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Adaptation of Bulk Constitutive
Equations to Insoluble
Monolayer Collapse at the
Air-Water Interface

J. Patrick Kampf," Curtis W. Frank,"* Eva E. Malmstrém,?
Craig ). Hawker?*

A constitutive equation based on stress-strain models of bulk solids was adapt-
ed to relate the surface pressure, compression rate, and temperature of an
insoluble monolayer of monodendrons during collapse at the air-water inter-
face. A power law relation between compression rate and surface pressure and
an Arrhenius temperature dependence of the steady-state creep rate were
observed in data from compression rate and creep experiments in the collapse
region. These relations were combined into a single constitutive equation to
calculate the temperature dependence of the collapse pressure with a maximum
error of 5 percent for temperatures ranging from 10° to 25°C.

Changing the dimensionality of a system can
alter its physical properties. For example,
many thin polymer films have a glass transi-
tion temperature that is much lower than that
of the bulk material (), and two-dimensional
(2D) melting may occur through a fundamen-
tally different mechanism than the melting of
bulk solids (2). Despite the inherent differ-
ences between 2D and 3D systems, concepts
developed for bulk materials can often be
extended to describe 2D assemblies. Specif-
ically, the study of monolayer rheology has
demonstrated the applicability of continuum
concepts to pseudo-2D systems (3—35). In ad-
dition, investigators have studied the re-
sponse of Langmuir films to various forms of
deformation and have observed elastic (6),
viscous (7), and viscoelastic (8) behavior that
is analogous to the deformation response of
bulk materials. We explored the applicability
of phenomenological models developed from
the mechanical behavior of bulk solids to the
dynamic response of pseudo-2D monolayers
at the air-water interface.

"Department of Chemical Engineering, Stanford Uni-
versity, Stanford, CA 94305-5025, USA. 2IBM Alma-
den Research Center, San Jose, CA 95120-6099, USA.

*To whom correspondence should be addressed.

Surface pressure m versus area A4 iso-
therms of Langmuir films are most often
thought of as 2D analogs to pressure-volume
isotherms of bulk materials, and an equilib-
rium thermodynamic relation between 7 and
A is assumed. Generally speaking, however,
-4 isotherms reflect dynamic, rate-depen-
dent measurements. The parts of the -4
isotherm that will be most affected by the
compression rate are those that describe
monolayer behavior with long relaxation
times. For example, monolayer collapse often
occurs in the regime where compression rate
becomes an important factor. Several authors
have examined the effect of compression rate
and temperature 7 on the collapse of insolu-
ble monolayers. Kato and coworkers (9) have
shown that compression rate and 7 alter the
collapse pressure of fatty acid monolayers,
but they focus mainly on the importance of
maintaining a constant strain rate rather than
developing a constitutive equation. Duran
and coworkers (/0) have also examined the
effect of compression rate and 7" within the
monolayer collapse region of liquid-crystal-
line polymers, but most of their quantitative
work concentrates on relating these parame-
ters to the stress relaxation times. By splitting
a into equilibrium and dynamic components,
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Rapp and Gruler (/1) have developed a quan-
titative relation between compression rate, 7,
and  within the monolayer collapse region
of a liquid crystal of low molecular weight.
Others have used Avrami-type nucleation and
growth models (/2) as well as the Prout-
Tompkins equation (/3) to describe the creep
and stress relaxation behavior of insoluble
monolayers in the collapse region.

Many types of Langmuir films exhibit
collapse behavior that is similar to the stress-
strain behavior of polymers when subjected
to tensile deformation (10, 14). If one identi-
fies m and the change in 4 as the 2D stress
and strain of the monolayer, respectively,
then the isotherm features that are analogous
to the yield stress, strain softening, and draw
stress for many types of bulk polymeric sol-
ids become evident. Mechanistic studies of
the observed stress-strain behavior of poly-
mer solids have resulted in quantitative rela-
tions between stress, strain rate, and 7' (I5)
that have direct analogies with well-estab-
lished concepts developed for bulk metals
and ceramics (/6). Our results suggest that
monolayer collapse shares similarities with
the deformation of bulk metals as well as
polymers.

We applied constitutive equations (used to
describe the mechanical response of bulk sol-
ids) to the collapse of monolayers of poly-
(benzyl ether) monodendrons with di(ethyl-
ene glycol) tails. Monodendrons belong to
the group of well-defined highly branched
polymers classified as dendrimers (/7).
These monodendrons are surface active,
forming monolayers with a collapse behavior
(18-20) that is qualitatively similar to the
Langmuir film deformation response dis-
cussed above. Creep and compression rate
experiments were analyzed to determine the
constants of the constitutive law, which we
then used to predict the 7" dependence of w
during collapse. Whereas others have dis-
cussed 7 as a stress (2/) and change in 4 as
a strain (9, 22), we used bulk tensile stress-
strain relations to model the collapse behav-

20 4 —T —T T

15 7
overshoot (yield point)

plateau (plastic flow)

Surface pressure {mN/m)
=

0 1 1 L
0 50 100 150 200

Area per molecule (A?)
Fig. 1. Typical m-A isotherm for a [G-3]-di(EG)
Langmuir film (79). The features that are anal-

ogous to the stress-strain behavior of a bulk
solid are labeled.
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ior of insoluble monolayers at the air-water
interface.

In the monolayer, the molecules are ar-
ranged so that the globular, hydrophobic mono-
dendron [molecular weight (MW) = 1575] has
a diameter-to-height ratio of ~1:2 and is held
to the interface by the hydrophilic di(ethylene
glycol) tail (MW = 105), which extends into
the water. Because the hydrophobic group is
much larger than the hydrophilic moiety, the
properties of the monodendron, not the tail,
determine the monolayer compressibility and
molecular area. A sample isotherm at 20°C and
at a compression rate of 0.5 cm?/s is shown in
Fig. 1. The initial rise in 1 at ~120 A2 indicates
the formation of a uniform condensed mono-
layer. At ~110 A2, there is an overshoot, or
peak, in the isotherm. The peak and plateau at 8
mN/m represent the collapse of the monolayer
to a bulk phase.

We propose that the isotherm is analogous
to the mechanical response of the class of
polymers referred to as tough plastics, which
includes a yield stress and a plastic flow
region (/5). The plastic flow region is con-
sidered to be a steady-state regime, where the
observed stress remains constant when a con-
stant strain rate is applied (or vice versa). For
the monolayer system, we suggest that the
peak in the isotherm gives the value of the
yield stress and that the plateau reflects a
region of plastic flow. We do not assert,
however, that the molecular mechanisms un-
derlying the observed collapse behavior of
the monolayer are equivalent to those thought
to occur for tough plastics during tensile de-
formation. Linear polymers are inherently
anisotropic and can form entanglements,
whereas dendrimers are globular and show
little intermolecular penetration (23).

These differences notwithstanding, we
propose to extend the scope of materials for
comparison to include other types of bulk
solids, such as metals. The comparison be-
tween metals and a monolayer of organic

@
o

@

Plateau pressure (mN/m)
~
[%:3

7 R L
0.1 1

Compression rate (cmzls)

Fig. 2. Power law relation between the plateau
pressure of the isotherm and the applied com-
pression rate at 20°C. Squares indicate the
experimentally measured values of the plateau
surface pressure. The slope of the lines gives
1/n = 0.0717. Error bars indicate the precision
of the surface pressure measurements.
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monodendrons may at first seem to be an odd
choice because the fundamental particle in a
metal is an atom, whereas the fundamental
particle in the monolayer is a dendritic mol-
ecule. In addition, the monodendrons are sev-
eral orders of magnitude larger than metal
atoms and have a much higher compressibil-
ity. Despite these dissimilar properties, mono-
dendrons are more similar in some ways to
metal atoms than to linear polymers. Both
monodendrons and metals, for example, are
discrete units that cannot entangle. Also, un-
like metal atoms and monodendrons, linear
polymers sometimes form structures with an
intrinsic anisotropy because of their geome-
try. We are not suggesting that the molecular
mechanisms for monolayer collapse are the
same as those seen in metals. Instead, we
claim that, because of some important simi-
larities in structure, literature on the deforma-
tion of metals may aid the understanding of
the collapse behavior of dendritic monolay-
ers. Finally, the monolayers are fundamental-
ly different from bulk materials because of
their adhesion to the interface, which may
result in alternate deformation mechanisms.

We equate 7 with a 2D stress (24), and we
define an engineering strain o = [1 — (4/4,)]
with the resulting strain rate & of

1 dA

Ay dt 1)
where ¢ is time, 4 is molecular area, and 4, is
the molecular area at t = 0. This strain is not
a true strain, and therefore, the strain rate is
not a true strain rate (25). We compared our
monolayer compression results with uniaxial
extension rather than compression studies of
bulk solids because of the relative abundance
of the former in comparison to the latter.
Others, however, have applied constitutive
equations of the same form as those that are
valid for bulk solids under extension to the
deformation of solids under uniaxial com-
pression (26).

o=

[ IRV SV NS TS NS 1

3.38 339 340 341 342 343 344 345
1T x 10% (K™

Fig. 3. Arrhenius T behavior of the steady-state
creep rate at a constant  of 7 mN/m. Squares
indicate the steady-state creep rate as a func-
tion of T. The slope of the line gives E/R =
7.17 X 10* K. The creep rate is in units of
reciprocal minutes.
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Our creep experiments show that the
monolayer collapse has a section of steady-
state creep where the creep rate is constant,
with the strain values for steady-state creep
corresponding to the plateau region of the
isotherm. The steady-state creep behavior of
many metals can be accurately captured with
a power law (16, 27), and Govaert and co-
workers (28) have used a power law to model
the plastic flow of oriented polyethylene fi-
bers. We conducted experiments to determine
the relation between strain rate and the pla-
teau surface pressure . Figure 2 shows
as a function of compression rate. The com-
pression rate is proportional to the strain rate,
as given by Eq. 1. For the range shown, the
relation between m, and compression rate
(strain rate) can be described with a power
law as follows:

— o 1/n
m, = Cia

(2)
where n = 13.9 and C, is a T-dependent
constant.

Often, the creep rate for plastic flow has
an Arrhenius 7 dependence (27-29), and, as
shown in Fig. 3, we observed this behavior
for the monolayer collapse at a surface pres-
sure of 7 mN/m. Unfortunately, we could
only probe a narrow T range because, for 7 >
22.5°C, the creep rate was faster than the
maximum speed of the trough barriers and,
for T'< 17.5°C, the creep rate was too slow to
obtain the desired measurement in a reason-
able amount of time. Rearranging Eq. 2 and
adding the 7 dependence, we obtained

E
a=Cym, exp(— R_T> 3)

where E is the creep activation energy (596
kJ/mol), R is the gas constant, and C, is a
constant. In Eq. 3, we assume that the strain
rate dependence and the 7' dependence are not
coupled. Another implicit assumption is that,
in the plastic flow region, the steady-state
creep rate of the creep experiments and the
applied strain rate of the constant strain rate

Plateau pressure (mN/m)

280 285 290 295 300
Temperature (K)

Fig. 4. Comparison between the measured pla-
teau pressure (squares) and the plateau pres-
sure given by Eq. 3 (curve) as a function of T.
Error bars indicate the precision of the surface
pressure measurements.
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experiments reflect the same deformation
mechanisms.

We should be able to use Eq. 3 to predict
as a function of 7. Such a comparison of the
calculated values with the measured data
should provide a good test of the validity of the
assumptions in our model. Figure 4 shows the
plateau pressure for 7' values ranging from 10°
to 25°C at a compression rate of 0.5 cm?/s.
With the experimentally determined values of
E, n, and C,, we applied Eq. 3 to predict the T
dependence of M, as shown in Fig. 4. The
maximum error between the experimental data
and Eq. 3 is ~5% over the 7 range shown.

The accuracy of the constitutive law,
which applies only to the plastic flow regime,
depends on a number of factors. First, the
relation between 7 and strain rate must be
accurately described by a power law. Second,
the 7 dependence of the deformation rate
must have an Arrhenius form. Third, the
stress-strain relation and 7 dependence must
be independent of each other. Finally, the
same power law relation and 7 dependence
must hold for both constant compression rate
and constant 7 (creep) experiments. In other
words, the deformation mechanisms that un-
derlie the observed steady-state creep behav-
ior must be the same as those that are reflect-
ed in the plateau region of the isotherms.

Although Eq. 3 describes the quantitative
constitutive relation between stress, strain rate,
and 7, the nature of the deformation mecha-
nisms underlying the equation remains unclear.
Whereas the deformation mechanisms of met-
als and linear polymers in the plastic flow re-
gime are known, we have insufficient experi-
mental evidence to determine the deformation
mechanisms of the monodendron monolayer,
which makes insightful comparisons between
the activation energies and power law expo-
nents of the different systems difficult. We
conclude, however, that the deformation mech-
anisms in the plastic flow region of the mono-
layer are related to the formation of a bulk
phase at the interface. Monodendron monolay-
ers are unusual Langmuir films, but their ob-
served collapse phenomena are not unique. Our
analysis, therefore, may be applicable to other
monolayer-forming materials that have a simi-
lar amphiphilic balance.
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Abnormal Spindle Protein,
Asp, and the Integrity of
Mitotic Centrosomal
Microtubule Organizing Centers

Maria do Carmo Avides and David M. Glover*

The product of the abnormal spindle (asp) gene was found to be an asym-
metrically localized component of the centrosome during mitosis, required
to focus the poles of the mitotic spindle in vivo. Removing Asp protein
function from Drosophila melanogaster embryo extracts, either by mutation
or immunodepletion, resulted in loss of their ability to restore microtubule-
organizing center activity to salt-stripped centrosome preparations. This
was corrected by addition of purified Asp protein. Thus, Asp appears to hold
together the microtubule-nucleating y-tubulin ring complexes that organize

the mitotic centrosome.

The microtubule-nucleating capacity of the
animal cell centrosome requires a ring-
shaped complex of proteins associated with
v-tubulin present within the pericentriolar
material (PCM) (/-3). The PCM contains
lattice-like structures in which y-tubulin has

Fig. 1. Antibodies to Asp decorate the centro-
some and can block microtubule nucteating ac-
tivity in vitro. [(A) through (C)] show the immu-
nolocalization of Asp in wild-type neuroblasts
from Drosophila third-instar larvae. (A) Immu-
nolocalization of vy-tubulin (green), Asp (red),
and DNA (blue) at metaphase. (B) The same cell
is shown as in (A) but only with Asp staining. (C)
An early anaphase cell showing a-tubulin
(green), Asp (red), and DNA (blue). (D) through
(F) show preparations of centrosomes from Dro-
sophila embryos. Shown are (D) y-tubulin (blue),
(E) Asp (green), and (F) a merge of the two
previous images also showing the asters of mi-
crotubules obtained after incubation with rho-
damine-labeled tubulin. {G) An immunoblot of
the fractions from the final sucrose gradient
centrifugation in the centrosome purification
procedure (73). The 70% sucrose cushion was
discarded, and the indicated fractions are the
first 6 of a total of 26 in the remaining gradient.
Asp and vy-tubulin cosediment in fractions 4 and
5 as indicated. Fraction 5 was used in the exper-
iments here. (H) shows antibody competition

been found associated with pericentrin (4, 5).
It is not known how the properties of the
PCM might change during mitosis specifical-
ly to nucleate spindle microtubules.

Asp is a 220-kD microtubule-associated
protein (MAP) found at the poles of mitotic
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spindles in the syncytial embryos of Drosophila
melanogaster (6). It has consensus phosphoryl-
ation sites for p34°?°? and mitogen-activated
protein kinases and putative binding domains
for actin and calmodulin (6). Mutations in asp
result in abnormal spindle morphology leading
to mitotic arrest or to a high frequency of
meiotic nondisjunction (7, 8). Because the mi-
totic defects of asp mutants are best studied in
the larval central nervous system, we sought to
examine its distribution more carefully in cells
of whole-mount preparations of this tissue. We
found that Asp became and remained associat-
ed with the centrosome throughout mitosis (Fig.
1, A through C). At telophase, it migrated to
microtubules on the spindle side of both daugh-
ter nuclei (9, /0) and was not associated with
the centrosome in interphase cells. At all mitot-
ic stages from prophase to anaphase, the Asp
protein was asymmetrically localized around
the y-tubulin in the PCM, where it appeared to
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4= Asp

= -tubulin

—e— Asters
—a— Centrosomes

assays in which centrosomes were first incubated with 0 to 0.3 pg/ml affinity-purified anti-Asp before being used in microtubule nucleation assays
and finally being immunostained to reveal y-tubulin. Preparations were scored for the total number of asters of microtubules and total centrosomes
as indicated by foci of «y-tubulin. Scale bars, 10 um.
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