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ABSTRACT: Discrete length block co-oligomers (BCOs) com-
prised of a crystalline and an amorphous block are a new class of
materials that gives highly ordered lamellar morphologies at small
length scales. Here, we show the preparation of discrete, isotactic
oligo L- and D-lactic acid (oLLA and oDLA) homoblocks followed
by ligation to oligodimethylsiloxane (oDMS), affording a library of
crystalline−amorphous BCOs that vary in molecular weight and
composition. Mixing the two enantiomeric BCOs or homoblocks
results in the formation of the corresponding stereocomplex. The
properties and phase behavior of the isotactic (block co)oligomers
and the stereocomplexes thereof are studied using differential scanning calorimetry and small-angle X-ray scattering. A
systematic study of the isotactic homoblock lengths and crystal structure confirmed the formation of a 103 helix with a
monomeric rise of 0.3 nm, whereas the stereocomplex adopts a 31 helix. The same type of crystal structure was found for the
isotactic and stereocomplex of BCOs giving rise to the formation of lamellar morphologies at room temperature as a result of
crystallization of the oLA blocks. Distorted lamellar structures were found in BCOs that preorganize into nonlamellar
morphologies prior to crystallization. The stereocomplex BCOs shows more crystal defects and a loss of long-range ordering in
the microstructure due to the larger driving force for crystallization. Hence, the balance between chain length, block volume,
and the crystallization strength are of major importance for the formation of the final structure with the least defects.

■ INTRODUCTION

The self-organization of amorphous block copolymers (BCPs)
is widely studied and has emerged as a versatile approach to
obtain well-defined structures on the nano- and mesoscopic
length scales. The morphologies and feature sizes of the
microphase-separated structures are typically tuned by the
BCP length, its composition, and the Flory−Huggins
interaction parameter, χ.1,2 In the search for minimization of
feature sizes for nanoscale devices while maintaining the long-
range order of the microphase-separated structures,3−6 BCP
combinations with high χ, low molecular weights, and narrow
molar mass dispersities have been examined.7−11 Additionally,
modifying the molar mass distribution can be used to tune
feature sizes.12 In previous publications, we and others have
shown that the molar mass dispersity (Đ) also has a
pronounced effect on the phase-segregated structure when
using low molecular weight (low-MW) block co-oligomers
(BCOs).13−16 In fact, BCOs with discrete molecular weights,
i.e., Đ = 1.00, form phase-segregated structures already at very
low degrees of polymerization, while a high degree of long-
range order is maintained. Hereby, feature sizes of down to 2.2
nm have been attained.17

The self-assembly and long-range organization into nano-
structures can be enhanced by crystallization in addition to
microphase segregation. In recent work, we have shown that

for low-MW BCOs this leads to an increase of the long-range
ordering of the BCO nanodomains.18,19 Still, a molecular
understanding of the crystallization in these types of systems
was not fully established. Indeed, although the self-assembly of
traditional amorphous−crystalline BCPs has been studied
widely,20,21 a molecular understanding of the chain packing
within the microstructure is not often discussed.22 In contrast,
the thermodynamics and kinetics of BCP crystallization have
received much more attention,23 resulting in two general
mechanisms for crystallization: confined or breakout crystal-
lization. The first mode of crystallization results from a
heterogeneous melt due to chemical incompatibility in the
molten phase. Hence, the resulting morphology will depend on
the BCP length and composition.24,25 In contrast, the second
crystallization mode describes the self-assembly of the BCP
induced by crystallization that propagates continuously
throughout the homogeneous melt over a macroscopic length
scale.26,27 This results in the formation of (highly asymmetric)
lamellae, irrespective of the equilibrium organization in the
melt. Alternating amorphous−crystalline lamellar structures
resulting from breakout crystallization are often formed in
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poly(L-lactic acid) (PLLA) containing BCPs.28,29 Much is
known about crystallization modes and the resulting mesoscale
organization, but this is not often related to molecular
structure. Nevertheless, the ability to relate molecular structure
to mesoscale assembly will facilitate the design of novel BCP
combinations. This knowledge is crucial for the development
of new materials with advanced properties and behavior.
Moreover, insight into the crystallization behavior of low-MW
crystalline BCOs will help close the gap between liquid crystal
and BCP self-assembly.2,30

Previously, we systematically studied semicrystalline BCOs
containing a discrete length oligodimethylsiloxane (oDMS)
and oligomethylene (oM) block.19 By using several block
lengths and topologies, a comprehensive molecular under-
standing was established via models that describe the chain
packing within the microphase-segregated structures. Further-
more, we showed highly improved packing in a discrete BCO
containing oDMS and oligo L-lactic acid (oLLA) block caused
by the crystallinity of the latter.18 Here, triggered by the
fascinating properties and results of discrete semicrystalline
BCOs, we present an extensive study on the properties of a
new set of discrete oDMS-oLLA BCOs and their D-lactic acid
containing enantiomers (oDMS-oDLA) (Scheme 1). We

investigate the effect of crystallinity on the phase-segregated
structure and increase the molecular understanding of chain
packing in relation to chain length and composition. Upon
mixing both enantiomers, stereocomplex formation is studied
in the homoblocks and oDMS-oLA BCOs, allowing us to
compare this type of crystal formation with the isotactic BCO
analogues. Hereby, we expand our understanding of i-oLA
homocrystallization and stereocomplex crystallization in self-
assembled BCOs.

■ RESULTS AND DISCUSSION
L- and D-Lactic Acid Homo-Oligomer and Block Co-

Oligomer Synthesis. Both oligo-L-lactic acid and oligo-D-
lactic acid were obtained using the robust synthetic strategy for

the synthesis of low-MW oLLA described by Hawker and co-
workers31 and slightly modified by us (Scheme S1).13 Via this
iterative synthetic route, oLLA and oDLA with 2, 4, 8, 12, 16,
24, 32, and 64 repeat units were obtained starting from
optically pure L-lactide or D-lactide, respectively. The oligomers
contained both benzyl (Bn) and tert-butyldimethylsilyl
(TBDMS) end groups that we used as protective groups in
the synthesis. An overview of their structures and properties is
given in Table 1.
As described in our previous work,18 ligation of hydroxyl-

terminated oLLA with a discrete siloxane block involved the
preparation of an L-lactic acid end-capped oligodimethylsilox-
ane (Scheme S2). Still, the newly attained oDLA required the
preparation of discrete oDMS derivatized with D-lactic acid,
obtained via the commercially available methyl ester of D-lactic
acid (Scheme S3). This resulted in two series of BCOs: one
incorporating L-lactic acid residues, which we abbreviate as
[LLAx-Siy], and the other containing the enantiomeric D-lactic
acid ([DLAx-Siy]) (Table 2, Figure 1). Here x and y are the
number of lactic acid and siloxane repeat units, respectively.

Thermal and Crystalline Properties of oLLA and oDLA.
Most of L- and D-lactic acid-derived oligomers were obtained as
white, crystalline solids at room temperature. Only the shortest
oligomers (up to 8 lactic acid units) did not directly crystallize
upon cooling from a molten sample but initially remained a
viscous oil. The effect of the end groups on the material
properties turned out to be negligible (Figure S1), and
therefore, we will focus on the thermal properties of the
oligomers that have both the Bn and the TBDMS end groups
attached. The data obtained from differential scanning
calorimetry (DSC) is summarized in Table 1.
In general, the DSC profiles can be divided into 3 categories:

A, B and C, of which categories B and C have been studied
before by Hawker and co-workers.31 Category A represents all
materials that do not directly crystallize upon cooling from the
isotropic melt but enter a glassy state. Furthermore, upon
heating, only a glass transition is observed. All lactic acid
oligomers with 2, 4, 8, or 12 repeat units show this behavior.
After prolonged storage at room temperature (up to 12
months), most of these materials crystallized. DSC analyses of
the crystallized samples showed the absence of a glass
transition and the appearance of a melting transition. After
melting of the samples during the first heating ramp, only glass
transitions could be observed in successive cycles (Figure
S2A). Oligomers Bn-LLA2-TBDMS, Bn-DLA2-TBDMS, and
Bn-LLA8-TBDMS did not crystallize within a 24 month time
frame. It is not fully understood why the latter did not
crystallize, whereas the enantiomeric Bn-DLA8-TBDMS did.
Probably the rate of nucleation is extremely low and very
sensitive to remaining traces of solvent or heterogeneous
impurities. Oligomers in category B (16 and 24 lactic acid
repeat units) also did not crystallize upon cooling from the
isotropic melt. However, during heating, a glass transition was
followed by an exothermic cold-crystallization transition and
finally a sharp melting transition (Figure S2B). Category C
holds the remaining, highest MW oligomers with 32 or 64
lactic acid repeat units. These materials directly crystallized
when cooling from the isotropic melt with 10 K min−1 yet at
temperatures that were significantly lower than the values for
Tm (ΔT > 30 °C). Additionally, oligomers Bn-LLA64-TBDMS
and Bn-DLA64-TBDMS revealed a combination of a melting
transition at Tm,1 followed by an exothermic crystallization, and
subsequently a second melting transition at Tm,2 (Figure S2C).

Scheme 1. Molecular Structures of oLLA and oDLA Homo-
Oligomers and oLLA-oDMS and oDLA-oDMS Block Co-
Oligomers Discussed in This Work
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Moreover, Bn-DLA32-TBDMS and Bn-DLA64-TBDMS can be
forced into a glassy state by rapid cooling (rate = 40 K min−1)
from the isotropic melt (Figure S2D). Because of the high
cooling rate, nucleation was retarded and a glass transition was
observed instead. During heating, cold crystallization occurred,
followed by melting transitions, as described above.
The packing of the crystalline lactic acid oligomers in bulk at

room temperature was investigated with small-angle X-ray
scattering (SAXS). Two-dimensional (2-D) transmission
scattering data were acquired in medium- and wide-angle
modes (MAXS and WAXS; 0.1 < q < 30 nm−1), resulting in
one-dimensional (1-D) scattering profiles that captured all
potential organization over a size range of 0.2−60 nm. A
selection of scattering profiles is shown in Figure 2. All
solidified lactic acid oligomers with 8 or more repeat units
exhibit a well-structured, lamellar macrolattice, as indicated by
the sharp, equally spaced scattering peaks in the MAXS region
(labeled with q*, √4q*, √9q*, ...). Interestingly, Bn-LLA64-

TBDMS seems to consist of two lamellar structures with a
different lamellar thickness, of which we labeled the two sets of
principal and related higher order reflections with q* and q2*,
respectively.
The lamellar spacings (dLAM) are listed in Table 1 and

plotted as a function of the number of repeat units in Figure 3.
Separate linear fits through the data points for both
enantiomeric sets (excluding the points for the oligomers
with 64 repeat units) reveal near-perfect linear correlations
between the number of repeat units and the lamellar thickness.
An increase of 0.306 ± 0.003 and 0.298 ± 0.003 nm per
monomeric residue was found for oLLA and oDLA, respectively.
These values are very close to the reported value of 0.278 nm
for one monomeric LLA unit.32

Furthermore, additional scattering reflections owing to the
oligolactic acid crystal lattice were present in the q = 5−20
nm−1 WAXS domain (Figure 2B). Obviously, noncrystallized
oligomers Bn-LLA2-TBDMS, Bn-DLA2-TBDMS, and Bn-LLA8-

Table 1. Thermal Properties and Scattering Data of Bn-LLAx-TBDMS and Bn-DLAx-TBDMS Oligomers

entry oligomera Mn
b [Da] Tg

c [°C] Tm
c [°C] ΔHfus

c [kJ mol−1] Cat.d dLAM
e [nm]

1 oLLA2 367 n.d. n.o. n.o. A n.o.
2 oDLA2 −66.7 n.o. n.o. A n.o.
3 oLLA4 511 −32.0 42.0 33.1 A n.o.
4 oDLA4 −32.5 39.0 35.2 A n.o.
5 oLLA8 799 −3.8 n.o. n.o. A n.o.
6 oDLA8 −1.2 39.3 44.9 A 3.4
7 oLLA12 1087 10.9 64.4 39.1 A 4.7
8 oDLA12 12.8 65.8 73.4 A 4.7
9 oLLA16 1374 23.2 89.6 70.9 B 6.0
10 oDLA16 23.1 89.4 73.5 B 5.9
11 oLLA24 1952 29.7 120.9 101.1 B 8.2
12 oLLA32 2528 n.d. 139.9 195.9 C 10.7
13 oDLA32 37.7 135.4 189.8 C 10.7
14 oLLA64 4834 n.d. 135.1f 291.9 C 10.1 and 15.8g

152.0
15 oDLA64 42.1 141.0f 377.5 C 10.6

164.9
aLactic acid oligomers contain benzyl and TBDMS end groups. The subscript number represents the number of lactic acid repeat units.
bCalculated value of Mn.

cGlass transition temperature (Tg), melt temperature (Tm), and enthalpy of fusion (ΔHfus). Determined with DSC using a
heating rate of 10 K min−1. Enthalpic values are per mole of oligomer. dThermal behavior category, see main text. eLamellar domain spacing
determined with SAXS at room temperature, calculated as dLAM = 2π/q*. fTwo melting transitions are observed: Tm,1(first) and Tm,2 (second).

gA
mixture of two lamellar structures was observed; n.d. = not determined; n.o. = not observed.

Table 2. Thermal and Morphological Characterization of [LLAx-Siy] and [DLAx-Siy] BCOs

entry BCOa Mn
b [Da] f LA

c Tg
d [°C] Tm

d [°C] ΔHfus
d [kJ mol−1] TODT

d [°C] dcryst
e [nm] damorph

f [nm]

1 [LLA17-Si15] 2486 0.47 n.o. 85.1 78.3 79.1g 11.7 n.o.
2 [DLA17-Si15] 2486 0.47 n.o. 81.5 76.1 n.o. 12.1 n.o.
3 [LLA9-Si23] 2502 0.25 −24.8 n.o. n.o. 31.2 n.o. 6.3 (CYL, 25 °C)
4 [DLA9-Si23] 2502 0.25 −31.4 n.o. n.o. 26.9 n.o. 6.4 (CYL, 25 °C)
5 [LLA13-Si23] 2791 0.31 n.d. 42.5 38.2 75.7 11.3 7.1 (CYL, 55 °C)
6 [DLA13-Si23] 2791 0.31 n.d. 39.5 34.3 73.4 11.6 n.d.
7 [LLA17-Si23] 3079 0.36 n.d. 80.8 63.7 97.5 12.8 7.7 (GYR, 91 °C)
8 [DLA17-Si23] 3079 0.36 n.d. 78.9 66.5 94.2 12.8 n.d.
9 [LLA25-Si23] 3655 0.45 n.d. 117.2 130.8 157.3 12.8 8.3 (LAM, 145 °C)
10 [LLA33-Si23] 4232 0.52 n.d. 139.2 205.5 187.7 15.2 9.1 (LAM, 145 °C)

aBlock co-oligomers [LLAx-Siy] and [DLAx-Siy] as depicted in Scheme 1. bCalculated value of Mn.
cVolume fraction of the crystalline block,

calculated using bulk densities for PDMS (0.95 g mL−1)13,14 and PLLA (1.29 g mL−1).34 dGlass transition temperature (Tg), melt temperature
(Tm), amorphous order−disorder transition (TODT), and enthalpy of fusion (ΔHfus). Determined with DSC using a heating rate of 10 K min−1.
Enthalpic values are per mole of oligomer. eLamellar domain spacing of the crystalline phase determined with SAXS at room temperature,
calculated as dLAM = 2π/q*. fDomain spacing of the amorphous phase separated state above Tm (exact temperature noted in brackets). CYL =
cylindrical, GYR = gyroid, LAM = lamellar phase. gTransition was only observed in the cooling run; n.d. = not determined; n.o. = not observed.
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TBDMS showed no scattering reflections in this region.
Although a large number of sharp yet not fully resolved
reflections were present for the shortest crystalline oligomer
Bn-LLA4-TBDMSfor which no reflections at lower q values

were foundonly broad, overlapping reflections remained for
the longer oligomers. For oligomers with 16 repeat units or
more, the positions of the three most pronounced reflections at
10.4 ([011]), 11.8 ([110], [200]), and 13.4 ([203]) nm−1 are
indicated with the red, dashed lines. Those reflections perfectly
match the ones found for crystalline PLLA.33 Consequently,
we may assume that these oligomers crystallize in pseudo-
orthorhombic unit cells containing two oligolactic acid
molecules oriented in 103 helices parallel to the unit cell c
axis (cell dimensions: a = 1.07 nm, b = 0.595 nm, and c = 2.78
nm). As such, the lamellar domains described above most
probably consist of unfolded oLLA or oDLA moleculesin a
103 helixoriented perpendicular to the lamellar planes.
Indeed, the increase of the lamellar thickness with approx-
imately 0.3 nm per additional monomeric residue very closely
resembles the length of the unit cell c axis divided by 10.
Oligomers LLA64 and DLA64 form an exception: both show
lower values for dLAM than expected. For these lengths the gain
of entropy that results from chain folding most likely
overcomes the enthalpic penalty that is associated with this
packing mode.

Thermal Properties of oDMS-oLLA and oDMS-oDLA
Block Co-oligomers. In contrast to the atactic BCOs earlier
studied, which were obtained as soft, waxy substances at room
temperature,13 we found that the BCOs containing an isotactic
oLLA or oDLA block appeared as crystalline, white solids. Only
[LLA9-Si23] and [DLA9-Si23] remained liquid-like at room
temperature. We first examine the thermal properties of the
BCOs using DSC, similar to our previous work on the
symmetric BCO [LLA17-Si15].

18 Figure 4A displays DSC
thermograms (heating traces) for a selection of L-LA BCOs.
As expected, the thermograms of [DLAx-Siy] are very similar to
their BCO enantiomers (Figure S3). Typically, two reversible
transitions can be observed during heating: a major
endothermic transition (≫10 kJ mol−1) and a second, much
weaker endotherm (∼2 kJ mol−1) at higher temperatures. An
exothermic transition was observed upon cooling the sample
with 10 K min−1 (Figures 4B and S4). The two most

Figure 1. Chemical structure of longest BCO discussed in this work: oLLA33-oDMS23.

Figure 2. 1-D transmission scattering profiles for lactic acid oligomers
(with protective groups present) of various lengths in the low-q range
(A) and high-q range (B).

Figure 3. Lamellar domain spacing d* of oLLA (black squares) and
oDLA (red upside down triangles) as a function of the number of
repeat units. Dashed lines are individual linear fits for both
enantiomeric sets (black for oLLA, red for oDLA) through all data
points except those for the oligomers with 64 repeat units.
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asymmetric BCOs [LLA9-Si23] and [DLA9-Si23] ( f LA = 0.25)
only exhibited a single, weak (∼2 kJ mol−1) transition.
As already discussed for BCO [LLA17-Si15] in earlier work,18

we attribute the most prominent transitions to a melting (and
related crystallization) event of the oligolactic acid block.
Before describing the weak transition indicative for an order−
disorder transition at temperatures above the melting temper-
ature (vide infra), we first discuss the crystallization of the
BCOs. Interestingly, nearly all BCOs with an oligolactic acid
block with more than 9 monomeric residues directly
crystallized upon cooling. In contrast to a number of the
individual oLLA and oDLA molecules, no glass transitions or
cold-crystallization effects could be observed. This indicates a
more facile formation of crystalline oligolactic acid nuclei if
ligated with an oDMS block and thus upon crystallization from
the phase-segregated state. A single exception was BCO
[DLA13-Si23], for which a Tg and TCC could be determined
(Figure S3A). The origin of this anomalyenantiomer [LLA13-
Si23] did crystallize directly upon coolingis not known, yet
suggests that the crystallization kinetics of the shortest
crystalline oligolactic acid blocks presumably remains very
sensitive toward external factors (e.g., traces of solvent). When
comparing the melting points of the BCOs with those of
pristine oLLA and oDLA, we noticed that the melting points of
the BCOs (following the red dashed line in Figure 5) typically
are lower than those of the oligolactic acid building blocks.
Most likely this difference is the result of destabilization of the
oLA crystal phase in the BCO due to the high interfacial
energy between oLA and oDMS domains. This is most
pronounced for the shortest analogues. Extrapolation of the
red dashed line for even shorter oligolactic acid block lengths

shows that the location of the melting point rapidly approaches
that of the glass transition. This corroborates the absence of a
crystalline phase in BCOs [LLA9-Si23] and [DLA9-Si23] even
after storage of these compounds for multiple weeks at 4 or
−20 °C.
The weak thermal transition (indicated with an asterix in

Figure 4) is ascribed to the order−disorder transition given the
low enthalpic footprint and comparability of the order−
disorder transition temperatures (TODT) with those of fully
amorphous oLA-oDMS BCOs that include an atactic
oligolactic acid block.13 Still, the TODT values of the BCOs
that contain an isotactic lactic acid block are systematically
higher (6−20 °C difference) than those of amorphous oLA-
oDMS BCOs of equal length and composition. This suggests
that the effective interaction parameter, χeff, between oDMS
and oLLA or oDLA blocks is larger than that of the combination
oDMS and atactic oLA.35

Microphase Separation in oLLA-oDMS and oDLA-
oDMS Block Co-Oligomers. The presence of ordered
microphase-separated structures below Tm (or TODT) was
examined with SAXS at room temperature. The 1-D scattering
profiles resulting from the radial averaging of the scattering
data is depicted in Figure 6A for [LLAx-Siy] and Figure S5 for
[DLAx-Siy]. All BCOs showed a primary reflection peak at q*<
1 nm−1 and two or more higher order reflections, confirming
the presence of an ordered (microphase separated) structure in
all BCOs at room temperature. Related domain sizes were
calculated as d = 2π/q* and are tabulated as dcryst for the BCOs
that are crystalline (Table 2).
In line with BCO [LLA17-Si15],

18 enantiomer [DLA17-Si15]
revealed a nearly identical pattern of equally spaced reflections
(q*, √4q*, √9q*, ...) up to the 11th reflection (q = √121q*)
(Figure S5A). This pattern signifies the presence of a lamellar
structure with very uniform domain sizes. Of the remaining
BCOs containing an oDMS with 23 siloxane repeat units, each
enantiomeric pair also gave very similar scattering results. We
will here discuss the results for the oLLA containing BCOs, but
these can be interpreted as being valid for oDLA-oDMS BCOs
as well. BCO [LLA9-Si23]the sole block length combination
that did not show a crystallization transition in DSC analysis
exhibited scattering reflections at q*, √3q* and √7q*. This is
consistent with a morphology of hexagonally packed cylinders
with a domain spacing dCYL = 6.3 nm. All BCOs with a longer
oLLA block showed a significant shift of the primary scattering
peak positions to lower q values. Similar to [LLA17-Si15],
additional reflections at integer multiples of q* were most
prominent, indicative for the presence of a lamellar structure
with a domain spacing dcryst. However, the scattering patterns

Figure 4. DCS traces (second heating run) for [LLAx-Si23] BCOs (A) and complete DSC trace including second heating and cooling run of [LLA17-
Si23] (B). Order−disorder transition unrelated to the crystallization process is indicated with an asterisk. Endothermic heat flows have a positive
value. Temperature ramp of 10 K min−1 was used.

Figure 5. Melting points of oLLA (black open squares), oDLA (black
open circles), [LLAx-Siy] (red open squares), and [DLAx-Siy] (red
open circles) as a function of the number of lactic acid repeat units x.
Dashed black and red lines are added to guide the eye.
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of [LLA13-Si23] and [LLA17-Si23] looked distorted, mostly
expressed as broadened reflections and a shoulders at the low-q
side of the √4q* peaks (vide infra).
A multitude of reflections was observed in the q range 5−20

nm−1 for all BCOs except [LLA9-Si23] (Figure 6B). Three
reflections around 10.4 ([011]), 11.8 ([110], [200]), and 13.4
([203]) nm−1 dominated in the WAXS region (indicated with
the red, dashed lines). For comparison, scattering data of Bn-
LLA16-TBDMS is added in Figure 6B. The close resemblance
of the data suggests that within the lamellar domains formed
by the oLLA blocks, an oLLA crystal structure was formed
similar to that of the homoblocks. The lack of clear reflections
in the scattering pattern of [LLA9-Si23] confirms the non-
crystalline state of this BCO. Additionally, a broad reflection

with a maximum at q = 8.6 nm−1 (blue, dotted line) was found
in the scattering profiles of all BCOs. This reflection is absent
in the scattering profiles of the individual oLLA molecules and
originates from amorphous chain organization in the oDMS
domain.
Furthermore, variable-temperature SAXS measurements

were conducted for BCOs [LLA13-Si23], [LLA17-Si23], [LLA25-
Si23], and [LLA33-Si23] to capture any structural trans-
formations related to the transitions that were observed with
the DSC measurements. A selection of 1-D scattering profiles
is presented in Figure 7. Generally, little to no changes in the
scattering data for any of the four BCOs were observed upon
heating from 25 °C to slightly below the melting temperature.
In contrast, within a narrow temperature window around Tm

Figure 6. 1-D scattering profiles for [LLAx-Si23] in the low-q range (A) and high-q range (B).

Figure 7. 1-D transmission scattering profiles for BCOs [LLA13-Si23] (A), [LLA17-Si23] (B), [LLA25-Si23] (C), and [LLA33-Si23] (D) at various
temperatures.
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significant changes were observed in the scattering profiles.
The disappearance of the sharp reflections in the WAXS region
above Tm is indicative for the transformation of the crystalline
oLLA domain into an amorphous (molten) phase. In addition,
there is a loss of the scattering reflections at integer values of
q*, consistent with a disappearance of the lamellar phase of the
BCOs in the crystalline state into a different morphology. The
nature of the morphologies formed above Tm is revealed by the
appearance of a new primary scattering peak, denoted q2* in
Figure 7, alongside a number of associated higher order
reflections. BCO [LLA13-Si23] revealed a new reflection at q2*
= 0.89 nm−1 and two additional reflections at √4q2* and
√7q2*. This confirms a morphology consisting of hexagonally
packed oLLA cylinders (dCYL = 7.10). In BCO [LLA17-Si23],
scattering reflections observed at q2* = 0.81 nm−1 and √(4/3)
q2* indicate a gyroid microphase above Tm with damorph = 7.7
nm. Finally, the two largest BCOs [LLA25-Si23] and [LLA33-
Si23] remain in a lamellar morphology after melting of the
crystalline block. However, a new primary peak at higher q
value indicated a significant decrease in domain spacing to
damorph = 8.3 and 9.1 nm for [LLA25-Si23] and [LLA33-Si23],
respectively. These amorphous, microphase-segregated struc-
tures for BCOs [LLA13-Si23], [LLA17-Si23], and [LLA25-Si23]
above Tm are fully consistent with the amorphous state
morphologies observed in the atactic BCOs.13 On the contrary,
the oLLA BCOs form a lamellar structure below Tm, consisting
of alternating, amorphous oDMS blocks and crystalline oLLA
blocks. Here, formation of the lamellar phase presumably is
governed by the preferred parallel orientation of the oLLA
chains in the crystalline state.
Stereocomplex Formation in Discrete-Length (Co-

)oligomers. The formation and behavior of PLLA and PDLA
stereocomplexes is well known and has been elaborately
studied,34,36,37 but the details of the packing of the chains
remain open for debate.38 Stereocomplex formation of LA
oligomers up to 16 repeating units was systematically studied
by Hennink and co-workers, showing crystallization of the
blends occurring at DP ≥ 7.39 Here, we studied the
stereocomplex (sc) formation of oLLAx and oDLAx (sc-oLA)
homoblocks and the related [LLAx-Siy] and [DLAx-Siy] (sc-
[LAx-Siy]) BCOs by following changes in the thermal and self-
assembly behavior. Stereocomplex formation was induced by
physical mixing of both enantiomeric forms of oLA of equal
length or, similarly, mixing of [LLAx-Siy] and [DLAx-Siy] of
equal MW and composition. Mixing was performed in solution
(DCM), and after removal of the solvent, the stereocomplex
mixtures were dried under high vacuum. In all cases a 1-to-1
mixing ratio was used.
Interestingly, all stereocomplexes of the oLAx blocks were

solid at room temperature (Table 3, entries 1−6). This is in
contrast to the work of Hennink et al.,39 as we observe that
only four LA repeat units are needed to obtain crystalline
solids. Most samples crystallized directly after preparation,
except sc-LA8, which crystallized after storage for 4 months at
room temperature. DSC analysis of all samples revealed a
significant increase of the melting temperatures and enthalpies,
compared to those of the homochiral constituents. Stereo-
complexes sc-LA4 and sc-LA8 melted only once, hence giving a
category A thermal profile (Figure S6A). Stereocomplexes of
the longer oligomers all showed behavior typical for category
C: direct crystallization when cooled down from the melt with
10 K min−1 (Figure S6B).

All oLA stereocomplexes showed equally spaced, strong
reflections in the MAXS region of the scattering profiles,
indicating the formation of a lamellar crystal structure (Figure
8A). The lamellar domain spacings were determined and are
depicted in Table 3. Most of the domain spacings in the
stereocomplexes are almost equal to those found for the
homochiral blocks. Surprisingly, the domain spacing of sc-LA64
was nearly double that of the sc-LA32, indicative for fully
stretched oLA chains in the stereocomplex. In contrast to the
homoblocks, the enthalpic penalty for chain folding in the
stereocomplex sc-LA64 is probably much higher. This out-
weighs the potential increase in entropy that would result from
chain folding and forces the molecules in fully stretched
conformation.
Additional scattering measurements in the WAXS region

resulted in scattering profiles that looked very similar for all
evaluated sc-oLA mixtures (Figure 8B). Typically, three strong
reflections were observed at q = 8.4, 14.6, and 16.9 nm−1

,
indicated with the red, dashed lines. The location of these
peaks exactly corresponds to experimentally observed
reflections for the well-studied PLA stereocomplex34,36,38 and
is indicative for the crystallization in a triclinic crystal system.
The crystal lattice contains alternating oLLA and oDLA chains
that adopt a 31 helix, in contrast to the 103 helix that was
observed for the individual oLLA and oDLA components.
Ideally, the oLA chains pack in a parallel fashion;34 however,
this remains open for debate.
Stereocomplex formation was also observed in the 1:1

mixtures of [LLAx-Siy] and [DLAx-Siy] (Table 3, entries 7−10).
The evaluated BCO stereocomplexes were all solids at room
temperature and showed melting and crystallization transitions
at approximately 60 °C higher temperatures than the
homochiral BCOs (Figure S7). This also rationalizes the
possibility to crystallize sc-[LA9-Si23], which did not crystallize
as the homochiral analogue. Furthermore, very sharp
crystallization transitions are observed in the DSC measure-
ments, which is most pronounced for sc-[LA17-Si23] (Figure 9).
No order−disorder transitions were found. Presumably the
(expected) TODT is lower than Tm, and thus, the melting
transition directly results in a disordered state. Overall, we can
confirm that also in the BCOs the crystallization into the
stereocomplex crystal structure is more stable than that of the

Table 3. Thermal and Scattering Data for Stereocomplexes
of sc-oLA and sc-[LAx-Siy] BCOs

entry stereocomplexa
Tg
b

[°C]
Tm

b

[°C]
ΔHfus

b

[kJ mol−1]
dLAM

c

[nm]

1 sc-LA4 −33.5 33.2 34.4 1.75
2 sc-LA8 −11.9 41.6 25.9 3.82
3 sc-LA12 n.d. 87.7 59.7 4.52
4 sc-LA16 n.d. 143.2 302.4 5.39
5 sc-LA32 n.d. 202.9 302.4 10.4
6 sc-LA64 n.d. 227.3 549.2 18.6
7 sc-[LA17-Si15] n.d. 142.7 126.8 11.7
8 sc-[LA9-Si23] n.d. 74.2 41.8 9.93
9 sc-[LA13-Si23] n.d. 103.8 89.3 11.7
10 sc-[LA17-Si23] n.d. 137.5 134.9 13.4

aStereocomplex 1:1 ratio of L- and D-LA (co)-oligomers. bGlass
transition temperature (Tg), melt temperature (Tm), and enthalpy of
fusion (ΔHfus). Determined with DSC using a heating rate of 10 K
min−1. Enthalpic values are per mole of oligomer. cLamellar domain
spacing of the crystalline phase determined with SAXS at room
temperature, calculated as dLAM = 2π/q*; n.d. not determined
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homochiral crystal structure as a result of a fast crystallization
rate.
The self-assembled, crystalline structures were evaluated

with X-ray scattering. The presence of a lamellar micro-
structure was confirmed by the appearance of equally spaced
reflections in the MAXS region (Figure 10A). Furthermore,
the reflections at higher q values perfectly overlap with the
aforementioned reflections indicative for a triclinic unit cell of
stereocomplex PLA (Figure 10B). This confirmed the presence
of stereocomplex interactions within the oLA domain.
Remarkably, significant broadening of the reflections that
originate from the lamellar packing is observed, indicative for
an increase in the local level of defects in the lamellar packing.
Currently, it is unclear why the stereocomplexation in the
BCOs causes these higher variations in lamellar thickness and
diminished long-range order. We propose that there is a
relation with the sharp crystallization transition and a larger
thermodynamic driving force for crystallization, which impedes
defect minimization during the crystallization process. Most
likely, this results from an unbalance of the diffusion kinetics

and relatively fast crystallization of the individual oLA (or
BCO) chains. In addition, it is known that neighboring
molecules in the PLA stereocomplex are prone to exhibit shift
disorder, which might further contribute to broadening of the
scattering reflections.34

■ CONCLUSIONS
We successfully synthesized isotactic L- and D-lactic acid
oligomers with a discrete length up to 64 repeating units via an
iterative approach. Ligation of the oLLA and oDLA blocks to
monodisperse oDMS blocks afforded oLLA-oDMS and oDLA-
oDMS diblock co-oligomers, respectively. The synthetic
accessibility of both enantiomeric LA oligomers and the
BCOs provide the opportunity to not only study the isotactic
oLA and BCO thermal and self-assembly behavior but also
examine their stereocomplexes. Discrete-length, isotactic oLA
has a strong tendency to form a well-organized crystalline
phase in which the oLA chains form a 103 helix with a
monomeric rise of 0.3 nm, whereas the stereocomplex of oLLA
and oDLA adopts a 31 helix. Hence, the tighter packing of the
stereocomplex causes stretching of the longest oligomer with
64 repeating units that is folded in the isotactic oLA crystal.
The propensity observed to crystallize into a lamellar
macrolattice was exploited in the self-assembly of the
crystalline BCOs. The low molecular weight character resulted
in an extended-chain conformation of the oLA chains in either
a 103 or a 31 helix for the homochiral or stereocomplex BCOs,
respectively. The tendency of the oLA chains to crystallize into
their most stable crystalline lattice, similar to those of the oLLA
and oDLA building blocks, results in the formation of a lamellar
morphology independent of the BCO volume fraction. Above
Tm and below TODT the homochiral BCOs formed an
amorphous, phase-separated structure similar to the atactic
BCO analogues of equal length and composition.13 However,
the TODT values of the BCOs that contain an isotactic lactic
acid block are higher, suggesting an increase in χeff between

Figure 8. 1-D transmission scattering profiles for sc-oLA of various lengths in the low-q range (A) and high-q range (B).

Figure 9. DSC trace (second heating and cooling run) for sc-[LA17-
Si23] showing the facile crystallization upon cooling. Endothermic
heat flows have a positive value. Temperature ramp of 10 K min−1 was
used.

Figure 10. 1-D transmission scattering profiles for various BCO stereocomplexes in the low-q range (A) and high-q range (B).
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oDMS and oLLA or oDLA compared to the combination of
oDMS and atactic oLA. The higher χeff could in principle
increase the mesoscale organization, but the formation of
solely lamellar structures reveals that the large driving force for
crystallization impedes this organization. The TODT completely
disappears upon formation of the stereocomplex BCOs due to
an increase of the melting temperature, indicative for a more
stable crystal structure. However, more crystal defects and a
loss of long-range ordering in the microstructure are observed
for the stereocomplex. We propose that this is a result of a fast
crystallization rate and a larger thermodynamic driving force
for crystallization.
Finally, we conclude for the semicrystalline BCOs that the

balance between crystallization rate, preorganization in the
amorphous state, and dimensions of the anticipated crystalline
structure are key for obtaining the organization with the least
defects. Breakout crystallization is very likely to occur as most
of the systems either stay disordered or reside in a very weakly
phase-segregated state at temperatures above Tm of the
crystalline blocks.21 However, crystallization-induced trans-
formation of these amorphous phase-segregated state into
alternating crystalline−amorphous lamellar domains inciden-
tally requires the (local) migration of a large number of
molecules. Arguably, displacement of low-MW molecules and
preorganization of the BCOs in a phase that already resembles
that of the final crystalline state (e.g., in [LLA25-Si23]) is very
beneficial. On the contrary, materials that initially formed
nonlamellar morphologies show more distorted lamellar
structures after crystallization (e.g., [LLA13-Si23]). Hence,
finding a balance between chain length, block volume, and
crystallization strength is of major importance for the
formation of the final structure. This systematic study of
low-MW semicrystalline BCOs gives insight into the molecular
and mesoscale organization of oLA chains in these BCOs. This
opens the discussion on the fading boundaries between liquid
crystal and BCP self-assembly in which often only molecular or
mesoscale organization are addressed. The relationship
between both length scales is key to develop new properties
for polymers, and therefore, we propose these and related
materials are crucial to enable the design of new polymeric
materials.
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