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ABSTRACT: Block copolymers with tunable compositions
oﬀer the ability to directly control the interaction strength
between the two blocks and therefore polymer properties. The
miscibility of an A−B block copolymer can be increased by
introducing B or B-like comonomers into the A block, and
literature has shown that both the amount and the distribution
of these comonomers aﬀect the compatibility of the two
blocks. Sequence-deﬁned block copolymers in which one can
exactly control the composition and comonomer distribution
provide a unique opportunity to control the overall strength of
segregation. Here, sequence-deﬁned block copolymers have
been synthesized via azide−alkyne coupling using polystyrene
and sequence-speciﬁc polypeptoids (N-substituted glycines)
with 2-methoxyethyl side chains. These polystyrene-polypeptoid block copolymers readily self-assemble into hexagonally packed
and lamellar morphologies. N-(2-phenylethyl)glycine residues, which have a styrene-like side chain, were introduced throughout
the polypeptoid block to increase the compatibility with the polystyrene block. As the compatibility increased, the strength of
segregation and therefore the block copolymer order−disorder transitions decreased. The polystyrene−polypeptoid block
copolymers provide a tunable platform for further studies on the eﬀect of composition and sequence design on self-assembly and
block copolymer properties.

■

INTRODUCTION
Well-deﬁned polymers with tunable compositions are desirable
because they oﬀer control over polymer properties. In the case
of block copolymers, where the volume fraction of the A or B
monomer dictates the self-assembled morphology,1 the
introduction of B or B-like monomers into the A block (or
vice versa) can allow the eﬀective interaction parameter to be
tuned by increasing the compatibility of the two blocks. The
ability to directly control this interaction between the two
blocks (or the strength of segregation of the block copolymer)
has an important impact on the tunability of the order−
disorder transition (ODT) temperature, which in turn relates to
polymer processing temperatures and mechanical properties.
The introduction of both A and B-like monomers into one
block requires a synthesis method with control over the
comonomer distribution. It has been shown that gradient,
blocky, and statistical distributions all aﬀect the strength of
segregation for a given composition. 2−8 For instance,
Beckingham and Register found that a block-random
architecture (A−B/A) decreases the interaction energy density
between styrene and isoprene by a factor of 8 compared to A−
B block copolymers (for a composition of 0.5).2 In addition,
Hodrokoukes et al. found that increasing the size of a tapered
interface for styrene-isoprene block copolymers systematically
© 2012 American Chemical Society

increased the compatibility and that inversely tapered
distributions further lowered the strength of segregation.8
Thus, in order to have a controlled eﬀect on the strength of
segregation, control over both composition and comonomer
distribution is required.
Classical polymerization methods oﬀer various levels of
control over comonomer distribution. Radical and anionic
polymerization methods are often sensitive to diﬀerences in the
reactivity ratios of the monomers,9,10 leading to the formation
of gradient or blocky sequences, though completely statistical
copolymers are more diﬃcult. While previous research has
shown that the addition of modiﬁers to anionic copolymerizations can eﬀectively tune the randomness of the comonomers,2,4,11 the type and concentration of the modiﬁer is systemdependent and does not aﬀect all comonomer pairs equally. In
addition, copolymerization leads to heterogeneous batches (not
every polymer chain is the same), further complicating the
characterization of the comonomer distribution. Sequencedeﬁned syntheses, however, oﬀer the freedom to completely
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Figure 1. Conjugation reaction scheme for polystyrene and an example polypeptoid.

assembly in the solid state with composition and sequence
control.
Here, it is shown that polypeptoids are an excellent system
for designing block copolymers with tunable compositions and
hence ODTs. Block copolymers were synthesized from
polystyrene and polypeptoids using azide−alkyne coupling.
The polypeptoids had methoxyethyl side chains and ranged
from exactly 18 to 48 monomers in length. As homopolymers,
these peptoids are amorphous with glass transitions below that
of polystyrene, as shown by diﬀerential scanning calorimetry.
Several of the block copolymers self-assembled in the solid state
with morphologies similar to those expected from classical
block copolymers with analogous volume fractions. Upon the
introduction of a comonomer with a styrene-like side chain into
the polypeptoid block, the strength of segregation was
decreased, and the order−disorder transition for all block
copolymers decreased. These block copolymers set the stage
for the investigation of the eﬀect of more complex interactions
and monomer sequences on self-assembly through the
manipulation of the polypeptoid block.

control both polymer composition and comonomer distribution.
Despite recent advances in sequence control in polymerization chemistry,10,12−17 the synthesis of biological and
biomimetic polymers perhaps oﬀers the most versatility and
control over the composition of a polymer. Because monomer
sequence is a fundamental attribute of the structure and
function of biological polymers, monodisperse polymers are
typically synthesized by solid-phase, step-by-step methods,
although genetic engineering techniques have also been
used.18−20 Recently, there has been much interest in the selfassembly of block copolymers containing a sequence-deﬁned
biopolymer.21−24 However, traditional biopolymers such as
polypeptides often exhibit uncontrollable hydrogen bonding
interactions or crystallinity in the solid state that can lead to
rigid chain shapes and inhibit self-assembly. In this work, block
copolymers with tunable compositions have been synthesized
from polystyrene and a sequence-deﬁned peptoid polymer.
Polypeptoids, or N-substituted glycines, are peptidomimetic
polymers that oﬀer several advantageous properties for
materials studies in the solid state.25 The N-substitution in
the polypeptoid backbone removes intermolecular hydrogen
bonding, and the achiral backbone leads to a ﬂexible polymer
chain (persistence length of approximately 0.5−1 nm).26 These
simpliﬁed interactions allow the design of polymer properties
through the choice of side chains. Polypeptoids are sequence
speciﬁc and have absolute monodispersity because they can be
synthesized by solid-phase methods,27,28 and this control over
the exact placement and choice of monomers leads to further
control over the thermal, mechanical, and conformational
properties of the peptoid polymer chain.25,26,29 In addition, the
chemical diversity of polypeptoids is vast because the side chain
moiety is introduced via displacement with a primary amine (of
which there are literally hundreds readily available), meaning
that one can easily tune the interaction strength of the
polypeptoid with neighboring polymer chains. For example,
peptoid polymers have been shown to have interesting selfassembly properties in solution.30−34 All of these factors
indicate that polypeptoids are ideally suited for exploring self-

■

EXPERIMENTAL METHODS

Synthesis of Chloride End-Functionalized Polystyrene.
Nitroxide-mediated radical polymerization was used to synthesize
polystyrene with a chloride end group. The alkoxyamine initiator, Ntert-butyl-O-[1-(4-chloromethylphenyl)ethyl]-N-(2-methyl-1phenylpropyl)hydroxylamine (Cl-BzEt-TIPNO), was synthesized
following a previously published procedure.35 Styrene monomer
(Sigma-Aldrich, St. Louis, MO) was ﬁltered over basic alumina to
remove the inhibitor. Depending on the desired molecular weight,
calculated amounts of the ﬁltered styrene and the Cl-BzEt-TIPNO
initiator were added to the reaction ﬂask and degassed by three
freeze−pump−thaw cycles. The reaction mixture was heated in an oil
bath at 115 °C overnight. The reaction mixture was then precipitated
in methanol to give a white powder.
Synthesis of Azide End-Functionalized Polystyrene. Chloride
end-functionalized polystyrene (0.15 mmol) was dissolved in DMF
(100 mL), and 25 mol equiv of sodium azide were added. The reaction
mixture was stirred overnight at 60 °C. The polymer was then
precipitated in methanol to yield a white powder.
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Synthesis of Alkyne End-Functionalized Polypeptoids.
Polypeptoids were synthesized on a custom robotic synthesizer or a
commercial Aapptec Apex 396 robotic synthesizer according to
previously published methods.25,27 As previously described, all primary
amine monomers were added in a stepwise fashion. The ﬁnal
monomer on the N-terminus of the polypeptoid was functionalized
with an alkyne using propargylamine (Sigma-Aldrich, St. Louis, MO).
All polypeptoids were acetylated on the resin and puriﬁed as
previously described.25 Molecular weights of the polypeptoids were
determined using an Applied Biosystems 4800 series MALDI−TOF
with a laser power of 5000. MALDI samples were prepared using a 1:1
ratio of polypeptoid in acetonitrile (1 mg/mL) to 1,8,9-anthracenetriol
(10 mg/mL in THF). The polypeptoid sequences investigated in this
work are shown in Figure 2, and details of the molecules synthesized

scintillation vial. The vial was purged with nitrogen, capped, and sealed
with Paraﬁlm. To ensure that the reactants were dissolved, the vial was
placed into a bath sonicator (Fisher Scientiﬁc, Solid State Ultrasonic
FS-9) for 10 min. It was then shaken at room temperature overnight.
Upon completion of the reaction, the polymer was precipitated in
methanol if the polystyrene block was large (8800 g/mol) and washed
with acetonitrile to remove excess polypeptoid homopolymer. If the
polystyrene block was small (4800 g/mol and 3300 g/mol), the
polymer was precipitated in water, redissolved in THF, and stirred
with basic alumina for 30 min to remove the copper catalyst. Following
ﬁltration of the basic alumina, the block copolymer was puriﬁed using
a Viscotek preparative GPC equipped with a UV wavelength detector
(260 nm). Chloroform was used as the solvent. After puriﬁcation, the
polypeptoid-polystyrene block copolymers were dissolved in appropriate glacial acetic acid/acetonitrile/water mixtures and lyophilized
twice to obtain a ﬂuﬀy white powder. A comprehensive list of the
block copolymers synthesized is given in Table 2.
Gel Permeation Chromatography (GPC). The molecular
weights and polydispersities of the polystyrene homopolymers were
measured on a Viscotek SEC using Viscotek GMHHR-M columns.
Refractive index was used for molecular weight determination with the
use of polystyrene calibration standards (Polymer Laboratories). Using
a ﬂow rate of 1 mL/min, the mobile phase was DMF with 0.2% w/v
LiCl at 70 °C. Representative GPC traces for the synthesized block
copolymers are shown in Figure 3.
Density. The density of the polypeptoids was measured to be 1.18
± 0.02 g/cm3 using a density gradient column at room temperature
with an aqueous sucrose gradient. The density gradient was built from
a 20% w/v sucrose solution (1.08 g/cm3) and a 60% w/v sucrose
solution (1.29 g/cm3) using a BioComp Gradient Master (BioComp
Instruments Inc., Canada). The linearity of the density gradient
column was conﬁrmed using glass beads of known density. The
measured density was used to calculate φpeptoid, the volume fraction of
the polypeptoid in the polystyrene−polypeptoid block copolymers.
Diﬀerential Scanning Calorimetry (DSC). DSC was performed
on a Thermal Advantage Q20 calorimeter equipped with a
Refrigerated Cooling System RCS40 (both TA Instruments, New
Castle, DE). Homopolymer and block copolymer samples were
hermetically sealed into aluminum pans. Each sample was taken
through ﬁve temperature cycles. In each cycle, the sample was
equilibrated at −40 °C, heated to 180 at 10 °C/min, then cooled back
to −40 at 10 °C/min. The ﬁrst cycle was discarded to erase the
thermal history of the sample.
Small Angle X-ray Scattering (SAXS). Samples were prepared by
hot pressing the block copolymers into aluminum washers at 120−150
°C using a Carver Press at 5000 lbs. Samples were pressed until 1 mm
thick polymer disks were formed in the interior of the washer. One
side of the sample washer was glued to a Kapton window, and the
entire sample cell was then annealed in a vacuum oven (10−9 Torr, at
various temperatures between 100 and 150 °C depending on the block
copolymer) for 24 h. After annealing, a second Kapton window was
glued to the washer to seal the polymer sample completely.
SAXS was conducted at beamline 7.3.3 at the Advanced Light
Source (ALS) and beamline 1−4 at the Stanford Synchrotron

Figure 2. Peptoid structure with alkyne functionalization. Nme = N(2-methoxyethyl)glycine, Npe = N-(2-phenylethyl)glycine. The
hexapeptoid repeat unit is n, and N is the total number of repeat units.
are given in Table 1. Peptoid purities were determined by analytical
HPLC (shown in the Supporting Information) and refer to the
amount of exactly monodisperse peptoid of the desired length. The
major observed side products for the polypeptoids synthesized here do
not contain the acetyl end group or the alkyne functional group and do
not participate in the azide−alkyne coupling.
Synthesis of Polypeptoid-Polystyrene Block Copolymers.
The block copolymers were synthesized by azide−alkyne coupling, as
shown in Figure 1, using a modiﬁcation of the procedure described by
Holub et al.36 The azide end-functionalized polystyrene (1.8 mM) was
allowed to react with 2 equiv of the alkyne end-functionalized
polypeptoid (3.7 mM), 5 equiv of CuII (9.5 mM), 6 equiv of ascorbic
acid (10.8 mM), and 10 equiv of DIPEA (18 mM) in DMF in a 20 mL

Table 1. Polypeptoids Synthesized and Their Characteristicsa
polymer

sequence

Mn,theor/obs (g/mol)

Npeptoid

purity (%)b

(Nme)18
(Nme)24
(Nme)36
(Nme)48
(Nme-co-Npe)18
(Nme-co-Npe)24
(Nme-co-Npe)36
(Nme-co-Npe)48

(NmeNmeNmeNmeNmeNme)3
(NmeNmeNmeNmeNmeNme)4
(NmeNmeNmeNmeNmeNme)6
(NmeNmeNmeNmeNmeNme)8
(NmeNpeNmeNmeNpeNpe)3
(NmeNpeNmeNmeNpeNpe)4
(NmeNpeNmeNmeNpeNpe)6
(NmeNpeNmeNmeNpeNpe)8

2226/2227.7
2917/2916.4
4285/4286.1
5681/5684.0
2641/2642.7
3471/3471.4
5129/5128.3
6787/6786.2

18
24
36
48
18
24
36
48

97.1
93.8
90.7
95.7
91.2
97.6
89.7
77.1

a

Chemical structures of the polypeptoid blocks are given in Figure 2. Nme = N-(2-methoxyethyl)glycine; Npe = N-(2-phenylethyl)glycine. bAfter
HPLC puriﬁcation, determined by analytical HPLC.
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Table 2. Polystyrene−Polypeptoid Block Copolymersa

a

polymer abbreviation

PS Mn (g/mol)

PS PDI

peptoid Mn (g/mol)

Φpeptoid

morphology

S84Nme18
S84Nme24
S84Nme36
S84(Nme-co-Npe)18
S84(Nme-co-Npe)24
S84(Nme-co-Npe)36
S84(Nme-co-Npe)48
S48Nme36
S48(Nme-co-Npe)36
S32Nme18
S32Nme24
S32Nme36
S32Nme48
S32(Nme-co-Npe)18
S32(Nme-co-Npe)24
S32(Nme-co-Npe)36
S32(Nme-co-Npe)48

8800
8800
8800
8800
8800
8800
8800
4800
4800
3300
3300
3300
3300
3300
3300
3300
3300

1.09
1.09
1.09
1.09
1.09
1.09
1.09
1.1
1.1
1.08
1.08
1.08
1.08
1.08
1.08
1.08
1.08

2226
2917
4285
2641
3471
5129
6787
4285
5129
2226
2917
4285
5681
2641
3471
5129
6787

0.18
0.23
0.30
0.21
0.26
0.34
0.41
0.44
0.49
0.38
0.44
0.54
0.61
0.42
0.48
0.58
0.65

DIS
HEX
HEX
DIS
DIS
HEX
LAM
LAM
LAM
DIS
LAM
LAM
LAM
DIS
DIS
DIS
DIS

domain spacing (nm)
13.4
14.6

15.6
15.9
14.0
14.8
11.1
12.6
13.1

“S” denotes polystyrene. Peptoid abbreviations are given in Table 1.
were collected on an ADSC CCD detector with an active area of 188
mm by 188 mm. The isotropic scattering patterns were radially
averaged, and the scattering intensity was corrected with the postion
chamber intensity using Nika37 version 1.18. At SSRL, the beamline
was conﬁgured with an X-ray wavelength of λ = 1.488 Å and focused
to a 0.5 mm diameter spot. A single quadrant of a two-dimensional
scattering pattern was collected on a CCD detector with an active area
of 25.4 by 25.4 mm. The two-dimensional proﬁles were radially
averaged and corrected for detector null signal, dark current, and
empty cell scattering.
Transmission Electron Microscopy (TEM). Bulk block copolymer samples were prepared by casting thick ﬁlms (several micrometers) from THF onto molded epoxy resins and annealing in a
vacuum oven overnight. After annealing, a thin layer of gold was
evaporated onto the sample, which was then fully encapsulated in
epoxy resin. The samples were microtomed and selectively stained
with RuO4 vapor for 45 min. TEM imaging was conducted on a JEOL
JEM-2100 microscope at an operating voltage of 200 kV.

Figure 3. GPC traces for block copolymers containing both Nme and
(Nme-co-Npe) polypeptoids. The dashed vertical line is a guide to the
eye so that the peak shifts can be seen more clearly.

■

RESULTS AND DISCUSSION
Synthesis of Polypeptoids and Polystyrene-Polypeptoid Block Copolymers. Two sets of polypeptoids ranging in
length from 18 monomers to 48 monomers were successfully
synthesized, as shown in Table 1. The ﬁrst set of polypeptoids

Radiation Lightsource (SSRL). At the ALS, the beamline was
conﬁgured with an X-ray wavelength of λ = 1.240 Å and focused to
a spot size of 50 μm by 300 μm. Two-dimensional scattering patterns

Figure 4. DSC thermograms of Nme and (Nme-co-Npe) peptoid copolymers. The addition of aromatic residues increases the glass transition of the
polypeptoid chain.
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was designed to be amorphous and soluble in similar solvents
to polystyrene. Thus, N-(2-methoxyethyl)glycine was chosen to
incorporate a neutral, polar side chain into the peptoid
polymer. The second set of polypeptoids was designed to
contain similar side groups to polystyrene; to achieve this
chemical similarity, 50% of the monomers were N-(2phenylethyl)glycine residues. The chemical structures for
both sets of these polypeptoids are shown in Figure 2.
Polystyrene was prepared using nitroxide-mediated radical
polymerization with an alkoxyamine initiator.35 All polystyrene
polymers synthesized had low polydispersities of approximately
1.1 (Table 2). The polypeptoids were conjugated to
polystyrene using azide−alkyne coupling, as shown in Figure
1. Various molecular weights of polystyrene were chosen to
access a wide range of polypeptoid volume fractions. Details of
the block copolymers are given in Table 2, and representative
GPC traces for the synthesized block copolymers are given in
Figure 3. The shifts in the GPC retention times indicate the
successful conjugation of the polypeptoid blocks to the
polystyrene blocks.
Thermal Properties of Polypeptoids. The side chains in
a given peptoid polymer have a large inﬂuence on the thermal
properties of the chain.25 Here, homopolymer peptoids of N(2-methoxyethyl)glycine (Nme, Figure 2) and copolymers of
Nme and N-(2-phenylethyl)glycine (Nme-co-Npe, Figure 2)
were amorphous polymers with measurable glass transition
temperatures (Tg). As shown in Figure 4, all Nme polypeptoids
studied showed a T g at approximately 45 °C. Upon
incorporation of 50% aromatic residues into the polypeptoid
chain, the Tg increased for all chain lengths. The Tg increased
from approximately 58 °C for an Nme-co-Npe copolymer that
was 18 monomers in length to approximately 70 °C for an
Nme-co-Npe copolymer 48 monomers in length. Previously, it
was shown that a homopolymer peptoid containing 100% Npe
residues crystallized readily with a melting transition at 225
°C.25 In addition, when only two (of 15) N-(3-phenylpropyl)glycine residues were inserted into that homopolypeptoid, the
crystallinity was completely disrupted. Here, spacing the
phenylethyl side chains with methoxyethyl residues prevents
the aromatic side chains from crystallizing, although the
aromatic side chains do contribute to the glassiness of the
polypeptoid chain. As the total number of aromatic residues
and the chain length increase, the Tg also increases slightly,
whereas for the Nme homopolymers, all chain lengths showed
approximately the same Tg.
Self-Assembly of PS-b-Nme Block Copolymers. Block
copolymers were synthesized from Nme blocks that were
exactly 18, 24, 36, and 48 monomers long and polystyrene
blocks that were approximately 32, 48, and 84 monomers long
with a polydispersity of 1.1. DSC heating traces for a subset of
these diblocks are presented in Figure 5 to show a
representative sample of their thermal behavior. The derivative
heat ﬂow is plotted so that the glass transitions of the two
blocks can be seen more clearly (as peaks rather than inﬂection
points). For these PS-b-Nme block copolymers (hereafter
denoted as SmNmeN, where m is the approximate number of
repeat units of the polystyrene block and N is the total number
of repeat units of the polypeptoid block), the DSC endotherms
can be used to determine the presence of microphase
separation if two glass transitions are present.
For S84Nme36, two peaks can be seen: a relatively broad peak
around 45 °C corresponding to the peptoid Nme block and a
sharper peak at approximately 100 °C corresponding to the

Figure 5. DSC traces for SNme block copolymers. The presence of
two peaks for S84Nme36 indicates microphase separation.

polystyrene block. The presence of these two peaks indicates
microphase separation of the two blocks and therefore selfassembly, which is corroborated by SAXS and TEM (as will be
discussed below). The DSC heating traces show that for
S84Nme18 and S84Nme24, only the Tg of the polystyrene block
can be clearly observed. For S84Nme18, this result indicates a
lack of microphase separation. For S84Nme24, however, SAXS
(Figure 6) shows microphase separation, meaning that the

Figure 6. SAXS data indicates that SNme block copolymers readily
self-assemble into both lamellar and hexagonally packed morphologies.
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thermal behavior of the peptoid block may simply be diﬃcult to
see with DSC because it is relatively short compared to the
polystyrene block.
As indicated by the SAXS data in Figure 6, the polypeptoidbased block copolymers with methoxyethyl side chains readily
self-assemble into both lamellar and hexagonally packed
morphologies. As indicated by the integer spacing of peaks,
q* and 2q*, both S32Nme48 and S48Nme36 self-assemble into a
lamellar morphology. It is well-known that classical block
copolymers with a volume fraction ratio in the range of 40:60−
60:40 (roughly symmetric) of the two blocks form lamellar
morphologies.1 With respective peptoid volume fractions of
0.61 and 0.44, S32Nme48 and S48Nme36 fall into this volume
fraction range. As the volume fraction of polypeptoid is
decreased, a hexagonal morphology is accessed, as indicated by
the 1:√3:√7 spacing of the SAXS peaks for both S84Nme36
and S84Nme24 (peptoid volume fractions of 0.30 and 0.23,
respectively). This result is again in good agreement with the
classical block copolymer phase diagram in which block
copolymers with 70:30−80:20 compositions of the two blocks
form hexagonal morphologies.1 For hexagonally packed
cylinders, a reﬂection at √4q* is also usually seen. In the
case of S84Nme24, this reﬂection is quite small (shown in the
Supporting Information); however, for S84Nme36, this reﬂection
is completely suppressed as a result of destructive interference
between the form factor and the structure factor for cylinders at
this volume fraction of polypeptoid.38 Below 20% volume
fraction of polypeptoid, the SNme block copolymers show no
higher order peaks and a relatively broad primary peak,
indicating a disordered phase.
Previous studies on the self-assembly of block copolymers
containing a peptide block (which has the same backbone and
side chain spacing as polypeptoids) have observed both
lamellar39−42 and hexagonal43−46 structures. However, it is
not unusual for the lamellar phases to persist to unusually
asymmetric block copolymer compositions due to factors that
rigidify the peptide chain such as crystallinity, hydrogen
bonding, and helicity.42 For a polypeptoid, all of these types
of interactions are controlled via careful choice of the side chain
moieties, as the N-substitution in polypeptoids precludes the
presence of hydrogen bonding or chirality in the backbone. The
choice of amorphous, methoxyethyl side chains here yields a
ﬂexible polymer chain, leading to a phase behavior containing
morphologies with curved interfaces (cylinders), as shown by
TEM in Figure 7a.
Although the SNme block copolymers follow the classical
block copolymer phase diagram qualitatively, these short block
copolymers do not follow the polymeric scaling laws largely due
to their relatively short length. For strongly segregated
Gaussian block copolymers, the domain spacing scales as N2/3
(where N is the number of volumetric repeat units) as
molecular weight is increased.47 A comparison of the lamellar
SNme block copolymers synthesized here (Table 2) indicates
that these polymers do not scale in this way. It is clear, however,
that the polypeptoid blocks are not fully extended, as evidenced
by the change in domain spacing between S32Nme24 (11.1 nm)
and S32Nme48 (13.1 nm). For all of the block copolymers in
this paper, the contour length of the polypeptoid is
approximately 1 order of magnitude larger than the persistence
length,26 meaning that the polypeptoid block is likely somewhat
ﬂexible.
As some of the ordered block copolymers are heated, there is
a transition from their ordered phase to a disordered phase, as

Figure 7. TEM analysis reveals the hexagonal structure of S84Nme24
(a) and the lamellar structure of S84(Nme-co-Npe)48 (b). On the basis
of the asymmetric composition of S84Nme24, the peptoid block is dark
due to RuO4 staining.

shown for a typical example in Figure 8. This order−disorder
transition (ODT) is indicated by the disappearance of higher
order peaks, a drop in the intensity of the primary peak, and an
increase in the breadth of the primary peak. In a plot of the
inverse primary peak intensity against inverse temperature, the
ODT coincides with the discontinuity in scaling (see
Supporting Information). For all ordered SNme diblocks
containing a polystyrene block approximately 32 or 48
monomers long, the ODT could be accessed upon heating,
and the self-assembled nanostructure was recovered upon
cooling, thus showing that the self-assembly leads to
equilibrium structures. Table 3 details the measured ODTs
for these diblocks. However, for S84Nme36 and S84Nme24, which
contained a larger polystyrene block, the disordered phase
could not be accessed within the experimental temperature
range (up to 250 °C). The strength of segregation was high
enough in these diblocks such that the hexagonal order
persisted at very high temperature. It is well-known that the
strength of segregation increases with an increase in molecular
weight; however, with the polypeptoid-polystyrene block
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Figure 9. DSC heating traces for representative S(Nme-co-Npe) block
copolymers. The emergence of two glass transition peaks indicates
microphase separation at higher molecular weights.

with even higher volume fractions of polypeptoid, S84(Nme-coNpe)36 and S84(Nme-co-Npe)48, exhibit two clear Tg’s at 75 and
80 °C, respectively. This result is a clear indication of
microphase separation; however, the measured Tg’s are still
signiﬁcantly higher than those of the corresponding peptoids by
approximately 5−10 °C (as given in Figure 4). This slight
discrepancy may indicate that there is still some miscibility with
the polystyrene domain despite the microphase separation.
The self-assembly behavior of the S(Nme-co-Npe) diblocks
show a decreased strength of segregation compared to the
SNme diblocks in two ways: the disordered phases of the
S(Nme-co-Npe) diblocks persist over a larger range of block
copolymer compositions, and the S(Nme-co-Npe) diblocks
have lower ODTs for ordered phases. Room temperature SAXS
scans are shown in Figure 10 for similar block copolymer
compositions to the SNme block copolymers in Figure 6 such
that they can be directly compared. For example, both
S84Nme24 and S84(Nme-co-Npe)24 contain a peptoid block 24
monomers in length, but S84Nme24 is ordered, while S84(Nmeco-Npe)24 is not. When styrene-like residues are present in the
peptoid block, an increase in molecular weight is required to
compensate for the decrease in the Flory−Huggins parameter.
When the S(Nme-co-Npe) block copolymers are ordered, they
exhibit the same morphology as their corresponding SNme
diblocks, as illustrated by the following pairs: S84Nme36 and
S84(Nme-co-Npe)36 (hexagonal) and S48Nme36 and S48(Nmeco-Npe)36 (lamellar). In both cases, the domain spacing of the
S(Nme-co-Npe) diblock is larger by 0.8−1 nm, which likely
reﬂects an increase in the polypeptoid domain to accommodate
the bulkier N-(2-phenylethyl)glycine residues. Despite the
increase in domain spacing, the S(Nme-co-Npe) block
copolymer has a lower ODT than the analogous SNme block
copolymer (Table 3). Thus, it is possible to tune the strength of
segregation for these block copolymers without changing the
self-assembled morphology. Additional experiments that vary
the monomer sequence of the (Nme-co-Npe) block will yield
further insight into the eﬀect of sequence on the strength of
segregation.

Figure 8. SAXS heating scan for S32Nme48. The disappearance of
higher order peaks and the drop in intensity of the primary peak at 145
°C indicates a transition to a disordered phase.

Table 3. Comparison of the ODTs for Analogous SNme and
S(Nme-co-Npe) Block Copolymers
peptoid block
polymer
S84−peptoid18
S84−peptoid24
S84−peptoid36
S46−peptoid36
S32−peptoid18
S32−peptoid24
S32−peptoid36
S32−peptoid48
a

NmeN ODT
a

DIS
>250 °C
>250 °C
129 °C
DIS
145 °C
145 °C
149 °C

(Nme-co-Npe)N ODT
DIS
DIS
190 °C
95 °C
DIS
DIS
DIS
DIS

DIS indicates disordered morphology.

copolymer system, we can directly manipulate the ordering
transition with the introduction of styrene-like residues into the
polypeptoid block.
Tuning Segregation Strength with the Introduction
of N-(2-Phenylethyl)glycine Residues. The self-assembly
and strength of segregation for the polypeptoid-polystyrene
block copolymers can be tuned with the addition of styrene-like
residues into the peptoid block. Derivative DSC heating traces
for some of these PS-b-(Nme-co-Npe) diblocks (hereafter
denoted as Sm(Nme-co-Npe)N) are given in Figure 9. As the
polypeptoid block grows in length, the emergence of a second
Tg peak indicates microphase separation. S84Nme18 only shows
a broad Tg slightly below 100 °C, indicating that the sample is
disordered and that the short peptoid block mixes with the
polystyrene block. As the polypeptoid volume fraction increases
to 0.26, a shoulder emerges around the Tg at approximately 84
°C, which is signiﬁcantly higher than the T g of the
corresponding (Nme-co-Npe)24 copolymer (60 °C). Diblocks

■

CONCLUSION
Sequence-deﬁned polystyrene−polypeptoid block copolymers
were synthesized via azide−alkyne coupling for the ﬁrst time
and shown to readily self-assemble into morphologies with
tunable segregation strengths. The glass transition of the
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Figure 10. SAXS curves for S(Nme-co-Npe) block copolymers
indicates that the incorporation of sytrene-like residues into the
polypeptoid block decreases the strength of segregation.

polypeptoid block increases upon the incorporation of styrenelike residues, as well as upon an increase in chain length for the
(Nme-co-Npe) copolypeptoids. SNme block copolymers selfassembled into both hexagonally packed and lamellar
morphologies; some had accessible, reversible ODTs, indicating
the ordered morphologies were equilibrium structures. For
block copolymers with a styrene-like residue in the polypeptoid
block, the segregation strength was signiﬁcantly decreased.
S(Nme-co-Npe) block copolymers showed decreased ODTs
compared to analogous SNme block copolymers across all
compositions. The polystyrene−polypeptoid block copolymers
are thus an eﬀective system for controlling the interaction
between the two blocks, and their sequence deﬁnition will
enable future studies on the eﬀect of comonomer distribution
on segregation strength in many types of block copolymer
systems.
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Analytical HPLC traces for polypeptoid homopolymers, a
magniﬁed SAXS image for S84Nme24, and inverse intensity
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