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ABSTRACT: Atomic level synthetic control over a polymer’s
chemical structure can reveal new insights into the crystallization
kinetics of block copolymers. Here, we explore the impact of side
chain structure on crystallization behavior, by designing a series of
sequence-defined, highly monodisperse peptoid diblock copolymers
poly-N-decylglycine-block-poly-N-2-(2-(2-methoxyethoxy)ethoxy)-
ethylglycine (pNdc-b-pNte) with volume fraction of pNte (Pye)
values ranging from 0.29 to 0.71 and polydispersity indices <1.00017.
Both monomers have nearly identical molecular volumes, but the
pNte block is amorphous while the pNdc block is crystalline. We
demonstrate by X-ray scattering and calorimetry that all the block
copolypeptoids self-assemble into lamellar microphases and that the
self-assembly is driven by crystallization of the pNdc block.

I T N

T e i i e

Interestingly, the microphase separated pNdc-b-pNte diblock copolymers form two distinct crystalline phases. Crystallization
of the normally amorphous pNte chains is induced by the preorganization of the crystalline pNdc chains. We hypothesize that
this is due to the similarity of chemical structure of the monomers (both monomers have linear side chains of similar lengths
emanating from a polyglycine backbone). The pNte block remains amorphous when the pNdc block is replaced by another
crystalline block, poly-N-isoamylglycine, suggesting that a close matching of the lattice spacings is required for induced
crystallization. To our knowledge, there are no previous reports of crystallization of a polymer chain induced by microphase
separation. These investigations show that polypeptoids provide a unique platform for examining the effect of intertwined roles
of side chain organization on the thermodynamic properties of diblock copolymers.

B INTRODUCTION

Research on polymer crystallization is driven by both
fundamental and practical considerations. A large fraction of
commercially important polymers such as polyethylene and
polypropylene are crystalline. Polymer molecules participating
in crystallization adopt folded conformations that are
fundamentally different from those found in conventional
crystals formed by small molecules.'™” There is thus a great
interest in the mechanism by which nucleation barriers are
overcome during polymer crystallization. In this paper, we
study microphase separation in diblock copolymers wherein
one of the blocks is inherently crystalline while the other is
inherently amorphous. By inherently amorphous, we mean that
homopolymers with the same segment could not be crystal-
lized, regardless of molecular weight and thermal history. We
demonstrate that self-assembly of the copolymer chains into
lamellar phases induces crystallization of the inherently
amorphous block. To our knowledge, there are no previous
reports suggesting that nucleation barriers to polymer
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crystallization of one block can be overcome by preorganization
of the other block of a crystalline block copolymer.

In the case of block copolymers with one or more
crystallizable blocks, it is important to distinguish between
crystalline order reflecting the periodic order on the atomic
length scale and order formation due to microphase separation
reflecting the periodic arrangement of domains on molecular
length scales. The packing of chain folded lamellar crystals
inside lamellar microphases has been discussed extensively in
previous publications.® '® Much of the work on crystalline
block copolymers is on systems where one of the blocks is
crystalline and the other is amorphous. The microphase
separated morphology of these systems depends mainly on
the segregation strength between the blocks and free energy of
crystallization. The segregation strength is governed by the
product yN, where y is the Flory—Huggins interaction
parameter and N is the number of segments per chain. When
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Table 1. Block/Homo Polypeptoid pNdc,-b-pNte,, Synthesized and Their Characteristics?

pNdcy-b-pNten m n Pnee Molar mass (calc/obs) Purity(%)* PDI¢
10 0 1 2091.2/2090.4 90 1.00077
27 0 1 5546.2/5553.8 80 1.00019
o o 27 9 0.71 7320.8/7319.6 83 1.00014
)LC N /\n');(‘N /\g’)ikNHz 21 12 0.59 6693.6/6684.7 75 1.00013
S © 18 18 0.45 7267.3/7263.1 90 1.00011
wg( 12 24 0.29 7232.7/7233.5 80° 1.00017
0 10 0 2031.8/2036.8 90 1.00049
0 15 0 3018.7/3023.8 90° 1.00042
0 20 0 4004.6/4010.5 700 1.00090
pNian-b-pNtem 18 18 - 6004.9/6009.7 95 1.00003

“Purity is the weight fraction of full-length polymer as determined by analytical HPLC. The remaining impurities are primarily full-length polymers
missing one or two residues. bAs estimated by MALDI. “PDI = polydispersity, is calculated based on the HPLC and MALDI data as in ref 36. “Molar

mass was determined by MALDI mass spectrometry.

¥N is very small, microphase separation is driven by the free
energy of crystallization.'” In this case, lamellar microphases are
obtained regardless of the compositions of the polymers, due to
the fact that chain folding results in lamellar crystals. As yN
increases, the resulting morphology depends on the competi-
tion between the two thermodynamic driving forces.'”'*~** In
the weak segregation limit (small ¥N), the crystals “breakout”
of the block copolymer microphase.'”* In the strong
segregation limit (large yN), crystalline order is confined
within conventional block copolgfmer microphases such as
lamellae, cylinders, and spheres.g’1

Some studies have been conducted on block copolymers
wherein both blocks are crystallizable."#*'>* Lin et al. studied
crystallization of syndiotactic polypropylene-b-poly(e-caprolac-
tone) (sPP-b-PCL). They showed that crystallization of the
PCL block was accelerated by the presence of crystalline sPP.>*
Ding et al. studied crystallization of a low molecular weight
polyethylene-b-poly(ethylene oxide)-b-polyethylene (PE-PEO-
PE) sample.”> PEO homopolymer chains exhibit a helical
conformation in the crystals, while PEO blocks in PE-b-PEO-b-
PE exhibit a zigzag conformation. In both of these studies, >
the unexpected crystallization behaviors of PCL and PEO were
ascribed to chain stretching induced by microphase separation.
Li et al. conducted simulations on diblock copolymers with two
crystallizable blocks.”* They showed that crystallization of the
block with the lower melting temperature was accelerated by
the presence of crystals of the higher melting block. However,
none of these studies address the possibility of forming two
crystalline phases in diblock copolymers comprising crystalline
and amorphous chains. Importantly, all the crystalline polymer
samples described above are semicrystalline in that they contain
coexisting crystalline and amorphous regions.

In order to probe the effect of monomer structure on
polymer crystallization and microphase separation more
precisely, we designed a set of sequence-specific polypeptoid
block copolymers. Polypeptoids are a family of comblike
polymers based on an N-substituted glycine backbone.”>”*°
They offer tremendous advantages for material science in the
solid state. The lack of hydrogen-bond donors along the main
chain (as compared to peptides and many other peptidomi-
metic polymers) results in a flexible backbone with reduced
interchain interactions and excellent thermal processability.*'

2071

The solid-phase submonomer synthesis method allows for the
efficient synthesis of polymers with precise control over the
monomer sequence and side chain structure, since the side
chains are introduced from an extremely diverse set of primary
amine building blocks.”**> Previous work by Rosales et al.
explored the relationship between the molecular structure and
crystallization behavior of homopolypeptoids.®® They also
studied the effect of introducing monomeric defects on
crystallization and melting. In the present research, we designed
and synthesized a series of poly-N-decylglycine-block-poly-N-2-
(2-(2-methoxyethoxy)ethoxy)ethylglycine (pNdc-b-pNte) with
volume fraction of pNte (¢n) values ranging from 0.29 to
0.71. The polydisperisty indices of all the pNdc-b-pNte
copolymers is 1.00017 or less. Superficially, this block
copolypeptoid has one crystalline pNdc block and one
amorphous pNte block;*** in spite of imposing several
thermal histories, we were unable to crystallize pNte
homopolymers. We previously studied the microphase
separation of the amorphous diblock copolypeptoids poly-N-
(2-ethyl)hexylglycine-block-poly-N-2-(2-(2-methoxyethoxy)-
ethoxy)ethylglycine (pNeh-b-pNte),*® which exhibits lamellar
morphology with ¢y, ranging from of 0.11 to 0.49. Unlike our
previous study, all the crystalline block copolypeptoids in this
study self-assemble into lamellar structures driven by
crystallization of the pNdc block. It was observed that both
pNte and pNdc lamellae are crystalline at low temperatures. We
argue that the crystalline nature of the pNdc block induces
crystallization of the pNte block. In other words, precrystalliza-
tion of the pNdc block and the resulting microphase separation
enables overcoming nucleation barriers that prevent crystal-
lization of pNte homopolymer chains. Furthermore, the pNte
block remains amorphous when the pNdc block is replaced by
another crystalline block, poly-N-isoamylglycine (pNia). We
posit that the ability of the pNdc block to induce crystallization
of the pNte block is due to the similarity of chemical structure
of the monomers and their resultant lattice structures in the
crystal (both monomers have linear side chains containing 10
non-hydrogen atoms, emanating from a polyglycine backbone).

dx.doi.org/10.1021/ja412123y | J. Am. Chem. Soc. 2014, 136, 2070—2077


http://pubs.acs.org/action/showImage?doi=10.1021/ja412123y&iName=master.img-001.png&w=474&h=169

Journal of the American Chemical Society

B RESULTS AND DISCUSSION

A series of sequence-defined pNdc,-b-pNte,, copolymers were
synthesized by solid-phase synthesis and purified by HPLC,
where the number of Nte monomers in the block copolymer is
m, and the number of Ndc monomers is n (Table 1). Nearly all
the samples have a fixed chain length (m + n = 36) and
systematically vary the composition of the two blocks. We also
studied the properties of pNte and pNdc homopolymers as
indicated in Table 1. The phase behavior of these pNdc-b-pNte
polymers was then investigated by small-angle X-ray scattering
(SAXS), wide-angle X-ray scattering (WAXS), and differential
scanning calorimetry (DSC).

We first investigated the morphology of pNdc-b-pNte
copolymers by SAXS. In a typical SAXS profile of pNdc,,-b-
pNte,; at 25 °C, we see a primary peak at ¢* = 0.64 nm™" and
higher-order peaks at 2¢* and 3¢, indicating the presence of a
lamellar morphology (Figure 1). The prominent peak in the
vicinity of g = 2.5 nm™" is related to the side chain packing, and
we will discuss this later in our discussion of wide-angle X
scattering data. Increasing the temperature to 120 °C has
virtually no effect on morphology (Figure 1a). Further increase
of the sample temperature to 130 °C results in a dramatic
decrease in the primary peak intensity and the primary peak
splits in two. At 140 °C, a single broad peak with ¢* = 0.75
nm™ is obtained and scattering from the crystalline structure
seen at g = 2.5 nm ™' disappears completely. The broadening of
the primary peak is a standard signature of a lamellar-to-
disorder transition in block copolymers.*” ~>* As is the case with
conventional block copolymers, this transition is reversible, as
shown by the cooling data in Figure la. Cooling pNdc,,-b-
pNte,; to 125 °C results the reappearance of the peak g = 2.5
nm~', while the primary SAXS peak remains broad. Further
cooling of the sample to 110 °C results in a SAXS profile that is
identical to that obtained from the lamellar phase obtained
during the heating run.

It is clear from Figure la that there is a significant change in
q* as pNdc,-b-pNte,; undergoes the lamellar-to-disorder
transition. This is quantified in Figure 1b, where we plot g*
versus temperature for pNdc,,-b-pNte,;. At low temperatures,
where the lamellar microphase is obtained, g* is about 0.64
nm™", while at high temperatures, where the disordered phase is
obtained, g* is about 0.75 nm™. It is clear that at 130 °C
during the heating run pNdc,-b-pNte,; contains coexisting
ordered and disordered phases, as evidenced by the presence of
a “doublet” in the SAXS profile; the locations of two maxima
agree quantitatively with g* obtained in the lamellar and fully
disordered states. It is clear from Figure lab that, unlike
conventional block copolymers, the lamellar-to-disorder tran-
sition in pNdc,,-b-pNte,, occurs in two steps. Between the
lamellar (L) and disordered (D) phases is a metastable (M)
window where nucleation barriers appear to be significant. The
ranges of temperatures where these phases are obtained are
shown in Figure 1b. The behavior in the metastable window is
complex. SAXS profiles at 130 °C during the heating run and
125 °C during the cooling run show small but measurable
peaks at ¢ = 2.5 nm~', indicating the presence of crystals.
However, broad primary SAXS peaks confirm the presence of
disorder. Coexistence of phases in a one-component system
cannot occur at equilibrium, as this would violate the Gibbs
phase rule. Our observation of two-phase coexistence can, in
principle, arise due to two reasons: (1) kinetic limitations due
to small driving forces for the phase transition due to proximity
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Figure 1. (a) SAXS intensity versus scattering vector, g, for pNdc;,-b-
pNte,;. Profiles are vertically offset for clarity. (b) A plot of g* of the
primary peak versus temperature for pNdc),-b-pNte,,, where L is the
lamellar phase, D is the disordered phase, and M is the metastable
window. Black open squares and stars plot the heating run and filled
triangles plot the cooling run.

to the phase boundary, the reason why hysteresis is usually
observed in the vicinity of melting transitions, or (2) the fact
that our samples are strictly not one-component systems due to
finite polydispersity (Table 1). Since the first reason is most
likely to be correct, the thermodynamic lamellar-to-disorder
transition is likely to be located somewhere in the metastable
window.

The SAXS experiments described above were repeated for all
the block copolymers listed in Table 1. All of them exhibited
lamellar, metastable, and disordered windows. The locations of
the windows, however, were different, as summarized in Table
2.

The thermal properties of homopolypeptoids and block
copolypeptoids were investigated by DSC. As shown in Figure
2, the pNdc,, homopolypeptoid melts over a narrow
temperature range with a peak at 145 °C (T, nq) and an

dx.doi.org/10.1021/ja412123y | J. Am. Chem. Soc. 2014, 136, 2070—2077
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Table 2. Transition Temperatures of the Block Copolypeptoids pNdc-b-pNte Obtained by SAXS (T y and Typ), DSC (T, nac

and Tm,Nte)J and WAXS (Twm,Ndc and Twm,Nte = TL"-L)

polymers Dxre Ty (°C) Tpm(°C) Ty.p(°C)
pNdcy-b-pNtey, 0.71 45 95 105
pNdc),-b-pNte,, 0.59 6S 123 135
pNdc,g-b-pNteq 0.45 65 135 148
pNdc,,-b-pNte , 0.29 65 145 155

T na(°C) T nie(°C) T ymnae(°C) Tmnie(°C)
91 44 95 45
123 62 135 65
138 66 145 65
143 66 145 65

L"—L signifies the transition from lamellar phase with two crystalline blocks to lamellar phase with crystalline pNdc block; L—M signifies the
transition from lamellar to metastable; M—D signifies the transition from metastable to disordered. T}, nq. is the melting point of pNdc, and T, . is

the melting point of pNte by DSC. T,

Ndc i the melting point of pNdc, and T, nee is the melting point of pNte by WAXS.

r-—— r—————— 111
pNdczo

Tm‘Ndc

decZZb—pNte12

18

Heat Flow (a.u.)

deq z-b-pNte21_

decg—b-pNte2 ,

0 50 100 150
Temperature ( C)

200

Figure 2. DSC endotherm of homopolypeptoids pNte,,, pNdc,,, and
block copolypeptoids.

enthalpic change (AH,,ngc) of 21 J/g. This result is consistent
with previous results on a series of homopolypeptoids with
short alkyl side chains.>> The DSC data obtained from the
pNte,, homopolypeptoid were devoid of melting peaks,
indicating a lack of crystalline order. The heating scan from
this sample shown in Figure 2 was obtained after a heating and
cooling cycle wherein the sample temperature was first
increased from room temperature to 200 °C and then cooled
to 0 °C. In an attempt to nucleate crystals in this sample, it was
annealed at 0 °C for 24 h. In spite of this, the heating DSC scan
of pNte,; seen in Figure 2 contains no peaks. We also
conducted DSC experiments on pNte,, and pNte,, and found
no evidence of crystallinity.**

The DSC endotherms of all of the pNdc-b-pNte copolymers
contain two peaks: one peak in the vicinity of 60 °C and
another in the vicinity of 130 °C, as shown in Figure 2. The
higher melting peak of pNdc,,-b-pNte,,, the copolymer with
largest pNdc block, is very similar to that of pNdc
homopolymers. We thus associate the higher melting peak
with the melting of pNdc crystals in the block copolymers. We
conclude that the lower melting peak must be associated with
the melting of the pNte block. It is evident that the
crystallization of the pNte block is entirely due to the
formation of the lamellar microphase. The melting temper-
atures of the pNte crystals are similar to these reoported for
conventional poly(ethylene oxide) homopolymers.*

The key features of the DSC data obtained from both
homopolypeptoids and block copolypeptoids are summarized
in Figure 3. In Figure 3a, we plot the peak melting temperature
of the pNdc crystals, T}, N4 as a function of n, the number of
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Figure 3. (a) Plots of T,, of pNdc and pNte in block copolypeptoids
and homopeptoids by DSC versus n (chain length of pNdc block). (b)
Plots of AH of pNdc and pNte in block copolypeptoids and
homopeptoids by DSC versus n (chain length of pNdc block). In both
panels, red circles plot pNdc homopolypeptoids, blue triangles plot
pNte blocks, and black squares plot pNdc blocks in block
copolypeptoids.

Ndc monomers per chain. It is evident that the melting
temperature of pNdc crystals in both homopolypeptoids and
block copolypeptoids collapse on a single curve; T, nqc
increases monotonically with n. Also shown in Figure 3a is
the peak melting temperature of pNte crystals T,y as a
function of n. The general characteristics of the dependence of
Tt On 1 are similar to that of T, y4 on n. Note that a
melting temperature of pNte crystals is governed by the length
of the pNdc chains. In Figure 3b, we plot the specific enthalpy
of melting of the pNte and pNdc crystals, AH, \, and
AH,, ngo as a function of n. The units of delta H,,; are J/g of i
where i = Nte or Ndc. For n > 12, AHyy, is about 22 J/g for
both homopolypeptoids and block copolypeptoids. Substan-
tially lower values of AH,,yq. are obtained when n < 12. It is
perhaps not surprising that AH,, x4 is governed by the length
of pNdc chains or blocks. The value of AH,, ;. of pNdcy,-b-
pNte,, is around 27 J/g, which is larger than AH,, yq4. of the

dx.doi.org/10.1021/ja412123y | J. Am. Chem. Soc. 2014, 136, 2070—2077
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same copolymer. It is perhaps interesting that the enthalpy
required to melt the pNte crystals is higher than that of the
pNdc crystals. In other words, the enthapy needed to melt the
crystals induced in pNte is larger than that needed to melt the
pNdc crystals that were responsible for their formation. At this
point, we cannot offer any explanation for this surprising result.
AH,, ng. is @ monotonical function of # and it decreases rapidly
to a value of 5 J/g for n = 9.

It is thus clear that our block copolymer samples have two
kinds of lamellar phases: from room temperature to T,, . both
pNdc and pNte lamellae are crystalline, while from T,y to
T nac only the pNdc lamellae are crystalline. In all cases, Ty, nqc
determined by DSC is within experimental error of the
transition temperature from the metastable state to disorder
determined by SAXS.

The crystal structures adopted by pNte and pNdc chains
were determined by wide-angle X-ray scattering (WAXS).
Selected WAXS profiles obtained from our samples are shown
in Figure 4. The room temperature WAXS profiles are

T

100

T T 7T 7 T 1 Irm

Intensity (a.u.)

T T T

pl‘\idcmﬂ:l‘wlte2 .

0.1

T wlll

0.01

Ifll]]

Figure 4. WAXS profiles at room temperature for pNdc,, the blend of
pNdcy and pNte,;, and diblock copolypeptoids pNdc 4-b-pNte s with
different chain lengths. Profiles are vertically offset for clarity.

consistent with the proposed crystal structures presented in
Figure S. WAXS data from pNdc,, homopolypeptoid (Figure
4) contains peaks at g, 2g, 3q, and Sq., which reflect the
spacing between the peptoid backbones parallel to the side
chains, ¢ (¢ = 27/9.), and an additional broad peak at q = q,
which reflects the spacing between the peptoid backbones
perpendicular to the side chains a (a = 27/q,). We note in
passing that the WAXS g, peak is also seen in the SAXS data at
g = 2.5 nm™". Also shown in Figure 4 is the WAXS pattern
obtained from a binary mixture of pNdc,, and pNte,,
homopolymers at a molar ratio of 1:1. The WAXS profile of
the mixture is identical to that of pNdc,, homopolypeptoid. It
is clear that blending pNdc with pNte does not induce
crystallization of pNte chains. The WAXS profile of pNdc,4-b-

2074

pNie crystals

Figure S. Two crystal structures of pNdc and pNte, where ayy, is the
interchain distance of the pNdc block, ay, is the interchain distance of
pNte block, b is distance between adjacent monomer residues, and ¢ is
the distance between peptoid chains.

pNte;; has interesting features that are not seen in the
homopolypeptoid. The broad peak at q = ¢, is replaced by a
doublet, and an additional peak at q = gy, is seen. We propose
that the doublet reflects the value of a in the Ndc and Nte
crystals. The values of ayg. and ay,. thus obtained are 0.45 and
0.46 nm, respectively, while b = 0.39 nm. In addition, the higher
order g, peaks are better defined in pNdc 4-b-pNte 4 than those
in pNdc,,. All of these characteristic lengths as determined by
WAXS are mapped on to a proposed model, as indicated in
Figure 5. It is clear that the pNte and pNdc crystals are very
similar, likely due to their nearly isosteric side chains.

In order to study the effect of molecular volumes on the
crystallization of pNte, we designed and synthesized the diblock
copolymer poly-N-isoamylglycine-block-poly-N-2-(2-(2-
methoxyethoxy)ethoxy)ethylglycine (pNia,s-b-pNteg). pNia
is a crystalline block but has a shorter alkyl side chain and a
branch. In previous work, Rosales et al. demonstrated that the
crystal structure of a pNia 15mer had a ¢ of 1.5 nm, a of 0.46
nm, and b of 0.36 nm.** The dimensions of pNia crystals are
close to those of pNdc, except for differences in ¢ due to
differences in side chain length. The DSC data from pNte g-b-
pNia,g contain only one melting peak at 184 °C (Figure S1,
Supporting Information), which is close to that of pNia
homopolymers.*® The missing pNte melting peak in pNia,g-b-
pNte;s confirms that isosteric monomers are essential for
inducing crystallization of the pNte block. It is evident that this
crystallization behavior can be controlled by tuning molecular
structure.

The temperature dependence of the WAXS profiles was
determined for pNdc,g-b-pNte,; (Figure 6). Signatures of both
pNte and pNdc crystals are seen up to 60 °C. At temperatures
between 70 and 140 °C, only signatures of pNdc crystals are
seen. All of the WAXS peaks disappear at 150 °C. In Figure 6b,
we show the temperature dependence of the area under
selected WAXS peaks at g = g and g = gyq.- A discontinuous
decrease in these areas is taken as a signature of melting of the
crystals of pNte and pNdc, Tyymnee (=T 1.1) and Ty, Nge-

The phase transition temperatures determined from analysis
of the SAXS data (Ty,, Typ), the DSC data (T, ng. and
Tonee), and the WAXS data (Typnee and Typnge) are
summarized in Table 2. It is clear that microphase separation
in the pNdc-b-pNte copolymers is driven entirely by the
crystallization of the pNdc blocks; note that T, ngc and Ty nac
lie within the metastable window between the lamellar

dx.doi.org/10.1021/ja412123y | J. Am. Chem. Soc. 2014, 136, 2070—2077
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Figure 6. (a) WAXS intensity versus scattering vector, g, for pNdc,g-b-
pNte g at selected temperatures. Profiles are vertically offset for clarity.
(b) Open triangles plot the integration of the peak (qy.) of the WAXS
profiles versus temperature, and open squares plot the integration of
the peak (qugc) of the WAXS profiles versus temperature.

microphase and disorder, as determined by SAXS. The melting
temperatures of the pNte crystals determined by DSC and
WAXS are in good agreement.

The characteristic length scale determined by SAXS and
WAXS, d, ¢, ange dngo and b, are summarized in Table 3. The
fully stretched end-to-end length of the block copolypeptoids
(R) can be determined from the values of b, m, and n: R = b(m
+ n) + end group contributions. Values of d/R for block
copolypeptoid range from 0.75 to 0.81; see Table 3. Following
Rosales et al,*® we suggest that the crystalline backbone of
pNdc-b-pNte chains maybe tilted relative to the lamellar
normal. Note that the signatures of “chain-folded lamellae”

found in high molecular weight polymers synthesized by
conventional polymerization techniques are absent in these
polypeptoids.

Zhang et al. studied melting of high molecular weight linear
and cyclic poly-N-decylglycine with values of n ranging from 40
to 300, synthesized by conventional solution polymeriza-
tion.>>*! They observed two melting peaks, which were
attributed to the crystallization of the decyl side chain and
the polypeptoid main chain. In our case, two melting peaks
were only observed in the diblock copolymers; pNdc
homopolymers with # ranging from 10 to 20 exhibited a single
melting peak. The WAXS data reported by Zhang et al. are
similar to those of pNdc homopolymers reported here; i.e, the
two peaks at gy and gygc Seen in our samples with two melting
peaks were not observed by Zhang. We attribute the difference
between data presented here and that reported by Zhang et al.
to differences in chain length.

We obtained AFM images of pNdc g-b-pNte s, as shown in
Figure 7a. These images suggest the presence of lamellar

(a) 500

400

nm

100

Phase

Figure 7. (a) AFM image of pNdc,g-b-pNte;q casting from 10%
CHCI, solution. (b) Height profile along the line indicated in part a.

morphology. Figure 7b shows the height profile along the line
specified in Figure 7a. The average distance between the peaks
in Figure 7b is 8.3 & 1.4 nm, which is similar but smaller than
the d spacing determined by SAXS, 10.8 nm. Our attempts to
study the morphology of pNdc-b-pNte copolymers by
transmission electron microscopy were not successful. Polarized
optical microscopy was used to study one of our samples
(pNdc,,-b-pNte,,). Birefringent patterns with line defects were

Table 3. Characteristics of the Block Copolypeptoids pNdc-b-pNte Obtained by SAXS (d) and WAXS?

polymers Dree d (nm) ¢ (nm)
pNdcy-b-pNte,, 071 10.4 2.5
pNdc,,-b-pNte,; 0.59 9.9 2.5
pNdcg-b-pNte g 0.45 10.8 2.5
pNdc,,-b-pNte , 0.29 11.3 2.5

ange (nm) e (nm) b (nm) R (nm) d/R
0.47 0.45 0.38 13.9 0.75
0.46 0.45 0.39 13.1 0.76
0.46 0.45 0.39 14.3 0.76
0.46 0.45 0.38 13.9 0.81

“d is obtained by SAXS, and ¢, aygo e and b are achieved by WAXS. R is the fully stretched end-to-end length of the block copolypeptoid.
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observed below the final melting temperature of pNdc crystals,
as shown in Figure S2 (Supporting Information). The crystal
melts to give an isotropic phase at 145 °C. The polarized
microscopy images in Figure 8 are consistent with the SAXS,
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Figure 8. Phase diagram of pNdc-b-pNte at various temperature and
volume fraction of pNte (@), where D implies the disordered phase,
M implies the metastable phase, L” implies the lamellar phase with two
crystalline blocks, and L implies the lamellar phase with crystalline
pNdc block. The X’s represent the transition between D and M
(SAXS), the stars represent the transition between M and L (SAXS),
the pluses represent the transition between L and L” (WAXS), and the
dotted lines are the estimated locations of phase boundaries.

WAXS, and DSC data presented above. Signatures of
sphreulites that are often found in crystalline polymers are
not seen in our samples in polarized microscopy images (and
SAXS data presented in Figure 1).

The phase behavior of pNdc-b-pNte is summarized from the
phase diagram in Figure 8, where the boundaries of the
disordered phase (D), metastable window (M), the lamellar
phase with the amorphous pNte and crystalline pNdc lamellae
(L), and the lamellar phase with crystalline pNdc lamellae and
induced pNdc crystals (L") are shown as a function of
composition. To our knowledge, the L” phase is not reported
previously.

B CONCLUSION

A series of crystalline diblock copolypeptoids with polydisper-
sity indices of 1.00017 or less was synthesized by solid-phase
synthesis. The diblock copolymers comprised a poly-N-2-(2-(2-
methoxyethoxy)ethoxy)ethylglycine (pNte) block and a poly-
N-decylglycine (pNdc) block. pNte homopolymers are
amorphous, while pNdc homopolymers are crystalline. The
pNdc-b-pNte block copolymers self-assemble into a lamellar
microphase. The formation of microphases is due entirely to
the crystallization of the pNdc and not due to the Flory—
Huggins interaction parameter between pNte and pNdc (y).
The lamellar to disorder transition temperature of the block
copolymers is coincident with the melting of pNdc crystals.
This observation is similar to that of Rangarajan et al.'” The
most surprising conclusion of our study is the formation of two
crystalline lamellae (the L” phase) at low temperatures. The
crystallization of pNdc chains induces crystallization of pNte
chains. The crystal structures of pNdc and pNte are very similar
due, perhaps, to the nearly identical molecular volumes of the
side chains. It is reasonable to believe that the crystallization of
pNte induced by microphase separation is due to this similarity.
We have thus demonstrated the highly tunable nature of the
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crystallization of pNte in diblock copolypeptoids. The melting
of both pNdc and pNte crystals in our copolymers is governed
by the chain length of the pNdc block. The fact that
crystallization in one of the microphases in block copolymer
is governed by the chain length of the other block is, perhaps,
the most interesting consequence of the induced crystallization
phenomenon that is reported here. We hope that this study will
enhance our understanding of block copolymer crystallization
and facilitate the discovery of highly functional polymer
materials.

B ASSOCIATED CONTENT

© Supporting Information

The Experimental Section, DSC of block copolypeptoid pNia,s-
b-pNte,q, and polarized optical microscopy for pNdc,,-b-pNte,,
and symbol definitions. This material is available free of charge
via the Internet at http://pubs.acs.org.
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