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Salt-induced reinforcement of anionic bio-polyureas

with high transparency

Xin Jin, Seiji Tateyama and Tatsuo Kaneko

Bio-based polyureas (PUs) are prepared by the polyaddition of a multifunctional bio-photodimer 4,4'-diamino-a-truxillic acid
having two amines and two carboxyls with an aromatic isocyanate comonomer. Weight average molecular weights of the PUs
range from 2.4 x 10° to 2.5 x 105g mol~! with a narrow distribution around 1.3. The 10% weight-loss temperature of the PUs
ranges from 270 to 280 °C, whereas the softening temperature ranges between 180 and 210 °C. The PUs are well dissolved in
polar organic solvents such as dimethylformamide and the cast film is prepared from these solutions. The films show high
transparency and swell in the alkaline solution when the PU carboxyls are anionized. If metal nitrate salts are added to the films,
mechanical properties are increased by the double interaction of the metal cation with carboxylate and nitrate with urea, which

causes the films to change the color.
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INTRODUCTION
Bio-based plastics are indispensable for the establishment of a green-
sustainable society but the thermomechanical performance of the
bioplastics currently in use is not very strong. On the other hand,
aromatic polymers generally show stronger thermomechanical perfor-
mance than aliphatic polymers.I=> Recently, phenolic biomonomers
were used for polyester development>= but the polyester films were
too brittle due to low interchain interactions, and new aromatic
biomonomers must be developed. We reported on the bio-based
aromatic diamine 4,4'-diaminotruxillic acid (4ATA) that was photo-
nically derived from microorganismal 4-aminocinnamic acid (4ACA).
Protection of the 4ATA carboxyls by methyl groups made it possible
to use 4ATA as an aromatic diamine monomer, which could be
reacted with various tetraacid dianhydrides to create aromatic
polyimides showing strong thermomechanical properties.® Some of
the polyimide films were transparent because of the cyclobutane ring
cutting the m-conjugation between the two benzene rings. The
transparent, flexible organic films with high thermal resistance are
important in developing the next generation of opto-electronic
materials.”® However, the polyimides have a yellow tint due to slight
light absorption at a wavelength of 550 nm, which is attributed to
hydrogen donor—acceptor interactions on the backbone consisted of
phenyl rings connecting with electron-donating nitrogen (N-H group)
and electron-withdrawing carbonyl.®

Here we focus on aromatic polyureas (PUs) showing interchain
hydrogen bonding, such as aromatic polyamides from 4,4'-diamino-a-
truxillic acid (4ATA) whose carboxylic acids are not protected. We
find that PU films are very transparent, because of a symmetrical
structure connecting with the aromatic groups via the urea groups
(R-NHCONH-R’), and hydrogen donor—acceptor interactions.
This symmetrical structure makes the heteropolarity monomers less

polar on the backbone. In addition, the PU films can be reinforced by
salt addition via the double interaction of metal cation with carboxyls
and counter nitrate anions with urea groups.

EXPERIMENTAL PROCEDURE

Materials

4-Aminocinnamic acid (4ACA, Tokyo Chemical Industry, Tokyo, Japan),
trimethylsilyl chloride (TMSCI, Sigma-Aldrich LLC, Tokyo, Japan) and
anhydrous dimethyl acetamide, anhydrous (DMAc, Kanto Chemical, Tokyo,
Japan) were used as received. 4,4'-diphenylmethane diisocyanate (MDI, Tokyo
Chemical Industry) was purified by distillation at 160 °C under vacuum just
before use. Sodium hydroxide (NaOH, Kanto Chemical), hydrochloride acid
(HCI, Kanto Chemical) and methanol (Kanto Chemical) were used as received.

Monomer synthesis

4,4"-Diamino-a-truxillic acid. 4,4'-Diamino-a-truxillic acid (4ATA) dihy-
drochloride was synthesized by the following procedure (Scheme 1). HCl aq
(12mol1~1, 3 ml) was added dropwise into a clear acetone solution (100 ml) of
4ACA (3.26 g, 20 mmol) to make the reaction solution turbid and to produce
4ACA HCI salt. HCI aq solution addition was stopped when the turbidity
stopped increased. The products were collected by filtration and dried (yield; 99
wt%). 4ACA HCI salt powder (1 g) was ground to make small particles; these
were dispersed in hexane (20 ml). Under magnetic agitation the dispersion was
irradiated for 12 h using a high-pressure Hg lamp with the wavelength adjusted
to 280-450 nm (light intensity: 285 mW cm ~2) by a light filter to produce the
4ATA dihydrochloride dispersion. The completion of the photoreaction was
confirmed by 'H NMR analyses of the sampled dispersants. 4ATA dihy-
drochloride was neutralized by the addition of NaOH aq (10 mol1~!) until the
pH reached about 5, and then the precipitates of 4ATA were collected by
filtration (yield: 60 wt%). The stereostructure of 4ATA was confirmed to be
4,4'-diamino-a-truxillic acid by the cyclobutane signals of 'H NMR.

4,4'-Diamino-a-truxillic acid dimethyl ester.
truxillic acid methyl ester were reported.®

The syntheses of 4,4'-diamino-
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Scheme 1 Syntheses of monomers and polyureas (PUs) from photodimers with different side chains: (a) syntheses of monomers with different side chains,

(b) syntheses of PUs from comonomers and MDI.

PU synthesis

The representative polymerization procedure of 4ATA is as follows: 4ATA
(326 mg, 1 mmol) was mixed with equimolar MDI (250 mg, 1 mmol) in DMAc
(5ml) and heated to make a homogeneous solution at 50°C in a 100-ml
nitrogen-purged round-bottom flask. After the polymerization proceeded by
agitation for 1h, the reaction solution became viscous. After polymerization,
the reaction solution was cooled to room temperature and was poured into
ethanol to precipitate the fibrous polymers. The polymers were collected by
filtration and dried in vacuo (yield; 90 wt%). The target structures of the
products, poly(4,4'-truxillic acid co-methylene diphenyl) ureas (PATAMDU)
were confirmed by 'H NMR and molecular weights were determined by gel
permeation chromatography (GPC). The polymerization of 4ATA dimethyl
ester with MDI poly(4,4'-truxillic acid methyl ester-co-methylene diphenyl)
ureas (PMATAMDU) was made by the analogous procedure with 4ATA
polymerization (yield: 94 wt%).

Instruments

The number average molecular weight (M), weight average molecular weight
(M) and molecular weight distribution (PDI) of the polymers (concentration
5mgl~!, filtrated after stirring over night) were determined by GPC (Shodex
GPC-101 with a tandem connection column system of KD-803 and KD-807
(Shodex, Tokyo, Japan)) that was calibrated with pollutant standards at 40 °C in
DMEF (eluent: Dimethylformamide) at a flow rate 0.5 ml min~!
signal detector (Shodex).

"H NMR measurements were performed on a Bruker AVANCE III 400
spectrometer operating at 400.13 MHz for '"H NMR. DMSO-dg was used as a
deuterated solvent and non-deuterated DMSO included was used as an internal
standard (2.5 p.p.m.). Sample concentration was 0.5 mM in DMSO-ds as a
solvent in glass test tube (Wako Pure Chemical Industries, 5.0 mmd X 7 inch,
Osaka, Japan).

using the RI
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FT-IR spectra were recorded with a Perkin—Elmer Spectrum One spectro-
meter between 4000 and 600 cm ™! using a diamond-attenuated total reflection
accessory.

The ultraviolet-visible (UV-vis) transmission spectra were recorded by Perkin
Elmer, Lambda 25 UV/Vis spectrophotometer at room temperature over the
range of 200-800 nm in a quartz cell (1cmX1cm) under Deuterium and
Halogen lamp as light source.

The refractive indices of cast films were evaluated by an Abbe refractometer
(Atago, NRA,1T, Tokyo, Japan) employing 1-bromonaphthalene as a contact
liquid at room temperature.

Measurements of thermogravimetry and thermomechanical analysis (TMA)
were performed on HITACHI STA 7200 and TMA 7100 system, respectively,
under nitrogen atmosphere at a heating rate of 10°Cmin~'. The polymer
specimens were dried at 160 °C for 1 h to remove absorbed moisture just before
measurement.

The tensile mechanical tests were carried out at an elongation speed of
! on a tensiometer (Instron 3365, Kawasaki, Japan) at room
temperature using a polymer rectangle film with a length of 2 cm, a width of
0.5 cm and a thickness of 5 pm.

0.5 mm min "~

RESULTS AND DISCUSSION

Synthesis

PUs with side groups of carboxylic acid or carboxylate methyl ester
were prepared by the polyaddition of 4-ATA aromatic diamine or its
methyl ester with stoichiometric amounts of aromatic diisocyanates
MDI. The 'H NMR spectra of both PUs are shown in Figure 1,
indicating that the signals for aromatics, ureas, cyclobutyl groups and
methyl ester appeared around 7.0-7.5, 8.5-8.6, 3.3—4.3 and 3.2 p.p.m.,
respectively. The signal for the carboxylic acid of PU appeared at
12.2 p.p.m.. (FT-IR and 3C spectra in Supplementary Figure S9)
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Figure 1 'H NMR spectra of polyureas (PUs). (a) PU with carboxylic acid side group (PATAMDU), (b) PU with methyl ester side group (PMATAMDU). A full

color version of this figure is available at Polymer Journal online.

Table 1 Molecular weight and thermal mechanical properties of polyureas

Polymers M2 (x10°) M2 (x10°) PDP Ta10® (°C) TL (°C) o9 (MPa) ed (%) Ed (GPa) RIe df
PATAMDU 1.89 2.41 1.28 275 200 17+11 27+10 1.1+0.02 1.61 1.21
PMATAMDU 1.81 2.51 1.39 280 210 21+2.0 2.1+0.4 1.2+0.03 1.63 1.26

aNumber average molecular weights, M,, weight average molecular weights, M, and polydispersity indices (M,/M,)."Weight-loss temperatures (10%), Ty10.°Softening temperatures, Ts.

dMark o, ¢ and E refer to mechanical strengths, Young’s moduli and strains at break, respectively.

®Refractive indices were measured by Abbe refractometer. Mark '+ refers to s.d.
fMark d refers to density.

The weight average molecular weight (M,,), the number average
molecular weight (M,,) and the molecular weight distribution (PDI) of
the PUs were determined and are summarized in Table 1. PUs
had high M, and M, values in ranges of 2.41-2.45x10° and
1.81-1.89 X 10°, respectively, and the PDI value ranged between 1.28
and 1.39. The solubility of the PUs was tested using (1) non-polar
solvents such as toluene, hexane, chloroform, diethyl ether and
dichloromethane, (2) polar protic solvents such as distilled water,
methanol and ethanol and (3) polar aprotic solvents such as acetone,

acetonitrile, DMF, NMP, DMAc, DMSO, THF and ethyl acetate. The
PUs were soluble in some of the polar aprotic solvents such as DMF,
NMP, DMAc and DMSO at room temperature (Supplementary
Table S1). The films were cast from the DMAc solution with a
concentration range of 5-10 wt%, by dropping the solution on a glass
and drying at 40-50°C for 4h or longer (Figure 2). The films were
transparent, tough and flexible, and showed relatively high refractive
indices of 1.61-1.63. Figures 3a and b show the UV-vis transmission
spectra of PATAMDU and PMATAMDU films. The spectra were
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Figure 2 Digital images of polyurea films. (a) PATAMDU, (b) PMATAMDU. A full color version of this figure is available at Polymer Journal online.
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Figure 3 Transmittance spectra for cast films. (@) PMATAMDU, (b) PATAMDU. (c) Eu(NO3)s-adsorbed films of PATAMDU with a representative digital image
of salt- adsorbed film inset. A full color version of this figure is available at Polymer Journal online.
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Figure 4 Concentration dependence of the molar ratio of absorbed Eu3* ions
to polymer repeating units by the loss of the metal solution.

normalized at a thickness of 5pm, and the optical transparency at
550 nm (4s59) and the cutoff wavelengths (1)) were determined to be
91% and 310 nm for PATAMDU and 85% and 310 nm for PMA-
TAMDU, respectively.
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Thermomechanical properties
The thermal degradation of PUs was investigated by thermo-
gravimetric analysis (representative curves in Supplementary Figure
S1) in a nitrogen atmosphere at a heating rate of 10 °C min ~! and the
10% weight-loss temperature (T4;9) was determined. The samples
were dried at 160 °C before measurement. Tg;q values were almost
constant at 270-280°C regardless of the carboxylate side group
structure, which suggests that thermal degradation is regulated by
backbone breakage via urea linkages. The softening temperatures (T)
of the PUs were determined by TMA under a nitrogen atmosphere
and summarized in Table 1. PATAMDU and PMATAMDU showed T;
values of 200 and 210 °C, respectively. For the thermal property, the
difference of side-chain structures, carboxylic acid and methyl ester,
had less effect than the same backbone structure, aromatic polyurea.
Tensile tests of the PU films were performed to understand their
mechanical properties. The films of PMATAMDU and PATAMDU



showed tensile strength of 21 and 17 MPa, tensile moduli of 1.2 and
1.1 GPa, and elongation at break of 2.7% and 2.1%, respectively
(representative curves in Supplementary Figure S2). Density of the
PMATAMDU film (1.26) was a little higher than that of the
PATAMDU film (1.21).

Salt addition

PATAMDU has a hydrophilic carboxylic acid side group, which is
different from previously reported polyimides or PMATAMDU.®
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Figure 5 FT-IR spectra of PATAMDU films metal adsorbed by different
methods: (a) pure films without any salts, (b) films made from the mixture of
polymer with Eu(NO3)s, (c) films swollen in Eu(NO3)3 solution.
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As water should therefore be absorbable, the water content after
immersion in water was investigated. The water content of the
PATAMDU film ranged from 20 to 50%, which is higher than that
of the PMATAMDU film. When the pH of water was increased to 10,
the water content increased to 100% of the sample weight. This
phenomenon indicates that the carboxylate side group of the PU has
an ionization function.

The water-swollen PATAMDU film was immersed into a standard
solution of nitrate salts with heavy metals at a concentration of
1.0 mol 17! and into diluted heavy metal solutions with concentrations
of 0.1, 0.2 and 0.5mol1~ L, in order to investigate the reinforcement
effect of metal ions on the films (Supplementary Table S2,
Supplementary Figure S4). Figure 4 shows the molar degree of Eu
salt absorption to the repeating units of the PUs. The degree of salt
absorption, which was calculated by the concentration loss of the
metal solution, was low (<0.2mol/mol) in the salt concentration
range of up to 1.0moll~!, but monotonously increased with an
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Figure 7 Tensile strengths at break and Young's moduli of Eu(NOs3)s3-
adsorbed films at various salt concentrations.
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Figure 6 Tentative explanation of the interaction of metal nitrate with PATAMDU on the molecular level.

Table 2 Thermal and mechanical properties of films with different metal nitrate salts

Polymers lonic radii@ (A) Absorption (mol/mol) o (MPa) e (%) E (GPa) Tg10(°C) As50 (%)
PATAMDU — — 21+2.0 2.1+0.40 1.2+0.03 275 95
PATAMDU-Na* 102 0.26 41+4.0 3.6+0.34 1.7+0.03 260 90
PATAMDU-Mg?* 72 0.17 41+0.6 2.7+0.26 1.3+0.09 260 90
PATAMDU-Fe2* 64 0.14 37x2.1 2.7+0.47 1.6+£0.07 255 85
PATAMDU-Nd3+ 98 0.25 43+1.3 2.6+0.38 1.8+0.01 265 75
PATAMDU-Eu3* 94 0.19 33+0.9 2.7+0.29 1.3+0.05 260 65
PATAMDU-In3* 80 0.14 29+4.8 2.6+0.42 1.5+0.02 255 89

2Data of ionic radii are shown based on the Elsevier's periodic table of the elements.
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increase in salt concentration. In Figure 3¢, transmittance spectra of
the film including Eu(NOj); salt are shown. As a result of the salt
addition, the dips of the transmittance curve were intensified around
440 and 610 nm, which might correspond to the m-m* transition of
benzene rings, and As5p decreased with an increase of salt concentra-
tion, indicating a lower transparency. In fact, the film became dark
green in color by salt addition as shown in the inset picture of
Figure 3¢, presumably due to the nitrate hydrogen bonding with the
urea group effective on the m-electron condition of benzene rings
connected with the urea group.’

In order to confirm molecular adsorption based on this assumption,
infrared (IR) spectra of the PATAMDU film immersed in Eu(NO3);3
aqueous solution and the PATAMDU specimen was obtained by dried
samples (Supplementary Figure S8). Figure 5 (Supplementary Figure
S5 and Supplementary Figure S6) shows the resulting IR spectrum
together with that of pure PATAMDU film without salt and that of a
mixture of PATAMDU and salt. The pure PATAMDU film and
the mixture with salt showed a sharp urea IR peak at 1678 and
1605 cm ~ !, which belong to C= O of carboxylic acid and urea group.
However, the salt-hybridized film showed different spectra; for the
part of urea group that formed the hydrogen bond with nitrate anion,
a new peak appeared at 1613 cm~! from the old peak shifted, and for
the carboxylic acid group absorbed the metal cation, there was a big
shoulder shifted from the C=0O of carboxylic acid. This reveals nitrate
anion adsorption by the urea group (Figure 6).!%!! Nitrate absorbing
to urea cross-linked the PU chains and reinforced the films under the
support of metal adsorption to carboxylic acid, and the increased
interchain interaction caused the increase in mechanical properties.'?

The optical property (Assp) and mechanical properties, such as
tensile strength and tensile modulus, of the films depended on the
concentration of the Eu®* salt (Figure 7). Following the absorption of
Eu®" cation on the films, the strength of the hydrogen bond also
increased, which intensified the interactions between the backbones.
First, this effected a change in the distance between the backbones,
which in turn caused a change in the m—electron interactions from
the aromatic group between the backbones, thereby affecting the
transparency of the films. Second, these effects also influenced the
mechanical property of the films in that the mechanical strength and
Young’s moduli increased with an increase in the amount of Eu**
cation absorption on the films. This suggested that the metal cation
adsorption had a reinforcing effect on the films. The Eu-salt addition
effects on the properties of the films are summarized in
Supplementary Table S2. Additional elongation at break was also
increased by salt addition, presumably due to the dynamism of
physical cross-linking that is capable of limiting stress concentration.

The increase in the mechanical properties is due to two effects:
hydrogen bond formation between the urea group and the nitrate
group and ionic interaction between the metal cation and carboxylate
ions.>!! The versatility of the phenomenon was investigated using
other metal nitrate salts with various valences such as Nd(NOs)s,
Fe(NO3),, Mg(NO3),, In(NO;3); and NaNOj at the same concentra-
tion (1.0moll~1). The entire metal nitrate salts used here increased
the mechanical properties of the films as shown in Table 2. In the
constant valence, as the ionic radius decreased, the absorption amount
of the metal salts decreased, directly affecting the mechanical property
of the polymer film. In particular, Nd(NO;); had excellent effects,
increasing the tensile strength to 43 MPa and tensile modulus to
1.8 GPa, respectively. Tq;o was influenced very much by salt addition.
On the other hand, the transmittance of the films was worse after the

films absorbed the metal nitrate salts. When the PU films were
immersed in these metal salts, they turned green or yellow
(Supplementary Figure S3). The nitrate salt had the stronger effects
on the color change comparing with chloride salt. The transmission
spectrum change was confirmed (Supplementary Figure S7), which is
likely caused by hydrogen bonding of nitrates to urea linkages as
discussed above (Figure 6), as evidenced by IR studies. In addition,
Supplementary Figure S7 also shows the optical property change at
550 nm (Ass0) and the changes in cutoff wavelengths (1), most
significant for the PU film with Nd(NO3);.

CONCLUSION

We synthesized aromatic PUs with carboxylic acid. The molecular
weights were high, up to 2. 5% 10> gmol ~! and Ty and Ty were 270
and 180 °C, respectively. The polymer films had strong mechanical
properties with a tensile strength 20 MPa and tensile modulus around
1.2GPa. The film adsorbed metal nitrate salts to strengthen the
mechanical properties to 43 MPa for tensile strength and 1.8 GPa for
tensile modulus. The addition of salt caused a color change to green or
yellow, presumably due to nitrate hydrogen bonding with the urea
linkage connecting with the benzene ring. Thus, the PUs prepared
here were reinforced by the combined effects of the metal cations and
nitrate anions of added salts.
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