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anotechnology relies on the abil-

ity to construct very precise nano-

structures or nano-objects with
well-defined shapes, sizes, and long-range
order.? One of the most important meth-
ods to achieve this is the self-assembly of
suitably designed molecules. This approach
is privileged by nature to produce very
complex but exquisitely designed biologi-
cal structures. For materials scientists, block
copolymers are a material of choice for
achieving nanostructures based on phase
separation between dissimilar blocks.3~6
The size, shape, and order of the nanostruc-
tures can be tuned by changing the abso-
lute and relative block lengths, by adding
other substances that selectively associate
with or modify the nature of one of the
blocks, or by manipulating preparation
conditions.>~®

Many nanotechnological applications of

nanostructured polymers—ranging from
nanoporous membranes to components in
active nanodevices—require the polymer to
be in the form of thin films with well-
ordered nanopatterns. One way to obtain
solid-supported (ultra)thin nanopatterned
films is by the Langmuir—Blodgett (LB)
technique. This involves spreading a poly-
mer solution at the air/water interface in a
Langmuir trough, laterally compressing the
available surface in a controlled manner
with movable barriers, and transferring the
monolayer film to a solid substrate. A com-
mon pattern obtained in this way, generally
from amphiphilic diblock copolymers with
relatively large hydrophilic block sizes, is
composed of nanodots (also called spheri-
cal surface micelles) that tend to have two-
dimensional hexagonal order.”~'* The el-
evated core of these nanodots is formed
from the condensed hydrophobic block
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ABSTRACT Langmuir—Blodgett monolayers consisting of a network of nanostrands have occasionally been

reported in the literature, but are often coexistent with other morphologies, which is not useful for potential

applications. With the use of PS-P4VP/PDP, a polystyrene-poly(4-vinyl pyridine) diblock copolymer of 12 mol %

VP content mixed with 3-pentadecylphenol, it is shown that the disordered nanostrand network morphology can

be obtained reproducibly and uniformly over large surface areas by spreading chloroform solutions of relatively

high copolymer concentration. Use of a more slowly evaporating spreading solvent, 1,1,2,2-tetrachloroethane, and

a low subphase temperature, 8—9 °C, results in much more densely aligned nanostrands. Poorly spreading

solvents such as nitrobenzene produce the well-known fingerprint pattern often observed in spin- or dip-coated

thin films of block copolymers. A mechanism for nanostrand network formation is proposed that involves the

momentary formation of a fingerprint morphology in spreading drops followed by its breakup at the level of the

mobile P4VP/PDP stripes as spreading continues, leaving P4VP-anchored PS nanostrands floating on the water

surface.
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that avoids the aqueous surface; it is sur-
rounded laterally (and underneath) by the
hydrophilic block that is spread as a mono-
layer on the water surface. When the hydro-
philic block is much smaller than the hydro-
phobic block, elongated or cylindrical-type
nanostructures (also termed spaghetti, rib-
bons, rods, worms, strands, stripes, wires)
with various length-to-width aspect ratios
can be obtained. Here, the elevated hydro-
phobic block in elongated form is sur-
rounded on both sides (and underneath)
by the flat hydrophilic block, as shown in
Figure 1.8712 For still smaller hydrophilic
blocks, variably sized planar aggregates
(also termed pancakes, continents, islands),
where the hydrophilic block resides mainly
between the hydrophobic block and the
water surface, usually form.8~'2 In contrast
to the nanodot aggregates, which are rela-
tively uniform in size, the latter two types of
aggregates not only tend to have exten-
sive size variability but also frequently oc-
cur together and/or mixed with nanodots
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Figure 1. Molecular structure of PS-P4VP/PDP (left) and
schematic representation of a segment of an elongated ag-
gregate at the air/water interface (right).

and/or other nanoforms such as rings and

chains.8~ 1115718 Besides block composition and block
ratio variation (which can include the addition of block-
selective substances), strategies based on preparative
conditions can be used to generate various nanostruc-
tures in LB films; for example, “nano-donuts” were
formed by spreading a vesicular solution of an am-
phiphilic triblock copolymer onto a high pH subphase.”

Among the elongated nanostructures, those with
very high aspect ratios have particular interest. They
have potential use, for example, for forming long
nanowires by templating the deposition of metals?~2?
or, as an alternative to electrospinning techniques, for
producing nanofibers for various applications including
medical.®> A network or mesh of nanostrands (dubbed
“nanostrand network morphology”?*) composed of in-
terconnected strands with relatively few ends, may be
envisaged for, for example, constructing novel
nanoseparation membranes by multilayer LB transfers
of monolayers with this pattern. However, these nano-
structures can be useful only if they are highly repro-
ducible and “pure”.

In this paper, we focus on the optimization of experi-
mental conditions that favor reproducible patterns of
long nanostrands or nanostrand networks with high
surface coverage. This pattern and, more generally, re-
lated patterns containing high aspect ratio strands ob-
tained at the air/water interface have been reported in
the literature much less frequently than have surface
micelles or nanodots. They have been observed in
diblock copolymers including blends,01115718.24-28 4
well as in triblock?*3° and starblock®' 33 polymers. In
part, this relative infrequency is in line with the fact that
strand- or rodlike patterns of any kind occur over a rela-
tively narrow range of block copolymer
composition.’~'2 When it is reported, it is often mixed
with one or more additional morphologies, whether in-
timately or in the form of partial surface coverage.

We previously reported that the nanostrand net-
work pattern can be obtained with high surface cover-
age using a polystyrene-b-poly(4-vinyl pyridine) (PS-
P4VP) block copolymer (12 mol % VP content) mixed
with 3-n-pentadecylphenol (PDP),2* which hydrogen
bonds to the VP block to form a “supramolecular com-
plex”3* (Figure 1). This pattern was obtained under con-
ditions dubbed the “solvent-assisted procedure” where
the PS-P4VP/PDP solution was spread very rapidly on
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the water surface, followed immediately by surface
compression (typically to 10 mN/m) without waiting
for the spreading solvent to evaporate. If the barriers
were compressed after waiting for complete solvent
evaporation or if the LB monolayer transfer took place
at low surface pressure (typically less than 5 mN/m), a
morphology composed primarily of nanodots mixed
with planar aggregates was obtained. That the “solvent-
assisted procedure” worked to produce the nano-
strand network pattern was attributed to sufficient mo-
bility maintained in the system, due to the presence of
spreading solvent, and that it could respond to chang-
ing surface pressure conditions and adopt the nano-
strand network morphology that appeared to be the
preferred morphology at higher surface pressure. This
is in accord with the similar explanation given by Seo
et al.?> for a blend of polystyrene-b-poly(ferrocenyl-
silane) (PS-PFS) and polystyrene-b-poly(2-vinyl pyri-
dine) (PS-P2VP) (4:1 FS:VP molar ratio), which also
showed a transition from predominantly spherical to
nanostrand network morphology on increasing the sur-
face pressure. Mobility allowing the change in morphol-
ogy in this case was attributed to the plasticizing ac-
tion of the low-T, majority component PS-PFS.

A disadvantage of the “solvent-assisted procedure”
is its reliance on rapid action that is prone to be user-
dependent and thus susceptible to irreproducibility.
Therefore, it is desirable to seek alternative conditions
that allow the target morphology to be obtained using
easily controlled standard procedures. This paper de-
scribes experimental conditions that optimize the
nanostrand morphology at the air/water interface, us-
ing the same PS-P4VP/PDP system as for the solvent-
assisted procedure (12 mol % VP, equimolar or near-
equimolar VP:PDP molar ratio).?* The main variables
investigated are solution concentration, choice of
spreading solvent, and subphase temperature. We will
show not only that the nanostrand network can be ob-
tained almost exclusively over very large surface areas
but also that nanostrands with very little branching and
high mutual alignment are achievable. Furthermore,
the observation of a fingerprint morphology when us-
ing poorly spreading solvents suggests a novel mecha-
nism for the formation of the nanostrand network.

RESULTS AND DISCUSSION

Copolymer Solution Concentration Using Chloroform as the
Spreading Solvent. One obvious change that occurs dur-
ing barrier compression in the solvent-assisted tech-
nique used previously by us?* is an effective increase
in the surface concentration (density) of the polymer.
This led us to investigate, first of all, the effect of the
concentration of the spread copolymer solution on the
morphology of the monolayer films when using the
standard Langmuir technique that includes waiting for
complete solvent evaporation before barrier
compression.

www.acsnano.org
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Figure 2. (a—f) AFM height images (3 X 3 pm?) of LB monolayers of PS-P4VP/PDP (1.0:1.0) formed at 20 °C from chloroform
solutions of the copolymer concentrations (in mg/mL) indicated, and transferred to mica at @ = 10 mN/m. (g) Langmuir com-
pression isotherms of PS-P4VP/PDP. (h) Cross-section of height image (250 X 500 nm?).

Figure 2a—f presents AFM images of monolayer
films of PS-P4VP/PDP (1.0:1.0 VP:PDP molar ratio) pre-
pared from chloroform solutions having copolymer
concentrations that range from 0.10 to 1.75 mg/mL for
identical total mass of material spread, and transferred
to mica at a surface pressure () of 10 mN/m. These im-
ages show that nanodots and planar aggregates (up
to 500 nm in diameter) are predominant at lower con-
centrations (0.10 and 0.35 mg/mL), in agreement with
what we found previously for the 0.35 mg/mL solution
using the standard Langmuir procedure (the same con-
centration that produced the nanostrand network us-
ing the “solvent-assisted procedure”).?* At intermediate
concentrations (0.75 and 1.00 mg/mL), elongated or
rodlike structures (along with some nanostrand net-
work for the higher concentration) appear, but they
tend to be short and are mixed with nanodots and
other small (irregular) aggregates. At the highest con-
centrations (1.35 and 1.75 mg/mL), the nanostrand net-
work, composed of strands [6 = 1 nm in height, 60 *
10 nm in width at half-height (Figure 2h), and up to
more than 10 pwm in length] that are more or less later-
ally disordered and interconnected by three-branch
junction points, is the almost exclusive morphology ob-
served. Dangling strand ends are also visible, espe-
cially for the lower concentration solution. The same co-
polymer without PDP does not lead to nanostrand
formation, but to variably sized rounded aggregates at
low spreading solution concentration and to very large
platelets at high concentration. It is noteworthy that the
Langmuir isotherms (Figure 2g), discussed previously
in comparison with those for PS-P4VP and PDP,* are
very similar for low and high concentrations, especially
at the pressures of 5 and 10 mN/m typically employed
for film transfer. This indicates that the morphological
differences in the films do not significantly impact the
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surface pressure evolution with molecular area for the
concentration range investigated.

Clearly, use of a sufficiently high spreading solution
concentration is a key parameter for obtaining the
nanostrand network morphology. The importance of
concentration is illustrated also by another experiment
involving a modified Langmuir—Schaefer (LS) tech-
nique,’® where a single drop (ca. 10 L) of a PS-P4VP/
PDP (1.0:1.3) solution of high concentration (2.05 mg/
mL) was deposited on the water surface above one end
of a submerged substrate. After removal of the water,
AFM images, shown in Figure 3, were taken at defined
distances from the spot above which the drop was de-
posited. This series of images shows optimal nano-
strand network formation within a few centimeters of
the deposition spot and short nanostrands mixed with
nanodots, along with poor surface coverage, in the ar-
eas furthest from the deposition spot. This morphology
evolution can be correlated with a decrease in local
polymer concentration (density) in moving away from
the deposition spot. The LS film morphology also shows
that the nanostrands are not induced by the LB (verti-
cal) transfer. Given that this LS experiment (and some
others described below) was conducted with solutions
having a small excess of PDP relative to VP, it must be
specified that LB experiments at various VP:PDP molar
ratios, to be described in detail in a subsequent paper,
show that there is no difference in morphology ob-
tained for 1.0:1.0 to 1.0:1.3 molar ratios.

The influence of the concentration of the spreading
solution on the LB film morphology was observed pre-
viously by Devereaux and Baker'> and by Cheyne and
Moffitt'®'” for PS-PEO [PEO: poly(ethylene oxide)]
diblock copolymers. In the first case,' where PEO con-
stitutes 7 wt % of the polymer, low concentration favors
nanodot formation and high concentration favors pla-
nar aggregates (“continents”), although both morphol-
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Figure 3. AFM images (5 X 5 pm?) of a Langmuir—Schaefer film of PS-P4VP/PDP (1.0:1.3) obtained from a single drop of CHCl; co-
polymer solution having a concentration of 2.05 mg/mL. The numbers indicate the position in centimeters of the area imaged rela-
tive to the area where the drop was deposited.

ogies are generally coexistent. Nanostrands (“spa-
ghetti”) are also present for most concentrations, but
cover less than half, often only a small fraction, of the
film area. In the second case,'®"” involving 11.4 wt %
PEO, mixed morphologies of nanodots and nanostrands
were observed at most concentrations studied, along
with a high proportion of rings and chains at the low-
est concentration and a network of what were inter-
preted as dewetted rims at the highest concentration.
Other Spreading Solvents. Chloroform is the most com-
mon spreading solvent used to prepare Langmuir
monolayers. However, solvent can be used as a tool to
maintain mobility in the system for longer times by
turning to ones that evaporate more slowly. To this
end, we investigated the use of 1,2-dichloroethane
(GH4ClL) and 1,1,2,2-tetrachloroethane (CH,Cly),
chemically similar to chloroform but with lower vapor
pressures (vp = 160, 87, and 8 mmHg at 20 °C for CHCl;,

C,H4Cly, and CH,Cly, respectively), as well as hexachlo-
ropropene (C3Clg; vp = 4 mmHg at 100 °C) and ni-
trobenzene (PhNOy; vp = 0.15 mmHg at 20 °C). It was
noted that C;H,Cl, solution appears to spread more
slowly than CHCl; and C;H,Cl; solutions; that is, the
spreading C;H,Cl, drops were visible by eye for a few
seconds, in contrast to drops of the other two solvents.
PhNO, spreads relatively little (and is malodorous),
whereas C;Cls does not spread at all and was therefore
mixed with C;H,Cl4 (50/50 v/v), which allowed limited
spreading. Langmuir isotherms using these solvents,
given in the Supporting Information, are all similar in
form to that using CHCls, with the shift to somewhat
lower molecular areas for C3Cls/C;H,Cl, probably a con-
sequence of its very incomplete spreading. Overall,
these isotherms again indicate relatively little sensitiv-
ity to the morphological differences described below.
AFM images of PS-P4VP/PDP (1.0:1.2) LB films ob-
tained at low surface pressure (5 mN/m) using the dif-
ferent spreading solvents with high copolymer concen-
tration (1.80—1.90 mg/mL) are compared in Figure 4.
The nanostrand morphology is obtained from both
C;H4Cl; and C,H,Cl, solutions, but with differing den-
sity and alignment of the strands. The morphology ob-
tained using C;H4Cl; is similar to that using CHCls, with
the nanostrands in significant lateral disorder in both
cases, with only a mildly greater degree of strand align-
ment and density for C;H,Cl,. In addition, almost no in-
terjection of other morphological features was ob-
served for C;H,Cl; (based on two trials) compared with
5 to 20% for CHCl; (considering many different trials). In
contrast, when using C;H,Cl,, which has a much lower
vapor pressure than the other two solvents and thus
evaporates significantly more slowly from the water sur-
face, strand density is generally close to maximal due
to a very high degree of nanostrand alignment along
with few branching points and strand ends. This results
in smooth and uniform strands, composed of elevated
PS stripes (light regions in the AFM phase image) sepa-
rated by monolayer-thin P4VP/PDP stripes (dark re-
gions in the phase image), that are extremely long,

Figure 4. AFM height images of PS-P4VP/PDP (1.0:1.2) monolayers de-  more than 30 wm. There are also spaces (often large)

Pos.ited from 1.80—1.90 mg/mL solutions for the spreading solvents with no material on the mica substrate, indicating in-
indicated (T = 20—21 °C, w = 5 mN/m). Scan size: (a—c,e—h) 3 X 3 i i
pm? (d) 100 X 100 m?2. Numbers refer to % area covered by the mor-  COMPplete spreading, as well as a few places with more
phology shown (>80% if not otherwise indicated). disordered strands. It may be added that no correlation
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Figure 5. AFM height images of PS-P4VP/PDP (1.0:1.3) monolayers spread at
8 °C, using the solvents indicated and a copolymer solution concentration of

with the morphology obtained at
20—21 °C, that obtained at 8—9 °C
shows highly mutually aligned
strands with far fewer loops and
turns. Furthermore, the densely
aligned nanostrand pattern extends
over areas that are much larger, as
shown in Figure 5b for an 8 X 8 um?
region and in the Supporting Infor-
mation for a 30 X 30 wm? region
(Figure SI-2). No areas with the disor-
dered nanostrand network morphol-
ogy were observed, but there were
more and larger empty areas, in line
with the greater packing density of
the areas with material. In contrast,
when using CHCl, lowering the tem-
perature to 8—9 °C has only a minor
effect on the morphology (Figure
5a): here, the nanostrands, while also
extending over large areas, remain
disordered on the 2D surface, with
many loops, turns, branching points
and loose packing, and essentially
only the number of strand ends is re-

1.85 mg/mL, and transferred to mica at = = 5 mN/m. Scan size: (a,b) 8 x 8 um?%  duced. Use of a dilute (0.37 mg/mL)

(c) 10 X 10 pm? (zoom: 3 X 3 pm?).

was found between strand alignment and substrate
withdrawal direction.

The reduced spreading ability of PhNO, and espe-
cially C5Clg/CoH,Cly results in large circumscribed areas
of material (visible by optical microscopy and also ob-
served using the LS technique), as illustrated in Figure
4d. Within these areas, a dense form of the nanostrand
network, composed of highly mutually aligned nano-
strands, is observed (Figure 4e,f). This pattern actually
resembles the “fingerprint” texture often observed in
thin block copolymer films obtained by spin- and dip-
coating, including in films of similar thickness to LB
monolayers.?'?235~41 For C3Clg/C,H,Cly, there is little in-
terjection of other morphologies, whereas for PhNO,
(Figure 4f—h), the dense fingerprint texture (ca. 50%)
is the main texture observed, but there are also areas
of the more disordered nanostrand network (ca. 20%)
and areas of a mixed morphology (ca. 30%) of
nanodots/short nanostrands/planar aggregates (when
large, the latter sometimes contain holes as in “nano-
foams”#? and occasionally appear in the form of inter-
connected “dewetted rims”"7).

Subphase Temperature. Reducing the temperature of
the subphase, which reduces the evaporation rate of
the spreading solvent, is another way to prolong the
presence of solvent and therefore the time period of
polymer mobility. The effect of a low subphase temper-
ature on the morphology using C;H,Cl, as the spread-
ing solvent is shown in Figure 5b,c. In comparison
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C;H,Cl, solution does not yield the

dense nanostrand pattern, either at
ambient or low temperature (instead, short nano-
strands mixed with nanodots and planar aggregates
are observed, as shown in the Supporting Information,
Figure SI-3), indicating again the key role of spreading
solution concentration.

The 10 X 10 wm? image shown in Figure 5¢, where
the edge of a densely aligned nanostrand domain was
captured, is also of interest. First, it shows that the
aligned strands are highly parallel to the domain edge,
which suggests that the nanostrand pattern is suscep-
tible to macroscopic alignment. Indeed, it has recently
been shown that macroscopic alignment is achievable
on chemically patterned substrates,*® although this was
for LB transfer of the already-formed nanostrand net-
work, whereas the alignment shown in Figure 5c pre-
sumably occurred in the course of morphology forma-
tion on the water surface. Second, only three defects,
two single-loop ones and one double-loop one (which
can also be considered as two neighboring defects,
since each isolated single-loop defect is in the same
strand as one loop in the paired defect), are visible in
the area shown. Third, there are a few isolated nano-
strands in the area outside of the dense nanostrand do-
main, which will be commented on in the discussion
that follows.

The widths and heights of the nanostrands ob-
tained using the different solvents and at the two differ-
ent temperatures appear relatively constant within ex-
perimental uncertainty. Considering various
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Figure 6. AFM height images (5 X 5 pum?) of PS-P4VP/PDP (1.0:1.0) monolayers spread from a 1.80 mg/mL CHCl; solution (sub-
phase temperature, 20 °C) and transferred to mica at the surface pressures (in mN/m) indicated.

measurements of sufficiently isolated strand segments,
heights are generally 6 = 1 nm and the widths at half-
height 70 == 20 nm (where the higher numbers are most
likely due to imaging with blunter AFM tips). These di-
mensions are comparable to those found for other PS-
based block copolymers showing cylindrical-type mor-
phology in LB films,#91516 with the height being similar
to the (collapsed) random coil radius of the PS block
segment as in ref 8 and reflecting the hydrophobicity
of PS, and the width more than ten times larger, reflect-
ing laterally stretched PS chains® and/or the overlap-
ping of several PS chains'® across the strand. Periodici-
ties of parallel, closely spaced strand segments are
generally in the 70—100 nm range (78 nm for the
zoomed image in Figure 5¢, where the large number
of parallel strands allows a particularly accurate
measurement). This corresponds to closest approach
spacings between the strands of roughly 30 nm, simi-
lar to twice the extended length of the P4VP block seg-
ment (13 nm). This is consistent with P4VP being lo-
cated as a surface-adsorbed monolayer alongside the
strands (and therefore too thin to distinguish from the
bare surface in AFM images of isolated strand seg-
ments), again in accordance with previous studies, par-
ticularly on a system based on n-alkylated PS-P4VP
block polyelectrolytes where the alkyl chains are co-
valently bonded to the P4VP block, therefore with a mo-
lecular architecture like that of the present PS-P4VP/
PDP system (albeit ionic).2° Presumably, PDP hydrogen-
bonded to P4VP lies more or less parallel to the water
surface at low pressures, as determined by X-ray and

neutron reflectivity for the alkyl chains of n-alkylated PS-
P4VP (with nanodot morphology).***®

Surface Pressure. All of the LB films imaged above
were transferred at relatively low surface pressure (=10
mN/m). It is of interest to examine possible effects of
this parameter on the film morphology, shown in Fig-
ures 6 and 7 for spreading solvents, CHCl; and C,H,Cl,,
respectively. First, it must be emphasized that low con-
centration solutions (0.35 mg/mL) do not yield the
nanostrand network morphology even at high transfer
surface pressure, in accordance with what we reported
previously.?* On the other hand, as shown in Figure 6,
spreading from a high concentration solution
(1.75—1.80 mg/mL) gives nanostrands from very low
(0.5 mN/m) up to high (at least 40 mN/m) surface pres-
sure. Only strand density tends to increase with surface
pressure (most obvious when comparing very different
surface pressures), with separated strand widths and
heights unaffected. This indicates that the nanostrand
network forms soon after solution deposition and that
barrier compression simply pushes the network strands
closer together. At 30—40 mN/m, the transferred film
appears buckled in some places, especially where the
nanostrands make sharp turns (observed as bright
spots in the AFM height images, indicating greater
heights; see Figures 6d and 7b—d). These buckled films
remain buckled after barrier expansion to low surface
pressure and open cracks appear within the dense
nanostructured areas throughout the film, illustrated
by the image in Figure 7d, indicating significant irre-
versible interstrand “sticking”.

Figure 7. AFM height images (a,d, 5 X 5 pm? b, 3 X 3 um? ¢, 1 X 1 um?) of PS-P4VP/PDP (1.0:1.3) monolayers spread from a 1.90
mg/mL C,H,Cl, solution (subphase temperature, 9 °C), and transferred to mica at the surface pressures (in mN/m) indicated: (a—c) in
compression cycle, (d) after expansion from 30 mN/m.
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General Discussion and Proposed Mechanism of Nanostrand
Network Formation. The above results show that it is pos-
sible, under suitable conditions, to obtain the nano-
strand morphology from PS-P4VP/PDP block copoly-
mers over large surface areas quite uniformly and
reproducibly. One of these conditions, not investi-
gated here, is the proper choice of block ratio that fa-
vors elongated nanostructures (12 mol % P4VP/PDP
content worked very well in the present case), just as
was found for other systems investigated as a function
of block copolymer composition.®~'? In particular, LB
monolayers of architecturally similar n-decylated PS-
P4VP show cylindrical-like morphology (i.e., relatively
short nanostrands) in the 6—14 mol % VP range.’ (The
morphology evolution in LB films of PS-P4VP with
change in block ratio both with and without PDP
present, showing the restricted composition range in
which nanostrand morphology is found, will be ad-
dressed in a forthcoming paper.) The nanostrand mor-
phology is thus considered to be a special case of the
general class of elongated morphologies observed in LB
block copolymer monolayers (see Introduction), where
the illustration in Figure 1 represents a nanostrand seg-
ment; that is, an elevated PS core forms the backbone
of the nanostrands and this backbone is lined alongside
(and probably underneath) by a P4VP/PDP monolayer
adsorbed to the water surface.

The present work has shown, using the standard
Langmuir technique, that the concentration of the
spreading solution is a key parameter for obtaining
the nanostrand morphology with PS-P4VP/PDP (12 mol
%) (discussed further below). In addition, use of a less
volatile spreading solvent and lowering of the subphase
temperature are favorable to nanostrand formation as
well as to high mutual alignment of the strands. The lat-
ter can be attributed, at least in part, to the increased
residence time of the spreading solvent on the water
surface, which increases the period of polymer mobil-
ity during which self-assembly and morphology devel-
opment can take place. Furthermore, the presence of
PDP plays a role, since without it nanostrands are not
found. First, it no doubt contributes to the total volume
of the hydrophilic block and thus to the appropriate
block composition favoring this morphology. In addi-
tion, its low molecular weight, amphiphilic, and liquid
crystal character may be important for the high surface
coverage of the nanostrand morphology. As a small
molecule that is presumably largely hydrogen-bonded
to VP as an effective side chain throughout the process,
it can behave as an internal plasticizer for P4VP and
thus contribute to mobility in the system (recognizing,
however, that the hydrophilic P4VP itself maintains sig-
nificant mobility on the water surface). As a liquid crys-
tal when H-bonded to P4VP3** and/or as an amphiphilic
surfactant, it may also directly aid in the surface organi-
zation. An analogous effect was reported for the addi-
tion of a polar liquid crystal, 4’-pentyl-4-cyanobiphenyl,

www.acsnano.org

to a solution of an approximately symmetric PS-P4VP
diblock copolymer, which was shown to facilitate the
development of a highly regular nanodot array in LB
films.*

In considering the complex monolayer-forming pro-
cess during which the surface conditions continuously
evolve, it must be kept in mind that the solution con-
centrations used are an order of magnitude smaller
than the critical overlap concentration (greater than 50
mg/mL), as analyzed in ref 15 for a similar PS block mo-
lecular weight (7700 g/mol higher than in the present
case), indicating the absence of entanglements initially.
Then, as the drops spread and as solvent evaporates,
the block copolymer chains tend to aggregate and pos-
sibly entangle at the level of the hydrophobic PS blocks,
while undergoing morphological reorganization in re-
sponse to their changing local concentration, to their
increasing exposure to water and air, and to their in-
creasingly ultrathin film confinement, until they are vit-
rified (partially or completely, or in distinct stages) or
until final equilibrium is reached, whichever comes
first.” Possibly, during a certain initial period of the sol-
vent spreading/evaporation process, the system is in
equilibrium with the instantaneous thermodynamic
conditions until at some point it begins to lag behind,
then increasingly so until parts or all of the system be-
come frozen in. Only systems that maintain sufficient
mobility throughout the entire process are at equilib-
rium with the final conditions of complete surface cov-
erage, which is undoubtedly rare for polymers.

Baker and coll. and Moffitt and coll. have discussed
previously how various morphologies including nano-
strands are kinetic structures trapped by vitrification at
different stages in the complex process.'~ "7 This was
supported by numerical simulations that showed that
a sufficiently concentrated solution can go through a
stage of (short) strandlike structures during drop
spreading that, if vitrified before further evolution, com-
pose the final morphology of the Langmuir film, but, if
still mobile, break up into dots.”” Applied to the present
case, this picture indicates that drops of more concen-
trated PS-P4VP/PDP solution, implying initially high
polymer density at the water surface, are more likely
to achieve the strand morphology and, because less sol-
vent is present, can become vitrified in this form be-
fore breakup into nanodots can occur. In contrast, many
drops of more dilute solution (for the same total mass
on the surface), implying lower polymer density at the
water surface from the start, may not even go through
the nanostrand stage,” or, if they do, there is enough
solvent left to allow breakup into nanodots before vitri-
fication sets in. Moffitt and coll. proposed another
mechanism where the various morphologies in LB films
are a consequence of dewetting phenomena that oc-
cur during the continuously evolving process following
drop deposition, and that nanostrands, in particular,
are formed from the breakup of dewetted rim networks
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Figure 8. Model illustrating fingerprint to nanostrand network formation: the fingerprint morphology (left, with black and
white stripes representing phase-separated PS and P4VP/PDP domains, respectively) forms in concentrated drops of PS-
P4VP/PDP solution spreading on the water surface, with immobilization occurring in the hydrophobic PS stripes, then upon
further spreading this fingerprint pattern disassembles at the level of the hydrophilic and mobile P4VP/PDP stripes to form
the nanostrand network (right, with black lines representing floating, interconnected P4VP/PDP-lined PS nanostrands).

at their junction points.”” On the other hand, Chang
and coll. suggested that isolated surface micelles can
be induced under special conditions (in their case by re-
ducing the subphase pH, which ionizes the P2VP block)
to aggregate into a necklace-type network® that may
further coalesce? into a nanostrand network if suffi-
cient mobility remains. This latter mechanism might
perhaps apply to the morphology transition from
nanodots to nanostrand network with increase in sur-
face pressure that was observed for the PS-PFS/PS-P2VP
blend reported in ref 25 (see Introduction).

The observation, in the present work, of the finger-
print morphology using poorly spreading solvents
(PhNO, and C3Clg/C;,H,Cly) suggests still another pos-
sible mechanism of nanostrand formation. First, to com-
ment on the fingerprint morphology itself, it should be
pointed out that in poorly spreading solvents, the poly-
mer density within the spreading drop remains high as
the solvent evaporates and spreading is far from com-
plete before immobility sets in. It is reasonable that, in
these concentrated drops, the block copolymer can
self-assemble into the same fingerprint morphology as
observed under certain conditions for spin- or dip-
coated films on hard polar surfaces (only partially un-
derstood for asymmetric diblock copolymers?'%). This
fingerprint morphology (Figure 4d—f) is composed of
meandering stripes of alternating PS and P4VP/PDP do-
mains in a locally coherent film, probably also with a
“wetting layer”> (a monolayer adsorbed to the polar
substrate) of the hydrophilic block below the PS parts.
(It should be noted that, because the film thickness is
much smaller than the lateral periodicity, the fingerprint
pattern can be viewed indifferently as a thin slice
through either end-on stacked lamellae or horizontally
lying cylinders of the phase-separated block
copolymer.83°) For C,H,Cl, as solvent, which spreads
faster than PhNO, and C;Clg/C,H,Cl4 but not as fast as
CHCl3, and which has a relatively long residence time on
the water surface compared to CHCls;, the morphology
obtained (Figure 4c) can be considered to be a more
perfected version of the fingerprint morphology with
fewer defects in the form of strand ends, forks and
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loops, allowing extensive mutual alignment of ex-
tremely long strands, especially at lower subphase tem-
perature (Figure 5b,c) where the solvent resides for an
even longer time. The greater spreading of C;H,Cl,
compared to PhNO, and C;Cl¢/C,H,Cl, may also allow
more space for what can be considered as effective sol-
vent annealing to take place, while still maintaining
high polymer density during the self-assembly process.
What we now propose is the following mechanism
for nanostrand formation, illustrated in Figure 8. First,
spreading drops of sufficiently concentrated CHCl; solu-
tions are considered to pass through a fingerprint mor-
phology stage, the PS stripes become vitrified in this
stage, then, as the drops continue to spread, the finger-
prints break up (i.e., disassemble) at the level of the
hydrophilic P4VP/PDP stripes, which remain mobile
(and unentangled, being relatively short) on the water
surface. This allows the strands to separate from one an-
other to float more or less individually on the water
surface—within the constraints of the allowed space
and of the interconnectivity at the level of the PS stripes
(the latter leading to the network aspect)—as drop
spreading continues until completion, thus forming
the loosely structured (i.e., disordered) nanostrand net-
work morphology. The few such free strands observed
in Figure 5c¢ for C;H,Cl, at low subphase temperature
can be interpreted as having separated in this way from
the rest of the structure shown. This mechanism is
analogous to what was obtained in bulk (3D) films of
PS-P4VP/PDP having cylindrical PS domains in a P4VP/
PDP matrix, where a selective solvent for PDP caused
the disassembly of the cylindrical bulk structure into
P4VP-coated nanofibers with PS cores (interestingly,
with a PS core diameter of 25 nm, which compares well
with the nanostrand widths taking into account the PS
molecular weight, which is half that used in the present
work).* Furthermore, the uniformity in width and
height of the nanostrands is consistent with the charac-
teristic lateral spacing of the fingerprint pattern. The in-
terconnection of strands via triple-strand junctions and
the random presence of dangling strands in the nano-
strand network, as well as the great lengths and smooth
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twists and turns of the nanostrands, are also consistent
with what is observed in the fingerprint texture. Finally,
the extensive coverage of the nanostrand network
over the surface would reflect the uniformity of the fin-
gerprint texture in essentially all of the spreading drops.

The fingerprint-to-nanostrand network mechanism
is not necessarily to be construed as a replacement for
the other mechanisms proposed in the literature. In
other words, there may be more than one way to ar-
rive at the nanostrand morphology: by direct polymer
self-organization from a sufficiently concentrated and
initially homogeneous solution spread on the air/water
interface,®# by the assembly of nanodots upon increas-
ing the surface density of polymer when appropriate
mobility is maintained in the system,?>“® by the disas-
sembly of a coherent film having a fingerprint morphol-
ogy within spreading droplets of concentrated solu-
tion (this work), or from the breakup of a dewetted rim
structure where the rims effectively concentrate the
polymer material."” Future work should provide addi-
tional understanding of these different possibilities at
the air/water interface.

CONCLUSIONS

Using the PS-P4VP/PDP block copolymer system
with 12 mol % VP content, where the PDP small mol-
ecule hydrogen bonds to the P4VP block, we have
shown that the disordered nanostrand network mor-
phology with relatively few strand ends can be ob-

EXPERIMENTAL SECTION

Materials. Polystyrene-b-poly(4-vinyl pyridine) (PS-P4VP) with
M, (PS) = 40000 g/mol, M,(PVP) = 5600 g/mol (384 S repeat
units, 53 VP repeat units, 12 mol % VP content), and M,/M,, =
1.09 was obtained from Polymer Source (Montreal, Canada), and
used as received. 3-n-Pentadecylphenol (PDP) (Sigma-Aldrich,
90%) was recrystallized twice from hexane before use. Chloro-
form (HPLC grade, =99.8%; bp 61 °C), 1,2-dichloroethane (HPLC
grade, 99.8%; bp 84 °C), nitrobenzene (ACS reagent grade,
=99.0%; bp 210—211 °C), and hexachloropropene (96%; bp
209—210 °C), all obtained from Sigma-Aldrich, and 1,1,2,2-
tetrachloroethane (GC, =98.0%; bp 144—146 °C) from Fluka,
were used to prepare solutions for monolayer spreading. Ultra-
pure water (18.2 M) cm), used as the subphase in the
Langmuir—Blodgett trough, was obtained by purification of dis-
tilled water with a Millipore Milli-Q Gradient system. Muscovite
ruby mica (ASTM grade 2, B&M Mica, Flushing, NY, USA) was
cleaved immediately before its immersion into the subphase.

Langmuir Isotherms and Monolayer Deposition. PS-P4VP and PDP,
dissolved separately in the desired solvent, were mixed in the de-
sired proportion (between 1.0:1.0 and 1.0:1.3 molar ratio VP:
PDP), and left to stir overnight at room temperature in sealed
volumetric flasks. It was noted that C,H,Cl, solutions, in contrast
to the other solutions, were unstable over time, with more aged
solutions giving very different morphologies compared to solu-
tions that were freshly prepared up to a day old. Hydrogen-
bonding of PDP to VP in CDCl; and C,D,Cl, solutions was con-
firmed by 'H NMR spectroscopy, which shows that the sharp OH
proton for pure PDP (located at 4.59 ppm in CDCl; and 4.65
ppm in C,D,Cl,) undergoes extensive broadening with accompa-
nying intensity decrease and a downfield shift (centered at ca.
5.15 and 4.80 ppm, respectively) in the presence of PS-P4VP, as
shown in the Supporting Information (Figures SI-4 and SI-5).
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tained reproducibly and uniformly over large surface
areas using the standard Langmuir—Blodgett tech-
nique. A key condition for obtaining this morphology
is the use of spreading solutions of relatively high poly-
mer concentration, so that self-organization at the air/
water interface takes place under conditions of high
polymer density. The use of tetrachloroethane instead
of chloroform as the spreading solvent and a low sub-
phase temperature, both of which retard solvent evapo-
ration and thus maintain polymer mobility at the wa-
ter surface for longer periods, results in a pattern of
densely packed, highly aligned nanostrands. This pat-
tern may be considered as a perfected version of the
nanostrand network due to solvent annealing. The
poorly spreading solvents used, nitrobenzene and
hexachloropropene/tetrachloroethane (50/50), pro-
duce the well-known fingerprint pattern observed in
spin- and dip-coated thin films of block copolymers. The
latter pattern leads to the proposal that a possible
mechanism for nanostrand network formation, besides
others proposed in the literature, is via the fingerprint
morphology that may form in the course of the spread-
ing of concentrated drops. The hydrophobic PS stripes
become vitrified in this morphology, whereas the hy-
drophilic P4VP/PDP stripes remain mobile, such that, as
drop spreading continues, the stripes disassemble at
the level of these hydrophilic stripes, leaving P4VP-lined
PS nanostrands free to float into the form of a disor-
dered network on the water surface.

A computer-controlled KSV 3000 Langmuir—Blodgett sys-
tem with a platinum Wilhelmy plate sensing device (KSV Instru-
ments, Helsinki, Finland) was used. The subphase temperature in
the trough (150 X 518 mm) was maintained at 20—21 °C un-
less otherwise specified, using a refrigerated circulator (Isotemp
3016, Fisher Scientific). Solution was spread dropwise in a check-
erboard pattern, using Hamilton microliter syringes: 50—200 pL
for 0.35—2.05 mg/mL concentrations and 1 mL for 0.10 mg/mL
concentration, where concentration is expressed in terms of
block copolymer weight per volume of solvent. At least one drop
was deposited within about 3—4 cm from the area above the
submerged substrate(s). This was found to be important for the
reproducibility of the observed film morphology for the more
highly concentrated solutions for which as few as eight drops
were necessary to reach the required total mass of material to
spread on the water surface.

Following solvent evaporation (30—60 min for CHCls, 60—90
min for the other spreading solvents), surface pressure () vs
mean molecular area (A) isotherms were obtained by symmetri-
cal compression of the barriers at a speed of 10 mm/min (15 cm?/
min). All isotherms were run at least 2—3 times and showed
good reproducibility.

Under the same conditions as for the isotherms and follow-
ing a 20—30 min wait at the desired surface pressure (usually 5
or 10 mN/m) for barrier stabilization, LB films were deposited on
mica substrates (sizes varying from 1 X 1.5 to 2.5 X 5 cm?) that
were vertically withdrawn from the subphase at a controlled
speed (5 or 10 mm/min). The films were found to show good sta-
bility during the barrier stabilization step, with about a decrease
in pressure of about 0.5 nm?/molecule recorded. The transfer ra-
tio was generally 1.0 = 0.2. Other substrates besides mica [silicon
wafer, quartz, and glass microscope slides, indium tin oxide
(ITO) glass, gold, and highly ordered pyrolytic graphite (HOPG)]
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were also tested and did not modify the basic morphology com-
pared to that observed with mica (Supporting Information, Fig-
ure SI-6).

Occasionally, Langmuir—Schaefer (LS) films, where transfer
was performed on a horizontally lying substrate, were also ob-
tained. In another experiment, single-drop deposition'® was
combined with the LS technique. First, a mica substrate, whose
length (ca. 14.5 cm) was close to the width of the trough, was
placed on the trough floor, midway between and in parallel with
the movable barriers. Then, the surface area was compressed to
give zero surface pressure slightly below the onset of measur-
able pressure for the solution to be deposited as calculated from
the -A isotherm (159 cm? or 150 X 106 mm?), and a single
drop (ca. 10 L) of 2.05 mg/mL PS-P4VP/PDP solution in CHCl3
was deposited above one end of the substrate. After 60 min, the
water was removed carefully by aspiration using the water
pump.

AFM Imaging. The deposited films were dried in a clean box
overnight at room temperature and then imaged in air by atomic
force microscopy (AFM) in tapping mode using a multimode
AFM with a Nanoscope llla controller (Digital Instruments/Veeco,
Santa-Barbara, USA) and silicon probes (MikroMasch USA: rectan-
gular, no aluminum coating on tip and backside, resonance fre-
quency 265—400 kHz, tip curvature radius less than 10 nm; or
Nanosensors: type PPP-NCH, nominal spring constant of 42
N-m~", resonance frequency 330 kHz, tip radius of curvature
<10 nm). Nanofeature dimensions were determined from height
profiles across the strands. Widths were measured at half-height
of sufficiently isolated strand segments. Heights were deter-
mined from the nanostrand summits relative to the flat areas be-
tween them. At least two separate experiments per condition
were performed, and each LB film obtained was imaged (typi-
cally as 10 X 10 um? images) at a minimum of 10 different places
scattered over the film but avoiding the substrate edges. Gener-
ally, at least 90% of the images for a given experimental condi-
tion (“image set”) show the same morphology. When a second
(or, rarely, third) morphology is observed in 20% or more of the
image set, this is stated in the text and, in some cases, illustrated.
All transferred films are stable in air at ambient temperature
(i.e., no changes were observed in one-year old films compared
to their freshly prepared state).
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