex
interface between the silicon oxide and the alkyl chain of
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Figure 4. Evolution of the Fresnel-normalized X-ray reflec-
tivity curves of clean silicon and the TESPI SAM as a function
of silanization time.

Table 1. Parameters Obtained from the Fit of the X-ray
Reflectivity Curve of the Isocyanate-Functionalized SAM
(Model 1) and Grafted with ABOH (Model 2)

) roughness  thickness
[emA™9 [A] [A]
model 2 ABOH layer 0.380 1.4 13.7
model 1 isocyanate layer  0.411¢ 0.9 2.5¢
alkyl layer 0.312¢ 2.5 3.8
transition layer 0.558¢ 1.6 2.2e
oxyde layer 0.670 4.1¢ 11.9¢
substrate 0.710¢ 0.1«

@ Parameters maintained fixed during the fit.

Isocyanate layer

Alkyl layer

Transition layer

Oxide layer

Silicon substrate

Figure 5. Five-layer model used for the analysis of the TESPI
self-assembled monolayer reflectivity curve.

the TESPI molecules.?>2°=31 TESPI molecules are divided
into two layers, the alkyl chain (i.e., three —CHz— groups)
and the isocyanate “head”. .

The Q. value of the first minimum at 0.435 A~! (denoted
Q-min) is a good indicator of the quality of the SAM, yielding
to an approximate total film thickness of 7 A following the
relation (L = /@, min).2° The total film thickness calculated
from Q.min is in good agreement with the predicted length
of 7.3 A corresponding to fully extended TESPI molecules
in an all-trans conformation. Therefore, taking into
account this result, the thickness of the alkyl layer was
keptat L =1.27 x 3=3.8 A, corresponding to an all-trans
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Figure 6. Fresnel-normalized X-ray reflectivity curves for the
isocyanate-functionalized SAM (¢ = 45 min). Squares represent
the experimental data, and the solid line, our best reflectivity
fit.

conformation,?? and the thickness of the isocyanate layer
was fixed at 2.5 A.33

The parameters that are allowed to vary during the fit
are therefore the electron densities of both the alkyl layer
and the isocyanate layer, the thickness of the silicon oxide
layer, the roughness of each interface, and the transition
oxide parameters. The results of the modeling are shown
in Table 1 (model 1), and comparison between experi-
mental points and the adjustment is illustrated by Figure
6.

The thickness of the silicon oxide layer (11.9 A) is in
good agreement with the value proposed by Brzoska et al.
for the typical thickness of the native silicon oxide layer
on a silicon substrate (10—15 A).3* The parameters
obtained for the transition layer (i.e., electron density and
thickness) can be attributed to a complex interface between
the silicon oxide layer and TESPI molecules. The obtained
electron densities calculated for the alkyl layer and the
isocyanate layer lead to areas per molecule A of 24/(3.8
x 0.312) = 20.2 A? and 21/(25 x 0.411) = 20.4 A2,
respectively, proving the formation of a dense monolayer. 2

Both of these results clearly demonstrate that for a
silanization time of 45 min a dense isocyanate-function-
alized SAM is formed.

Chromophore Grafting. The modification of the
surface energy after the grafting reaction of AB—OH
molecules on the isocyanate-functionalized SAM strongly
affects the water contact angle value. Indeed, we found
an important increase from 53°(+2) to 69°(£2), which is
in agreement with the introduction of phenyl groups onto
the surface.3?

The grafting is evidenced by X-ray reflectivity patterns
shown in Figure 7, The difference between the reflectivity
curves before and after the AB—OH treatment is very
important because the first minimum initially located at
Qemin = 0.434 A-1moves toward the value of Q:min = 0.150
A~1 indicating an increase in the total thickness of the
ﬁlm from 7.2t020.9 A as stralghtforwardly deduced from
the relation L = 71/Q.min.?° The quality of the profile proves
the grafting of a uniform layer onto the isocyanate-
functionalized surface.

The characteristics of the film are determined by
refinement (Table 1, model 2), taking into account the
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Figure 7. Fresnel-normalized X-ray reflectivity curves of the
isocyanate-functionalized SAM before and after the grafting of
azobenzene moieties.
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Figure 8. Fresnel-normalized X-ray reflectivity curves of the
isocyanate-functionalized SAM grafted by AB—OH molecules.
Squares represent the experimental data, and the solid line,
our best reflectivity fit.

results obtained on the functionalized substrate (model
1). All of these parameters were fixed, and a new layer
corresponding to the AB—OH molecules was added. The
parameters for this layer were allowed to vary during the
fit. Figure 8 illustrates the good agreement between the
model and the experimental data. The thickness of the
AB—OH layer was calculated to be 13.7 A, whereas the
length of the full extended AB—OH molecule in the trans
configuration was estimated to be 14.2 A by geometric
modeling. This result can be interpreted by assuming that
AB—OH molecules form a monolayer oriented with a tilt
angle of 16°. The electronic density of the AB—OH layer
was calculated to be 0.380 e -A~3, indicating that the layer
is compact because the area per AB OH molecule can be
estimated to be 22 A2. All of these experiments clearly
indicate that a dense monolayer of azobenzene derivatives
is formed on the silicon surface.

Photoisomerization of the Chromophore. To es-
timate the parameters controlling the photoisomerization
of the functionalized substrate, a spectroscopic study of
the AB—OH molecules was performed. Figure 9 shows
the UV—visible absorption spectra of the AB—OH solution
in toluene as a function of various experimental treat-
ments. The spectrum of a sample free from any treatment
exhibits a low-intensity n — z* band in the visible region
(Amax = 443 nm) and a high-intensity 7 — 7* band in the
UV (Amax = 327 nm) as previously reported for an
azobenzene-type molecule.!”

Irradiation of the solution for 30 s by 325 nm radiation
from a He—Cd laser leads to an important decrease in the
band intensity at 327 nm and an increase in the intensity
of the band at 443 nm. We also note the presence of an
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Figure 9. UV-visible absorption spectra of an AB—OH
solution in toluene: (1) the initial solution, (2) after 30 s of
irradiation by the He—Cd laser at A = 325 nm, followed by (3)
2 h in the dark, and (4) by 30 s of irradiation by the He—Cd
laser at A = 442 nm.

isosbestic point at 380 nm, indicating that the modification
of the spectrum is due to the trans — cis isomerization of
the AB—OH molecules.!® The initial spectrum is not fully
recovered when the solution is kept in the dark for 2 h.
Such a result demonstrates that the thermal back reaction
is quite slow and that the molecular state of the film can
be considered to be frozen during contact angle and
reflectivity experiments. However, a fast recovery of the
initial spectrum is observed when the sample is subjected
for 30 s to the 1 = 442 nm radiation of a HeCd laser at
P = 0.86 W-cm 2. Such full reversibility is attributed to
the cis — trans photoisomerization of the AB—OH
molecules.

Photocontrol of the Wettability. The above inves-
tigations provide evidence of the experimental conditions
allowing efficient photoisomerization of the AB—OH
molecules and therefore photocontrol of the wettability of
the surface.

The evolution of the water contact angle on the surface
of the functionalized SAM grafted by AB—OH molecules
was monitored as a function of the irradiation wave-
lengths. Initially, the water contact angle is equal to 69°-
(£2), and irradiation at 325 nm (P = 0.33 W-cm2) leads
to a decrease in the water contact angle to 62°(4+2)
attributed to the trans — cis isomerization of AB—OH
molecules. Indeed, the dipole moment of the cis isomer is
higher than that of the trans isomer,"! which explains
why trans — cis isomerization leads to a decrease in the
water contact angle. Photocontrol reversibility was dem-
onstrated by keeping the sample in the dark for 24 h
because the water contact angle recovers its initial value
(69°). Photoswitching reversibility was also demonstrated
by irradiating alternatively, in the visible and in the UV,
adrop of olive oil on the surface of the functionalized SAM
grafted by AB—OH molecules. As reported by Ischimura,*
oil can be used as a test liquid to prevent evaporation
during irradiation experiments. Figure 10 shows the
evolution of the oil contact angle measured on the
functionalized SAM grafted by AB—OH molecules as a
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Figure 10. Evolution of the olive oil contact angle of the
functionalized SAM grafted by AB—OH molecules as a function
of irradiation. The columns labeled UV and Blue refer,
respectively, to the sample after UV (325 nm) and blue (442
nm) light irradiation by the He—Cd laser.

function of irradiation. The oil contact angle initially equal
to 15°(£2) reached 19°(+2) after 5 min exposure to 325
nm radiation at P = 0.86 W-cm 2. Then, an irradiation of
the film in the visible region contributes to the recovering
of the initial contact angle value. The observed difference
in the wetting behavior is attributed to the presence of
two different isomers on the surface. The reproducibility
was thus shown by alternating UV and visible irradiation
for five cycles and by observing the periodic variation of
the contact angle.

Conclusions

We have synthesized a new azobenzene molecule in
order to prepare an azobenzene-containing monolayer on
a silicon surface by a synthetic method consisting of the
covalent grafting of azobenzene derivatives onto an
isocyanate-functionalized SAM. Characterization of the
isocyanate-functionalized SAM by contact angle mea-
surement, X-ray reflectivity, and AFM demonstrates that
the procedure used to graft azobenzene molecules onto
the isocyanate-functionalized SAM has permitted us to
obtain a dense azobenzene monolayer. In solution, we have
shown that our synthesized azobenzene was able to switch
between two different steady states after having been
irradiated for 30 s with the two available wavelengths of
aHeCd laser (A = 325 and 442 nm). Photoswitching of the
wettability of the functionalized SAM grafted by AB—OH
molecules was then demonstrated with water and oil. Even
though the variation of the water contact angle (A6 =
7°(£2)) could be considered to be modest, Aoki et al. have
shown that this variation is enough to control the large-
scale alignment of a liquid crystal.”
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