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Summary 

 

Block copolymers (BCPs) are used in a wide variety of applications as a result of their ability to 

self-assemble into nanostructures. One of the main challenges nowadays is gaining smaller feature 

sizes and controlling nanopattern formation. To achieve this goal, low molecular weight 

poly(dimethylsiloxane)-b-poly(lactic acid) (PDMS-PLA) was used, having a high Flory-Huggins 

interaction parameter (χ). Although small feature sizes were accessed, the dispersity of the BCP had a 

large influence on the regularity of the morphology. This effect was diminished when changing to 

fully monodisperse oligo(dimethylsiloxane)-b-oligo(lactic acid) (oDMS-oLA). Homogeneous nano-

objects with extremely small feature sizes down to 3.4 nm were accessed. However, intermixing oLA 

and oDMS blocks was observed in the shorter block co-oligomers (BCOs), leading to an increase in 

interfacial width between the two segregated blocks. To overcome this issue of intermixing blocks, the 

phase-separation has to be increased. 

In this work, we lowered the extent of intermixing via inter-chain interactions complementary to 

the phase-separation of monodisperse oDMS-oLA. These additional interactions come from the use of 

isotactic, homochiral lactic acid (LA) blocks. The oligo(L-lactic acid) (oLLA) crystalline behavior is 

studied in addition to the homochiral oDMS-oLLA and oDMS-oDLA BCOs.  

Monodisperse oligo(L-lactic acid) (oLLA) oligomers with up to 64 repeating units were 

successfully synthesized via an iterative synthetic approach using orthogonal deprotection and 

coupling steps. We analyzed the L- and D-LA oligomers to relate the thermal properties and 

morphology to the chain length of the homochiral oligomers and stereocomplex thereof. For both 

types of crystals, we observed an increase in melting temperature (Tm), reaching a plateau value at the 

32-mer. Also, the oligomers formed lamellae with linearly increasing thickness upon increasing chain 

length. For the homocrystal, a length of 0.3 nm per L-LA monomer was found. 

The successful coupling of oDMS to oLLA or oDLA yielded a library of monodisperse oDMS-

oLLA and oDMS-oDLA BCOs with various LA volume fractions (fLA) and molecular weights. We 

analyzed the homochiral BCOs and stereocomplex to explore both types of crystals in the BCO. The 

amorphous-crystalline BCOs gave a lamellar structure, independent on the fLA. We obtained highly 

ordered structures that are very regular throughout the sample. The phase-separation is enhanced and 

the extent of intermixing is decreased as a result of the crystallization in combination with the 

monodisperse nature of the BCOs. Although the stereocomplex BCOs are ordered, the regularity 

decreased compared to the homochiral BCOs, as was revealed by the scattering experiments. 

The feature sizes were in the range of 10 nm, which is significantly larger than those of the atactic, 

amorphous BCOs analogues. Smaller feature sizes and classical phase-separated morphologies were 

obtained when heating above Tm; below the order-disorder transition. This is a result from the collapse 
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of the LA chains in the crystals, leading to the formation of a random coil. Yet, at room temperature, 

the LA chains are stretched and we suggest an anti-parallel packing of these chains in both the 

homochiral BCOs and BCO stereocomplexes. Although a plausible theory could explain the packing, 

further research is needed to describe the crystal packing in more detail. 
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Chapter 1 

Introduction 

 

1.1 Block copolymers 

Block copolymers (BCPs) represent an important class of materials that can be used for a wide 

variety of applications. Their ability to spontaneously self-assemble makes these compounds very 

valuable in the fabrication of various nanostructures and nanoscale devices. This gives possible 

applications in the field of, for example, drug delivery,
1,2

 ultrafiltration membranes,
3–5

 photonic 

materials,
6–8

 organic solar cells,
9,10

 and nanolithography.
11–19

 The latter has gained much attention this 

decade due to the demand of the microelectronics industry to increase the speed and storage density of 

devices. The traditional fabrication of such devices involves a patterning method, photolithography, 

that now reaches the low nanometer-size range, but has become too expensive to fulfill the ongoing 

demand.
20

 Therefore, combining the traditional “top-down” method with “bottom-up” self-assembly 

gained much interest in the field of nanoscale templating. This alternative method includes BCP self-

assembly on a surface to achieve patterns with length scales of a few to hundreds of nanometers. The 

control of the nanopattern orientation and processing methods allow the formation of functional 

electronic devices. Again, achieving as small as possible feature sizes is a major focus point. However, 

control over a large length scale and minimizing the amount of defects is still a major issue due to the 

non-directed way of self-organization by BCPs. 

 

 

Figure 1.1: Scanning electron microscope (SEM) images of (a) nanoimprint master template with rectangular 

patterns and (b) imprinted resist pattern from the master template.22 
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A way to control the nanopattern orientation in an effective way is by directed self-assembly 

(DSA). The assembly of a BCP is guided into desired structures by combining the “top-down” 

approach with “bottom-up”.
21

 A surface can be modified chemically or graphically, directing the BCP 

to phase separate due to chemical or topographical interactions. This creates an alignment over larger 

length scales with decreasing amount of defects. As a proof of principle, a practical example shows a 

method to fabricate patterned media templates for nanolithography developed by Albrecht et al.
22

 The 

rectangular patterns are highly reproducible by using BCP DSA (“bottom-up”) coupled with a double 

imprint process (“top-down”). The combination enables the replication of a master template into a 

polymeric resist (Figure 1.1). 

 

1.2 Diblock copolymer phase separation 

Block copolymers, used for the applications mentioned above, are typically composed of two or 

more blocks joined in a particular arrangement, for example linear or star-shaped. In its simplest form, 

a block copolymer consist of two chemically distinct homopolymers, covalently linked at the chain 

ends, resulting in a linear diblock copolymer. The different molecular make-up of each block may 

result in a thermodynamic immiscibility such that there is a tendency of these segments to phase 

separate into nanostructures with dimensions equal to those of the individual chains. This 

immiscibility is reflected as the Flory-Huggins parameter (χ), which is close to zero for blocks that are 

almost similar
23

 and more than three orders in magnitude larger for highly disparate blocks.
24

 

Additionally, in a BCP with blocks A and B, phase separation is also dependent on the degree of 

polymerization (N) and the polymer composition, given as the volume fraction of block A (fA) or block 

B (fB = 1-fA).
25

 These factors N and fA can be varied synthetically. In contrast, χ is a property for a 

certain block combination and can only be changed when the blocks are chemically modified. The 

combination of the three parameters determines the bulk morphology of the BCP as can be seen in 

Figure 1.2.  

 

Figure 1.2: Diblock copolymer phase separation diagram showing the different bulk morphologies.26 
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The phase diagram depicted in Figure 1.2 represents a graphical relationship between χN and fA.
†
 

Symmetric BCPs phase separate into lamellae as a result of their equal volume fractions (fA = fB). If 

the volume fractions are unequal (fA ≠ fB), there is a transition to more complex structures, including 

hexagonally packed cylinders, spheres and gyroid networks. For symmetric BCPs, the minimum value 

for χN to obtain phase separation is 10.5.
25

 Since χ is fixed for a certain BCP combination, a minimum 

value for N is required to achieve phase separation. Consequently, higher values of χ allow for lower 

values of N. The upper part of the phase diagram illustrates high values of χN leading to high 

immiscibility between the blocks. In this region, the energetic penalty for intermixing of the chains 

becomes higher, therefore less defects and a better long-range order are obtained. In contrast, the 

opposite effect is valid in the lower part of the phase diagram since the chains intermix more easily. 

Here, the blocks show a gradient interface instead of a sharp transition meaning that there is overlap 

between the two blocks (Figure 1.3).
27

 In general, this intermixing of the two phases causes more 

defects and increases the interfacial width. 

 

 

Figure 1.3: Schematic representation of the relative segment density profiles of a phase separated AB diblock 

copolymer showing a gradient in the phase transition of block A to B and vice versa. λ = the interfacial thickness.27 

 

Many block combinations have been synthesized, giving rise to a plethora of feature sizes and 

morphologies.
 
A well-studied combination is poly(styrene)-b-poly(methyl methacrylate) (PS-PMMA) 

which, among other structures, can phase separate to form cylinders with domain sizes of 24 to 89 

nm.
28

 This compound is very suitable for nanopatterning purposes since the PMMA block is easily 

degraded under UV irradiation, whereas the PS block is more resistant, resulting in polystyrene 

nanoporous structures. Unfortunately, the incompatibility of the blocks is quite low, leading to low 

long-range order. When the BCP is applied on a surface, there is no alignment observed and the 

cylinders will irregularly divide themselves over the surface as can be seen in Figure 1.4a. In order to 

increase the long-range order, Morris et al. have studied the DSA of this BCP as a thin film.
29

 The use 

                                                           
†
Diagram originates from self-consistent field theory calculations for an ideal BCP; i.e., in the limit of N is 

infinite, for equal segment lengths of A and B repeating units and a chain length dispersity of 1. In general, the 

phase diagram gives a good qualitative description of the properties and self-assembly behavior of non-ideal 

diblock copolymers. 
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of topographical simple line structures of hydrogen silsesquioxane (HSQ) directs the alignment of the 

BCP leading to lateral order (Figure 1.4b).  

Long-range order can also be increased by switching to the poly(styrene)-b-poly(ethylene oxide) 

(PS-PEO) system with a larger interaction parameter. An example is given by Russel et al. showing 

highly ordered cylindrical microdomains with domain sizes of 42.5 nm.
30

 Yet, further processing of 

the material is more challenging because of the substitution of the PMMA block with the PEO block, 

which, in contrast to PMMA, is not easily removed via an etching process. 

  

          

Figure 1.4: Top-down SEM image of (a) PS-PMMA BCP film in unpatterned HSQ coated regions. (b) Large area 

alignment of PS-PMMA BCP patterns on narrow HSQ gratings (insets show the organization of HSQ, PS and PMMA 

blocks).29  

 

During the past two decades, ‘high χ’ BCPs with facile degradability have attracted a great deal of 

interest due to the ongoing demand of the microelectronics industry for nanoscale templates. These 

‘high χ’ polymers contain two highly incompatible segments, leading to better phase separation and 

long-range order. The materials can be used for nanopatterning purposes thanks to the formation of 

microphase-separated domains with very small feature sizes (<10 nm), which is interesting for the 

development of nanoscale devices. The sub-10 nm domain sizes can be achieved by low molecular 

weight BCPs since the feature size is largely dependent on molecular size of the BCP. However, there 

are limitations to lowering the molecular weight, as already described. First, phase separation will only 

occur when χN is greater than 10.5 for fA = fB,
25

 meaning that high values of χ allow for lower values of 

N and thus smaller features. Second, in the lower part of the phase diagram, close to the minimum 

required value of χN, the chance for defects becomes larger due to a gradient interface (Figure 1.2). As 

a result of chain intermixing, the etching contrast becomes worse although the value for χ is high. 

Therefore, the presence of the smallest features versus good etching contrast should be considered 

when designing a ‘high χ’ BCP combination. 

 

 

(a) (b) 
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A typical strategy to increase χ is incorporating a silicon containing block, which is highly 

incompatible with many organic blocks.
31–33

 Additionally, silicon-containing polymers have a far 

greater etch resistance towards oxygen plasma etching techniques than solely ‘organic’ blocks.
34

 This 

makes the combination of a silicon-containing block with an organic block very suitable for nanoscale 

templating. A group of BCPs that gained much attention in recent years include 

poly(dimethylsiloxane) (PDMS) as the silicon-containing block. Within this class, the most widely 

studied candidate for this is PS-PDMS.
13,16,35,36

 As an example, Ross et al. described the path to long-

range ordered PS-PDMS cylinders with a diameter of 17 nm (Figure 1.5a).
18

 They demonstrated the 

facile degradability of PDMS by the fabrication of nanowires from self-assembled patterns using a 

reactive ion etching process. Later, this BCP was compared with PDMS-PMMA by Hawker et al.
37

 

Thin film studies demonstrate that smaller features were accessible with the latter because of the 

higher interaction parameter of PDMS-PMMA. Well-ordered lamellae with domain spaces as small as 

12 nm were obtained. Finally, PDMS combined with poly(2-vinylpyridine) (P2VP) increases χ even 

more leading to the formation of well-ordered 6 nm wide cylinders (Figure 1.5b).
38

  

 

    
 

Figure 1.5: (a) SEM image of an oxidized PDMS line pattern obtained from a cylinder-forming PS-PDMS block 

copolymer (Mw = 45.5 kg/mol), showing long-range ordering.18 (b) SEM image of P2VP-PDMS showing 6 nm 

cylinders.38  

 

1.3 High χ-low N block copolymers: poly(dimethylsiloxane)-poly(lactic acid) 

A block copolymer with one of the highest values for χ that is currently known is 

poly(dimethylsiloxane)-b-poly(lactic acid) (PDMS-PLA), having an estimated value for χ of 0.94 at 

ambient temperatures.
39,40

 Consequently, PDMS-PLA is an excellent high χ-low N BCP allowing for 

the formation of very small features. Hillmyer et al. reported the synthesis, bulk self-assembly and thin 

film behavior of several PLA-PDMA-PLA triblock copolymers.
24

 They obtained sub-20-nm arrays 

and showed the utility of this polymer by selective removal of PLA leading to the formation of a 

nanopattern. 

 

(a) (b) 
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In the group of Meijer, Pitet and coworkers were the first to report extremely small features for a 

PDMS-PLA diblock copolymer by using low molecular weight BCPs.
41

 In this work, the BCPs were 

synthesized by performing ring-opening polymerization of racemic DL-lactide (LA) using commercial 

available PDMS as a macro initiator (Figure 1.6a). Three different samples were prepared with an Mn 

ranging from 6.8 to 12.8 kDa and narrow molar mass dispersities (Đ < 1.10) for all samples. 

Depending on the LA volume fraction (fLA), cylinders and spheres were obtained in bulk with domain 

sizes ranging from 13.1 to 17.6 nm. Additionally, thin film studies of the material on a bare silicon 

wafer were performed, giving spheres and cylinders with a diameter of 7 and 13 nm, respectively 

(Figure 1.6b-c), which proved the accessibility of features smaller than 10 nm in ordered arrays. 

 

     

Figure 1.6: (a) synthetic route towards PDMS-PLA. AFM phase image of the sample with (b) Mn = 6.8 kg/mol and   

fLA = 0.39, forming 13 nm cylinders and (c) Mn = 9 kg/mol and fLA = 0.23, forming 7 nm spheres on a flat silicon 

surface.41 

 

In further work from Pitet et al. the phase separation of similar low molar mass and low dispersity 

BCPs was examined in confined space.
42

 The polymers were spin-coated onto silicon wafers with 

cylindrical channels instead of flat silicon surfaces (Figure 1.7a). Consequently, the self-assembly of 

PDMS-PLA to form various morphologies is merged with industrially established top-down 

lithographic templates. In addition, silica nano-objects were obtained after removal of the LA block by 

selective dry etching. However, it was observed using AFM that a single block polymer gives rise to 

multiple different morphologies on a wafer with precise cylindrical channels (Figure 1.7b). This mixed 

morphologies phenomenon for BCPs has been observed before by Higuchi et al., but not specifically 

addressed.
43

 Yet, the diversity of nanostructures in confined space by BCP self-assembly is an 

obstruction towards large-scale nanofabrication. Pitet et al. hypothesized that the mixed morphologies 

are a result of the molar mass distribution which becomes exceedingly pronounced for low molar mass 

BCPs. Interestingly, the low molar mass regime seems to be an underexplored field within confined 

self-assembly. Nevertheless, to achieve small features for nanolithography, low molar mass BCPs are 

required, in which monodispersity is a must to generate homogeneous nano-objects. 

 

(b) (c) 
(a) 
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Figure 1.7: (a) Hypothetical structure and (b) mixture of morphologies with curved domain interfaces showed by 

AFM phase image of cylindrical forming PDMS-PLA in confined space (80 nm contact holes). Scale bar represents 

200 nm.42 

 

1.4 Discrete dimethylsiloxane-lactic acid diblock co-oligomers 

The monodispersities mentioned in the previous section are far below the dispersities that can be 

reached with conventional living polymerization reactions, used for the synthesis of diblock 

copolymers (Đ ≈ 1.05). As a proof of principle, an alternative synthetic route towards completely 

monodisperse PDMS-PLA was reported by van Genabeek et al.
44

 They described the synthesis and 

properties of a series of discrete length dimethylsiloxane-b-lactic acid co-oligomers (oDMS-oLA) with 

molar masses up to 6.9 kDa (Figure 1.8a). These discrete ‘block co-oligomers’ (BCOs) were 

synthesized using an iterative synthetic protocol leading to ultra-low dispersities (Đ ≤ 1.00002). As 

can be seen in Figure 1.8b, this decreases the broad distribution of chain lengths (black curve) to a 

very narrow, almost single peak for these ultralow dispersities (red curve). In bulk, three different 

types of well-ordered microstructures (cylinders, gyroid and lamellae) were easily accessed. The full 

control over the block lengths gives even access to the normally difficult to access gyroid structure in 

a systematic way. As a result of the small molecular size of the BCOs, extremely small features were 

obtained in the form of 3.4 nm thin lamellae and cylinders with a diameter of 4.2 nm. Additionally, 

thin film studies were performed with the longest monodisperse BCO. Figure 1.8c nicely shows the 

decrease in line-edge roughness when compared to the thin film of the disperse PDMS-PLA as shown 

above (Section 1.3, Figure 1.6b).  

 

(a) (b) 
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Figure 1.8: (a) Chemical structure of oDMS-oLA with a degree of polymerization (DP) of 92. (b) Graphical 

representation (calculated curve) of the molar mass distribution of a BCP with a dispersity of 1.05 (black) and 1.00001 

(red). Tapping mode AFM phase image of (c) the longest BCO and (d) the BCO with DP = 42, including inset with 

higher magnification. (light = oLA, dark = oDMS).44 

 

Long-range organization was obtained in a film of a shorter oDMS-oLA analogue with a degree of 

polymerization (DP) of 42 (Figure 1.8d). However, the contrast of the image is very low due to a 

decrease in the measured phase difference between the two blocks. With these small molar mass 

BCOs, the lower part of the phase diagram has been reached, where the energetic penalty for 

intermixing is lower (Section 1.2, Figure 1.2). Therefore the decrease in phase difference for the short 

BCO is most likely the result of intermixing of the oLA and oDMS blocks.  

 

1.5 Additional interactions to push phase separation to its limits 

The phase separation of BCOs can be enhanced by two different methods in order to decrease the 

intermixing of the two polymeric blocks. First, the inclusion of additives to the BCP material which, in 

general, is a directional interaction. For example, the addition of a top coating which balances the 

surface tensions of the BCP thin film, leading to an increase in contrast (Figure 1.9a).
31,45

 Another 

example is doping of the BCP with lithium salts,
46,47

 which has motivated Park et al. to apply different 

BCPs on to a sapphire wafer.
48

 The BCP coordinates to the metal such that the density and phase 

difference of the polymer increases. In this way, ultradense BCP films with 3-nm-diameter cylindrical 

domains oriented normal to the surface were formed (Figure 1.9b). Second, the phase separation could 

be enhanced in a non-directional way, namely inter-chain interactions such as the crystallization of one 

block in the BCP.
49

 

 

(a) 

(b) 
(c) (d) 
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Figure 1.9: (a) SEM image of PS-b-P2VP with 10 % embedded neutral layer, some uncoated parts still visible.45 (b) 

AFM height image of PS-b-PEO thin film on a sapphire wafer.48 

 

1.5.1 Crystallinity in BCPs as a an additional driving force 

The self-assembly of amorphous-crystalline BCPs, i.e., with one crystalline and one amorphous 

block, has been studied widely.
49–53

 The crystallization behavior is an example of additional inter-

chain interactions that can act as an extra driving force for phase separation. In general, there are two 

possible crystallization modes for amorphous-crystalline diblock copolymers. First, break-out 

crystallization leading to a lamellar crystalline morphology, irrespective of the morphology in the 

melt. This means that the amorphous ordered structures in the melt, for example cylinders, could be 

crystallized into highly asymmetric lamellae (Figure 1.10).
54

 Second, confined crystallization leading 

to a stabilization of the amorphous ordered structure.
50

 Hence, the morphology in the melt is stabilized 

by crystallization of the crystalline block into microdomains (Figure 1.10). Generally speaking, low 

molecular weight amorphous-crystalline diblock copolymers can be efficiently confined within 

nanoenvironments.
55

 Yet, there are many unexplored kinetic and thermodynamic factors influencing 

the crystallization behavior. 

 

Figure 1.10: Schematical scheme of two types crystallization modes: Confined crystallization leading to crystalline 

microdomains or break-out crystallization leading to asymmetric lamellae (Red = amorphous block, blue = 

crystallizable block). 

(a) (b) 
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1.5.2 Introduction of enantiomerically pure LA in the oDMS-oLA system 

For the oligo(dimethylsiloxane)-b-oligo(lactic acid) (oDMS-oLA) system, crystallinity as an 

additional driving force might be an interesting way to increase the phase-segregation in the BCO. The 

amorphous atactic LA block can be substituted for the crystalline variant by using homochiral, 

enantiomerically pure LA repeating units. In homochiral LA, each methine carbon has the same 

absolute configuration; (S) for the L-lactate and (R) for the D-lactate residue. The polymeric and 

oligomeric materials are abbreviated as PLLA/oLLA and PDLA/oDLA, respectively. 

Many decades of research on PLLA and PDLA have mainly illustrated the possibilities of this 

polymer mainly as a renewable and biodegradable material for the plastic industry.
56,57

 The isotacticity 

of PLLA/PDLA causes the formation of homocrystallites, giving this polymer enhanced properties 

compared to the atactic analogue. The crystalline domains have an increased melting temperature (Tm) 

around 180 °C and a glass transition temperature (Tg) around 60 °C.
58

 Moreover, a different type of 

crystal, known as the stereocomplex, can be formed by mixing both enantiomeric polymers. A tighter 

packing of the LA chains in the stereocomplex crystal structure results in a further increase of the Tm 

up to 230 °C and Tg up to 70 °C.
58

  

Despite the abundant information on PLLA/PDLA homopolymers, not much is known about BCPs 

with a homochiral LA block. To our knowledge, there are only a few examples investigating the 

crystal formation in PLLA/PDLA containing BCPs.
39,59–61

 Altukhov et al. and Agrawal et al. compare 

crystalline versus amorphous PLA domains in BCPs. However, they include a crystalline polyethylene 

oxide (PEO) segment to the PLLA, which at room temperature results in a crystalline-crystalline BCP, 

i.e., a BCP with two crystalline blocks. The comparison between fully amorphous with amorphous-

crystalline PLA-containing diblock copolymers has not been reported to date. 

Completely uniform amorphous-crystalline BCPs are the ideal candidates to relate the chain length 

dependence to the crystallinity and BCP properties. Therefore, monodisperse amorphous-crystalline 

oligo(dimethylsiloxane)-oligo(L-lactic acid) (oDMS-oLLA) with discrete chain lengths is the perfect 

BCO to study the effect of homocrystal formation for specific chain lengths on the BCO properties. 

Additionally, the oDMS-oLLA can be mixed with the other enantiomer, oDMS-oDLA, which 

potentially allows the formation of a stereocomplex. Also this interaction has not been studied in such 

BCOs before. The final advantage of using the oDMS-oLLA system is that it can be directly compared 

with its amorphous analogue, i.e., discrete amorphous oDMS-oLA.
44

 In this way, a systematic 

comparison of a crystalline oLLA versus an amorphous oLA block in a BCO can be made.  

 

 

 



Introduction 

   

 11  

1.6 Aim of this work  

In this research, we aim to increase the phase-separation of the monodisperse dimethylsiloxane-

lactic acid based block co-oligomers and hereby improve the control of nanostructure formation. For 

this, we apply the crystallization of a stereoregular LA block which acts as an additional driving force 

in the self-organization of oDMS-oLA, even when very short chain lengths are used. With this, we 

aim to decrease the extent of the intermixing between both blocks and decrease the interfacial width 

for these oDMS-oLA BCOs. Therefore, we switch from racemic lactic acid monomers for the 

preparation of the oLA blocks to homochiral lactic acid building blocks to introduce isotacticity and 

thus crystallinity in the BCO system. It is known that homochiral oLA is a crystalline material even 

for short chain lengths.
62,63

 Moreover, mixing of both oLA enantiomers can induce stereocomplex 

formation leading to a different type of crystal.  

First, the chiral oLLA blocks will be synthesized using an iterative synthetic protocol in order to 

form discrete blocks, as already shown for the atactic oLA.
44

 These blocks will be studied in detail to 

get more insight in the chain length dependence on crystal formation. For this, we will use differential 

scanning calorimetry (DSC), polarized optical microscopy (POM) and small angle X-ray scattering 

(SAXS). Second, the oLLA blocks will be coupled to discrete length oDMS blocks to form 

monodisperse oDMS-oLLA. Several BCOs with varying degree of polymerization (DP) and volume 

fractions of L-LA are studied in order to examine the effect of crystallinity on BCO phase behavior. 

The results will be compared to the amorphous BCO analogue. Finally, oDLA is used to synthesize 

monodisperse oDMS-oDLA and mixed with oDMS-oLLA in a 1 to 1 ratio. This is expected to form a 

stereocomplex and will allow us to study another kind of interaction forming a crystal in a perfectly 

defined BCO. 
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 Chapter 2 

Synthesis of discrete L-lactic acid oligomers and homochiral 

oligo(dimethylsiloxane)-b-oligo(lactic acid) 

 

2.1 Introduction 

Lactic acid (LA) based polymers are well known and currently used in a number of applications 

owing to a balanced combination of physical properties and biocompatablity.
1,2

 In general, there are 

three methods for the synthesis of poly(lactic acid) (PLA): direct condensation polymerization using 

chain coupling agents; azeotropic dehydrative condensation and polymerization through lactide 

formation.
3–7

 By using either the optically pure L- or D-stereoisomer of LA as monomeric starting 

material, isotactic PLLA or PDLA can be obtained. This material is crystalline, in contrast to atactic 

PLA that is obtained by the polymerization of the racemate. Typically, disperse PLA of moderate to 

high molecular weight is formed.  

As discussed in the introductory chapter, we are particularly interested in low molecular weight 

monodisperse L-LA oligomers (oLLA). These oligomers will be used as building blocks for the 

synthesis of discrete oligo(dimethylsiloxane)-oligo(L-lactic acid) (oDMS-oLLA) block co-oligomers 

(BCOs). Classical oDMS-oLLA polymers are typically obtained via stannous octanoate catalyzed 

ring-opening polymerization of L-lactide with a hydroxyl terminated, low-dispersity PDMS macro 

initiator.
8
 This type of polymerization reaction always affords a molar mass distribution and therefore 

this method cannot be used to obtain discrete length oDMS-oLLA. In order to obtain monodisperse L-

LA oligomers, other methods are required. For example, monodisperse oLLA was obtained via 

fractionation of polydisperse LA oligomers using chromatographic methods, e.g. preparative high-

performance liquid chromatography (HPLC).
9
 Whereas low molecular weight oligomers with a degree 

of polymerization between 2 and 16 were isolated in a pure form, higher oligomers were not accessible 

using this method. An alternative is the use of an exponential growth synthesis strategy. For oLLA, a 

synthetic route from dimer to 64-mer has been described by Hawker et al.
10

 This method was adapted 

by van Genabeek et al. for the synthesis of discrete atactic LA oligomers having 2 to 32 repeating 

units and was found to be easily scalable.
11

  

In this chapter, we describe the synthesis of both discrete length L-LA homo-oligomers and DMS-

LLA block co-oligomers. We apply the synthetic route described by van Genabeek et al. to form the 

discrete, optically pure L-LA oligomers up to the 64-mer. Subsequently, the oLLA blocks and their 

enantiomeric analogues (oDLA) - kindly provided by Jan Hennissen - will be used for the synthesis of 

monodisperse oligo(dimethylsiloxane)-b-oligo(L-lactic acid) (oDMS-oLLA) and 

oligo(dimethylsiloxane)-b-oligo(D-lactic acid) (oDMS-oDLA), respectively, using a procedure 

described by van Genabeek et al. to couple both blocks.
11

 Both the oLLA blocks and BCOs will be 
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fully characterized using NMR, MALDI-TOF and size exclusion chromatography (SEC) to assess the 

absence of chain length distribution. 

 

2.2 Synthesis of discrete length oligo(L-lactic acid) 

Conventional PLLA synthesis proceeds via a polycondensation reaction of L-LA monomer. Both 

the hydroxyl and the carboxylic acid end groups of the monomer are reactive, typically resulting in an 

uncontrolled growth of the polymeric chain (Figure 2.1a). Consequently, many different chain lengths 

are formed, leading to a molar mass distribution in conventional PLLA.  

 

 

Figure 2.1: Schematic representation of the synthesis of PLA (a) using no protective groups resulting in disperse 

material and (b) using orthogonal protective groups A (prot A) and B (prot B) resulting in systematic growth of the 

polymer chains by protection, deprotection and coupling steps. 

 

The use of orthogonal protecting groups enables precise control of chain growth leading to an 

absence of molar mass distribution (Figure 2.1b). The iterative synthetic route, as described by 

Hawker et al. and later by van Genabeek et al., uses this approach to obtain atactic LA oligomers with 

discrete chain lengths thanks to the selective protection, deprotection and coupling steps involved.
10,11

 

The selected protection groups for the carboxylic acid and hydroxyl groups are a benzyl (Bn) ester and 

tert-butyldimethylsilyl (TBDMS) ether, respectively. These groups allow for quantitative deprotection 

under mild conditions.
10

 

In our work, we use the same iterative synthetic route as described by van Genabeek et al.,
11

 with 

equal protective end groups to selectively obtain discrete, optically pure L-LA oligomers (oLLA). For 

convenience, the end groups of the oLLA will be abbreviated and noted as A-LLAy-B, where A and B 

represent the end groups and LLAy represents the number of L-lactic acid repeating units (Figure 2.2). 

 

(a) 

(b) 
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Figure 2.2: Chemical structure of double protected lactic acid oligomers TBDMS-LLAy-Bn 

 

To obtain our protected building block, the first step was the ring opening of L-lactide with benzyl 

alcohol in the presence of catalytic amounts of camphorsulfonic acid (Scheme 2.1). This results in the 

benzyl ester of lactic acid dimer HO-LLA2-Bn (2a). During this reaction, also some benzyl protected 

monomer was formed, as was evidenced by gas chromatopgraphy-mass spectroscopy (GC-MS). 

Probably, this is caused by a side reaction in which the benzyl alcohol attacks the middle ester bond of 

the desired product. Although the reaction mixture was carefully purified by column chromatography, 

separation of the monomer from the dimer proved to be difficult. Since it is absolutely necessary that 

there is no monomer left before continuing with the next reaction steps, some of the mixed fractions 

were discarded. Consequently, the product was obtained in a yield of 64%. Some fractions with minor 

amounts of monomer were used for the next reaction step as they can be removed by another 

purification step afterwards. For this reaction, half of the material 2a is treated with tert-

butyldimethylsilyl chloride (TBDMS-Cl) to protect the alcohol, giving the double protected dimer 

TBDMS-LLA2-Bn (3a). The monomeric byproducts were now completely removed by column 

chromatography, affording a yield of 60%. GC-MS confirmed that no monomeric byproducts were 

present and the double protected dimer 3a was obtained in over 99.9% purity (Appendix Figure 1). 

 

 

Scheme 2.1: Synthetic route towards the double protected L-LA dimer (3a). Reaction conditions: (a) Benzyl alcohol, 

CSA, toluene, 80 ⁰C, argon, 3 h (64%). (b) TBDMS-Cl, imidazole, DMF, RT, argon, 24 h (60%). CSA = 

camphorsulfonic acid, TBDMS-Cl = tert-butyldimethylsilyl chloride. 

 

The double protected dimer was treated with Pd/C under a hydrogen atmosphere to remove the 

benzyl group and liberate the carboxylic acid 4a (TBDMS-LLA2-COOH) in quantitative yield. Dimer 

4a and the hydroxyl terminated dimer 2a were ligated via an EDC coupling, giving the double 

protected tetramer TBDMS-LLA4-Bn (3b) (Scheme 2.2). Because of the difference in polarity of both 

starting materials and the product, the progress of the coupling reaction was easily followed by thin 

layer chromatography. Besides, this polarity difference allowed for a straight forward purification by 

column chromatography, yielding the pure tetramer 3b (84%). Subsequently, half of the material was 
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deprotected at the alcohol side by cleavage of the TBDMS group using BF3 etherate, yielding the 

hydroxyl terminated tetramer 2b. Again, purification by column chromatography gives HO-LLA4-Bn 

(2b) in good yield (79%). The remaining double protected tetramer was deprotected at the acid side 

using the same procedure as for the dimer described above. The carboxylic acid and hydroxyl 

terminated tetramers could be ligated via EDC coupling using above-mentioned procedure, yielding 

the double protected octamer 3c (90%). By repeating the coupling, deprotection and purification steps, 

a range of L-LA oligomers (3a-h), containing 4, 8, 12, 16, 24, 32 and 64 repeating units was obtained 

with an overall yield for the longest oligomer of 7%. Hence, an average yield of 79% per step was 

obtained which is comparable to the average yield per step for the synthesis of the atactic LA 32-mer 

(84%) by van Genabeek et al.
11

 

 

 

Scheme 2.2: Synthetic route towards double protected TBDMS-LLAy-Bn (3a-h), hydroxyl terminated HO-LLAy1-Bn 

(2a-g) and carboxylic acid terminated TBDMS-LLAy2-COOH (4a-g). Reaction conditions: (a) BF3·OEt2, DCM, argon, 

RT, O/N (77-92%); (b) Pd/C, H2, EtOAc, RT, O/N (quant.); (c) EDC·HCl, DPTS, DCM, RT, argon, O/N (72-90%). 

EDC·HCl = N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, DPTS = 4-(dimethylamino)pyridinium 

4-toluenesulfonate. 

 

Various techniques were used to evaluate the purity and monodispersity of the L-lactic acid 

oligomers. 
1
H NMR permits to monitor the growth of the chains by comparing the intensities of the 

multiplet at δ = 5.16 ppm as a function of chain length. This peak is attributed to the methine protons 

in the oligomer backbone. A representative spectrum of TBDMS-LLA12-Bn (3d) is shown in Figure 

2.3. With the same technique, also the different oligomer chain end combinations could be identified, 

as the protons of the different end groups are located at different positions. The protons of the phenyl 

group show a multiplet around δ = 7.35 ppm and the TBDMS group has two characteristic peaks: a 

singlet at δ = 0.9 ppm and a double singlet at 0.09 ppm. The double singlet is caused by the slight 
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difference in electronic environment for methyl groups b and c, caused by methyl group d, and their 

intensity corresponds to 2×3 protons. Removal of one of the protecting groups leads to disappearance 

of either the phenyl or TBDMS peaks in the spectrum and therefore served as a reference to follow the 

extent of the deprotection and coupling reactions. In addition, 
13

C NMR spectra were measured, which 

confirmed the purity of the oligomers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: 1H NMR spectrum (400 MHz, CDCl3) of TBDMS-LLA12-Bn (3d). 

 

The molecular weight and the monodispersity of each double protected L-LA oligomer (3b-h) was 

further analyzed by MALDI-TOF. All spectra show a single, high intensity peak at the expected mass 

of the oligomers in both matrixes (CHCA and DCTB) (Figure 2.4). Any smaller peaks that are visible 

in the spectra were only present in one of the matrixes and never matched with the mass of precursor 

material or oligomers with a higher or lower degree of polymerization (DP). Only for the longest 

oligomer 3h, we observed one additional peak in both matrixes at a mass that represents the oligomer 

that has exactly one monomeric unit less. This oligomer with a DP of 63 is only present in minor 

amounts (~7%). 
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Figure 2.4: MALDI-TOF (CHCA or DCTB matrix) spectra of double protected oLLA (3b-h). The data is shifted 

vertically for clarity. 

 

Finally, all double protected L-LA oligomers were examined with SEC. The data show narrow peak 

distributions, and no other peaks are visible in the chromatogram. In Figure 2.5, the baseline corrected 

molecular weight distribution plots for each oligomer are shown. It is clear that the values for 

molecular weight (Mw) on the horizontal axis do not match the exact mass of the oligomers, especially 

for the longer oligomers. With this technique, the molecular weight is calculated via a calibration 

curve that converts the retention time to Mw. Yet, the calibration is performed with polystyrene, having 

a smaller hydrodynamic radius/mass ratio in tetrahydrofuran compared to oLLA. Therefore, with this 

technique, the exact molar mass of L-LA oligomers is always larger than its exact molecular weight. 

The calculated molar mass dispersity (Đ) values range from 1.012 to 1.016. As MALDI-TOF already 

showed that the material is monodisperse, we can conclude that SEC is insufficiently sensitive for 

determining accurate values of Đ for these oligomers since they lie far below the detection limit of the 

technique.  

 

Figure 2.5: SEC traces (PDA, 254 nm) for the double protected oLLA (3a-h). The data is slightly shifted vertically for 

clarity. 



Synthesis of discrete length L-lactic acid oligomers and homochiral oligo(dimethylsiloxane)-b-oligo(lactic acid) 

   

 23  

2.3 Synthesis of discrete length oDMS-oLLA  

The high purity and monodisperse nature of the various discrete oLLA blocks allows us to use 

these oligomers as building blocks for the synthesis of monodisperse oDMS-oLLA. The 

complementary discrete length building block, oDMS, was kindly provided by Bas de Waal. This 

block was synthesized according to a literature procedure in which the synthetic route for the coupling 

of both oDMS and atactic oLA is described.
11

 In our work, this synthetic method is applied for the 

coupling of the oDMS block to isotactic oLLA block to form discrete oDMS-oLLA (Figure 2.6). For 

further convenience, the BCOs will be denoted as L-[Si-LA], where Si and LA are the number of 

siloxane and L-LA repeating units, respectively. 

 

 

Figure 2.6: Chemical structure of block co-oligomers L-[Si-LA] 

 

The first step towards the synthesis of oDMS-oLLA block co-oligomers is the coupling of the 

oDMS block (siloxane monohydride 5i-j), to the allyl ether of benzyl (S)-lactate (6) (Scheme 2.3). The 

latter was kindly provided by Bas van Genabeek and coupled to oDMS using Karstedt hydrosilylation 

catalyst, obtaining Me-Six-LLA1-Bn (7i-j). Removal of the benzyl ester catalyzed by Pd/C resulted in 

the acid functionalized Me-Six-LLA1-COOH (8i-j) with either 15 or 23 siloxane repeating units, 

respectively. Subsequent coupling with hydroxyl terminated oLLA (2b-f) of various lengths resulted 

in the formation of a series of benzyl ester protected block co-oligomers L-[Si-LA] (71-95%). The 

chain lengths of oLLA were chosen such, that values of fLA between 0.16 and 0.45 were obtained.  
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Scheme 2.3: Synthetic route towards L-[Si-LA]. Reaction conditions: (a) Karstedt catalyst, toluene, argon, 60 °C, 3 h 

(40-58%); (b) Pd/C, H2, EtOAc, RT, 2 h (50-67%); (c) EDC·HCl, DPTS, DCM, RT, argon, O/N  (71-95%). 

EDC·HCl = N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, DPTS = 4-(dimethylamino)pyridinium 

4-toluenesulfonate. 

 

2.4 Synthesis of discrete length oDMS-oDLA 

The enantiomeric form of the BCO, oDMS-oDLA, was obtained using a similar synthetic route as 

described above for oDMS-oLLA. The oDLA block was kindly provided by Jan Hennissen. As 

described in the previous section, for the coupling of the two blocks, a siloxane precursor with one LA 

monomeric unit is necessary. For this, we need the allyl ether of a LA monomer which can be 

selectively synthesized by making use of the ester of LA monomer. For the L-LA monomer the benzyl 

ester was available, whereas for the D-LA only the methyl ester was commercially available. This 

methyl protected D-LA monomer (11) was reacted with allyl bromide using silver(I) oxide, giving the 

allyl ether of methyl (R)-lactate (12) (68%) (Scheme 2.4). The product was only obtained in moderate 

yields because of some evaporation of the molecule during drying as a result of the low boiling point. 

Subsequently, the product was coupled to the siloxane (5i-j) obtaining Me-Six-DLA1-Me (13i-j) 

(79%) with 15 or 23 repeating units, respectively. The removal of the methyl protective group could 

not proceed via Pd/C. This directed us to try different deprotection methods for the removal of the 

methyl group and liberate the acid. First, a deprotection with Novozym 435 was attempted, where we 

did not observe any conversion after five hours. Therefore, trimethylstannous oxide was used, 

resulting in successful deprotection of the methyl group, affording the Me-Six-DLA1-COOH (14i-j) 

(48-74%). Finally, the functionalized oDMS block could be coupled to various chain length hydroxyl 
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terminated oDLA (15c-e) using the EDC coupling reagent. Yet, for the synthesis of D-[15-17], a 

different coupling agent was used, i.e., PyBop. With this, we attempted to increase yields, as we 

expected that the EDC coupling agents deactivate during the reaction. Unfortunately, this resulted in 

even lower yields (16%) and therefore we used EDC as a coupling agent for all other coupling 

reactions. Good yields were obtained if the concentration of the mixture is high. This resulted in a 

series of benzyl ester protected oDMS-oDLA block co-oligomers, denoted as D-[Si-LA]. Again, the 

chain lengths of oDLA were chosen such, that values of fLA between 0.3 and 0.45 were obtained. 

 

 

Scheme 2.4: Synthetic route towards D-[Si-LA]. Reaction conditions: (a) Allyl bromide, silver(I) oxide, Et2O, argon, 

reflux, O/N (68%); (b) Karstedt catalyst, toluene, argon, 60 °C, 3 h (79%); (c)  Pd/C, H2, EtOAc, RT, 2 h (48-74%); 

(d) DIPEA, PyBop, DCM, argon, O/N (16%); (e) EDC·HCl, DPTS, DCM, RT, argon, O/N  (60-95%). 

DIPEA = di-isopropylethylamine, PyBop = benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate, 

EDC·HCl = N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, DPTS = 4-(dimethylamino)pyridinium 

4-toluenesulfonate. 
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The high purity and monodispersity of both oDMS-oLLA and oDMS-oDLA BCOs was confirmed 

using the same analytical techniques as for oLLA. With 
1
H NMR, we quantified the length of the LA 

block, which confirmed that no degradation occurred during the coupling reaction. Equal to the oLLA 

block itself, the multiplet at δ = 5.16 ppm is assigned to the protons of the methine carbons in the 

oligomer backbone. A representative spectrum of L-[15-17] is shown in Figure 2.7a. For all BCOs, a 

clear quartet is observed at δ = 4.0 ppm, resulting from the proton of the methine carbon (e) closest to 

the siloxane. The peaks at δ = 3.6 and 3.3 ppm are double triplets, representing the two protons (d) of 

the spacer closest to the LA block. Interestingly, these peaks have a characteristic roofed shape 

splitting, indicating that these protons couple strongly with each other.
12

  

 

Figure 2.7: (a) 1H NMR spectrum (400 MHz, CDCl3) of L-[15-17], inset shows the peaks e and d. 1H NMR spectra 

of (b) racemized L-[15-17] and (c) atactic [15-17]11 in the region 3.3 ≤ δ ≤ 4.0 ppm. 

 

Initially, BCO L-[15-17] was synthesized with a one year old batch of Me-Si15-LLA1-COOH (8i), 

which was stored at room temperature. Interestingly, the 
1
H NMR spectrum was different in the region 

3.3 ≤ δ ≤ 4.0 ppm, whereas the rest of the spectrum remained the same (Figure 2.7b). The quartet at    

δ = 4.02 changed to a double quartet and the two double triplets at δ = 3.6 and 3.3 ppm changed to 

double, double triplets. Most likely, this is caused by racemization of the single (S)-LA unit connected 

to the siloxane 8i. After reaction with the oLLA16 (2e) block, this results in diastereoisomers: (S)/(S)16 

and (R)/(S)16. This is visible in the 
1
H NMR spectrum since the methine proton (e) closest to the 

siloxane and the protons (d) on the spacer, are in a different chemical environment depending on the 

type of diastereoisomer. Comparing this region of the 
1
H NMR spectrum to the atactic BCO,

11
 we 

(a) (b) 

(c) 
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observe very similar peaks (Figure 2.7b-c). The atactic BCO also exist as two diastereomers, in which 

the LA closest to the siloxane is always in (S)-configuration and the first LA next to this, is either in 

the (S)- or (R)-configuration. A new batch of Me-Si15-LLA1-COOH (8i) was synthesized and stored at 

-22 °C to prevent from racemization over time. All other oligomers were formed with a new batch of 

the oDMS-LLA1 precursor and no racemization was observed.  

In addition to 
1
H NMR and 

13
C NMR, the purity of the BCOs was evaluated by MALDI-TOF. The 

spectra of each oDMS-oLLA and oDMS-oDLA block co-oligomer show a single high intensity peak 

in both matrixes (CHCA and DCTB) (Figure 2.8). This high intensity peak is followed by a smaller 

peak, representing the molecular mass plus a sodium or potassium ion, respectively. The absence of 

peaks matching the precursor material or BCOs with a higher or lower DP indicated monodisperse 

products. 

 

    
Figure 2.8: MALDI-TOF (CHCA or DCTB matrix) spectra of all (a) L-[Si-LA] and (b) D-[Si-LA] block co-oligomers. 

The data is shifted vertically for clarity. 

 

Finally, all oDMS-oLLA and oDMS-oDLA oligomers were examined with SEC (Figure 2.9). As 

we know from our results with solely the oLLA blocks, the exact molecular mass and dispersity for 

the block co-oligomers could not be determined using this technique. The narrow peak distributions 

indicate very low dispersities with calculated Đ-values in the range of 1.01. Though, MALDI-TOF 

already showed that the material is fully monodisperse with Đ-values far below the detection limit of 

this technique. Comparing the results of MALDI-TOF and SEC more critically, we observe a 

difference between the two [23-9] BCOs and the [15-17] BCOs. According to MALDI-TOF, which 

tells us the exact mass, the molar mass of the latter is 17 Da lower. In contrast, the SEC traces revealed 

a larger mass for [15-17] BCO. We attribute this to a difference in hydrodynamic radius, in which, 

apparently, both [15-17] polymers have a larger radius than the [23-9] BCOs. This indicates that the 

LA block has a larger hydrodynamic radius than the siloxane block. 
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Figure 2.9: SEC traces (PDA, 254 nm) for (a) L-[Si-LA] and (b) D-[Si-LA] block co-oligomers. The data is slightly 

shifted vertically for clarity. 

 

2.5 Conclusions 

We have demonstrated the successful synthesis of monodisperse oLLA oligomers and oDMS-

oLLA and oDMS-oDLA block co-oligomers. The iterative synthetic approach for the synthesis of 

oLLA was highly efficient by using repeating deprotection and coupling steps. This clearly follows 

from the very high yields and unprecedented high purity for oligomers up to 64 LA repeating units. 

Careful examination of the MALDI-TOF spectra for all double protected oLLA samples revealed that 

no oligomers with an incorrect number of L-LA repeating units were present up to the 32-mer. 

However, continuation of the exponential growth strategy to obtain the 64-mer resulted in difficulties 

during the purification. The decrease of oligomer purity and coupling efficiency indicates that the limit 

of this synthetic approach has been reached. 

The straightforward coupling method of the discrete oLLA and oDLA blocks to the oDMS block 

resulted in oDMS-oLLA and oDMS-oDLA BCOs with various DPs and volume fractions. The high 

yields and purity for the BCOs proved the high efficiency of the coupling method. Again, the  

MALDI-TOF spectra of all BCO samples revealed that absolute no BCOs with an incorrect DP were 

present. From this, we can conclude that we obtained discrete length oDMS-oLLA and oDMS-oDLA 

BCOs. 

 

 

 



Synthesis of discrete length L-lactic acid oligomers and homochiral oligo(dimethylsiloxane)-b-oligo(lactic acid) 

   

 29  

2.6 Experimental section  

2.6.1 Materials 

All reagents were purchased from Aldrich and used as received, unless otherwise specified. DPTS was 

synthesized by Mark Gosens using a literature procedure.
13

 All solvents were purchased from Biosolve 

and dry solvents were obtained using MBraun solvent purification system (MB SPS-800). Deuterated 

compounds were obtained from Cambridge Isotopes Laboratories. Reactions were followed by thin-

layer chromatography (TLC) using 60-F254 silica gel plates from Merck and visualized by cerium 

molybdate (CeMo) stain. 

 

2.6.2 Methods 

Automated column chromatography was performed on a Grace Reveleris X2 using Reveleris Silica 

Flash Cartridges. 
1
H NMR and 

13
C NMR spectra were recorded on a Varian Mercury Vx 400 MHz 

(400 MHz for 1H-NMR and 100 MHz for 13C-NMR). Proton chemical shifts are reported in ppm (δ) 

downfield from trimethylsilane (TMS) using the resonance frequency of the deuterated solvent as the 

internal standard. Peak multiplicity abbreviated as s: singlet; d: doublet, q: quartet; p: pentet; m: 

multiplet; dd: double doublet; dt: double triplet; dq: double quartet; Carbon chemical shifts are 

reported in ppm (δ) downfield from TMS using the resonance frequency of the deuterated solvent as 

the internal standard. Gas Chromatography-Mass Spectrometry (GC-MS) measurements were 

obtained on a Shimadzu GC-17A gas chromatograph with a Shimadzu AOC-20i auto injector, 

Shimadzu GCMS-QP5000 mass spectrometer and a Phenomenex Zebron ZB-35 column (l = 30 m, ID 

= 0.25 mm, film thickness = 0.25 µm). Matrix assisted laser absorption/ionization mass time of flight 

(MALDI-TOF) spectra were obtained on a Bruker Autoflex Speed. α-cyano-4-hydroxycinnamic acid 

(CHCA) and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCBT) were 

used as matrix. All samples were dissolved in dichloromethane. Gel Permeation Chromatography 

(GPC) measurements were obtained on a Shimadzu Prominence-i LC-2030C 3D equipped with a 

Shimadzu RID-20A refractive index detector. A THF flow of 1 mL/min is used. A polystyrene 

standard is used for the calibration, relating the retention time to molecular weight. 

 

2.6.3 Synthetic procedures 

General procedure A for removal of the TBDMS protective group, giving HO-LLAy-Bn (2b-g) 

The TBDMS protected oligomer 3 (eg. 6 mmol) was dissolved in dry DCM (40 mL, 0.15 M) in a 100 

mL round-bottom flask under an argon atmosphere. The solution was cooled down to 0 °C in icewater. 

Next, BF3-etherate (eg. 18 mmol, 3 eq) was added slowly and the mixture was allowed to warm to 

room temperature. Stirring was continued overnight at room temperature. Full conversion of the 

starting material was confirmed by TLC analysis (hept/EtOAc 50:50; CeMo stain). Subsequently, the 

solution was poured into a mixture of sat. NaHCO3 (50 mL) and brine (15 mL). The resulting colorless 
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organic layer was separated, washed with another portion of brine (10 mL) and dried with MgSO4. 

The solvent was removed in vacuo, giving the crude product. Purification by automated column 

chromatography gave the pure material 2. 

 
General procedure B for the oLLA coupling reactions giving TBDMS-LLAy-Bn (3) 

TBDMS protected oligomer 4 (eg. 3 mmol, 1.06 eq) was dissolved in dry DCM (5 mL, 0.6 M) in a 3-

necked round-bottom flask under an argon atmosphere. The solution was cooled to 0 °C in icewater 

and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS, eg. 0.57 mmol, 0.2 eq) and N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl, eg. 3.9 mmol, 1.3 eq) were 

added. The mixture was stirred for 10 min at 0 °C, followed by the addition of benzyl protected 

oligomer 2 (eg. 2.83, 1.0 eq). The resulting solution was stirred overnight at room temperature. The  

conversion was checked by TLC analysis (hept/EtOAc 50:50; CeMo stain) and full conversion was 

obtained when all starting material 2 was consumed. The reaction mixture was diluted with DCM (20 

mL) and washed with brine (20 mL). The organic layer was dried with MgSO4 and concentrated in 

vacuo, giving the crude product 3. Purification by automated column chromatography gave the pure 

material. 

 

General procedure C for removal of the benzyl protective group giving TBDMS-LLAy-COOH (4) 

The benzyl protected oligomer 3 (eg. 19 mmol) was dissolved in EtOAc (65 mL, 0.3 M). The solution 

was purged with argon and palladium (10% on carbon, 0.03 eq) was added. The mixture was stirred 

overnight under hydrogen atmosphere at room temperature. Full conversion of the benzyl ester was 

confirmed by TLC analysis (hept/EtOAc 50:50; CeMo stain; Rf,prod = 0.01-0.2 (tailing)). The black 

suspension was filtered through a 4 cm thick layer of celite and the filter cake was washed with EtOAc 

(100 mL in small portions). The filtrate was concentrated in vacuo, giving the title compound 4 in high 

purity. 

 

General procedure D for the oDMS-oLLA coupling reactions giving Me-Six-LLAy+1-Bn (L-[Si-LA]). 

oDMS acid 8 (eg. 0.16 mmol, 1.0 eq.) was dissolved in dry DCM (1 mL, ~0.15 M) in a 10 mL schlenk 

tube under an argon atmosphere. The solution was cooled to 0 °C in icewater and DPTS (0.08 mmol, 

0.5 eq) and EDC·HCl  (0.322, 2.0 eq) were added. The mixture was stirred for 10 minutes at 0 °C, 

followed by the addition of benzyl protected oLLA 2 (0.16 mmol, 1.0 eq). The mixture was then 

stirred overnight at room temperature and a suspension of droplets of co-oligomer in DCM was 

observed. The reaction mixture was diluted in DCM (15 mL) to bring all material in solution and the 

material was washed with a 50/50 mixture of water and brine (10 mL in total). The organic layer was 

dried with MgSO4 and concentrated in vacuo, giving the crude product L-[Si-LA]. The material was 

purified by automated column chromatography, resulting in pure, monodisperse block co-oligomers. 
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General procedure E for the oDMS-oDLA coupling reactions giving Me-Six-DLAy+1-Bn (D-[Si-LA]). 

oDMS acid 14j (eg. 0.16 mmol, 1.0 eq.) was dissolved in dry DCM (1 mL, ~0.15 M) in a 10 mL 

schlenk tube under an argon atmosphere. The solution was cooled to 0 °C in icewater and DPTS (0.08 

mmol, 0.5 eq) and EDC·HCl  (0.322, 2.0 eq) were added. The mixture was stirred for 10 minutes at 0 

°C, followed by the addition of benzyl protected oLLA 15 (0.16 mmol, 1.0 eq). The mixture was then 

stirred overnight at room temperature and a suspension of droplets of co-oligomer in DCM was 

observed. The reaction mixture was diluted in DCM (15 mL) to bring all material in solution and the 

material was washed with a 50/50 mixture of water and brine (10 mL in total). The organic layer was 

dried with MgSO4 and concentrated in vacuo, giving the crude product D-[Si-LA]. The material was 

purified by automated column chromatography, resulting in pure, monodisperse block co-oligomers. 

 

HO-LLA2-Bn (2a) 

Optically pure L-lactide 1 (25.43g , 0.176 mol), dry benzyl alcohol (20 mL, 0.176 mol) and D-

camphorsulfonic acid (2.05 g, 8.8 mmol) was dissolved in toluene (90 mL) in a 250 mL round-bottom 

flask under an argon atmosphere. The mixture was stirred for 2 hours at 80 °C and cooled down 

afterwards. Subsequently, extra toluene (100 mL) was added and washed with 0.2 M NaHCO3 (2x 100 

mL). The combined aqueous layers were extracted with EtoAc (100 mL) and the combined organic 

layers were washed with brine (60 mL) and dried with MgSO4. The solvent was removed in vacuo 

giving the crude product as a colorless oil (49.12 g). The crude material as purified by automated 

column chromatography in five separate portions of 10 grams each using heptane/EtOAc (gradient 

75/25 to 50/50) as eluent. The pure product 2a (with traces of lactide and monomeric by-product) was 

obtained as a colorless oil (28.4 g, 64%). 

1
H-NMR (400 MHz, chlf-d): δ=7.46-7.28 (m, 5H, Ar-H), 5.31-5.08 (m, 3H, O-CH(CH3)-CO and O-

CH2-Ar), 4.42-4.23 (m, 1H, HO-CH(CH3)-CO), 2.67-2.65 (d, 
3
J = 6.1 Hz, 1H, HO-CH(CH3)), 1.53 (d, 

3
J = 7.1 Hz, 3H, O-CH(CH3)-CO), 1.43 (d, 

3
J = 6.9 Hz, 3H, HO-CH(CH3)-CO); 

13
C-NMR (100 MHz, 

chlf-d): δ=175.07, 169.99, 135.05, 128.61, 128.52, 128.22, 69.35, 67.23, 66.69, 20.41, 16.82. 

 

HO-LLA4-OBn (2b) 

Starting from TBDMS protected tetramer 3b (3.37 g, 6.6 mmol) and BF3-etherate (2.88 g, 2.5 mL, 3 

eq), crude deprotected tetramer 2b was obtained (2.74 g) using general method A for the removal of 

the TBDMS protective group. The material was purified by automated column chromatography using 

heptane/EtOAc (gradient 70/30 to 50/50) as eluent, giving the pure material as a colorless oil (2.07 g, 

79%). 

1
H-NMR (400 MHz, chlf-d): δ=7.45-7.27 (m, 5H, Ar-H), 5.26-5.08 (m, 5H, O-CH(CH3)-CO and O-

CH2-Ar), 4.34 (m, 1H, HO-CH(CH3)-CO), 2.84 (s, 
3
J = 3.5 Hz, 1H, HO-CH(CH3)-CO), 1.59 (dd, 

3
J = 

7.1 Hz, 
3
J = 0.9 Hz, 3H, HO-CH(CH3)-CO), 1.55-1.45 (m, 9H, O-CH(CH3)-CO); 

13
C-NMR (100 
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MHz, chlf-d): δ=175.27, 170.13, 169.95, 169.77, 135.30, 128.88, 128.86, 128.84, 128.77, 128.74, 

128.73, 128.47, 69.53, 69.33, 69.27, 69.23, 67.44, 66.93, 20.69, 16.97, 16.95, 16.81; MALDI-TOF: 

Calc. [M + Na]+ = 419.13 Da, Obs. m/z = 419.17 Da; Calc. [M + K]+ = 435.11 Da, Obs. m/z = 435.13 

Da. 

 

HO-LLA8-OBn (2c) 

Starting from TBDMS protected octamer 3c (3.13 g, 9.92 mmol) and BF3-etherate (1.67 g, 1.5 mL, 3 

eq), crude deprotected octamer 2c was obtained (2.90 g) using general method A for the removal of 

the TBDMS protective group. The reaction as completed in 3 hours and the material was purified by 

automated column chromatography using heptane/EtOAc (gradient 60/40 to 35/65) as eluent, giving 

the pure material as a colorless oil (2.30 g, 89%).  

1
H-NMR (400 MHz, chlf-d): δ=7.37-7.3 (m, 5H, Ar-H), 5.27-5.06 (m, 7H, O-CH(CH3)-CO and O-

CH2-Ar), 4.34 (m, 1H, HO-CH(CH3)-CO), 2.75 (s, 1H, HO-CH(CH3)-CO), 1.58 (dd, 
3
J = 7.7 Hz, 

3
J = 

5.6 Hz, 15H, O-CH(CH3)-CO), 1.51 (dd, 
3
J = 7.1 Hz, 

3
J = 1.7 Hz, 6H, O-CH(CH3)-CO), 1.48 (d, 

3
J = 

6.9 Hz, 3H, HO-CH(CH3)-CO);
 13

C-NMR (100 MHz, chlf-d): δ=175.41, 170.20, 169.97, 169.89, 

169.88, 169.83, 135.38, 128.92, 128.83, 128.55, 69.59, 69.37, 69.35, 69.33, 67.52, 67.01, 20.82, 

17.05, 16.98, 16.95, 16.88; MALDI-TOF: Calc. [M + Na]+ = 707.22 Da, Obs. m/z = 707.25 Da; Calc. 

[M + K]+ = 723.19 Da, Obs. m/z = 723.21 Da. 

 

HO-LLA12-Bn (2d) 

Starting from TBDMS protected 12-mer 3d (0.16 mg, 0.15 mmol) and BF3-etherate (0.06 g, 0.06 mL, 

3 eq), crude deprotected 12-mer 2c was obtained (0.14 g) using general method A for the removal of 

the TBDMS protective group. The material was purified by automated column chromatography using 

heptane/EtOAc (gradient 60/40 to 30/70) as eluent, giving the pure material as a white solid (0.12 g, 

80%). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.27 (m, 5H, Ar-H), 5.39-5.07 (m, 13H, O-CH(CH3)-CO and O-

CH2-Ar), 4.33 (p, 
3
J = 6.4 Hz, 1H, HO-CH(CH3)-CO), 2.72 (d, 

3
J = 5.9 Hz, 1H, HO-CH(CH3)-CO), 

1.62-1.53 (m, 27H, O-CH(CH3)-CO), 1.51 (dd, 
3
J = 7.1 Hz, 

3
J = 1.6 Hz, 6H, O-CH(CH3)-CO), 1.48 

(d, 
3
J = 6.9 Hz, 3H, HO-CH(CH3)-CO);

 13
C NMR (100 MHz, chlf-d): δ=175.47, 170.23, 169.99, 

169.93, 169.86, 135.36, 128.95, 128.86, 128.57, 69.60, 69.47, 69.41, 69.37, 69.34, 67.55, 67.02, 

20.86, 17.08, 17.01, 16.97, 16.90; MALDI-TOF: Calc. [M + Na]+ = 995.30 Da, Obs. m/z = 995.31 Da; 

Calc. [M + K]+ = 1011.27 Da, Obs. m/z = 1011.29 Da. 

 

HO-LLA16-Bn (2e) 

Starting from TBDMS protected 16-mer 3e (0.78 g, 0.564 mmol) and BF3-etherate (0.28 g, 0.25 mL, 4 

eq), crude deprotected 16-mer 2e was obtained (0.71 g) using general method A for the removal of the 
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TBDMS protective group. The material was purified by automated column chromatography using 

heptane/EtOAc (gradient 50/50 to 20/80) as eluent, giving the pure material as a white solid (0.66 g, 

92%). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.28 (m, 5H, Ar-H), 5.28-5.09 (m, 17H, O-CH(CH3)-CO and O-

CH2-Ar), 4.34 (p,
 3
J = 6.8 Hz, 1H, HO-CH(CH3)-CO), 2.66 (d, 

3
J = 6 Hz, 1H, HO-CH(CH3)-CO), 1.58 

(m, 39H, O-CH(CH3)-CO), 0.52 (dd, 
3
J = 7.1 Hz, 

3
J = 1.7 Hz, 6H, O-CH(CH3)-CO), 1.49 (d, 

3
J = 7 

Hz, 3H, HO-CH(CH3)-CO); 13
C-NMR (100 MHz, chlf-d): δ=175.48, 170.23, 169.98, 169.93, 169.86, 

135.40, 128.96, 128.87, 128.58, 69.62, 69.45, 69.39, 69.35, 67.56, 67.05, 20.87, 17.09, 17.02, 16.99, 

16.92; MALDI-TOF: Calc. [M + Na]+ = 1283.38 Da, Obs. m/z = 1283.39 Da; Calc. [M + K]+ = 

1299.36 Da, Obs. m/z = 1299.37 Da. 

 

HO-LLA24-Bn (2f) 

Starting from TBDMS protected 24-mer 3f (0.15 g, 0.08 mmol) and BF3-etherate (0.04 g, 0.04 mL, 3 

eq), crude deprotected 24-mer 2f was obtained (0.11 g) using general method A for the removal of the 

TBDMS protective group. The material was purified by automated column chromatography using 

DCM/EtOAc (gradient 90/10 to 70/30) as eluent, giving the pure material as a white solid (0.10 g, 

86%). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.27 (m, 5H, Ar-H), 5.25-5.07 (m, 25H, O-CH(CH3)-CO and O-

CH2-Ar), 4.34 (q, 
3
J = 6.9 Hz, 1H, HO-CH(CH3)-CO), 2.71 (d, 

3
J = 6 Hz, 1H, HO-CH(CH3)-CO), 

1.62-1.53 (m, 63H, O-CH(CH3)-CO), 1.5 (dd, 
3
J = 7.1 Hz, 

3
J = 1.5 Hz, 6H, O-CH(CH3)-CO), 1.47 (d, 

3
J = 6.9 Hz, 3H, HO-CH(CH3)-CO);

 13
C NMR (100 MHz, chlf-d): δ=175.40, 170.19, 169.95, 169.88, 

169.82, 135.37, 128.92, 128.83, 128.54, 69.59, 69.37, 69.31, 67.51, 66.99, 20.82, 17.05, 16.98, 16.95, 

16.87, 0.31; MALDI-TOF: Calc. [M + Na]+ = 1859.55 Da, Obs. m/z = 1859.57 Da; Calc. [M + K]+ = 

1875.53 Da, Obs. m/z = 1875.54 Da. 

 

HO-LLA32-Bn (2g) 

Starting from TBDMS protected 32-mer 3g (0.17 g, 0.07 mmol) and BF3-etherate (0.08 g, 0.07 mL, 8 

eq), crude deprotected 32-mer 2g was obtained (0.16 g) using general method A for the removal of the 

TBDMS protective group. The reaction was completed in 5 hours and the material was purified by 

automated column chromatography using DCM/EtOAc (gradient 90/10 to 70/30) as eluent, giving the 

pure material as a white solid (0.13 g, 77%). 

1
H-NMR (400 MHz, chlf-d): δ=7.36-7.3 (m, 5H, Ar-H), 5.16 (q, 

3
J = 7.2 Hz, 33H, O-CH(CH3)-CO 

and O-CH2-Ar), 4.35 (p, 
3
J = 6.8 Hz, 1H, HO-CH(CH3)-CO), 2.67 (d, 

3
J = 6 Hz, 1H, HO-CH(CH3)-

CO), 1.57 (d, 
3
J = 7.1 Hz, 87H, O-CH(CH3)-CO ), 1.51 (dd, 

3
J = 7.1 Hz, 

3
J = 1.6 Hz, 9H, O-CH(CH3)-

CO ), 1.48 (d, 
3
J = 6.9 Hz, 3H, HO-CH(CH3)-CO);

 13
C-NMR (100 MHz, chlf-d): δ=175.09, 169.87, 

169.64, 169.57, 169.51, 135.06, 128.61, 128.52, 128.23,69.28, 69.06, 69.00, 67.20, 66.68, 20.52, 
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16.74, 16.64, 16.57; MALDI-TOF: Calc. [M + Na]+ = 2435.72 Da, Obs. m/z = 2435.78 Da; Calc. [M + 

K]+ = 2451.70 Da, Obs. m/z = 2451.77 Da. 

 
TBDMS-LLA2-Bn (3a) 

Alcohol 2a (15.30 g, 60.7 mmol) was dissolved in dry DMF (90 mL) in 250 mL round-bottom flask 

under argon an atmosphere. Imidazole (10.28 g, 152 mmol, 2.5 eq) and tert-butyldimethylsilyl 

chloride (TBDMS-Cl, 10.97 g, 72.8 mmol, 1.2 eq) were added as solids and the resulting yellow 

solution was stirred overnight at room temperature. Full conversion of the alcohol was confirmed by 

TLC analysis (hept/EtOAc 50:50; CeMo stain; Rf,prod = 0.85). The mixture was poured into sat. 

NaHCO3 (200 mL) and extracted with pentane (4x 100 mL). The combined organic layers were dried 

with MgSO4 and the solvent was removed in vacuo, giving in the crude product as a colorless oil 

(23.02 g). The crude material was purified by automated column chromatography in two separate 

portions of 11-12 grams each using heptane/EtOAc (gradient 100/0 to 85/15) as eluent. Completely 

pure material 3a (without any latcide or monomeric by-product) was obtained as a colorless oil (13.35 

g, 60%). 

1
H-NMR (400 MHz, chlf-d): δ=7.41-7.27 (m, 5H, Ar-H), 5.24-5.08 (m, 

3
J = 3.1 Hz, 3H, O-CH(CH3)-

CO and O-CH2-Ar), 4.38 (q, 
3
J = 6.8 Hz, 1H, Si-O-CH(CH3)-CO), 1.51 (d, 

3
J = 7 Hz, 3H, O-

CH(CH3)-CO), 1.41 (d, 
3
J = 6.8 Hz, 3H, Si-O-CH(CH3)-CO), 0.9 (s, 9H, (CH3)3C-Si(CH3)2), 0.1 (s, 

3H, (CH3)3C-Si(CH3)2), 0.07 (s, 3H, (CH3)3C-Si(CH3)2);
 13

C-NMR (100 MHz, chlf-d): δ=173.44, 

170.32, 135.23, 128.56, 128.39, 128.19, 68.97, 68.05, 67.01, 25.68, 21.17, 18.27, 16.87, 5.32, 4.94 

 
TBDMS-LLA4-Bn (3b) 

Starting with TBDMS protected dimer 4a (4.66 g, 16.85 mmol, 1.06 eq), benzyl protected dimer 2a 

(4.01 g, 15.9 mmol, 1 eq), DPTS (0.94 g, 3.18 mmol, 0.2 eq) and EDC·HCl (3.96 g, 20.66 mmol, 1.3 

eq), crude double protected tetramer 3b was obtained as a light yellow oil (8.78 g) using general 

method B for the coupling reactions. The material was purified by automated column chromatography 

using hept/EtOAc (gradient 100/0 to 75/25) as eluent, giving the pure material as a white solid (6.74 g, 

84%). 

1
H-NMR (400 MHz, chlf-d): δ=7.46-7.28 (m, 5H, Ar-H), 5.26-5.05 (m, 5H, O-CH(CH3)-CO and O-

CH2-Ar), 4.4 (q, 
3
J = 6.7 Hz, 1H, Si-O-CH(CH3)-CO), 1.57 (d, 

3
J = 7.1 Hz, 3H, O-CH(CH3)-CO), 1.52 

(dd, 
3
J = 7.1 Hz, 

3
J = 2.2 Hz, 6H, O-CH(CH3)-CO), 1.45 (d, 

3
J = 6.7 Hz, 3H, Si-O-CH(CH3)-CO), 0.9 

(d, 
3
J = 0.4 Hz, 9H, (CH3)3C-Si(CH3)2), 0.11 (s, 3H, (CH3)3C-Si(CH3)2), 0.09 (s, 3H, (CH3)3C-

Si(CH3)2); 
13

C-NMR (100 MHz, chlf-d): δ=173.85, 170.30, 170.27, 169.98, 135.42, 128.94, 128.83, 

128.57, 128.56, 69.57, 69.16, 68.87, 68.33, 67.52, 26.03, 21.55, 18.61, 17.09, 17.07, 16.93, -4.57, -

4.96; MALDI-TOF: Calc. [M + Na]+ = 533.22 Da, Obs. m/z = 533.25 Da; Calc. [M + K]+ = 549.19 Da, 

Obs. m/z = 549.20 Da. 
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TBDMS-LLA8-Bn (3c) 

Starting with TBDMS protected tetramer 4b (2.33 g, 5.54 mmol, 1.06 eq), benzyl protected tetramer 

2b (2.07g, 5.22 mmol, 1 eq), DPTS (0.31 g, 1.04 mmol, 0.2 eq) and EDC·HCl (1.30 g, 6.79 mmol, 1.3 

eq), crude double protected octamer 3c was obtained as a light yellow oil (9.5 g) using general method 

B for the coupling reactions. The material was purified by automated column chromatography using 

hept/EtOAc (gradient 90/10 to 50/50) as eluent, giving the pure material as a colorless oil (3.74 g, 

90%). 

1
H-NMR (400 MHz, chlf-d): δ=7.38-7.3 (m, 5H, Ar-H), 5.32-5.04 (m, 9H, O-CH(CH3)-CO and O-

CH2-Ar), 4.39 (q, 
3
J = 6.7 Hz, 1H, Si-O-CH(CH3)-CO), 1.57 (dd, 

3
J = 7.1 Hz, 

3
J = 2.5 Hz, 15H, O-

CH(CH3)-CO), 1.51 (dd, 
3
J = 7.1 Hz, 

3
J = 1.6 Hz, 6H, O-CH(CH3)-CO), 1.44 (d, 

3
J = 6.8 Hz, 3H, Si-

O-CH(CH3)-CO), 0.9 (s, 9H, (CH3)3C-Si(CH3)2), 0.09 (d,
 3

J = 9.4 Hz,  6H, (CH3)3C-Si(CH3)2);
 13

C-

NMR (100 MHz, chlf-d): δ=173.80, 171.37, 170.27, 170.17, 170.00, 169.92, 169.89, 169.87, 169.81, 

135.37, 128.91, 128.82, 128.54, 69.57, 69.31, 69.28, 69.25, 69.11, 68.83, 68.29, 67.50, 26.00, 21.52, 

21.33, 18.57, 17.05, 16.97, 16.94, 16.87, -4.61, -5.00; MALDI-TOF: Calc. [M + Na]+ = 821.30 Da, 

Obs. m/z = 821.30 Da 

 

TBDMS-LLA12-Bn (3d) 

Starting with TBDMS protected tetramer 4b (0.17 g, 0.40 mmol, 1.06 eq), benzyl protected octamer 

2c (0.261 g, 0.381 mmol, 1 eq), DPTS (0.02 g, 0.08 mmol, 0.2 eq) and EDC·HCl (0.10 g, 0.50 mmol, 

1.3 eq), crude double protected 12-mer 3d was obtained as a light yellow oil (0.40 g) using general 

method B for the coupling reactions. The material was purified by automated column chromatography 

using hept/EtOAc (gradient 85/15 to 45/55) as eluent, giving the pure material as a white solid (0.19 g, 

47%). 

1
H-NMR (400 MHz, chlf-d): δ=7.42-7.27 (m, 5H, Ar-H), 5.23-5.05 (m, 13H, O-CH(CH3)-CO and O-

CH2-Ar), 4.39 (q, 
3
J = 6.8 Hz, 1H, Si-O-CH(CH3)-CO), 1.57 (dd, 

3
J = 7.1 Hz, 

3
J = 2.6 Hz, 27H, O-

CH(CH3)-CO), 1.51 (dd, 
3
J = 7.1 Hz, 

3
J = 1.8 Hz, 6H, O-CH(CH3)-CO), 1.44 (d, 

3
J = 6.7 Hz, 3H, Si-

O-CH(CH3)-CO), 0.89 (s, 9H, (CH3)3C-Si(CH3)2), 0.09 (d, 
3
J = 9.4 Hz, 6H, (CH3)3C-Si(CH3)2); 

13
C-NMR (100 MHz, chlf-d): δ=173.87, 170.33, 170.23, 170.06, 169.98, 169.95, 169.93, 169.92, 

169.86, 135.37, 128.95, 128.86, 128.58, 69.61, 69.34, 69.33, 69.31, 69.28, 69.14, 68.86, 68.32, 67.55, 

26.02, 21.56, 18.61, 17.08, 17.01, 16.98, 16.90, -4.58, -4.98; MALDI-TOF: Calc. [M + Na]+ = 1109.39 

Da, Obs. m/z = 1109.38 Da; Calc. [M + K]+ = 1125.36 Da, Obs. m/z = 1125.36 Da. 

 

TBDMS-DLA12-Bn (D-3d) 

The start materials (octamer and tetramer) for the synthesis of the DLA 12-mer were kindly provided 

by Jan Hennissen. Starting with TBDMS protected octamer TBDMS-DLA8-COOH (0.33 g, 0.47 

mmol, 1.06 eq), benzyl protected tetramer HO-DLA8-Bn (0.20 g, 0.50 mmol, 1 eq), DPTS (0.03 g, 
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0.09 mmol, 0.2 eq) and EDC·HCl (0.12 g, 0.61 mmol, 1.3 eq), crude double protected 12-mer D-3d 

was obtained as a light yellow oil (0.39 g) using general method B for the coupling reactions. The 

material was purified by automated column chromatography using hept/EtOAc (gradient 85/15 to 

45/55) as eluent, giving the pure material as a white solid (0.32 g, 63%). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.27 (m, 5H, Ar-H), 5.24-5.06 (m, 13H, O-CH(CH3)-CO and O-

CH2-Ar), 4.39 (q, 
3
J = 6.7 Hz, 1H, TBDMSO-CH(CH3)-CO), 1.58 (d, 

3
J = 7.1 Hz, 27H, O-CH(CH3)-

CO), 1.51 (dd, 
3
J = 7.1 Hz, 

3
J = 1.6 Hz, 6H, O-CH(CH3)-CO), 1.44 (d, 

3
J = 6.7 Hz, 3H, TBDMSO-

CH(CH3)-CO), 0.9 (s, 9H, (CH3)3C-Si(CH3)2), 0.09 (d, 
3
J = 9.4 Hz, 6H, (CH3)3C-Si(CH3)2);

 13
C NMR 

(100 MHz, chlf-d): δ=173.83, 170.30, 170.20, 170.03, 169.95, 169.90, 169.89, 169.83, 135.39, 128.93, 

128.84, 128.56, 69.60, 69.33, 69.32, 69.27, 69.13, 68.85, 68.31, 67.53, 26.02, 21.54, 18.59, 17.07, 

16.99, 16.96, 16.89, -4.59, -4.98; MALDI-TOF: Calc. [M + Na]+ = 1109.39 Da, Obs. m/z = 1109.41 

Da; Calc. [M + K]+ = 1125.36 Da, Obs. m/z = 1125.38 Da. 

 

TBDMS-LLA16-Bn (3e) 

Starting with TBDMS protected octamer 4c (2.05 g, 2.89 mmol, 1.06 eq), benzyl protected octamer 2c 

(1.87 g, 2.73 mmol, 1 eq), DPTS (0.16 g, 0.546 mmol, 0.2 eq) and EDC·HCl (0.68 g, 3.55 mmol, 1.3 

eq), crude double protected 16-mer 3e was obtained as a light yellow solid (3.98 g) using general 

method B for the coupling reactions. The material was purified by automated column chromatography 

using hept/EtOAc (gradient 75/25 to 40/60) as eluent, giving the pure material as a white solid (2.70 g, 

72%). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.27 (m, 5H, Ar-H), 5.27-5.06 (m, 17H, O-CH(CH3)-CO and O-

CH2-Ar), 4.39 (q, 
3
J = 6.8 Hz, 1H, Si-O-CH(CH3)-CO), 1.57-1.55 (d, 

3
J = 7.1 Hz, 39H, O-CH(CH3)-

CO), 1.51 (dd, 3J = 7.1 Hz, 3J = 1.7 Hz, 6H, O-CH(CH3)-CO), 1.44 (d, 
3
J = 6.8 Hz, 3H, Si-O-

CH(CH3)-CO), 0.89 (s, 9H, (CH3)3C-Si(CH3)2), 0.1 (s, 3H, (CH3)3C-Si(CH3)2), 0.07 (s, 3H, (CH3)3C-

Si(CH3)2); 
13

C-NMR (100 MHz, chlf-d): δ= 173.82, 170.29, 170.19, 170.02, 169.94, 169.89, 169.88, 

169.82, 135.38, 128.93, 128.84, 128.55, 69.59, 69.31, 69.27, 69.12, 68.84, 68.31, 67.52, 26.01, 21.53, 

18.59, 17.06, 16.99, 16.96, 16.88, -4.59, -4.99; MALDI-TOF: Calc. [M + Na]+ = 1397.47 Da, Obs. m/z 

= 1397.48 Da; Calc. [M + K]+ = 1413.45 Da, Obs. m/z = 1413.45 Da. 

 

TBDMS-LLA24-Bn (3f) 

Starting with TBDMS protected octamer 4c (0.25 g, 0.35 mmol, 1.06 eq), benzyl protected 16-mer 2e 

(0.41 g, 0.33 mmol, 1 eq), DPTS (0.02 g, 0.07 mmol, 0.2 eq) and EDC·HCl (0.08 g, 0.43 mmol, 1.3 

eq), crude double protected 24-mer 3f was obtained as a light yellow solid (3.98 g) using general 

method B for the coupling reactions. The material was purified by automated column chromatography 

using DCM/EtOAc (gradient 100/0 to 80/20) as eluent, giving the pure material as a white solid (0.44 

g, 67%). 
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1
H-NMR (400 MHz, chlf-d): δ=7.44-7.28 (m, 5H, Ar-H), 5.25-5.06 (m, 25H, O-CH(CH3)-CO and O-

CH2-Ar), 4.39 (q, 
3
J = 6.7 Hz, 1H, Si-O-CH(CH3)-CO), 1.57 (d, 

3
J = 7.1 Hz, 63H, O-CH(CH3)-CO), 

1.52 (dd, 
3
J = 7.1 Hz, 

3
J = 1.7 Hz, 6H, O-CH(CH3)-CO), 1.44 (d, 

3
J = 6.7 Hz, 3H, Si-O-CH(CH3)-

CO), 0.9 (s, 9H, (CH3)3C-Si(CH3)2), 0.1 (s, 3H, (CH3)3C-Si(CH3)20.08 (s, 3H, (CH3)3C-Si(CH3)2); 
13

C 

NMR (100 MHz, chlf-d) δ=173.84, 170.30, 170.20, 170.04, 169.95, 169.90, 169.83, 135.36, 128.93, 

128.84, 128.55, 69.59, 69.31, 69.26, 69.11, 68.84, 68.29, 67.53, 26.00, 21.53, 18.59, 17.06, 16.95, 

16.88, -4.60, -4.99; MALDI-TOF: Calc. [M + Na]+ = 1973.64 Da, Obs. m/z = 1973.64 Da; Calc. [M + 

K]+ = 1089.61 Da, Obs. m/z = 1989.63 Da. 

 

TBDMS-LLA32-Bn (3g) 

Starting with TBDMS protected 16-mer 4e (0.51 g, 0.39 mmol, 1.06 eq), benzyl protected 16-mer 2e 

(0.48 g, 0.38 mmol, 1 eq), DPTS (0.02 g, 0.07 mmol, 0.2 eq) and EDC·HCl (0.09 g, 0.48 mmol, 1.3 

eq), crude double protected 32-mer 3g was obtained as a light yellow solid (0.93 g) using general 

method B for the coupling reactions. The material was purified by automated column chromatography 

using DCM/EtOAc (gradient 90/10 to 80/20) as eluent, giving the pure material as a white solid (0.79 

g, 84%). 

1
H-NMR (400 MHz, chlf-d): δ=7.32-7.29 (m, 5H, Ar-H), 5.2-5.11 (q, 

3
J = 7.1 Hz, 33H, O-CH(CH3)-

CO and O-CH2-Ar), 4.39 (q, 
3
J = 6.7 Hz, 1H, TBDMSO-CH(CH3)-CO), 1.57 (d, 

3
J = 7.2 Hz, 87H, O-

CH(CH3)-CO), 1.51 (dd, 
3
J = 7.1 Hz, 

3
J = 1.6 Hz, 6H, O-CH(CH3)-CO), 1.43 (d, 

3
J = 6.7 Hz, 3H, 

TBDMSO-CH(CH3)-CO), 0.89 (s, 9H, (CH3)3C-Si(CH3)2), 0.1 (s, 3H, (CH3)3C-Si(CH3)2), 0.07 (s, 3H, 

(CH3)3C-Si(CH3)2); 
13

C-NMR (100 MHz, chlf-d): δ=173.82, 170.29, 170.19, 170.02, 169.94, 169.89, 

169.82, 135.38, 128.93, 128.84, 128.55, 69.59, 69.32, 69.27, 69.12, 68.85, 68.31, 67.53, 26.01, 21.53, 

18.59, 17.07, 16.99, 16.96, 16.89, -4.59, -4.98; MALDI-TOF: Calc. [M + Na]+ = 2549.81 Da, Obs. m/z 

= 2549.84 Da; Calc. [M + K]+ = 2565.78 Da, Obs. m/z = 2565.74 Da. 

 

TBDMS-LLA64-Bn (3h) 

Starting with TBDMS protected 32-mer 4g (50 mg, 0.02 mmol, 1.06 eq), benzyl protected 32-mer 2g 

(50 mg, 0.02 mmol, 1 eq), DPTS (1.14 mg, 3.87 μmol, 0.2 eq) and EDC·HCl (4.82 mg, 0.03 mmol, 1.3 

eq), crude double protected 64-mer 3h was obtained as a light yellow solid (0.09 g) using general 

method B for the coupling reactions. The material was purified by automated column chromatography 

using DCM/EtOAc (gradient 93/7 to 70/30) as eluent, giving the pure material as a white solid (81 mg, 

87%). 

1
H-NMR (400 MHz, chlf-d): δ=7.36-7.30 (m, 5H, Ar-H), 5.15 (q, 

3
J = 7 Hz, 65H, O-CH(CH3)-CO and 

O-CH2-Ar), 4.39 (q, 
3
J = 6.7 Hz, 1H, TBDMSO-CH(CH3)-CO), 1.57 (d, 

3
J = 7.1 Hz, 183H, O-

CH(CH3)-CO), 1.51 (dd, 
3
J = 7.1 Hz, 

3
J = 1.6 Hz, 6H, O-CH(CH3)-CO), 1.43 (dd, 

3
J = 6.8 Hz, 

3
J = 2.8 

Hz, 3H, TBDMSO-CH(CH3)-CO), 0.89 (s, 9H, (CH3)3C-Si(CH3)2), 0.08 (d, 
3
J = 9.4 Hz, 6H, (CH3)3C-
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Si(CH3)2);
 13

C-NMR (100 MHz, chlf-d): δ=173.83, 170.29, 170.20, 170.03, 169.90, 169.83, 135.38, 

128.93, 128.84, 128.55, 69.60, 69.32, 69.12, 68.85, 68.31, 67.53, 26.01, 21.53, 18.59, 17.07, 16.96, -

4.59, -4.98; MALDI-TOF: Calc. [M + Na]+ = 4854.49 Da, Obs. m/z = 4854.52 Da; Calc. [M + K]+ = 

4870.46 Da, Obs. m/z = 4870.42 Da. 

 
TBDMS-LLA2-COOH (4a) 

Starting from benzyl protected dimer 3a (7.14 g, 19.5 mmol), pure deprotected dimer 4a was obtained 

as a colorless oil (5.41 g, quant.) using general procedure C for the removal of the benzyl group. 

1
H-NMR (400 MHz, chlf-d): δ=5.12 (q, 

3
J = 7.1 Hz, 1H, O-CH(CH3)-COOH), 4.4 (q, 

3
J = 6.8 Hz, 1H, 

Si-O-CH(CH3)-CO), 1.55 (d, 
3
J = 7.1 Hz, 3H, O-CH(CH3)-COOH), 1.44 (d, 

3
J = 6.7 Hz, 3H, O-

CH(CH3)-CO), 0.9 (s, 9H, (CH3)3C-Si(CH3)2), 0.1 (s, 3H, (CH3)3C-Si(CH3)2), 0.08 (s, 3H, (CH3)3C-

Si(CH3)2);
 13

C-NMR (100 MHz, chlf-d): δ=176.81, 173.84, 68.70, 68.42, 26.02, 21.50, 18.63, 17.09, 

4.97, 4.61 

 

TBDMS-LLA4-COOH (4b) 

Starting from benzyl protected tetramer 3b (3.21 g, 6.29 mmol), pure deprotected dimer 4b was 

obtained as a colorless oil (2.68 g, quant.) using general procedure C for the removal of the benzyl 

group. 

1
H-NMR (400 MHz, chlf-d): δ=5.26-5.05 (m, 3H, O-CH(CH3)-COOH), 4.39 (qd, 

3
J = 6.7 Hz, 3J = 0.7 

Hz, 1H, Si-O-CH(CH3)-CO), 1.26-1.5 (m, 9H, O-CH(CH3)-COOH), 1.44 (d, 
3
J = 6.8 Hz, 3H, Si-O-

CH(CH3)-CO), 0.89 (d, 
3
J = 0.8 Hz, 9H, (CH3)3C-Si(CH3)2), 0.09 (d, 

3
J = 9.1 Hz, 6H, (CH3)3C-

Si(CH3)2); 
13

C-NMR (100 MHz, chlf-d): δ= 176.07, 173.95, 170.35, 169.98, 69.13, 69.07, 68.91, 

68.34, 60.88, 26.02, 21.53, 21.37, 18.60, 17.05, 16.97, 16.93, 14.50, -4.59, -4.98; MALDI-TOF: Calc. 

[M + Na]+ = 443.17 Da, Obs. m/z = 443.20 Da; Calc. [M + K]+ = 459.14 Da, Obs. m/z = 459.17 Da. 

 

TBDMS-LLA8-COOH (4c) 

Starting from benzyl protected octamer 3c (2.57 g, 3.21 mmol), pure deprotected dimer 4c was 

obtained as a colorless oil (2.25 g, 99%) using general procedure C for the removal of the benzyl 

group. The reaction was completed in 5 hours. 

1
H-NMR (400 MHz, chlf-d): δ=5.23-5.06 (m, 7H, O-CH(CH3)-COOH and O-CH2-Ar), 4.39 (q, 

3
J = 

6.8 Hz, 1H, Si-O-CH(CH3)-CO), 1.67-1.49 (m, 21H, O-CH(CH3)-COOH), 1.43 (d, 
3
J = 6.7 Hz, 3H, 

Si-O-CH(CH3)-CO), 0.89 (s, 9H, (CH3)3C-Si(CH3)2), 0.08 (d, 3J = 9.1 Hz, 6H, (CH3)3C-Si(CH3)2); 

13
C-NMR (100 MHz, chlf-d): δ= 175.60, 173.91, 170.32, 170.06, 169.98, 169.96, 169.86, 69.34, 

69.32, 69.30, 69.16, 69.09, 68.89, 68.33, 26.02, 21.53, 18.60, 17.07, 16.99, 16.97, 16.90, -4.59, -4.97; 

MALDI-TOF: Calc. [M + Na]+ = 731.26 Da, Obs. m/z = 731.29 Da; Calc. [M + K]+ = 747.23 Da, Obs. 

m/z = 747.26 Da. 
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TBDMS-LLA16-COOH (4e) 

Starting from benzyl protected 16-mer 3e (0.73 g, 0.03 mmol), pure deprotected dimer 4e was 

obtained as a colorless oil (0.71 g, quant.) using general procedure C for the removal of the benzyl 

group. 

1
H-NMR (400 MHz, chlf-d): δ=5.18-5.1 (m, 15H, O-CH(CH3)-CO), 4.38 (q, 

3
J = 6.7 Hz, 1H, 

TBDMSO-CH(CH3)-CO), 1.69-1.48 (m, 45H, O-CH(CH3)-CO), 1.39 (d, 
3
J = 6.9 Hz, 3H, TBDMSO-

CH(CH3)-CO), 0.88 (s, 9H, (CH3)3C-Si(CH3)2), 0.07 (d, 
3
J = 9.1 Hz, 6H, (CH3)3C-Si(CH3)2); 

13
C-

NMR (100 MHz, chlf-d): δ=175.12, 173.88, 170.29, 170.03, 169.95, 169.91, 169.81, 69.30, 69.12, 

69.06, 68.85, 68.29, 25.98, 21.51, 18.57, 17.03, 16.96, 16.93, 16.87, -4.62, -5.01; MALDI-TOF: Calc. 

[M + Na]+ = 1307.42 Da, Obs. m/z = 1307.44 Da; Calc. [M + K]+ = 1323.40 Da, Obs. m/z = 1323.41 

Da. 

 

TBDMS-L-LA32-COOH (4g) 

Starting from benzyl protected 32-mer 3g (0.17 g, 0.07 mmol), pure deprotected dimer 4g was 

obtained as a colorless oil (0.16 g, quant.) using general procedure C for the removal of the benzyl 

group. The reaction was completed in 3 hours. 

1
H-NMR (400 MHz, chlf-d): δ=5.16 (q, 

3
J = 7 Hz, 31H, O-CH(CH3)-CO), 4.39 (q, 

3
J = 6.8 Hz, 1H, 

TBDMSO-CH(CH3)-CO), 1.58 (d, 
3
J = 7.1 Hz, 93H, O-CH(CH3)-CO), 1.44 (d, 

3
J = 6.8 Hz, 3H, 

TBDMSO-CH(CH3)-CO), 0.9 (s, 9H, (CH3)3C-Si(CH3)2), 0.09 (d, 
3
J = 9.3 Hz, 6H, (CH3)3C-Si(CH3)2); 

13
C-NMR (100 MHz, chlf-d): δ=174.12, 173.86, 170.31, 170.05, 169.92, 169.82, 69.34, 69.15, 69.06, 

68.87, 68.34, 26.03, 21.54, 18.60, 17.08, 16.97, 16.91, -4.58, -4.96; MALDI-TOF: Calc. [M + Na]+ = 

2459.76 Da, Obs. m/z = 2459.82 Da; Calc. [M + K]+ = 2475.74 Da, Obs. m/z = 2475.81 Da. 

 

Me-Si15-LLA-Bn (7i) 

Compound 7i was synthesized according to literature procedure.
11

 Silyl hydride 5i (1.67 mmol, 1.2 g, 

1.0 eq) and benzyl (S)-2-(allyloxy)propanoate 6 (2.51, 0.55 g, 1.5 eq) was dissolved in dry toluene (2.5 

mL). To this was added one drop of Karstedt catalyst (soln. xylene, 2% Pt). The reaction was 

completed in 4 hours giving the pure material as a colorless liquid (0.87 g, 40%). 

 

Me-Si23-LLA-Bn (7j) 

Compound 7j was synthesized according to literature procedure.
11

 Silyl hydride 5j (1.12 mmol, 1.2 g, 

1.0 eq) and benzyl (S)-2-(allyloxy)propanoate 6 (1.344, 0.30 g, 1.25 eq) was dissolved in dry toluene 

(10 mL). To this was added one drop of Karstedt catalyst (soln. xylene, 2% Pt). The reaction was 

completed in 4 hours giving the pure material as a colorless liquid (1.25 g, 58%). 
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Me-Si15-LLA-COOH (8i) 

Compound 8i was synthesized according to literature procedure.
11 

Benzyl ester 7i (0.66 mmol, 0.88 g) 

was dissolved in ethyl acetate (2 mL) and palladium (10% on carbon, 0.03 mmol, 35 mg, 0.05 eq of 

Pd) was added. Stirring under hydrogen atmosphere overnight resulted in the pure product (0.55 g, 

67%). 

 

Me-Si23-LLA-COOH (8j) 

Compound 8j was synthesized according to literature procedure.
11

 Benzyl ester 7j (0.61 mmol, 1.18 

g)was dissolved in ethyl acetate (2 mL) and palladium (10% on carbon, 0.03 mmol, 33 mg, 0.05 eq of 

Pd) was added. Stirring under hydrogen atmosphere overnight resulted in the pure product (0.56 g, 

50%). 

 

Me-Si15-LLA9-Bn (L-[15-9]) 

Starting from oDMS acid 8i (200 mg, 0.16 mmol, 1 eq), HO-LLA8-Bn 2c (110 mg, 0.16 mmol, 1 eq), 

DPTS (24 mg, 0.08 mmol, 0.5 eq) and EDC·HCl  (62 mg, 0.32 mmol, 2 eq), crude oligomer L-[15-9] 

was obtained as a colorless oil (220 mg) using general method D. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 90/10 to 65/35) as eluent, giving the 

product in pure form as a colorless, thick oil (175 mg, 72 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.41-7.27 (m, 5H, Ar-H), 5.26-5.07 (m, 10H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.59 (dt, 

3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.61 (m, 2H, Si(CH3)2-CH2-CH2-

CH2-O), 1.58 (dd, 
3
J = 7.1 Hz, 

3
J = 3.1, 18H, CO-O-CH(CH3)-CO), 1.52 (dd, 

3
J = 7.1 Hz, 

3
J = 1.8 Hz, 

6H, CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.8 Hz, 3H, CH2-O-CH(CH3)-CO), 0.61-0.45 (m, 2H, 

Si(CH3)2-CH2-CH2-CH2-O), 0.13--0.02 (m, 93H, Si(CH3)2-CH2); 
13

C-NMR (100 MHz, chlf-d): 

δ=173.40, 170.29, 170.24, 170.05, 169.99, 169.96, 169.94, 169.88, 135.39, 128.96, 128.88, 128.59, 

74.87, 73.47, 69.62, 69.35, 69.31, 69.21, 68.74, 67.57, 40.67, 23.86, 19.03, 17.10, 17.03, 16.99, 16.92, 

14.42, 2.14, 1.77, 1.51, 1.49, 1.40, 1.03, 0.44, 0.41, 0.35; MALDI-TOF: Calc. [M + Na]+ = 1929.59 

Da, Obs. m/z = 1929.59 Da; Calc. [M + K]+ = 1945.56 Da, Obs. m/z = 1945.56 Da. 

 

 

Me-Si15-LLA17-Bn (L-[15-17]) 

Starting from oDMS acid 8i (160 mg, 0.13 mmol, 1 eq), HO-LLA16-Bn 2e (163 mg, 0.13 mmol, 1 eq), 

DPTS (19 mg, 0.07 mmol, 0.5 eq) and EDC·HCl  (50 mg, 0.26 mmol, 2 eq), crude oligomer L-[15-17] 

was obtained as a white solid (252 mg) using general method D. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 80/20 to 60/40) as eluent, giving the 

product in pure form as a white solid (216 mg, 80 %). 
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1
H-NMR (400 MHz, chlf-d): δ=7.44-7.27 (m, 5H, Ar-H), 5.25-5.07 (m, 18H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.9 Hz, 1H, CH2-O-CH(CH3)-CO), 3.58 (dt, 

3
J = 8.7 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.65-1.6 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.58 (d, 
3
J = 7.1 Hz, 42H, CO-O-CH(CH3)-CO), 1.51 (dd, 

3
J = 7.1 Hz, 

3
J = 1.8 Hz, 6H, 

CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.9 Hz, 3H, CH2-O-CH(CH3)-CO), 0.59-0.49 (m, 2H, Si(CH3)2-

CH2-CH2-CH2-O), 0.11-0.01 (m, 93H, Si(CH3)2-CH2); 
13

C-NMR (100 MHz, chlf-d): δ=173.39, 

170.28, 170.23, 170.04, 169.98, 169.95, 169.94, 169.92, 169.87, 135.38, 128.96, 128.87, 128.58, 

74.86, 73.46, 69.61, 69.34, 69.30, 69.20, 68.73, 67.56, 23.85, 19.02, 17.09, 17.02, 16.98, 16.91, 14.41, 

2.13, 1.76, 1.50, 1.49, 1.39, 1.02, 0.43, 0.40, 0.34; MALDI-TOF: Calc. [M + Na]+ = 2505.76 Da, Obs. 

m/z = 2505.75 Da; Calc. [M + K]+ = 2521.73 Da, Obs. m/z = 2521.70 Da. 

 

Me-Si23-LLA5-Bn (L-[23-5]) 

Starting from oDMS acid 8j (69 mg, 0.04 mmol, 1 eq), HO-LLA4-Bn 2b (15 mg, 0.04 mmol, 1 eq), 

DPTS (5.6 mg, 0.02 mmol, 0.5 eq) and EDC·HCl  (15 mg, 0.08 mmol, 2 eq), crude oligomer L-[23-5] 

was obtained as colorless liquid (71 mg) using general method D. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 100/0 to 70/30) as eluent, giving the 

product in pure form as a colorless liquid (60 mg, 71 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.28 (m, 5H, Ar-H), 5.26-5.06 (m, 6H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.9 Hz, 1H, CH2-O-CH(CH3)-CO), 3.59 (dt, 

3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.33 (dt, 
3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.69-1.61 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.59 (dd, 
3
J = 7.1 Hz, 

3
J = 1.2 Hz, 6H, CO-O-CH(CH3)-CO), 1.52 (dd, 

3
J = 7.1 Hz, 

3
J = 

1.6 Hz, 6H, CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.9 Hz, 3H, CH2-O-CH(CH3)-CO), 0.6-0.48 (m, 2H, 

Si(CH3)2-CH2-CH2-CH2-O), 0.14-0.01 (m, 138H, Si(CH3)2-CH2); 
13

C-NMR (100 MHz, chlf-d) 

δ=173.40, 170.29, 170.26, 170.04, 169.92, 135.43, 128.97, 128.88, 128.61, 74.90, 73.48, 69.62, 69.34, 

69.23, 68.76, 67.57, 23.89, 19.03, 17.11, 17.03, 16.92, 14.44, 2.14, 1.77, 1.51, 1.49, 1.40, 1.03, 0.45, 

0.42, 0.35; MALDI-TOF: Calc. [M + Na]+ = 2233.65 Da, Obs. m/z = 2233.66 Da. 

 

Me-Si23-LLA9-Bn (L-[23-9]) 

Starting from oDMS acid 8j (129 mg, 0.07 mmol, 1 eq), HO-LLA8-Bn 2c (48 mg, 0.07 mmol, 1 eq), 

DPTS (10 mg, 0.04 mmol, 0.5 eq) and EDC·HCl  (27 mg, 0.14 mmol, 2 eq), crude oligomer L-[23-9] 

was obtained as white solid (145 mg) using general method D. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 90/10 to 65/35) as eluent, giving the 

product in pure form as a white solid (130 mg, 74 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.28 (m, 5H, Ar-H), 5.42-5.05 (m, 10H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.9 Hz, 1H, CH2-O-CH(CH3)-CO), 3.59 (dt, 

3
J = 8.7 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.69-1.61 (m, 2H, Si(CH3)2-CH2-
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CH2-CH2-O), 1.58 (dd, 
3
J = 7.1 Hz, 

3
J = 1.5 Hz, 18H, CO-O-CH(CH3)-CO), 1.52 (dd, 

3
J = 7.1 Hz, 

3
J = 

1.7 Hz, 6H, CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.9 Hz, 3H, CH2-O-CH(CH3)-CO), 0.61-0.43 (m, 2H, 

Si(CH3)2-CH2-CH2-CH2-O), 0.10-0.01 (m, 138H, Si(CH3)2-CH2);
 13

C-NMR (100 MHz, chlf-d): 

δ=173.41, 170.29, 170.25, 170.06, 170.00, 169.96, 169.94, 169.88, 135.40, 128.97, 128.88, 128.60, 

74.88, 73.47, 69.63, 69.36, 69.32, 69.21, 68.75, 67.57, 23.87, 19.03, 17.11, 17.03, 17.00, 16.92, 14.42, 

2.14, 1.77, 1.51, 1.49, 1.42, 1.40, 1.03, 0.45, 0.42, 0.35; MALDI-TOF: Calc. [M + Na]+ = 2521.74 

Da, Obs. m/z = 2521.83 Da; Calc. [M + K]+ = 2537.71 Da, Obs. m/z = 2537.78 Da. 

 

Me-Si23-LLA13-Bn (L-[23-13]) 

Starting from oDMS acid 8j (129 mg, 0.07 mmol, 1 eq), HO-LLA12-Bn 2d (68 mg, 0.07 mmol, 1 eq), 

DPTS (10 mg, 0.04 mmol, 0.5 eq) and EDC·HCl  (27 mg, 0.14 mmol, 2 eq), crude oligomer L-[23-13] 

was obtained as white solid (181 mg) using general method D. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 90/10 to 55/45) as eluent, giving the 

product in pure form as a white solid (161 mg, 82 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.42-7.28 (m, 5H, Ar-H), 5.26-5.07 (m, 14H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.58 (dt, 

3
J = 8.7 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.7 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.68-1.61 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.58 (dd, 
3
J = 7.2 Hz, 

3
J = 2.9 Hz, 30H, CO-O-CH(CH3)-CO), 1.52 (dd, 

3
J = 7.1 Hz, 

3
J = 

1.7 Hz, 6H, CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.9 Hz, 3H, CH2-O-CH(CH3)-CO), 0.59-0.48 (m, 2H, 

Si(CH3)2-CH2-CH2-CH2-O), 0.10-0.0 (m, 138H, Si(CH3)2-CH2);
 13

C-NMR (100 MHz, chlf-d): 

δ=173.38, 170.27, 170.22, 170.04, 169.98, 169.94, 169.93, 169.91, 169.86, 135.39, 128.95, 128.87, 

128.58, 74.86, 73.45, 69.61, 69.35, 69.34, 69.30, 69.20, 68.74, 67.55, 23.86, 19.02, 17.09, 17.01, 

16.98, 16.90, 14.41, 3.18, 2.12, 1.82, 1.75, 1.54, 1.50, 1.48, 1.38, 1.01, 0.43, 0.40, 0.33; MALDI-TOF: 

Calc. [M + Na]+ = 2809.82 Da, Obs. m/z = 2809.93 Da; Calc. [M + K]+ = 2825.80 Da, Obs. m/z = 

2825.92 Da. 

 

Me-Si23-LLA17-Bn (L-[23-17]) 

Starting from oDMS acid 8j (129 mg, 0.07 mmol, 1 eq), HO-LLA16-Bn 2e (88 mg, 0.07 mmol, 1 eq), 

DPTS (10 mg, 0.04 mmol, 0.5 eq) and EDC·HCl  (27 mg, 0.14 mmol, 2 eq), crude oligomer L-[23-17] 

was obtained as white solid (222 mg) using general method D. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 90/10 to 50/50) as eluent, giving the 

product in pure form as a white solid (204 mg, 95 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.44-7.27 (m, 5H, Ar-H), 5.27-5.07 (m, 18H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.58 (dt, 

3
J = 8.7 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.67-1.61 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.61-1.54 (m, 42H, CO-O-CH(CH3)-CO), 1.52 (dd, 
3
J = 7.1 Hz, 

3
J = 1.7 Hz, 6H, CO-O-
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CH(CH3)-CO), 1.45 (d, 
3
J = 6.9 Hz, 3H, CH2-O-CH(CH3)-CO), 0.57-0.5 (m, 2H, Si(CH3)2-CH2-CH2-

CH2-O), 0.11--0.02 (m, 138H, Si(CH3)2-CH2); 
13

C-NMR (100 MHz, chlf-d): δ=173.39, 170.28, 

170.22, 170.04, 169.98, 169.93, 169.86, 135.38, 128.95, 128.86, 128.58, 74.85, 73.45, 69.61, 69.49, 

69.33, 69.29, 69.19, 68.73, 67.55, 23.85, 19.02, 17.08, 17.01, 16.98, 16.90, 14.40, 3.18, 2.12, 1.75, 

1.49, 1.48, 1.38, 1.20, 1.01, 0.43, 0.40, 0.33; MALDI-TOF: Calc. [M + Na]+ = 3097.91 Da, Obs. m/z 

= 3098.04 Da; Calc. [M + K]+ = 3113.88 Da, Obs. m/z = 3114.05 Da. 

 

Me-Si23-LLA25-Bn (L-[23-25]) 

Starting from oDMS acid 8j (137 mg, 0.07 mmol, 1 eq), HO-LLA24-Bn 2f (70 mg, 0.07 mmol, 1 eq), 

DPTS (11 mg, 0.04 mmol, 0.5 eq) and EDC·HCl  (28 mg, 0.14 mmol, 2 eq), crude oligomer L-[23-25] 

was obtained as white solid (228 mg) using general method D. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 70/30 to 40/60) as eluent, giving the 

product in pure form as a white solid (196 mg, 95 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.42-7.27 (m, 5H, Ar-H), 5.36-5.06 (m, 26H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.9 Hz, 1H, CH2-O-CH(CH3)-CO), 3.58 (dt, 

3
J = 8.8 Hz,

 3J
 = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.65-1.61 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.58 (d, 
3
J = 7.1 Hz, 66H, CO-O-CH(CH3)-CO), 1.52 (dd, 

3
J = 7.1 Hz, 

3
J = 1.7 Hz, 6H, 

CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.9 Hz, 3H, CH2-O-CH(CH3)-CO), 0.59-0.48 (m, 2H, Si(CH3)2-

CH2-CH2-CH2-O), 0.11--0.03 (m, 138H, Si(CH3)2-CH2); 
13

C-NMR (100 MHz, chlf-d): δ=173.36, 

170.26, 170.20, 170.02, 169.91, 169.84, 135.40, 128.94, 128.85, 128.57, 74.86, 73.43, 69.61, 69.33, 

69.19, 68.72, 67.54, 23.85, 18.99, 17.07, 16.97, 16.89, 14.41, 2.10, 1.74, 1.48, 1.46, 1.37, 1.00, 0.42, 

0.39; MALDI-TOF: Calc. [M + Na]+ = 3674.07 Da, Obs. m/z = 3674.15 Da. 

 

Me-Si15-LLA17-COOH (10)
‡
 

The benzyl protected block co-oligomer L-[15-17] (50 mg, 0.02 mmol, 1 eq) was dissolved in EtOAc 

(2 mL) in a 5 ml round-bottom flask. The solution was purged with argon and palladium (10% on 

carbon, 5.6 mg, 0.01 mmol, 0.26 eq) was added. The mixture was stirred for 2 hours under hydrogen 

atmosphere at room temperature. Full conversion of the benzyl ester was confirmed by TLC analysis 

(hept/EtOAc 50:50; CeMo stain; Rf,prod = 0). The black suspension was filtered through a 4 cm thick 

layer of celite and the filter cake was washed with EtOAc (100 mL in small portions). The filtrate was 

concentrated in vacuo, giving the title compound 10 (92%). 

1
H-NMR (400 MHz, chlf-d): δ=5.16 (q, 

3
J = 7 Hz, 16H, CO-O-CH(CH3)-CO), 4.02 (q, 

3
J = 6.8 Hz, 

1H, CH2-O-CH(CH3)-CO), 3.58 (dt, 
3
J = 8.8 Hz, 

3
J = 7 Hz, 1H, CH2-CH2-O), 3.32 (dt, 

3
J = 8.8 Hz, 

3
J 

                                                           
‡
 This product is not mentioned in the main text. However, the compound was used to further analyze the BCO 

system. 
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= 7 Hz, 1H, CH2-CH2-O), 1.67-1.62 (m, 2H, Si(CH3)2-CH2-CH2-CH2-O), 1.58 (dd, 
3
J = 7.2 Hz, 

3
J = 

2.5 Hz, 48H, CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.8 Hz, 3H, CH2-O-CH(CH3)-CO), 0.64-0.4 (m, 2H, 

Si(CH3)2-CH2-CH2-CH2-O), 0.13--0.05 (m, 93H, Si(CH3)2-CH2);
 13

C NMR (101 MHz, chlf-d) 

δ=173.40, 170.28, 170.05, 169.95, 169.84, 74.89, 73.47, 69.36, 69.22, 68.77, 23.87, 19.00, 17.10, 

17.02, 16.99, 14.44, 2.13, 1.77, 1.50, 1.49, 1.40, 0.44, 0.41, 0.34; MALDI-TOF: Calc. [M + Na]+ = 

2415.71 Da, Obs. m/z = 2415.76 Da; Calc. [M + K]+ = 2431.68 Da, Obs. m/z =2431.74 Da. 

 

Allyl-DLA-OMe (12) 

Methyl D-lactate (4.67 g, 44.8 mmol, 1.0 eq) and allyl bromide (8.16 g, 5.85 mL, 67.2 mmol, 1.5 eq) 

were dissolved in dry diethyl ether (40 mL) in a 100 mL round-bottom flask under argon. Silver(I) 

oxide (10.39 g, 44.8 mmol, 1.0 eq) was added and the mixture was stirred for 2 days under reflux. The 

mixture was centrifuged at 2000 rpm for 2 minutes and the supernatant was transferred in to a round 

bottom flask. The residue was washed with 15 mL Et2O and centrifuged, which was repeated twice. 

The combined organic layers were concentrated in vacuo, giving crude product 12 as a light yellow 

liquid. The mixture was purified by automated column chromatography (pentane/DCM gradient 20/80 

to 0/100), giving the pure material (4.4 g, 68 %). 

1
H-NMR (400 MHz, chlf-d): δ=5.97-5.84 (m, 1H, CH2-CH-CH2), 5.29 (dt, 

3
J = 10.4 Hz, 

3
J = 1.4 Hz, 

1H, CH2-CH-CH2), 5.19 (dt, 
3
J = 10.4 Hz, 

3
J = 1.4 Hz, 1H, CH2-CH-CH2), 4.13 (ddq, 

3
J = 12.5 Hz, 

3
J 

= 5.6 Hz, 
3
J = 1.3 Hz, 1H, CH2-O-CH(CH3)), 4.02 (q, 

3
J = 6.9 Hz, 1H, O-CH(CH3)-CO), 3.93 (ddq, 

3
J 

= 12.5 Hz, 
3
J = 6.1 Hz, 

3
J = 1.3 Hz, 1H, CH2-O-CH(CH3)), 3.74 (s, 3H, CO-O-CH3), 1.41 (d, 

3
J = 6.8 

Hz, 3H, O-CH(CH3)-CO); 
13

C NMR (100 MHz, chlf-d) δ=174.05, 134.38, 118.06, 74.28, 71.43, 

53.75, 52.23, 18.97.  

 

Me-Si15-DLA-OMe (13i) 

Silyl hydride 5i (0.79 g, 0.71 mmol, 1 eq) and allyl-DLA-OMe 12 (0.12 g, 0.85, 1.2 eq) were dissolved 

in dry toluene (3 mL) in a 25 mL round-bottom flask under an argon atmosphere. To this was added 

one drop of Karstedt catalyst (soln. in xylene, 2% Pt). The mixture was stirred at 60 °C for 3 hours 

(the mixture turned from colorless to light yellow/brown in a few minutes). Afterwards, the solvent 

was removed in vacuo. The light brown residue was purified by automated column chromatography 

using Hept/EtOAc (100/0 to 90/20) as eluent, giving the pure material 13i (700 mg, 79 %) 

1
H-NMR (400 MHz, chlf-d): δ=3.96 (q, 

3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.74 (s, 3H, CO-O-

CH3), 3.52 (dt, 
3
J = 8.9 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 3.32 (dt, 

3
J = 8.8 Hz, 

3
J = 7.1 Hz, 1H, CH2-

CH2-O), 1.68-1.58 (m, 2H, Si(CH3)2-CH2-CH2-CH2-O), 1.4 (d, 
3
J = 6.8 Hz, 3H, O-CH(CH3)-CO), 

0.59-0.48 (m, 2H, Si(CH3)2-CH2-CH2-CH2-O), 0.13-0.02 (m, 93H, Si(CH3)2-CH2); 
13

C NMR (100 

MHz, chlf-d) δ=174.34, 75.28, 73.51, 52.17, 23.88, 19.07, 14.40, 2.14, 1.50, 1.41, 0.67, 0.44; MALDI-

TOF: Calc. [M + Na]+ = 1277.39 Da, Obs. m/z = 1277.46 Da. 
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Me-Si23-DLA-OMe (13j) 

Silyl hydride 5j (1.08 g, 0.63 mmol, 1 eq) and allyl-DLA-OMe 12 (0.11 g, 0.76, 1.2 eq) were dissolved 

in dry toluene (6 mL) in a 25 mL round-bottom flask under an argon atmosphere. To this was added 

one drop of Karstedt catalyst (soln. in xylene, 2% Pt). The mixture was stirred at 60 °C for 3 hours 

(the mixture turned from colorless to light yellow/brown in a few minutes). Afterwards, the solvent 

was removed in vacuo. The light brown residue was purified by automated column chromatography 

using Hept/EtOAc (100/0 to 78/22) as eluent, giving the pure material 13j (772 mg, 79 %) 

1
H-NMR (400 MHz, chlf-d): δ=3.96 (q, 

3
J = 6.9 Hz, 1H, CH2-O-CH(CH3)-CO), 3.74 (s, 3H, CO-O-

CH3), 3.52 (dt, 
3
J = 8.9 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 3.32 (dt, 

3
J = 8.8 Hz, 

3
J = 7.1 Hz, 1H, CH2-

CH2-O), 1.71-1.56 (m, 2H, Si(CH3)2-CH2-CH2-CH2-O), 1.4 (d, 
3
J = 6.8 Hz, 3H, O-CH(CH3)-CO), 

0.59-0.48 (m, 2H, Si(CH3)2-CH2-CH2-CH2-O), 0.2--0.05 (m, 141H, Si(CH3)2-CH2); 
13

C NMR (100 

MHz, chlf-d) δ=174.32, 75.29, 73.51, 52.16, 52.14, 23.90, 19.05, 14.42, 2.14, 2.13, 1.77, 1.52, 1.50, 

1.48, 1.40, 1.03, 0.45, 0.35; MALDI-TOF: Calc. [M + Na]+ = 1869.54 Da, Obs. m/z = 1869.56 Da. 

 

Me-Si15-DLA-COOH (14i) 

Methyl ester 13i (0.68 g, 0.542 mmol, 1.0 eq) was dissolved in dry dichloroethane (5 mL) in a 25 mL 

round-bottom flask equipped with cooler under argon atmosphere. To this, trimethylstannanol (0.49 

mg, 2.71 mmol, 5 eq) was added and the mixture was stirred for 3 days at 70 °C. The material was 

diluted with DCM (15 mL) and washed with a mixture of citric acid (6 mL, 0.5 M) and water (15 mL). 

The organic layer was separated and the aqueous layer was extracted with DCM (2x 10 mL). The 

combined organic layers were washed with brine (10 mL), dried with MgSO4 and the solvent was 

removed in vacuo, giving the crude product as a colorless oil. Further purification by automated 

column chromatography using Hept/EtOAc (95/5 to 60/40) as eluent yields the pure product 14i (0.5 

g, 74%). 

1
H-NMR (400 MHz, chlf-d): δ=3.99 (q, 

3
J = 6.9 Hz, 1H, CH2-O-CH(CH3)-CO), 3.54 (dt, 

3
J = 8.9 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 3.42 (dt, 

3
J = 8.9 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.72-1.58 (m, 2H, 

Si(CH3)2-CH2-CH2-CH2-O), 1.45 (d, 
3
J = 6.9 Hz, 3H, O-CH(CH3)-CO), 0.62-0.47 (m, 2H, Si(CH3)2-

CH2-CH2-CH2-O), 0.1-0.04 (m, 93H, Si(CH3)2-CH2);
 13

C NMR (100 MHz, chlf-d) δ=177.74, 74.90, 

73.55, 73.36, 23.89, 18.58, 14.44, 14.14, 3.20, 2.43, 2.30, 2.14, 1.88, 1.86, 1.84, 1.77, 1.58, 1.51, 1.49, 

1.40, 1.34, 1.30, 1.24, 1.14, 1.12, 1.03, 0.75, 0.66, 0.61, 0.46; MALDI-TOF: Calc. [M + Na]+ = 

1263.37 Da, Obs. m/z = 1263.38 Da; Calc. [M + K]+ = 1279.35 Da, Obs. m/z = 1279.30 Da. 

 

Me-Si23-DLA-COOH (14j) 

Methyl ester 13j (1.04 g, 0.564 mmol, 1.0 eq) was dissolved in dry dichloroethane (6 mL) in a 25 mL 

round-bottom flask equipped with cooler under argon atmosphere. To this, trimethylstannanol (0.51 

mg, 2.82 mmol, 5 eq) was added and the mixture was stirred for 3 days at 70 °C. The material was 
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diluted with DCM (15 mL) and washed with a mixture of citric acid (6 mL, 0.5 M) and water (15 mL). 

The organic layer was separated and the aqueous layer was extracted with DCM (2x 10 mL). The 

combined organic layers were washed with brine (10 mL), dried with MgSO4 and the solvent was 

removed in vacuo, giving the crude product as a colorless oil. Further purification by automated 

column chromatography using Hept/EtOAc (95/5 to 60/40) as eluent yields the pure product 14j (0.5 

g, 48%). 

1
H-NMR (400 MHz, chlf-d): δ=3.94 (q, 

3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.54 (dt, 

3
J = 8.9 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 3.31 (dt, 

3
J = 8.9 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.71-1.57 (m, 2H, 

Si(CH3)2-CH2-CH2-CH2-O), 1.39 (d, 
3
J = 6.8 Hz, 3H, O-CH(CH3)-CO), 0.49-0.39 (m, 2H, Si(CH3)2-

CH2-CH2-CH2-O), 0.16--0.04 (m, 141H, Si(CH3)2-CH2); MALDI-TOF: Calc. [M + Na]+ = 1855.52 

Da, Obs. m/z = 1855.63 Da; Calc. [M + K]+ = 1871.49 Da, Obs. m/z = 1871.62 Da. 

 

HO-DLA12-Bn (15d) 

Starting from TBDMS protected 12-mer D-3d (0.27 mg, 0.29 mmol) and BF3-etherate (0.12 g, 0.1 mL, 

3 eq), crude deprotected 12-mer 15d was obtained (0.26 g) using general method A for the removal of 

the TBDMS protective group. The material was purified by automated column chromatography using 

heptane/EtOAc (gradient 60/40 to 30/70) as eluent, giving the pure material as a white solid (0.23 g, 

87%). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.27 (m, 5H, Ar-H), 5.27-5.07 (m, 13H, O-CH(CH3)-CO and O-

CH2-Ar), 4.33 (q, 
3
J = 6.8 Hz, 1H, HO-CH(CH3)-CO), 2.75 (d, 

3
J = 4.3 Hz, 1H, HO-CH(CH3)-CO), 

1.67-1.54 (m, 27H, O-CH(CH3)-CO ), 1.5 (d, 
3
J = 7.1 Hz, 6H, O-CH(CH3)-CO ), 1.47 (d, 

3
J = 6.9 Hz, 

3H, HO-CH(CH3)-CO); 13
C NMR (100 MHz, chlf-d): δ=175.34, 170.15, 169.94, 169.85, 169.78, 

135.34, 128.88, 128.79, 128.50, 77.68, 69.55, 69.29, 69.28, 67.47, 66.95, 20.76, 17.01, 16.94, 16.91, 

16.83; MALDI-TOF: Calc. [M + Na]+ = 995.30 Da, Obs. m/z = 995.30 Da; Calc. [M + K]+ = 1011.27 

Da, Obs. m/z = 1011.27 Da. 

 

Me-Si15-DLA17-Bn (D-[15-17]) 

oDMS acid 14i (80 mg, 0.06 mmol, 1 eq) was dissolved in dry DCM (0.5 mL) in a 10 mL schlenk 

flask under argon. The solution was cooled to 0 °C in icewater and DIPEA (20.8 mg, 0.16 mmol, 2.5 

eq) and PyBop (50 mg, 0.1 mmol, 1.5 eq) were added. The mixture was stirred for 10 minutes, 

followed by the addition of HO-DLA16-Bn 15e (85 mg, 0.07 mmol, 1.05 eq). The mixture was then 

stirred overnight at room temperature. After full conversion, the mixture was diluted with DCM (10 

mL) and washed with a 50/50 mixture of water and brine (total 10 mL). The organic layer was dried 

with MgSO4 and concentrated in vacuo giving the crude product D-[15-17] (222 mg) as a white solid. 

The material was purified by automated column chromatography, resulting in pure, monodisperse 

product (26 mg, 16 %). 
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1
H-NMR (400 MHz, chlf-d): δ=7.41-7.29 (m, 5H, Ar-H), 5.26-5.09 (m, 18H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.58 (dt, 

3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.67-1.61 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.58 (d, 
3
J = 7.1 Hz, 42H, CO-O-CH(CH3)-CO), 1.52 (dd, 

3
J = 7.1 Hz, 

3
J = 1.7 Hz, 6H, 

CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.8 Hz, 3H, CH2-O-CH(CH3)-CO), 0.59-0.48 (m, 2H, Si(CH3)2-

CH2-CH2-CH2-O), 0.15-0.01 (m, 93H, Si(CH3)2-CH2); 
13

C NMR (100 MHz, chlf-d) δ=173.39, 170.28, 

170.24, 170.04, 169.98, 169.94, 169.92, 169.87, 135.41, 128.97, 128.88, 128.59, 74.88, 73.46, 69.63, 

69.35, 69.31, 69.21, 68.75, 67.57, 23.87, 19.02, 17.11, 17.03, 16.99, 16.92, 14.43, 2.13, 1.77, 1.51, 

1.49, 1.40, 1.03, 0.45, 0.42, 0.35; MALDI-TOF: Calc. [M + Na]+ = 2505.76 Da, Obs. m/z = 2505.76 

Da; Calc. [M + K]+ = 2521.73 Da, Obs. m/z = 2521.80 Da. 

 

Me-Si23-DLA9-Bn (D-[23-9]) 

Starting from oDMS acid 14j (100 mg, 0.05 mmol, 1 eq), HO-DLA8-Bn 15c (37 mg, 0.05 mmol, 1 

eq), DPTS (8.1 mg, 0.03 mmol, 0.5 eq) and EDC·HCl  (21 mg, 0.11 mmol, 2 eq), crude oligomer D-

[23-9] was obtained as white solid (141 mg) using general method E. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 95/5 to 65/35) as eluent, giving the 

product in pure form as a white solid (114 mg, 84 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.43-7.28 (m, 5H, Ar-H), 5.26-5.08 (m, 10H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.59 (dt, 

3
J = 8.6 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.6 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.70-1.61 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.58 (dd, 
3
J = 6.9 Hz, 

3
J = 2.3 Hz, 18H, CO-O-CH(CH3)-CO), 1.52 (d, 

3
J = 7.1 Hz, 6H, 

CO-O-CH(CH3)-CO), 1.45 (d, 
3
J = 6.8 Hz, 3H, CH2-O-CH(CH3)-CO), 0.61-0.44 (m, 2H, Si(CH3)2-

CH2-CH2-CH2-O), 0.17--0.06 (m, 141H, Si(CH3)2-CH2);
 13

C NMR (100 MHz, chlf-d) δ=173.40, 

170.29, 170.24, 170.05, 169.99, 169.95, 169.93, 169.88, 135.42, 128.97, 128.88, 128.60, 74.89, 73.47, 

69.63, 69.36, 69.32, 69.22, 68.75, 67.57, 23.88, 19.02, 17.11, 17.03, 16.99, 16.92, 14.44, 2.13, 1.76, 

1.51, 1.49, 1.40, 1.02, 0.45, 0.42, 0.35; MALDI-TOF: Calc. [M + Na]+ = 2521.74 Da, Obs. m/z = 

2521.74 Da; Calc. [M + K]+ = 2537.71 Da, Obs. m/z = 2537.73 Da. 

 

Me-Si23-DLA13-Bn (D-[23-13]) 

Starting from oDMS acid 14j (137 mg, 0.07 mmol, 1 eq), HO-DLA12-Bn 15d (70 mg, 0.07 mmol, 1 

eq), DPTS (11 mg, 0.04 mmol, 0.5 eq) and EDC·HCl  (28 mg, 0.14 mmol, 2 eq), crude oligomer D-

[23-13] was obtained as white solid (211 mg) using general method E. The material was purified by 

automated column chromatography using hept/EtOAc (gradient 90/10 to 65/35) as eluent, giving the 

product in pure form as a white solid (196 mg, 95 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.45-7.27 (m, 5H, Ar-H), 5.28-5.07 (m, 15H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.59 (dt, 

3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, 
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CH2-CH2-O), 3.32 (dt, 
3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, CH2-CH2-O), 1.69-1.61 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.58 (d, 
3
J = 7.0 Hz, 30H, CO-O-CH(CH3)-CO), 1.52 (d, 

3
J = 7.2 Hz, 6H, CO-O-

CH(CH3)-CO), 1.45 (d, 
3
J = 6.8 Hz, 3H, CH2-O-CH(CH3)-CO), 0.58-0.46 (m, 2H, Si(CH3)2-CH2-CH2-

CH2-O), 0.18--0.05 (m, 141H, Si(CH3)2-CH2); 
13

C NMR (100 MHz, chlf-d) δ=173.39, 170.29, 170.24, 

170.05, 169.99, 169.95, 169.87, 135.42, 128.97, 128.88, 128.60, 74.88, 73.47, 69.63, 69.36, 69.22, 

68.75, 67.57, 23.88, 19.02, 17.11, 17.03, 17.00, 16.92, 14.43, 2.13, 1.76, 1.51, 1.49, 1.40, 1.02, 0.45, 

0.42, 0.35; MALDI-TOF: Calc. [M + Na]+ = 2809.82 Da, Obs. m/z = 2809.87 Da; Calc. [M + K]+ = 

2825.80 Da, Obs. m/z = 2825.86 Da. 

 

Me-Si23-DLA17-Bn (D-[23-17]) 

Starting from oDMS acid 14j (89 mg, 0.05 mmol, 1 eq), HO-DLA17-Bn 15e (61 mg, 0.05 mmol, 1 eq), 

DPTS (7.1 mg, 0.02 mmol, 0.5 eq) and EDC·HCl  (19 mg, 0.1 mmol, 2 eq), crude oligomer D-[23-17] 

was obtained as white solid (122 mg) using general method E. The material was purified by automated 

column chromatography using hept/EtOAc (gradient 90/10 to 50/50) as eluent, giving the product in 

pure form as a white solid (90 mg, 60 %). 

1
H-NMR (400 MHz, chlf-d): δ=7.44-7.27 (m, 5H, Ar-H), 5.26-5.08 (m, 18H, CO-O-CH(CH3)-CO and 

O-CH2-Ar), 4.02 (q, 
3
J = 6.8 Hz, 1H, CH2-O-CH(CH3)-CO), 3.58 (dt, 

3
J = 8.8 Hz, 

3
J = 7.0 Hz, 1H, 

CH2-CH2-O), 3.32 (dt, 
3
J = 8.8 Hz, 

3
J = 7.1 Hz, 1H, CH2-CH2-O), 1.67-1.61 (m, 2H, Si(CH3)2-CH2-

CH2-CH2-O), 1.58 (d, 
3
J = 7 Hz, 42H, CO-O-CH(CH3)-CO), 1.52 (d, 

3
J = 6.9 Hz, 6H, CO-O-

CH(CH3)-CO), 1.45 (d, 
3
J = 6.8 Hz, 3H, CH2-O-CH(CH3)-CO), 0.65-0.42 (m, 2H, Si(CH3)2-CH2-CH2-

CH2-O), 0.17--0.06 (m, 141H, Si(CH3)2-CH2);
 13

C NMR (100 MHz, chlf-d) δ=173.39, 170.28, 170.24, 

170.05, 169.98, 169.94, 169.87, 135.41, 128.97, 128.88, 128.59, 74.88, 73.46, 69.63, 69.35, 69.21, 

68.75, 67.57, 23.87, 19.02, 17.10, 17.03, 16.99, 16.92, 14.43, 2.13, 1.76, 1.50, 1.49, 1.39, 1.02, 0.44, 

0.41, 0.34; MALDI-TOF: Calc. [M + Na]+ = 3097.91 Da, Obs. m/z = 3097.93 Da; Calc. [M + K]+ = 

3113.88 Da, Obs. m/z = 3114.90 Da. 
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Chapter 3 

Phase behavior of discrete L-lactic acid oligomers and the 

stereocomplex 

 

3.1 Introduction 

Many decades of research on isotactic lactic acid polymers have revealed the properties and 

industrial potential of these materials. The structural, mechanical, thermal and morphological 

properties are widely investigated for poly(L-lactic acid) (PLLA) and the physical mixture of PLLA 

and PDLA, known as the PLA stereocomplex.
1–16

 In general, semi-crystalline behavior is observed for 

both PLLA and the PLA stereocomplex. Both simulations and experimental work, was performed to 

determine the exact crystal structure of the polymers. Still, there is no detailed information on the 

packing of the PLLA chains in its homocrystal structure nor in the PLA stereocomplex. Okihara et al. 

attempted to reveal the crystal structure of conventional PLLA and the PLA stereocomplex, but 

information about precise chain packing (e.g. parallel or anti-parallel) is absent.
17 

In addition, Hawker 

et al. and Hennink et al. have studied monodisperse oLLA, yet no detailed information about the 

crystal packing was included.
18,19

 In this chapter, we aim to determine a detailed crystal structure of 

low molecular weight PLLA and the PLA stereocomplex to extract information about the chain 

packing of the LA chains in the homocrystal and stereocomplex, which both have not been reported to 

date. For this, the thermal properties and morphology of low molecular weight, discrete length oLLA 

will be determined, in which the absence of dispersity allows us to study the crystal formation in a 

systematic way. Additionally, monodisperse oDLA is available in the group and will be used to form 

the oLA stereocomplex, of which the chain packing will also be determined. 

The set of monodisperse L-LA oligomers, described in Chapter 2, will be used to relate chain 

length to the thermal and morphological oligomer properties and compare them to conventional PLLA 

and the PLA stereocomplex. The oligomer thermal properties will be determined using differential 

scanning calorimetry (DSC). In addition, the morphology will be analyzed using polarized optical 

microscopy (POM) and small angle X-ray scattering (SAXS). With this information at hand, we aim 

to give a detailed description of the crystal structure and reveal more information about the chain 

packing in low molecular weight oLLA and the oLA stereocomplex. 
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3.2 The effect of chain length and end groups on oLLA thermal properties  

The oligomers described in Chapter 2 were used to determine the thermal properties of the pure, 

discrete length oLLA. This has been briefly reported before for most of the oligomers by Hawker et 

al.
20

 Yet, the data was not always clear and also the effect of the end groups is mostly not addressed. 

Additionally, Hennink et al. have summarized the thermal behavior of monodisperse oLLA with 

different end groups.
19

 To compare, we will study the effect of end groups in addition to the chain 

length dependence on the oligomer thermal properties. 

For this, all double protected L-LA oligomers were first studied with DSC. The materials were 

heated to 180 °C, depicted as the first heating run. From this isotropic state, the first cooling run to -50 

°C with 10 °C/min was started, followed by the second heating run, reaching 180 °C with 10 °C/min. 

The cooling and heating runs were repeated once to exclude effects caused by degradation. In general, 

two different types of transitions could be distinguished in the DSC data: a glass transition (Tg) and a 

melting/crystallization transition (Tm/Tc). Depending on the oligomer length, either only one of the two 

transitions or a combination was observed. 

We noticed that, directly after preparation, all oligomers were solid at room temperature, except for 

the octamer, which was a viscous oil instead. The DSC results show a sharp melting transition for all 

oligomers, whereas the octamer only shows a Tg  as an exception (Appendix Figure 2). Interestingly, 

among the oligomers showing a Tm, the tetramer and 12-mer only hasve a melt transition in the first 

heating run. Then during cooling, no crystallization occurred and instead, the oligomers got trapped in 

a glassy state. Consequently, a melting transition was absent during the second heating run. We 

believe that the rate of crystallization from the melt is too slow for these oligomers to comply with the 

cooling rates used for the DSC. In contrast, the larger oligomers with a DP ≥ 16, all crystallized from 

the isotropic melt. Upon cooling, the largest oligomers with a DP of 32 and 64, crystallized 70 °C 

below Tm,2 (Figure 3.1a). However, the 16-mer and 24-mer did not crystallize upon cooling, but go 

through a glass transition during both the cooling and subsequent heating run (Figure 3.1b). This is 

followed by cold crystallization (Tcc) and melting just 20 °C above the Tcc. Cold crystallization was 

also observed in the heating run of the two longer oligomers, the 32-mer and 64-mer. During these 

runs, the oligomer melted (Tm,1) and crystallized directly after this transition (Tcc). This is followed by 

a second melting transition (Tm,2) at a temperature just a few degrees higher. The double melting 

behavior most likely is an indication that the oligomer can exist in two different crystalline states. 
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Figure 3.1: DSC traces (first cooling and second heating run) for (a) TBDMS-LLA64-Bn and (b) TBDMS-LLA16-Bn. 

Method: cooling to -50 °C and heating to 180 °C (10 °C/min). Tm = melting temperature, Tcc = cold crystallization 

temperature, Tc = crystallization temperature and Tg = glass transition temperature. 

 

The melting and glass transition temperatures are summarized in Figure 3.2a, in which the black 

line represents the highest Tm for each sample and the red line represents Tg in the heating run. The 

dashed black and red line indicate the Tm and Tg for conventional PLLA, respectively.
6
 Both Tm and Tg 

curves originate from the DSC measurements and approach the values for conventional PLLA, 

reaching infinite amount of LA units. If we look at the short oligomers, the octamer does not have a 

melting transition and the melting temperature of the tetramer does not fit in the curve for Tm. This 

possibly indicates that the crystal structure of TBDMS-LLA4-Bn is different from the other oligomers.  

 

          
Figure 3.2: (a) Tg (red) and Tm (black) plotted against the lactic acid (LA) repeating units (data from DSC 

measurements). Red and black dashed line are the Tg and Tm for conventional PLLA. (b) Tg (blue circles) and Tm (blue 

squares) of oLLA with free hydroxyl groups included in the plot. 

 

(b) (a) 

(a) (b) 
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Very interestingly, Hennink et al. did not observe crystallization behavior for the tetramer.
19 

However, they observed crystalline behavior for the oligomers with a DP ≥ 11. This is consistent with 

our data for DP ≥ 12, assuming the tetramer forms a different kind of crystal. Additionally, the values 

for the transition temperatures are very similar to the values observed by Hawker et al. and Hennink  

et al.
19,20

 It should be noted that in the work of the latter, oLLA with different end groups was 

evaluated. Therefore, we also examined the effect of the protective end groups on the Tm and Tg. The 

tetramer to 32-mer with a free hydroxyl group and a benzyl ester protective end group were measured 

using DSC. This resulted in no significant difference in the Tg or Tm for all of the oligomers (Figure 

3.2b). From this, we assume that the TBDMS protecting group does not have significant effect on the 

thermal transitions of the oligomers, except for the tetramer. This oligomer is not crystalline when a 

free hydroxyl group is present and therefore we believe that the end groups do have an effect on the 

crystal formation and structure of the tetramer.  

 

3.3 The effect of chain length on the oLLA morphology  

Having shown that most oligomers form crystalline solids at room temperature, we studied the 

crystals with POM to reflect any differences between the various chain lengths. For this, the oligomers 

with a DP of 16 and 64 were molten in-between two glass plates to form a film, and cooled slowly to 

induce crystallization. The crystals were examined at various temperatures under the POM with 

crossed polarizers. First, the 16-mer solidified very quickly when cooled from the isotropic melt, 

forming very small crystallites that grew fast when the temperature was kept constant just below its 

melting temperature (Figure 3.3a-b). The small crystalline domains are probably spherulites that are 

faintly visible at the highest magnification. Second, the 64-mer clearly forms crystallites in the form of 

large spherulites (Figure 3.3c-d). A sample rotation of 45° induces a change in birefringence, 

visualized as a change from dark to light regions and vice versa. The spherulites of the largest 

oligomer resemble the optical properties of conventional low molecular weight PLLA, of which is 

known that it forms spherulites upon crystallization.
4
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Figure 3.3: POM (crossed polarizers) micrographs of TBDMS-LLA16-Bn (a-b) at 90 °C, hold for (a) 6 minutes and (b) 

7 minutes and (c-d) TBDMS-LLA64-Bn at 119 °C (c) showing spherulites which are (d) rotated 45°. The scale bars 

represent (a-b) 0.05 mm and (c-d) 0.1 mm. 

 

Further morphology studies of the double protected oligomers were performed using X-ray 

scattering. For these materials, we see sharp scattering peaks in the q-range corresponding to 2–50 nm 

ordered structures. The results of the medium angle X-ray scattering (MAXS) measurements show 

similar scattering patterns for the 12-mer up to the 64-mer (Figure 3.4a). The very sharp principal 

scattering peak (indicated with q*) and large number of higher order Bragg reflections reveal that a 

highly ordered lamellar structure is present in the oligomer crystal (Figure 3.4c). From the value of q*, 

we calculated the domain spacings (d*) for the lamellae of the 12-mer, 16-mer, 24-mer, 32-mer and 

64-mer, resulting in a lamellar thickness of 4.7, 6.0, 8.2, 10.7 and 15.8 nm respectively. Excluding the 

64-mer, these d*-values are very close to the respective theoretical molecular lengths of oLLA, also 

found by Hawker et al. for the 16-mer and 32-mer.
18

 This implies that these oligomers are fully 

extended in the lamellar structure. Additionally, if we plot d* versus the number of L-LA repeating 

units for all fully extended oligomers, a linear trend is observed. From the slope of this plot, a rise per 

monomeric residue of 0.3 nm was extracted with a negligible standard error (Appendix Figure 4). This 

number is very consistent with the reported simulated value for one L-LA monomer in PLLA.
21

  

 

 

(a) (b) 

(c) (d) 
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Figure 3.4: (a) MAXS data for double protected oLLA with a DP of 12 to 64 and (b) LLA (black) and DLA (red) 

octamers. The data is shifted vertically for clarity. Higher order Bragg reflections indicated if present. (c) Schematic 

representation of lamellae of oLLA, showing two layers with d* indicating the lamellar thickness of one layer. 

 

Interestingly, the scattering pattern of the 64-mer shows two scattering peaks at different positions. 

These peaks, indicated with q* and q2*, are repeated in complementary higher order reflections. This 

strongly indicates the presence of two different lamellar structures. For both structures the domain 

spacings were calculated; 15.8 (d*) and 10.1 nm (d2*). The latter is very close to the d*-value of the 

32-mer, indicating that the 64-mer is folded once, also confirmed by Hawker et al.
18

 In addition, the 

lamellar thickness of conventional PLLA is on average 10–13 nm, also caused by folding of the 

polymer.
22–24

 However, the double peak character was not observed by Hawker et al., and the larger 

d*-value for the 64-mer (15.8 nm) exceeds the lamellar thickness of conventional PLLA. Remarkably, 

this value does not match the theoretical molecular length of oLLA64 and therefore the longest 

oligomer is probably partially folded. This shows that kinetics plays a large role in the structure 

formation which becomes more pronounced for the larger oligomers. 

 

 

 

(b) (a) 

(c) 
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The two exceptions of the set of scattering measurements on oLLA were the octamer and the 

tetramer. As already expected, the former does not form lamellae or other ordered structures according 

to the MAXS data (Figure 3.4b). The absence of reflections in the 0 to 5 nm
-1

 q-range suggests that 

this oligomer is disordered. Yet, the enantiomeric analogue, the oDLA octamer - synthesized by Jan 

Hennissen - became solid after aging for six months at room temperature (Figure 3.4b). The MAXS 

data for this oligomer reveal the formation of lamellae with a d*-value of 3.4 nm. This value fits 

perfectly in the row of domain spacings that results in a rise per monomeric residue of 0.3 nm, as 

described above.  

The shortest oligomer is crystalline according to the DSC data (Section 3.2), suggesting the 

presence of an ordered structure. If the crystal structure of the tetramer is the same as for the longer 

oligomers, it forms lamellae with a domain spacing roughly half the d*-value of the octamer which 

should be visible as a reflection peak in the 0 to 5 nm
-1

 q-range. However, the pattern of the tetramer 

lacks scattering reflections at q ≤ 5 nm
-1

, suggesting a different type of crystal structure for the shortest 

oligomer compared to the longer oligomers. 

Additionally, the 16-mer with a hydroxyl end group was measured to reveal any differences caused 

by the end groups regarding the ordered structure and/or inter-chain interactions. Both the MAXS and 

WAXS data resulted in a similar scattering pattern as for the double protected oligomer with a DP of 

16 (Appendix Figure 5). The determined d*-value was 5.2 nm, only slightly smaller than the double 

protected analogue. This is a direct result of the absence of the TBDMS group, decreasing the size of 

the extended chain and therefore the thickness of the lamellae. From the similarity in the scattering 

pattern, we assume that the absence or presence of the TBDMS protecting group does not have a 

further influence on the ordering in the crystal structure. 

 

Finally, all L-LA oligomers and the D-LA octamer were measured in a q-range of 7 to 25 nm
-1 

to 

look at regular structures on a smaller size scale (0.2–1 nm); i.e., inter-chain distances. The resulting 

WAXS data is shown in Figure 3.5. Instead of showing the data for the amorphous L-LA octamer, the 

scattering profile of the crystalline D-LA octamer is included. As can be seen, there is a clear change 

in the WAXS pattern from the tetramer to longer oligomers. For the short oligomers with a DP of 4, 8 

and 12, many sharp reflections were observed which become less pronounced and broader as the 

oligomers become longer within this subset. The oligomers with a DP from 12 to 64 have three main 

reflection peaks indicated with the red dashed lines (Figure 3.5). Even though the 64-mer is folded into 

two different structures, no difference in the WAXS pattern is observed. This behavior has been 

experimentally observed for PLLA before, and is attributed to a crystalline packing of an α-type 103-

helix.
15,16

 However, Brizzolara et al. argue that this WAXS pattern reveals a somewhat distorted 103-

helix for PLLA, as force field simulations confirm an overlap of α- and β-forms (103- and 31-helix 

respectively) in experimental WAXS patterns.
3
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Figure 3.5: WAXS data for double protected oLLA with a DP of 4 to 64 and oDLA octamer. Red dashed lines indicate 

the three main reflection peaks for the 12-mer up to the 64-mer. Data is shifted vertically for clarity. 

 

3.4 Stereocomplex formation with monodisperse oLA 

In this section, we will discuss the formation of an oLA stereocomplex, resulting from physical 

mixing of oLLA with its enantiomeric analogue. For this, monodisperse oDLA is used, which was 

kindly provided by Jan Hennissen. The two enantiomeric oligomers were mixed in a 1 to 1 ratio to 

ensure that all chains potentially can form a stereocomplex, minimizing the formation of 

homocrystals. Stereocomplexation was accomplished for the double protected oligomers with a DP of 

4, 8, 12, 16, 32 and 64. Like oLLA, the stereocomplex thermal properties will be analyzed using DSC 

and the morphology will be determined using POM and SAXS. 

First, it was observed that all stereocomplex materials were solid at room temperature, directly after 

preparation. As an exception, the octamer stereocomplex solidified after aging for four months. These 

solids were studied using DSC to determine the thermal properties. A representative DSC trace for the 

16-mer is shown in Figure 3.6. The oligomer stereocomplexes with DP ≥ 12 show a sharp melting 

transition (Tm) which is 40 to 70 °C higher than for oLLA. In contrast to the results with the optically 

pure L-LA oligomers, this subset of stereocomplexes all crystallize upon cooling, followed by a single 

melting transition during the heating run (Figure 3.6). Consequently, in the oligomer stereocomplex, 

no cold crystallization is observed and also the double melting behavior is not present anymore.  

The DSC results of the tetramer and octamer stereocomplexes differed from those of the longer 

oligomers since a melting transition is present, though no crystallization occurred during subsequent 

cooling. Instead, these shorter oligomers got trapped in a glassy state (Appendix Figure 3). This was 

reflected by the presence of a Tg but the absence of a melting transition during the second heating run. 

As was already hypothesized for the optically pure oLLA, we believe that the rate of crystallization 

from the melt is too slow for these oligomers to comply with the cooling rates used for the DSC. 
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Figure 3.6: DSC trace (first cooling and second heating run) for TBDMS-LA16-Bn stereocomplex. Method: cooling to  

-50 °C and heating to 180 °C (10 °C/min). 

 

The Tm and Tg were extracted from the DSC measurements for the various chain length oligomer 

stereocomplexes. A summary of the values for Tm and Tg is shown in Figure 3.7, in which the 

transition temperatures are plotted against the number of LA repeating units. Similar as for oLLA, the 

dashed black and red line indicate the Tm and Tg, respectively, for the conventional PLA 

stereocomplex.
6
 A non-linear trend was observed for oLA with a DP of 8 to 64 that closely reaches a 

plateau at the value of Tm for conventional high Mw PLA stereocomplex. In contrast to the optically 

pure oLLA, the octamer stereocomplex is crystalline and has a melting temperature that fits in the 

curve for Tm. Again, the value of Tm for the tetramer stereocomplex does not fit this trend, but is much 

higher than expected. Most likely, this indicates that the oLA4 stereocomplex exists in a different type 

of crystal structure. Interestingly, the melting temperature of this stereocomplex is very similar as that 

of the optically pure crystal, whereas, as expected, all other oligomer stereocomplexes have higher 

melting temperatures than that of oLLA alone.  

Finally, a Tg was only observed for the oligomers with a DP ≤ 12, and does not reach the Tg of the 

conventional PLA stereocomplex. This is in contrast with conventional PLA stereocomplex, that is 

always partly amorphous in-between the crystalline domains, leading to a Tg. However, the Tm of high 

Mw PLA stereocomplexes is reached by the longest oligomer, i.e., the 64-mer. Both melting 

temperatures are in close proximity, meaning that similar crystalline behavior is observed for the 

longest oligomers stereocomplex as for the conventional PLA stereocomplex.
6
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Figure 3.7: Tg (red) and Tm (black) plotted against the lactic acid (LA) repeating units (data from DSC 

measurements). Red and black dashed line are the Tg and Tm for conventional PLA stereocomplex. 

 

From our work with oLLA we know that the end groups do not have a significant effect on the 

thermal behavior of the oligomers (Section 3.2). We assume that this is similar for the stereocomplex 

and allows us to compare the thermal properties of these monodisperse oLA stereocomplexes to the 

oligomers with different end groups characterized of by Hennink et al.
19

 For the oligomer 

stereocomplexes, they observed crystalline behavior for the oligomers with DP ≥ 7, which is 

consistent with our data for oligomers with a DP ≥ 8. Also, the values for the transition temperatures 

are very similar. In addition, we assume that the oLA4 stereocomplex forms a different type of crystal 

structure, possibly caused by the end groups. 

 

We studied the crystals of the stereocomplexes with POM to reveal any differences between the 

crystal formation of the optically pure oligomers and the stereocomplex. For a valid comparison, the 

16-mer and 64-mer stereocomplexes were molten in-between two glass plates to form a film and 

cooled slowly to observe crystal formation by POM with cross polarizers at various temperatures. As 

can be seen in Figure 3.8a, the TBDMS-LA16-Bn stereocomplex forms very small spherulites which 

seem to be slightly more ordered than those formed by oLLA with a DP of 16 (Section 3.3, Figure 

3.3a). Larger and better ordered spherulites were observed for the oligomer stereocomplex with a DP 

of 64 (Figure 3.8b). When comparing the stereocomplex with the optically pure analogue, we observe 

a more course-grained crystal in the former. The comparison between conventional high Mw PLLA 

and the PLA stereocomplex is also made in literature,
15,21,23

 showing contradictory results compared to 

our results with low Mw oLA. As an example, Jérôme et al. obtained smooth, big spherulites for the 

stereocomplex and more coarse, smaller spherulites for PLLA.
21

 This is in disagreement to our work 

with oLLA. Yet, as Tsuji and Ikada showed in their work, the morphology is highly dependent on 

many thermal and kinetic factors.
1
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Figure 3.8: POM (cross polarizers) micrographs of (a) TBDMS-LA16-Bn stereocomplex at 139 °C and                  

(b) TBDMS-LA64-Bn stereocomplex at 169 °C. The scale bars represent (a) 0.05 mm and (b) 0.4 mm. 

 

Bulk morphology studies on the oligomer stereocomplexes were performed using X-ray scattering. 

The samples were crystallized from the melt, as literature describes a better ordering for the crystal 

structure of the stereocomplex when crystallized from melt.
3
 The scattering patterns in the q-range of 0 

to 6 nm
-1

 present sharp reflection peaks for all oligomers, except the 8-mer. In Figure 3.9a, the MAXS 

data shows the principal scattering peak (indicated with q*) and higher order Bragg reflections for the 

12-mer to the 64-mer. These reflections indicate a lamellar ordered structure for the 12-mer, 16-mer, 

32-mer and 64-mer. The domain spacings (d*) were calculated from the corresponding q*-values, 

giving 4.5, 5.4, 10.4 and 18.6 nm, respectively. Interestingly, these d*-values are just 0.2–0.6 nm 

smaller than for optically pure oLLA. This indicates that all oligomer stereocomplexes are only fully 

extended, similar to the optically pure oLLA. In contrast to the latter, the 64-mer stereocomplex is not 

(partly) folded, as there is only one principle scattering peak observed, revealing only one lamellar 

structure. The d*-value of the 64-mer is almost double the size of the 32-mer and below the lamellar 

thickness of the conventional PLA stereocomplex, that is 21 nm.
26

 This indicates that the 64-mer 

stereocomplex is fully stretched. 

Interestingly, the stereocomplex 8-mer gave only one weak scattering peak, even though the 

material became solid after aging. The MAXS data suggests that there is some minor ordering, yet no 

evidence for a lamellar structure is observed due to the absence of higher order reflections. 

In contrast to the optically pure tetramer, the scattering pattern of the stereocomplex does show a 

reflection peak at q ≤ 5 nm
-1

 (Figure 3.9a). Based on the rough trend of the reflection peaks of the 

longer oligomer stereocomplexes, the first reflection peak for the tetramer is positioned at the expected 

q-value. Also, the second reflection peak is positioned at 2q*, though, there are two peaks visible at 

this position, which is in the region where feature sizes of 1 nm are measured. Hence, one of these 

peaks is possibly a reflection peak resulting from a repeating pattern for inter-chain interactions. 

Therefore, from the scattering data, we suggest the same type of lamellar structure formation for the 

tetramer as for the longer oligomer stereocomplexes. 

(a) (b) 
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Figure 3.9: (a) MAXS data and (b) WAXS data for all double protected oLA stereocomplexes. Red dashed lines 

indicating the three main reflection peaks. The data is shifted vertically for clarity. Higher order Bragg reflections 

indicated if present.  

 

Finally, scattering experiments (WAXS) were performed for all oligomer stereocomplexes in a q-

range of 7 to 25 nm
-1

, to look at regular structures on a smaller size scale (0.2–1 nm); i.e., inter-chain 

distances. The resulting WAXS data is presented in Figure 3.9b, showing three main reflections for the 

oligomers with a DP of 8 to 64 indicated with the red dashed lines. These peaks correspond to the 

experimentally observed WAXS pattern of conventional PLA stereocomplex.
15–17

 This indicates the 

presence of a 31-helix in the crystal structure, which was also confirmed by force field simulations of 

Brizzolara and coworkers.
13

 In contrast to the MAXS data, the tetramer stereocomplex is an exeption, 

showing many scattering peaks in the WAXS region. 

 

3.5 Conclusions 

We have shown that monodisperse oLLA has a strong correlation between chain length and 

oligomer thermal properties and morphology. The crystallinity of all solid L-LA oligomers highlights 

the strong influence of isotacticity on inter-main chain interactions, even when the chain length is very 

short; i.e., for the tetramer. The strong chain length dependence that is present on the thermal 

properties for the oligomers already reaches a plateau value at a DP of 32, similar to the Tm  for high 

Mw PLLA. Interestingly, the investigated set of oligomers crystallize more easily with increasing chain 

length, as shown by the lack of a Tg for the 32-mer and 64-mer. This is in contrast with conventional 

PLLA that is always partly amorphous in-between the crystalline domains.  

X-ray scattering results confirmed the presence of crystalline domains in all solid L-LA oligomers. 

An exceptional highly ordered lamellar structure was obtained, except for the tetramer. This is in sharp 

contrast to the recent work from van Son,
20

 in which was shown that the disperse analogues of these 

materials give only weak ordering, reflected by a single very broad reflection peak in X-ray scattering 

(a) (b) 
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experiments. The lamellae-forming L-LA oligomers all form an α-type 103-helix, identical to that of 

conventional PLLA. Furthermore, the lamellar thickness is linearly dependent on the chain length. 

This is a direct result of full extension of the oligomeric chains up to 32 repeating units. For the first 

time, the length of a monomeric residue of crystalline PLLA could be determined, owing to the 

monodisperse character of the oligomers. The obtained value of 0.3 nm closely matches the simulated 

value.
21

 The 64-mer consist in two types of lamellar structures; folded once and folded partially, which 

suggests that the limit for chain extension lies in-between 32 and 64 L-LA repeating units.  

Finally, all oLA stereocomplexes have crystalline properties with a similar trend for the thermal 

properties as for the optically pure analogues. Again, a large dependency of the chain length on the 

thermal properties was observed, reaching a plateau at a DP of 32. Complementary to high Mw PLA 

stereocomplex, the transition temperatures are significantly higher than for oLLA of equal length, 

indicating even stronger inter-main chain interactions in the stereocomplex. The formation of a β-type 

31-helix was confirmed, identical to that of a conventional PLA stereocomplex. Moreover, a lamellar 

structure was observed with a thickness that is linearly dependent on the chain length, caused by full 

extension of the oligomeric chains up to 64 repeating units. During this research we gave a detailed 

description of the crystal structure of the oLLA and the oLA stereocomplex, though the exact chain 

packing, i.e., antiparallel or parallel remains unknown. 

 

3.6 Experimental section  

Differential Scanning Calorimetry (DSC) data was collected on a DSC Q2000 TA Instruments, 

calibrated with indium as a standard. The samples were heated to 180 °C (40 °C/min), cooled to -50 

°C (10 °C/min), heated to 180 °C (10 °C/min). The last cooling and heating cycle were repeated. The 

peak maximum of the melting transition was used as melting point (Tm). Glass transition temperatures 

(Tg) were taken at the mid-point of the transition. Polarization optical microscopy (POM) images were 

made using a Jenaval polarization microscope with crossed polarizers, equipped with a Linkam THMS 

600 temperature controller. Bulk small angle X-ray scattering (SAXS) was performed on an 

instrument from Ganesha Lab. The flight tube and sample holder were all under vacuum in a single 

housing, with a GeniX-Cu ultra-low divergence X-ray generator. the source produces X-rays with a 

wavelength (λ) of 0.154 nm and a flux of 1 x 10
8
 ph s

-1
. Scattered X-rays were captured on a 2-

dimensional Pilatus 300K detector with 487 x 619 pixel resolution. Samples were prepared in a glass 

capillary with a diameter of 0.1 mm, glass thickness 0.01 mm and length of 80 mm. All viscous 

oil/liquid samples were heated to 50 °C in vacuo. The crystalline stereocomplexes were heated above 

their Tm and the optically pure oLLA blocks were measured when dried from vacuo. The sample-to-

detector distance was 0.084 m (WAXS mode) or 0.431 m (MAXS mode). The instrument was 

calibrated with diffraction patterns from silver behenate. 
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Chapter 4 

Phase behavior of discrete, homochiral  

dimethylsiloxane-lactic acid block co-oligomers 

 

4.1 Introduction 

The utility of dimethylsiloxane-lactic acid block copolymers for nanopatterning purposes has been 

shown by Pitet and coworkers.
1,2

 As already described in the introductory chapter, the high 

incompatibility of the blocks allows nanostructure formation, even when very low molecular weight 

polymers are used. The same block copolymer system was evaluated by van Genabeek et al. to 

examine the effect of complete absence of molar mass distribution.
3
 The synthesis of discrete 

oligo(dimethylsiloxane)-oligo(lactic acid) (oDMS-oLA) was described, and exceptionally small 

features and long-range orientation were obtained. Yet, the smaller block co-oligomers (BCOs) 

showed slight intermixing of the oDMS and oLA blocks, resulting in less sharp interfaces between the 

two blocks. In this chapter, we aim to further increase the phase separation of monodisperse oDMS-

oLA, and improve the control of nanostructure formation. In order to do so, the extent of intermixing 

of the oDMS and oLA blocks must be lowered, which we aim to achieve via inter-chain interactions 

that are complementary to phase-separation. The additional interaction comes from the use of isotactic, 

homochiral oLLA or oDLA blocks, instead of an atactic oLA block. This induces crystalline behavior, 

of which we know it has a strong influence on the homo-oligomer properties, as already described in 

the previous chapter. The synthesis and molecular characterization of oDMS-oLLA and oDMS-oDLA 

has been described in Chapter 2. In this chapter, we will investigate to which extent the presence of a 

crystalline block in the BCO alters the material properties and phase separation. In addition, the two 

enantiomeric BCOs will be mixed in a 1 to 1 ratio to examine a different kind of crystalline 

interaction, that are the stereocomplex formation of LA in a BCO. 

For the investigation of the BCO phase behavior, we use the same analytical techniques as for the 

oLLA blocks, namely DSC, POM and X-ray scattering (SAXS) experiments. With the latter, we aim 

to reveal the phase separated, ordered structure and relate this to the degree of polymerization (DP) 

and volume fractions of the LA block (fLA) of the BCOs. These results will be compared to the atactic 

amorphous BCOs with similar DPs and fLA described by van Genabeek et al.
3 
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4.2 Thermal behavior of oDMS-oLLA and oDMS-oDLA 

The thermal properties of the block co-oligomers described in Chapter 2 were determined using 

DSC (Table 4.1). All oDMS-oLLA and oDMS-oDLA BCOs were measured using the same method as 

was used to the determine the thermal properties of oLLA to ensure a fair comparison. In general, 

three different types of transitions could be distinguished in the DSC data: a glass transition (Tg), 

melting/crystallization transition of the oLA block (Tm/Tc) and an order-disorder transition (TODT). 

Depending on the block co-oligomer length and volume fraction of LA (fLA), either only one or a 

combination of multiple transitions was observed. The second heating run for all L- and D-BCOs is 

shown in Figure 4.1. As expected, we observed very similar thermal behavior for each enantiomeric 

pair. 

 

      

      

Figure 4.1: DSC traces (second heating run) of (a) D-[15-17] (first cooling and second heating run), (b) L-[15-17] and 

L-[15-9] (c) all D-BCOs with 23 siloxane repeating units and (d) all L-BCOs with 23 siloxane repeating units. Method: 

cooling to -50 °C (from 180 °C) and heating to 180 °C (10 °C/min). The data is shifted vertically for clarity. TODT 

indicated with an asterisk (*). 

 

(a) (b) 

(c) (d) 
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Directly after preparation of the BCOs, we noticed that all BCOs were solid at room temperature, 

except for the BCOs with a LA block length ≤ 9 repeating units (Table 4.1, entry 1–4). A 

representative DSC trace for the [15-17] BCO is shown in Figure 4.1a. When cooling to -50 °C from 

the isotropic melt, an exothermic transition takes place at 71 °C, that is caused by crystallization of the 

oLA block. Subsequent heating results in a single transition, which is assigned to the Tm (Figure 4.1a 

and b). The other solid BCOs each with an oDMS length of 23 repeating units and an oLA length 13 

and more repeating units, give two transitions during this run (Figure 4.1c-d). As an exception, the D-

[23-13] BCO has an additional exothermic transition during the heating run, i.e., cold crystallization. 

In general for these BCOs, the first and most intense peak is the melting transition. This is followed by 

a small endothermic transition at higher temperatures, which we attribute to the order-disorder 

transition.
4
 The results show that these BCOs are crystalline up to the Tm and are probably arranged in 

an ordered structure, which is lost when heating above the TODT. 

 

Table 4.1: Appearance and thermal properties of the L- and D-BCOs. 

Entry Co-oligomer
a 

Appearance
b 

Tg [°C]
c 

Tm [°C]
d 

TODT [°C]
e 

1 L-[23-5] Oil - - - 

2 L-[15-9] Viscous oil -25.3
f 

- - 

3 L-[23-9] Viscous oil -24.8 - 31.5 

4 D-[23-9] Viscous oil -31.4  27.3 

5 L-[23-13] Solid - 47.0 75.9 

6 D-[23-13] Solid - 47.1 73.6 

7 L-[15-17] Solid -  88.0 - 

8 D-[15-17] Solid - 86.6 - 

9 L-[23-17] Solid - 83.7 94.4 

10 D-[23-17] Solid - 83.1 94.4 

11 L-[23-25] Solid - 121.1 157.5 
aNumber of repeating siloxane and L- or D-lactic acid units, respectively. bPhysical appearance 

at room temperature, directly after drying in vacuo. cGlass transition temperature of the LA 

block. dMelting temperature of the LA block. eOrder-disorder temperature. fGlass transition 

temperature that is a combination of the oLLA and oDMS block. 

 

The four remaining BCOs are (viscous) oils at room temperature (Table 4.1, entries 1-4), for which 

no melting transition is observed in the DSC data. Yet, both [23-9] BCOs have a TODT and Tg instead. 

Consequently, these BCOs do phase-separate below the TODT, but are not crystalline. Here, the Tg 

corresponds to the glass transition of the oLA block.
§
 This value is lower than the Tg of the oLLA8 

oligomer (i.e., -4 °C), which is probably due to slight intermixing of both blocks. Furthermore, the L-

[15-9] BCO only has a Tg, but does not show a TODT, indicating that the siloxane and L-LA chains are 

intermixed. Fully intermixed BCOs have a Tg that is a weighted arithmetic mean of the Tg of the 

individual blocks. Most likely, this is the origin of the lower value for Tg in the BCO compared to that 

                                                           
§
 The glass transition of the oDMS block occurs at temperatures well below the measured temperature range 

(i.e., Tg,PDMS < 100 °C).
11
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of the oLLA8 block. Both blocks are also intermixed in the L-[23-5] BCO, leading to an absence of 

any transition. Reasonably, the Tg of this BCO is below -50 °C since the siloxane occupies the largest 

part of this BCO. 

 

4.3 Morphology of oDMS-oLLA and oDMS-oDLA 

The crystals of the solid BCOs were studied under the POM with crossed polarizers and at different 

temperatures. For this, the L-[15-17], L-[23-13] and L-[23-17] BCOs were molten in-between two 

glass plates to form a film. Slow cooling from the isotropic melt induced crystal formation. First, the 

L-[15-17] BCO showed ring-banded spherulites which grew slowly at a constant temperature slightly 

below the Tm (Figure 4.2a-b). The L-[23-17] BCO gave similar ring-banded spherulites, though the 

bands were smaller and less pronounced in all spherulites (Figure 4.2c). Finally, for the L-[23-13] 

BCO, we obtained even less ordered banded spherulites (Figure 4.2d). The ring-banded spherulites are 

a well-known phenomenon, and are often observed for amorphous-crystalline block copolymers.
5–7

 

Wang et al. have shown similar behavior for poly(L-lactic acid)/poly(ethylene oxide) (PLLA/PEO) 

blends, in which PLLA is crystalline and PEO amorphous. They ascribe this phenomenon to the 

twisting of PLLA lamellae. The piling of the amorphous PEO chains on the surface of the lamellae led 

to unbalanced stresses that induced twisting of the lamellae. In our work, it is the amorphous oDMS 

block that causes the twisting of the crystalline oLLA block. 

 

      

      

Figure 4.2: POM (crossed polarizers) micrographs of (a-b) L-[15-17] at 87 °C, hold for (a) 9 minutes and (b) 26 

minutes, (c) L-[23-17] at 78 °C and (d) L-[23-13] at 32 °C. The scale bars represent (a-b, d) 0.1 and (c) 0.2 mm. 

(b) (a) 

(d) (c) 
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Further morphology studies of oDMS-oLLA and oDMS-oDLA BCOs were performed using X-ray 

scattering. With this, we were able to probe the phase-separated and/or crystal structure of the BCOs. 

The materials were first examined in the q-range corresponding to 2–50 nm ordered structures. The 

results of these medium angle X-ray scattering (MAXS) measurements are represented in Figure 4.3a 

and 4.4, which show similar scattering patterns for the D- and L-BCOs, as expected. For all 

measurements, the principal reflection peak and the higher order Bragg reflections are indicated in the 

scattering pattern. From the position of the first peak (q*), the domain spacings (d*) of all BCOs were 

calculated (Section 4.5, Table 4.3). 

First, the BCOs with the shortest siloxane block were examined. BCO L-[15-9] showed hardly any 

ordering (Appendix Figure 6). Still, the material is not completely disordered, as was evidenced from 

the presence of a broad scattering peak. In contrast, scattering data of BCOs D- and L-[15-17] reveal 

many very sharp scattering peaks. The scattering pattern of L-[15-17] is represented in Figure 4.3a 

(black line), showing a lamellar ordered structure (Figure 4.3b). As a reference, we included the 

scattering data of the atactic, lamellae-forming BCO with equal block lengths (Figure 4.3a, red line).
3
 

This reveals the remarkable differences between the amorphous-crystalline and fully amorphous BCOs 

of equal length, respectively. We noticed that the scattering pattern for L-[15-17] showed more intense 

and a higher number of scattering peaks than the atactic one. The former had eleven reflection peaks 

visible in the MAXS data. To our knowledge, this high number of reflection peaks was never observed 

before for low molecular weight (Mw) block copolymers. Sukurai et al. showed scattering data of a 

polymeric blend with lattice peaks up to an 8
th
 order, and assigned this to a highly regular material.

8
 

Consequently, we consider both D- and L-[15-17] BCOs as a material that crystallized into very 

regular, highly ordered lamellae throughout a large area of the sample. In addition, the isotactic BCO 

directly crystallized into a lamellar ordering after preparation, whereas the atactic analogue had to age 

for six months at room temperature to form an amorphous ordered structure. We assign this difference 

to the presence of a crystalline block that enhances the formation of an ordered structure. Furthermore, 

a d*-value for the L-[15-17] BCO of 11.4 nm was found; almost twice as large as the atactic BCO. We 

propose that this increase in lamellar thickness is partly due to the stretching of the LLA chains; a 

direct result of the crystallization of the oLLA block. 
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Figure 4.3: (a) MAXS data for L-[15-17] (black) and atactic [15-17] (red) BCOs. Cartoon of the lamellar structure 

with d* indicating the lamellar thickness. The data is shifted vertically for clarity. Higher order Bragg reflections 

indicated if present. (b) Schematical representation of a lamellar structure indicating the domain spacing with d*. 

 

The L- and D-BCOs with 23 siloxane repeating units were also measured in the q-range of 0–5 nm
-1

 

(Figure 4.4). Again, we obtained very similar scattering patterns for each enantiomeric pair. The 

smallest and most asymmetric BCO, L-[23-5], does not give any reflection peaks in the scattering data, 

indicative for a disordered state (Appendix Figure 7). The scattering pattern of the amorphous L- and 

D-[23-9] BCOs revealed a hexagonally packed cylindrical structure with a d*-value of 6.3 nm. From 

this, we calculated a cylinder diameter of 3.7 nm,
3
 which is the smallest reported to date. These short 

BCOs are the only exception within the isotactic BCOs, forming an amorphous ordered structure at 

room temperature instead of crystalline lamellae. Also, this is in contrast with the atactic BCO 

analogues length, which is disordered.
3
  

The remaining crystalline BCOs with a higher fLA and an order-disorder transition showed a 

lamellar ordered structure at room temperature. The MAXS data of the largest BCO, L-[23-25], gave a 

lamellar thickness of 12.8 nm. Remarkably, the scattering pattern of both enantiomeric [23-13] and 

[23-17] BCOs gave a somewhat distorted scattering pattern. The repetition of the reflection peaks 

revealed a lamellar structure with a d*-value of 11.4 and 12.8 nm, respectively. However, there are 

some smaller, very broad peaks present in the pattern, indicated with q2* for both [23-13] BCOs 

(Figure 4.4). The origin of the second principle scattering peak will be studied in more detail below. 

 

 

 

 

 

 

(a) 

(b) 



Phase behavior of discrete, homochiral dimethylsiloxane-lactic acid block co-oligomers 

   

 73  

     

Figure 4.4: MAXS data for (a) all L-BCOs and (b) all D-BCOs with 23 siloxane repeating units. The data is shifted 

vertically for clarity. Higher order Bragg reflections indicated if present.  

 

Additional scattering experiments were performed for all L- and D-BCOs in a q-range of 7 to 25 

nm
-1

, to look at inter-chain distances (0.2–1 nm). As already discussed in the previous chapter, a 

repetitive pattern was observed for most of the solid oLLA homo-oligomers. In this pattern, three main 

reflection peaks were observed, that are characteristic for the presence of a 103-helix in the crystal 

structure. An identical pattern was obtained in the WAXS data of the solid BCOs (Figure 4.5). In 

Figure 4.5a, the scattering pattern for the oLLA 16-mer is shown (grey line) in addition to the patterns 

of the L-BCOs, to display the close resemblance of the WAXS data. This is evident for a similar 

crystalline structure for the solid BCOs as for the oLLA oligomers on the sub-nanometer level. In 

addition, the siloxane halo (Figure 4.5, blue dotted lines) is a very broad peak that indicates the 

disordered state of the siloxane. Combining this with the peaks for the crystalline oLLA or oDLA 

block, we can consider oDMS-oLLA and oDMS-oDLA as amorphous-crystalline BCOs. 

 

    

Figure 4.5: WAXS data for (a) all L-BCOs (black), except L-[23-5], included a WAXS pattern of oLLA16 (grey) and (b) 

all D-BCOs. Three main peaks indicated with red dashed lines. Siloxane halo indicated with the blue dotted lines. The 

data is shifted vertically for clarity. Higher order Bragg reflections indicated if present.  

(a) (b) 

(a) (b) 
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Final scattering experiments were performed on the L-[23-13], L-[23-17] and L-[23-25] BCOs in 

the q-range of 0–5 nm
-1 

(Figure 4.6). The presence of two endothermic transitions in the DSC traces of 

these materials, directed us to examine the morphology at various temperatures close to these 

transitions. Upon increasing the temperature, we observed a clear transition from a crystalline lamellar 

to an amorphous ordered structure. During this transition, the crystals disappeared and the phase-

separation of the two blocks resulted in an ordered structure. Related to this, two principle scattering 

peaks are present (q* and q2*), of which the former is assigned to the crystalline state, and the latter 

belongs to the phase-separated amorphous state. The values for q2* are in all cases higher than for q*. 

This corresponds to values for d2*, and thus feature sizes, smaller than d* in the crystalline state. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.6: variable temperature MAXS data for (a) L-[23-13] (b) L-[23-17] and (c) L-[23-25]. Illustrations of 

crystalline lamellae to amorphous ordered structure included (hexagonally packed cylinders, gyroid or lamellae, 

respectively). The data is shifted vertically for clarity. Higher order Bragg reflections indicated if present.  

 

For the L-[23-25] BCO, the elevated temperature caused an order-order transition from a crystalline 

lamellar structure to an amorphous ordered lamellar structure with a lower d2*-value of 8.1 nm (Figure 

4.6c). At room temperature, the L-[23-13] and L-[23-17] BCOs gave an irregular scattering pattern 

with broad scattering peaks that could not be assigned to the lamellar structure. Though, the rise in 

(a) 

(b) 

TODT = 94.4 °C TODT = 47.0 °C 

(a) 

TODT = 157.5 °C 

(c) 
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temperature leads to an increasing intensity of the q2*-peak, indicating that these irregularities 

originate from the phase-separated structure. Therefore, at temperatures in-between Tm and TODT, the 

scattering pattern of the L-[23-13] BCO shows a hexagonally packed cylindrical structure with a d2*-

value of 7.1 nm (Figure 4.6a). In addition, the data of the L-[23-17] BCO gives a gyroid structure with 

a d2*-value of 7.7 nm (Figure 4.6b). As expected, at temperatures above TODT, the ordered structure 

fades away, owing to the disappearance of the higher order reflections. Though, a few ten degrees 

above the TODT, it remains unclear why the principle scattering peak is still visible in most BCOs. 

Subsequent cooling from the isotropic melt resulted in the recovery of the crystalline ordered 

structure, through the amorphous ordered structure. 

 

4.4 Stereocomplex formation with monodisperse oDMS-oLA 

In this section, we will discuss the formation of an oDMS-oLA stereocomplex. The two 

enantiomeric BCOs, i.e., oDMS-oLLA and oDMS-oDLA, were mixed in a 1 to 1 ratio. 

Stereocomplexation was accomplished for [15-17], [23-9], [23-13] and [23-17], denoted as                

sc-[Si-LA]. Like the homochiral BCOs, the stereocomplex will also be characterized using DSC, POM 

and SAXS to determine the thermal properties and morphology. 

Directly after mixing, all stereocomplex materials were solid at room temperature. The thermal 

properties of the BCO stereocomplexes were measured using DSC (Figure 4.7). For all 

stereocomplexes, during heating, a melting transition was observed that is approximately 60 °C higher 

than for the homochiral BCOs (Section 4.5, Table 4.2). Subsequent cooling leads to a very sharp 

crystallization transition at T = Tc. (Figure 4.7a for sc-[15-17]). Furthermore, the second heating run 

for the stereocomplexes with 23 siloxane repeating units is shown in Figure 4.7b. We noticed that the 

sc-[23-9] was obtained as a crystalline material, having a Tm at 55 °C, whereas both enantiomers 

separately were viscous oils. Interestingly, above Tm, the material becomes isotropic, as no order-

disorder transition was observed. Consequently, no amorphous ordered state was formed in the 

stereocomplexes. 
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Figure 4.7: DSC traces of stereocomplex BCOs (a) sc-[15-17] (first cooling and second heating run), (b) all sc-BCOs 

with 23 siloxane repeating units (second heating run). Method: cooling to -50 °C (from 180 °C) and heating to 180 °C 

(10 °C/min). The data is shifted vertically for clarity. 

 

We study the crystal stereocomplexes with POM to reveal any differences between the crystal 

formation of the optically pure and BCO stereocomplexes. Accordingly, the sc-[15-17], sc-[23-13] and 

sc-[23-17] BCOs were studied under POM with crossed-polarizers. The BCO stereocomplexes were 

molten in-between two glass plates and slowly cooled to a temperature close to their Tm to visualize 

the crystal formation. Unfortunately, for all BCO stereocomplexes this resulted in very fast crystal 

formation into crystals of small domain sizes on this length scale (Figure 4.8). This is clearly opposite 

to the crystals of the homochiral BCOs, where we observed ring-banded spherulites. 

 

   

Figure 4.8: POM (crossed polarizers) micrographs of (a) sc-[15-17] at 144 °C (b) sc-[23-13] at 77 °C and (c) sc-[23-17] 

at 133 °C. The scale bars represent (a) 0.05 and (b-c) 0.1 mm. 

 

Further morphology studies of the oDMS-oLA stereocomplexes were performed using X-ray 

scattering. The MAXS measurements are shown in Figure 4.9a, corresponding to a q-range of 2–50 

nm ordered structures. The principal reflection peak (q*) and the higher order Bragg reflections are 

indicated in the scattering pattern. These reflections revealed a lamellar structure for all BCO 

(b) (a) 
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stereocomplexes. Interestingly, the reflection peaks of these stereocomplexes were broader than for the 

homochiral L- and D-BCOs. For the [15-17] BCO this difference is very pronounced, going from 

eleven sharp scattering peaks in data for the homochiral BCO, to four broad reflection peaks in the 

case of the BCO stereocomplex. This suggests a lamellar crystal packing that is less regular for the 

stereocomplex than for the homochiral BCO. Subsequently, from the position of the first scattering 

peak, the domain spacings (d*) were calculated (Section 4.5, Table 4.3). These values were 9.9, 11.7 

and 13.4 nm for sc-[23-9], sc-[23-13] and sc-[23-17], respectively. Interestingly, all these values are 

larger than for the optically pure BCO. As a result of the crystal formation, the siloxanes have to 

elongate in the direction perpendicular to the lamellar interface. We propose that this is even more 

pronounced in the stereocomplex due to a tighter packing of the LA chains in the stereocomplex 

crystal compared to the optically pure crystal. Therefore, the closer proximity of the LA chains and the 

siloxane stretching both contribute to a larger d*-value. 

 

       
Figure 4.9: (a) MAXS data for all sc-BCOs. (b) WAXS data for all sc-BCOs (black), including a WAXS pattern of 

sc-oLA16 (grey). Three main peaks indicated with red dashed lines. The data is shifted vertically for clarity. Higher 

order Bragg reflections indicated if present.  

 

Final scattering experiments were performed to address the inter-chain interactions in the BCO 

stereocomplexes. For this, WAXS experiments were performed to examine the morphology on a 

smaller size scale (0.2–1 nm). As already discussed in the previous chapter, a repetitive pattern was 

observed for all homo-oligomer LA stereocomplexes. In this pattern, the three main reflection peaks 

are characteristic for the presence of a 31-helix in the crystal structure. Again, an identical WAXS 

pattern was observed for the BCO stereocomplexes. In Figure 4.9b, the three main reflection peaks of 

the scattering patterns are indicated with red dashed lines and the scattering pattern for the 16-mer 

oLA stereocomplex is included (grey line). Comparing the spectra, we can clearly see that the siloxane 

halo decreases the intensity of the peak at q = 8 nm
-1

. Though, the close resemblance of the WAXS 

data is evident for a similar crystalline structure for the BCO stereocomplexes as for the homo-

polymer stereocomplexes on the sub-nanometer level. 

(b) (a) 
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4.5 The influence of a crystalline block on the phase behavior of oDMS-oLA 

The results of the thermal behavior and morphology studies of the L- and D-BCOs are compared 

with the atactic analogues. In addition, both the homochiral and BCO stereocomplexes will be 

compared with the oLLA and stereocomplex oLA blocks. In this way, we evaluate the influence of 

crystallinity on the phase behavior of the oDMS-oLA BCO system. 

First, when comparing the amorphous-crystalline BCOs with the crystalline L-LA and 

stereocomplex LA homo-oligomers, similar melting temperatures were found (Table 4.2). The only 

exceptions were both [23-13] BCOs, having a Tm that is 20 °C lower than that of the oLLA 12-mer. 

This is probably caused by the large fraction of siloxane present in this BCO which decreases the Tm.  

 

Table 4.2: Thermal properties of monodisperse L- and D-BCOs and the 

stereocomplex BCOs. Including the thermal properties of oLLA and 

stereocomplex oLA (Chapter 3). 

Entry (Co-)oligomer
a 

Tg [°C]
b 

Tm [°C]
c 

TODT [°C]
d 

1 L-[23-5] - - - 

2 L-[15-9] -25.3
e 

- - 

3 L-[23-9] -24.8 - 31.5 

4 D-[23-9] -31.4 - 27.3 

5 L-[23-13] - 47.0 75.9 

6 D-[23-13] - 47.1 73.6 

7 L-[15-17] - 88.0 - 

8 D-[15-17] - 86.6 - 

9 L-[23-17] - 83.7 94.4 

10 D-[23-17] - 83.1 94.4 

11 L-[23-25] - 121.1 157.5 

12 oLLA4 -32 43.2 - 

13 oLLA8 -3.8 - - 

14 oLLA12 11.4 67.3 - 

15 oLLA16 32.2 92.1 - 

16 oLLA24 29.7 124.1 - 

17 sc-[23-9] - 55.6 - 

18 sc-[23-13] - 112.5 - 

19 sc-[15-17] - 146.6 - 

20 sc-[23-17] - 141.0 - 

21 sc-oLA8 - 48.1 - 

22 sc-oLA12 - 107.1 - 

23 sc-oLA16 - 145.2 - 
aBlock co-oligomer: number of repeating siloxane and L- or D-lactic acid 

units, oligomer: L-LA repeating units. bGlass transition of the oLLA or 

oDLA block. cMelt temperature of the oLLA or oDLA block. dOrder-

disorder temperature. eGlass transition temperature that is a combination of 

the oLLA and oDMS block. 
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However, a difference in the DSC data between all oLLA blocks and BCOs was found regarding 

the crystallization behavior. In the oLLA blocks with a DP ≤ 24, cold crystallization was observed, 

whereas in the BCOs, all materials crystallize directly upon cooling. The phase-separation in the BCO 

causes pre-organization of the chains that increases the nucleation rate. This phenomenon is known as 

confined crystallization.
9
 From the melting and crystallization behavior, we assume that the siloxane 

block has a negligible impact on the formal crystal structure of the homochiral or stereocomplex LA 

block in the BCO. This was also supported by the WAXS data, showing identical scattering patterns 

with peaks on the same q-positions for both homo- and co-oligomers. 

 

When comparing the isotactic with the atactic BCOs,
3
 the major difference is the presence of a 

crystalline block. This results in a number of differences regarding the thermal behavior and 

morphology. The first characteristic of the amorphous-crystalline BCOs (DP of LA ≥ 13) is the 

formation of a crystallization driven ordered structure at room temperature. This leads to a crystalline 

lamellar structure for all lengths and volume fractions, resulting from break-out crystallization. Yet, 

these crystalline structures lead to larger feature sizes than the atactic BCOs, caused by stretching of 

the oLA block chains. In addition, the amorphous-crystalline BCOs show many more reflection peaks 

in the X-ray scattering data compared to the atactic analogues. This indicates a highly ordered and 

regular crystalline lamellar structure with definite interfaces between the two blocks.  

In contrast, the atactic, fully amorphous BCO analogues form various morphologies at room 

temperature, driven by classical phase-separation. These amorphous ordered structures were also 

observed for the isotactic BCOs when heating above their Tm. The melting of the crystals leads to a 

collapse of the stretched LA chains in the crystal packing of the lamellar structure. Hence, the chains 

can form a random coil, and amorphous ordered structures are formed. This leads to morphologies and 

feature sizes identical to those of the atactic BCO analogues (Table 4.3, entry 7, 9 and 11). Subsequent 

heating above the TODT causes a loss of the amorphous ordered structure. Interestingly, for the isotactic 

BCOs, the values obtained for TODT are 10 °C higher than for the atactic BCOs. Both [15-17] BCOs 

did not show this transition in the DSC data. Therefore, at temperatures above Tm this BCO is 

isotropic. As a result, the BCO does not form an amorphous ordered structure, but the crystalline 

domains keep the BCO in the ordered state above the expected TODT.  
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Table 4.3: Bulk morphology of monodisperse L- and D-BCOs and BCO stereocomplexes. 

Entry Co-oligomer
a 

Phase
b 

d*
c
 [nm]

 

1 L-[23-5] DIS - 

2 L-[15-9] DIS - 

5 L-[23-9] CYL 6.3 

4 D-[23-9] CYL 6.4 

5 L-[23-13] LAM (CYL)
d 

11.3 (7.1)
d
 

6 D-[23-13] LAM 11.7 

7 L-[15-17] LAM 11.8 

8 D-[15-17] LAM 12.1 

9 L-[23-17] LAM (GYR)
d 

12.8 (7.7)
d
 

10 D-[23-17] LAM 12.9 

11 L-[23-25] LAM (LAM)
d
 12.8 (8.1)

d 

12 sc-[23-9] LAM 9.9 

13 sc-[23-13] LAM 11.7 

14 sc-[15-17] LAM 11.7 

15 sc-[23-17] LAM
 

13.4 
aBlock co-oligomer: number of repeating siloxane and L or D-lactic acid units, 
bBulk morphology determined with SAXS at room temperature. DIS = dirodered, 

CYL = cylindrical, GYR = gyroid, LAM = lamellar. cDomain spacing, calculated 

as d* = 2π/q*. dBulk morphology with the corresponding domain spacing at Tm < 

T < TODT between brackets. 

 

Finally, we compare the optically pure L- and D-BCOs with the BCO stereocomplexes. The main 

difference is the amount and intensity of reflection peaks observed in the scattering data. The 

stereocomplexes show a maximum of four (broad) reflection peaks, whereas the optically pure 

analogues reveal up to eleven sharp scattering peaks. This suggests that the stereocomplex forms less 

regular lamellar structures than the optically pure BCOs. Interestingly, mixing of both amorphous L- 

and D-[23-9] BCOs resulted in a crystalline lamellar structure. The inter-main chain interactions seems 

to be stronger in the stereocomplexes which was also proved by the elevated melting temperatures, 

similar to the homo-oligomers.  

 

4.6 Parallel versus anti-parallel packing of crystallized oLA units 

As discussed above, the crystallization driven structure formation pushes the isotactic BCOs into 

crystalline lamellae. The regularity of the structure is enhanced compared to the amorphous         

phase-separated structures of the atactic analogues. Furthermore, we observe melting temperatures for 

the optically pure and stereocomplex BCOs that are close to those of the L-LA or stereocomplex LA 

homo-oligomers. In addition to this, the WAXS patterns of both homochiral and stereocomplex 

crystalline BCOs show the same peaks at equal q-positions for both homo- and co-oligomers. These 

two observations are an indication for identical chain packing of the oLLA and oLA stereocomplex in 
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the BCO and homo-oligomer. Like in Chapter 3, this raises the question what the exact chain packing 

of the oLLA and oLA stereocomplex is: parallel or anti-parallel (Figure 4.10).  

 

Figure 4.10: Schematical representation of (a-b) parallel or (c) anti-parallel packing of the oLLA or oDLA block in 

the lamellar structure of the optically pure or stereocomplex BCO. The domain spacing (d*) indicated with an arrow. 

 

Herein, we discuss three possibilities for molecular arrangement as shown in Figure 4.10, based on 

the assumption that the LA chains are stretched. The close proximity of the LA chains, as a result of 

crystallization, also leads to an elongation of the siloxane. The elongation occurs in the direction 

perpendicular to the lamellar interface, increasing the lamellar thickness. This lamellar thickness is 

indicated with d* in the schematics, which corresponds to the period of one domain (Figure 4.10). As 

illustrated, we consider two possible ways for the isotactic LA chains to pack in a parallel fashion, 

either having the end groups of the LA chain facing each other (Figure 4.10a) or alternating LA blocks 

and oDMS blocks (Figure 4.10b). An anti-parallel packing is only possible in one way, as is shown in 

Figure 4.10c. 

Given that the crystal of the oLA block in the BCOs comply with the crystal packing in the homo-

oligomers, we consider that the contribution of the LA block to the lamellar width in the BCO is close 

to the d*-value of the stretched oLA chains of analogues length (Table 4.4). 

 

Table 4.4: Summary of oLA chain length 

Entry Oligomer
 

d* [nm]
a 

1 oLLA12 4.7 

2 oLLA16 5.9 

3 oLLA24 8.2 

4 sc-oLA8 4.0 

5 sc-oLA12 4.5 

6 sc-oLA16 5.4 
aDomain spacing, determined in chapter 3. 

 

The d*-values of the oLA chains are used as a guidance to estimate the part of the d*-value 

occupied by the oLLA block in the BCO and hypothesize about the chain orientation. For example, the 

L-[15-17] BCO has a domain spacing of 11.8 nm and the d*-value for the oLLA 16-mer is 5.9 nm. If 

the chains pack parallel as in Figure 4.10a, double the length of the oLLA 16-mer chain has to fit in 

the oLLA fraction of the d*-value for the BCO. Consequently, the oLLA alone already would take up 

(c) (b) (a) 



Chapter 4 

   

 82  

all the space in the repeating structure, as given by the domain spacing of the BCO. Hence, we 

consider this type of chain organization to be very unlikely. The second type of parallel packing 

(Figure 4.10b) complies with the domain spacings of the oLA blocks and BCOs. However, this 

packing seems implausible due to the close proximity of non-covalently linked oDMS and oLLA 

blocks, which are highly incompatible. Consequently, the anti-parallel packing (Figure 4.10c) of the 

oLA chain in the BCO is most feasible, leaving enough space for the siloxane. 

The calculation described for the L-[15-17] BCO could be performed for all homochiral and 

stereocomplex BCOs. This results in the same hypothesis as described above, suggesting an 

antiparallel packing of the stretched oLA chains in the optically pure BCOs and BCO 

stereocomplexes. In addition, similar values for the oLA block contribution in the BCO are obtained 

when calculated from the LA volume fraction. For this calculation we multiply the calculated fLA by 

the measured domain spacing for the BCO (Table 4.5, column 4 and 9, respectively). This supports 

our assumption for the stretching of the oLA chains and the absence of folding. 

 

Table 4.5: Summary of the thermal properties and morphology of monodisperse L- and D-BCOs.  

Entry Co-oligomer
a 

N
b
 fLA

c 
Tg 

[°C]
d 

Tm 

[°C]
e 

TODT 

[°C]
f 

Phase
g 

d*
h
 [nm]

 

1 L-[23-5] 29.0 0.16 - - - DIS - 

2 L-[15-9] 23.1 0.32 -25.3
i 

- - DIS - 

3 L-[23-9] 31.9 0.24 -24.8 - 31.5 CYL 6.3 

4 D-[23-9] 31.9 0.24 -31.4 - 27.3 CYL 6.4 

5 L-[23-13] 34.9 0.30 - 47.0 75.9 LAM (CYL)
j 

11.3 (7.1)
j
 

6 D-[23-13] 34.9 0.30 - 47.1 73.6 LAM 11.7 

7 L-[15-17] 29.1 0.45 - 88.0 - LAM 11.8 

8 D-[15-17] 29.1 0.45 - 86.6 - LAM 12.1 

9 L-[23-17] 37.8 0.35 - 83.7 94.4 LAM (GYR)
j 

12.8 (7.7)
j
 

10 D-[23-17] 37.8 0.35 - 83.1 94.4 LAM 12.9 

11 L-[23-25] 43.8 0.43 - 121.1 157.5 LAM (LAM)
j
 12.8 (8.1)

j 

aNumber of repeating siloxane and L or D-lactic acid units, respectively. bNumber of segments based on a 118 Å3 reference 

volume cLactic acid volume fraction, calculated using bulk densities for PDMS and PLLA (0.95 g/mL and 1.37 g/mL, 

respectively). dGlass transition of the oLLA or oDLA block. eMelt temperature of the oLLA or oDLA block. fOrder-disorder 

temperature. gBulk morphology determined with SAXS at room temperature and at Tm < T < TODT between brackets. DIS = 

dirodered, CYL = cylindrical, GYR = gyroid, LAM = lamellar. hDomain spacing, calculated as d* = 2π/q*. iGlass transition 

of combined oDMS and oLLA block. jBulk morphology with the corresponding domain spacing at Tm < T < TODT between 

brackets. 

 

As a consequence of the oLA chain stretching, the siloxane chains have to elongate and cannot be 

in their entropically most favorable conformation: a random coil. Evidently, the energetic penalty for 

chain folding of the oLA is larger than the energetic penalty for the entropy loss of the oDMS block. 

However, there is one exception on the assumption of oLA chains stretching in the BCOs, which is the 

L-[23-25] BCO. This BCO has the same d*-value as the L-[23-17] BCO, whereas we expect an 

increase in the lamellar thickness if the chains are also stretched in the longest BCO. This clearly 

suggests that the LA chains must be folded in the L-[23-25] BCO since the siloxane length remains the 
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same. Reasonably, the energetic penalty for chain folding in this case is smaller than the loss of 

entropic freedom as a consequence of siloxane stretching. Most likely, this is caused by the longer 

length of the LA block. However, we can only hypothesize, as longer lengths have not been 

synthesized. 

 

4.7 Conclusions 

The formation of amorphous-crystalline BCOs was shown by DSC and scattering experiments 

(Table 4.5). The sharp thermal transitions and intense scattering peaks are in great contrast with the 

broader transitions and less defined scattering peaks observed in disperse oDMS-oLLA analogues.
10

  

All amorphous-crystalline BCOs have similar melting temperatures and inter-main chain 

interactions as the oLLA and stereocomplex oLA homo-oligomers. This is an indication for analogous 

crystal structures in the homo-oligomer and in the BCOs regarding the crystalline LA block. The 

ordered structure formation of the isotactic BCO was driven by crystallization, in contrast to the 

atactic amorphous BCOs in which phase-separation was the driving force. The crystallization of the 

LA block in the BCO results in a lamellar ordered structure that is highly regular. This was most 

pronounced in the L- and D-[15-17] BCO, showing eleven reflection peaks in the scattering data. We 

believe that the high amount of ordering is caused by the monodisperse nature of the BCOs, leading to 

a perfect packing of the lamellae. Subsequently, crystallization enhances the sharpness of the interface 

between the two blocks, resulting in a highly regular material. 

The amorphous-crystalline BCOs that have an order-disorder transition could also form amorphous 

ordered structures when heated above Tm. The structure formation driven by phase-separation for these 

isotactic, asymmetric BCOs leads to classical BCO morphologies, similar to the atactic, amorphous 

BCO analogues.
3
 Consequently, hexagonally packed cylinders and gyroid structures were obtained. 

The domain spacings of the amorphous ordered structures were significantly smaller than in the 

lamellar crystalline structures. We assign this to the stretching of both the oLA and oDMS chains in 

the crystal structure that leads to an increase in the total d*-value for the BCO. In contrast, both L- and 

D-[23-9] BCOs are fully amorphous and phase-separate into cylinders with a diameter of 3.7 nm, 

which is the smallest reported to date. 

In conclusion, we have shown that monodisperse amorphous-crystalline BCOs form highly ordered 

and regular lamellae. We observe a decrease in intermixing between the two blocks that decreases the 

interfacial thickness. However, the crystallinity causes stretching of the chains in the BCO, possibly 

reaching the limit for chain stretching at the L-[23-25] BCO, based on the similarity of the d*-values 

for the L-[23-25] and L-[23-17] BCO (Table 4.5, entries 9-11). As a result of the chain stretching, 

(asymmetric) lamellar structures were obtained with larger feature sizes than for the amorphous 

ordered structures. The LA chains are suggested to pack anti-parallel, based on the similarities 

between the oLA blocks and BCO thermal properties and inter-main chain interactions. 
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4.8 Experimental section  

Differential Scanning Calorimetry (DSC) data was collected on a DSC Q2000 TA Instruments, 

calibrated with indium as a standard. The samples were heated to 180 °C (40 °C/min), cooled to -50 

°C (10 °C/min), heated to 180 °C (10 °C/min). The last cooling and heating cycle were repeated. The 

peak maximum of the melting transition was used as melting point (Tm). Glass transition temperatures 

(Tg) were taken at the mid-point of the transition. Polarization optical microscopy (POM) images were 

made using a Jenaval polarization microscope with crossed polarizers, equipped with a Linkam THMS 

600 temperature controller. Bulk small angle X-ray scattering (SAXS) was performed on an 

instrument from Ganesha Lab. The flight tube and sample holder were all under vacuum in a single 

housing, with a GeniX-Cu ultra-low divergence X-ray generator. the source produces X-rays with a 

wavelength (λ) of 0.154 nm and a flux of 1 x 10
8
 ph s

-1
. Scattered X-rays were captured on a 2-

dimensional Pilatus 300K detector with 487 x 619 pixel resolution. Samples were prepared in a glass 

capillary with a diameter of 0.1 mm, glass thickness 0.01 mm and length of 80 mm. All viscous 

oil/liquid samples were heated to 50 °C in vacuo and all the crystalline solids were heated above their 

Tm and TODT. The sample-to-detector distance was 0.084 m (WAXS mode) or 0.431 m (MAXS mode). 

The instrument was calibrated with diffraction patterns from silver behenate. 
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Conclusions and outlook 
 

In this study, we aim to increase the phase-separation of oligo(dimethylsiloxane)-b-oligo(lactic 

acid) (oDMS-oLA) and with this, decrease the extent of intermixing of both blocks to gain better 

control of nanostructure formation. To achieve this, we introduce crystallinity via isotacticity of the 

lactic acid (LA) block, which acts as an additional driving force for self-organization. We synthesized 

monodisperse L-lactic acid oligomers (oLLA) and couple them to oDMS to form homochiral 

oligo(dimethylsiloxane)-b-oligo(lactic acid) (oDMS-oLA) BCOs. A range of monodisperse oLLA 

oligomers was obtained in high yields with a degree of polymerization (DP) up to 64 repeating units, 

which is the limit for the synthetic exponential growth approach. A library of BCOs with various LA 

volume fractions (fLA) and molecular weights (Mw) up to 3.7 kDa was obtained. The highly efficient 

synthetic procedure results in absolute no degradation products, giving extremely low molar mass 

dispersities. 

The monodisperse oLLA building blocks were obtained as solid materials, having crystalline 

properties. The melting temperatures (Tm) increase upon increasing oLLA chain length, which reaches 

a plateau value for Tm similar to conventional PLLA at a DP of 32.
1
 The oligomers form highly 

ordered lamellae with a linear dependence of the lamellar thickness on the oLLA chain length up to 32 

repeating units. From this, we conclude that the oligomeric chains are fully extended with a limit for 

chain extension between 32 and 64 repeating units, resulting in a value of 0.3 nm per crystalline PLLA 

monomeric residue. 

The oLA stereocomplexes form another type of crystal, as is evidenced by the formation of a        

β-type 31-helix instead of an α-type 31-helix that is present for the homo-oligomer crystals. The 

oligomeric stereocomplex chains interact stronger than the optically pure analogues, which follows 

from the higher melting temperatures. Again, the Tm of the oLA stereocomplex reaches a plateau value 

of Tm for conventional PLA stereocomplex at a DP of 32. Also, the oligomer stereocomplex chains are 

fully extended in the lamellar ordered structures at least up to 64 LA repeating units. 

Generally, the discrete length, homochiral oDMS-oLLA and oDMS-oDLA are amorphous-

crystalline BCOs and solely form (asymmetric) lamellae at room temperature, independent of fLA. The 

crystallization in combination with the monodisperse nature of the BCOs resulted in well-defined and 

highly regular structures. Hereby, we conclude that a crystalline block enhanced the sharpness of the 

interface and decreased the extent of intermixing between the two block, as we aimed for.  

Another result of the crystallinity in the BCOs is the formation of larger features because of the 

stretched LA chains. However, smaller features are obtained when heated above Tm, as the crystals are 

molten and the chains collapse to form a random coil. This results in similar morphologies and 

features as the atactic, amorphous BCOs at room temperature.
2
 In addition, the BCO stereocomplexes 
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also form lamellae at room temperature, yet, at temperatures above Tm the ordered structure is lost. As 

an exception to the above, the shortest ordered BCO (DP = 32, fLA = 0.24) is amorphous and phase-

separates into cylinders of 3.7 nm in diameter, which are the smallest reported to date. 

Finally, we suggest an anti-parallel chain packing model for the isotactic LA chains in the lamellae-

forming amorphous-crystalline BCOs. Yet, to support this hypothesis, it is interesting to examine more 

BCOs with various DPs and fLA, in the range of the existing values. In addition, we propose that most 

BCOs are fully stretched, though the domain spacings of the [23-25] and [23-17] BCOs are of equal 

values. Therefore, we would like to explore the extent of LA chain folding in the amorphous-

crystalline BCOs further. For this, the synthesis of monodisperse homochiral oDMS-oLA with a 

molecular weight larger than 3.7 kDa could be helpful. 
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Appendix 

 

1. GC-MS spectrum 

 

 
Figure 1: GC-MS spectrum of TBDMS-LLA2-Bn. Method: 80 °C to 300 °C with an injection temperature of      

300 °C.  

 

 

2. Thermal analysis data (DSC) 

 

 

Figure 2: DSC trace (first cooling and second heating run) for TBDMS-LLA8-Bn. Method: cooling to -50 °C and 

heating to 180 °C (10 °C/min). 
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Figure 3: DSC trace with the first heating and cooling run (black) and second heating run (red) for (a) TBDMS-LA4-

Bn and (b) TBDMS-LA8-Bn. Method: heating to 180 °C (from -50 °C), cooling to -50 °C, heating to 180 °C (10 

°C/min). 

 

 

3. Relationship between d* and number of L-lactic acid repeating units 

 

 

Figure 4: Domain spacings (d*) calculated from MAXS data of L-LA oligomers plotted against the various chain 

lengths (black dots). Linear fit (red line) with statistics in the inset. 

 

 

(a) (b) 
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4. MAXS and WAXS data 

 

       

Figure 5: (a) MAXS and (b) WAXS data for TBDMS-LLA16-COOH. 

 

 

 

Figure 6: MAXS data for L-[15-9] 

 

Figure 7: MAXS and WAXS data for L-[23-5] 

(a) (b) 


