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Monodisperse amphiphilic double-crystalline
block oligomers composed of linear alkyl chains
and poly(vinyl alcohol) segments prepared by
aldol-group transfer polymerization and recycling
size-exclusion chromatography separationt

Toa Nakane,? Hironobu Watanabe, 2@ Mineto Uchiyama, 2@ Fabrice Muller, ©©°
Nathalie Mathieu, (2 ® Christophe Sinturel € ** and Masami Kamigaito () *

As a model of block copolymers of ethylene and vinyl alcohol, monodisperse amphiphilic double crystal-
line diblock oligomers composed of linear alkyl chains and poly(vinyl alcohol) segments were prepared
using aldol-group transfer polymerization (aldol-GTP) and recycling size-exclusion chromatography (SEC)
separation. The aldol-GTP of tert-butyldimethylsilyl vinyl ether (TBSVE) was conducted using octadecyl
aldehyde as an initiator and ZnBr, as a catalyst for the synthesis of oligo(TBSVE) with controlled molecular
weights and a C16 alkyl chain and an aldehyde group at the a- and w-chain ends, respectively. The
obtained oligomers were separated into monodisperse unimers, dimers, trimers, tetramers, and penta-
mers via preparative recycling SEC. Reduction of the terminal aldehyde group followed by deprotection of
the silyl groups resulted in monodisperse amphiphilic oligomers composed of C16 alkyl chains and poly
(vinyl alcohol) (PVA) units. The effects of the number of PVA units on the thermal properties were charac-
terized using differential scanning calorimetry. Furthermore, the morphology of the discrete block oligo-
mer was examined by optical microscopy, atomic force microscopy, and small- and wide-angle X-ray
scattering. Owing to the high incompatibility between the hydrophobic and hydrophilic blocks, self-
assembly was observed despite the very low molar weights of the polymers. Based on our results, we
propose that a double-crystalline lamellar structure is formed and consists of alternating hydrophobic
(alkyl chains) and hydrophilic (PVA segments) domains (with a period of 6.8 nm), showing a distinct crys-
tallization/melting process.

variety of block polymers in a controlled manner, in which the
polymer chains grow in a controlled fashion due to reversible

Block polymers composed of immiscible segments can self-
assemble to form well-defined nanostructures that can be used
for wide applications, such as thermoplastic elastomers,
microelectronics, and drug delivery."® In particular, hydro-
phobic and hydrophilic segments in amphiphilic block copoly-
mers strongly segregate in both solid and solution states to
construct unique morphologies. Recent developments in con-
trolled/living polymerization have enabled the synthesis of a

“Department of Molecular and Macromolecular Chemistry, Graduate School of
Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan.
E-mail: kamigait@chembio.nagoya-u.ac.jp

bUniversité d’Orléans, CNRS, ICMN, UMR 7374, Orléans, France.

E-mail: christophe.sinturel@univ-orleans.fr

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5py00145e

This journal is © The Royal Society of Chemistry 2025

deactivation of the propagating species into dormant species.”
However, distributions in the chain lengths of the resulting
polymers are inevitable because they are Kkinetically or
statistically controlled by the deactivation and propagation
rates. Since the morphology is governed by the Flory-Huggins
interaction parameter (y) and the chain length (N), a narrower
dispersity has been targeted to create more distinct
nanostructures.® ™’

On the other hand, recent developments in high-perform-
ance chromatography techniques and apparatus have enabled
easy purification of various products. In particular, the use of
chromatographic separation of the products obtained by con-
trolled/living or reversible deactivation polymerization allows
the preparation of discrete or monodisperse oligomers
from monomers used for common synthetic polymers.**™’
Separation is accomplished by the differentiation based on
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either the size or polarity of the products, such as the use of
size-exclusion chromatography (SEC) or adsorption column
chromatography, and is applicable for both homopolymers
and block polymers. Although chromatographic separation of
synthetic polymers can become difficult with increasing mole-
cular weights of the products due to the decrease in relative
differences in size and polarity, this method has enabled the
unprecedented preparation of a series of monodisperse oligo-
mers, and thus, the effects of the degree of polymerization (n)
on the properties of the synthetic oligomers have been
revealed and could further contribute to the design of func-
tional materials.

In this study, we focused on the preparation and character-
ization of monodisperse block oligomers composed of long
linear alkyl chains and poly(vinyl alcohol) (PVA) segments as
discrete model compounds for block polymers of ethylene
and vinyl alcohol. Polyethylene (PE) and PVA are representa-
tive hydrophobic and hydrophilic vinyl polymers, respectively,
with the simplest structures, and both are crystalline poly-
mers. The different crystallinities caused by hydrophobic
long alkyl chains and hydrophilic hydrogen-bonding inter-
actions can lead to strong segregation of each segment and
are expected to induce distinct phase separation. Although
the organic synthesis and characterization of discrete amphi-
philic molecules composed of long alkyl chains and sugar-
derived polyol units have been performed,®®'”'® PVA-based
monodisperse diblock oligomers have not been synthesized
and characterized. In addition, non-monodisperse block
copolymers of ethylene and vinyl acetate, which are precursor
monomers alcohol, are also challenging to
synthesize.

To construct PVA units with controlled molecular weights,
we selected a method based on aldol-group transfer polymeriz-
ation (GTP) of silyl vinyl ether followed by deprotection of the
silyl groups.®>**! Although vinyl acetate is a more common pre-
cursor of the PVA units, irreversible termination, chain-transfer
reactions, and head-to-head linkages prone to radical polymer-

of vinyl
28-33
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ization are inevitable even in the reversible deactivation radical
polymerization (RDRP), namely reversible addition-fragmenta-
tion chain transfer (RAFT) polymerization. In this study, tert-
butyldimethylsilyl vinyl ether (TBSVE) was polymerized using
octadecyl aldehyde (1-octadecanal or stearyl aldehyde;
CH;3(CH,);6CHO) as a hydrophobic initiator in the presence of
a zinc bromide (ZnBr,) catalyst to obtain controlled oligo
(TBSVE) (CHj3(CH,);5(CH,CH(OSiMe,t-Bu)),,CH,CHO) posses-
sing a C16 alkyl chain and an aldehyde group at the a- and
w-chain ends, respectively (Scheme 1). The obtained products
were separated into monodisperse oligomers (n = 1-5) using
preparative recycling SEC. After the reduction of the terminal
aldehyde group into the primary alcohol, the silyl groups in
the discrete oligo(TBSVE) were deprotected, which resulted in
monodisperse amphiphilic oligomers composed of C16 alkyl
chains and PVA units (CH;(CH,),5(CH,CH(OH)),,CH,CH,OH).
Interestingly, the reduction of the terminal aldehyde resulted
in one additional PVA unit (-CH,CH,OH) as the hydrophilic
terminal, which is also a benefit of aldol-GTP, and completed
the synthesis of discrete hydrophilic and hydrophobic block
oligomers. Thus, the obtained block oligomers should have
eight ethylene and (n + 1) vinyl alcohol units. The effects of the
degree of polymerization (n) on the thermal properties were
characterized using differential scanning calorimetry (DSC).
Furthermore, the morphology of the discrete block oligomer
with n = 5 was analyzed by optical microscopy (OM), atomic
force microscopy (AFM), and small- and wide-angle X-ray scat-
tering (SAXS and WAXS).

Results
Aldol-GTP of TBSVE with octadecyl aldehyde

Aldol-GTP of TBSVE was investigated using octadecyl aldehyde
and ZnBr, as an initiator and a catalyst, respectively, in di-
chloromethane at 0 °C (Fig. 1). Here, the targeted number-
average degree of polymerization (DP,,) was set to 5 ([TBSVE],/

o [— 8 Preparative — L0800
WH ' WH Recycling | . =000
ol Me~Si-Me = n 3 SEC
O O =I00000 C==mm0000
Bu Q |
—mmo [TBSVE " . Me-Si-Me  —m000 L 00000
Sctacecy) 1B NI L —m000000
Aldehyde, ZnBrp ’ : Monodisperse
Aldol-GTP : Oligo(TBSVE) (7= 1-5)
[— e Hydrophobic Hydrophilic G0
Chain-End L [— ) ) [—eee)
Reduction 15 (.) OH 0000 Deprotection N R 0000
NaBH, Me-Si-Me EOO00Q  HClag. OH OH 00000
Bu Cm000000 Monodisperse CmO00000
Amphiphliic DSC, OM, AFM,
Oligomers WAXS, SAXS

Scheme 1 Preparation of monodisperse amphiphilic block oligomers composed of linear C16 alkyl chains and poly(vinyl alcohol) segments by
aldol-group transfer polymerization and recycling size-exclusion chromatography.
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Fig. 1 Aldol-GTP of TBSVE with octadecyl aldehyde as an initiator and
ZnBr, as a catalyst: [TBSVE]y/[octadecyl aldehyde]y/[ZnBr,], = 500/100/
20 mM in CH,Cl, at 0 °C.

[octadecyl aldehyde], = 500/100 mM). The monomer conver-
sion reached 81% in 10 min, resulting in oligomers with a con-
trolled molecular weight (M, = 1400) and relatively narrow dis-
persity (P) (P = 1.16). The M,, values of the resulting oligomers
were higher than the calculated values, but the discrepancies
decreased with increasing monomer conversion. Similarly, as
the polymerization proceeded, the height of the sharp peak of
the remaining octadecyl aldehyde in the low-molecular-weight
region of the SEC curves decreased. These results indicated
that the initiation from octadecyl aldehyde was slower than the
propagation. This could be attributed to the lower coordi-
nation ability of the carbonyl group of the alkyl aldehyde to
ZnBr, than that of the oligomer terminal, which had an adja-
cent silyloxyl group of the penultimate TBSVE unit. These
results indicated that an alkyl aldehyde was less efficient as an
initiator than an aromatic aldehyde namely benzaldehyde,
which is generally used in aldol-GTP (Scheme S1 in the
ESIT).34_41

The "H NMR spectrum of the resultant oligomer showed
each characteristic signal of the alkyl chain (a;-a3), the alde-
hyde group (w;), and the TBSVE units (a-d) (Fig. 2a). The
DP,(NMR) determined from the peak intensity ratio of the
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Fig. 2 'H NMR (in CDCl; at 55 °C) (a) and MALDI-TOF-MS (b) spectra of
oligo(TBSVE) obtained by aldol-GTP of TBSVE.
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TBSVE units to the alkyl chain (c to a;) was 4.26. The M,(NMR)
was determined to be 940; this value was close to the
theoretical value (My(caled) = 930), assuming that one mole-
cule of octadecyl aldehyde generated one oligomer chain.
Furthermore, the chain-end functionality of the aldehyde term-
inal (Fy(w;)) calculated from the peak intensity ratio of w; to a;
was 0.90. These results indicated that the aldol-GTP of TBSVE
was initiated from octadecyl aldehyde to result in a targeted
oligo(TBSVE) with a controlled molecular weight and an alkyl
chain and aldehyde group at the a- and w-chain ends, respect-
ively. In addition to these main peaks, olefin peaks were
slightly observed at around 5.5 ppm, which were most likely
formed by the elimination of TBSOH from the polymer during
polymerization with ZnBr, as a Lewis acid catalyst (Fig. S17).*?
The amount of the olefin units was calculated to be 2.5% per
TBSVE unit.

Furthermore, the matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF-MS) spec-
trum of the oligomers revealed a series of peaks separated by
the molar mass of the TBSVE units (158.32 Da) (Fig. 2b). The
main series of peaks were assigned to oligo(TBSVE) with a C16
alkyl chain and an aldehyde group. Furthermore, the highest
peak was assigned to the tetramer (n = 4) of TBSVE. On the
other hand, a minor series of peaks located in the lower-mole-
cular-weight regions away from the main peaks by ~132 Da
could be assigned to oligomers with one TBSOH group elimi-
nated, consistent with the olefin peaks observed in the 'H
NMR spectrum (Fig. S1t). Thus, the MALDI-TOF-MS analysis
also revealed that the main products obtained by aldol-GTP
were oligo(TBSVE)s with targeted average degrees of polymeriz-
ation, a C16 alkyl chain, and an aldehyde terminal.

Preparation of monodisperse oligo(TBSVE) by recycling SEC
separation

The obtained oligo(TBSVE) (DP,(NMR) = 4.26, b = 1.16) was
fractionated using preparative recycling SEC with CHCI; as the
eluent to obtain a series of monodisperse oligomers with dis-
crete degrees of polymerization (n). The fractionation was
examined for oligomers with n from 1 to 5. The SEC curves of
a series of fractionated oligomers exhibited extremely narrow
dispersity (P = 1.01-1.02) in all cases, where the M, values
measured by SEC were 630, 830, 1000, 1100, and 1300
(Fig. 3a). All "H NMR spectra showed similar characteristic
peaks attributed to the alkyl chain, aldehyde group, and
TBSVE units (Fig. 3b). Interestingly, these peaks of each dis-
crete oligomer were sharper than those of the original oligo-
mers, which were mixtures of these oligomers with different n
values. Furthermore, the peak shapes of the main-chain
methylene (@) and methine (b) of the TBSVE units and methyl-
ene (w;) adjacent to the terminal aldehyde were slightly
different from each other because they were oligomers with
different n values. In all cases, each DP,(NMR) calculated from
the peak intensity ratio of the TBSVE units to the alkyl chain
was close to n. In addition, the aldehyde group remained
almost quantitatively at the oligomer terminal, as indicated by
the Fy(w;) values close to unity. Furthermore, the

Polym. Chem., 2025, 16, 2471-2479 | 2473
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Fig. 3 SEC (a), *H NMR (b), and MALDI-TOF-MS (c) spectra of monodisperse oligo(TBSVE) fractionated by preparative recycling SEC. *CHClz and
Twater in (b). The peaks marked with “x" in (c) are derived from trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidenelmalononitrile (DCTB) as

the ionizing matrix.

MALDI-TOF-MS spectra showed nearly one peak, particularly
for the oligomers with n = 4 and 5 (Fig. 3c). The results of the
SEC, "H NMR, and MALDI-TOF-MS analyses support the prepa-
ration of monodisperse oligo(TBSVE) with a C16 alkyl chain
and an aldehyde terminal using preparative recycling SEC
separation.

Reduction of the aldehyde terminal group and deprotection of
the silyl group

A series of fractionated oligo(TBSVE)s (n = 1-5) with C16 alkyl
chains and aldehyde terminals were then converted to a series
of monodisperse amphiphilic oligomers with a C16 alkyl
chain and PVA units by the reduction of the aldehyde group at
the w-chain end and subsequent deprotection of the TBS
groups. The solubility of the discrete oligomers depended on
the number of original TBSVE units (Table S1%). Fig. 4 shows
the "H NMR spectra for the discrete oligomer with n = 5
(Fig. 4a) and those obtained after the reduction (Fig. 4b) and
subsequent deprotection (Fig. 4c). The reduction of the alde-
hyde was conducted by treating the oligomer with NaBH, in
THF/MeOH (4/1 v/v) at 0 °C. The aldehyde proton (w;) at

2474 | Polym. Chem., 2025, 16, 2471-2479
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9.8 ppm completely disappeared (Fig. 4b), indicating that the
reduction was successful. Then, the deprotection of the TBS
groups in the side chains was examined using HCIl in THF/
water (20/1 v/v) at room temperature. The methyl protons (c) of
the TBS groups at 0 ppm nearly completely disappeared (conv.
> 99%) (Fig. 4c); these results indicated that they were removed
and resulted in the OH groups located in the side chains.
These results demonstrated that the monodisperse amphiphi-
lic block oligomers composed of C16 alkyl chains and oligo
(vinyl alcohol) segments were successfully synthesized by a com-
bination of aldol-GTP, the preparative recycling SEC technique,
and modification reactions. In particular, the oligomer with n =
5 could be considered a discrete linear block oligomer com-
posed of eight ethylene and six vinyl alcohol units (PES-PVA6).

The solubility of the discrete oligomers depended on the
number of original TBSVE units (Table S1t). The oligomer
with n = 1, which consisted of a hydrophobic C16 alkyl chain
and only two hydrophilic PVA units, was soluble in nonpolar
solvents such as toluene and chloroform at room temperature,
but insoluble in polar solvents such as acetone and methanol.
The oligomers with n = 2 and n = 3, having longer hydrophilic
PVA units, were soluble in both nonpolar and polar solvents.
In contrast, the oligomer with 7 = 4 dissolved in THF, acetone,
methanol, and DMSO only at elevated temperatures.
Furthermore, the oligomer with n = 5 was insoluble in most of
these solvents at any temperature. Notably, 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP), a good solvent for highly crystalline
polymers such as polyamides, was able to dissolve the oligo-
mers with n =4 and n = 5 at room temperature. The low solubi-
lity of the oligomers with n = 4 and n = 5 suggested high crys-
tallinity of these oligomers.

DSC

Fig. 5 shows the thermograms of the monodisperse oligomers
bearing 1 to 5 vinyl alcohol (VA) units (Fig. 5c-1), the mixture
of the oligomers (Fig. 5a and b) and the pure 1-octadecanol
(Fig. 5m and n), which can be obtained by the reduction of
1-octadecanal used as the initiator. Under our conditions,
1-octadecanol has one melting point at 58.9 °C upon heating
and two exotherms at 55.0 and 47.4 °C upon cooling; this rep-
resents a common behavior observed in fatty alcohols and is
attributed to the formation of a transient rotator phase before
a transition toward a stable crystalline state.****

As the number of VA units increases in the oligomers, the
single endotherm (upon heating) of 1-octadecanol evolves
toward two separate signals, indicating two melting tempera-
tures (T and Tp,,, see Table S2 and Fig. S6 in the ESIT); these
presumably originate from the successive melting of the alkyl
chains (T, close to the melting temperature of 1-octadeca-
nol) and the VA segments (7,,,). This assumption is con-
fronted with the behavior of related compounds in the
Discussion section of this manuscript. The oligomer with only
one VA unit shows intermediate behavior; this result indicates
that the number of VA units in the sample is not sufficiently
high to form a crystalline phase. With an increasing number
of VA units, the value of T, (alkyl chains) only slightly

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 DSC thermograms of the unseparated oligomers (a and b), sep-
arated monodisperse oligomers bearing 1 to 5 original TBSVE units (c—l)
and 1-ocatadecanol (m and n).

decreases (from 56.4 °C for n = 2 to 48.6 °C for n = 5), whereas
Tmo tends to increase (from 45.9 °C for n = 2 to 112.1 °C for n
= 5). These results are consistent with the structure of the oli-
gomers, which originate from the same alkyl initiator but have
increasing numbers of VA units. Evidently, the highest Ty, (n =
5) is much lower than the value typically reported for PVA,*
reflecting the very small DP in our case (only 5 VA units).
Notably, the VA segment crystallizes even if the tacticity is not
controlled. This is caused by the strong hydrogen bonding
between the hydroxyl groups.*®™*° Interestingly, the mixture of
the different oligomers (DP,, = 2.9) shows broad crystallization;
these results indicate more complex behavior resulting from
the presence of various VA segments with different unit
numbers (the same for melting).

Upon cooling, the double exotherm of 1-octadecanol first
evolves into a single peak (n = 1) before splitting into two dis-
tinct signals; these results indicate the existence of two distinct
crystallization processes, starting with the crystallization of the
VA segments (7.,) followed by the crystallization of the alkyl
chains (T¢). The value of T, (alkyl chains) is slightly affected
by the number of VA units (a limited decrease from 56.4 °C for
n =2 to 48.6 °C for n = 5). In contrast, T., (VA segments) signifi-
cantly increases (from 40.4 °C for n = 2 to 106.3 °C for n = 5).
These results are consistent with the increase in the number
of VA units while keeping the size of the alkyl chain constant.

For both the heating and cooling processes, an analysis of
the thermograms enables the differentiation of a third type of
signal for n = 3, 4 and 5 above T,,, and T¢,. Here, both parts of
the oligomers (alkyl chains and VA segments) are assumed to

Polym. Chem., 2025, 16, 2471-2479 | 2475
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be in the molten state at this temperature; thus, this transition
may tentatively be attributed to an order-disorder temperature
between an ordered melt and a disordered (isotropic) state,
indicating liquid crystalline (LC) thermotropic behavior. This
hypothesis is supported by the optical microscopy measure-
ments showing macroscopic flow, with the formation of liquid
droplets, only at temperatures above the order-disorder tran-
sition temperature (Topr) (Fig. S7t). For temperatures above
Tm2 but below Topr, oligomer mobility is hindered, preventing
any macroscopic flow. As discussed later, this kind of order-
disorder transition has already been observed in similar
amphiphilic oligomers composed of alkyl chains coupled to a
polyol segment.”**°

SAXS-WAXS characterization

The sample with n = 5 units of VA was subjected to combined
SAXS-WAXS analysis at room temperature. The SAXS pattern
(Fig. 6a) shows the typical characteristics of a lamellar struc-
ture with a scattering peak series at ¢*, 2, 3, 4, and 5, with g* =
0.92 nm™" (d = 6.8 nm). The simulation of the scattering
profile assuming a lamellar structure is consistent with the
experimental data (Fig. S8%); these results indicated that a
lamellar structure is likely to be formed at room temperature.
With the assumption of a double crystalline structure deduced
from the DSC result, this SAXS result is consistent with alter-
nating crystalline layers composed of alkyl chains and VA seg-
ments, with a period of 6.8 nm. The dimension of a single oli-
gomer in a fully extended conformation is 3.4 nm; thus, the
oligomers are packed into a head-to-head arrangement, with
no interdigitation (Fig. 6¢).*°
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The WAXS pattern (Fig. 6b) confirms the existence of a fine
crystalline structure, with strong peaks at 14.2 and 15.5 nm™".
Alkyl chains exhibit scattering peaks in this region, typically at
15.0 and 17.0 nm™"; these peaks are associated with the (110)
and (200) reflections of the orthorhombic structure.’®*! The
positions of these scattering peaks can be shifted due to the
functionalization of the chains,*® and this can be used to
explain the shift observed here. PVA also shows diffraction
peaks in this region, typically at 13.6 and 14.6 nm™"; these
peaks are associated with the (101) and (101) reflections of the
monoclinic cell.*>*® The experimental broad scattering peak
observed in our case can be attributed to the superposition of
the scattering peaks from the diffraction of the alkyl chains
and VA segments.

AFM

To verify the characteristic dimensions of the self-assembled
structures formed at room temperature (double crystalline
lamellar structure), a solution of oligomers in HFIP was spin-
coated onto a silicon wafer, annealed above the Topr and
slowly cooled. The resulting morphology was then character-
ized by AFM. As shown in Fig. 7, stacked flat terraces are
observed, which is in agreement with the lamellar structures
of the oligomers. From the profile line, a mean step height of
3.2 + 0.2 nm was measured; this value is in good agreement
with the dimension of the length of the molecule in the all-
trans extended conformation (3.4 nm). These results indicate
that the oligomers adopt a perpendicular orientation to the
substrate (Fig. S9%), forming incomplete lamellae that are
stacked in flat terraces. This type of structure has already been

100

20 ( )
10000 80
70
> 60
£ >
] 2
s 1000 @
2 c 50
£ 2
=
40
30
100
20
10
10 0
0.0 1.0 20 3.0 4.0 5.0 6.0 5 10 15 20 25
-1 -1
( ) q (nm) q (nm7)
< » 6.8 nm
N e N CHy HyC. CHs
O Ou Gu On On OHOH OH oM On O On On OH On OM OH OHOH OH OH OH O On
Ho CHy MG oty
O O O dn On Sn b Su Su Su S u O On dn dn dn b Su Sn Su S n
Ho GHy Hio. oty
O O G Gn On On b Bu Su Su S u O On Dn On On b Su Su Su S n
e e oty
S O G Gu On on b bu Su Su S u S On On On on b bu Su Su S n
e e oty
S O G Gn On On b Bu Su Su o n O On On On On b Su Su Su S n
He GHy MG oty
S S S Su Sn on b Bu du Su S n S On Gn On On b Su du Su S m
He I cHy
O O S dn On on b Bu Su Su S S On On On on b bu Su Su S n
e e oty
LR T Tp fp fp vy g i R TR S On On On On b Su Su Su o n
<& >
< » 3.4nm

Fig. 6 SAXS (a) and WAXS (b) patterns at room temperature of oligomers with n = 5 VA units and the corresponding proposed structure (c) formed
in the solid state (the dimensions shown are calculated using the C-C bond length, assuming a fully extended conformation).
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Fig. 7 AFM image (7 x 7 ym) (left) and the corresponding height line profile (right) showing flat terraces for oligomers with n = 5 VA units, spin

coated on a glass substrate and annealed above Topr.

observed in thin films of alkanes deposited using vapor depo-
sition.”” In our case, the vertical orientation is in good agree-
ment with the distinct chemistries of the two sides of the
molecule, favoring the selective positioning of one side of the
oligomers at the surface of the substrate (most likely the hydro-
philic VA segments, considering the presence of native SiO, on
the silicon substrate). Therefore, the horizontal positioning of
the oligomers (i.e., with the two sides of the oligomers being
in contact with the surface of the substrate) is unlikely to
occur in this case. It is important to mention that this specific
self-assembled structure was obtained for a given set of experi-
mental conditions. We expect that the conditions of self-
assembly (spin-coating speed, type of solvent, and the surface
energy of the substrate) and the effect of post-treatment
(solvent annealing and thermal annealing) will deeply affect
the properties of the self-assembled structures.

Discussion

Based on our results, we propose that a double-crystalline
lamellar structure is formed and is composed of alternating
hydrophobic (alkyl chains) and hydrophilic (VA segments)
domains, resulting in a distinct crystallization/melting
process. This type of behavior is often encountered in block
polymers.”">* For blocks that crystallize at lower temperatures
(therefore in a confined environment), a change in the crystal-
lization mechanism is often encountered. This process
includes a change from heterogeneous nucleation in the bulk
to surface or homogeneous nucleation in small domains; this
leads to greater supercooling for crystallization (i.e., at lower
temperatures). Specifically, the crystallization in small
domains requires more energy because of the lack of nuclea-
tion species in the domains (the number of domains surpasses
the number of nucleation species in the materials). Therefore,
a common feature of crystallization in confined environments
is a decrease in the crystallization temperature (whereas in
some cases, the crystallization temperature increases due to
the nucleation effect of the surface).>® In the present study, the

This journal is © The Royal Society of Chemistry 2025

crystallization peak of the alkyl group continuously decreases
when the number of VA units increases; these results indicate
that the crystallization mechanism progressively shifts from
heterogeneous to homogeneous (with no surface nucleation
effect). In contrast, the crystallization temperature of the VA
segments continuously increases with increasing DP due to
the increase in molecular weight and hydroxy group density.

For temperatures above the second melting temperature
(above the melting temperature of the VA segments), we pro-
posed that the oligomers form a liquid crystalline (LC) thermo-
tropic state. This hypothesis is in good agreement with the be-
havior reported by others on very similar structures.”'*'° In
these studies, oligomers composed of alkyl chains (C12 and
C14) coupled to an open-chain monosaccharide-based polyol
unit (one hydroxy group per carbon atom) were considered.
The detailed structural characterization based on temperature
(SAXS and WAXS) conducted in these studies demonstrated
the formation of a liquid crystalline phase above the melting
point of the compounds, followed by the formation of an iso-
tropic state (disordered) at higher temperatures. The LC behav-
ior of these amphiphilic oligomers was attributed to a “micro-
phase separation” in the molten state (very similar to the block
copolymer situation) of the two incompatible parts of the
molecule. This defines an amphiphilic LC, in contrast to a
monophilic LC, where the ordering is driven by the shape of
the mesogenic building blocks.”® In our case, even if the
density of hydroxy groups is lower (only one hydroxy group per
two carbon atoms in the hydrophilic part), this microphase
separation is likely to occur, leading to the formation of self-
assembled structures in the molten state (confirmed by optical
microscopy). However, the temperature observed for the final
transition (order/disorder) is lower in our case (a maximum of
112 °C for n = 5 instead of T > 200 °C for the monosaccharide
derivatives); these results are in agreement with the lower
hydroxy group density of the oligomers prepared in this work
(leading to a lower aggregation strength due to less hydrogen
bonding).

Notably, these two papers reported only one melting for the
entire oligomer, instead of the successive melting of the alkyl
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chain and polyol segments, as we proposed in our study. For
oligomers showing three transitions (as in our system), the
simultaneous melting of the alkyl and polyol segments was
reported; here, this melting led to the first cubic LC phase
(first transition), before transitioning to the second LC lamel-
lar phase (second transition) and eventually transitioning
toward the LC isotropic phase (third transition). Although we
do not have complete evidence for the behavior proposed in
our study (this would have required a detailed structural ana-
lysis upon heating/cooling, which was beyond the scope of this
chemistry-oriented study), evidence for this interpretation
does exist.

First, the position of the lowest melting peak is herein
observed in the range of 55-50 °C (very similar to 1-octadeca-
nol), whereas this peak shifts to much higher temperatures in
Barreda’s work® (114 ©°C) and in Mattsson’s
(70-180 °C), farther from the melting temperature of the
corresponding alkyl initiator. In our study, since the alkyl
chains are longer (C18 here vs. C12 and C14 in the cited work),
they are more likely to show distinct crystallization. In the
cited work, the crystallization is in fact driven by the hydro-
philic group, which has a high hydroxy group density (one
hydroxy group per carbon atom with controlled stereo-
chemistry, favoring hydrogen bonding), prohibiting the crystal-
lization of the shorter alkyl chains.

Second, Mattsson’s work'® demonstrated that oligomers
exhibiting three transitions did not form lamellar crystalline
structures in the solid state; their results were consistent with
the formation of a cubic LC thermotropic phase after melting.
The formation of the first LC phase after melting was clearly
driven by the morphology of the original solid crystalline
phase (the lamellar crystalline phase yields the lamellar LC
phase). Only oligomers showing two transitions displayed
lamellar crystalline structures in the solid state (lam crystal/
lam ordered LC/isotropic). These results indicated that in our
case, the behavior was different since a lamellar crystalline
structure was found in the solid state, and three transitions
occurred. In our case, if an LC thermotropic phase was directly
formed after the first melting, a lamellar phase would more
likely be formed, as previously mentioned. The second tran-
sition (order/order transition) would then be difficult to
explain since the lamellar phase was the most stable phase at
high temperatures.

work®®

Conclusions

The combination of the aldol-GTP of silyl vinyl ether initiated
with a long-chain alkyl aldehyde and chromatographic separ-
ation enabled the preparation of a series of monodisperse
diblock oligomers composed of long alkyl chains and PVA
units. At room temperature, the discrete block oligomers had a
double-crystalline lamellar structure composed of alternating
hydrophobic and hydrophilic domains. Upon heating, we
hypothesize that the compounds underwent distinct melting
processes (T and Tyy,) of the alkyl chains and polyol seg-

2478 | Polym. Chem., 2025,16, 2471-2479
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ments, respectively, to form a crystalline (LC) thermotropic
state above Ty, and eventually a disordered phase for T > Topr.
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