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f the critical chain length for
macromolecular crystallization using structurally
flexible polyketones†
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Jenny Pirillo, a Yuh Hijikata, *a Tomoki Yoneda, b Kilingaru I. Shivakumar, a

Saki Tanaka,c Hitoshi Asakawa c and Yasuhide Inokuma *ab

Critical chain length that divides small molecule crystallization from macromolecular crystallization is an

important index in macro-organic chemistry to predict chain-length dependent properties of oligomers

and polymers. However, extensive research on crystallization behavior of individual oligomers has been

inhibited by difficulties in their synthesis and crystallization. Here, we report on the determination of

critical chain length of macromolecular crystallization for structurally flexible polyketones consisting of

3,3-dimethylpentane-2,4-dione. Discrete polyketone oligomers were synthesized via stepwise

elongation up to 20-mer. Powder and single crystal X-ray diffraction showed that the critical chain

length for polyketones existed at an unexpectedly short chain length, 5-mer. While shorter oligomers

adopted unique conformations and packing structures in the solid state, higher oligomers longer than 4-

mer produced helical conformations and similar crystal packing. The critical chain length helped with

understanding the inexplicable changes in melting point in the shorter chain length region resulting from

chain conformations and packing styles.
Introduction

There has been growing interest in molecularly dened oligo-
mers that combine the molecular precision of organic synthesis
with the properties of macromolecules.1–8 This emerging
research area is termed macro-organic chemistry. Interestingly,
recent developments, such as the iterative exponential growth
(IEG) strategy, facilitate an efficient synthetic access to discrete
oligomers.9,10 Over the past few decades, a wide variety of
discrete oligomers including oligo((meth)acrylate)s,11,12 oligo(-
ethylene imine)s,13–15 oligo(caprolactone)s,16–18 oligo(siloxane)
s,19–22 oligo(thiophene)s,23–25 and oligo(peptide)s26–29 have been
investigated. These oligomers aid in discovering length-specic
properties, for example, aggregation, folding, host–guest inter-
actions, and light absorption, which are otherwise hidden in
polydisperse polymers. Such properties are not always
nd Discovery (WPI-ICReDD), Hokkaido

oro, Hokkaido, 001-0021, Japan. E-mail:

d.hokudai.ac.jp

ngineering, Hokkaido University, Kita 13,

28, Japan

Ri), Graduate School of Natural Science

e Institute (WPI-NanoLSI), Kanazawa

(ESI) available. CCDC 2173799 and
a in CIF or other electronic format see

854
proportional to chain length, but an abrupt change in a property
can be sometimes observed at a certain chain length.30–34

Crystallization behavior can oen show discontinuous
changes as the chain length of an oligomer is increased.35–38 In
general, shorter oligomers show length-specic lattice cells,
conformations (small molecule crystallization), and packing
structures, whereas longer ones oen crystallize virtually in
a similar fashion to one another (macromolecular
crystallization).

Critical chain length,30–34 which is the division point between
these crystallization types (Fig. 1), receives considerable interest
because crystal packing and solid-state conformations can alter
the physical properties of macromolecules, such as their
melting point. However, research into oligomer crystallization
is unexpectedly difficult from the viewpoint of precise synthesis
and crystallization. In the case of discrete oligo(ethylene glycol)
s, some of the most investigated materials, only a limited
number of crystal structures have been reported, although
recent syntheses have provided precise oligomers up to 64-
mer.39 Moreover, incorporation of solvents and metal ions
during crystallization hampers any direct comparison of their
crystal structures and packing styles. Hence, extensive research
of oligomer crystallization has been limited to conformationally
rigid oligomers such as oligo(thiophene)s.40,41

This situation prompted us to study the critical chain length
of crystallization for structurally exible oligomers and poly-
mers. In this work, we focused on aliphatic polyketones
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Critical chain length,N, as a boundary between small molecule-
like crystallization and macromolecular crystallization.
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consisting of 3,3-dimethylpentane-2,4-dione (1) as the mono-
mer.42–46 Recently, these polyketones have received attention as
lithium ion conducting materials47 and as structurally exible
synthetic precursors for generating metal ion adsorbents,48 p-
conjugated chromophores,49–52 and anion-binding hosts.53

Furthermore, these polyketones have advantages in the step-
wise synthesis of discrete oligomers. Namely, terminal-selective
formation of enol silyl ether and subsequent Ag2O-mediated
coupling reaction of oligomers allow accurate elongation of
the chain length. Herein, we report on the synthesis and crys-
tallization behavior of discrete oligo(3,3-dimethylpentane-2,4-
dione)s up to icosamer (20-mer) to determine the critical
chain length of macromolecular crystallization. Single crystal
and powder X-ray diffraction analyses clearly showed that
macromolecular crystallization behavior appears at the pen-
tamer (N ¼ 5 in Fig. 1). While shorter oligomers (dimer to
tetramer) exhibited unique crystalline lattices, longer oligomers
(N $ 5) commonly adopted helical conformations and similar
packing styles. Our ndings provide reliable evidence that
macromolecular crystallization of exible oligomers occurs at
an unexpectedly short chain length.
Results and discussion

Discrete polyketone oligomers, from pentamer 5 to decamer 10,
were synthesized by a stepwise chain length elongation strategy
using shorter oligomers 2–4 42,50 as the starting materials
(Scheme 1). Pentamer 5 was obtained by a cross-coupling
reaction between silyl enolates of monomer 1-Si and tetramer
4-Si in 25% yield aer separation by recycling gel permeation
© 2022 The Author(s). Published by the Royal Society of Chemistry
chromatography (GPC). Oxidative homo-coupling of mono-
silylated trimer 3-Si gave discrete hexamer 6 in 32% yield.
Although the cross-coupling reaction between mono-silylated
dimer 2-Si and bis-silylated trimer 3-Si2 gave rise to a mixture
of 2, 3, and pentamer 5, along with the desired heptamer 7,
recycling GPC separation allowed isolation of pure 7 in 4%
yield. Nonamer 9 was also prepared in 7% isolated yield by
a cross-coupling reaction between 3-Si and 3-Si2. Treatment of
pentamer 5 with chlorotrimethylsilane (2.00 equiv.), NaI, and
triethylamine furnished mono-silylated 5-Si in 36% yield which
was homo-coupled into decamer 10 in 24% yield. Furthermore,
an oligomerization reaction of bis-silylated tetramer 4-Si2
enabled isolation of octamer 8, dodecamer 11, hexadecamer 12,
and icosamer 13 in 9, 7, 5, and 3% yields, respectively
(Scheme 1).

Matrix assisted laser desorption ionization-time of ight
(MALDI-TOF) mass spectrometry and GPC-high performance
liquid chromatography (HPLC) analysis unambiguously
conrmed the monodisperse character of oligomers 2–13.
MALDI-TOF mass spectra of each oligomer showed mono-
cationic peaks assignable to sodium adducts [M + Na]+ at m/z ¼
277.3, 403.3, 529.3, 655.4, 781.4, 907.5, 1033.6, 1159.6, 1285.7,
1537.9, 2043.1, and 2547.5 for 2–13, respectively (Fig. S1 in the
ESI†). GPC-HPLC chromatograms exhibited a monomodal peak
for each oligomer whose retention time gradually decreased as
the number of monomer units increased (Fig. S2†). Even for
icosamer 13, contamination by any higher homologues was not
detected in the HPLC chromatogram, which indicates >98%
purity of the sample. 1H NMR spectroscopy of discrete oligo-
mers 2–13 showed nearly identical signal patterns, as repre-
sented by icosamer 13; terminal acetyl groups resonated at
2.15 ppm as a sharp singlet, and rather broad signals for
internal ethylene and dimethylmethylene groups appeared at
2.85–2.61 and 1.44–1.34 ppm, respectively.

Powder X-ray diffraction (PXRD) analysis of polyketone
oligomers 2–13 clearly showed a discontinuous shi in their
crystallization behavior (Fig. 2a). While monomer 1 was liquid
at room temperature, oligomers 2–13 were obtained as crystal-
line solids by recrystallization from chloroform, except for
trimer 3, which was crystallized via slow cooling of the melt. 1H
NMR analysis conrmed that all the solid samples 2–13 were
obtained as their pure forms without incorporation of solvent
for crystallization. Dimer 2, trimer 3, tetramer 4, and pentamer
5 exhibited unique PXRD patterns that completely differ from
each other. Longer oligomers 6–13 showed PXRD patterns
similar to those of pentamer 5, indicating the critical chain
length of N ¼ 5. For shorter oligomers 2–4, the PXRD patterns
matched with the simulated spectra generated from previously
reported single crystal X-ray structures in which dimer 2, trimer
3 and tetramer 4 adopted U-shaped, linear, and S-shaped
conformations in the space groups C2/c, P21/c, and P�1, respec-
tively (Fig. 2b).42,50

Single crystals of 5 were obtained by vapor diffusion of
cyclohexene as a poor solvent into a 1,2-dichloroethane solution
of 5. However, single crystal X-ray diffraction (SCXRD) analysis
of the as-obtained crystals gave a highly disordered structure
along the oligomer chain with remarkably large R1 values
Chem. Sci., 2022, 13, 9848–9854 | 9849
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Scheme 1 Synthesis of discrete polyketone oligomers 5–13.
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(>0.20). As observed for some oligomer crystals having other
repeating units,14,54–57 such a disordering can be attributable to
aperiodic ordering of oligomer chains to give pseudo innite
chain structures. To improve the diffraction data quality, we
examined crystal annealing at various temperatures. Eventually,
a reasonable crystal structure of 5 was solved in the ortho-
rhombic space group Pna21 using a crystal annealed at 50 �C for
3.5 days. The simulated PXRD pattern of 5 from a single crystal
structure matched with the observation in Fig. 2 (see also
Fig. S8†). Interestingly, a helical conformation in which two
monomer units are incorporated per turn was observed for 5. In
the centrosymmetric unit cell, each of the two le- and right-
handed helices existed to form a racemic crystal. All the
helical chains were oriented along the c-axis. An alternating
alignment of le- and right-handed helices was found along the
a-axis, whereas strip-shaped assemblies consisting of helices
with the same handedness were oriented along the b-axis
(Fig. S3†). Given the single crystal X-ray structure, the
9850 | Chem. Sci., 2022, 13, 9848–9854
characteristic PXRD signals of 5 at 2q¼ 11.2 and 17.0� in Fig. 2a
were assigned to the (011) and (200) reection planes, respec-
tively. The 200 diffraction (d spacing ¼ 5.22 Å) corresponded to
the distance between two neighboring helices of different
handedness, which is virtually independent of the chain length
of the helices.

Single crystals of 6 were formed by vapor diffusion of cyclo-
hexene into a 1,2-dichloroethane solution. As the best result of
many attempts, a reasonable structure was obtained with
a crystal annealed at 50 �C for 2 days. Hexamer 6 also showed
a helical conformation resembling that of pentamer 5 (Fig. S4†).
The simulated PXRD pattern of 6 was in good agreement with
observations (Fig. S9†). Again, an intense PXRD peak at 2q ¼
17.2� (d spacing ¼ 5.16 Å) was assigned to the distance between
two helices in different handedness.

Although SCXRD analysis of 7–13 was unsuccessful, we
performed theoretical calculations to discuss their solid-state
structures from the observed PXRD patterns. Considering the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) PXRD patterns of discrete oligomers 2–13. (b) Conformations and packing structures of 2–5 obtained by SCXRD analysis. (c) Simulated
PXRD pattern of the energy minimized crystal structure of infinite polyketones. (d) Energy minimized packing structure of infinite polyketone
crystals. (e) Chemical structure of icosamer 13 in the helical conformation.
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similarity of the PXRD patterns of 5–13, a packing model of
innite polyketone chains in a helical conformation was con-
structed based on the single crystal X-ray structure of 6. The
packing structure was then rened under periodic boundary
conditions with cell relaxation by the self-consistent-charge
density-functional tight binding method (see the ESI†).58 In
the optimized structure, a pentamer 5-like helical conformation
was maintained for innite polymers (Fig. 2d). Short H/O
distances between carbonyl oxygen atoms and a-protons indi-
cated that the helical conformations of polyketones were
stabilized by multiple intramolecular hydrogen bonds (Fig. 2e).

Simulated PXRD patterns calculated from the optimized
packing structures essentially matched with the observations
© 2022 The Author(s). Published by the Royal Society of Chemistry
for oligomers 7–13. Intense peaks at 2q¼ 10.8, 17.5, and 18.5� (d
spacing ¼ 8.19, 5.07 and 4.80 Å, respectively) were commonly
observed for 7–13. Remarkably, the former two peaks, which are
rather sharp compared with the other signals, were assignable
to intermolecular distances between two helices in the same
and different handedness, respectively. These results strongly
suggested that the longer oligomers 7–13 also adopt helical
conformations and follow packing structures similar to those of
5 and 6.

Small-angle X-ray scattering (SAXS) analysis also supported
the helical conformations for longer oligomers, and the chain
length dependence of long range periodic structures. While
tetramer 4 did not show any observable diffraction signal in the
Chem. Sci., 2022, 13, 9848–9854 | 9851
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Fig. 3 AFM images of octamer 8 on HOPG in ultra-pure water.
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range of 2q < 4.0�, octamer 8 exhibited a signal at 2q ¼ 2.6� (d
spacing: 3.4 nm). Assuming a helical structure, this long-
periodic structure was assignable to the end-to-end distance
of helical 8 (3.1 nm) (Fig. S16†). The SAXS signals shied to
a smaller angle region as the chain length increased: 2q ¼ 1.7,
1.4, and 1.1� (d spacing: 5.2, 6.3, and 8.0 nm) for dodecamer 11,
hexadecamer 12, and icosamer 13, respectively (Fig. S10†). The
periodic distance of the longest oligomer 13 showed good
agreement with the chain length (7.5 nm) in its helical confor-
mation (Fig. 2e and S16†).
Fig. 4 DSC traces (1st heating run) of discrete oligomers 2–13 at
10 �C min�1.

9852 | Chem. Sci., 2022, 13, 9848–9854
Such a long-range periodic structure was also observed by
atomic force microscopy (AFM) measurements. A 0.05 mM
chloroform solution of octamer 8 (5 mL) was drop-cast onto
a highly oriented pyrolytic graphite (HOPG) surface, and the
solvent was slowly evaporated over 30 s. In the obtained AFM
images, crystalline domains were observed, and each domain
showed a striped texture with an average distance of 3.4 nm
(Fig. 3). The observed periodic structure was in line with the
distance between neighboring helices of 8 indicated by SAXS
and PXRD analyses.

A helical conformation and packing structures similar to
those of discrete oligomers 5–13 were also suggested for poly-
disperse polymers in the solid state. Assuming the packing
structure of innite chains (Fig. 2d), the two characteristic
PXRD peaks at 2q � 11� and 18� that correspond to helix–helix
distances are basically independent of chain length. We thus
conducted PXRD analysis of polyketone mixtures obtained from
a homo-coupling reaction of bis-silylated tetramer 4-Si2. High-
molecular weight components (N $ 20) were collected from
the reaction mixture by recycling GPC. Crystalline powder of the
polydisperse polymer was prepared by slow evaporation of the
solvent from its chloroform solution over 1 day. As expected, the
PXRD pattern of the polydisperse sample exhibited rather sharp
peaks at 10.5 and 17.1�, which strongly suggested that longer
oligomers tend to adopt helical conformations and packing
structures similar to discrete 5 even in polydisperse forms
(Fig. S13†).

The critical chain length (N ¼ 5) for crystal packing and
conformations of polyketones is helpful for understanding the
dependency of melting point on chain length. Differential
scanning calorimetry (DSC) analysis of discrete polyketones 2–
13 exhibited melting peaks at 87, 45, 104, 91, 119, 131, 139,
140, 142, 148, 157, and 161 �C, respectively (Fig. 4 and S14†).
While no apparent regularity between peak shi and chain
length was seen for dimer 2 to tetramer 4, the melting point
did monotonically increase from pentamer 5 to icosamer 13.
The irregular changes in melting point for 2–4 were accounted
for by the differences in crystal packings. On the other hand,
given the similarities in conformations and packing styles for
5–13, the monotonic increase of melting point for longer
oligomers (N$ 5) can be explained by the increased number of
monomer units.

Conclusions

In summary, we have extensively studied the conformations and
crystal packings of structurally exible polyketone oligomers.
PXRD and SCXRD analyses clearly showed that the critical chain
length, which divides small molecule-like crystallization from
macromolecular crystallization, exists at an unexpectedly short
chain length (N ¼ 5). Longer oligomers 5–13 and even poly-
disperse polymers commonly adopted helical conformations
and similar packing styles. Theoretical calculations reasonably
explained that the helical structure was constructed viamultiple
intramolecular hydrogen bonds. Furthermore, determination of
the critical chain length for macromolecular crystallization
helped with understanding the irregularity of changes in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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melting point for oligomers in terms of conformations and
packing structures. Our research has provided a rare example of
critical chain length determination with respect to crystalliza-
tion, which is benecial for investigating other physical prop-
erties in macro-organic chemistry. Similar approaches for
existing polymers would aid in nding and understanding
hidden properties and functions of macromolecules.
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