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ABSTRACT: Monolayers of a predominantly hydrophobic poly(styrene)-b-poly(ethylene oxide) copolymer
(7% PEO by mass) were transferred to a silicon substrate using the Langmuir—Blodgett method. The
films were imaged using atomic force microscopy, and three types of features were observed in various
proportions: dots (circular aggregates), spaghetti (rodlike aggregates), and continents (planar aggregates).
The concentration of the spreading solution on the air—water interface had the most significant effect on
the types of features observed. Variations in surface pressure and compression speed had little effect on
the distribution and predominance of the different types of aggregates. Single-drop experiments show
that feature formation depends on a competition between film spreading and polymer entanglement
resulting from solvent evaporation. Aggregates thus formed upon spreading on the air—water interface
are kinetically trapped and quite stable upon transfer to the solid substrate.

1. Introduction

Amphiphilic diblock copolymers provide a means for
controlling interfacial properties or molecular architec-
ture at various interfaces. Neutral diblock copolymers
spread on an air—water interface® have been observed
to self-assemble into nanoscale structures that have a
variety of potential applications in microelectronics,
stabilization, lubrication, and other fields.2 The density
of the polymer at the interface can be controlled by the
choice of adsorbing block size and deposition conditions,
and the properties imparted to the interface can be
modified by the choice of free block. Our studies focus
on poly(styrene)-b-poly(ethylene oxide) (PS-b-PEO)
diblock copolymers, where we can utilize the unique
aqueous surface properties of PEO and the solvent and
aggregation properties of PS.

Poly(ethylene oxide) (PEO) is water-soluble and sur-
face-active, forming monolayer films when spread on an
air—water interface.3 Above a critical surface density,
a 2D critical overlap density, the PEO will submerge
into the subphase; thus endcaps, such as long-chain
alkanes* or small poly(styrene) (PS) blocks® are neces-
sary to tether the PEO to the air—water interface at
high surface densities. Gongalves da Silva et al.5> used
Langmuir isotherms to determine the effective monomer
area for PEO with Npgo between 445 and 90 and capped
with Nps of 38. This empirical effective area was
determined to be Apeo = (27 A2)Npeo. The effective PEO
monomer area has been observed to vary slightly with
the length of the PEO chain. A later paper by Goncgalves
da Silva et al.” reported the effective PEO monomer
value to be 31 A2/monomer for PEO chains with the
same PS chain length and a smaller average Npgo. Pure
PEO (with Npgo between 410 and 5720) has been found
to have an effective monomer area of 40—48 A%/
monomer,% suggesting a more compact structure of the
tethered PEO in the diblock system than in the ho-
mopolymeric system. Our previous results for Npgo >
800 and small Nps, having a PS projected area less than
the effective area of the total PEO, are consistent with
28—30 A2/monomer.8 This selection of results suggests
that PS plays only a small role in the effective PEO area
in a tethered system when measured by Langmuir
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isotherms provided that the PS is sufficiently small.

Poly(styrene) is nonpolar and forms tightly clustered
aggregates when spread at moderate concentrations
under ambient conditions on an aqueous subphase.
Kumaki® studied the properties of monomolecular PS
particles by using extremely dilute spreading concentra-
tions, on the order of 103 mg/mL, on a Langmuir—
Blodgett trough. Judging from the isotherms he ob-
tained, the projected area of the single PS globule is
given by 0.04MWsps.10 Given the values for projected
areas of PS and PEO pancakes discussed above, the
polymer blocks should have similar projected areas at
6.5% PEO (by mass).

The properties of PS-b-PEO at the air—water inter-
face have been studied by a variety of techniques
involving Langmuir isotherms.*~711-17 When spread on
an aqueous subphase, the PEO spreads, and the PS
forms aggregates as a result of the repulsion between
the hydrophobic PS block and the water or PEO.® At
low surface pressures () defined as the difference
between the surface tension of pure water and the
measured surface tension (7 = y, — y), loose aggregates
form, and the PEO chains reside at the surface of the
water, spreading out in a corona around the PS cluster.
At higher surface pressures, the PEO is compressed, and
at 10 mN/m, a first-order 2D-to-3D phase transition
occures as the PEO chains submerge into the aqueous
subphase and begin to form brushes.”1? At surface
pressures higher than 10 mN/m (lower mean molecular
areas or mmA’s), the PEO brushes are compressed until
either the limiting PEO area or the PS limiting area is
attained. For small PEO contents, the first-order phase
transition of the PEO is hindered by the PS.

Our previous research® on predominantly hydrophilic
diblock copolymers (greater than 10% PEO) suggests
that the PS aggregates into uniform nanoscale dots
upon spreading. Increasing the PEO content decreases
the aggregation number of these circular features in a
linear relationship. Additionally, the distance between
features decreases with increasing deposition surface
pressure, which correlates with surface density. The
aggregation number does not change with increasing
surface pressure, indicating that, once formed, the
aggregates are stable to further aggregation.
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Table 1. Characteristics of the 51k PS-b-PEO

MW PEO
(g/mol) wt% polydispersity MWpeo MWps Npeo  Nps
51300 7.0 1.07 3600 47700 82 459

In this paper, we examine the surface morphology of
a predominantly hydrophobic polymer with a smaller
PEO block, 7 wt % PEO (hereafter referred to as the
51k polymer). For this asymmetry, the 2D-to-3D phase
transition should be hindered by the PS block. Table 1
presents the salient features of this polymer. In addition
to the influence of greater PS—PS interactions, we
expect entanglement of the polymers before and during
spreading to affect the morphologies observed.

Monolayer films were deposited using the Langmuir—
Blodgett technique. Atomic force microscopy (AFM) was
used to define the characteristics of the surface features
both qualitatively and quantitatively. The surface fea-
tures observed in the 51k polymer are divided into three
categories: dots, spaghetti, and continents. Trends in
the abundance of these features were monitored as a
function of spreading solution concentration, deposition
surface pressure, and compression speed. Single-drop
experiments on a wafer were performed to examine the
effect of drop spreading on the feature morphology.

2. Experimental Section

2.1. Materials. The 51k polymer was obtained from Poly-
mer Labs (batch number 29170—34). High-purity (99.98%)
UniSolv chloroform from Spectrum Labs was used in creating
polymer solutions, and reagent grade chloroform (purity >
99.8%, also from Spectrum Labs) was used in all cleaning
processes; both were used without further purification. All
water was purified using the Millipore Milli-Q system (18.2
MQ cm).

2.2. Langmuir—Blodgett Films. All 7—A compression
isotherms (plots of surface pressure vs mean molecular area)
and polymer monolayers were made with a KSV 5000 Lang-
muir Blodgett system (300 x 700 mm Teflon trough) installed
in a Clean Air Products soft-wall clean room (CAP 577, 99.99%
efficiency at 30 mm). Surface pressure measurements were
made with a roughened platinum Wilhelmy plate, and the
trough was cleaned to a blank surface pressure of 7 < 0.15
mN/m before each trial. Silicon substrates from Silicon Quest
International (resistivity of 0.01—0.02 Q cm, 2-in. in diameter)
were sonicated in high-grade chloroform for 20 min and
subsequently ozonated for 15 min in a Jelight UVO cleaner,
model 42.

Solutions of the 51k polymer in chloroform were spread on
the clean trough surface using a Hamilton gastight microliter
syringe. In the surface pressure and compression speed trials,
solutions with a concentration of 1.00 4+ 0.07 mg/mL were used,
whereas the concentration was varied as noted in the concen-
tration trials. The amount of polymer spread in each trial was
calculated from values obtained from the z—A isotherm and
ranged from 25 to 850 uL. The solution was added dropwise
to the water subphase at uniformly spaced locations across
the surface until the syringe was emptied. The solvent was
then allowed to evaporate from the trough for 15 min.

Films were depositied at pressures corresponding to areas
larger than the critical PEO density at the surface, which were
between 0.3 and 10 mN/m. Compression to the desired surface
pressure was carried out at a speed of 60 cm?min (10 mm/
min for a standard 300 x 700 mm trough) for the pressure
and concentration trials and at variable speeds for the
compression speed trials. Once the desired surface pressure
was achieved, the system was allowed to equilibrate for 10
min. The submerged substrate was then withdrawn from the
water at a speed of 0.5 mm/min and allowed to dry for at least
15 h in the clean room.
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2.3. AFM Imaging. A Dimension 3000 atomic force micro-
scope in tapping mode was used for all imaging (tip length,
125 um; frequency, 279—362 kHz; Digital Instruments). The
AFM was housed in a vibration-resistant case. Each sample
was imaged in air at a variety of locations on the wafer to
examine the reproducibility of the features observed in the
images. The scan speed was typically 2.5 Hz. Images shown
were plane-fitted, and in a few cases flattened, to maximize
image presentability. Measurements of height, width, and
spacing were taken from sectional analyses of the images. All
images are 4 um on a side, with heights and gray scales chosen
to optimize presentability. Actual heights are presented in
Table 2. A total of 288 images were collected, excluding the
single-drop experiments, described in section 3.4.

3. Results and Discussion

3.1. Isotherm. The 7—A isotherm shown in Figure 1
for the 51k polymer displays no plateau at 10 mN/m,
unlike the isotherms of more hydrophilic copolymers®
and consistent with the overlap of PS before the PEO
phase transition. The features of the isotherm are
independent of compression speed and concentration.
Fauré et al.* observed a similar absence of a plateau
when the PS block was relatively large or the PEO was
very small, regardless of PS block size. The homopoly-
mer of PS at the air—water interface has a fairly
featureless isotherm with a collapse near 60 mN/m.1°
Using the reported monomer area values for the mor-
phological transitions of PEO aggregates,?® the 51k
polymer is expected to reach the limiting pancake at
2214 A2 and the 2D-to-3D phase transition at 1640 A2,
The latter corresponds to the pancake-to-brush transi-
tion at approximately 10 mN/m in the isotherm data of
Figure 1. All Langmuir—Blodgett films presented here
were deposited at values at or below this surface
pressure to ensure a nominally 2D PEO layer.

3.2. Variation of Parameters. Three types of fea-
tures (dots, spaghetti, and continents) were observed in
various proportions in the AFM images. Figure 2
demonstrates the range of features observed. In all AFM
images, lighter shading in the image indicates higher
features. Most images are from the surface pressure
trials, where the concentration was 1 mg/mL, the
compression speed was 60 cm?/min, and the films were
deposited at various surface pressures. Images were
randomly chosen to highlight the range of observed
features. It is important to note that, although trends
were observed in the predominance of certain features,
no substrate had only one feature present. In all of the
samples observed, the three types of features were
either intermingled or observed at various regions of the
surface independently. However, certain deposition
conditions affected the predominant feature type ob-
served. Three of the deposition conditions were varied
in an effort to favor the formation of certain features.

Figure 3 shows the variety of sizes and shapes of the
predominant features. In row 1, samples of the conti-
nents observed are shown with various widths, with no
size correlation observed for the parameters varied. The
sizes of the dots, shown in row 2, vary significantly
depending on the location on the surface, with examples
of larger to smaller dots shown from A to D. However,
these sizes do not follow any trend in terms of parameter
variations either. Interestingly, the spaghetti, with
examples shown in row 3, is observed to be of a fairly
consistent width and height, whether found alone in a
particular area, extending from continents, or weaving
through dots. Additionally, the spaghetti is very flexible
and thin enough to withstand 180° turn without break-
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Table 2. Average Sizes of Observed Features®

compression speed trials

concentration trials

surface pressure trials

dots spaghetti continents dots spaghetti continents dots spaghetti continents
height 6.8 (1.1) 7.3 (1.0) 5.2 (1.0) 6.8 (1.1) 6.9 (0.7) 4.8 (0.8) 6.9 (1.0) 7.0 (0.8) 5.0 (0.8)
width 100 (49) 97 (39) 624 (690) 103 (52) 192 (18) 717 (720) 105 (45) 96 (25) 620 (670)
no. of samples 49 54 40 39 52 63 52 68 43

aValues are in nanometers; standard deviations are in parentheses.
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Figure 1. Langmuir isotherm for the 51k polymer. X is the
mean molecular area, and X/Npgo is the mean molecular area
per PEO monomer. x is the surface pressure determined by
Wilhelmy plate measurements. No plateau is observed because
of the presence of a large PS block. Isotherms are shown for
three different runs to demonstrate reproducibility.

ing. The continents break with very sharp, straight
cracks. The extra mass at the end of the crack under
compression can be seen in the AFM images.

To quantify the features observed as a function of
compression speed, concentration and deposition pres-
sure, all images were analyzed, and the data are
presented in terms of “average % feature” values. In the
following plots, the average % feature value was deter-
mined as follows: For each of the ~300 images, an
assessment of the fractional area covered by each type
of feature, dots, spaghetti, or continents, was recorded.
In some cases, no error was observed because the image
contained exclusively one feature type. In the worst
case, when there were two or three feature types
present, the percent coverage could be determined to
within the square of the spacing between features,
typically on the order of (100 nm)?, divided by the total
area of the image, most being (4 «m)2. For a worst-case
assessment of 500-nm spacing, the error is less than 2%.
The difficulty becomes one of assignment of feature type
in crossover structures. For each point on the plots
shown in Figures 4—6 described below, the percentages
for all images fitting the given conditions were averaged.
Thus, these average percentages represent the feature
distribution for each set of conditions.

Compression Speed. The compression speed is a
measure of how quickly the trough barriers reduce the
area occupied by the spread and evaporated polymer
film. In these trials, the compression speed was varied
from 3 to 600 cm?min (from 0.5 to 100 mm/min) while
the concentration held at 1 mg/mL and the surface
pressure at 2 mN/m. The results are plotted in Figure
4. No particular trend in feature predominance is
associated with compression speed. Fluctuations are
probably due to the statistical distribution of features
over the entire sample and our sampling size. It is

worthwhile to note that, for almost all compression
speed trials, dots were the predominant feature ob-
served.

Deposition Pressure. Surface pressure () correlates
with a particular mmA, as reflected by the isotherm,
and was maintained at a given value for the duration
of the film deposition onto the substrate. For this
comparison, ot was varied from 0.3 to 10 mN/m, with
the compression speed maintained at 60 cm?/min and
the concentration at 1 mg/mL. The mean molecular area
(2) varies from 24 to 17 A2monomer, which is below
the critical PEO surface density. As with the compres-
sion speed trials, no clear trend in predominant feature
was observed for varying surface pressure (see Figure
5). This observation is consistent with our theory that
the features are formed immediately after deposition
as the solvent evaporates.® By the time the solvent has
evaporated, the features have already formed and are
kinetically trapped. Once formed, the features do not
break up or aggregate further upon compression by the
barriers.

Increasing surface pressure of the deposition, how-
ever, decreased the spacing, as observed previously, but
only slightly. Over the range of pressures used, the
variation in mmA was <30%. As this region of the
isotherm is so steep, the spacing changes only slightly
in the range of pressures studied. Again, dots were
observed as the predominant feature.

Spreading Solution Concentration. The concentration
of the polymer in chloroform was varied from 0.1 to 4
mg/mL for a series of depositions where the compression
speed was held constant at 60 cm2/min and the surface
pressure was held at 2 mN/m. Dots were favored at
lower concentrations, and continents were favored at
higher concentrations (see Figure 6). Note that, in the
previous two trials, although other parameters were
varied, the concentration was held at 1 mg/mL, and dots
were predominant.

In Figure 6, a point of inversion in the predominant
feature observed exists near 1.6 mg/mL, indicating the
change in preferable formation from dots to continents.
The critical overlap concentration (c*) cannot explain
the dramatic inversion point observed near 1.6 mg/mL.
The radius of gyration (Rg) is related to the critical
overlap concentration by the equation c¢c* = (3MW)/
(47NARG2E?), where MW is the molecular weight of the
entire polymer and Np is Avogadro’s number. The radius
of gyration of a polymer chain in a good solvent is that
for the Flory radius, [R&2(}? = aN°®, where a is the
effective monomer length and N is the number of PS
units in the polymer (here, N is 459 for PS). A consistent
value measured for a is 1.8 A, as determined by light-
scattering experiments for PS in toluene.?1-23 Given this
value, c¢* for the 51k polymer is greater than 50 mg/
mL. Even though our polymer is dissolved in chloroform,
the c* value is likely not an order of magnitude smaller.
Clearly, another mechanism is responsible for the
inversion of features.
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Figure 2. Sample AFM images (4 um x 4 um, heights discussed in Table 2) of the types of features observed. All samples are
from a 1 mg/mL spreading solution and all but g were compressed at 60 cm?/min (g was compressed at 240 cm?/min). Images a—c
are mostly dots, d—f are mostly spaghetti, and g—h are mostly continents. & (mN/m) = (a) 2, (b) 0.5, (c) 0.3, (d) 2, (e) 6, (f) 4, (9)
2, (h) 10.

Figure 3. Sample AFM images (4 um x 4 um, heights discussed in Table 2) of the specific features observed. Row 1, continents;
row 2, dots; row 3, spaghetti. The deposition variables for each image are &7 = 2 mN/m, concentration = 1 mg/mL, and compression
speed = 10 mm/min except as follows: (1A) concentration = 1.7 mg/mL, (1B) concentration = 3.5 mg/mL, (1D) concentration =
1.7 mg/mL, (2A) 7 = 1 mN/m, (2B) 7 = 4 mN/m, (2C) compression speed = 20 mm/min, (2D) & = 4 mN/m, (3B) & = 0.5 mN/m, (3C)
= 6mN/m, and (3D) concentration = 0.5 mg/mL.

The obvious point of inversion in Figure 6 suggests created. Kumakil® found that pure PS spread from
that the degree of polymer overlap as the solution benzene starts to aggregate at concentrations of 2 x
spreads plays a major role in the types of features 10—3 mg/mL and higher but that, below that concentra-
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Figure 4. Plot of frequencies with which the three types of
features were observed with varied compression speed (7 = 2
mN/m and concentration = 1 mg/mL). Total number of images
= 288.
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Figure 5. Plot of frequencies with which the three features
were observed with varied surface pressure (compression speed
= 60 cm?min and concentration = 1 mg/mL). Total number
of images = 288.
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Figure 6. Plot of frequencies with which the three features
were observed with varied deposition concentration (7 = 2
mN/m and compression speed = 60 cm?/min). Total number
of images = 288.

tion, individual PS particles could be isolated. In the
case of the PS-b-PEO diblock, the PEO spreading can
compete with aggregation. Aggregation is always ob-
served at the concentrations used in these experiments
(>0.1 mg/mL); however, the effective aggregate number
is a function of the concentration.

3.3. Characteristics of Features. Table 2 presents
a summary of the dimensions of the features observed
in the majority of the 288 AFM images taken as a
comparison between the various trails. Some of the
images having mixed features that were difficult to
assess independently were not used. The analyses were
done as follows. To be classified as a dot, the feature
must be less than 300 nm in diameter in any direction
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and have an aspect ratio of 3:1 or less. These criteria
categorize dots as small conglomerates that are roughly
circular. Dots are observed to have a wide range of
diameters, ranging from 70 to 250 nm. Spaghetti are
features that have at least one cross-sectional width less
than 150 nm if their aspect ratio is between 3:1 and
10:1 and less than 200 nm at all times, even for aspect
ratios of greater than 10:1. These criteria ensure a long,
stringy appearance. Most spaghetti formations are seen
in the range of 70—130 nm thick. Finally, if a feature is
too large to be contained in the above criteria, it is
considered a continent. A tremendous variation in size
is observed, with the larger continents being several
microns wide. If a continent contains characteristics of
another feature connected to it, most notably spaghetti,
the feature is still considered part of the continent.

Table 2 shows that, overall, dots and spaghetti were
~6—7 nm tall and 70—2100 nm wide. Continents tended
to be shorter (~5 nm) and wider (>200 nm) and to
exhibit the largest statistical variation in size, as small
as the dot-limiting definition and as large as an entire
6-um AFM image. The spacing between features was
much more variable than the feature dimensions and
likely reflects the spreading of the drops as explored in
section 3.4.

A comparison between the measured film thickness
for a variety of features and the height of independent
PS homopolymer globules can provide information about
the packing of the aggregates in these features. The
feature heights concur that the film is a monolayer in
thickness with minimal distortion relative to a “free”
PS globule. Using Kumaki's value for PS areal® and
assuming a spherical PS particle, the expected diameter
of a single collapsed random PS coil of the 51k polymer
in air is 5.0 nm. The height of the continents is generally
smaller than those of the dots and spaghetti, indicating
that the PS in the continent features is laterally
entangled and not compressed significantly, an effect
that would cause the continents to be more brushlike
and taller. However, the lateral features are between
50 and several thousand times wider than a single
molecule, a value that indicates that the extent of
overlap is tremendous. The slightly taller dots and
spaghetti may reflect the minimization of the surface
free energy of the PS. This motion is more restricted in
the much wider continents, although we see evidence
of a 1—2-nm “rim” on all of the features wider than ~150
nm.

Whereas the type of feature predominantly observed
in our studies appears to be related to the spreading
solution concentration, Zhu et al.2425 found that chang-
ing the percentage of PS in poly(styrene)—4-vinyl pryi-
dinium decyl iodide (P4VP) copolymer solutions affected
the types of features seen. Specifically, 6% PVP and
lower gave planar aggregates, 6—14% PVP gave rods,
and 14% PVP and higher gave starfish micelles. Our
interesting result is that the three features can be
observed from a single polymer asymmetry as a function
of spreading solution concentration.

Similar 3D morphologies have also been observed in
water—THF solutions of PS-b-PEO. Yu et al.?627 created
micelles in solution by adding water to solutions of
polymers in THF until aggregates formed. They ob-
served “tubules” (rodlike micelles) when they used a
2.6% PEO polymer at 1.5 or 2.0 wt % (15 or 20 mg/mL).
They also observed aggregates similar to our continents
when using a 7.3% PEO polymer at a concentration of



1926 Devereaux and Baker

Macromolecules, Vol. 35, No. 5, 2002

1.5 wt % (15 mg/mL). Although these “lamellae” formed
at higher concenration appear comparable to our con-
tinents, they are more than 6 times thicker than our
aggregates. The analogy to the 3D system is intriguing,
but the 3D system is more likely an equilibrium state
rather than the result of a trapped Kinetic state.

3.4. Single-Drop Experiments. To study the inter-
play between solvent evaporation and polymer entangle-
ment, a supplementary experiment was undertaken to
mimic the conditions of a single drop spread during the
application of the polymer to the Langmuir—Blodgett
trough. In this experiment, a drop of polymer solution
was applied to the center of a wetted silicon substrate.
The aqueous layer on the substrate was ~0. 5 mm tall.
The substrate was allowed to dry in the clean room for
1 week and was then imaged by AFM. The morphologies
of a single drop spread at the air—water interface could
be examined without some of the potential complications
of transfer from the aqueous to solid substrate. How-
ever, for low-concentration drops, the lack of film
continuity caused some clumping of the drying thin
films. Because surface pressure and compression speed
were found to be negligible, only concentration was
varied. This single-drop experiment was done at con-
centrations below, above, and near the feature inversion
point (~1.6 mg/mL).

The first row in Figure 7 shows a progression of
images from the 1 mg/mL trial. This concentration was
less than the observed inversion concentration, Ciny, as
suggested by Figure 6, and sparse dots were observed
over most of the wafer. Spaghetti was present only at

Figure 7. Spaghetti-rich AFM image (concentrated = 1 mg/mL, &= = 2 mN/m, compression speed = 120 cm?min) and its cross
section, demonstrating the uniform spacing between features. The images are each 4 um x 4 um, have a height scale of 50 nm,
and progress from the center of the water (a) outward (b—d).

the very interior of the wafer, and continents were not
observed at all. This distribution of features is consistent
with an even spreading of the polymer across the wafer.
It is important to note that, in the two trials below Ciny,
the film was not as cohesive as in the higher-concentra-
tion trials. Portions of the film tended to move with the
water subphase as it evaporated, leading to patches of
obviously anomalous features. As no long-range interac-
tions across the film existed to provide cohesive strength
laterally, the film broke and followed the evaporation
front of the water.

When a polymer concentration near the feature
inversion point was used (1.5 mg/mL), spaghetti and
thin continents were observed from the center to almost
the edge of the wafer, with tall (~100 nm) dots at the
very edges. As can be seen in the second row of Figure
7, a slight size change in the width of continents was
observed in the direction radially outward from the
center of the wafer. At approximately 30 mm from the
center and farther, large dots were observed. Interest-
ingly, the predominance of spaghetti in this experiment
was much higher than in the trials carried out on the
Langmuir—Blodgett trough.

The third row of Figure 7 shows the progression of
features observed in the high-concentration trial (5 mg/
mL). Continents were observed up to approximately 35
mm from the center of the wafer. Near the center of the
wafer, the continents covered the surface almost en-
tirely, with only small holes breaking the large expanses
of film. Radially farther out, these continents became
smaller and farther apart. Between 35 and 40 mm (with
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the edge of the wafer at ca. 40 mm), spaghetti and large
dots were observed. The feature progression was similar
to that in the 1.5 mg/mL trial, with continents near the
center, then spaghetti, and then dots at the edges of the
wafer.

The data for concentrations above and near the
feature inversion point suggest that the different fea-
tures formed on the trough are due to competition
between solvent evaporation and entanglement. As the
droplet spreads, the solvent evaporates. Polymers at the
leading edge of the spreading drop have the highest
solvation. As the solvent evaporates, the features toward
the center of the drop experience a higher concentration
and become more entangled. Continents form on the
interior of the wafer because the polymers cannot spread
before the solvent evaporates. Additionally, the cor-
respondence in features between the single-drop experi-
ment and the Langmuir—Blodgett samples suggests
that the features observed via AFM are indeed the
features formed on the trough’s aqueous surface and
that the spread drop structure is maintained upon
compression.

This interplay between solvent evaporation and en-
tanglement indeed produces interesting effects. To gain
further understanding of the spreading phenomena, we
plan on using solvents with different vapor pressures
to vary the evaporation rate and thus affect the ag-
gregation of the copolymers upon spreading. By control-
ling the evaporation rate versus the spreading rate, we
hope to isolate certain features as has been done for
mixed systems of 3D aggregates.?® We will also vary the
temperature to change the evaporation rate on the
Langmuir trough, a measurement that will also allow
us to determine enthalpic and entropic information
about the compression.

4. Conclusions

In the current study, surface pressure and compres-
sion speed were observed to have minimal effects on the
type of features observed. This result indicates that
isotherms and depositions can be run relatively quickly
and still yield reliable, reproducible results. The pre-
dominant feature observed is a result of the spreading
solution concentration, and an inversion concentration
is observed for this polymer at 1.6 mg/mL in chloroform.
Consequently, the judicious choice of spreading solution
concentration allows for selection of the predominant
surface feature. Finally, the morphologies observed
reflect a distribution of features that result from the
droplet spreading on a surface. Although the predomi-
nant feature produced can be controlled by the choice
of concentration, all types of features—dots, spaghetti,
and continents—are observed on substrates prepared
both from Langmuir—Blodgett deposition and from
single-drop experiments on a wafer.

Using the results from both past and present re-
search, we have developed a large degree of control over
the predominant types of molecular architectures formed
by diblock copolymers. For PS-b-PEO with greater than
10% PEO, we observe only dots and can control feature
spacing via deposition pressure and feature size by
selection of the appropriate total molecular weight and

Surface Features in PS-b-PEO Langmuir—Blodgett Monolayers 1927

PEO content.8 Conversely, for copolymers with less than
~7% PEO, we can favor the formation of certain types
of features by the choice of spreading concentration. This
research demonstrates the large extent to which poly-
mer entanglement plays a role in the types of features
observed in self-assembled diblock copolymer films and
reveals how rational selection of deposition and spread-
ing solution parameters allows further control of poly-
mer morphology.
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