s s s REPORTS

HO, (gas) — HO, (ag) — H* + 0,~ (R9)
Os (gas) — O; (aq) (R10)
0, + 05 (ag) + H* — OH +20, R11)

[J. Lelieveld and P. J. Crutzen, Nature 343, 227
(1990); P. J. Crutzen, in Composition, Chemistry, and
Climate of the Atmosphere, H. Singh, Ed. (Van Nos-
trand Reinhold, New York, 1995), pp. 349-393]. Be-
cause a significant Cl source has not been identified,
Cl activation on the surface of ice particles, leading to
O, loss, appears unlikely.

17. It has been proposed that reactions involving iodine
radicals derived from CHj| play a role in tropospheric
O, destruction [D. D. Davis et al., J. Geophys. Res.
101, 2135 (1996)].

18. For the calculation of OH production rates we used
the following parameters: water vapor mixing ratio =
18 g/kg (15); O4 mixing ratios = 5 nmol/mol (Fig. 1);
CO = 75 nmol/mol; and CH, = 1.70 wmol/mol [T. J.

Bates, K. C. Kelly, J. E. Johnson, J. Geophys. Res.
98, 16969 (1993)]. Measured diurnal values of the O
photodissociation coefficient [J(O'D)] for the for-
mation of O('D) atoms according to reaction R1,
under conditions of active convection in the Inter-
tropical Convergence Zone of the Atlantic, were
taken from A. Hofzumahaus, T. Brauers, U. Platt,
and J. Callies [J. Atmos. Chem. 15, 283 (1992)].
The 12-hour average was J(O'D) = 8.2 X 10~® per
second. The total O, column densities were about
275 Dobson units for the Atlantic cruise and for
CEPEX as well. Therefore, the Atlantic and the
CEPEX relevant J values should be similar.

19. We calculated the boundary layer evacuation times
for the CEPEX region using the National Center for
Atmospheric Research CCM3 model (P. Rasch, per-
sonal communication) from monthly mean MBL air
masses and the upward component of the deep
convective mass fluxes.

20. C. A. Brock, P. Hamill, J. C. Wilson, H. H. Jonsson,

Flow-Induced Molecular Orientation
of a Langmuir Film

Takayuki Maruyama, Gerald Fuller,* Curtis Frank,
Channing Robertson

The two-dimensional fluid dynamics of the different phases of a fatty acid monolayer
(docosanoic acid) were examined. Brewster angle microscopy was used to investigate
the polydomain structure of two “liquid condensed” phases (the L, and L, phases) and
the “solid” (S) phase in situ during an extensional flow. Only the L, phase deformed
affinely with a liquid-like response. The two other phases experienced flow-induced
reorientation of the lattice onto which the molecules were arranged. The reorientation
process-was accompanied by the appearance of shear bands in the monolayers at an
angle of =45 degrees to the extension axis of the flow.

The flow behavior of monolayers at fluid-
fluid interfaces is of fundamental and tech-
nological significance, and this subject has
been reviewed at a micromechanical level by
Edwards et al. (1). The influence of hydro-
dynamic forces on monolayers becomes ap-
parent when their rheological responses are
considered. These responses are often non-
Newtonian, and shear-thinning surface vis-
cosities are commonly encountered (2, 3),
providing indirect evidence of flow-induced
microstructural deformation and orientation
within the layer. However, in most of the
earlier work in surface rheology it has been
assumed that the monolayers can sustain
uniform flow fields. Moreover, the approach-
es have been predominantly concerned with
macroscopic properties, such as the surface
shear viscosity and modulus. The fact that
most interfaces contain mesoscopic domain
structures and orientatable molecules has of-
ten been neglected.

Measurements of flow-induced orienta-
tion at the molecular level have normally
been performed on Langmuir-Blodgett films
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where the material exposed to flow has
been fixed to a solid substrate (4, 5). How-
ever, such an approach does not readily
lend itself to the examination of transient
phenomena, and the applied flow fields are
usually inhomogeneous. Here, we used in
situ measurements of molecular orientation
at the fluid-fluid interface and used homo-
geneous flow fields with well-characterized
velocity gradients.

The subject of this investigation was do-
cosanoic acid, a fatty acid that has been ex-
tensively studied with respect to its equilibri-
um phase behavior when residing as a mono-
layer at the air-water interface. Pressure-area
isotherms of Langmuir films reveal a number
of phase transitions, and the corresponding
structures have been examined by x-ray dif-
fraction (6). The latter measurements re-
vealed the existence of mesophases having
positional order but not translational order.
At the temperature used in this study (15°C),
two distinct, first-order transitions were evi-
dent in pressure-area isotherms: one at a sur-
face pressure of m = 14.5 mN m™! and the
other at m = 27.5 mN m~!. The classical
assignment of the first transition is between
two “liquid condensed” phases, denoted as the
L, and L} phases, respectively. The second
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transition separates the L; phase from the S or
“solid” phase. The L, phase has the head
groups of the molecule on a distorted, hexag-
onal lattice with the alkyl chains’ tails tilted
at an angle toward their nearest lattice neigh-
bor. As the monolayer is compressed, the tilt
angle diminishes in magnitude, and across the
transition the tilt direction switches toward
the next nearest neighbor. As the monolayer
enters the S phase, the tilt angle tends to zero
and the alkyl chains are perfectly upright, but
the head groups remain arranged on the dis-
torted, hexagonal lattice.

The tilting of the alkyl tails of docosano-
ic acid makes Brewster angle microscopy
(BAM) (7, 8) a convenient method with
which to view the polydomain structure of
this system. This optical probe uses light
polarized in the plane of incidence that is
reflected from the interface at the Brewster
angle 05, for the substrate (water, in the case
of our Langmuir films). The presence of a
thin film at the interface will cause the
Brewster condition to be violated and light
will be reflected. If the film consists of
domains characterized by unique refractive
indices, the reflected light will reveal the
film morphology. The reflected light is
viewed through an analyzing polarizer set to
an angle a relative to the plane of inci-
dence. An angle o = 60° was found to
optimize the contrast in the polydomain
structure. To calculate the reflected light
intensity, it is necessary to evaluate the
matrix of reflection coefficients R,.j, @1, j) =
p or s, where p and s refer to light polarized
parallel and perpendicular to the plane of
incidence, respectively. Of interest are the
off-diagonal coefficients, R, and R, which
measure the tendency to convert p-polar-
ized light to s polarization, and vice versa.
The measured intensity is

I = Ig[cos® alR,,l* + sin’ alR, 2
+ cos asin a(R,,RY + RER)] (1)

where I, is the incident light intensity and
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S R
R:’; are complex conjugates. Using the 4 X
4 matrix analysis of Berremann, we calcu-
lated the intensity reflected from an inter-
face of tilted molecules. This is plotted in
Fig. 1 as a function of ¢, the angle that the
tilt azimuth of the molecules makes with
the plane of incidence. The parameters
used in the calculation (Fig. 1) were cho-
sen to model the properties of docosanoic
acid monolayers. As seen from this plot,
BAM is able to distinguish between two
domains containing molecules tilted at
+90° to the plane of incidence but mea-
sures identical intensities for domains with
molecules tilted parallel and antiparallel
to this plane (0° and 180°). This conclu-
sion did not change as the molecular pa-
rameters used in this calculation were var-
ied quite extensively from their expected
values. For this reason, two domains of the

Relative intensity

T T
0 11}2 ™ 3n/2 2w

Tilt azimuth ¢

Fig. 1. The intensity of light measured by the
Brewster angle microscope relative to the incident
light intensity as a function of the azimuthal angle
¢, defining the direction of tilt of molecules resid-
ing at the air-water interface. The angle ¢ is mea-
sured from the plane of incidence (the x coordi-
nate in the inset). The docosanoic acid molecules
were modeled as tilted at an angle 6 = 20° relative
to the vertical z direction. The refractive index of
the molecules measured on the (x', y’, z') frame
shown in the inset was modeled to have principal
valuesn,.,. = 2.16,n,,. = 2.16,andn,.,. = 2.37,
respectively. The monolayer was modeled to have
a thickness d = 2.8 nm. Molecules tilted toward
either ¢ = 0° or ¢ = 180° produce the same
reflected light intensities, whereas the tilt direc-
tions ¢ = 90° and ¢ = 270° are distinguishable in
their intensities.

N
/

Light path

Fig. 2. Schematic diagram of the four-roll mill. The
point of reflection of the light used in BAM is locat-
ed at the center stagnation point of the mill, and
the plane of incidence is coincident with the hori-
zontal midplane of the mill.
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latter sort would appear as merged into a
single area of contrast.

We used a four-roll mill to apply exten-
sional deformations to the monolayer.
This device, developed by Taylor (9), gen-
erates a uniform, two-dimensional exten-
sional flow. It consists of four cylinders set
on the corners of a square (Fig. 2). Rota-
tion of the rollers produces hyperbolic
streamlines. The geometry and size of the
device were chosen to maximize the spa-
tial extent of homogeneous, linear flow
(10). The four-roll mill was suspended
above the Langmuir trough with the cyl-
inders protruding through the interface.
The laser beam of the Brewster angle mi-
croscope was reflected at the geometric
center of the mill, where the velocity is
zero but the gradient is finite. Because of
the symmetry of the four-roll mill flow,
any flow-induced orientations must appear
at 0° or 90° relative to the flow direction.

The protocol used in the experiments
was to first bring the monolayer to its de-
sired thermodynamic state and to then sub-
ject it to a series of flow reversals during
which the flow was first generated in one
direction at a prescribed strain rate £ (spec-
ified by the rate of roller rotation) and
strain €t, where t is the temporal duration of
the flow. The monolayers investigated here
were all sufficiently viscous so that the dy-
namics of the films were not affected by
motion in the water subphase. In other
words, the kinematics of the monolayers
were driven by the rotation of the rollers
and not by flow in the water below. We
demonstrated this by observing the flow in
the monolayer after a rapid inception or
cessation of roller rotation. In such experi-
ments, the flow of the monolayer was ob-
served to rapidly start or stop on time scales
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that were respectively much faster than
would be estimated for the acceleration or
deceleration of the water.

Several observations were made during
the deformation of the L, phase subject to a
strain rate of 0.2 s~! (Fig. 3). First, the
deformation of the polydomain pattern is
affine for velocity gradients above 0.2 s™1,
which can be established by quantitatively
measuring stretching and dilation as a func-
tion of strain. For the two-dimensional, ex-
tensional flow studied here, this requires
that points in the figures move according to

(x,y) = [x0 exp(€t), yoexp(—€t)]  (2)

where (x,,5,) are the initial coordinates of
arbitrary points in the extension and com-
pression directions, respectively. Second,
the domains retain their respective light
intensities, indicating that the tilt direc-
tions of the molecules do not couple to the
flow. Third, the deformation is reversible,
which can be established by means of a flow
reversal experiment, such as shown in Fig.
4, where the interface is first strained in one
direction and then strained in the reverse
direction for an equal amount of strain. The
system is able to return to its initial domain
pattern in such an extension-compression
sequence (Fig. 4). Finally, there is little
measurable tendency of deformed domains
to relax toward an isotropic shape after the
cessation of flow, which suggests that the
line tension between adjacent domains is
very small. This latter point is consistent
with the finding of affine deformation.
The flow behavior of the L; phase was
qualitatively different from the dynamics of
the L, phase. A time sequence of domain
deformation during a flow reversal (Fig. 5)
shows that the process is not reversible and
that the final pattern (Fig. 5G) is not similar

Fig. 3. BAM images of deformation
of the L, phase domain structure
subject to a strain rate of 0.2 s~'.
The highlighted rectangle in the fig-
ure was chosen to follow the same
collection of points as they are
mapped from one frame to another.
The applied strain &t in each image
is as follows: (A) O, (B) 0.6, (C) 0.8,
and (D) 2.0 strain units. Analysis of
the distortion of the highlighted
frame confirms that the deforma-
tion of this phase is essentially af-
fine. Scale bar, 100 pm.




to the initial pattern (Fig. 5A) even though
identical strains in each direction were im-
posed. Close inspection of the domains dur-
ing the deformation reveals the development
of shear bands at *45° to the stretching
direction. These bands are characterized by a
gray scale that is intermediate to the scales
associated with the original domains. More-
over, the bands cut across the original do-
mains and thicken as time progresses, until
the entire image is covered at a time of 0.5 s.
The result is an image such that individual
domains cannot be resolved by BAM. After
Fig. 5D, the flow is reversed. During the
reversal, shear bands appear and a polydo-
main structure is recovered.

From the intensity analysis depicted in
Fig. 1, it is evident that the shear bands
contain molecules with tilt axes oriented
perpendicular to the stretching direction.

For this reason, the monolayer in Fig. 5D
contains a polydomain structure that is
not well resolved. The monolayers in Fig.
5, A and G, show domains in which the
molecules are all either tilted upward or
downward in the figure. Indeed, if the
plane of incidence of the Brewster angle
microscope were rotated by 90°, the mi-
croscope would resolve a polydomain pat-
tern for the interface shown in Fig. 5D but
not the structure for the interfaces in Fig.
5, A and G.

The flow fields studied here affect only
the tilt azimuth and not the magnitude of
the tilt angle itself. We established this by
observing that the intensity contrast of do-
mains present during flow does not change
upon cessation of flow. Furthermore, do-
main patterns generated by flow (even those
with shear bands present) do not appear to

Fig. 4. BAM images of domain distortion of the L, phase during a flow reversal experiment. A strain rate
of 1 s™" was applied. In passing from (A) to (B) the system was strained horizontally by two strain units,
and from (B) to (C) an opposite, vertical strain of the same amount was applied. Scale bar, 100 pm.

Fig. 5. BAM images of domain distortion of the L}, phase during a flow reversal experiment. The strain
rate was 1.0 s~ and the applied strains were as follows: (A) 0, (B) 0.23, (C) 0.27, (D) 0.5, (E) 0.33, (F)
0.3, and (G) O strain units. For (A) through (D) the strain was perpendicular to the plane of incidence, and
for (D) through (G) the strain was parallel to this plane. In this way, (G) should represent a state where the
system has been returned to its initial, undeformed state. Although the contrast in the polydomain
structure has been returned to its initial value, the shapes of the domains in (A) and (G) are quite different,
indicating that the deformation is not affine. As the deformation progresses from (A) to (D), the contrast
diminishes until it is almost completely lost in (D). The mechanism of the contrast loss is through the
appearance and growth of shear bands at +45° to the axes of strain [see (B) and (C)]. Reversal of the
strain direction returns the contrast through the same mechanism. The shear bands appear as low-
contrast areas in (B) and (C), whereas they appear as high-contrast areas in (E) and (F). (H) is a
supplemental figure to clarify the shear bands in (B) as hatched areas. Scale bar in (G), 100 pm.
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relax but remain stable in appearance
once the flow is stopped. Flow is able,
however, to anneal the domain structure
for the case of the L} phase. The sequence
of images shown in Fig. 5 was generated
after a series of flow reversals that took an
initial polydomain pattern that was similar
in appearance to those shown in Figs. 2
and 3 for the L, phase and forced the
system to a state where, although it still
had a polydomain structure, the tilt azi-
muth angles in each domain were parallel
and antiparallel to one another (as indi-
cated by the presence of only two intensity
contrasts in Fig. 5, A and G).

We also studied the response of the S
phase. For this phase, the tilt angle of the
molecules is zero and the BAM images show
much less contrast between adjacent do-
mains. A polydomain structure is still
present, however, as a result of the place-
ment of the molecules on a distorted, hex-
agonal lattice. Grain boundaries are evident
in the BAM images (not shown here).
Upon application of the stretching defor-
mation, much less distortion of the struc-
ture was observed and this phase proved to
be substantially more rigid than the L, and
L) phases. Ultimately, once a sufficient
strain was applied, shear bands were ob-
served to appear at *45° to the stretching
direction, indicating reorientation of the
lattice.

This work has considered the response
to extensional deformations that lack any
rotational component in the kinematics. It
is anticipated that the response to a shear-
ing deformation, composed of equal parts of
extension and rotation, will lead to a dy-
namical response that is qualitatively differ-
ent from those reported here (11).
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