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Influence of phase transition and photoisomerization on interfacial rheology
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This paper presents the shear responses and interfacial rheology of photosensitive monolayers. Langmuir
films of a fatty acid containing an azobenzene moiety that can undengs-cisphotoisomerization have been
investigated for their structural and dynamical properties. Tiseconformation produces a structureless,
Newtonian film that cannot be oriented by surface flows. Transforming the molecule traiseonfiguration
produces a well-packed film that responds to flow with an anisotropic and non-Newtonian characten3he
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 role of phase transitions and isomerization in this paped
surface rheology.

Photosensitive materials are able to respond to light by This study combines classical measurements used to es-
altering their structure and conformation and these changdsablish the thermodynamic state of Langmuir monolayers
are accompanied by variations of their physical properties(e.g., surface pressure—molecular area isothewith meth-
Photochromic phenomena of photosensitive materials haveds devised to reveal the orientation dynamics of these sys-
attracted attention due to the possibility of exploiting thesetems under flow(e.g., interfacial stress rheometry, UV di-
effects in photomodulated sensors and devices. This ishroism, and flow—Brewster angle microscopy
mainly due to the advantages of sensitivity and stability comDimensionality has a profound influence on thermodynam-
pared with properties derived from conventional, mechanicaics, and Langmuir monolayers are known to have rich phase
induced process. diagrams. Amphiphiles such as fatty acids, alcohols, and

The photoinducedirans-cisisomerization of azobenzene- phospholipid{7] have been extensively studied. These sys-
containing molecules is a well-known photochromic phe-tems show complicated but well-ordered phase diagrams and
nomenon that has been extensively studied for variougransitions at the air/water interface. The structure of the cor-
electro-optical applicationgl—3]. Some of the azobenzene- responding phases has been established using x-ray diffrac-
containing amphiphiles are known to have liquid crystallinetion and Brewster angle microscogBAM). The dynamics
phases in very thin film§4,5]. The orientation and packing of Langmuir monolayers also reveal the strong influence of
of the molecules within the films affect their optical charac-dimensionality. These systems display a variety of nonlinear
teristics, which is important in the eventual design of opto-surface rheological behaviors that include complex surface
electric devices. moduli, shear thinning surface viscosities, and nematiclike

A moiety that is capable of strong photoisomerizationflow response$8—10. However, the relationship between
transitions is the azobenzene group, which undergoes gethermodynamic structures and their rheological responses
metric changes upon illumination by UV on visible light. has rarely been reported for two-dimensional systems.

The trans planar isomer, which has a rod-shaped configura- This paper  reports measurements  on an
tion, is transformed to the bent-shaped conformations in  azobenzene-containing amphiphile, 4-octyl-
which the—N=N— group is in a plane perpendicular to 4’-(3-carboxytrimethyleneoxyazobenzene (§AzCs). This

the phenylene groups. The isomerization involves a decreagetty acid derivative has the useful properties of undergoing
of the distance between tipara carbon atoms in azobenzene thermodynamic phase transitions like simple fatty acids as
from about 9.0 A in théransform to 5.5 A in thecisform.  well astransto-cis photoisomerization upon the application
Likewise, trans-azobenzene has almost no dipole momenwof UV-visible light. In this manner, this molecule offers the
(0-0.5 D, while the dipole moment of theis compound is  possibility of examining the ability of molecules to effi-
3.0-3.5 D[6]. This large conformational and physicochemi- ciently pack at the interface and the effects on both thermo-
cal change induced by isomerization is reversible and makedynamics and orientational dynamics. The presence of the
azobenzene a candidate for photoelectronic applications. azobenzene group with its strong, polarization-dependent ab-

Recently, a number of investigations have consideregorption in the ultraviolet allows UV dichroism measure-
Langmuir-Blodgett(LB) films consisting of organized mo- ments to be applied to obtain sensitive determinations of
lecular assemblies in the form of ultrathin layers. The mo-flow-induced orientation. For these reasongAgC; is a
lecular structure and orientation in LB films inherently de-good model material for identifying the relationship between
pend on the state of molecular configuration in the precursothe thermodynamic phase structure and the rheological ori-
spread monolayer at the air/water interface. In addition, thegntational dynamics at the air/water interface.
are also influenced by the coupling of the film microstructure The degree of molecular order in two-dimensional mono-
to surface flows associated with the deposition process. Fdayers can be determined from the anisotropy in the absorp-
this reason, it is important to understand the interplay betion of light by the layer, which results in a linear dichroism
tween the molecular structure of fluid interfac@sg., the An”=n]-nj in the sample, where] andnj are the prin-
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cipal values of the imaginary part of the refractive index. We compression axis
have previously applied visible light dichroism to this prob-
lem but it is found that UV light has a higher sensitivity in
absorption than visible light for studying liquid crystalline
molecules including §AzC; [9]. In our experiments, the di-
chroism is measured dynamically by rapidly modulating the
polarization of the UV light incident on the samgl&l] and

the measurements are acquitiadsitu on flowing monolay-

ers.

Here, we study the phase diagram and domain structure of
the azobenzene derivative fatty acigA2C; by conven-
tional isotherm measurements and by BAM. The coupling of ' 1. 1. Top view of the four-roll mill to produce extensional
the phase structure and orientational dynamics is then exanfjow, The direction of roller rotation and the resulting flow field are
ined using UV dichroism under extensional flow and theshown. A stagnation point of the flow field exists at the center of the
measurement of interfacial rheology. In addition, the effectgevice. For the roller rotation in the figure, the compression axis is
of trans-cisphotoisomerization on molecular anisotropy will the vertical line of symmetry as the extension axis is the horizontal

stagnation point

be discussed. line of symmetry.
Il. MATERIALS AND METHODS A_description and analysis of the qptical train fori the di-
chroism measurements have been discussed previf@isly
The azobenzene-containing fatty acid In this study, the UV light of 275 nm generated using an
4-octyl-4'-(3-carboxytrimethyleneoxy azobenzene argon laser(Spectra-Physics 2085-20R%nd transmitted
(CgAzC3), with the molecular structure through the monolayer is measured using a photomultiplier
tube. The dichroism is recovered as an anisotropy parameter
CH N 8"=(2wAn"d)/\, whered is the thickness of the monolayer
ghr < > A and\ is the wavelength of the incident light.
N‘©70(0H2)3000H An interfacial stress rheometer was recently constructed
to study the rheology of Langmuir monolay¢(s3]. A mag-
CgAzC; netized rod oscillates at the air/water interface by applying a

sinusoidal magnetic field gradient. The dynamic surface

was obtained from Dojindo Laboratories and dissolved inmoduli G (w) can be obtained by measuring the amplitude
chloroform to form the spreading solution. Docosanoic acidand phase of the resulting rod motion relative to the applied
(C,») was purchased from Sigma. Two Langmuir mini- force. Similarly, the dynamic surface viscosjiy (w) is eas-
troughs made of Teflon measuring 28.0.5cnf and a ily derived from the dynamic moduli from the simple rheo-
35.0x 7.5 cnf, respectively, were used for all measurementdogical equation
(KSV Instruments, Finland The surface pressure was moni-
tored using a Wilhelmy balance. All experiments were per-
formed at 22- 0.1 °C unless stated otherwise.

The trans-cis photoisomerization of gAzC; is induced
by alternatively irradiating the film with a UV lamp of 365 Wherew is the frequency. G¢,ug andGg, ug represent the
nm (UVLMS-38, UVP) and white light. The UV absorption real and imaginary parts, respectively.
spectrum in chloroform solution was recorded using a diode
array spectrophotometéHP 8452A. lll. RESULTS AND DISCUSSION

The rollers of the four-roll mill were positioned to gener-
ate an extensional flow for studying flow-induced molecular
orientation(Fig. 1). The diameter of the rollers was 1.98 cm
and the distance between adjacent rollers was 3.18 cm. This Figure 2 shows the absorption spectral changes of
ratio of roller diameter to roller spacing, 0.625, provides theCgAzC; in chloroform solution. The maximum absorption
closest approximation to homogeneous extension for bullpeak centered at 350 nm is attributed to ther* transition
flows[12]. The compression and extension axes in this flonalong the long axis of theransisomer[14] [Fig. 2@)]. Irra-
can be interchanged by simply reversing the direction ofdiation with UV light causes a gradual decrease of#her*
roller rotation. All measurements were performed in the stagtransition band(350 nn), while the n-#* transition band
nation region located at the geometric center of the rollers(444 nn increases during UV irradiatiofFig. 2(b)], indi-
where material has a long residence time. cating the occurrence fansto-cis photoisomerization. The

Brewster angle microscopy was utilized to visualize thecis isomer thus produced can be reconverted to tthes
morphology of the monolayer mixturesP-polarized light isomer using visible illumination, which results in a recovery
from a 10 mW argon laser was used as light source. Thef the spectral features of theansisomer.
reflected beam was sent through an analyzer to enhance con- Another absorption maximum of a shorter wavelength is
trast and recorded with a charge-coupled device camera. found at 250 nm irrespective of the photoisomerization,

Gi(w) Gi(w) Gy(w)
= i

iw 0} 0}

ps(w)=pi(w)—ius(w)=

A. Absorption spectrum of azobenzene-containing fatty acid
CgAzCs
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FIG. 2. Absorption spectra of 8zC; in chloroform solution in
response to UV and visible irradiatiota) trans isomer; (b) cis
isomer; dotted lines are intermediate states obtained by UV or vis-
ible illumination. (@

which has been identified as the electronic transition momen
parallel to the short axis of azobenzelted]. It has been
reported that a redshift of 10—25 nm of the maximum band
occurs for thin films compared to the chloroform solution
due to the excitonic interactions between the chromophore:
and aggregation in the film environmgi—17. Therefore,
this redshifted absorption maximum on monolayers almost
corresponds to the wavelength of the argon 1d8&6 nm),
which allows us to measure UV dichroism for the study of
orientational dynamics.

B. Isotherms and phase transition

Figure 3 shows surface pressure/surface area isotherms _ ) )
for monolayers in both thérans and cis configurations. To FIG. 4. A series of BAM images in theans phase.(a) NN
produce thetrans form, the monolayers were spread in the Phase at 13 mN/m of theans isomer; (b)—() the intermediate
absence of light and theis form was produced by irradiating P"ases during the transition from NN to NNN phase. Each image is
the spread layers with ultraviolet radiation. The two molecu-taken at a time interval Of. 3 df) NNN _phase aft_er transition.
. d i . . Arrows represent the domain growth during transition.
lar configurations produce qualitatively different isotherms,

with thetransform being much less compressible and exhib- It has b ted f diffract wdi
iting a first order phase transition at a surface pressure o as been suggested Irom x-ray difiraction studies on
13.4 mN/m. sAzC; monolayers that this first order transition corre-

sponds to the transition from a nearest neightddiX) to a
next-nearest neighbdNNN) tilt [18]. Compared with first
Untilted order phase transitions studied on classic fatty ajdinisex-
ample, docosanoic acid ¢¢, which produces the isotherm
shown in the inset of Fig.]3CgAzC; is distinguished in two
ways: the coexistence region is much larger, and the tilt
angle of this molecule is insensitive to surface pressure
within each phase. It is believed that the strength of the
20 22 24 28 28 %0 phase transition is due to van der Waals interactions between
e molecules, and that the constant tilt angle is due to the fact
that molecules are prevented from sliding against each other,
which indicates that azobenzene derivatives have stronger
interactions and more complicated structures than aliphatic
fatty acids[18].

The limiting areas of the NN and NNN tilted phases were
found to be 35.7 and 32.9%nolecule, respectively, which
are larger than the cross-sectional area perpendicular to the

FIG. 3. Surface pressure—area isotherms fghzT; monolay-  10ng axis of the azobenzene gro(b6.2 Aimolecule [19].
ers at 22 °C(a) transisomer;(b) cisisomer after 10 min of 365 nm  This is additional evidence thats8zC; has a tilted orienta-
irradiation (1 mwWi/cn?). Inset is an isotherm of docosanoic acid at tion at the air/water interface. The surface afgaand the
15°C. cross-sectional are@; normal to the molecular axis are re-
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FIG. 5. Morphological changes ofg8zC; monolayer during g
transto-cis photoisomerization induced by unpolarized UV of 365 5
nm (1 mW/cn?). Images were taken at 15 mN/m before irradiation 2
(a), and after irradiation for 2b), 3 (c), and 3.5 d). 5
lated to the tilt angled by simple geometry according #y, )
=A_/cos6. From this equation, the tilt anglé can be esti- 0.0 T T T T T T
mated. Using the limiting areas in the isotherm, tilt angles of 0 20 40 60 80 100 120
45° and 40° were calculated for the NN and NNN phases, tt, (sec)
respectively, which are close to those obtained in previous N ) o .
studies[18,20. FIG. 6. The kinetics of photoisomerizatiofe) The change in

L . surface pressure at a constant surface area with a series of different
The cisisomer produces a much more compressible layert

Initial surface pressuregb) Initial surface pressure dependence of

and lacks any evidence of a phase trans_ltlon. In addition, th%e normalized surface pressure increase versus normalized time
surface area per molecule is markedly higher fordiseeon- - ated by the equatiohTI(t) = ATl (1—e K1)
m .

figuration, which reflects the more efficient packing possible

with the trans state. The molecules clearly have different .0y of the chromophores under unpolarized UV irradia-
arrangements and interactions within the monolayer depenqi-on_ Within the limit of the spatial resolution of the BAM no

ing on the co_nformanon of the azobenzene_mmetles. Th vidence of phase separation was detected forctheon-
existence of higher collapse pressure fortita@msisomer(38 figuration

mN/m) compared to thecis isomer (30.5 mN/n) suggests
that intermolecular interactions are strongertrians mono- N . o
layers. C. Kinetics of isomerization

The morphologies of gAzC; monolayers are shown in The kinetics of photoisomerization ofg&zC; was stud-
Fig. 4 during the NN to NNN transition of theansisomer ied by measuring the time dependence of the surface pres-
by BAM. Both the NN [Fig. 4@] and NNN [Fig. 4f)]  sure during theransto-cis isomerization by UV light of 365
phases of théransisomer have the molecules tilted with the nm at different initial surface pressures, and these results are
hydrophilic head groups on a distorted hexagonal lattice. Thehown in Fig. §a). The increase in surface pressure is due to
domains visible in the BAM images arise from patches of thethe fact that isomerization is performed at constant surface
films containing molecules of different tilt azimuths. The do- area. The surface pressure increases immediately after UV
mains within the NNN phase are observed to form morerradiation and reaches the asymptotic value over time. The
regular structures with more distinct boundaries. The moréntermediate, flat region corresponds to the phase transition
diffuse boundaries of the NN phase are interpreted to refledietween the NN and NNN phases.
a lower line tension between the domains in this phase. Dur- The isomerization of azobenzene moieties is known to
ing the NN-to-NNN transitiof Figs. 4b)—4(e)] the contrast follow first order kinetics in a wide variety of media and
between the domains continually increases and evolves dyshaseqd3,21]. If we assume first order kinetics, we can de-
to the 90° difference between the NN and NNN tilt direc- rive the reaction rat& from the following equation:
tions. Later, we will discuss the different hydrodynamic re-
sponses in both phases under flow. ATI(t) = All e 1—e K1710),

Figure 5 shows the change of morphology in monolayers
transformed using UV irradiation. During photoisomeriza-whereAll ., is the maximum increase of surface pressure
tion the domain boundaries become obscured until a strugndty is the starting time in each phase. The surface pressure
tureless, homogeneous surface is produced. According to thofiles for the NNN phase shown in Fig(ab are replotted
BAM images, atrans-cis photoisomerization is induced in with a rescaled abscissa suggested by the above equation in
each domain, irrespective of the direction of the transitionFig. 6(b). Excellent agreement is found for the first order

041601-4



INFLUENCE OF PHASE TRANSITION AND . .. PHYSICAL REVIEW B7, 041601 (2003

a) E o003 ]
(@) § ooy _ N _ (a) 1, ~
[ . =} sl o ooo . g €
£ ] . . € ] 001 3
3 1 hd - . £ z
o ® = =
= - 5 o001 2z
8 o0.001 . o 3 3 2
o] E £ - 2
E 3 8 3 ® storage modulus G;’ H
Stor [
g ® storage modulus G’ % . = O 1oss r?lodulus o ® ks
E 1 O loss modulus G’ £ Jﬁ ° M surface viscosit:/ @
> © *
& 0.000171 : T T T T 3 0.
004 0.05 0.06 0.07 008 009 0I1 & 0001 ' L EL | T L | 0.001
Strain
= . X =1
b E M:'E—E';b"ﬂ o b E
( ) E & B, (b) : ~
= o2 ay—o* e £ i §
3 i g. e, o 2 | P
Q [ ] ) ~ B é é
£ X} 3 o z
. = ?
g 01 -y g Fo1 8
? ¥ ] 2 o ‘i
o 1 =, £ C 8
B ~ b =4
& L Y 2 L 3
g T ; £
[a] T T T T T T LI N N el |
0003 085 & oo —— ——rrrrp 0.0
0.01 0.1 02 !
Strain 1 10
= 4 0-3_ Frequency (rad/s)
(C) g E [ ] 0.05: 0.005
£ ] o . e ¢ a o . (C) b4 ‘!—/‘ﬁ
= i o o = S T W— - z 7
'g - L J om. ju] O > \'{’
g = £
g w03 * o> O 3 0001 >
& ] 3 [ @
€ ] = g
2 1 g o %
o - & 0001 5
£ H g
g 2 Y =]
> o — £ w
o 10 & T T T T T T T d g
0.02 02 03 <
01 e 0'0001 T T T LI I T 7 T T T L) LI l _0'0001
Strain 05 1 10
. . Frequency (rad/s)
FIG. 7. Surface moduli of gAzC; monolayers as a function of
the strain amplitude(a) NN phase otransisomer at 11 mN/m(b) FIG. 8. Surface moduli of §AzC; monolayers as a function of
NNN phase oftrans isomer at 15 mN/m; andc) cis isomer at 15 the frequency(a) NN phase otransisomer at 11 mN/m¢b) NNN
mN/m. Storage modulu@®) and loss modulug™). phase ofransisomer at 15 mN/m; anct) cis isomer at 15 mN/m.

Storage modulug®), loss modulug[]), and surface viscositf<).

kinetics as demonstrated by overlap of the data. The reaction
rate k is 9.50x10°2 and 3.5 10 2s ! in the NN and trend is also found in liquid crystalline polymeric monolay-
NNN phases, respectively. The low reaction ritén the  €rs where strong interactions between neighboring molecules
high-surface-pressure pha@éNN) suggests that the photoi- are observed10]. All experiments were performed below
somerization is hindered in densely packed monolayers duis strain limit to ensure that the measurements were made
to steric restrictions within the monolayers. These resultdn the linear viscoelastic regime. Tloés isomer showed con-
clearly show the strong influence of monolayer packing andtant surface moduli for all strain amplitudes that were stud-
structure on the degree of isomerization. ied [Fig. 7(0)].

Figure 8 shows the frequency dependence gAZCT;
monolayers for the three different phases. Fortthesiso-
mer [Figs. §a) and 8b)], the surface viscosity decreases

The shear rheology for each phase gAZC; was stud- linearly as frequency increases in both the NN and NNN
ied. The dependence of the surface moduli on strain ampliphases. This shear thinning is typical, non-Newtonian behav-
tude is shown in Fig. 7 fofa) trans (NN), (b) trans (NNN), ior. The NNN phase displays enhanced frequency depen-
and(c) cis monolayers. In the NN phase of th@ansisomer  dence of the surface viscosity compared with the NN phase
[Fig. 7(@], both the storage and loss moduli remain nearlyin trans monolayers. It is known that the surface loss modu-
constant over the broad range of strain amplit¢€®.08, lus scales linearly with frequency for an ideal Newtonian-
suggesting thatrans CgAzC; monolayers at low surface like interface. The loss moduli are linear on log-log scales
pressure are in the linear viscoelastic regime, like aliphatiavith powers of 0.80 and 0.41 in the NN and NNN phases,
fatty acids[10]. However, both surface moduli in the NNN respectively. It has been argued that increasing the level of
phase of thetrans isomer[Fig. 7(b)] show nonlinear vis- molecular attractive interactions or entanglement density
coelastic behaviors at strain amplitudes above 0.01. Thigives rise to lower values of the expondi22,23. These

D. Newtonian and non-Newtonian interfaces
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FIG. 9. The surface viscosity forg8zCs as a function of sur- FIG. 10. Orientational response 0§&zC; monolayers of the

face pressure. The surface viscosity undergoes a large increase agransisomer to an extensional flow©) NN phase at 10 mN/m and
surface pressure of 13.4 mN/m where the phase transition from NX) NNN phase at 15 mN/m. Inset figure shows the flow direction
to NNN occurs for thetrans isomer. The inset figure shows the provided by the four-roll mill.
results for docosanoic acid at 15 °C.
drocarbon chains and their short-range repulsion. Since the

findings indicate that the NNN phase is more strongly non<ross section of the azobenzene moiety is larger than that of
Newtonian compared with the NN phase and also possess#e alkane chain, it is more difficult forg@zC; molecules to
a significantly higher storage modulus. be sufficiently close for strong attractive interactions com-

On the other hand, monolayers of tloés phase were pared with aliphatic fatty acids. The significantly smaller sur-
found to be Newtonian with a constant surface viscosity andace viscosity of GAzC; monolayers at low surface pressure
a loss modulus that scales linearly with frequeffeig. 8(c)].  (the NN phasgcan be explained by this conformational limi-
The magnitude of the surface viscosity decreased by a factdation. This is also supported by x-ray diffraction df1]
of 100 during theransto-cis photoisomerization. It has also showing that the in-plane bond length ofAZC; monolay-
been reported that the solution viscosity decreases duringrs in the NN phase is much higher than that of aliphatic
trans-to-cis isomerization for bulk solutions, but the level of fatty acid monolayers, while the bond lengths of both mono-
decrease is not as much as is found in two dimendigdk layers are comparable in the high-surface-presghitéN)
Clearly, the surface viscosity of monolayers is a very sensiphase.
tive parameter of molecular structure compared with its use It is known that increasing the alkyl chain length en-
in the bulk, and this is a reflection of the higher degree ofhances the intermolecular van der Waals interaction, which

order for two-dimensional systems. increases the surface viscosity of the monoldgéi. In ad-
dition, densely packed azobenzene moieties can have
E. Thermodynamic transition and its response to shear stacking forces, which lead to attractive interactions when

aromatic rings are face to face. These forces act in unison to

Mechanical interfacial rheometry measurements have,q,ce high surface viscosities at high surface presétee
begn performed to obtain an u.ndersta_n.dlng of the relationg phasg in a manner that is similar to a long-chain fatty
ship between the thermodynamic transition and the responsg.;4 (G in spite of its short tail group (§.

to shear. The logarithm of the surface viscosity is a linear Cis monolayers show no transition in the surface viscosity

fgnction Ofl Lhe su;face pressure basedh onl the twoj, accordance with the featureless isothéFRiy. 3), and very
dimensional theory of reaction ratgg5], and the slope and . low surface viscosity. This suggests that there are no signifi-

y-axis intercept will depend on the particular thermodynamic.,nt molecular interactions between moleculesismmono-
phase of Langmuir monolayef40]. layers.

The surface viscosities of theis and trans states are On the other hand, a tilting transition betweeh (NNN)
f:ma pclacr)f\[/sgsafgilr?;ttosﬂgegeaﬁ(r)?/vse?ru;ir:‘gcgl%isgbfi:%an qilndS(untilted) phases in docosanoic acid monolayers results
y y a continuous transition in the surface viscosity, which re-

was Ne_zvvtonlan._ Therans monolayers, on the other haf‘d' flects its second order behavior observed by isotherms and
were viscoelastic and underwent a two—order-of—magnltud%

increase in surface viscosity at a surface pressure of 134 &, diffraction datg 27,28 This clearly implies that there
y P S a close correlation between the thermodynamic phase tran-

mN/m where the phase transition occurs. This increase 'Bition and the macroscopic mechanical shear properties.

substantially larger than the factor of 10 found for

docosanoic acid across its phase transitigge the inset in _ _ _ _

Fig. 9). This difference in the strength of the transition cor- F. Comparison of the orientational dynamics

responds to the result observed using isotherm @ta 3. The UV dichroism measurements indicate that titaas
The interaction energy of these rodlike molecules is domiisomer of GAzC; monolayers are subject to flow-induced

nated by long-range van der Waals attractions between hyeptical anisotropy, while theis isomer forms an isotropic
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(2)

N I
FIG. 12. A molecular packing model forg&zC; monolayers

FIG. 11. Schematic representations of a monolayef@nNN subject to flow. The single arrows indicate the direction of optical
and (b) NNN phase subject to a flow. Arrows indicate the flow anisotropy measured by dichroism. The double arrows refer to the
direction. direction of the flow field(a) NN phase: The optical anisotropy is

parallel to the flow direction. The tilt azimuth is independent of the
phase that cannot be oriented using hydrodynamic forces. flow field. () NNN phase: The optical anisotropy is perpendicular
is also interesting to compare the orientational dynamics beto the flow direction. The tilt azimuth is coupled to the flow direc-
tween the NN and NNN phases of ttransisomer because tion.
the two phases in thé&rans isomer have different crystal
lattice structures.

The flow-induced orientation of the#ans monolayers is
shown in Fig. 10 for flow reversal experiments using the
four-roll mill. In this figure the extinction5” has been mul-
tiplied by cos & wherey is the average orientation angle of
the azobenzene groups and is defined in Fig. 1. By symmet

in the NNN phase orient with their short axes perpendicular
to the stretching direction of the flow.

From the above result of optical anisotropy under flow, it
is clear that different microstructure phases show different
responses to a flow field. In our previous sty@®l]| using
) i o N . ) "BAM to visualize the morphology of docosanoic acid mono-
this angle can either be 0° or 90° and cgsplus or minus layers under flow, it was found that domains in the NN phase

;J_n'ty' Thlg rovvﬂrever;zI protocol used in thﬁse.eﬁpe.rlmentl%“d not change their relative contrast during flow reversal
irst applies a flow with an extension axis that is horizontalg, e iments using a four-roll mill. This indicates that the tilt

for a time of 200 s, after which the flow is reversed to place, i, th i f flow for the NN ph f that f
the extension axis vertical for another 200 s. At 400 s th azimuth is unaffected by flow for the phase of that fatty

flow | 4 and th i all q | &cid. However, the NNN phase of docosanoic acid was ob-
OWr:S arrested, anldt e intem IS 3 t?wi tf? relax. erved to become aligned by flow, resulting in a change in
Thecis state could not be oriented by the Tlows generateqq rejative contrast between domains. The schematic repre-
by the four-roll mill but a strong dichroism signal was ob-

sentations of domains subject to flow fields are given in Fig.
served for thetr_ans_state._However, the NN an_d NNN phases 11(a) for the NN phase and Fig. 1) for the NNN phase.
produced qualitatively different responses. First, the azoben-

zene in the NN phase is unoriented both before inception and
following cessation of the flow. This is in contrast to the
NNN phase, where this group is oriented at rest. This sug- The orientation dynamics observed fogA2C; using UV
gests a nematic response for the NNN phg2@30. The dichroism and BAM suggests the molecular model of micro-
second difference is that the dichroism signals for these twstructure of this molecule shown in Fig. 12. In the NN phase,
phases are of opposite signs, indicating that the same flothe molecules are spaced sufficiently far apart to allow them
orients the azobenzene groups in orthogonal directions. Ito rotate freely at a constant tilt azimuth. In the presence of
the NN phase the azobenzene groups are aligned with theflow, the short axis of the molecules is aligned in the flow
short axes parallel to the flow, while the azobenzene moietiegirection in order to minimize hydrodynamic resistance. As

G. Molecular model of microstructures
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shown in Fig. 12a), the short axis is parallel to the flow ecules keep their planarity rather than sliding over one an-
direction and the tilted azimuth is independent of the flowother. As pictured in Fig. 1), the tilted direction of mol-
field, which agrees with the results of the dichroism mea-ecules in the NNN phase is strongly coupled to the applied
surements and the intensity contrast between crystalline ddlow field, and the short axis of the azobenzene molecule is
mains subjected to flow as measured using BAM. perpendicular to the flow direction. Distorted domain pat-
In the NNN phase, however, the molecules are packeterns of the NNN phase generated by flow do not appear to
more densely and this forces the aromatic rings of azoberrelax in shape but remain stable in appearance once the flow
zene groups to stack “face to face.” The dense packing ands stopped, which agrees with the finding of a nematic phase
the resulting strong attractive interactions between adjacemtbserved using dichroisitiFig. 10.
molecules limit the rotation of the azobenzene moiety about A recent study[18] using x-ray diffraction on gAzC;
its long axis. As a result, the tilt azimuth of molecules in themonolayers reported that the bond lengths in the horizontal
NNN phase reorients in the flow direction so that the mol-plane jump down below the width of the azobenzene moiety
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proceeds at 10 mN/ntrans—cis transition by UV light(®) and RN
cis—trans transition by visible light(CJ). Inset is the schematic @}}ﬁ
representation of a typical writing-erasing process for optical data A A
storage.

dramatically at the NN-to-NNN transition, supporting our
molecular packing model as described in Fig. 12. We also
performed a study of orientational dynamics in mixtures of

CgAzC; monolayers with amphiphilic molecules such as

stearic acid. Interestingly, the addition of stearic acid leads IO(C) //p‘"’f fj’fﬂ A

the absence of a phase transitiortrizms-CgAzC5; monolay- ,é/ ,ré' =

ers. In these mixed monolayers, the azobenzene groups or N - "\\ i N .

ent parallel to the flow even at a high surface pressure of 2( \ @Lco}ﬁ ’OHCDOH\\%@H oo

mN/m (data not shown This is due to the fact that mixtures
of CgAzC; and stearic acid intercalate and enlarge the dis- FIG. 15. Schematic representations of packing structures of
tance between adjacent&zC; molecules, thereby inhibit- monolayer molecules ite) NN and(b) NNN phase irtransisomer
ing close packed structures. and(c) cis isomer.

The relative tilt and orientation of the azobenzene moiety
in monolayers are not clearly known at this moment due tQyater interface during photoisomerization. The linear rodlike
the lack of a study on the crystal structures associated witlrctyre in thetransisomer enables molecules to align into
these systems. However, our molecular model in this study,e preferred tilted direction, resulting in anisotropic do-
gives a reasonable picture of molecular packing and explaing,Jins This anisotropy vanishes as thensisomer begins to

the complicated orientational dynamics and the contrasf 4 nsform into a bent-shapetis isomer that cannot form
change of BAM images under the flow.
regularly ordered structures.

_ ) _ _ _ » Figure 14 shows the dependence of maximum anisotropy

H. Photoinduced anisotropic-to-isotropic phase transition on the light illumination time. The maximum anisotropy be-

A systematic study of the effect of photoisomerization ongins to decrease as photoisomerization by UV light proceeds,
molecular anisotropy and the orientational dynamics ofand it rises as visible light is illuminated. The scale of the
CgAzC; monolayers was carried out at 10 mNfthe NN axes in the two processes is different because the intensities
phase using UV dichroism. Results of this experiment are of UV and visible light are not normalized.
shown in Fig. 13. Each graph in this figure pla¥scos 2 An interesting application based on photoisomerization
against time during flow reversal experiments. We have theoncerns optical storage systems. Azobenzene-containing
results for the NN phase of thieans state(topmost graph  materials are good candidate materials for optical recording
down to thecis state (lowermost graph As expected, the media due to their high optical sensitivity, short switching
evolution from thetransto thecis state by the application of and access times, and reversibility after many write-erase
UV irradiation is accompanied by a reduction in the degreecycles[32,33. The monolayer molecules at the air/water in-
of flow-induced orientation. Indeed, tloés state remains iso- terface can be easily transferred onto a solid substrate using
tropic under flow. This is a reversible phenomenon, and aptangmuir-Blodgett deposition, during which the molecular
plying visible light to the monolayers reverts the moleculesorientation and packing are controlled. Figure 14 shows a
back to thetrans form [Figs. 13e)—13h)]. sharp transition in the optical anisotropy of a monolayer that

This transition from anisotropic to isotropic states is re-mimics a typical write-erase process in an ultrathin film de-
lated to the modification of molecular structure at the air/vice (see inset in Fig. 14
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IV. SUMMARY zene moiety being perpendicular to the flow fidlBig.

. . . iy 2(b)].
thewil;?f\(/a isglg?rtmiglég?cgllerggggz?errs]ICor;haasrf t;irést;g?]rz]eirﬁ Photoisomerization by UV or visible light caused dra-
containing fatty acid gAzC, monolayer. This material is matic changes in both thermodynamic and rheological prop-

X . . . ; o erties. The UV light of 365 nm induced isomerization from
parucularly m_terestmg because it shows anisatropic orlentf’it'hetransto thecis isomer and changed molecular structures
tional dynamics as well as a well-ordered thermodynam

'Srom linear- to bent-shaped forms. As a result, molecules

phase diagram, which can be examined by UV polarimetry : L e
and BAM, respectively. 'occupy a higher surface area and the phase transition disap

It was found by isotherm measurements that a strong ﬁrﬁears. This is due to the fact that bent shapes and polar
i

o . roperties in thesis isomer drive molecules to have irregular
?hrg?rratrrlzr::gﬁgre)&ﬁiihb(\a/\tlgserg\fgzlel\éNuzi?% '\é'\'i\ll\\l/l pg?iﬁiss _nd rand_om structures without specific molecular i_nterac-
transition, the rﬁagnitude of the surface viscositg/ was in_t|ons. This was conf|r.med by homogeneous BAM images
creased t;y a factor of about 100. In the Iow-surface-pressurand the absgnce of anisotropic phenomena under flow for the
NN, phase, monolayer moleculés are far enough from eacE'S state. Figure 15. gives the schematic representation of
othér due tb bulky azobenzene moieties to reduce the attrac-aCh phasc_a at the air/water mte_rface. :

From this study, the correlation between thermodynamic

tive interaction and surface viscosity. The molecule can ro- hases and their different rheological responses in two-

tate freely along the long axis of azobenzene, allowing th imensional monolayers was obtained by several experimen-

short axis to align toward a flow field as described in Fig. : .
12(a). After the flow stops, the molecules rotate to relax andtal techniques and a molecular model accounting for these

return to the random isotropic phase. observations has been proposed.
On the other hand, at high surface press(ire NNN

phase, azobenzene moieties in a dense packing can kave
stacking forces in a face-to-face arrangement of aromatic The authors thank Dr. M. K. Durbin and Dr. P. Dutta at
rings, which leads to the formation of a nematic phase. Thélorthwestern University for useful discussions. The authors
strong attractive interaction causes the monolayer moleculeslso acknowledge support from the NSF-CTS Division and
to reorient parallel to the flow direction to keep their planar-partial support from the Center on Polymer Interfaces and
ity, resulting in the direction of the short axis of the azoben-Macromolecular Assembliegg NSF-MRSEG.
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