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ABSTRACT: We have shown in this work that a tunable topographical system can be obtained from
aqueous hydroxypropylcellulose (HPC) liquid crystalline solutions. The HPC solid films were prepared
by casting isotropic and liquid crystalline solutions under shear. Atomic force microscopy (AFM)
measurements of their topographical features were performed. The features of the film surface can be
affined by controlling the processing conditions. We have demonstrated that the films prepared from
liquid crystalline solutions (HPC/water ratio: 50—65% w/w) show two periodic structures, primary and
secondary set. The former consists of the bands perpendicular to the shear direction while the latter has
the bands slightly tilted from that direction. An out-of-plane angle variation (9°—13°), of the sinusoidal
molecular orientation, is also reported. A fractal analysis of these surfaces indicates a scale-invariant

nature between 300 nm and 4 um.

Introduction

The formation of banded textures in thin-film samples
of solutions of liquid crystalline polymers (LCP), sub-
jected to shear, has been reported in the literature since
1979.1 Fundamental research on these systems is
particularly active,? due to a large number of physical
interactions involved.® Moreover, the surface anisotropy
of the mechanical and optical properties of the polymer
films,* together with their potential use as alignment
layers for liquid crystal displays,®> makes these systems
particularly interesting and promissing for new applica-
tions. At present, the main challenge is the possibility
of fine-tuning of surface topography and structure by
modifying some experimental parameters.

Because of the symmetry properties of the liquid
crystal solutions, large domains of well-oriented polymer
chains are formed during the shear flow, while the
defects are squeezed into small regions. The shear
accounts for an additional energy stored in the solution.
When the shear is stopped, the system will first relax
with a characteristic time ty, to a transient state. In this
state the distortion energy is minimized, and the
orientational order is keept, resulting in a banded
structure. This behavior is observed only if two condi-
tions are fulfilled:® (a) if the shear rate, y, is higher than
a critical shear rate, y¢, with y°¢ being strongly dependent
on the molecular weight, M, of the polymer and slightly
sensitive to the polymer concentration, C, according to
the relation’

7*0C ™M " log M 1)

and (b) if the shearing time, ts, is longer than a critical
time that depends on the shear rate. This means that
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there is a minimum deformation, y¢, below which the
periodic structure was not observed. The general de-
pendency of the band formation time, t,, on the experi-
mental parameters is known’ (e.g., in the first approxi-
mation tp ~ ts~2, tp increases with the molecular weight
M), but no analytical expression was yet deduced, due
to the complexity of the dynamic behavior of LCPs under
shear.

The band structure may be characterized by the band
spacing (typically 4—10 xm)?8 that, in contrast with some
theoretical predictions,® seems to be independent of the
film thickness. Some previously described experiments©
indicate that the band spacing is relatively insensitive
to the shear rate, while different authors®1! reported
conflicting results concerning the effect of the polymer
concentration.

The band microstructure is energetically very stable,
but it only persists during a characteristic time tq4
(typically ty ~ 10 min). The thermal agitation may be
sufficient for the system to overcome the energy barrier
between the band texture (local minimum) and the
nondistorted state (overall minimum). The bands begin
to lose their parallel orientation; they form elongated
domains and finally collapse, giving rise to an equilib-
rium state. As expected, the time ty is found to be
strongly dependent® on the molecular weight (tq in-
creases with M) and on the shear rate (ty increases with
7).

The hydroxypropylcellulose (HPC) aqueous lyotropic
solutions are, regarding the ability to form band texture,
among the most studied systems described in the
literature.”12 The formed periodic structures can be
locked within the polymer after the solvent evaporation,
if the evaporation time is shorter than the relaxation
time tq.

Atomic force microscopy (AFM) data, as reported in
the literature, indicate that the films obtained from
HPC in acetic acid®® show a molecular “serpentine”
trajectory, with an out-of-plane component, that was
associated with the band texture. But this particular
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Figure 1. 3D topography image (20 x 20 um? scan) of the
free surface of a sheared HPC film prepared from a 60% w/w
solution at a shear rate v =5 mm/s.

behavior could be associated with the possible chemical
reaction of the acetic acid with the HPC hydroxyl
groups. The estherification reaction was already re-
ported for cellulose derivatives in the presence of
trifluoroacetic acid.!* Thin films obtained from HPC/
water liquid crystalline solutions were also reported in
the literature, showing a leveling of the fibrillar topology
that was attributed®® to the long time required for
drying of the films.

In this work we report the use of AFM to perform
guantitative measurements of topographical features of
HPC solid films prepared from different concentrations
of HPC/water solutions and two shear rates.

Experimental Section

Five solutions of HPC (Aldrich 100 000 molecular weight)
in water (HPC/water: 30% w/w; 50% w/w; 55% w/w; 60% w/w;
65% wi/w) were prepared at room temperature followed by
centrifugation to remove air bubbles. The films were casted
and sheared simultaneously by moving a casting knife at two
controlled shear rates: v; =5 mm/s and v, = 10 mm/s. The
thickness of the dried films was measured using a Mitutoyo
digital micrometer, with a range from 14 to 30 um. A D3100
with a Nanoscope Illa controller from Digital Instruments (DI)
was used for the AFM. The measurements were performed in
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tapping mode under ambient conditions. A commercial tapping
mode etched silicon probe from DI and a 90 x 90 um? scanner
were used. Images consisted of raster scanned, electronic
renderings of sample surfaces.

Results and Discussion

Figure 1 shows the 3D topography image (20 x 20
um? scan) of the free surface of a sheared HPC film
prepared from a 60% w/w solution at a shear rate v; =
5 mm/s. The image shows two different scale ranges: a
primary set of “large” bands, perpendicular to the shear
direction, and a smoother texture characterized by a
secondary periodic structure containing “small” bands.

Figure 2 shows a top view image of the height scan
of the surface shown in Figure 1 and the analysis of the
height profile at two cross sections: AA" and BB'. Cross
section AA' was taken along the shear direction. The
periodicity of the “large” bands, Al;, and the average
peak-to-valley height for these bands, hi, were deter-
mined from the AA’' height profile plot, as indicated.
Cross section BB' was taken along the direction of the
secondary periodic “small” bands. The periodicity of the
“small” bands, Al,, and their peak-to-valley height, hy,
were measured from the BB' height profile plot, as
indicated. The arrows on the top of the view image along
AA’ and BB' lines mark the points used for the mea-
surements performed in the height profile plots.

Figure 3 shows the top view image of the amplitude
scan of the free surface of three sheared HPC films
prepared at a shear rate of vy = 5 mm/s from solutions
of different concentrations: (a) 30% w/w, (b) 50% wi/w,
and (c) 65% wi/w. The surface of the film prepared from
30% w/w does not possess any periodicity. A primary
and a secondary set of bands were observed only on the
films prepared from anisotropic solutions, i.e., 50—65%
w/w. Moreover, the films prepared from the solutions
of the same concentration, using a higher shear rate (v,
= 10 mm/s), exhibit similar topographies, but they are
characterized by different parameters. At a constant
concentration, for example at 65% w/w, the periodicity
of the bands (Al;) shows a tendency to decrease when
the shear rate increases (Ali(vi) = 2.97 um and Ali(v2)
= 1.97 um). At a constant shear rate, as the concentra-
tion of the polymer increases, the periodicity of the
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Figure 2. Top view image of the height scan of the surface shown in Figure 1 and the height profile analysis at the two cross
sections: AA’ and BB'. The arrows on the top of a view image along AA’ and BB' lines mark the points used for the measurements

of the height profile.
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Figure 3. Top view image of the amplitude scan of the free surface of three sheared HPC films prepared at a shear rate of v; =
5 mml/s from solutions with HPC/water ratios: (a) 30% wi/w, (b) 50% w/w, and (c) 65% w/w.
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Figure 4. Top view image of the amplitude scan of the surface
shown in Figure 1. The secondary set of bands is at angle A6,
to the shear direction. The horizontal distance between the
line that joins both valley coordinates of a secondary band and
the point obtained from the projection of the peak of the same
secondary band on the horizontal plane, Als, is used to
calculate the out-of-plane angle of the sinusoidal variation in
the molecular orientation, 6p.

bands decreases (for v;, at 50% w/w and 65% w/w,
Al; = 4.68 um and Al; = 2.97 um, respectively). The
analysis of the AFM height profile perpendicular to the
shear direction shows an average peak-to-valley height
of hy = 70—100 nm for these bands, and it is indepen-
dent of solution concentration or shear rate. The bands
of secondary periodicity show a tendency to decrease
with the increase of polymer concentration (Alx(vi) =
1.52 um for 50% w/w and Aly(vi) = 0.493 um for 65%
w/w). The AFM height profile along the shear direction
gives an average peak-to-valley height of h, = 2—5 nm.
The secondary set of bands appears at an angle A6, to
the shear direction (Figure 4). The angle A6, tends to
increase when the concentration of the polymer in-
creases (A01(v1) = 8° for 50% w/w and A61(v1) = 26° for
65% w/w). We have also found that the sinusoidal
variation of the molecular orientation does not occur in
the plane of shear but makes an out-of-plane angle, 6p.
This angle was calculated from the relation

0p = atn(Ah—Il) )
3

where Als is the horizontal distance between the line
that joins the valley coordinates of a secondary band
and the point obtained from the projection of the peak
of that particular secondary band on the horizontal

plane. Typically, Al; is determined from the top view
image as indicated in Figure 4. It was found that the
angle 0p varies from 9° to 13° and shows a tendency to
decrease when the concentration of polymer in the
precursor solution decreases. No clear dependence on
the shear rate was observed.

The presence of the out-of-plane component was
reported in the literatureld and was estimated to be in
the range of 4—10° for a 20 um thick film prepared from
a 37% wi/w solution of HPC in acetic acid. It was thought
that the contractional strain induced by stress relax-
ation was responsible for the observed effect.’?

The free surface topography of sheared HPC films
prepared from solutions of different polymer concentra-
tion exhibits distinct behavior for different shear rates.
For solutions of the high polymer concentration (HPC/
water > 55% w/w) the topography is characterized by
two periodic sets of bands for both shear rates: a
primary set, perpendicular to the shear direction, show-
ing a decreasing periodicity with increasing shear rate,
and a secondary set, having a decreasing periodicity
when polymer content increases. These films do not
show dependence on the shear rate. For the solution of
low polymer concentration (HPC/water < 55% w/w) the
increase of the shear rate seems to prevent the forma-
tion of the band structure. For solutions with concentra-
tions of HPC below 50% w/w, no bands were observed
for neither shear rate. At 50% w/w solution concentra-
tion the band structure is clearly observable in films
prepared with the low shear rate (vi =5 mm/s) but is
not detectable for the high shear rate (vo = 10 mm/s).
Figure 5 represents a 3D image of the free surface
topography of two sheared films prepared with 55% w/w
at two shear rates. It can be seen from the figure that
the band structure is well-defined for this solution
concentration at both shear rates. The increase of the
shear rate promotes a slight irregularity on the film
surface, instead of causing decrease of the primary band
periodicity, as observed on films prepared from higher
solution concentrations. The results obtained for films
prepared from solutions of different concentration of
HPC and different shear rates are summarized and
compared in Table 1.

To further characterize these surfaces, a fractal
analyses may prove to be useful, since it can be used to
describe irregular surfaces and contribute to a better
understanding of their properties.1’® The roughness of
surfaces may be scale-invariant in a particular scale
range, and in these cases the fractal dimension, Dy”
may be used to describe the film surface topography.

We measure the fractal dimension using the variance
method and dividing the full AFM images into equal-
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Figure 5. 3D images of the free surface topography of two sheared films prepared from a HPC/water ratio of 55% w/w at two

shear rates: v; = 5 mm/s and v, = 10 mm/s.

Table 1. Results Obtained for Films Prepared from Solutions of Different Concentration of HPC and Different Shear

Rates?
solution shear rate film thickness
concn (w/w) (mm/s) Aly (um) h1 (nm) Al (um) hz (nm) A6, (deg) 6p (deg) (um)
50 5 4.3-5.2 84—89 1.42-1.80 45-9.1 ~8 14
50 10 21
55 5 3.1-4.3 87—96 0.72—-1.80 3.5-9.0 <14 14
55 10 3.5-4.1 80—-90 0.75-1.0 3.43 10 (?) 18
60 5 2.9-3.2 71-98 0.55—-0.67 4.4-5.0 30 9-10 22
60 10 1.9-2.9 72—80 0.35—-0.55 2.1-4.7 18 12 28
65 5 2.9-3.3 80—100 0.44—0.59 4.8 26 15 19
65 10 1.8-2.1 74-87 0.35—-0.40 2.9-4.4 23-28 13 30

a Al is the periodicity of the “large” bands, and the average peak-to-valley height for these bands is hi. The periodicity of the secondary
“small” bands is Al, and their peak-to-valley height, h,. This secondary set of bands appears at an angle A6, to the shear, and their
sinusoidal variation of the molecular orientation does not occur in the plane of shear but makes an out-of-plane angle, 0p.
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Figure 6. Plot of the variance o? as a function of the box size
B (from 20 um square images with 512 pixels) for the case of
thin films prepared from a solution with C = 55% HPC in
water and two different shear shares (circles, vi = 5 mm/s;
squares, v; = 10 mm/s). The linear behavior indicates a self-
affine nature of the film surface between 300 nm and 4 um.

size squared boxes. The variance o¢? is, for a particular
box size, given by the relation

BZ

o(B) = - Z)ZD (3)
— 1=

where B2 is the total number of data points in the box,
zj is the height in each point, z is the average height in
a box, and [l.[0denotes averaging over all nonover-
lapping boxes covering the total image. The variance
0? increases with the box size B:

o® 0 B?7D) — (2A)2C D (4)
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Figure 7. Fractal dimension, Dy, as a function of the polymer
concentration, C, at two different shear rates: circles, vi =5
mm/s; squares, v = 10 mm/s. In general, the fractal dimension
increases with both the polymer concentration and the shear
rate.

where A is the instrumental resolution, in this case, the
distance between data points. When Ds is not extremely
high, the last term in eq 4 can be neglected, and the
fractal dimension Dy is directly determined from the
linear fit of the plot log 62 vs log B (=62.4x/q). Figure 6
shows the variance o? vs the box size B for a solid film
made from the 55% w/w solution at two different shear
shares (circles, vi = 5 mm/s and squares, v, = 10 mm/
s). The linear behavior for B smaller than 100 pixels
indicates a self-affine nature of the film surface.

We have determined Dy, eq 4, for different concentra-
tions of polymer and different shear rates (Figure 7). It
was found that the HPC films are self-affined between
300 nm and 4 um. In this range, the fractal dimension
shows a tendency to increase with both the polymer
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concentration and the shear rate. This fact is in good
agreement with the observed dependency of the banded
structure on these two parameters.

The surfaces are not self-affine for higher dimensions.

Conclusions

A tunable topographic system may be obtained from
HPC aqueous liquid crystalline solutions. The results
point out that two kinds of periodicities may be locked
and adjusted in these systems as a function of the
processing conditions. The films are found to be self-
affine between 300 nm and 4 um but not for higher
scales. In general, the fractal dimension is found to
increase with both polymer concentration and shear
rate. This trend reflects the increasing complexity of the
surface topography when the films are prepared with
higher polymer concentrations or with higher shear
rates.
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