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ABSTRACT: We report a strategy that combines supra-
molecular assembly and solvent annealing to manipulate the
microdomain orientation in block copolymer thin films. In
supramolecular thin films formed by polystyrene-b-poly(4-
vinylpyridine) (PS-b-P4VP) with 3-pentadecylphenol (PDP)
hydrogen-bonded onto P4VP blocks, where PS blocks phase-
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separate into cylindrical microdomains, we found that the orientation of PS cylinders can be controlled by using different types of
solvents to anneal the films. As films are annealed under the vapors of solvents bearing no oxygen atoms, such as chloroform, PS
cylinders are perpendicular to the surface, while under those of solvents bearing oxygen, such as THF, PS cylinders are parallel to
the surface. Furthermore, the orientation is switchable upon the alternate use of different types of solvents. The '"H NMR
measurements showed that the strengths of hydrogen bonds between PDP and P4VP are greatly weakened in oxygen-bearing
solvents due to the competition of the highly electronegative oxygen atoms. We thus suggest that the binding capability of PDP
onto P4VP is the key to determine whether the supramolecules can be assembled in the vapors of different types of solvents,

which in turn, regulates the orientation of PS cylinders.

B INTRODUCTION

Block copolymers formed by covalently linked incompatible
homopolymers phase-separate into a variety of nanoscaled
microdomains, typically spherical, cylindrical, lamellar, and
gyroidal.! For block copolymers with narrow distribution of
molecular weights and under proper thermal treatments, the
microdomains can be packed in a highly ordered manner,
which is an effective technique for manipulating structures in
nanoscale. In bulk samples, however, the orders are limited in
grains and the grains are usually joined randomly, such that the
overall properties are still isotropic. When block copolymers are
fabricated into thin films with nanoscaled thicknesses, the
effects of two additional interactions become significant,
namely the polymer—substrate and polymer—air interactions.
The phase that interacts most strongly with the substrate
prefers to stick on the substrate while the phase with the lowest
surface tension tends to expose to air. Both forces regulate the
alignments of the microdomains and when the thicknesses of
films are thinner than the influential range of the interactions,
the microdomains in the entire films will be forced to be
oriented along the direction of thickness. In most cases, the
cylindrical or lamellar microdomains prefer to be parallel to the
surface.

The search of the approaches to obtain perpendicular
microdomains in thin films has been an emerging topic
recently due to its scientific merit and application potency.”””
To do so, the above-mentioned two interactions need be
eliminated or overcome, which has been achieved by surface
modifications,**™*° external stimuli,'®'” and nonequilibrium
approaches.'®™*" Another strategy that has been proven to be
efficient is the supramolecular assembly.”*~>" The supra-
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molecules are formed by block copolymers with small
molecules associated with one of the blocks via weak secondary
bonds.***' One major effect of the small molecules is that they
alter the relative volume fraction of each component, therefore
causing a morphological transition and creating a variety of
hierarchical structures. In addition, it has been shown that there
is a strong correlation between the microdomain orientation in
thin films and the content of the associated small
molecules.”* % In general, at sufficiently high ratio of small
molecules, the orientation is driven to be perpendicular. This is
a simple approach to tailor the microdomain orientation in
block copolymer thin films since the amount of weakly bonded
small molecules can be adjusted by physical means rather than
chemical reaction.

Solvent annealing is usually adopted to replace thermal
annealing for processing supramolecular thin films since small
molecules may evaporate at high temperature and a tiny
amount loss of small molecules would result in a great
structural change in such thin films.** Different from thermal
annealing, solvent molecules are extra components introduced
into films and the final morphology may thus be affected by the
interplays between solvents and polymers, which on one hand
complicates the structural analysis and on the other hand
provides opportunities to create structures that cannot be
achieved by thermal annealing.** It has been shown that the
type of solvents used for annealing plays an important role in
the morphology of block copolymer thin films.*>™>* For
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supramolecular thin films, the effects of annealing solvents on
the morphology of polystyrene-b-poly(4-vinylpyridine) (PS-b-
P4VP) with 2-(4-hydroxybenzeneazo) benzoic acid (HABA)
molecules have been reported by Minko and co-workers.*>*%’
They found that as films were annealed by chloroform, the
P4VP(HABA) cylindrical microdomains were parallel to the
surface, while annealed by 1,4-dioxane, the cylinders were
perpendicular to the surface, which was attributed to the
different selectivity of the solvents to each phase. The previous
discussions of block copolymer-based supramolecules have
been generally under the presumption that the small molecules
are firmly grafted on the polymer chains. However, it should be
aware that the lifetimes of secondary weak bonds are much
shorter than that of covalent bonds and the strength of weak
interactions is subject to the influence of environments. It has
been shown that hydrogen bonds, through which most
supramolecules are formed, would be weakened in the presence
of additional molecules with strong electronegative atoms, such
as oxygen and nitrogen.***” In other words, the solvents that
diffuse into thin films may interfere with the original
interactions in supramolecules.

For the widely studied supramolecular thin films formed by
PS-b-P4VP with hydrogen-bonded small molecule 3-pentade-
cylphenol (PDP), as shown in Figure 1, the structures were
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Figure 1. Chemical structure of PS-b-P4VP(PDP) supramolecules.

usuallzr characterized after annealing in the vapor of chloro-
form.”*2**~* 1n this paper, we systematically investigated the
effects of annealing solvents on the morphology of PS-b-
P4VP(PDP) supramolecular thin films. We divide the solvents
into two groups: one group contains no oxygen atom on their
chemical structures, i.e., nonoxygen-bearing solvents, and the
other group contains oxygen atoms, ie., oxygen-bearing
solvents. The oxygen atom is highly electronegative and
capable of forming hydrogen bonds. The solvents and their
properties are listed in Table 1. The classification is based on
the fact that the morphologies of supramolecular thin films
annealed by the solvents in each group are similar. However,
nonoxygen-bearing solvents cause the PS cylindrical micro-

domains oriented perpendicularly while oxygen-bearing sol-
vents lead to parallel alignment. Furthermore, the orientation is
switchable when films are alternately annealed by the solvents
in different groups. We provide a mechanism originated from
the strengths of hydrogen bonds in the presence of different
types of solvents to explain why this facile approach can be used
to control the orientation of block copolymer thin films.

B EXPERIMENTAL SECTION

Materials. PS-b-P4VP with M, p5 = 20000, M, psyp = 17000 g/mol,
and PDI = 1.08 was purchased from Polymer Source Inc. P4VP
homopolymer with M, = 60000 g/mol and 3-n-pentadecylphenol
(PDP) (95% purity) were purchased from Sigma-Aldrich. Chloroform,
benzene and n-hexane were purchased from Sigma-Aldrich; toluene,
tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were
purchased from Mallinckrodt Chemicals; methanol and ethanol were
purchased from ECHO chemicals; 1,4-dioxane was purchased from
J.T. Baker. All the deuterated solvents used for '"H NMR measure-
ments were purchased from Sigma-Aldrich. All chemicals were used as
received.

Sample Preparation. PS-b-P4VP was first dissolved in chloroform
to form 1—2% (w/v) stock solutions. PDP in a 1:1 molar ratio to 4VP
unit was also dissolved in chloroform. The PS-b-P4VP solution was
then added dropwise to the PDP solution, followed by stirring for at
least 1 week to ensure PDP molecules are hydrogen-bonded with
P4VP. Thin films were prepared by spin-coating the mixed solutions
onto silicon wafers at spinning speed 3000 rpm. Sample thicknesses
were measured using a Filmetrics F20 interferometer. For solvent
annealing, thin films were placed together with a beaker of 40 mL
solvents inside an inverted dish (170 Diam X 90 H mm) on a hot plate
which heated up the solvents to 30 °C. Thin films were annealed for
48 h. After annealing, the inverted dish was immediately removed and
solvents were allowed to freely evaporate.

AFM and TEM Imaging. Atomic force microscopy (AFM) was
performed on a MultiMode AFM system with a Nanoscope 3D
controller (Digital Instruments) in tapping mode. The spring constant
of the cantilever (Nanosensor PPP-NCHR) was ~42 N/m and the
resonant frequency was ~330 kHz. To prepare thin film samples for
cross-sectional transmission electron microscope (TEM) imaging, a
thin layer of platinum was sputtered onto the surfaces of thin films and
then the films were attached to epoxy resin and cured at room
temperature for 2 weeks. The substrates were peeled off from the
embedded films after the cured epoxy cubes were dipped into liquid
nitrogen. The embedded films were then microtomed at room
temperature. The thin sections, ~ 80 nm in thickness, were exposed to
iodine vapor for 2 h that selectively stains the P4VP blocks to enhance
the contrast. TEM images were collected on a Joel JEM-1230
transmission electron microscope at an accelerating voltage of 100 kV.

GISAXS. Grazing incidence small-angle X-ray scattering (GISAXS)
was conducted on beamline BL23Al in the National Synchrotron
Radiation Research Center (NSRRC), Taiwan.”* A monochromatic

Table 1. Properties of Solvents and Resulting Thin Film Structures®

Nonoxygen-bearing

Oxygen-bearing

Toluene Benzene

Chloroform THF 1,4-Dioxane DMF
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Solubility parameter (MPa')* 18.2 18.8 19.0 18.6 20.5 24.8
Boiling point (°C)* 111 80 61 66 102 153
Soluble components PS, PDP PS,PDP PS,P4VP,PDP PS, PDP PS, PDP P4VP, PDP
Orientation of PS cylinders 1 1 1 [ | I
Spacing of PS cylinders (nm) 353 353 35.7 33.6 34.7 32.1
Spacing of P4AVP(PDP) lamellae (nm) 39 3.9 3.7 3.8 3.7 3.9

“Key: (]|) parallel to the surface; (L) perpendicular to the surface. See ref 44 for solubility and BP data.
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Figure 2. Structure characterization of thin films annealed by nonoxygen-bearing solvents: (a—c) AFM images, (d—f) 2-D GISAXS patterns, and (g—
i) g, and g, scans from 2D-GISAXS patterns. (a, d, g) a~ 41 nm thin film annealed by toluene, (b, ¢, h) a ~ 42 nm thin film annealed by benzene, (¢,
f,i) a ~ 50 nm thin film annealed by chloroform. The g, scans were extracted at g, = 0.160 A~ and the g, scans were extracted at q,=0.018 A

beam of 4 = 1.240 A was used and the incident angle was 0.2°. The
scattering patterns were collected on a Mar-CCD with a diameter of
165 mm. The scattering intensity profiles were reported as the plots of
the scattering intensity I vs the scattering vector g, where q = (47/4)
sin(6/2) and 0 is the scattering angle.

"H NMR. Samples for 'H NMR measurements were prepared by
dissolving PDP, PS-b-P4VP, and PS-b-P4VP(PDP) in dueterated
solvents, respectively, at a concentration ~0.25% (wt/v). The
measurements were conducted on a Bruker DPX 400 MHz system.

B RESULTS AND DISCUSSION

PS-b-P4VP which contains approximately symmetric blocks
phase-separates into lamellar structures and when spun-cast
into thin films on silicon substrate, the surface morphology
probed by AFM is featureless due to the parallel lamellae driven
by the preferential interaction between P4VP blocks and
substrate and the lower surface tension of PS blocks that
reduces the surface free energy at film—air interfaces. Upon the
addition of PDP in a molar ratio of 1.0 to 4VP unit, the weight
fraction of P4VP(PDP) complex in the supramolecules,
denoted as PS-b-P4VP(PDP), is 76.8 wt %. For such
supramolecules, PS blocks form cylinders embedded in
P4VP(PDP) matrix where P4VP(PDP) complexes stack into
small lamellae with a spacing ~4 nm, ie, a cylinder-within-
lamella hierarchical structure, as reported in our previous
paper.*

Morphology Caused by Nonoxygen-Bearing Sol-
vents. We first present the thin film morphologies of the
supramolecules annealed by nonoxygen-bearing solvents,
whose solubility parameters are usually low, as listed in Table
1. Figure 2a—c shows the AFM images of thin films, 40—50 nm
in thickness, annealed in toluene, benzene, and chloroform
vapors, respectively. The surface morphologies of the three
samples are similar, all showing hexagonally packed dots. Such
patterns imply that PS cylinders are oriented perpendicular to
the surface and the dots are the cross sections of PS cylinders.

1564

To further verify the structures inside the films, the cross-
sectional TEM image of a representative film, ~ 65 nm in
thickness, annealed by chloroform was taken, as shown in
Figure 3a. The deep black layer is the sputtered platinum and

Figure 3. Cross-sectional TEM images of ~65 nm thin films annealed
by (a) chloroform, a nonoxygen-bearing solvent, and (b) THF, an
oxygen-bearing solvent.

the original film—air interface is next to the platinum. The
darker regions are P4VP(PDP) matrix due to the staining of
iodine and the brighter pillars across the film are PS cylinders,
which confirms the formation of perpendicular cylinders.

dx.doi.org/10.1021/ma202415t | Macromolecules 2012, 45, 1562—1569
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Figure 4. Structure characterization of thin films annealed by oxygen-bearing solvents: (a—c) AFM images, (d—f) 2-D GISAXS patterns, and (g—i)
g, and g, scans from 2D-GISAXS patterns. (3, d, g) a ~ 46 nm thin film annealed by THF, (b, e, h) a ~ 41 nm thin film annealed by 1,4-dioxane, (¢,
f i) a ~ 41 nm thin film annealed by DMF. The g, scans were extracted at g, = 0.160 A" and the g, scans were extracted at g, = 0.019 A

The GISAXS data of the three films are displayed in Figure
2d—i. All the 2D-patterns (Figure 2d—f) show that diffraction
spots appear along both g, and g, axes, and the diffraction spots
in g, direction are at lower g, ie., the large-scaled PS cylinders
are perpendicular to the surface, while the diffraction spots in g,
direction are at higher g, ie., the small-scaled P4VP(PDP)
lamellae are parallel to the surface. Note that perpendicular
cylinders normally show diffraction rods in g, direction around
the baseline slightly above g, = 0.” However, in the present
case, the diffraction spots in g, direction at g, ~ 0.16 A" are
stronger than those around the baselines at g, ~ 0.03 A", This
is because the diffraction beams produced by PS cylinders that
are supposed to give bright rods on the baseline now serve as
incident beams for small P4VP(PDP) lamellae and the
“incident” beams are scattered again by the small lamellae to
form the strong diffraction spots at g, ~ 0.16 A”'. Similar
GISAXS patterns have been found in other studies dealing with
PS-b-P4VP(PDP) system.>* 2¢ q, and g, scans retrieved from
the 2-D patterns are shown in Figure 2g-I, where the g, scans
were extracted at g, = 0.160 A™! and the g, scans were extracted
at g, = 0.018 A", The spacings of PS cylinders for the three
solvents estimated from g, scans are in the range of 35—36 nm
and the spacings of small P4VP(PDP) lamellae estimated from
g, scans are 3.7—3.9 nm. The detailed data are listed in Table 1.
Note that as shown in the AFM height images, particularly in
parts b and ¢ of Figure 2, islands are seen on the surfaces, with a
small height ~3—4 nm close to the spacing of P4VP(PDP)
lamellae. Such a terrace topography also confirms that
P4VP(PDP) lamellae are oriented parallel to the surface.”

By combining the results of AFM, TEM and GISAXS, it is
evidenced that in the vapors of nonoxygen-bearing solvents, PS
cylinders in PS-b-P4VP(PDP) thin films are perpendicular to
the surface while P4VP(PDP) lamellae are parallel to the
surface, as illustrated in Figure Sa. It has been known that the
orientation of microdomains in block copolymer thin films is
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dependent on film thickness. If the thickness and the nature
period of microdomains are incommensurate, a perpendicular
alignment may occur.*® In the present case and other
studies,24_26 a series of thicknesses have been examined and
the perpendicular microdomains were consistently observed,
indicating that the perpendicular PS cylinders are not caused by
the variation of film thickness.

Morphology Caused by Oxygen-Bearing Solvents. For
thin films annealed in the vapors of oxygen-bearing solvents,
the surface patterns are completely different from those
annealed by nonoxygen-bearing solvents. Figure 4a—c show
the AFM images of PS-b-P4VP(PDP) thin films, 40—50 nm in
thickness, annealed by THF, 1,4-dioxane, and DMF,
respectively. All the thin films show fingerprint-like patterns,
which are typical of cylindrical microdomains parallel to the
surface. A representative cross-sectional TEM of a film, ~ 65
nm in thickness, annealed by THF is shown in Figure 3b, where
hexagonally packed dots are clearly seen. The dots are the cross
sections of the parallel PS cylinders. On the surfaces shown in
the AFM height images (Figure 4a—c), the formation of islands
or holes with heights or depths ~3—4 nm implies that similar
to thin films annealed by nonoxygen-bearing solvents, the small
P4VP(PDP) lamellae here are also parallel to the surface.

The GISAXS data of thin films annealed by THF, 1,4-
dioxane, and DMF are shown in Figure 4d—i. In the 2D
patterns (Figure 4d—f), clear diffraction spots can be seen in g,
direction between 0.16—0.17 A™!, which confirms the P4VP-
(PDP) lamellae with a spacing ~3.8 nm are parallel to the
surface. Diffraction spots also appear in g, direction at low q
and interestingly, two distinct peaks with relative position 1:2
can be observed from the g, scans shown in Figure 4g—i, which
were extracted at g, = 0.160 A™'. Such a sequence of peak
positions is usually interpreted as lamellar structures but it is
not the case here since TEM has demonstrated that PS phases
form cylinders. It has been shown that when hexagonally

dx.doi.org/10.1021/ma202415t | Macromolecules 2012, 45, 1562—1569
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packed cylinders are well oriented parallel to the surface in thin
films, the 1:2 relative peak position may be detected in g, axis.*®
However, since thin films with 40—50 nm thickness contain
only ~2 cylinder layers, it is more likely that the lamellar-like
patterns are produced from the individual cylinder layer where
the spatial arrangement of the parallel cylinders is analogous to
that of perpendicular lamellae. The center-to-center distance of
the cylinders are 32—35 nm estimating from the first-order
peaks. The detailed spacings obtained from GISAXS data for
the three annealing solvents are listed in Table 1. The proposed
thin film structure annealed by oxygen-bearing solvents is
schematically illustrated in Figure Sb. In sum, both PS cylinders
and P4VP(PDP) lamellae are parallel to the surface.

(a) Non-oxygen-bearing solvents

P4VP(PDP)

(b) Oxygen-bearing solvents

b

Figure 5. Schematic illustration of proposed structures. (a) Annealed
by nonoxygen-bearing solvents, the PS cylinders are perpendicular to
the surface while the P4VP(PDP) lamellae are parallel to the surface.
(b) Annealed by oxygen-bearing solvents, both the PS cylinders and
P4VP(PDP) lamellae are parallel to the surface.

The above results reveal that the orientation of cylindrical
microdomains can be tuned by different annealing solvents and
we now further show that the orientation is reversible. Here we
used chloroform and THF as annealing solvents. As shown in
Figure 6, the morphology of an as-spun film, ~65 nm in
thickness, was a mixture of perpendicular and parallel short
cylinders. After annealed by chloroform, perpendicular PS
cylinders were formed. We then annealed it again but in the
vapor of THF and PS cylinders were driven to be parallel.
Oppositely, the cylinders in thin films annealed first in the
vapor of THF and subsequently in the vapor of chloroform
were transformed from parallel to perpendicular. It is thus
demonstrated that the supramolecular assembly is a simple and
efficient approach to achieve the repeatable switch of the
microdomain orientation in block copolymer thin films, which,
as will be discussed later, is due to the reversible nature of
supramolecules.

Morphology Caused by Other Solvents. It is apparently
that the above solvents can impart mobility to supramolecules
in thin films so that the supramolecules can reorganize into
more ordered structures after annealing, though the mobility of
each component may be in different level. In addition to the
above two groups of solvents, we have also used other solvents
to anneal the supramolecular thin films, including n-hexane,
methanol and ethanol. As shown in the Supporting
Information, Figure S1, the morphologies annealed by these
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chloroform ‘

e

‘ chloroform

Figure 6. AFM phase images of an as-spun thin films, ~65 nm in
thickness, annealed by chloroform and THF in opposite sequence.
The orientation is reversible.

three solvents are nearly identical to those of as-spun films, i.e.,
still a mixture of parallel and perpendicular cylinders, implying
that the supramolecular chains are unable to do long-range
motion under annealing. Note that all the three solvents are
nonsolvent to PS while P4VP is soluble in methanol and
ethanol. Although methanol and ethanol provide mobility to
P4VP chains, the diffusion of the whole chains is hindered by
the frozen PS chains, thereby no change caused in morphology.

Mechanism. We now discuss the mechanism by which
annealing solvents cause parallel or perpendicular orientation of
microdomains in supramolecular thin films. We have seen that
whether the solvents are composed of oxygen or not, the small-
scaled lamellae formed by P4VP(PDP) complexes are always
parallel to the surface. At the bottoms of the films, the relatively
hydrophilic P4VP blocks preferentially interact with the silicon
substrate so that P4VP chains are attracted to the film—
substrate interfaces and the tails of the associated PDP
molecules are repelled from the interfaces and align normally
to the substrates. On the other hand, the exposure of the
hydrophobic alkyl tails of PDP to air is preferred because it
prevents the high-surface-tension P4VP from contacting air,
therefore a PDP brush layer formed at the film—air interfaces.
Both of the forces, one from the bottom and the other from the
top of the films, drive the P4VP(PDP) lamellae to be parallel to
the surface and the films are so thin that the effects can
propagate through the entire films.>**®

In our previous study, we suggested that the parallel
alignment of P4VP(PDP) lamellae plays a crucial role in the
formation of perpendicular alignment of PS cylinders in
supramolecular thin films under annealing by chloroform.”®

dx.doi.org/10.1021/ma202415t | Macromolecules 2012, 45, 1562—1569
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For thin films with sufficiently high grafting density, such as the
1:1 molar ratio of PDP to 4VP as the present case, the PDP
molecules prefer to orient parallel to the long axis of the
cylinders to prevent the entropy loss due to the crowding effect
of squeezing PDP molecules into the limit space near the
nonplanar interfaces of cylinders and thus achieve interface
stabilization.*”** As a result, PS cylinders tend to align
orthogonally to the P4VP(PDP) lamellae and since the
P4VP(PDP) lamellae are parallel to the surface in thin films,
PS cylinders are then oriented perpendicular to the surface. As
shown in the preceding section, in addition to chloroform, such
alignments were also observed in thin films annealed by other
nonoxygen-bearing solvents, ie., toluene and benzene. The
mechanism for perpendicular PS cylinders should be the same
for all the nonoxygen-bearing solvents. Note that the
mechanism during annealing is inferred from the postannealing
structural analysis here. Given that the vapor pressures in the
annealing setup used in this study are low, the compatibility
between PS and P4VP(PDP) can only be slightly enhanced
during annealing. The blocks may remain in segregation region
such that the proposed alignment can reasonably occur in the
swollen films.

Following this argument, the microdomain alignment in thin
films annealed by oxygen-bearing solvents is in fact less stable
because in such cases PS cylinders and P4VP(PDP) lamellae
are both parallel to the surface. It has been shown that the
selectivity of solvents to each phase®® and the evaporation rates
of solvents”’ may result in varying morphologies and
orientation. However, we can find in Table 1 that the solvents
in both groups are not particularly selective to PS or P4VP
blocks. Furthermore, evaporation rates are generally inversely
related to boiling points and the boiling points of the solvents
in both groups range from 60 °C to above 100 °C. The solvents
in both groups would not evaporate particularly fast or slowly at
a given temperature. Therefore, there should be other factors
responsible for the difference in orientation. Since the main
difference between these two groups of solvents is whether
their chemical structures contain oxygen atoms, we believe that
it is such strong electronegative atoms that determine the
orientation of PS cylinders in supramolecular thin films, which
will be elaborated as follows.

The mechanism of the above proposed orthogonal align-
ments of PS cylinders and P4AVP(PDP) lamellae is based on the
assumption that the PDP molecules are grafted onto P4VP.
However, the interactions between PDP and P4VP are weak
hydrogen bonds whose strengths are subject to change in
presence of external stimuli, unlike covalent bonds that are
stable in common conditions. During solvent annealing, the
solvent molecules diffuse into films and swell the films at a ratio
about 1.5 to the original thicknesses.”® In other words, there are
a significant amount of solvent molecules penetrating films
during annealing such that the effects of the solvent molecules
on the hydrogen bonds between PDP and P4VP cannot be
ignored. In the vapors of nonoxygen-bearing solvents, since the
solvent molecules interact with PDP molecules and block
copolymers mainly through weak van der Waals interactions,
the formation of stronger hydrogen bonds between PDP and
P4VP is enthalpy-favorable for lowering the system free energy.
Figure 7a shows the '"H NMR spectra of PDP dissolved in d-
chloroform and the chemical shift of the hydroxyl hydrogen of
PDP is 4.63 ppm. When PDP is mixed with PS-b-P4VP in a 1:1
molar ratio in chloroform, the peak is shifted to 526 ppm,
confirming the formation of hydrogen bonds between PDP and
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Figure 7. '"H NMR spectra of PDP, PS-b-P4VP and PS-b-P4VP(PDP)
dissolved in (a) d-chloroform and (b) d-THF. The arrows indicate the
chemical shifts of the hydroxyl hydrogen on PDP.

P4VP.* The 'H NMR results are similar for other nonoxygen-
bearing solvents. The detailed data are listed in Table 2 and the

Table 2. '"H NMR Chemical Shifts of the Hydroxyl
Hydrogen on PDP

chemical shift (ppm)

d-solvent PDP PS-b-P4VP(PDP)
toluene 3.98 4.30
benzene 4.10 447
chloroform 4.63 5.26
THF 7.97 7.99
1,4-dioxane 7.43 7.44
DMF 9.37 9.39

spectra obtained in toluene and benzene are shown in the
Supporting Information, Figures S2 and S3. It is thus suggested
that P4VP(PDP) complexes are relatively stable in the vapors
of nonoxygen-bearing solvents and PS cylinders prefer to be
orthogonal to P4VP(PDP) lamellae to stabilize the interfaces of
cylinders.

When thin films are annealed in the vapors of oxygen-bearing
solvents, due to the competition of solvent molecules to form
hydrogen bonds with PDP molecules through the highly
electronegative oxygen atoms, the strength of hydrogen bonds
between P4VP and PDP are greatly reduced. In Figure 7b, the
chemical shift of hydroxyl hydrogen of PDP alone dissolved in
d-THE is 7.97 ppm, which is much higher than that of PDP in
nonoxygen-bearing solvents. Such a high chemical shift implies
that the PDP molecules interact strongly with THF molecules.
When PDP and PS-b-P4VP are mixed together in d-THF, the

dx.doi.org/10.1021/ma202415t | Macromolecules 2012, 45, 1562—1569
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peak position is nearly unchanged, indicating that the
interactions between PDP and P4VP are trivial compared to
those between PDP and THF molecules. The chemical shifts of
the PDP hydroxyl hydrogen in other oxygen-bearing solvents
behave in a similar manner, as listed in Table 2. The spectra
obtained in 1,4-dioxane and DMF can be found in the
Supporting Information, Figure S4 and SS. The above results
suggest that PDP molecules are unable to graft onto P4VP in
the presence of oxygen-bearing solvents. During annealing,
PDP molecules are relatively free so that the crowding effect
near the interface of PS cylinders can be avoided and the
driving force for inducing perpendicular PS cylinders is absent.
Instead, the preferential interaction between P4VP and silicon
substrate attracts P4VP chains to the substrate and in turn, PS
cylinders are drawn to be parallel. Note that although PDP
molecules are unbound during annealing, from the GISAXS
data we can still see order parallel P4AVP(PDP) lamellae after
annealing. It is possible that most PDP molecules are still
framed in their originally located P4VP domains so that they
can be rapidly associated with P4VP upon solvent evaporation
when films are removed from the annealing setup.

The interplays among PDP, P4VP, and solvent molecules
mentioned above can be verified by the simple solubility tests
of P4VP in the solvents. P4VP homopolymer with M,, ~ 60
000 g/mol is insoluble in toluene, benzene, and 1,4-dioxane and
only slightly swollen in THF. For nonoxygen-bearing solvents,
i.e. toluene and benzene, after the addition of equimolar PDP
into P4VP homopolymer solutions, P4VP becomes soluble. On
the other hand, the addition of PDP is unable to enhance the
solubility of P4VP homopolymer in THF and 1,4-dioxane. The
results confirm that PDP molecules are hydrogen-bonded with
P4VP in nonoxygen-bearing solvents and work as a
compatibilizer between P4VP and the solvents, while such
hydrogen bonds are missing in oxygen-bearing solvents. On the
basis of what reveals here, we would like to point out the
importance of the solvents used in preparing supramolecules.
Supramolecules are formed through secondary bonds and the
strengths of such weak interactions will be significantly affected
by the types of solvents where the supramolecules are supposed
to be formed. If solvents are not properly selected, the building
components of supramolecules may not be successfully
associated, even though each individual component can be
well-dissolved. One example is P4VP and PDP mixed in DMF,
where both P4VP and PDP can dissolve but the interaction
between P4VP and PDP would be very weak.

B CONCLUSIONS

We have demonstrated that the process of solvent annealing
would greatly affect the microdomain orientation in thin films
formed by PS-b-P4VP(PDP) supramolecules. When films are
annealed by nonoxygen-bearing solvents, including toluene,
benzene and chloroform, PS cylinders are perpendicular to the
surface. This is due to the tendency of PS cylinders to be
orthogonal to the parallel P4VP(PDP) lamellae at high molar
ratio of PDP to 4VP unit and such an preferential alignment is
based on the fact that PDP molecules graft onto P4VP through
hydrogen bonds in the vapors of the nonoxygen-bearing
solvents. PS cylinders, however, are parallel to the surface when
films are annealed by oxygen-bearing solvents, such as THF,
1,4-dioxane, and DMF. From the 'H NMR results, we found
the PDP molecules interact strongly with the oxygen-bearing
solvent molecules due to the electronegative nature of oxygen
atom, while the interactions between PDP and P4VP become
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very weak. Such weak interactions are insufficient to lead to the
formation of P4VP(PDP) complexes in oxygen-bearing
solvents. As a result, the driving force for perpendicular PS
cylinders disappears and the cylinders remain parallel. This
work provides a simple and highly efficient approach to
manipulate the microdomain orientation in block copolymer
thin films, and it also emphasizes the advantage of the
reversibility of supramolecules.

B ASSOCIATED CONTENT

© Supporting Information

AFM images of thin films annealed by other solvents and 'H
NMR spectra obtained in deuterated toluene, benzene, 14-
dioxane, and DMF. This material is available free of charge via
the Internet at http://pubs.acs.org/.
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