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Abstract : We study surface and interfacial properties of a rigid-rod-like polymer of poly(n-hexyl isocy-
anate) (PHIC) by the surface and interfacial pressure measurements, fluorescence microscope and
atomic force microscope {AFM) techniques. PHIC shows the formation of a condensed film at the air-
water interface and it leads to the formation of multilayer film at lower surface area. Fluorescence micro-
scope images of PHIC at the air-water interface allow us to distinguish between monolayer to multilayer
formation and they show that the monolayer of PHIC is in the liquid state. At a n-heptane-water inter-
face, PHIC forms a monolayer. AFM images of the LB PHIC films provide the molecular association pro-
cess in the monolayer and multilayer states.

Introduction

Interfacial properties of rigid-rod-like polymers
have been of considerable interest for biological
and technological processes. Studies of model

*a-mail : kawaguli@chem.mie-u.ac.jp

polypeptides at well-defined interfaces have been
performed using different techniques.”” The remo-
val of polypeptide monolayers from the water sur-
face induced changes from the left-handed helical
sense to the right-handed one and vice versa. This
means that rigid-rod-like polymers spread at the
air-water interface could not be deposited on a
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solid surface without structural changes. Whether
or not such structural changes in the Langmuir
films occur by transferring to the Langmuir-
Blodgett (LB} films is one of the important issues.

In addition to polypeptides, some rigid-rod-like
polymers have been well known™ polyisocya-
nates have been long used as theoretical models
for rigid-rod-like chains in ditute solutions and lig-
uid crystals.*”* However, except for our recent
paper,” there are few studies given for the interfa-
cial properties of polyisocyanates at interfaces
with a combination of surface and interfacial
pressure measuring methods with fluorescence
microscope and atomic force microscope {AFM)
techniques.

Isotherms of surface and interfacial pressure as
a function of surface area reflect the intermolecu-
lar forces operating in the two-dimensional array
of molecules and give information on the molecu-
lar packing. Fluorescence microscope is a good
tool to observe domain formation in monolayers
at the air-water interface. AFM enables to visual-
ize surface and molecular structures of the LB
fitms.*® In this paper, we present the surface and
interfacial pressure measurements of poly(n-hexyi
isocyanate) (PHIC) spread at the air-water and
oil-water interfaces, the fluorescence microscopic
images of PHIC spread at the air-water interface,
and the AFM abservation of the molecular images
of the PHIC LB films in both mono- and bilayers.
Furthermore, we also discuss the molecular mor-
phology of PHIC in the dried state from the AFM
images based on a relationship between the
Langmuir and LB films.

Experimental

A poly(n-hexyl isocyanate) (PHIC) sample was
synthesized by polymerizing hexyl isocyanate in
dimethylformamide with NaCN dispersed in di-
methylformamide as an initiator."* The resulting
PHIC sample was diluted with toluene, purified
by dropwise precipitation in a large amount of
methanol, and dried under vacuum. The PHIC
sample was separated into several fractions in a
toluene-methanol mixture. We chose one frac-
tionated PHIC sample, which has the weight
average molecular weights of 47x 10° and the
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‘polydispersity index of 1.23.

N-(7-Nitro-2,1,3-benzoxadiazol-4-yl)-L-o-dipa-
lymitol phosphatidyl ethanol amine {NBD-PE)
was used as a fluorescence probe without further
purification, and its concentration was fixed
around 1.5 mol% relative to PHIC in fluorescence
microscopy measurements.

The surface pressure was determined by a Wil-
helmy system (NL-PS80-MTC; Nippon Laser &
Electronics Lab., Nagova, Japan)*" A filter
paper of 5 mm width was used as a Wilhelmy
plate attached to a displacement transducer,
which is calibrated by weighing method. A Teflon-
coated trough with an area of 158 x 90 mm’ and
it was filled with de-ionized water. The PHIC sam-
ple was spread on a water surface in the trough
feom its chloroform solution with a Hamilton
microsyringe. The surface pressure was moni-
tored by a continuous compression as a function
of the area occupied by the repeating monomer
unit of PHIC. The compression or expansion of
the surface area was usually controlled by the bar-
rier speed of 3 mm/min.

The same trough mentioned above was mount-
ed on the stage of an Olympus BHS2-UMA epi-
fluorescence microscope attached to a DAS-
512ICCD camera (Imajista Co. Tokyo Japan).*'*
The compression and expansion isotherms mea-
surements and the fluorescence microscope
observation was carried out simultaneously.

Fluorescence microscopic images of the maono-
layers were observed through Olympus NeoSplan
40 (40 x) ultralong-working-distance objective
lenses. The condenser was equipped with one set
of optical filters, allowing observation of fluores-
cence after excitation at 465 nm. A mercury lamp
(USH-103D, Ushio, Tokyo, Japan} was used as
the excitation light source.

After PHIC was first spread at the air-water
interface in a circular Teflon trough with a diame-
ter of 13 em and a depth of 2.5 cm, and then n-
heptane was added slowly by rinsing along a glass
rod, interfacial pressure of PHIC at a n-heptane-
water interface was determined. A sandblasted
platinum plate (24x 10 x 0.1 mm®) was used a
Wilhelmy plate attached to a Cahn electrobal-
ance.” '

The LB films of the PHIC sample were trans-
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ferred onto a freshly cleaved mica using a NL-
. B104S-MWC LB trough.”®*® LB transfer was car-
ried out at a given speed of the compression of a
barrier for the surface areas larger than 0.30 nmi/
repeating unit of PHIC, where surface pressures
are hardly observed. For the surface areas less
than 0.30 nm“/repeating unit of PHIC, on the
other hand, the LB deposition was performed at a
fixed surface pressure. The transferred PHIC sam-
ples were dried and they were stored under con-
trolled temperature and humidity.

AFM measurements were performed with a
Nanoscope 1l equipped with microfabricated sili-
con cantilevers (Digital Instruments, Santa Bar-
bara, CA). All AFM images of PHIC were taken
under the tapping mode at ambient temperature

Results and Discussion

The surface pressure-surface area (7-A} iso-
therm of the PHIC at 25 °C is shown in Figure 1,
together with the interfacial pressure. For the sur-
face areas larger than 0.30 nm/repeating unit of
PHIC where PHIC should be spread in the mono-
layer state, the surface pressure is almost zero.
This means that the surface pressure gain by the
hydrogen bonding between the isocyanate group
and water is compensated with the surface pres-
sure loss by the strong cohesive interaction
among the hexyl groups. The surface pressure
attains gradually a plateau region at the surface
areas covering from around 0.22 to 0.13 nrmi/re-
peating unit of PHIC. Beyond the plateau region
the surface pressure increases monotonically.

Molecular characterization of PHIC in n-hexane
solution showed the diameter of rod (1.6 nm) and
the molecular mass M, per unit contour length
(715/nm) in n-hexane solution®” The surface
area occupied by a repeating monometic unit of
PHIC chain can be determined to be 0.28 nm/
repeating unit of PHIC assuming that a worm-like
cylindrical PHIC molecule lies on the water sur-
face.

Thus, at the plateau region in the 7-A isotherm
PHIC chains should form a bilayer and beyond
the plateau region a triple-layer should be par-
tially formed. Furthermore, it was observed that
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Figure 1. Isotherms of surface pressure ) and interfa-
cial pressure (1) as a function of surface area for the
repeating unit of PHIC spread at the air-water and ofi-
water interfaces, respectively at 25.0 °C,

the Wilhelmy plate was actually moved out of its
position in the direction of film compression
beyond the surface pressure of 10 mN/m, indicat-
ing that the multilayer of PHIC formed on the
water surface is quite rigid. Biegajiski et al
reported this type of behavior for a poly(diacety-
lene) spread at the air-water interface.”

On the other hand, the interfacial pressure at 25
°C appears at the larger surface areas than where
the surface pressure is fisst detected and it gradu-
ally increases with the decrease in surface area,
and finally the plateau interfacial pressure attains
at the surface area of around 0.28 nrri/repeating
unit of PHIC. The surface area of 0.28 nni/re-
peating unit of PHIC is consistent with that calocu-
lated from the cylindrical model of PHIC men-
tioned above. Further deposition of PHIC induces
no changes in the interfacial pressure. This means
that PHIC forms a monolayer film at the n-hep-
tane and water interface and some of the spread
amounts of PHIC at the interface should be dis-
solved into oil phase due to n-heptane being a
solvent for PHIC.

Since the fluorescence probe is an impurity, it is
necessary to examine its effect on the surface
pressure before making quantitative comparisons.
The surface pressure of PHIC in the presence of
NBD-PE was first detected at the larger surface
area than that of PHIC without the praobe. More-
over, the plateau region was shitted to larger sur-
face areas by about 0.03 nm’/repeating unit of
PHIC and beyond the plateau region the surface
pressure more steeply increased due to exclusion
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Figure 2. Fluorescence microscopic images of the PHIC
at the surface areas of 0.65 (a}, 0.35 (b), 0.25 {c). and
0.20 (d) nm®/ repeating unit of PHIC at 25.0 °C.

of NBD-PE. Moore ef al. have reported similar
resuli for pentadecanoic acid monolayer.”

Figure 2 shows typical changes in fluorescence
microscopic images of PHIC thin films at various
surface areas. At surface areas larger than 1.0 nmi/
repeating unit of PHIC most images are similar to
that of the pure air-water interface. With a
decrease in the surface area a bright network
domain appears randomly and gathers together,
and finally the surface becomes uniformly bright
at the surface area of 0.2 nni/repeating unit of
PHIC, where the surface pressure is well within
the plateau region. Further decreasing the surface
area induces no changes in the uniform bright
images. Since the NBD probe i$ preferentialty dis-
tributed to be in the liquid-like form, the PHIC
monolayer is considered to be in the liquid-like
state. In addition, such image changes were not
observed when the NBD-PE without PHIC was
fully compressed.

Furthermore, the calculated area of the bright
parts of the fluorescence microscopic images
increases almost linearly with the amount of PHIC
spread at the air-water interface below the surface
area of 0.6 nm’/repeating unit of PHIC. This indi-
cates that the fluorescence probe plays a role in
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Figure 3. Compression ( () - expansion (1] isotherms of
the PHIC fluorescence microscopic images of a and b at
the surface area of 0.24 nm’/ repeating unit of PHIC for
compression and expansion processes, respectively; fluc-
rescence microscopic images of ¢ and d at the surface
area of 0.28 nm’/ repealing unit of PHIC for compression
and expansion processes, respectively.

the indicator for the presence of PHIC film at the
air-water interface.

Figure 3 displays the plots of 1t as a function of
the surface area for a successive compression and
expansion cycle at the final surface area of 0.20 nr/
repeating unit of PHIC from the initial surface
area of 0.35 nm‘/repeating unit of PHIC. For the
final surface area of 0.20 nm/repeating unit of
PHIC, where the surface pressure is in the plateau
region, excessive hysteresis is observed. This can
be due to irreversible collapse, leading to rather
multilayer formation. Fluorescence images at
0.24 and 0.28 nm’ /repeating unit of PHIC for the
compression-expansion cycle are evidence for the
difference in the state of PHIC on the water sur-
face due to hysteresis. The rapid drop of the sur-
face pressure at the beginning of the expansion
indicates a high elasticity of the surface layer due
to the presence of bilayer. However, the tearing of
the surface layer at 0.24 nmi/repeating unit of
PHIC and an increase in dark domain region at
0.28 nm‘/repeating unit of PHIC indicate the col-
lapse into the liquid-tike surface layer. Further-
more, with an increase in the number of succe-
ssive cycle, the surface pressures at the same area
are lowering to finally attain constant.

On the other hand, for the final surface area of
.23 nm*/tepeating unit of PHIC, the compres-
sion isotherm appears to superimpose the follow-
ing expansion one, indicating that the isotherms
are reversible. This indicates that the surface layer
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Figure 4. AFM image of the PH[C LB film: a, the magni-
fication image, 10X 10 um’ at the surface area of
0.6 nmi/ repeatmg unit of PHIC; b, the magmflcatlon
image, 1 X 1 ,um at the surface area of 0.6 nm”/ repeat—
ing unit of PHIC; ¢, the magmflcatlon image, 1 X 1 ,um
at the surface area of 0.3 nm’/ repea‘rmg unit of PHIC; d,
the magnification image, 1 X 1 ;.Lm at the surface area of
0.2 nmi’/ repeating unit of PHIC.

probably does not distupt since the mechanical
forces caused by the expansion dissipate in the
liquid-like PHIC monolayer.

Figure 4 displays AFM images of the PHIC
transferred at the surface areas of 0.6, 0.3 and 0.2
nm’/repeating unit of PHIC. At the surface area of
0.6 nm*/repeating unit of PHIC (Figure 4-a) some
bare mica surfaces are observed in the 10x 10 pm®
scale, however, higher magnification image,
1x1um® of the PHIC (Figure 4-b} looks like
gathering worms. Such an image allows us to rec-
ognize PHIC chains as a worm-like chain. Fur-
thermore, there are some switls consisting of
arched PHIC.

At the surface area of 0.3 nm’/repeating unit of
PHIC (Figure 4-c) the PHIC chains are partially
stretched out with side by side rods due to lateral
compression, although there are some switls. An
increase in the molecular weight of PHIC seems
to tend the formation of larger swirls. The thick-
ness 1.2+ 0.1 nm of the worm is somewhat less
than the diameter 1.6 nm of a PHIC chain and
the difference should be reflected in drying PHIC
before the AFM observation. Also, the diameter
measured in n-hexane does not need to be iden-
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tical to the diameter in monolayer. In solution,
n-hexyl side group is more likely to be swollen,
which makes the diameter appear larger. From
the size distribution of the curvilinear length of the
PHIC chains in the image, the average length was
determined to be 70.9 nm, which is near the con-
tour length 64.4 nm of the PHIC. Similar images
have been observed in phase separated hairy-rod
systems by transmission electron microscopy.”

The lateral width of the worm-like chain in the
image is beyond 10 nm, which is much larger
than the thickness. The wider width should be
attributed to the strong cohesive interaction of
PHIC ; however, it would be difficult to confirm
whether aggregation of PHIC chains occurs at the
air-water or during the transfer process.

On the other hand, it must be realized that the
lateral width is overestimated due to the finite size
of the AFM probe. For a cylinder, the apparent
width W measured by AFM can be calculated
from W=2(Dd}"*, where D is the probe diameter
of curvature and d is the actual cylinder diameter,
respectively”” Taking a D value of 50 nm and d =
1.2 nm, the apparent width of ca. 15 nm is com-
patible with objects of 10~15 nm width. Similar
results are reported for collagen adsorbed on
polymer substrates”

An AFM image at the surface area of 0.2 nni/
repeating unit of PHIC (Figure 4-d) shows the for-
mation of multilayer film and the first layer being
similar in pattern morphology to the monolayer at
0.3 nm’/repeating unit of PHIC is partially cov-
ered by the laterally associated PHIC chains. The
thickness of the multilayer is obtained to be 2.5
+ 0.1 nm, indicating the bilayer formation. Asso-
ciation of PHIC chains in the second layer mainly
stemns from the cohesive forces between the n-
hexyl groups since there is little hydrogen bonding
interaction between the isocyanate group and
water. Moreover, it is noted that the PHIC chains
associated in the second layer are more stretched
out than those in the first layer.

In conclusion, PHIC chains are spread on water
surface as a condensed film and they form a
monolayer at an n-heptane and waier interface.
Surface and interfacial pressure measurements as
well as fluorescence and atomic force microscopes
provide evidence for the mono- and the bilayers
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formation of worm-like chain. Furthermore, we
believe that AFM images reflect the coexistence of
amorphous and anisotropic rod-like phases con-
sidering the lack of correspondence between the
width and molecular dimensions.
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