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We designed and synthesized a topological isomer with comb and linear polyurethanes (PUs), bearing
one, two, and three units of oligo(ethylene glycol) (OEG) at the side chain. Surprisingly, comb PUs with
OEG side chain lengths of two and three units showed about twice as much stress at the break as those
of the corresponding linear isomers. The analysis of rheological and structural parameters revealed that
the comb PU in this study was more suitable for maintaining entanglement concerning the side chain
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length than that of the conventional comb polymer. Since the comb PU showed high zero shear viscosity
like the conventional comb polymer, it was found that there is molecular chain friction due to the side
chain. Therefore, it is assumed that both the entanglement compatibility and the molecular chain friction
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Introduction

It is essential to develop the technology of tailoring properties
of a single macromolecular material for industrial appli-
cations. The topologies of polymers, such as comb,"
branched,** star,* and cyclic,”® provide a range of material
properties based on the arrangement of polymer chains. It is
known that there are topological effects in biomacromolecules,
such as glycoproteins’ and polysaccharides,® on the perform-
ance of functions controlling their lubrication, shock absorp-
tion, cytoprotection, and viscoelasticity. As for artificial
materials, it is also known that the topology of polymer chains
can control the mechanical properties, such as in commercia-
lized vibration damping materials® and polyethylene plastics."”

In general, it is believed that the branched structure makes
the material flexible, when the mechanical properties of
branched and linear polymers are compared. For example, it is
well known that the branched structure of polyethylene
decreases the stiffness and increases the ductility. The control
of these mechanical properties allows for industrial application
in a wide range of fields.'"”"" Incidentally, amorphous polymers
without a strong intermolecular interaction do not usually
exhibit a significant change in the mechanical properties on
stress-strain curves due to the branched topology. The long-
chain branch structure of the polycarbonate, which is a typical
amorphous polymer, shows almost the same stress-strain curve
as the linear structure.'® It has been reported that long-chain

Graduate School of Materials Science, Nara Institute of Science and Technology,
8916-5 Takayama-cho, Nara 630-0192, Japan. E-mail: ajiro@ms.naist.jp
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
dopy01391a

This journal is © The Royal Society of Chemistry 2021

resulted in an enhancement of the mechanical strength, which was achieved by the topological isomer.

branched polycarbonates show almost the same stress-strain
curves as linear structures except for their impact enhancement
and environmental stress cracking properties. These changes in
the mechanical properties are attributed to the polymer topo-
logy which could influence complex factors such as entangle-
ment, crystallinity, and morphology.”***

Among branched polymers, comb polymers have recently
attracted attention for helping the understanding of the
mechanical and rheological properties of the branched topo-
logy by the quantification of the molecular structure defined
by the backbone length, side chain length, and grafting
density.'**® The unified scaling model beyond the chemical
structure can describe the rheological properties, such as the
entanglement plateau modulus,">"” zero shear viscosity,'®
strain hardening factor,'® and relaxation time, allowing the
prediction of mechanical properties in soft materials.

On the other hand, it has been reported that the comb
topology in block copolymers with significantly different
chemical properties of the backbone and side chains achieves
both high toughness and strength. For example, in the polyiso-
prene-g-polystyrene system, a typical thermoplastic elastomer,
the comb topology tends to delay the rise of the stress-strain
curve and make materials flexible and tough.?** In particu-
lar, the series of multi-graft copolymers improves the tensile
stress by increasing the number of branch points because the
elastic backbone effectively links multiple glassy domains.>*?*
Besides, in thermoplastics materials, the grafted polylactide
(PLA) series composed of a flexible backbone and crystalline
PLA as the side chains have an attractive molecular structure
that increases strain at break, and improves toughness while
maintaining the strength of PLA.>**>® Furthermore, the topolo-
gical effect of the comb block copolymer is remarkable in the
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nanocomposite composed of the silica nanoparticle modified
with the comb block copolymer brush.”” The phase-separated
structure as a driving force mainly explains such toughening
mechanisms in comb block copolymers. In other words, the
comb topology modifies the microstructure on the comb block
copolymers and enables the addition of ductility for polymeric
materials.**>” However, no topological mechanical enhance-
ment has been reported for a homogeneous amorphous
material without phase separation.

We have reported that the comb PU consisting of the rigid
hydrogen bonding 4,4-methylenebis-(cyclohexyl isocyanate)
(HMDI) backbone and the soft oligo ethylene glycol (OEG) side
chains surprisingly exhibits an enhancement of mechanical
strength over the linear PU.>®

We are interested in this comb polyurethane because the
topological difference in the soft segment position between
the backbone and the side chain causes mechanical enhance-
ment, which is a homogeneous amorphous polymer that
shows only one glass transition temperature. Thus, this novel
structure has the potential for topological mechanical
enhancement via different mechanisms involving conventional
comb block polymers because of the conflict between the
backbone cohesiveness and the side chain plasticity. However,
it was difficult to closely investigate the topological mechanical
enhancement and its mechanism in the previous study,
because there is undoubted influence on the presence of
methyl groups on the backbone and a different molecular
weight of the monomer. Therefore, it was essential to proceed
with a rational approach to understanding the topological
mechanical enhancement in comb PU using the conception of
the isomeric system between the comb and linear PU.

In this study, we redesigned and synthesized the reported
comb PU at an atomic scale and established the topological
isomeric PU system between PU-g-OEG,,, and PU-I-OEG,,,,, con-
sisting of HMDI and OEG (Fig. 1), in order to accurately reveal
the topological effect. Since the ratio of long OEG units against
the HMDI component lowers the glass transition temperature,
the unit number m of the side chain for PU--OEG,,,, was set
to m = 1, 2, 3 units, which allows tensile tests at room tempera-
ture. Therefore, the PU derivatives in this work consist of three
isomer pairs-PU-g-OEG; and PU-I-OEG; (m = 1), PU-g-OEG,
and PU--OEG, (m = 2), and PU-g-OEG; and PU-I-OEG; (m = 3).
Furthermore, we investigated the rheological properties to
clarify the mechanism of topological mechanical enhance-
ment that does not appear in the morphology.

Experimental section
Materials

HMDI, triethylene glycol monomethyl ether, diethylene glycol
monomethyl ether, ethylene glycol monomethyl ether, penta-
ethylene glycol, tetraethylene glycol, triethylene glycol, p-tolue-
nesulfonic acid monohydrate, p-toluenesulfonyl chloride, and
dibutyltin dilaurate (DBTDL) were purchased from Tokyo
Chemical Industry Co. Ltd, Japan. Glycerol, sodium hydroxide
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Fig. 1 Schematic image of topological isomers.

solution (5N), hydrochloric acid solution (5N), potassium
hydroxide, and sodium hydride in paraffin liquid (60 wt%)
were obtained from Nacalai Tesque, Inc. Benzaldehyde was
supplied from Wako Pure Chemical Industries. Anhydrous
tetrahydrofuran (THF) as a polymerization solvent was pur-
chased from Kanto Chemical Co., Inc.

Characterization

'"H NMR spectra were recorded in CDCl; by a JEOL
JNM-ECX400 spectrometer. DSC profiles were measured using
a Hitachi DSC6200 model with a second heating cycle from
—100 to 200 °C at a rate of 10 °C min~". The Fourier transform
infrared spectrometry (FT-IR) spectra were recorded by an
IRAffinity-1S spectrometer (Shimadzu). A size exclusion chro-
matograph (SEC) was equipped with an RI-2031 Plus
Intelligent RI detector (JASCO), an AS-2055 Plus Intelligent
Sampler, a PU-2080 Plus Intelligent HPLC pump, a CO-2065
Plus Intelligent Column oven, and a commercial column
(TSKgel SuperH3000 and GMHXL, Tosoh Corporation) with a
narrow dispersed polystyrene standard (Shodex) in THF as an
eluent at 40 °C.

Tensile test

Tensile testing was performed using a Shimadzu EZ-SX test
instrument for three dog bone test pieces cut from films using
a punching blade JIS K6251 with a crosshead speed of 10 mm
min~". The films were obtained using a heat press machine
MNP - 001 (AS ONE) (Fig. S10at).

Rheological test

Rheological testing was performed using a rheometer
(Kinexus, Malvern) for a round shaped disk (¢ = 7 mm, d =
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1 mm) (Fig. S10ct). Samples were loaded onto parallel plates
with diameter = 10 mm. The dynamic frequency sweep ana-
lysis was conducted with a strain of 0.1% in a frequency range
of 0.01-100 rad s at temperatures from 20 °C to 160 °C. The
polymer density (p) was calculated from the compression
molded cylinder plastics (Fig. S10ct).

Results and discussion
Synthesis and characterization of polyurethane

To construct the topological isomer system between the comb
and linear PUs, we needed to design novel diol monomers. We
focused on the glycerol skeleton for grafting OEG as the side
chains because the addition of glycerol itself and the methyl
end group on the composition formula matches the two units
of OEG. As to which alcohol on glycerol to use to introduce
OEG, we chose the secondary one because it is wise to leave
the highly reactive primary alcohols for polymerization, and
they were named diol-g-OEG,,. We then synthesized PU deriva-
tives by polyaddition between the HMDI determining polymer
backbone rigidity and the diol-g-OEG,,, or commercial OEG,,,+,
determining polymer topology. The polystyrene (PS) equivalent
number average molecular weight (M,) of a series of syn-
thesized PUs was estimated by SEC. They yielded various
values from 5000 Da to 40 000 Da due to the delicate difference
of monomer ratio (Fig. S77).

The characteristics of the comb and linear PUs were com-
pared using the samples with M,, of about 20 000 Da (PS equi-
valent). PU-g-OEG, and PU-I-OEG, in MALDI-TOF MS exhibited
the same peak width as each other, meaning that these two
polymers are structural isomers (Fig. 2a). "H NMR spectra of
these PUs identified the difference between PU-g-OEG, and
PU-I-OEG, by the presence of the methyl group in the OEG
side chain at 3.4 ppm although the peak width of MALDI-TOF
MS was the same (Fig. 2b).

In addition, the hydrogen bonds of urethane were observed
at around 1700 cm™' peak area ratio of C=O stretching
vibration in the FT-IR spectra (Fig. S97). This C=0 stretching
vibration at 1700 cm™" belonged to the ordered hydrogen-
bonded C=O stretching vibration at 1682 cm™, the disordered
hydrogen-bonded C=O0 stretching vibration at 1697 em™", and
the free C=0 stretching vibration at 1715 em™" by the hydro-
gen bond mode between urethane bonds.>’ The hydrogen
bonding proportion between urethane bonds (Xgpona) Was cal-
culated by the following formula:

Ax-bond

Xtbond =7,
k'AH-bond + Afree

where Ay_pona is the sum of peak areas of the hydrogen-
bonded C=O stretching vibration at 1682 cm™ and
1697 cm™", Agee is the peak areas of the free C—=0 stretching
vibration at 1715 cm™', k' is the ratio between absorption
coefficients of the hydrogen-boned and free C=O stretching
vibration in the urethane bond. The peak areas were obtained
from the resolved Gaussian curves and k' = 1.71 was employed,
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Fig. 2 (a) MALDI-TOF MS spectra for PU-g-OEG, and PU-I-OEG,. (b)
'H NMR spectra for PU-g-OEG, and PU-[-OEG,. (c) v(C=O free) pro-
portion for FT-IR spectra of PU derivatives. (d) DSC curves of poly-
urethane derivatives.

based on the literature.*® The Xy pong Was 53% for PU-g-OEG;,
52% for PU-g-OEG,, 51% for PU-g-OEG,, 65% for PU-/-OEGs,
and 69% for PU-I-OEG,, and 72% for PU-I-OEG; (Fig. 2c). The
amount of hydrogen bonding between urethane bonds was
topologically dominant and did not change significantly with
the number of m. Therefore, although the OEG side chain
inhibited hydrogen bonds between the urethane bonds on the
comb PU, it was possible to maintain 50% or more of the
hydrogen bonds up to an OEG length of at least three units,
suggesting that the backbones were extremely close to each
other despite the presence of side chains.

Interestingly, the glass transition temperature (T,) of the
series of PUs tended to depend on the ratio of diol and diiso-
cyanate rather than on topology. The T, value of each isomer
pair was 58 °C for PU-g-OEG; and 56 °C for PU-[-OEG; (m = 1),
27 °C for PU-g-OEG, and 27 °C for PU--OEG, (m = 2), 9 °C for
PU-g-OEG; and 17 °C for PU-I-OEG; (m = 3) (Fig. 2d). The gap
of T, values between comb and linear PUs was 8 °C at
maximum with m = 3, suggesting that long OEG side chains
enhance plasticization. This non-significant difference of
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polymer topology in thermal properties within the range of the
number of 3 units in the OEG side chain enables the essential
comparison of mechanical and rheological properties.

Mechanical strength properties

Tensile tests were conducted on PUs with hot-pressed films for
the M, of about 20 000 Da (PS equivalent) at m = 1, 2, 3. The
isomeric systems with the comb and linear PU showed topolo-
gical mechanical enhancement except for m = 1 (Fig. 3a-c).
The stress at the break (o,) of the comb and linear PUs was
about twice the difference from 21 MPa to 34 MPa (PU-I-OEG;
and PU-g-OEG;, m = 3) and from 13 MPa to 26 MPa (PU-I-OEG,
and PU-g-OEG,, m = 2) (Fig. 3a and b). In the longest OEG
length m = 3 system, the mechanical enhancement behaviour
of comb PU against linear PU was observed, although the
difference between the T, and ambient temperature of 20 °C is
9 °C for PU-g-OEGg;, which is lower than 3 °C for PU-l-OEGs;
(Fig. 3a). PU-g-OEG, also exhibited the mechanical enhance-
ment behaviour against PU--OEG,, where o, and o, of PU-g-
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Fig. 3 Stress-strain curves for m = 3 system (PU-g-OEGs; and PU-I-
OEGs) (a), m = 2 system (PU-g-OEG, and PU-[-OEGy) (b), m = 1 system
(PU-g-OEG; and PU-[-OEGs3) and PU-I-PDO (c) with various molecular
weights for PU-g-OEGs; (d), PU-g-OEG; (e), and plots for stress at break
(op) vs. the weight-average of molecular weight (M,,) (f) with a crosshead
speed of 10 mm min~t (n = 3).
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OEG,, were almost two-fold, and ¢, is half (Fig. 3b). The high
intermolecular friction between side chains of PU-g-OEG; and
PU-g-OEG, described later caused higher strain hardening
behaviour after yielding than the corresponding linear PU. In
contrast, PU-g-OEG, was a typical brittle polymer with low o,
and ¢, that were not comparable to PU-I-OEG3;, and a similar
mechanical behaviour to the no side chain PU-/-PDO consist-
ing of 1,3-propanediol and HMDI was observed (Fig. 3c). This
transition of mechanical properties, like disappearing extre-
mely short side chains, between PU-g-OEG; and PU-g-OEG,
implied that there is a threshold of the length of the side
chain to provide the toughness for the comb PU by OEG side
chains.

Furthermore, we investigated the relationship between the
weight average molecular weight (M,,) and o},. The o}, values of
PU-g-OEG; and PU-g-OEG, increased at different rates as the
M, increased (Fig. 3d and e). Interestingly, the breaking
strength of PU-g-OEG; and PU-g-OEG, showed a linear corre-
lation with M,, without a decay function convergence at least
up till M, of 100000 Da (PS equivalent) (Fig. 3f). Since the
breaking strength of the thermoplastic polymers is inherently
related to the damping function with respect to the average
molecular weight, it is speculated that the convergence region
of breaking strength of the comb PUs exists at a higher value
than the breaking strength obtained in this study.

Rheological properties

Next, we move to our investigation of the rheological pro-
perties, in order to elucidate the physical factors related to the
mechanical strength enhancement. First, to clarify the cause
of brittleness due to the length of the OEG side chain on comb
PU, the apparent activation energy (E,) for the slippage of
polymer chains was estimated by the Arrhenius plot. The inter-
section frequency for G’ and G” curves of large-scale polymer
chain movement with each temperature condition gives an
Arrhenius plot (Fig. S12-S187). Fig. 4 shows the E, value of
each PU derivative. The E, values of the m = 3 system (PU-g-
OEG; and PU-[-OEG;) and m = 2 system (PU-g-OEG, and PU-I-
OEG,) were 147, 135, 164, and 160 kcal mol™", respectively.
The close E, values for the pair of PU-g-OEG; and PU--OEGs,
PU-g-OEG,, and PU--OEG, suggested a correlation in the
number of OEG units rather than the topology, as well as the
glass transition temperature. However, the E, of PU-g-OEG,
was significantly higher than that of PU-I-OEG;, indicating
that PU-g-OEG; is highly resistant to large-scale motion. In
other words, the highest E, of PU-g-OEG; means the stiff slip-
page of polymer chains, suggesting that the polymer chains of
PU-g-OEG; were not sufficiently resistant to elongation in the
tensile test timescale and lead to rapid destruction. In our pre-
sumption, this relationship between Ea and brittleness may be
related to the hydrogen bond exchange rate during
slippage.’** Besides, because the Ea of PU-g-OEG; was com-
parable to the Ea of PU-I-PDO, the brittle backbone model
polymer, consisting of HDMI and 1,3-propanediol, one unit of
the side chain of PU-g-OEG1 may no longer contribute to the
smooth motion of the backbone. Therefore, it is speculated

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Apparent activation energies (E,) of polyurethane derivatives for
the slippage of polymer chains.

that at least two units of side chains for comb PU are required
for the smooth slip to acquire the ductile fracture property.

Although the comparison of E, was not involved in the
topological mechanical enhancement of the comb PUs, the
entanglement plateau modulus (G%) of the comb PUs esti-
mated by Van Gurp-Palmen curves®® indicated an inherent
nature (Fig. S191). The entanglement of polymer chains is
interrelated with the mechanical properties of materials and is
quantified by the average molecular weight between entangle-
ment points (M.) given by the following formula:

__pRT

M. =
e GNO

Table 1 summarizes the entanglement properties of PU
derivatives. Because the side chains of comb polymers dilute
the entanglement of polymer chains and exhibit a low GY, the
comb PUs also showed lower G than the corresponding linear
PUs.

The M, values of the m = 3 system (Table 1, entries 1 and 4)
and m = 2 system (Table 1, entries 2 and 5) showed higher
values in the comb PU thane in the linear PU, suggesting that
the side chains diluted the entanglement of the comb PU.
There was no significant difference in the M. of m = 1 system
(Table 1, entries 3 and 6) because the contribution of the OEG
component to the overall polymer was too small. The M, of the
comb PU takes a larger value as the side chain length, as with

Table 1 Entanglement properties of polyurethane derivatives

Entry  Sample G%“(MPa) M. (kgmol™)  p? (kg m3)
1 PU-g-OEG;  0.88 3.3 1.17 x 10°
2 PU-g-OEG,  0.98 2.8 1.12 x 10°
3 PU-g-OEG,  0.95 2.6 0.99 x 10°
4 PU-I-OEG; 1.4 2.1 1.22 x 10°
5 PU--OEG, 1.2 2.1 1.03 x 10°
6 PU-I-OEG;, 0.95 2.7 1.03 x 10°
7 PU-I-PDO 1.7 1.5 1.01 x 10°

“Determined by Van Gurp-Palmen curves. ” Calculated by cylinder
plastics.
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conventional comb polymers (Table 1, entries 1-3). Moreover,
the M, of the linear PU decreased with increasing m value
because the entanglement was formed owing to the flexible
OEG backbone chain and approached the PEG M. as OEG
units increased (Table 1, entries 4-6). On the other hand, PU--
PDO without OEG showed the lowest M., suggesting a high
potential entanglement of hydrogen-bonded backbones
(Table 1, entry 7).

In order to have a more quantitative discussion of the
entanglement properties of comb PU, we conducted an ana-
lysis using structural parameters. Since well-studied typical
comb polymers polymerized by vinyl monomers have the same
molecular chain length, the structural parameters (side chain
length ng, side chain density n,) are described by the degree
of polymerization.""**'” To compare with the rheological pro-
perties established for comb polymers, the structural para-
meters of comb PU were set by converting the number of
atoms into the degree of polymerization of the vinyl polymer
(Table S1 and Fig. S207).

Fig. 5 shows a plot of structural parameters (1 + ng/ng),
which means M, and side chain density. While M, increases as
three-halves power, a square, or a cube with the increase of the
structural parameter (1 + ng/n,) in the conventional comb
polymer,'>!” the comb PU showed a different slope of the first
power. This difference means that the suppression of entangle-
ment due to side chains is less likely to occur as compared to
that in conventional comb polymers because the rigid back-
bone consisting of cyclohexane has hydrogen bonding pro-
perties and exhibits strong cohesiveness that is common in
PUs. That is, it is presumed that the comb PU is a molecular
structure capable of specifically maintaining the entangle-
ment. Finally, we investigated the zero-shear viscosity (1),
which means the friction between polymer chains."'® Since
the zero-shear viscosity is a numerical value that depends on
the molecular weight, the friction properties derived from the
molecular structure were estimated by plotting 7, at several
different molecular weights (Fig. 6). The straight line connect-
ing the plots of the comb PU is located at a significantly
higher 7, compared to the straight line of the corresponding
linear PU as shown in Fig. 6a, whereas it is only slightly higher
in Fig. 6b. That is, the comb PU has a higher frictional force
than the linear PU, and the longer the side chain, the more
significant the increase in the frictional force, which shows

p: 5
5 Conventional R
E el comb polymr ) A .ZV
E; "‘/A 1 7
s | M, A M, v

~ n,
M, = (1+ 8"

1 Comb PU )ﬁ(é&
1 10 il s

1+ng/ng

Fig. 5 Normalized entanglement modulus as a function of the struc-
tural parameter.
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2 system (b) (Tyer = Tg + 50 °C).

the same tendency as the conventional comb polymers.""®
Therefore, the comb PU showed the same rheological pro-
perties as the conventional comb polymers in that it has high
friction, but differs in conventional comb polymers in that the
entanglement is maintained. Since it has a unique rheological
property that has high entanglement and high friction that
could not coexist up to now in conventional comb polymers, it
is presumed that comb PU exhibits topological mechanical
enhancement.

Conclusions

In conclusion, we designed and synthesized systems in which
comb PU and linear PU are topological isomers. The syn-
thesized comb PU showed topological mechanical enhance-
ment in two or three units of OEG side chains. This enhanced
mechanical phenomenon was explained by the high entangle-
ment maintaining ability and frictional force of the comb PU.
This topologically mechanical enhanced technology in PU,
which is one of the multi-block copolymers, has the potential
to improve the mechanical properties of the existing high-
strength materials such as the spider fibre.
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