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ABSTRACT: The addition of multifunctional additives comprised of single- or double-ring aromatic cores
decorated at their periphery with multiple hydrogen-bond-donating groups such as carboxylic acid and
phenol is shown to induce microphase segregation of otherwise disordered Pluronic BCP (poly(ethylene
oxide-propylene oxide-ethylene oxide)) surfactant melts, resulting in the formation of well-ordered
supramolecular assemblies with domain spacings ranging between 12.5 and 14.5 nm at additive loadings
up to 40%. As the concentration of additives is increased, the general tendency is that the disordered system
evolves into an ordered morphology and then undergoes an order-order transition before transitioning into
a disordered phase, in one case. The scaling of interplanar spacing reveals that the additives are selectively
incorporated in the poly(ethylene oxide) phase. Differential scanning calorimetry indicated that progressive
increases in the loading of additives causes a decrease in the melting temperature and melting enthalpy of
poly(ethylene oxide) crystallites. This behavior is consistent with good dispersion and strong interaction of
the additives with the poly(ethylene oxide) phase. The principles invoked in this additive driven assembly
process can be generally applied to the design of ordered functional BCP-nanoparticle hybrid materials
while the specific materials described here could be of interest as etch masks.

Introduction

Self-assembly of block copolymers (BCPs) can yield nanos-
tructured polymeric materials containing periodically arranged
nanoscale domains.1-3Many applications of BCPs could emerge
due to differences in the chemical and/or physical properties of
the various phases present in a self-assembled BCP material or
BCP-templated composite. For example, BCPs have attracted
attention as low line edge roughness resists for nanoscale
electronics4 and as templates for the fabrication of nanoscale
microelectronic structures including high density data storage
media.5-7 BCPs have also been used as templates to carry out
phase selective reactions for the fabrication of inorganic mesos-
tructured materials,8-10 and phase selective treatments of BCPs
have been performed to remove the minority phase, or a com-
ponent of it, to formnanoporous polymericmaterials.11-13 BCPs
have been used to direct the organization of hybrid materials,
including polymer/nanoparticle composites.14,15 These materials
have generated significant interest due to their potential in
emerging areas such as photovoltaics16-18 and photonics.19-21

A recent review summarizes the advances in employing BCP
nanostructures in electronics.22 Incorporation of additives such
as homopolymers, nanoparticles, and small molecules selectively
into BCP domains is advantageous as it not only imparts a
desired functionality but also can be used to gradually alter
morphology and domain spacing without a need for synthesis of
new BCPs for each of the states obtained.

Microphase separationofBCPs is thermodynamically governed
by the product χN, where χ is the Flory-Huggins interaction
parameter between segments of the dissimilar blocks andN is the
total number of repeat units. When the segregation strength is

high, BCPs containing two chemically dissimilar blocks (i.e.,
A-B, A-B-A, A-B-A-B, and so on) form spherical, cylind-
rical, and lamellar morphologies as determined mainly by the
relative volume fractions of A and B phases.1,2 For a particular
volume fraction, the critical segregation strength required for
microphase separation increases as the number of blocks in-
crease. For example, for symmetric BCPs, i.e., for BCPs with
equal volume fraction of A and B blocks, phase segregation of A
andBblocks ofA-Bdiblock copolymeroccurswhen segregation
strength exceeds 10.5,2 while A-B-A type triblock copolymer
requires a segregation strength of greater than 18 for microphase
separation.23,24 When these critical values are not met due to a
small χ and/orN, the BCP remains disordered. This is the case for
the neat BCP employed in the present work. Additionally, as
BCPs become increasingly asymmetric with respect to the relative
volume fraction of the blocks, the critical segregation strength for
microphase separation increases rapidly as evidenced by a steep
shift in the phase boundary. Therefore, regardless of howhigh the
segregation strength is, as the volume fraction of A block is
increased sufficiently at the expense of B block, a point will be
reached when the BCP can no longer order. One of the BCP
systems shown in this work undergoes this kind of order-
to-disorder transition (ODT) at higher additive loadings (see
behavior of blends of CTMA and F108 in Results section).

Many applications would benefit from small domain sizes
and, in the case of hybrid materials, high additive loadings. One
challenge for achieving small domain sizes is that decreases in
molar mass required to decrease the interdomain spacing also
weaken the segregation strength. It is often more desirable to
increase the interaction parameter to maintain strong segrega-
tion. For hybrid materials, it is further desirable to maintain
strong phase segregation and order upon the selective addition
of additives to one domain of microphase-segregated BCP*Corresponding author. E-mail: watkins@polysci.umass.edu.
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templates. Unfortunately, the amount of additives, especially
nanoparticles, that can be incorporated into BCPs can be limited
as high loadings can disrupt the ordered BCP structure due to
entropic penalties associated with polymer chain stretching
required to accommodate the additives.25 In addition, lack of
sufficient interaction between the additive and the polymer chain
can cause the additives to aggregate, which can lead to the loss of
BCP order due to excessive chain stretching which would be
required to accommodate large aggregates.26

A rich phase behavior has been observed when selectively
associating small molecule additives are blended into micro-
phase-segregated BCPs. As described in a recent literature,27,28

order-to-order transitions (OOT) and disorder-to-order transi-
tions occur upon addition of small molecules like 3-n-pentade-
cylphenol to polystyrene-polyvinylpyridine (PS-PVP) and
polyisoprene-polyvinylpyridine BCPs to obtain well-ordered
morphologies in bulk as well as in thin films.29,30 Such additive
molecules exhibit phenol groups at one end which enable their
supramolecular association with the PVP block through hydro-
gen-bonding interactions.27 These additive molecules also exhibit
long noninteracting alkyl chains that provide access to a complex
and varied phase behavior. For example, within a temperature
window, microphase separation of alkyl chains from the other
phases causes formation of separate domains within the block
copolymer domains.31,32 In contrast, here we focus on small
molecule additives in which the noninteracting cores are functio-
nalized around their periphery with groups that can form hydro-
gen bonds to a particular block of the copolymer. This design
strategy should enable incorporation of the additive within one
domain as the aromatic core is “shielded” from unfavorable
interactions with the host domain. As shown here, such a strategy
can preserve the native morphologies of block copolymers while
allowing high additive loadings. The ability to functionalize a
phase uniformly without formation of hierarchical structures is
important to many applications such as block copolymer elec-
trolytes,33 in which well-defined ion conduction pathways are
desired, or block copolymer lithography,34 which relies on the
difference in etch contrast of the different BCP phases. Non-
polymeric additives that do not lead to formation of substruc-
tures within BCP domains have also been demonstrated to affect
BCP morphology. One example of such an additive is 2-(40-
hydroxybenzeneazo)benzoic acid, which has been used with PS-
PVP to control domain orientation and as a means to generate
porous structures by subsequent removal of the additive.13,35-38

In contrast to using hydrogen-bonding interactions, ionic com-
plexation of lithium39-41 and gold5 salts with PEO has also been
demonstrated to modify the phase behavior of PEO containing
BCPs.

Likewise, several studies have focused on incorporation of
homopolymers into BCPs in which the observed phase behavior
of the blend was found to vary gradually depending upon the
composition and chain length of homopolymers. For example,
Hashimoto and co-workers examined polystyrene-polyisoprene
BCPs with polystyrene and/or polyisoprene homopolymers as
additives.42,43 Because the interaction between the homopolymer
additive and the incorporating block is athermal in this case, the
phase behavior of such blends is governed primarily by entropic
factors. Thus, low molecular weight homopolymers mix homo-
geneously with the incorporating block because of favorable
entropy of mixing but larger homopolymers localize toward the
center of the incorporating block to minimize the loss in entropy
caused by stretching of the BCP and homopolymer chains.
Because of homogeneous mixing, as the loading of small homo-
polymer additives is increased, a smaller change in domain
spacing occurs but the system undergoes OOT, while due to
localized mixing, sufficiently large homopolymers cause a larger
change in domain spacing but do not cause OOT.42 The lack of

strong interaction between the homopolymer and the incorpor-
ating block also sets a low limit on the size of homopolymers
above which they macrophase separate from the BCP. For
example, macrophase separation of poly(methyl methacrylate)
homopolymer occurs from polystyrene-poly(methyl metha-
crylate) block copolymer when the ratio of chain lengths of
the homopolymer to the molecular weight of BCP exceeds
about 1.0.44

In contrast, strong interactions between the additive homo-
polymer and incorporating block can facilitate incorporation of
high loadings of even large homopolymers as the favorable
enthalpic interactions can offset the entropic penalty associated
with stretching of large homopolymers.44 Recently, we reported
that the addition of homopolymers that selectively associate
through hydrogen bonding with the PEO blocks of disordered
Pluronic triblock copolymer surfactants (PEO-PPO-PEO)
induces microphase segregation and strong order.9,45,46 Phase
segregation in the blends is driven by the strong attractive
interactions of the homopolymers with the PEO blocks, and
the system assembles to maximize the energetically favorable
interactions between PEO and homopolymer, which results in
exclusion of PPO from the PEO-homopolymer phase and
ultimately leads to the formation of well-ordered BCP morphol-
ogies. For the case of Pluronic BCP surfactant, P105 (EO37-
PO56-EO37, 6.5 kg/mol) blending of 20% to 50% poly(acrylic
acid) (PAA) of molecular weights ranging between 2 and 88
kg/mol caused ordering and OOT in all cases.45 Thus, in contrast
to the above-mentioned chain ratio limit of about 1.0 for
achieving incorporation of a weakly interacting homopolymer,
homopolymer chains significantly larger than the BCP could be
incorporated in this case. However, when 1-propanoic acid, a
small molecule analogous to a single repeat unit of PAA, was
blended with P105, the system remained disordered. The use of
hydrogenbonding as ameans tomediate interactions of polymers
and additives is advantageous because the strength of interaction
and hence the structure and properties of such blends can be
controlled by varying the nature of the functional groups placed
on the additive molecules as well as by varying the temperature.

In this work we report an important extension of the phenom-
enon ordering of Pluronic surfactants with associating homo-
polymers. We establish that non-polymeric, small molecule
additives that contain multiple hydrogen-bonding sites such as
phenol or carboxylic acid groups at their periphery can likewise
induce order in Pluronic BCP F108 (EO127-PO48-EO127),
resulting in formation of well-ordered materials at additive
loadings up to 40% (Scheme 1). In comparison to homopolymer
additives, non-polymeric additives offer more structural, chemi-
cal, and functional flexibility in functionalization of BCPs.A vast
array of small molecules bearing such hydrogen-bonding groups
exist, and the ones employed here only represent a few possible
structures. Since small molecules are monodisperse in their size
and structure, they also allow a systematic study by providing a
precise control on the size of additive molecules and the number
and type of functional groups. We expect that the principles
established here will be of general utility for the design and
preparation of well-ordered composite materials.

Materials and Methods

Materials. Pluronic F108 (EO127-PO48-EO127, 14.6 kg/mol)
which contains about 80 wt % EO is a commercially available
commodity surfactant and was donated by BASF. Using gel
permeation chromatography, the PDI of F108 was found to be
1.18. Benzene-1,2,3,4,5,6-hexacarboxylic acid (BHCA, Mw =
342 g/mol) and benzene-1,2,3,4,5,6-hexol (HHB, Mw=174 g/
mol) were purchased from TCI America. 5,50-Carbonylbis-
(trimellitic acid) (CTMA,Mw=446 g/mol) was purchased from
Sigma-Aldrich. N,N-Dimethylformamide (DMF) and water
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were purchased from Fisher Scientific. All the materials and
solvents were used as received.

Sample Preparation. Appropriate amounts of F108 and
additives were dissolved in DMF to form 10 wt % solids solu-
tions on a hot plate set to 65 �C. For the case of blends of F108
andBHCA, a 1:1 ratio byweightwater-DMFmixturewas used
as the solvent. The solutions were drop-casted on glass slides
and kept inside a vacuumovenmaintained at 75 �C for 36-48 h.
Solvent mass losses were tracked to confirm that the resulting
samples did not contain any residual solvent. In this work,
compositions are reported as weight ratios of additive to F108.
For example, a blend referred to as 30/70 contains 30% additive
and 70% F108 by weight.

Small-Angle X-ray Scattering. The dried samples were placed
in the center of 1 mm thick metal washers and sealed on both
sides with Kapton film. The filled metal washers were main-
tained at 80 �C on a heating stage from Linkam equipped with
TMS94 temperature controller. A 30 min equilibration time at
80 �C was employed before the measurements which were
conducted for each sample for 1 h. Small-angle X-ray scattering
(SAXS) was performed using an instrument from Molecular
Metrology Inc. (presently sold as Rigaku S-Max3000) using
0.1542 nm (Cu KR radiation) and an incident beam of 0.4 mm
diameter. The sample-to-detector distance was calibrated using
silver behenate standard peak at 1.076 nm-1. The setup employs
a two-dimensional gas-filled wire detector for collection of
scattered X-ray and allows measurements in wave vector (q)
range of 0.06 < q< 1.6 nm-1 in which q= (4π/λ) sin θ, where
2θ is the scattering angle. The raw scattering datawere circularly
averaged andplotted as intensity vs qwhere intensitywas used in
arbitrary units. For data presentation, the profiles are shifted
vertically by multiplying intensity values with constant factors
to avoid overlap of the profiles.

Differential Scanning Calorimetry. The blends prepared for
SAXS were used for DSC to obtain complementary data.
Sample masses of 10-15 mg were filled into aluminum pans
and hermetically sealed. DSC thermograms were measured
using a TA Instruments Q100 DSC equipped with an RCS
cooling system and nitrogen gas purgewith a flow rate of 50mL/
min.Allmeasurementswere conducted in the temperature range
of-90 to 80 �C at a constant heating and cooling rate of 10 �C/
min under a nitrogen atmosphere. Temperature calibration was
carried out using indium as a standard (Tm= 156.6 �C) and the
indium heat of fusion (28.6 J/g) was used to calibrate the heat
flow. The reported DSC thermograms were measured during
second heating cycle. With the exception of neat F108 the
thermograms of the samples are shifted vertically for data
presentation. The constants added for this vertical shifting are
reported. Universal analysis software was used to calculate the
melting enthalpy and the melting temperature associated with
the PEO melting endotherm. The calculated melting enthalpies
were normalized with respect to the weight of PEO in the blend.

Results and Discussion

The small molecule additives blended with F108 are shown in
Figure 1. This set of molecules allows study of the phase behavior

as a function of the identities of the hydrogen-bond-donating
groups and of the size of the noninteracting cores at progressive
additive loadings. BHCA and HHB allow comparison of the
behavior of carboxylic acid groups vs phenol groups in ordering
F108 as they both have the same core and the same number of
hydrogen-bonding groups. Comparison between BHCA and
CTMA illustrates the differences occurring due to varying the
core size while maintaining the same number of carboxylic acid
groups on additive molecules.

In order to test the capability of the additives to induce
ordering of F108, the phase behavior of their blends was assessed
using SAXS. Figure 2 shows the SAXSprofiles for neat F108 and
its blends with BHCA at varying compositions ranging up to
40% in which the disordered state and cylindrical and spherical
morphologies are denoted by letters D, C, and S in parentheses
beside the respective profiles. The SAXS profile of F108 shows a
broad peak which is due to the correlation hole effect observed
for disordered BCPs.2,47 This is expected as F108 is expected to be
disordered at themeasurement temperature of 80 �C.48AsBHCA
is blended, the peak gradually sharpens, indicating an apparent
increase in the segregation strength, χN, between the PEO and
PPO blocks. At 10% loading of BHCA the blend is ordered as
indicated by a sharp primary peak together with appearance of a
higher order peak. Multiple higher order peaks at 30% BHCA
loading indicate formation of well-ordered cylindrical morphol-
ogy. Thus, loadings of BHCA from 10% to 30% resulted in
formation of cylindrical morphology. Since F108 is PEO-rich,
PEO þ BHCA form the matrix whereas PPO forms the cylind-
rical domains. As more BHCA was incorporated, the morphol-
ogy of the blend transitioned into well-ordered spherical
morphology at 40% loading. Thus, on a BCP phase diagram,
the state of blends of F108 and BHCA traverses from disordered
to cylindricalmorphology to spherical morphology regions as the
loading of BHCA increases progressively.

While neat F108 is disordered at 80 �C, the favorable enthalpic
interactions created by maximizing the number of contacts
between the additive and the PEO chains drive the disorder-
to-order transition for blends of F108withBHCA, resulting in an
increase in the ODT temperature. As shown in the Supporting
Information, the effect of weakening the hydrogen bond strength
by increasing the temperaturewas explored for blends containing
10% and 20% BHCA between 60 and 120 �C. The 10% BHCA
blendwas found to be ordered at 100 �Cbut disordered at 120 �C,
indicating that the ODT temperature of this blend falls between
100 and 120 �C. The 20% BHCA blend remained ordered up to
120 �C, indicating that the ODT should be higher than 120 �C.
For the case of 20% BHCA blend since there are more additive
molecules present, a larger number of hydrogen bond associa-
tions are possible for PEO chains which are sufficient tomaintain
order up to 120 �C. It is expected that blends containing 20% or
more BHCA would disorder at an even higher temperature, but
we did not identify the ODT temperatures in these cases as
experiments at greater than 120 �Care complicated by reaction of
the carboxylic acid groups to produce anhydrides.49 In compar-
ison, as expected, the neat F108 is disordered between 60 and
120 �C, as shown in the Supporting Information.

A closer look at the scattering profiles with increasing BHCA
loading reveals some important features of the phase behavior of
the composite. The continuous progression in the location of the
primary peak (d-spacing of the composite) and the appearance of
an OOT from cylindrical to spherical morphology are consistent
with molecular level incorporation of BHCA in F108. The
analysis of the data also suggests that BHCA exhibits limited
compatibility with the PEO domains at high additive loadings.
The SAXS data suggest that the maximum BHCA loading is
about 40% as the SAXS profile for 50% loading of BHCA
matched in peak positions and morphology to that obtained for

Scheme 1. Schematic Representation of Additive Driven Assembly of
Disordered F108 Induced by Blending with Hydrogen-Bond-Donating

Small Molecule Additivesa

aPEO in green forms the matrix containing the dispersed small
molecule additive. PPO in blue forms the minority domain, either
cylinders or spheres.
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40% loading, suggesting that addition of BHCA above this point
leads to macrophase segregation. This system was therefore
studied up to 40% loading of BHCA. Furthermore, in addition
to indicatingmolecular level incorporation of BHCA, occurrence
of OOT from cylindrical to spherical morphology between 30%
and 40% loading of BHCA indicates qualitatively that the
incorporation of BHCA must be selective toward PEO, thereby
causing a reduction in the relative volume fraction of the PPO
phase leading to formation of spherical morphology. Scaling of
interplanar spacing with composition as discussed later further
suggests that this indeed is the case.

We next explore the effect of the nature of hydrogen-bond-
donating group (i.e., carboxylic acid vs phenol groups) of the
additive molecules on the ordering of F108 by comparing the
behavior of the BHCA and HHB additives. Since the interaction
of additive molecules with PEO chains drives the ordering of
F108, a change in the functional groupmust affect the strength of
interaction, which should affect the incorporation of additives
and the consequent phase behavior. Figure 3 shows the scattering
profiles of blends of F108 with HHB loaded up to 30%. Quali-
tatively, the phase behavior of HHB blends is similar to that

observed with BHCA. The broad correlation hole peak of neat
F108 sharpens into a primary peak and higher order peaks
appear as HHB composition increases, indicating disorder-
to-order transition due to enhanced segregation strength between
PEO and PPO chains. However, the change in segregation
strength upon addition of HHB to F108 is found to be less than
that with BHCA. This can be seen by comparing the SAXS
profiles at 10% loading in both cases. While 10% BHCA caused
formation of well-ordered morphology, 10% HHB blend is not
ordered even though the number of carboxylic acid groups
contributed by BHCA per equivalent volume fraction of additive
is less because of its higher molecular weight than HHB. Thus,
carboxylic acid groups are found to be more efficient at causing
ordering of F108 than phenol groups which seems to indicate
that, as compared to phenol groups, carboxylic acid groups
interact more strongly with the ether oxygen of PEO. Upon
addition of 15-30% loading of HHB, an ordered cylindrical
morphology appears similar to that seen for BHCA at the same
loadings. The scattering profiles of blends with loadings higher
than 30% did not show variation in position of primary peak or
OOT, and therefore the saturation level of HHB in F108must be
close to 30%. Thus, by comparison, the carboxylic acid function-
ality was slightly more effective for achieving high additive
loading as compared to phenol functionality.

Next, the effect of increasing core size of additive molecule
while maintaining the same number of hydrogen-bonding inter-
action sites on each molecule was explored by comparing the
behavior of BHCA and CTMA for which the core size is about
double that of BHCA. The SAXS profiles obtained for blends of
F108 with CTMAare shown in Figure 4. As the size of the core is
increased while maintaining the same number of carboxylic acid
groups, the number of available carboxylic acid groups added is
decreased at a particular additive loading. This impacts segrega-
tion strength, and at a 10% loading, while the BHCA blend is
ordered, the CTMA blend is not yet ordered. By comparison to
BHCA, the range of composition within which CTMA blends
form cylindrical morphology is smaller. While the 30% BHCA
blend shows cylindrical morphology, the 30% CTMA blend
showed spherical morphology. This implies that simply by
varying the molecular structure of the additives the resulting

Figure 1. Hydrogen-bond-donating additives incorporated into the PEO phase of F108: (a) benzene-1,2,3,4,5,6-hexacarboxylic acid (BHCA), (b)
benzene-1,2,3,4,5,6-hexol (HHB), (c) 5,50-carbonylbis(trimellitic acid) (CTMA).

Figure 3. SAXS profiles of neat F108 and its blend with 30% benzene-
1,2,3,4,5,6-hexol (HHB) at 80 �C. The disordered state and cylindrical
and spherical morphologies of the blends are denoted by D, C, and S,
respectively.

Figure 2. SAXS profiles of blends of F108 and benzene-1,2,3,4,5,6-
hexacarboxylic acid (BHCA) as a function of composition at 80 �C.The
disordered state and cylindrical and spherical morphologies of the
blends are denoted by D, C, and S, respectively.

Figure 4. SAXS profiles of neat F108 and its blends with 5,50-
carbonylbis(trimellitic acid) (CTMA) as a function of composition at
80 �C. The disordered state and cylindrical and spherical morphologies
of the blends are denoted by D, C, and S, respectively.
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blend morphology may be varied at the same additive loading,
i.e., at the same relative volume fraction of the twophases formed.
A transition from cylindrical to spherical morphology should
occur at a point when the entropic penalty of stretching the PEO
and PPO chains away from the interface exceeds the entropic
penalty in causing additional interfacial curvature in transitioning
from cylindrical to spherical morphology.43 The OOT occurs at a
lower composition of CTMA than BHCA, which may imply a
larger capacity of CTMA to affect chain density at the interface
and thus the chain stretching. This in turnmay imply that CTMA
is present closer to the PEO-PPO interface than BHCA. CTMA
blends showed systematically varying scattering profiles up to
45% loading without any signs of macrophase separation. In
contrast, as described earlier, the saturation level for BHCA and
HHB was found to be 40% and 30%, respectively. At 45%
loading a disordered blend resulted, implying that the relative
volume fraction changed sufficiently to bring the system into
disordered region.

Comparison of the full width at half-maximum (FWHM) of
the primary peaks of the SAXSprofiles provides a comparison of
thedegreeoforder inBCPsystems.38,46SmallerFWHMcorresponds
to a higher degree of segregation and overall order. The primary
peaks for all blends were fitted to a Gaussian curve, and the
values of FWHM obtained were plotted against blend composi-
tions as shown in Figure 5.50 For all additives, the FWHM value
decreases from that of neat F108, indicating an increase in
segregation strength upon addition of additives. At lower load-
ings, BHCA blends show the largest drop in FWHM which
indicates that BHCA has the highest tendency to cause phase
segregation of F108. The FWHM values of CTMA and HHB
blends are larger than BHCA with that of CTMA being slightly
less than that of HHB. The FWHM values decreases rapidly
initially with loading of additives, indicating a sudden jump as
disorder-to-order transition occurs and then follows a slowly
increasing trend with further increase in the loading of additives.
After the initial dramatic reduction in FWHM, the FWHM for

blendswithdifferent additives are comparable in the intermediate
composition range (probably due to detector resolution limit)
and preclude any comparison. Even so, as seen next, the primary
peak positions provide a comparison between segregation
strengths induced by various additives. The FWHM of CTMA
covered the entire range of behavior, i.e., initial rapid decrease,
followed by a gradual increase in the ordered region and then a
rapid increase at high loadings implying order-to-disorder transi-
tion.

Figure 6a compares the variation of primary peak position, q*,
for all blends. The value of q* is the smallest for BHCA and
largest for HHB within a particular morphology with CTMA
falling in between. A sudden increase in the q* value at 40% for
BHCA and at 30% for CTMA is due to OOT from cylindrical to
spherical morphology while HHB blends remained cylindrical in
the composition range explored. The interplanar spacing between
100 planes of blends forming cylindrical morphology was esti-
mated as 2π/q* and plotted against theweight fraction ofF108 on
a log-log scale in Figure 6b. The value of scaling exponent β in
the relation d∼φp

-β of interplanar spacing (d) vs volume fraction
of BCP (φp) can be useful in identifying the selectivity of the
additives.51 A positive value of β indicates selectivity of additives
toward one of the phases. In this work, assuming that the density
of additives is the same as the density of F108, the interplanar
spacing vs volume fraction for the blends formed with the three
additives has been fitted as shown in Figure 6b according to the
relation

d ¼ Aφp
- β

where the prefactor A represents a hypothetical interplanar
spacing of neat F108 had it been ordered. The value of A was
set to 11.852 nm, and the d vs φp data were fitted to estimate the β
exponents. This value of A was found to minimize the sum of
squares of residuals for all the three fittings.52 The values of
scaling exponent, β, for the case of BHCA, HHB, and CTMA
were found to be 0.595, 0.264, and 0.455, respectively. Compared
to values in the literature for other systems,51 such positive and
high values indicate strong selectivity of the additives toward
PEO phase as the systems order. Although these values are
estimated assuming that the density of additive molecules are
the sameas that ofF108, the scaling exponents couldbe estimated
more precisely by using liquidlike densities as the density of
additives. However, such values are not reported in part because
BHCA and CTMA contain carboxylic acid groups which under-
go dehydration below melting temperature. Since additive mole-
cules interact favorably among themselves via hydrogen bonding,
the liquidlike densities of additives are expected to be at least as
small as F108 if not higher. If the densities of the additives were
higher than that of F108, even higher β exponents would result.
Therefore, the values estimated above represent the lower bounds

Figure 6. Comparison of behavior of BHCA, HHB, and CTMA additives: (a) variation of position of primary peak for blends; (b) scaling of
interplanar spacing (d) with composition (φp) for blends that formed cylindrical morphologies.

Figure 5. Full width at half-maximum (FWHM) of the primary scat-
tering peaks for blends of F108 with BHCA, HHB, and CTMA.
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of the scaling exponents. Although all the three additives are
strongly selective toward the PEOphase, their blends differ in the
domain spacings formed at the same loadings. This is attributed
to the differences in the capacity of the additives to enhance
the segregation strength. As segregation strength increases, the
domain interface becomes narrower and the polymer chains
stretch farther away from the domain interface leading to larger
domain spacing. Such a behavior is commonly observed in other
BCP systems in which temperature-dependent variations in seg-
regation strength shift the domain spacing.53-55 Similar behavior
is observed for the 10% and 20% BHCA blends (see Supporting
Information). Among the three additives employed in this work,
the SAXS data indicate that BHCA enhances the segregation
strength most effectively followed by CTMA and then HHB.
Therefore, BHCA blends form the highest domain spacing
followed by CTMA and then HHB.

The strength of interaction of the additives with PEO chain
segments and consequently their miscibility with PEO phase can
be compared by comparing the DSC thermograms of neat F108
with that of various blends.9 The DSC thermograms obtained
between -60 and 75 �C for neat F108 and its blend with the
additives BHCA, HHB, and CTMA are shown in Figure 7. The
thermograms for the blends were shifted vertically by adding
constant values to heat flow. The values of the shifts are given in
parentheses beside the thermograms. Neat F108 is characterized
by a melting endotherm associated entirely with the melting of
PEO crystallites because PPO does not crystallize and therefore
shows no melting. As the additives are blended, they associate
with the PEO segments, impede their crystallization, and cause a
lowering of the PEO melting temperature. The general trend
observed upon blending additives is that the melting
endotherm peak becomes smaller and its peak position shifts
systematically to lower temperatures, which indicates molec-
ular scale interaction and of the additives with PEO chains.
The behavior of the three additives can be better compared by
comparing the melting enthalpies normalized by the weight of
PEO in the blends and the melting temperatures represented by
the endotherm peak positions. These comparisons are plotted
in Figure 8 as a function of the blend compositions. BHCA
caused maximum changes in these values from neat F108,
indicating the strongest interaction with PEO which is con-
sistent with the earlier mentioned observations of least FWHM
of the primary scattering peaks and largest domain spacing for
BHCA blends. The interaction of HHB with PEO is the
weakest out of the three additives while CTMA ranges in
between BHCA and HHB. It is clear from this data that while
all the three additives showed favorable enthalpic interaction
with PEO, carboxylic acid groups promote stronger inter-
action with PEO chains than phenol groups.

A smaller change in melting enthalpy for HHB blends also
supports the finding from SAXS that hydrogen bond strength
between HHB and PEO is less than the hydrogen bond
strength between BHCA and PEO. Since PEO has a strong

tendency to crystallize, weaker interaction energy of PEO with
HHB allows more PEO segments to crystallize.

Conclusions and Outlook

We find that blending of small molecule additives that bear
hydrogen-bonding sites for PEO at multiple locations can induce
order in otherwise disordered Pluronic surfactants due to strong
association with the PEO chains. Favorable hydrogen-bonding
interaction between the additive molecules and PEO blocks
causes selective incorporation of high loadings of the additives
into the PEO phase. With increasing amount of additives in the
blends OOT from cylindrical to spherical morphology occurred,
and in the case of CTMA, this was followed by an order-
to-disorder transition.

The availability of Pluronic surfactants with a wide range of
relative volume fractions of PEO and PPO and the possibility of
enriching them with a wide variety of readily available additives
having various chemical attributes and molecular structures
provide a rather general route to formation of BCP templates
with phase selective functionalization with different morpholo-
gies and continuous range of domain spacings. Judicious choice
of the additive allows formation of BCP templates selectively
functionalized with different chemical groups. Moreover, varia-
tion of the core structure will enable the design of functional or
structural materials. For example, we have extended this strategy
to phase selective assembly of large aromatic molecules including
molecular glasses for use as etch masks and inorganic cores
including polyhederal silsesquioxane and nanoparticles to form
highly loaded and well-ordered polymer nanocomposites
(manuscript in preparation). While the assembly described here
should be generally applicable to block copolymer/additive
systems containing complementary hydrogen bond donors and
acceptors, the realization of well-ordered materials that are
templated entirely from commercially available BCP surfactants
offer advantages to traditional BCPs in terms of availability,
scalability, and cost.

It is observed that when sufficient amount of additives that are
capable of interactingwithPEOare added, in addition to thephase
segregation to form ordered morphologies, the crystallization

Figure 7. DSC thermograms of neat F108 and its blendwith (a) BHCA, (b) HHB, and (c) CTMA. The constants added to the heat flow values to shift
the blend thermograms vertically upward are shown in parentheses.

Figure 8. Analysis of endotherm peaks obtained for blends with vary-
ing BHCA, HHB, and CTMA compositions: (a) melting enthalpy
normalized by the PEO concentration in the blends; (b) melting
temperatures corresponding to the endotherms.
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of PEO is also suppressed. In addition, the blends studied were
solidlike even at 80 �C whereas F108 is liquid at this temperature.
Reduction in crystallanity of PEO while maintaining solidlike
consistency is important for application of PEO and PEO-based
block copolymers toward polymer electrolytes in rechargeable
lithium ion batteries. For example, significant efforts have been
made to reduce the crystallanity of PEO, thereby increasing its
ionic conductivity by incorporation of salts and nanofillers.56-59

In addition, the need for high mechanical integrity has been
addressed by employing PEO-containing BCPs in which the other
block provides the necessary mechanical strength as well as
constraints by which the ion conduction paths become well-
defined.33,60,61 The present work hints at the design rules for
additives in terms of their molecular architecture and chemical
functionality which can be effective in altering the properties of
PEO-based polymers.
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