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Influence of phase transition and photoisomerization on interfacial rheology

Kang Sub Yim and Gerald G. Fuller
Department of Chemical Engineering, Stanford University, Stanford, California 94305

~Received 31 January 2002; revised manuscript received 5 December 2002; published 11 April 2003!

This paper presents the shear responses and interfacial rheology of photosensitive monolayers. Langmuir
films of a fatty acid containing an azobenzene moiety that can undergotrans-cisphotoisomerization have been
investigated for their structural and dynamical properties. Thecis conformation produces a structureless,
Newtonian film that cannot be oriented by surface flows. Transforming the molecule to thetransconfiguration
produces a well-packed film that responds to flow with an anisotropic and non-Newtonian character. Thetrans
state supports two separate phases, a low-pressure phase where the azobenzene group is free to rotate, and a
high-pressure phase where this moiety is frozen in place.
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1. INTRODUCTION

Photosensitive materials are able to respond to light
altering their structure and conformation and these chan
are accompanied by variations of their physical propert
Photochromic phenomena of photosensitive materials h
attracted attention due to the possibility of exploiting the
effects in photomodulated sensors and devices. This
mainly due to the advantages of sensitivity and stability co
pared with properties derived from conventional, mechan
induced process.

The photoinducedtrans-cisisomerization of azobenzene
containing molecules is a well-known photochromic ph
nomenon that has been extensively studied for vari
electro-optical applications@1–3#. Some of the azobenzene
containing amphiphiles are known to have liquid crystalli
phases in very thin films@4,5#. The orientation and packing
of the molecules within the films affect their optical chara
teristics, which is important in the eventual design of op
electric devices.

A moiety that is capable of strong photoisomerizati
transitions is the azobenzene group, which undergoes
metric changes upon illumination by UV on visible ligh
The trans planar isomer, which has a rod-shaped configu
tion, is transformed to the bent-shapedcis conformations in
which theuNvNu group is in a plane perpendicular t
the phenylene groups. The isomerization involves a decre
of the distance between thepara carbon atoms in azobenzen
from about 9.0 Å in thetrans form to 5.5 Å in thecis form.
Likewise, trans-azobenzene has almost no dipole mom
~0–0.5 D!, while the dipole moment of thecis compound is
3.0–3.5 D@6#. This large conformational and physicochem
cal change induced by isomerization is reversible and ma
azobenzene a candidate for photoelectronic applications

Recently, a number of investigations have conside
Langmuir-Blodgett~LB! films consisting of organized mo
lecular assemblies in the form of ultrathin layers. The m
lecular structure and orientation in LB films inherently d
pend on the state of molecular configuration in the precur
spread monolayer at the air/water interface. In addition, t
are also influenced by the coupling of the film microstructu
to surface flows associated with the deposition process.
this reason, it is important to understand the interplay
tween the molecular structure of fluid interfaces~e.g., the
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role of phase transitions and isomerization in this paper! and
surface rheology.

This study combines classical measurements used to
tablish the thermodynamic state of Langmuir monolay
~e.g., surface pressure–molecular area isotherms! with meth-
ods devised to reveal the orientation dynamics of these
tems under flow~e.g., interfacial stress rheometry, UV d
chroism, and flow–Brewster angle microscopy!.
Dimensionality has a profound influence on thermodyna
ics, and Langmuir monolayers are known to have rich ph
diagrams. Amphiphiles such as fatty acids, alcohols, a
phospholipids@7# have been extensively studied. These s
tems show complicated but well-ordered phase diagrams
transitions at the air/water interface. The structure of the c
responding phases has been established using x-ray dif
tion and Brewster angle microscopy~BAM !. The dynamics
of Langmuir monolayers also reveal the strong influence
dimensionality. These systems display a variety of nonlin
surface rheological behaviors that include complex surf
moduli, shear thinning surface viscosities, and nematic
flow responses@8–10#. However, the relationship betwee
thermodynamic structures and their rheological respon
has rarely been reported for two-dimensional systems.

This paper reports measurements on
azobenzene-containing amphiphile, 4-octy
48-~3-carboxytrimethyleneoxy! azobenzene (C8AzC3). This
fatty acid derivative has the useful properties of undergo
thermodynamic phase transitions like simple fatty acids
well as trans-to-cis photoisomerization upon the applicatio
of UV-visible light. In this manner, this molecule offers th
possibility of examining the ability of molecules to effi
ciently pack at the interface and the effects on both therm
dynamics and orientational dynamics. The presence of
azobenzene group with its strong, polarization-dependent
sorption in the ultraviolet allows UV dichroism measur
ments to be applied to obtain sensitive determinations
flow-induced orientation. For these reasons C8AzC3 is a
good model material for identifying the relationship betwe
the thermodynamic phase structure and the rheological
entational dynamics at the air/water interface.

The degree of molecular order in two-dimensional mon
layers can be determined from the anisotropy in the abs
tion of light by the layer, which results in a linear dichrois
Dn95n192n29 in the sample, wheren19 and n29 are the prin-
©2003 The American Physical Society01-1
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cipal values of the imaginary part of the refractive index. W
have previously applied visible light dichroism to this pro
lem but it is found that UV light has a higher sensitivity
absorption than visible light for studying liquid crystallin
molecules including C8AzC3 @9#. In our experiments, the di
chroism is measured dynamically by rapidly modulating
polarization of the UV light incident on the sample@11# and
the measurements are acquiredin situ on flowing monolay-
ers.

Here, we study the phase diagram and domain structur
the azobenzene derivative fatty acid C8AzC3 by conven-
tional isotherm measurements and by BAM. The coupling
the phase structure and orientational dynamics is then ex
ined using UV dichroism under extensional flow and t
measurement of interfacial rheology. In addition, the eff
of trans-cisphotoisomerization on molecular anisotropy w
be discussed.

II. MATERIALS AND METHODS

The azobenzene-containing fatty ac
4-octyl-48-~3-carboxytrimethyleneoxy! azobenzene
(C8AzC3), with the molecular structure

was obtained from Dojindo Laboratories and dissolved
chloroform to form the spreading solution. Docosanoic a
(C22) was purchased from Sigma. Two Langmuir min
troughs made of Teflon measuring 25.037.5 cm2 and a
35.037.5 cm2, respectively, were used for all measureme
~KSV Instruments, Finland!. The surface pressure was mon
tored using a Wilhelmy balance. All experiments were p
formed at 2260.1 °C unless stated otherwise.

The trans-cis photoisomerization of C8AzC3 is induced
by alternatively irradiating the film with a UV lamp of 36
nm ~UVLMS-38, UVP! and white light. The UV absorption
spectrum in chloroform solution was recorded using a dio
array spectrophotometer~HP 8452A!.

The rollers of the four-roll mill were positioned to gene
ate an extensional flow for studying flow-induced molecu
orientation~Fig. 1!. The diameter of the rollers was 1.98 c
and the distance between adjacent rollers was 3.18 cm.
ratio of roller diameter to roller spacing, 0.625, provides t
closest approximation to homogeneous extension for b
flows @12#. The compression and extension axes in this fl
can be interchanged by simply reversing the direction
roller rotation. All measurements were performed in the st
nation region located at the geometric center of the rolle
where material has a long residence time.

Brewster angle microscopy was utilized to visualize t
morphology of the monolayer mixtures.P-polarized light
from a 10 mW argon laser was used as light source.
reflected beam was sent through an analyzer to enhance
trast and recorded with a charge-coupled device camera
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A description and analysis of the optical train for the d
chroism measurements have been discussed previously@9#.
In this study, the UV light of 275 nm generated using
argon laser~Spectra-Physics 2085-20RS! and transmitted
through the monolayer is measured using a photomultip
tube. The dichroism is recovered as an anisotropy param
d95(2pDn9d)/l, whered is the thickness of the monolaye
andl is the wavelength of the incident light.

An interfacial stress rheometer was recently construc
to study the rheology of Langmuir monolayers@13#. A mag-
netized rod oscillates at the air/water interface by applyin
sinusoidal magnetic field gradient. The dynamic surfa
moduli Gs* (v) can be obtained by measuring the amplitu
and phase of the resulting rod motion relative to the app
force. Similarly, the dynamic surface viscosityms* (v) is eas-
ily derived from the dynamic moduli from the simple rhe
logical equation

ms* ~v![ms8~v!2 ims9~v!5
Gs* ~v!

iv
5

Gs9~v!

v
2 i

Gs8~v!

v
,

wherev is the frequency. Gs8 ,ms8 andGs9 ,ms9 represent the
real and imaginary parts, respectively.

III. RESULTS AND DISCUSSION

A. Absorption spectrum of azobenzene-containing fatty acid
C8AzC3

Figure 2 shows the absorption spectral changes
C8AzC3 in chloroform solution. The maximum absorptio
peak centered at 350 nm is attributed to thep-p* transition
along the long axis of thetrans isomer@14# @Fig. 2~a!#. Irra-
diation with UV light causes a gradual decrease of thep-p*
transition band~350 nm!, while the n-p* transition band
~444 nm! increases during UV irradiation@Fig. 2~b!#, indi-
cating the occurrence oftrans-to-cis photoisomerization. The
cis isomer thus produced can be reconverted to thetrans
isomer using visible illumination, which results in a recove
of the spectral features of thetrans isomer.

Another absorption maximum of a shorter wavelength
found at 250 nm irrespective of the photoisomerizatio

FIG. 1. Top view of the four-roll mill to produce extensiona
flow. The direction of roller rotation and the resulting flow field a
shown. A stagnation point of the flow field exists at the center of
device. For the roller rotation in the figure, the compression axi
the vertical line of symmetry as the extension axis is the horizo
line of symmetry.
1-2
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INFLUENCE OF PHASE TRANSITION AND . . . PHYSICAL REVIEW E67, 041601 ~2003!
which has been identified as the electronic transition mom
parallel to the short axis of azobenzene@14#. It has been
reported that a redshift of 10–25 nm of the maximum ba
occurs for thin films compared to the chloroform soluti
due to the excitonic interactions between the chromopho
and aggregation in the film environment@15–17#. Therefore,
this redshifted absorption maximum on monolayers alm
corresponds to the wavelength of the argon laser~275 nm!,
which allows us to measure UV dichroism for the study
orientational dynamics.

B. Isotherms and phase transition

Figure 3 shows surface pressure/surface area isoth
for monolayers in both thetrans and cis configurations. To
produce thetrans form, the monolayers were spread in th
absence of light and thecis form was produced by irradiating
the spread layers with ultraviolet radiation. The two molec
lar configurations produce qualitatively different isotherm
with the trans form being much less compressible and exh
iting a first order phase transition at a surface pressure
13.4 mN/m.

FIG. 2. Absorption spectra of C8AzC3 in chloroform solution in
response to UV and visible irradiation:~a! trans isomer; ~b! cis
isomer; dotted lines are intermediate states obtained by UV or
ible illumination.

FIG. 3. Surface pressure–area isotherms for C8AzC3 monolay-
ers at 22 °C.~a! trans isomer;~b! cis isomer after 10 min of 365 nm
irradiation ~1 mW/cm2!. Inset is an isotherm of docosanoic acid
15 °C.
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of It has been suggested from x-ray diffraction studies
C8AzC3 monolayers that this first order transition corr
sponds to the transition from a nearest neighbor~NN! to a
next-nearest neighbor~NNN! tilt @18#. Compared with first
order phase transitions studied on classic fatty acids@for ex-
ample, docosanoic acid (C22), which produces the isotherm
shown in the inset of Fig. 3#, C8AzC3 is distinguished in two
ways: the coexistence region is much larger, and the
angle of this molecule is insensitive to surface press
within each phase. It is believed that the strength of
phase transition is due to van der Waals interactions betw
molecules, and that the constant tilt angle is due to the
that molecules are prevented from sliding against each ot
which indicates that azobenzene derivatives have stron
interactions and more complicated structures than aliph
fatty acids@18#.

The limiting areas of the NN and NNN tilted phases we
found to be 35.7 and 32.9 Å2/molecule, respectively, which
are larger than the cross-sectional area perpendicular to
long axis of the azobenzene group~25.2 Å2/molecule! @19#.
This is additional evidence that C8AzC3 has a tilted orienta-
tion at the air/water interface. The surface areaAt and the
cross-sectional areaAc normal to the molecular axis are re

FIG. 4. A series of BAM images in thetrans phase.~a! NN
phase at 13 mN/m of thetrans isomer; ~b!–~e! the intermediate
phases during the transition from NN to NNN phase. Each imag
taken at a time interval of 3 s.~f! NNN phase after transition
Arrows represent the domain growth during transition.
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K. S. YIM AND G. G. FULLER PHYSICAL REVIEW E67, 041601 ~2003!
lated to the tilt angleu by simple geometry according toAt
5Ac /cosu. From this equation, the tilt angleu can be esti-
mated. Using the limiting areas in the isotherm, tilt angles
45° and 40° were calculated for the NN and NNN phas
respectively, which are close to those obtained in previ
studies@18,20#.

Thecis isomer produces a much more compressible la
and lacks any evidence of a phase transition. In addition,
surface area per molecule is markedly higher for thecis con-
figuration, which reflects the more efficient packing possi
with the trans state. The molecules clearly have differe
arrangements and interactions within the monolayer depe
ing on the conformation of the azobenzene moieties. T
existence of higher collapse pressure for thetrans isomer~38
mN/m! compared to thecis isomer ~30.5 mN/m! suggests
that intermolecular interactions are stronger intrans mono-
layers.

The morphologies of C8AzC3 monolayers are shown in
Fig. 4 during the NN to NNN transition of thetrans isomer
by BAM. Both the NN @Fig. 4~a!# and NNN @Fig. 4~f!#
phases of thetrans isomer have the molecules tilted with th
hydrophilic head groups on a distorted hexagonal lattice.
domains visible in the BAM images arise from patches of
films containing molecules of different tilt azimuths. The d
mains within the NNN phase are observed to form m
regular structures with more distinct boundaries. The m
diffuse boundaries of the NN phase are interpreted to refl
a lower line tension between the domains in this phase. D
ing the NN-to-NNN transition@Figs. 4~b!–4~e!# the contrast
between the domains continually increases and evolves
to the 90° difference between the NN and NNN tilt dire
tions. Later, we will discuss the different hydrodynamic r
sponses in both phases under flow.

Figure 5 shows the change of morphology in monolay
transformed using UV irradiation. During photoisomeriz
tion the domain boundaries become obscured until a st
tureless, homogeneous surface is produced. According to
BAM images, atrans-cis photoisomerization is induced i
each domain, irrespective of the direction of the transit

FIG. 5. Morphological changes of C8AzC3 monolayer during
trans-to-cis photoisomerization induced by unpolarized UV of 36
nm ~1 mW/cm2!. Images were taken at 15 mN/m before irradiati
~a!, and after irradiation for 2~b!, 3 ~c!, and 3.5 s~d!.
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moments of the chromophores under unpolarized UV irrad
tion. Within the limit of the spatial resolution of the BAM no
evidence of phase separation was detected for thecis con-
figuration.

C. Kinetics of isomerization

The kinetics of photoisomerization of C8AzC3 was stud-
ied by measuring the time dependence of the surface p
sure during thetrans-to-cis isomerization by UV light of 365
nm at different initial surface pressures, and these results
shown in Fig. 6~a!. The increase in surface pressure is due
the fact that isomerization is performed at constant surf
area. The surface pressure increases immediately after
irradiation and reaches the asymptotic value over time. T
intermediate, flat region corresponds to the phase trans
between the NN and NNN phases.

The isomerization of azobenzene moieties is known
follow first order kinetics in a wide variety of media an
phases@3,21#. If we assume first order kinetics, we can d
rive the reaction ratek from the following equation:

DP~ t !5DPmax~12e2k~ t2t0!!,

whereDPmax is the maximum increase of surface pressu
andt0 is the starting time in each phase. The surface pres
profiles for the NNN phase shown in Fig. 6~a! are replotted
with a rescaled abscissa suggested by the above equati
Fig. 6~b!. Excellent agreement is found for the first ord

FIG. 6. The kinetics of photoisomerization:~a! The change in
surface pressure at a constant surface area with a series of diff
initial surface pressures;~b! Initial surface pressure dependence
the normalized surface pressure increase versus normalized
calculated by the equationDP(t)5DPmax(12e2k(t2t0)).
1-4
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INFLUENCE OF PHASE TRANSITION AND . . . PHYSICAL REVIEW E67, 041601 ~2003!
kinetics as demonstrated by overlap of the data. The reac
rate k is 9.5031022 and 3.5531022 s21 in the NN and
NNN phases, respectively. The low reaction ratek in the
high-surface-pressure phase~NNN! suggests that the photo
somerization is hindered in densely packed monolayers
to steric restrictions within the monolayers. These res
clearly show the strong influence of monolayer packing a
structure on the degree of isomerization.

D. Newtonian and non-Newtonian interfaces

The shear rheology for each phase of C8AzC3 was stud-
ied. The dependence of the surface moduli on strain am
tude is shown in Fig. 7 for~a! trans ~NN!, ~b! trans ~NNN!,
and~c! cis monolayers. In the NN phase of thetrans isomer
@Fig. 7~a!#, both the storage and loss moduli remain nea
constant over the broad range of strain amplitude~,0.08!,
suggesting thattrans C8AzC3 monolayers at low surface
pressure are in the linear viscoelastic regime, like aliph
fatty acids@10#. However, both surface moduli in the NNN
phase of thetrans isomer @Fig. 7~b!# show nonlinear vis-
coelastic behaviors at strain amplitudes above 0.01. T

FIG. 7. Surface moduli of C8AzC3 monolayers as a function o
the strain amplitude:~a! NN phase oftrans isomer at 11 mN/m;~b!
NNN phase oftrans isomer at 15 mN/m; and~c! cis isomer at 15
mN/m. Storage modulus~d! and loss modulus~h!.
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trend is also found in liquid crystalline polymeric monola
ers where strong interactions between neighboring molec
are observed@10#. All experiments were performed below
this strain limit to ensure that the measurements were m
in the linear viscoelastic regime. Thecis isomer showed con-
stant surface moduli for all strain amplitudes that were st
ied @Fig. 7~c!#.

Figure 8 shows the frequency dependence of C8AzC3
monolayers for the three different phases. For thetrans iso-
mer @Figs. 8~a! and 8~b!#, the surface viscosity decrease
linearly as frequency increases in both the NN and NN
phases. This shear thinning is typical, non-Newtonian beh
ior. The NNN phase displays enhanced frequency dep
dence of the surface viscosity compared with the NN ph
in trans monolayers. It is known that the surface loss mod
lus scales linearly with frequency for an ideal Newtonia
like interface. The loss moduli are linear on log-log sca
with powers of 0.80 and 0.41 in the NN and NNN phas
respectively. It has been argued that increasing the leve
molecular attractive interactions or entanglement den
gives rise to lower values of the exponent@22,23#. These

FIG. 8. Surface moduli of C8AzC3 monolayers as a function o
the frequency:~a! NN phase oftrans isomer at 11 mN/m;~b! NNN
phase oftrans isomer at 15 mN/m; and~c! cis isomer at 15 mN/m.
Storage modulus~d!, loss modulus~h!, and surface viscosity~q!.
1-5
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findings indicate that the NNN phase is more strongly n
Newtonian compared with the NN phase and also posse
a significantly higher storage modulus.

On the other hand, monolayers of thecis phase were
found to be Newtonian with a constant surface viscosity a
a loss modulus that scales linearly with frequency@Fig. 8~c!#.
The magnitude of the surface viscosity decreased by a fa
of 100 during thetrans-to-cis photoisomerization. It has als
been reported that the solution viscosity decreases du
trans-to-cis isomerization for bulk solutions, but the level o
decrease is not as much as is found in two dimensions@24#.
Clearly, the surface viscosity of monolayers is a very sen
tive parameter of molecular structure compared with its
in the bulk, and this is a reflection of the higher degree
order for two-dimensional systems.

E. Thermodynamic transition and its response to shear

Mechanical interfacial rheometry measurements h
been performed to obtain an understanding of the relat
ship between the thermodynamic transition and the respo
to shear. The logarithm of the surface viscosity is a lin
function of the surface pressure based on the tw
dimensional theory of reaction rates@25#, and the slope and
y-axis intercept will depend on the particular thermodynam
phase of Langmuir monolayers@10#.

The surface viscosities of thecis and trans states are
shown plotted against surface pressure in Fig. 9. Thecis
monolayer was found to have a lower surface viscosity
was Newtonian. Thetrans monolayers, on the other han
were viscoelastic and underwent a two-order-of-magnit
increase in surface viscosity at a surface pressure of
mN/m where the phase transition occurs. This increas
substantially larger than the factor of 10 found f
docosanoic acid across its phase transition~see the inset in
Fig. 9!. This difference in the strength of the transition co
responds to the result observed using isotherm data~Fig. 3!.

The interaction energy of these rodlike molecules is do
nated by long-range van der Waals attractions between

FIG. 9. The surface viscosity for C8AzC3 as a function of sur-
face pressure. The surface viscosity undergoes a large increas
surface pressure of 13.4 mN/m where the phase transition from
to NNN occurs for thetrans isomer. The inset figure shows th
results for docosanoic acid at 15 °C.
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drocarbon chains and their short-range repulsion. Since
cross section of the azobenzene moiety is larger than tha
the alkane chain, it is more difficult for C8AzC3 molecules to
be sufficiently close for strong attractive interactions co
pared with aliphatic fatty acids. The significantly smaller s
face viscosity of C8AzC3 monolayers at low surface pressu
~the NN phase! can be explained by this conformational lim
tation. This is also supported by x-ray diffraction data@18#
showing that the in-plane bond length of C8AzC3 monolay-
ers in the NN phase is much higher than that of alipha
fatty acid monolayers, while the bond lengths of both mon
layers are comparable in the high-surface-pressure~NNN!
phase.

It is known that increasing the alkyl chain length e
hances the intermolecular van der Waals interaction, wh
increases the surface viscosity of the monolayer@26#. In ad-
dition, densely packed azobenzene moieties can havp
stacking forces, which lead to attractive interactions wh
aromatic rings are face to face. These forces act in uniso
induce high surface viscosities at high surface pressure~the
NNN phase! in a manner that is similar to a long-chain fat
acid (C22) in spite of its short tail group (C8).

Cis monolayers show no transition in the surface viscos
in accordance with the featureless isotherm~Fig. 3!, and very
low surface viscosity. This suggests that there are no sig
cant molecular interactions between molecules incis mono-
layers.

On the other hand, a tilting transition betweenL28 ~NNN!
andS~untilted! phases in docosanoic acid monolayers res
in a continuous transition in the surface viscosity, which
flects its second order behavior observed by isotherms
x-ray diffraction data@27,28#. This clearly implies that there
is a close correlation between the thermodynamic phase t
sition and the macroscopic mechanical shear properties.

F. Comparison of the orientational dynamics

The UV dichroism measurements indicate that thetrans
isomer of C8AzC3 monolayers are subject to flow-induce
optical anisotropy, while thecis isomer forms an isotropic

FIG. 10. Orientational response of C8AzC3 monolayers of the
trans isomer to an extensional flow:~s! NN phase at 10 mN/m and
~h! NNN phase at 15 mN/m. Inset figure shows the flow directi
provided by the four-roll mill.
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INFLUENCE OF PHASE TRANSITION AND . . . PHYSICAL REVIEW E67, 041601 ~2003!
phase that cannot be oriented using hydrodynamic force
is also interesting to compare the orientational dynamics
tween the NN and NNN phases of thetrans isomer because
the two phases in thetrans isomer have different crysta
lattice structures.

The flow-induced orientation of thetrans monolayers is
shown in Fig. 10 for flow reversal experiments using t
four-roll mill. In this figure the extinctiond9 has been mul-
tiplied by cos 2x wherex is the average orientation angle
the azobenzene groups and is defined in Fig. 1. By symm
this angle can either be 0° or 90° and cos 2x is plus or minus
unity. The flow reversal protocol used in these experime
first applies a flow with an extension axis that is horizon
for a time of 200 s, after which the flow is reversed to pla
the extension axis vertical for another 200 s. At 400 s
flow is arrested, and the system is allowed to relax.

Thecis state could not be oriented by the flows genera
by the four-roll mill but a strong dichroism signal was o
served for thetransstate. However, the NN and NNN phas
produced qualitatively different responses. First, the azob
zene in the NN phase is unoriented both before inception
following cessation of the flow. This is in contrast to th
NNN phase, where this group is oriented at rest. This s
gests a nematic response for the NNN phase@29,30#. The
second difference is that the dichroism signals for these
phases are of opposite signs, indicating that the same
orients the azobenzene groups in orthogonal directions
the NN phase the azobenzene groups are aligned with
short axes parallel to the flow, while the azobenzene moie

FIG. 11. Schematic representations of a monolayer in~a! NN
and ~b! NNN phase subject to a flow. Arrows indicate the flo
direction.
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in the NNN phase orient with their short axes perpendicu
to the stretching direction of the flow.

From the above result of optical anisotropy under flow
is clear that different microstructure phases show differ
responses to a flow field. In our previous study@31# using
BAM to visualize the morphology of docosanoic acid mon
layers under flow, it was found that domains in the NN pha
did not change their relative contrast during flow rever
experiments using a four-roll mill. This indicates that the t
azimuth is unaffected by flow for the NN phase of that fa
acid. However, the NNN phase of docosanoic acid was
served to become aligned by flow, resulting in a change
the relative contrast between domains. The schematic re
sentations of domains subject to flow fields are given in F
11~a! for the NN phase and Fig. 11~b! for the NNN phase.

G. Molecular model of microstructures

The orientation dynamics observed for C8AzC3 using UV
dichroism and BAM suggests the molecular model of mic
structure of this molecule shown in Fig. 12. In the NN pha
the molecules are spaced sufficiently far apart to allow th
to rotate freely at a constant tilt azimuth. In the presence
flow, the short axis of the molecules is aligned in the flo
direction in order to minimize hydrodynamic resistance.

FIG. 12. A molecular packing model for C8AzC3 monolayers
subject to flow. The single arrows indicate the direction of opti
anisotropy measured by dichroism. The double arrows refer to
direction of the flow field.~a! NN phase: The optical anisotropy i
parallel to the flow direction. The tilt azimuth is independent of t
flow field. ~b! NNN phase: The optical anisotropy is perpendicu
to the flow direction. The tilt azimuth is coupled to the flow dire
tion.
1-7
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FIG. 13. Effect of photoi-
somerization on orientation dy
namics at 10 mN/m under flow
Top: trans isomer; bottom:cis iso-
mer. ~a!–~d! trans→cis transition
by UV irradiation~365 nm! of ~a!
20, ~b! 40, ~c! 80, and~d! 100 s.
~e!–~h! cis→trans transition by
visible light illumination of ~e! 2,
~f! 8, ~g! 12, and~h! 20 min.
ow
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shown in Fig. 12~a!, the short axis is parallel to the flow
direction and the tilted azimuth is independent of the fl
field, which agrees with the results of the dichroism me
surements and the intensity contrast between crystalline
mains subjected to flow as measured using BAM.

In the NNN phase, however, the molecules are pac
more densely and this forces the aromatic rings of azob
zene groups to stack ‘‘face to face.’’ The dense packing
the resulting strong attractive interactions between adja
molecules limit the rotation of the azobenzene moiety ab
its long axis. As a result, the tilt azimuth of molecules in t
NNN phase reorients in the flow direction so that the m
04160
-
o-

d
n-
d
nt
t

-

ecules keep their planarity rather than sliding over one
other. As pictured in Fig. 12~b!, the tilted direction of mol-
ecules in the NNN phase is strongly coupled to the app
flow field, and the short axis of the azobenzene molecul
perpendicular to the flow direction. Distorted domain p
terns of the NNN phase generated by flow do not appea
relax in shape but remain stable in appearance once the
is stopped, which agrees with the finding of a nematic ph
observed using dichroism~Fig. 10!.

A recent study@18# using x-ray diffraction on C8AzC3
monolayers reported that the bond lengths in the horizo
plane jump down below the width of the azobenzene moi
1-8
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dramatically at the NN-to-NNN transition, supporting o
molecular packing model as described in Fig. 12. We a
performed a study of orientational dynamics in mixtures
C8AzC3 monolayers with amphiphilic molecules such
stearic acid. Interestingly, the addition of stearic acid lead
the absence of a phase transition intrans-C8AzC3 monolay-
ers. In these mixed monolayers, the azobenzene groups
ent parallel to the flow even at a high surface pressure o
mN/m ~data not shown!. This is due to the fact that mixture
of C8AzC3 and stearic acid intercalate and enlarge the d
tance between adjacent C8AzC3 molecules, thereby inhibit-
ing close packed structures.

The relative tilt and orientation of the azobenzene moi
in monolayers are not clearly known at this moment due
the lack of a study on the crystal structures associated
these systems. However, our molecular model in this st
gives a reasonable picture of molecular packing and expl
the complicated orientational dynamics and the cont
change of BAM images under the flow.

H. Photoinduced anisotropic-to-isotropic phase transition

A systematic study of the effect of photoisomerization
molecular anisotropy and the orientational dynamics
C8AzC3 monolayers was carried out at 10 mN/m~the NN
phase! using UV dichroism. Results of this experiment a
shown in Fig. 13. Each graph in this figure plotsd9 cos 2x
against time during flow reversal experiments. We have
results for the NN phase of thetrans state~topmost graph!
down to thecis state ~lowermost graph!. As expected, the
evolution from thetrans to thecis state by the application o
UV irradiation is accompanied by a reduction in the deg
of flow-induced orientation. Indeed, thecis state remains iso
tropic under flow. This is a reversible phenomenon, and
plying visible light to the monolayers reverts the molecu
back to thetrans form @Figs. 13~e!–13~h!#.

This transition from anisotropic to isotropic states is
lated to the modification of molecular structure at the a

FIG. 14. Change in optical anisotropy as photoisomerizat
proceeds at 10 mN/m.trans→cis transition by UV light ~d! and
cis→trans transition by visible light~h!. Inset is the schematic
representation of a typical writing-erasing process for optical d
storage.
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water interface during photoisomerization. The linear rodl
structure in thetrans isomer enables molecules to align in
the preferred tilted direction, resulting in anisotropic d
mains. This anisotropy vanishes as thetrans isomer begins to
transform into a bent-shapedcis isomer that cannot form
regularly ordered structures.

Figure 14 shows the dependence of maximum anisotr
on the light illumination time. The maximum anisotropy b
gins to decrease as photoisomerization by UV light procee
and it rises as visible light is illuminated. The scale of t
axes in the two processes is different because the intens
of UV and visible light are not normalized.

An interesting application based on photoisomerizat
concerns optical storage systems. Azobenzene-contai
materials are good candidate materials for optical record
media due to their high optical sensitivity, short switchin
and access times, and reversibility after many write-er
cycles@32,33#. The monolayer molecules at the air/water i
terface can be easily transferred onto a solid substrate u
Langmuir-Blodgett deposition, during which the molecul
orientation and packing are controlled. Figure 14 show
sharp transition in the optical anisotropy of a monolayer t
mimics a typical write-erase process in an ultrathin film d
vice ~see inset in Fig. 14!.

n

ta

FIG. 15. Schematic representations of packing structures
monolayer molecules in~a! NN and~b! NNN phase intrans isomer
and ~c! cis isomer.
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IV. SUMMARY

We investigated the thermodynamic phase transition
the surface rheological properties of an azobenze
containing fatty acid C8AzC3 monolayer. This material is
particularly interesting because it shows anisotropic orien
tional dynamics as well as a well-ordered thermodynam
phase diagram, which can be examined by UV polarime
and BAM, respectively.

It was found by isotherm measurements that a strong
order transition exists between the NN and NNN phase
the trans isomer, which was revealed using BAM. At th
transition, the magnitude of the surface viscosity was
creased by a factor of about 100. In the low-surface-press
NN, phase, monolayer molecules are far enough from e
other due to bulky azobenzene moieties to reduce the at
tive interaction and surface viscosity. The molecule can
tate freely along the long axis of azobenzene, allowing
short axis to align toward a flow field as described in F
12~a!. After the flow stops, the molecules rotate to relax a
return to the random isotropic phase.

On the other hand, at high surface pressure~the NNN
phase!, azobenzene moieties in a dense packing can havp
stacking forces in a face-to-face arrangement of arom
rings, which leads to the formation of a nematic phase. T
strong attractive interaction causes the monolayer molec
to reorient parallel to the flow direction to keep their plan
ity, resulting in the direction of the short axis of the azobe
rt

h-

o

s

b

on
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zene moiety being perpendicular to the flow field@Fig.
12~b!#.

Photoisomerization by UV or visible light caused dr
matic changes in both thermodynamic and rheological pr
erties. The UV light of 365 nm induced isomerization fro
the trans to thecis isomer and changed molecular structur
from linear- to bent-shaped forms. As a result, molecu
occupy a higher surface area and the phase transition d
pears. This is due to the fact that bent shapes and p
properties in thecis isomer drive molecules to have irregula
and random structures without specific molecular inter
tions. This was confirmed by homogeneous BAM imag
and the absence of anisotropic phenomena under flow for
cis state. Figure 15 gives the schematic representation
each phase at the air/water interface.

From this study, the correlation between thermodynam
phases and their different rheological responses in t
dimensional monolayers was obtained by several experim
tal techniques and a molecular model accounting for th
observations has been proposed.
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