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Block copolymers are an interesting class of materials, offering the opportunity to form nanostructured
morphologies, making them suitable for a broad range of applications in nanotechnology, medicine, or
biotechnology. Especially for the pharmaceutical sector, a uniform structure and a distinct structure—
property relationship is desirable to manufacture highly reproducible and tailor-made materials. Herein,
we report the synthesis and characterization of uniform (O = 1.01) oligo(e-caprolactone)-oligo(ethylene
glycol) (OCL-OEGQG) block co-oligomers (BCOs). Three different BCOs, varying in the length of the hydro-
phobic caprolactone segment, were obtained via Steglich esterification of the corresponding homo
oligomers. A clear dispersity and composition dependent structure—property relationship based on the thermal
properties is observed, compared to identical structures similar in M,, and dispersities of © = 1.06, obtained
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via ring-opening polymerization (ROP) of e-caprolactone. In addition, increased long-range-order distances
Lo with increasing dispersity of the BCOs are found for the formed morphologies after solvent vapor anneal-
ing (SVA). These results highlight the importance of uniform structures for a better understanding of the
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Introduction

Inspired by the highly defined structures of biomacro-
molecules (e.g. DNA, RNA or proteins), which exhibit architec-
tures of synthetically unreached complexity and thus enable
complex natural processes, current research in polymer chem-
istry focuses on the synthesis of uniform and sequence-
defined macromolecules. Especially block copolymers (BCP)s
are of interest due to their self-assembly (SA) capability,"?
which is the basis for several applications including drug deliv-
ery,® organic optoelectronics,* or as supramolecular materials
for membranes.> The experimental SA of copolymers, sup-
ported by theoretical studies such as the Flory-Huggins
theory® or the self-consistent mean field theory (SCMFT),” has
been extensively investigated since the 1960s for the SA in
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structure—property relationship of block copolymers.

bulk®® and in solution.’ In bulk, the SA of a diblock copoly-
mers (A,B,) depends on the Flory-Huggins Parameter, yug,
describing the energy of the thermodynamic immiscibility nor-
malized to ,T of the two homoblocks A and B, the degree of
polymerization, N, and the volume fractions of block A (&,)
and block B (®g). More recently, the tuneability and predict-
ability of the formed morphologies, depending on the
dispersity'®'""*"® and the shape of the molecular weight
distribution,"®® have gained interest in polymer chemistry
and nanotechnology.

However, since the field of polymer chemistry has always
been the science of molecular weight distribution and struc-
tural dispersity, the synthesis of perfectly defined structures,
as present in some biopolymers in nature, remained an
unreached goal for a long time.'® In the last decade, progress
in the preparation of tailor-made materials was described by
controlling the monomer sequence and molecular weight dis-
tribution down to uniformity"®>° and insights into the distinct
structure-property relationship of macromolecules became
accessible. Thus, these structures made a significant contri-
bution to material and life science.*"*>

Pioneering work for the synthesis of uniform and
sequence-defined structures has been set by Robert
B. Merrifield with the development of the Solid-Phase-Peptide-
Synthesis (SPPS) in 1963, for which he was awarded the 1984
Nobel Prize.>* The concept was transferred to other classes of
polymers, such as peptoids,* glycopeptides,>® or oligonucleo-

Polym. Chem., 2023,14, 4765-4773 | 4765


http://rsc.li/polymers
http://orcid.org/0000-0002-3497-719X
http://orcid.org/0000-0002-4448-5279
https://doi.org/10.1039/d3py01052j
https://doi.org/10.1039/d3py01052j
https://doi.org/10.1039/d3py01052j
https://www.meier-michael.com
https://www.meier-michael.com
http://crossmark.crossref.org/dialog/?doi=10.1039/d3py01052j&domain=pdf&date_stamp=2023-10-21
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py01052j
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY014041

Open Access Article. Published on 05 October 2023. Downloaded on 12/4/2025 4:44:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

tides,”” and has set the foundation for an enormous variety of
synthetic sequence-defined macromolecules.?**® Furthermore,
different approaches, including solid-*> and liquid phase,* or
solid supported synthesis,*" single unit monomer insertion
(SUMI),** or template assisted synthesis were investigated.*® In
this context, the iterative exponential growth (IEG) strategy
was developed, allowing a fast build-up of uniform
macromolecules.®*

The first studies using an iterative synthesis protocol
towards uniform block copolymers was reported by Meijer
et al. in 2016."> The obtained dimethylsiloxane (DMS)-lactic
acid BCOs up to the dononacontamer showed distinct order—
disorder transitions and were compared to narrowly distribu-
ted analogues. An increase in domain spacing and surprising
stability of the morphology (increase of Topr), and a decrease
of the overall degree of ordering with increasing dispersity was
observed.'® The same group has shown the temperature-con-
trolled formation of 1D and 2D nanostructures of hydrazone-
oDMS di- and triblockcooligomers.®® The mixing of these dis-
crete BCOs, the tuneability of the phase behavior for blends
with D < 1.10, as well as the difference to a disperse sample
was recently investigated by Fors and Meijer. Furthermore,
microphase segregation was observed for disperse oligomer
mixtures containing more than 50 mol% of the discrete com-
pound similar in length and volume fraction, underlining the
differences of discrete and disperse BCOs.*® In 2020, the group
of Hawker demonstrated an efficient and rapid preparation of
discrete diblock copolymer libraries using automated chromato-
graphic fractionation of a single narrowly distributed poly
(dodecyl acrylate)-block-poly(lactide) (PDDA-b-PLA).** This tech-
nique simplifies the investigations of the phase behavior, and
allows insights into new morphologies of novel BCPs. Using
the same strategy, oligo(3-hexylthiophene), which showed a
distinct crystallization behavior and optical properties, depen-
dent on chain length,*” were described. Moreover, lipid mono-
disperse PEG derivatives showed a reduced anti-PEG antibody
recognition compared to molecular weight disperse ana-
logues.*® The same group demonstrated the application of this
method to triblock terpolymers. The purified samples showed
an increase in long-range order compared to the parent poly-
mers.*® The stereochemical effect in uniform PLA-PEG BCPs
were reported by Kim et al. in 2021. Irregular nanostructures
were observed for complementary configured monodisperse
poly(lactic acid), whereas triangular and vascular nano-
structures were formed for mismatched or stereochemical
sequences.*’

Here, we report the synthesis of uniform (P = 1.01) as well
as narrowly distributed (P = 1.06) oligo(e-caprolactone)-oligo
(ethylene glycol) (OCL-OEG) block co-oligomers (BCOs),
obtained via an iterative exponential approach or ring-opening
polymerization, respectively. The PEG-PCL system is of special
interest due to its biocompatibility, biodegradability, and
application in the pharmaceutical sector as drug delivery
systems, where a distinct structure-property relationship and
the control of it via chemical reactions is crucial. We aimed for
three comparable BCO pairs, varying in the length of the
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hydrophobic caprolactone block (mOEG,-b-OCL,,-TBDMS; n =
16, m = 16, 32, 64; @Pocp, = 0.71-0.92) to investigate their disper-
sity and constitution dependent structure-property relation-
ship. Comparison of the thermal properties and shifts in the
long-range-order distances highlight the difference of uniform
and narrowly distributed (P = 1.06), often incorrectly labeled
as monodisperse, macromolecules.

Results and discussion

OEG-OCL block cooligomers were synthesized via coupling of
the monoprotected homooligomers (Scheme 1), which were
obtained using an iterative exponential growth strategy. The
caprolactone oligomer was prepared according to the pro-
cedure of Hawker et al. performing first a base-catalyzed
nucleophilic ring opening of e-caprolactone to obtain the start-
ing monomer, 6-hydroxycaproic acid, HO(CL),CO,H."* Half of
the sample was protected using a tert-butyldimethylsilyl
(TBDMS) ether as protecting group of the alcohol and the
other half using a benzyl ester for the carboxylic acid. The
orthogonally protected building units TBDMS(CL),CO,H and
HO(CL);Bn were coupled via a Steglich esterification using
N,N'-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)
pyridine (DMAP) up to the tetramer, TBDMS(CL),Bn and 4-(di-
methylamino)pyridinium p-toluene sulfonate (DPTS) from the
octamer on to suppress the reported side reaction towards the
unreactive N-acylurea. Afterwards, the sample of the doubly
protected tetramer was split, and the protecting groups were
cleaved orthogonally. The benzyl ester was deprotected via
reductive hydrogenation, affording the carboxylic acid, and the
silyl ether was deprotected by treatment with tetra-n-butyl
ammonium fluoride (TBAF) under acidic conditions to yield
the desired alcohol. By repetition of the iterative reaction cycle
(Scheme 1), consisting of a coupling step and subsequent sep-
arate deprotection, an oligo caprolactone containing 64 repeat-
ing units was obtained in 20 steps in an overall yield of 33.1%,
always considering the lowest yield of the divergent step. The
general reaction scheme for the synthesis of uniform polyca-
prolactone is shown in Scheme 1.

Each of the individual products was characterized by 'H,
3¢, and IR spectroscopy, as well as MS (Mass Spectrometry)
and SEC to confirm their high purity (>99% SEC purity). The
analytical data are provided in the ESL{ Further, the scale,
yield, dispersity, and purity (determined by SEC) are summar-
ized in ESI Table 13.f In accordance to the description of
Hawker et al.,** minor impurities that match to the precursor
molecules in terms of respective retention times were observed
from the synthesis of the hexadecamer on. Therefore, we
focused on the purification of the respective compounds via
fractionating column chromatography. As an example, a
15.5 mmol (31.8 g) batch of TBDMS(CL);¢Bn was applied on a
silica column and eluted as slowly as possible to remove impu-
rities with almost similar retention times. Three of these frac-
tionating isolation steps were performed successively, and in
total 46 fractions were collected, 31 of which contained the

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Reaction scheme for the synthesis of uniform OCL-OEG BCOs (i-TBDMS(CL),-(EG);60OMe (n = 16, 32, 64)) from the corresponding OCL
and OEG homooligomers, which were obtained via an iterative exponential growth strategy; green iteration cycle:** I: hydrogenation of benzyl ester
with H, Pd/C, in EA at rt. o.n.; [l: TBDMS deprotection with TBAF, AcOH, in THF at 50 °C o.n.; llI: Steglich esterification with DCC, DMAP in DCM at rt
o.n.; purple iteration cycle: IV: hydrogenation of benzyl ether with H,, Pd/C, in EA at reflux o.n.; V: THP deprotection: p-TsOH in MeOH at rt, 36 h;
tosylation: NaOH, p-TsCl in H,O/THF at rt, 15 h; VI: ether coupling: KO'Bu (potassium tert-butoxide) in THF, O — rt, o.n.; THP deprotection: p-TsOH
in MeOH at rt, 36 h; methylation: NaH (sodium hydride), Mel in THF, 0 — rt, o.n.; hydrogenation of benzyl ether with H,, Pd/C, in ethanol at rt o.n;

i prepared via an iterative approach..

product in purities ranging from 50.2 to >99% (see ESI} for
SEC chromatograms and the evaluated data sets). Only the
samples with a SEC-purity of >99% were selected for further
synthesis (ESI Tables 7-9,1 highlighted in green). It is worth-
while to note that the molecular weight distributions of the
unpurified and the purified TBDMS(CL),6Bn are almost indis-
tinguishable (ESI Fig. 631), yet the purification was necessary
to claim uniformity, as the separated byproducts observed by
SEC (ESI Fig. 60-627) clearly demonstrate.

After extensive comparison of different synthesis protocols
to achieve uniform OEGs,*” a hexadeca(ethylene glycol) HO
(EG)160Me was prepared (see Scheme 1) according to the pro-
cedure of Baker et al.*® and Bruce et al.** The starting unit,
tetra(ethylene glycol), was commercially obtained in a purity of
99%. A benzyl (Bn) ether and a tetrahydropyranyl (THP) ether
turned out to be the most efficient orthogonal protecting
groups. The THP protection was performed according to a pro-
cedure of Baker et al.*® and the product THP(EG),OH was
obtained in a yield of 74%, whereas the benzyl group was
introduced as described by Bruce et al. leading to product Bn
(EG),0OH (83%).** Having installed the orthogonal protecting
groups, the next step was the activation of the hydroxyl group
of Bn(EG),OH into a tosylate Bn(EG),Ts, thus opening the
possibility for an ether coupling of THP(EG),OH and Bn
(EG)4Ts, and thus a chain doubling. Using NaH as a base, 68%
yield of Bn(EG)sTHP was obtained, whereas KO'Bu resulted in
a yield of 48% after purification via silica column chromato-
graphy (ESI Tables 2 and 3t). A detailed MS study of the occur-
ring side products was described in a previous report and sum-
marized in the ESI Table 1.7 ** Separate deprotection of the
orthogonal protecting groups generated the respective unsym-
metric alcohols Bn(EG)gsOH and THP(EG)gOH in yields >98%.
The THP group was cleaved by treatment with p-toluenesulfo-

This journal is © The Royal Society of Chemistry 2023

nic acid in methanol, and the benzyl ether was removed by
reductive hydrogenation. By repetition of the tosylation of the
benzyl protected species Bn(EG)sOH, and a coupling reaction
with THP(EG)gOH, the double protected hexadecamer Bn
(EG),6THP was obtained. In order to obtain an identical struc-
ture for the uniform and the non-uniform BCOs, the protect-
ing group had to be exchanged. Therefore, the THP protected
alcohol was cleaved under acidic conditions, resulting in Bn
(EG)160OH in a quantitative yield. Subsequently, a methylation
was conducted using methyl iodide in ten-fold excess and NaH
as base. Unfortunately, only a decreased yield of 30% of pure
product Bn(EG);,0Me and 70% with a purity of 93-98% were
obtained after purification via silica column chromatography.
In the last step, the benzyl group was deprotected according to
a procedure of Haag et al® Replacing ethyl acetate with
ethanol and conducting the reaction at room temperature
instead of reflux, the side reaction was avoided and product
HO(EG),60Me was obtained in a yield of 98% (overall yield of
3% in 11 steps) and was used without further purification. Full
characterization by nuclear magnetic resonance (NMR) and
infrared (IR) spectroscopy as well as high resolution-electro-
spray ionization mass spectrometry (HR-ESI MS) of all oligo
(ethylene glycol)s THP(EG),OH - HO(EG);0OMe and a
summary of the SEC chromatograms are provided in the ESL¥
To obtain the desired block cooligomers -TBDMS(CL),-
(EG)16OMe (n = 16, 32, 64), the oligocaprolactones TBDMS
(CL),CO,H (n = 16, 32, 64) were coupled via a Steglich esterifi-
cation with HO(EG);s0Me (Scheme 1). Quantitative conver-
sions were achieved by using equimolar amounts of DPTS and
6.00 equiv. of DCC. The formation of the individual products
was first confirmed via SEC, with the appearance of a new
signal at retention times of 15.9 min (+TBDMS(CL);6-
(EG)160OMe), 14.2 min (i-TBDMS(CL);,-(EG);60Me), and

Polym. Chem., 2023,14, 4765-4773 | 4767
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13.2 min (-TBDMS(CL)s4-(EG);60Me), respectively. For each
reaction, separate peaks at earlier retention times indicated
the formation of side products of larger hydrodynamic
volumes, which were not analyzed further. Similar to the
homooligomers, the purification of the three BCOs was chal-
lenging via silica column chromatography and the products
were obtained in yields of 37% (i-TBDMS(CL);6-(EG)1s0Me),
43% (i-TBDMS(CL)3,-(EG);s0Me) and 18% (i-TBDMS(CL)s,-
(EG)160Me), respectively. Purities of >99% and dispersities of
P = 1.01 were determined via SEC, respectively. 'H and '*C
NMR spectroscopy proved to be helpful to follow the formation
of the BCOs. The CH, signal next to the terminal hydroxyl
moiety is shifted upfield from 3.59 to 4.22 ppm in the proton
spectrum after esterification (Fig. 1). All other signals remain
at the same chemical shift.

COSY and HMBC as well as a comparison of the *C NMR
spectra are provided in the ESI (ESI Fig. 851) to clarify the peak
assignment. DOSY NMR further confirmed the successful
coupling reaction (ESI Fig. 86, 97 and 1037}). Additionally, HR
ESI-MS analysis was performed. The found mass and the
experimental isotopic pattern of the single or double charged
sodium adducts matched with the calculated m/z values
(-TBDMS(CL),6-(EG);sOMe [M + Na]" mj/z calc. 2698.6106,
detected 2698.6143; i-TBDMS(CL);,-(EG);sOMe [M + Na]" m/z
calec. 4523.6999, detected 4523.6934; i-TBDMS(CL)¢s-
(EG);sOMe [M + 2Nal** mjz cale. 4100.9427, detected
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4100.9558). Unfortunately, impurities of mOEG,-b-OCL,,_4
species were observed for i-TBDMS(CL)3,-(EG);s0Me (relative
intensity, I (MOEG;¢-b-OCL3;[M + 2Na]**) = 33), and i-TBDMS
(CL)64-(EG)160Me (relative intensity I (MOEG6-b-OCLg3[M +
3Na]**) = 17, see ESI Fig. 98 and 1047) in the ESI-MS spectra.
Therefore, only i-TBDMS(CL);6-(EG);160Me can be considered
as truly uniform with respect to MS analysis, whereas i-TBDMS
(CL)3,-(EG);60Me and i-TBDMS(CL)s4-(EG);60OMe must be
classified as non-uniform according to the definition of
IUPAC.**

In order to investigate the structure-property relationship
in terms of the self-assembly behavior of the amphiphilic
block cooligomers, identical structures, similar in M,, with the
uniform BCOs, but exhibiting a broader molecular weight dis-
tribution, were prepared. First, a base-catalyzed ring-opening
polymerization of e-caprolactone was conducted using a mono-
methyl oligo(ethylene glycol) (M,, = 750 Da) as macroinitiator.
1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) was utilized as
organo-catalyst in 0.5 mol% relative to the monomer according
to a procedure of Hedrick, Waymouth and coworkers.?” All
chemicals were dried carefully prior to usage to suppress
unwanted side products due to hydrolyzation of the ester
groups or initiation by water. Furthermore, to prevent intra-
molecular backbiting or intermolecular chain transfer,
increased monomer to initiator ([M]y/[I]o) values were used to
reduce the reaction time and thus keeping the dispersity at a

o 2 2 o 3
5~ o ~""0H
4 124 1

HO(EG);0Me

9
7 al0 12
T 3% 8 Ttk

2 13

TBDMS(CL);cCO,H

‘3\~/” 1.00 equiv. DPTS
RN 6.00 equiv. DCC

8 o 3 4 o 6 7
14 11 10 12 \./\o O/
1 10 1 4 4
' 15 O 14

i-TBDMS(CL);6-(EG)1s0Me

3.7 3.7 3.6 3.6 3.5 3
&/ ppm &/ ppm

.6 44 42 40 3.8 3.6 3.4 3.2 3.0 28 26 24 22 20 18 16 14 1.2 1.0 08 06 04 0.2 00

Fig. 1 Comparison of 400 MHz *H NMR spectra of the monomethyl hexadeca(ethylene glycol) HO(EG);c0OMe, the carboxyl-terminated hexadeca
(e-caprolactone) TBDMS(CL);6CO,H and the corresponding product i-TBDMS(CL);¢-(EG);60Me. Signal 3 of the mOEGyg is shifted upfield from 3.59
to 4.22 ppm due to the esterification. All other signals remain at the same chemical shift. These spectra are representative for the synthesis of all

three BCP. A full characterization for each of them is provided in the ESI.{
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relatively low value. Since we aimed for BCOs similar in M,
compared to i-TBDMS(CL),-(EG);60Me (n = 16, 32, 64) and
therefore the same retention time in SEC (assuming a sym-
metric peak shape), reaction monitoring via SEC was per-
formed. Five different approaches, varying in their [M]y/[I],
values, ranging from [M]o/[I], = 40-1226 were performed. A
linear relationship of the molecular weight depending on the
reaction time was observed for all reactions, whereas the dis-
persity remained constant (P < 1.08) up to a reaction time of
three hours. Afterwards, a slight increase was recorded as
caused by the already mentioned side reactions (see ESI
Table 14 and Fig. 111}). To prevent post-polymerization trans-
esterification, the catalyst was quenched with benzoic acid
after the respective reaction time. The most promising results
were achieved with [M]o/[I], = 167 and 52 min (p-TBDMS
(CL),7-(EG)1,0Me) as reference for i-TBDMS(CL),6-(EG),60Me,
[M]o/[I]o = 335 and 109 min (p-TBDMS(CL);,4-(EG),,0Me) for
i-TBDMS(CL);3,-(EG);60Me, and [M]o/[I], = 1226 and 225 min
(p-TBDMS(CL),4-(EG),;OMe) for i-TBDMS(CL)ss-(EG);6OMe.
Unfortunately, the formation of a high molecular weight
shoulder, as well as a tailing towards higher retention times
via mentioned side reactions for p-TBDMS(CL),,-(EG);;OMe
could not be suppressed completely or separated via silica
column chromatography. In order to have similar structures to
the uniform BCOs, the alcohol end-group was subsequently
converted into the TBDMS ether. An excess of TBDMS-CI was
used to guarantee quantitative protection, which was con-
firmed by NMR spectroscopy and SEC (see ESIT). The resulting
products were purified via precipitation, washing and after-
wards twice by column chromatography, yielding narrow dis-
tributed block cooligomers (p-TBDMS(CL),-(EG),,0Me, n = 17,
34, 74), varying in the domain size of the OCL block. Similar
retention times and thus M, values were obtained from SEC
analysis for the three BCO pairs (see Fig. 2), which is impor-
tant for the following comparison.

To investigate the dispersity-dependent structure-property-
relationship in terms of the self-assembly behavior of the pre-
sented BCOs, differential scanning calorimetry (DSC) and
small-angle X-ray scattering (SAXS) analyses were conducted.
The corresponding DSC graphs of the BCO pairs of similar
size (uniform (red traces) and non-uniform (blue traces)) are
individually compared in Fig. 3a-c. Thermal properties and
potential differences in thermal transitions were analyzed
using the following heating program with two identical cycles:
heating from —15 °C to 70 °C at 20 °C min~" and subsequent
cooling from 70 °C to —15 °C at —10 °C min~". A general trend
of an increase in both the melting temperature, T,,, and the
crystallization temperature, 7., with increasing degree of
polymerization, N, of the OCL block was observed, which are
summarized in Table 1.

For the samples i“TBDMS(CL),;¢-(EG);6OMe and p-TBDMS
(CL),7-(EG),,0Me, two melting points were observed for both
oligomer samples, with the non-uniform showing two distinct
Tms, whereas for the uniform sample a shoulder towards
higher temperatures was observed. A clear trend of a decrease
in AT, of the two melting points with increasing Noc; was

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Comparison of the SEC traces of the three uniform BCOs
(i-TBDMS(CL),,-(EG);60Me, n = 16, 32, 64, blue) prepared via an iterative
synthesis strategy and the corresponding disperse (p-TBDMS(CL),-
(EG);;OMe, n = 17, 34, 74, red) BCOs obtained from ROP of
e-caprolactone.

observed for the non-uniform samples. For p-TBDMS(CL),,-
(EG),7,0Me, a difference of ATy, = 6 °C and 3 °C for p-TBDMS
(CL)34-(EG);,0Me were observed, whereas p-TBDMS(CL),,-
(EG);,0Me showed only one melting temperature at 54 °C. In
comparison, for the uniform BCOs with Nocp, = 32 and Nocy, =
64, only one melting transition at 48 °C and 55 °C was
observed, respectively. For the crystallization transition, a shift
towards lower temperatures was observed with decreasing
temperature for the samples i“TBDMS(CL);6-(EG);60Me and
i-TBDMS(CL)64-(EG);60Me compared to the corresponding
non-uniform BCOs (p-TBDMS(CL),,-(EG);;0Me and p-TBDMS
(CL)74-(EG);70Me). This behavior could be explained by larger
macromolecules only present within the non-uniform
samples, which could act as crystallization nuclei.
Interestingly, the uniform BCP with N, = 32 (-TBDMS(CL);,-
(EG)160Me) showed two crystallization transitions at T, = 24 °C
and T. = 32 °C, whereas only one transition at T, = 24 °C was
observed for the corresponding non-uniform sample
(p-TBDMS(CL)34-(EG);70Me). To slow down the crystallization
process, the temperature program was adjusted by inserting an
isotherm for 5 min at 23 °C (Fig. 3d). Thus, only a single crys-
tallization transition was observed for #TBDMS(CL)s,-
(EG)160OMe, indicating the crystallization being slower than the
initial cooling rate. Furthermore, no noticeable difference in
the comparison of the melting enthalpy, AH,,, of the uniform
and non-uniform samples with No¢p, = 32 and N, = 64 (see
Table 1, please note: for i-TBDMS(CL);6-(EG);60Me an exother-
mic phase transition was observed at —13 °C in the heating
cycle. Therefore, these results were not considered in the com-
parison) were observed.

For investigations of the long-range-order distance and to
observe first insights into the morphology of the BCOs, SAXS

Polym. Chem., 2023, 14, 4765-4773 | 4769
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Fig. 3 DSC traces of the individual uniform (red) and non-uniform (blue) BCO pairs (a—c) using a heating program with two identical cycles: heating

from —15 °C to 70 °C at 20 °C min~! and subsequent cooling from 70 °C
using a heating program as follows: 5 °C to 70 °C at 20 °C min~* and subseq

ture for 5 min; cooling from 23 °C to 5 °C at =10 °C min™%,

Table 1 Comparison of DSC results of the uniform and non-uniform BCOs

to —15 °C at —10 °C min~%. (d) DSC trace of i-TBDMS(CL)z,-(EG);sOMe
uent cooling from 70 °C to 23 °C at —10 °C min™%, keeping that tempera-

Sample m/mg TonsetjoC 8% o AH, ] g7" Tonset/oC T8k oG AH, /] g™
i“TBDMS(CL), -(EG);0Me 5.3 13 8 36 31 35 -38
p-TBDMS(CL),,~(EG),,OMe 5.3 15 12 56 30 34/40 -58
i“TBDMS(CL),,-(EG);s0Me 6.5 28 24/32 60 44 48 -63
p-TBDMS(CL);,-(EG),,OMe 6.5 30 24 60 45 49/52 -63
i“TBDMS(CL)g;-(EG);;0Me 5.5 30 28 58 49 55 -57
p-TBDMS(CL),-(EG),,OMe 5.5 35 31 57 49 54 -55

analysis was performed. In this context, the uniform and non-
uniform BCOs (--TBDMS(CL),-(EG);60Me, n = 16, 32, 64 and
p-TBDMS(CL),-(EG),,0OMe, n = 17, 34, 74) were self-assembled
directly on Kapton® foil via either thermal or solvent vapor
annealing (SVA) with acetone. For thermal annealing, the
sample was heated to 70 °C (21-40 °C above T9™¢%) under
vacuum, kept at that temperature for three hours and was sub-
sequently cooled to room temperature overnight. To evaluate
the long-range-order distance (domain size, L, = 2n/q,) in the
uniform and non-uniform BCOs, SAXS was performed at
room temperature. The 1D SAXS patterns for the thermally
annealed samples are shown in Fig. 4a-c. In general, the
samples show SAXS reflections at 1g, and 3¢, consistent with a
symmetric lamellar morphology, except for TBDMS(CL);6-
(EG)160Meerm. (Fig. 4a, red trace), which had an exact degree
of polymerization of N = 16 for both the OEG and OCL block,
that lacked the higher-order peak. Compared to the corres-
ponding non-uniform BCO (p-TBDMS(CL);;-(EG)1;0Me€herm.
Fig. 4a, blue trace), a single broad peak at g, = 0.42 A~ was
observed indicating a less ordered structure. These obser-

4770 | Polym. Chem., 2023, 14, 4765-4773

vations are inconsistent with the findings of Meijer and
Palmans et al. as well as with Hawker, Bates and coworkers,
who describe the opposite effect for uniform and non-uniform
oligo(DMS-b-LA) BCPs"® and oligo(DMS-b-MMA) BCPs,"?
respectively. With a decrease in dispersity, an increase in the
(long-range) order was described.'*'® On the other hand, note
that the reported difference in dispersity of the compared
BCPs is twice as large (AP ~ 0.13)"® as for the BCOs described
herein (AP = 0.05). -TBDMS(CL),6-(EG);60Me and p-TBDMS
(CL);7-(EG);70Me are similar in their volume fraction of OCL
(@ocr, = 0.71), but the latter BCO contains longer-chain oligo-
mers, which might form an ordered state due to a higher yN
value and could thus be decisive for the effect in segregation.
Similar results for the degree of order, as described for the
thermal annealing of i-TBDMS(CL),6-(EG);60Me and p-TBDMS
(CL);7-(EG);7,0Me, were observed for the self-assembly via SVA
in acetone (Fig. 4d). Due to the less pronounced phase separ-
ation, a broader peak was observed at g, = 0.59 A™* (Fig. 4a),
corresponding to a decrease in the long-range-order distance
of ALy = 3.1 nm (Ly(:-TBDMS(CL),6-(EG)160Megy,) = 10.5 nm)

This journal is © The Royal Society of Chemistry 2023
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compared to the non-uniform p-TBDMS(CL),,-(EG),;OMe
(Lo(p-TBDMS(CL),7-(EG);,0Mesy,) = 13.6 nm). A similar trend
is observed for i-TBDMS(CL)3,-(EG)160Mesys (Lo = 13.6 nm),
and p-TBDMS(CL)3,-(EG);;OMegys (Lo = 13.8 nm) (AL, =
0.2 nm, Fig. 4e) as well as $TBDMS(CL)g4-(EG);60Megya (Lo =
12.6 nm) and p-TBDMS(CL),4-(EG);;0Mesgys (Lo = 13.0 nm)
with a difference of L, = 0.4 nm (Fig. 4f).

Thus, even small differences of AP = 0.05 in relation to the
uniform BCOs affected the expansion of the lamellar period
for the SVA, resulting in an increase of the primary Bragg
reflection gy, which is in agreement with the results of pre-
vious experimental reports and predictions by self-consistent
field theory (SCFT).'*'%1°

However, a contradictory trend was obtained for the
samples self-assembled via thermal annealing (Fig. 4a-c). A
decrease in the dispersity resulted in an increase of the L, up
to 4% (0.5 nm for N = 32) compared to the non-uniform BCPs.
Since the scattering vector, g, is proportional to the radius of

This journal is © The Royal Society of Chemistry 2023

gyration, Ry, which in turn is proportional to N** (assuming
lamellar morphologies), shorter chains in a non-uniform oli-
gomer have greater impact on R,. Thus, smaller values for go
are expected for a symmetrical widening of the molecular
weight distribution, resulting in larger L, (Table 2, thermal).
Similar results were reported by Fors et al for truly
dispersed polymers showing a positively and negatively skewed
molecular weight distribution.'® Furthermore, an increase
of @p¢y, resulted in an expected increase in L, for the thermal
annealing (excluding the less ordered i-TBDMS(CL);¢-
(EG)160Meherm), where an inverted trend was observed for the
SVA of the samples in acetone.

In summary, a clear difference in the self-assembly behav-
ior of the uniform and non-uniform OCL-OEG BCOs with ®g¢r,
= 0.71 was demonstrated for thermal as well as solvent vapor
annealing. Furthermore, an increase of the long-range-order
distance L, with increasing dispersity was obtained for all
BCOs via SVA, which is in accordance with the literature.

Polym. Chem., 2023,14, 4765-4773 | 4771
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Table 2 Primary SAXS peak analysis for the uniform (i-TBDMS(CL),-
(EG)16OMe, n = 16, 32, 64) and non-uniform (p-TBDMS(CL),-
(EG)160Me, n = 17, 34, 74) BCOs

Sample Norg Nou P*  @ocr® Lo%nm Ly%nm
i-TBDMS(CL),6-(EG);sOMe 16 16 1.01 0.71  14.8 10.5
i-TBDMS(CL);,-(EG),cOMe 16 32 1.01 0.83 14.6 13.6
i-TBDMS(CL),-(EG);sOMe 16 64 1.01 0.91 16.1 12.6
p-TBDMS(CL),,-(EG),;,OMe 17° 17 1.06 0.71 14.1 13.6
p-TBDMS(CL),,-(EG);,OMe 17° 34” 1.06 0.83 14.1 13.8
P-TBDMS(CL),,-(EG);,OMe 17° 74" 1.06 0.92 15.8 13.0

“Determined via SEC (system III). ” Determined via 'H NMR. °OCL
volume fraction using densities of 1.094 g mL™" for mOEG (M, = 750
Da) and 1.146 g mL™" for PCL (average M,, ~ 14k; average M,, ~ 10k by
SEC). “Long-range order distance calculated via L, = 2m/q, (thermal
annealing). ©Long-range order distance calculated via L, = 2w/qo
(solvent vapor annealing).

Contradictory results were obtained for both annealing pro-
cesses and no expected narrowing of the signals was observed.
However, differences in solvent and thermal annealing are a
literature-known phenomenon.*®

Conclusion

We describe the synthesis of uniform OCL-OEG block cooligo-
mers via a Steglich esterification of the corresponding OEG and
OCL homooligomers, which were prepared viag an iterative expo-
nential growth strategy. A OCL containing 64 repeating units
was obtained in 20 steps in an overall yield of 33% according to
the optimized reaction protocol of Hawker et al.** TBDMS ether
and benzyl ester were employed as orthogonal protecting
groups. Consistently high yields for both the deprotection
(>95%) and the coupling steps (>83%) were achieved. For the
synthesis of uniform OEGs, THP and benzyl ether as protecting
groups and KO'Bu as base for the etherification showed the
most promising results and a uniform mOEG; was obtained in
11 steps in an overall yield of 3%. Three uniform OCL-OEG
BCOs (P = 1.01), varying in the length of the OCL domain, were
synthesized. Identical structures, similar in M, with the
uniform BCO, but exhibiting a slightly broader molecular
weight distribution (P = 1.06) were prepared via ROP of e-capro-
lactone and the influence of the dispersity on thermal pro-
perties and morphologies obtained via self-assembly through
thermal and solvent-vapor annealing was investigated by DSC
and SAXS analysis, respectively. Significantly increased crystalli-
zation temperatures, T., were observed for p-TBDMS-(CL),,
(EG),7,0Me and p-TBDMS-(CL);4-(EG);7OMe in comparison with
their uniform analogues. Furthermore, SAXS analysis revealed
an increase in the long-range order distance, L,, and a less pro-
nounced phase separation for -TBDMS(CL);6-(EG):6OMe, with
a decrease in dispersity of the BCOs.
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