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Abstract

Although various chemistries have been introduced into polyurethanes in order to obtain
self-healing abilities, implementing these materials in applications requiring high strength is
challenging as strong materials imply a limited molecular motion, but without movement of
polymer chains self-healing is not possible. Here, waterborne poly(urethane-urea)s
(PU(U)s) based on aromatic disulfide compounds are developed which balance these
contradictory requirements by presenting good mechanical properties at room
temperature, while showing the mobility necessary for healing when moderately heated.
The influence of hard monomers on the stability and mobility of the materials is
investigated by qualitative scratch closure and rheological measurements, so that the
limits of the readily available aromatic disulfide compounds, bis(4-aminophenyl)- and bis(4-
hydroxyphenyl)disulfide, can be determined. Subsequently, a modified aromatic disulfide
compound, bis[4-(3'-hydroxypropoxy)phenyl]ldisulfide, with increased reactivity, solubility
and flexibility is synthesized and incorporated into the PU backbone, so that materials with
more attractive mechanical properties, reaching ultimate tensile strengths up to 23 MPa,
and self-healing abilities could be obtained.
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Introduction

Self-healing polymers have attracted a lot of attention over the last decades as they
provide a potential solution for the persisting problem of material damage, enabling an
extended product life-time."-10 Self-healing polymers which can heal intrinsically, making
use of reversible chemical or physical bonds, are especially interesting for long-term use
as they are able to undergo multiple healing events.!" Although various classes of polymer
can be used to produce self-healing materials, segmented polyurethanes are perhaps the
most attractive as they possess both a soft phase, which provides the mobility of the
polymer chains that is necessary to enable healing, and a hard phase, which preserves
the mechanical stability of the material.® Furthermore, polyurethanes (PUs) have a built-in
supramolecular healing ability due to the formation of H-bonds between their backbones
which provides the material with a basic level of intrinsic recovery upon damage. As
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polyurethanes are also very versatile materials which are able to incorporate various
functional moieties, it is possible to implement additional chemistries into the PU in order
to obtain an enhanced healing ability supplementary to the inherent H-bonding.'?

Among the broad range of chemistries that have already been introduced into PUs in order
to obtain self-healing materials,'3-'° disulfide bonds seem to be particularly interesting due
to the fact that they are able to dynamically exchange when exposed to various stimuli,
e.g. heat, light, redox or pH.?® Several PUs have already been developed using the
dynamic exchange of linear aliphatic disulfides in order to obtain self-healing materials
under the influence of external stimuli.?2"-2® However, by introducing an aromatic disulfide
compound, bis(4-aminophenyl)disulfide (S2(PhNH2)2), Rekondo et al. were able to develop
a cross-linked poly(urethane-urea) which was able to heal at room temperature without the
use of any catalysts.?® They demonstrated that, unlike their aliphatic counterparts, aromatic
disulfides could undergo exchange at room temperature, with later studies demonstrating
that this exchange occurs via a radical intermediate.20:3

The dynamic behaviour of the aromatic disulfide at reduced temperatures has
subsequently been explored by several groups in the area of self-healing.3'-3® For
example, using the same disulfide Yang et al. synthesized a PU elastomer with improved
tensile strength for which self-healing could be induced by heating to 60 °C. They
observed that for more cross-linked materials a higher tensile strength was obtained, but
this occurred with a concomitant lowering of the ability to self-heal.3* Kim et al. developed
a thermoplastic polyurethane with an increased toughness by introducing an aromatic
disulfide diol, bis(4-hydroxyphenyl)disulfide (S2(PhOH);), which could also heal at room
temperature. Using this system, they reported an ultimate tensile strength of +7 MPa,
which is at the upper limit of the reported values for self-healing systems at room
temperature.®®

Although in many cases it is attractive to obtain self-healing at room temperature, this
inherently demands a certain level of mobility of the polymer which compromises the
mechanical properties and can lead to creep as well as a limited ability to withstand
wear.36-38 This is a major issue in polyurethane materials as in many high-end applications
the higher cost of polyurethanes is overlooked owing to their superior mechanical strength.
For example, while there are a wide variety of polymers that are used in waterborne
coatings, few can match polyurethane dispersions for applications requiring strong
coatings such as furniture, automotive and floor coatings. As a result, the majority of
applications of PU dispersions require high tensile strengths, typically exceeding 20
MPa.3%#42 This requirement for high tensile strength puts the constraints of commercial
materials beyond the limits of current self-healing polymers.

To overcome this gap, in this work we seek to develop waterborne polymer dispersions
which show sufficiently high mechanical resistance at room temperature and additionally
recover from damage when chain mobility is induced by external stimuli such as heat. In
order to meet this objective, the synthesis of waterborne poly(urethane-urea)s containing



aromatic disulfide compounds is described. First, the influence of the hard 2,2-
bis(hydroxymethyl)propionic acid (DMPA) monomer, which acts as an internal ionic
stabilizing agent upon neutralization in dispersion, on the self-healing ability of linear
poly/urethane-urea)s (PUUs) is investigated via scratch closure and rheological
measurements. Afterwards, the limits for solubility, reactivity and flexibility of the readily
available aromatic disulfides, bis(4-aminophenyl)- and bis(4-hydroxyphenyl)-disulfide, in
the synthesis of the waterborne PU(U)s is tested. Finally, on the basis of these
investigations, a structurally modified aromatic disulfide compound, bis[4-(3’-
hydroxypropyloxy)phenylldisulfide (S2(Ph(CH2)sOH).), is synthesized and introduced to a
higher extent into the polymer backbone so that a waterborne PU(U) material is developed
with increased strength and mobility. Hence, incorporation of the modified aromatic
disulfide compound enlarges the possibilities of developing more efficient self-healing
polymers of interest for high-end applications.

Experimental
Materials

Acetone (Sigma-Aldrich, 299.5%), bis(4-aminophenyl)disulfide (Sz(PhNHz),, TCI, >98.0%),
bis(4-hydroxyphenyl)disulfide (S2(PhOH).,TCl, >98%), 2,2-bis(hydroxymethyl)propionic
acid (DMPA, Sigma-Aldrich, 98%) 3-bromo-1-propanol (Apollo Scientific, 96%),
bromophenol blue (Fluka), dibutyltin dilaurate (DBTL, Sigma-Aldrich, 95%), diethylamine
(DEA, Sigma-Aldrich, 299.5%), ethyl acetate (EtOAc, ACROS Organics, 299.5%), hexane
(Fisher Chemicals, >99%), hydrochloric acid 1N (HCI, Panreac), isophorone diisocyanate
(IPDI, Sigma-Aldrich, 98%), methyl ethyl ketone (MEK, ACROS Organics, >99%),
polytetrahydrofuran (PolyTHF, BASF, 2000 g.mol"), potassium carbonate (K.CQOs, Sigma-
Aldrich, 299%), sodium chloride (NaCl, Sigma-Aldrich, 299.5%), sodium sulfate (Na;SOsx,
Sigma-Aldrich, 299%), tetrahydrofuran (THF, Scharlab), triethylamine (TEA, ACROS
Organics, 99%) were used as received.

Synthesis of bis[4-(3'-hydroxypropoxy)phenylldisulfide (S2(Ph(CH2)sOH),)

1. THF, K,CO3
HO” :

OH 60°C, N, 48h O._~_OH
S\S T . 2. Purification S\S/©/
Figure 1. Claisen etherification to obtain bis[4-(3'-hydroxypropoxy)phenyl]disulfide.

Inspired by the synthetic method reported by Ohishi et al.;* a mixture of bis(4-
hydroxyphenyl)disulfide (100 g, 0.40 mol), 3-bromo-1-propanol (51 mL, 1.00 mol) and
potassium carbonate (554 g, 4.01 mol) in THF (100 wt% of the solid reagents) as solvent
was stirred at 60°C for 48 h under N2-atmosphere (Figure 1), in a jacketed glass reactor
equipped with a mechanical stirrer and a condenser. Afterwards, the reaction mixture was
filtered and washed with EtOAc. The obtained organic filtrate was washed with 1N HCI and
brine, after which it was dried over anhydrous Na,SOa. The solvent was removed from the
product under vacuum and the residue material was purified by recrystallization in an
EtOAc:Hexane-mixture (3:5). Finally, the product was dried at 50°C under vacuum to give
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bis[4-(3-hydroxypropyloxy)phenyl]disulfide S2(Ph(CH2)30H). [lTUPAC:
((disulfanediylbis(4,1-phenylene))bis(oxy))bis(propan-1-ol)].

Yield: 70.5 g (64 mol%). Pale yellow powder. FTIR (neat, cm™): 3319.19, 2945.40,
2870.80, 1883.87, 1589.02. m.p.: 60.3 - 61.2°C. "H NMR (500 MHz, Chloroform-d) & 7.44
—7.37 (d, J =8.79 Hz, 2H), 6.89 — 6.82 (d, J = 8.80 Hz, 2H), 4.12 (t, J = 6.0 Hz, 2H), 3.87
(t, 3 = 5.9 Hz, 2H), 2.05 (m, J = 5.9 Hz, 2H), 1.81 (s, 1H (OH)). 3C NMR (126 MHz,
Chloroform-d) & 159.31, 132.82, 128.77, 115.36, 77.50, 77.25, 76.99, 65.88, 60.40, 32.12.
Anal. Calcd. for C1gH2204S,: C 58.99, H 6.05, S 17.50. Found: C 58.96, H 6.01, S 17.42.
HRMS (ESI) for C18H2204S: calculated [M+H]*: 366.0960. Found: 366.0960.

Synthesis of waterborne polyurethane-urea dispersions

Synthesis of the waterborne PUU dispersions based on bis(4-aminophenyl)disulfide
S2(PhNH3),

In order to obtain the prepolymer, PolyTHF (M,=2000 g.mol'), DMPA and IPDI were fed
together into a 100 mL jacketed glass reactor equipped with a mechanical stirrer and a
condenser. Next, DBTL (0.2-0.4 wt% of reactants) and acetone (45-60 wt%) were added
and the mixture was stirred for 2 h at 56°C under refluxing conditions. A first series of
PUUs was prepared varying the amount of DMPA added to the reaction mixture from 3 to
7 wt% of reactants. The formulation for the syntheses of these different pre-polymers can
be found in Table 1. After 2 h, the isocyanate concentration had reduced to the theoretical
level as determined by back titration and the mixture was cooled down to room
temperature so that bis(4-aminodiphenyl)disulfide (0.33 eq. of IPDI) could be added into
the vessel to react with the residual free NCO-groups of the prepolymer for 4 h. Finally, the
mixture was neutralized with TEA (100 mol% of DMPA) after which deionized water (100-
150 wt%) was added dropwise to obtain a dispersion. Acetone was removed from the
dispersion by evaporation using a rotary evaporator at 556 mbar so that a solids content of
30-35 wt% was obtained. A summary of the synthetic process is shown in Figure 2.

Table 1. Formulation of different PUU syntheses performed varying the amount of DMPA and
bis(4-aminophenyl disulfide) (wt% based on the total amount of reactants).

Run Sample Unit DMPA | IPDI | PolyTHF | S2(PhNH2):
wit% 3 19 71 7
1 PUU-3D-0.33S eq. 0.25 1 0.42 0.33
W% 4 21 67 8
2 PUU-4D-0.33S eq. 0.31 1 0.36 0.33
wt% 5 22 64 8
3 PUU-5D-0.33S
eq. 0.35 1 0.32 0.33
W% 6 24 61 9
4 PUU-6D-0.33S
eq. 0.38 1 0.28 0.33
0,
5 | puu-7p-0.33s | "% ! 2 > "
eq. 0.42 1 0.24 0.33
wit% 3 22 64 11
6 PUU-3D-0.44S oq. 0.23 1 0.33 0.44
Wt% 3 24 58 14
7 PUU-3D-0.53S eq. 0.21 1 0.27 0.53
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Figure 2. Synthetic procedure of waterborne PUU dispersions.

For the second series of PUUs based on Sz(PhNH3),, a constant amount of DMPA was
used (3 wt% of reactants), while a variable amount of bis(4-aminophenyl disulfide) was
added to the prepolymer for incorporation into the PUU backbone as is depicted in Table
1. Due to the variable amount of disulfide and therefore varying necessity of free NCO-
groups, the prepolymer reaction times were 2 h, 1.5 h and 1 h for PUU-3D-0.33S, PUU-
3D-0.44S and PUU-3D-0.53S, respectively. Subsequently, a reaction time of 6h instead of
4 h was required for PUU-3D-0.44S and PUU-3D-0.53S to assure full incorporation of the
larger amount of bis(4-aminophenyl disulfide) before neutralization, dispersion and
evaporation could be carried out.

Synthesis of the waterborne PU dispersion based on bis(4-hydroxyphenyl)disulfide

PolyTHF (M,=2000 g.mol-!, 8.40 g, 4.20 mmol), DMPA (1.16 g, 8.63 mmol), IPDI (6.00 g,
27.00 mmol) and bis(4-hydroxyphenyl)disulfide (3.55 g, 14.18 mmol) were fed together
into a 100 mL jacketed glass reactor equipped with a mechanical stirrer and a condenser.
Next, DBTL (0.3 wt% of reactants) and MEK (+55 wt%) were added into the vessel and
the mixture was stirred for 60 h at 80°C under refluxing conditions. The mixture was cooled
down to room temperature and neutralized with TEA (1.20 mL, 8.63 mmol) after which
deionized water (100 wt%) was added dropwise to obtain a dispersion. MEK was removed
from the dispersion by evaporation using a rotary evaporator at 243 mbar so that a solids
content of +30 wt% was obtained.

Synthesis of the waterborne PU dispersions based on bis[4-(3'
hydroxypropoxy)phenyl]disulfide (S2(Ph(CH-)30OH),)

PolyTHF (M,=2000 g.mol'), DMPA, IPDI and bis[4-(3'-hydroxypropoxy)phenyl]disulfide
(S2(Ph(CH2)s0H).) were fed together into a 100 mL jacketed glass reactor equipped with a
mechanical stirrer and a condenser. Next, DBTL (0.3 wt% of reactants) and MEK (+60
wt%) were added into the vessel and the mixture was stirred for 8h at 80°C under refluxing
conditions. The amount of DMPA added in the synthesis was constant (6 wt% of
reactants), while the amount of Sy(Ph(CH2)3OH), was varied as shown in Table 2. Finally,
the mixture was neutralized with TEA (100 mol% of DMPA) after which deionized water
(100 wt%) was slowly added dropwise to obtain a dispersion. MEK was removed from the
dispersion by evaporation using a rotary evaporator at 243 mbar so that a solids content of
+30 wt% was obtained.



Table 2. Formulation of different PUs and PUUs based on bis[4-(3'-
hydroxypropoxy)phenyl]disulfide (wt% based on the total amount of reactants).

Run Sample Unit | DMPA | IPDI | PolyTHF | S2(Ph(CHz)30H):
Wt% 6 25 54 14

8 PU-6D-0.33S eq. 0.42 1 0.24 0.33
W% 6 27 46 20

9 PU-6D-0.44S eq. 0.37 1 0.19 0.44
0,

10 | pusep-0.53s | W% 6 30 38 26
eq. 0.33 1 0.14 0.53

Synthesis of the waterborne PUU dispersion containing both bis(4-aminophenyl)disulfide
and bis[4-(3'-hydroxypropoxy)phenyl]disulfide

The dispersion termed PUU-6D-0.53S-MIXED was obtained by first feeding PolyTHF
(M,=2000 g mol', 5.30 g, 2.65 mmol), DMPA (0.79 g, 5.90 mmol), IPDI (4.00 g, 18.00
mmol) and bis[4-(3'-hydroxypropoxy)phenyl]disulfide (2.08 g, 5.67 mmol) together into a
100 mL jacketed glass reactor equipped with a mechanical stirrer and a condenser. Next,
DBTL (0.3 wt% of reactants) and MEK (+60 wt%) were added into the vessel and the
mixture was stirred for 3 h at 80°C under refluxing conditions. Afterwards, the mixture was
cooled down to room temperature and bis(4-aminodiphenyl)disulfide (0.94 g, 3.78 mmol)
was added into the vessel to react with the residual free NCO-groups of the prepolymer for
6 h. Finally, the mixture was neutralized with TEA (0.82 mL, 5.90 mmol) after which
deionized water (100 wt%) was slowly added dropwise to obtain a dispersion. MEK was
removed from the dispersion by evaporation using a rotary evaporator at 243 mbar so that
a solid content of +30 wt% was obtained.

Characterization

Infrared spectra were recorded on an FT-IR spectrometer (Bruker). All melting points were
determined in a Blichi Melting Point B-540. The NMR spectra were recorded at 500 MHz
for 'TH-NMR, and 126 MHz for *C{H}-NMR in CDCI; at room temperature. The data are
reported as s = singlet, d = doublet, t = triplet, m = multiplet, coupling constant(s) in Hz,
integration. Elemental analysis was carried out using a TruSpec Micro (LECO) analyzer.
HRMS-analysis was performed with an LC/Q-TOF with Agilent Jet Stream ESI ionization
source.

To determine the NCO content of the PU prepolymer, a back titration of the excess of
diethylamine (DEA) molecules, which were added to neutralize the free NCO-groups of the
PU, with HCI was performed.**4> The Z-average diameter of the polymer particles was
measured by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern
Instruments). Samples were prepared by diluting a fraction of the latex with deionized
water, and the analyses were carried out at 25°C. The molecular weight of the dried films
dissolved in THF was determined by Size Exclusion Chromatography/Gel Permeation



Chromatography (SEC/GPC). The instrument consisted of a pump (LC-20A, Shimadzu),
an autosampler (Waters 717), a differential refractometer (Waters 2410), a UV detector
measuring at 262nm (Waters 2487) and three columns in series (Styragel HR2, HR4 and
HR6, with pore sizes ranging from 102-106 A). Chromatograms were obtained at 35 °C
using a THF flow rate of 1 mL.min-'. A series of polystyrene (PS) standards in the range of
580-3 848 000 g.mol" were used to obtain the calibration curve which provided molecular
weights of the polymer relative to polystyrene.

Films with a final thickness of 0.50-0.75 mm were obtained by casting the dispersion in
silicon molds (25 x 55 mm). The casted films were first dried for 1 day at 23°C and
subsequently for 3 days at 60°C after which they were equilibrated for 3 days at 23°C
while maintaining 55% RH. Dynamic mechanical analysis (DMA) measurements were
carried out in a Triton 2000 DMA (Triton Technology) or on a TA Instruments DMA Q800
(only for sample PUU-6D-0.53S-MIXED) equipped with a liquid nitrogen cooling system.
The measurements were performed in tension mode at a single frequency of 1 Hz. The
samples were cooled down to =-150 °C and heated with a rate of 4°C.min" till the
temperature at which the minimum dynamic force of 0.01 N was hit. Stress-strain
measurements were carried out on dumbbell type specimen under controlled conditions
(23°C and 55%RH) on a tensile apparatus (Stable Micro System TA HD Plus Texture
Analyzer) with a crosshead velocity of 25 mm min-'. For each experiment, the average of
3-6 replicate measurements is reported. For the scratch closure experiments, scratches
were made with a depth of +75% of the thickness (+0.7 mm) of the films using a razor
blade with a thickness of 0.40 mm and subsequently closure at 80°C was followed using
an optical microscope (Nikon Eclipse LV100ND). The rheological data were obtained from
a strain-controlled Anton Paar Physica MCR101 rheometer using cone-plate geometry
(cone @ = 8mm, disk-shaped specimens: +10 mm in diameter and 0.50-0.75 mm in
thickness). Frequency sweeps (0.001-20 Hz) at a strain of 0.5% were conducted at fixed
temperatures ranging from 50-120°C.

Results and discussion

Waterborne PU(U) dispersions based on diamine-terminated bis(4-
aminophenyl)disulfide

A series of poly(urethane-urea) dispersions containing varying amounts of bis(4-
aminophenyl)disulfide (S2(PhNH2)2.) and the DMPA were synthesized using the
formulations described in Table 1 and the process outlined in Figure 2. Through the
variation of DMPA and aromatic disulfide content, the objective was to explore the balance
between material strength and chain mobility in order to obtain mechanically strong self-
healing polymers. In a first set of experiments (Runs 1-5, Table 1), the amount of IPDI and
disulfide compound was kept constant, while the DMPA content varied from 3 to 7 wt%. In
a second set of experiments (Runs 1, 6 and 7), the amount of IPDI and DMPA was kept
constant, but here the amount of bis(4-aminophenyl)disulfide varied from 7 to 14 wt%.



In agreement with the function of DMPA as ionic stabilizer, Table 3 shows that the particle
sizes (dp) of dispersions decreased when the amount of DMPA increased. In contrast,
when the amount of the disulfide compound was increased the particle size increased
significantly and broad particle size distributions were obtained. It is noteworthy to mention
that, due to the high amount of disulfide compound added for the synthesis of PUU-D3-
0.53S, the prepolymer was no longer a homogeneous solution but a highly viscous and
optically turbid mass, which may explain the large particle sizes. The presence of large
particles additionally led to sedimentation of PUU-3D-0.44S and PUU-3D-0.53S (Series 6
and 7). The characteristics of the waterborne PUU dispersions are also reflected in the
films formed after casting the dispersions, as can be seen in Figure 3. PUU-3D-0.33S
yielded a rather transparent and homogeneous film, while PUU-3D-0.44S showed a more
turbid film and PUU-3D-0.53S formed an even more turbid and inhomogeneous film. This
puts a limit on the amount of disulfide compound that can be introduced into the system,
since unfavorable dispersions and film characteristics are obtained for too high levels of
self-healing agent.

Table 3. Dispersion and polymer characteristics of PUUs based on Sz2(PhNH:2)2.

DLS measurement GPC measurement (RI)
Run Sample

dp (nm) PDI M, (kDa) | Mw (kDa) b
1 PUU-3D-0.33S 125 0.07 18 34 1.9
2 PUU-4D-0.33S 71 0.06 16 33 2.0
3 PUU-5D-0.33S 55 0.07 15 27 1.8
4 PUU-6D-0.33S 47 0.10 14 26 1.9
5 PUU-7D-0.33S 42 0.10 12 21 1.7
6 PUU-3D-0.44S 260 0.80 11 23 20
7 PUU-3D-0.53S 520 0.83 8 16 20

PUU-3D-0.33S8 ) _ PUU-3D-0.44;S ) P_UU-3D-0.5§S

. L rom—

B

POLYMAT

A l
T S S W——— Yy “":v
5 L

POLYMAT POLYMAT

5N e TEERS Py pe—t

Figure 3. Films cast from dispersions with an increasing disulfide S2(PhNHz)2 content.

When looking at the molecular weights (My) shown in Table 3, it can be noted that the My
decreased with DMPA. This was due to the fact that when keeping the level of
IPDI/S2(PhNH2)2 constant, an increase of DMPA inevitably means a decrease of the
macrodiol PolyTHF, and therefore lower molecular weights at similar degree of
polymerization were obtained. Similarly, the values obtained for the molecular weights of
the PUUs with a variable amount of disulfide compound, show that the M, decreased
drastically with increasing disulfide content, although in this case the decrease was
significantly greater. Moreover, the molecular weight distributions of these PUUs showed
the presence of low molecular weight polymer in the case of PUU-3D-0.53S (Figure 4).
The lower molecular weight PUU chains were most probably a result of a less effective
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incorporation of the disulfide compound due to the solubility problems observed at high
concentrations of disulfide. Moreover, while PUU-3D-0.33S and PUU-3D-0.44S had
almost complete incorporation of the disulfide, from the molecular weight distribution
obtained by GPC using an UV absorption detector, it could be calculated that PUU-3D-
0.53S still had 2.5% of unreacted disulfide compound with respect to the total amount of
disulfide added. As a result the degree of conversion was lower and therefore a lower My,
of the polymer was observed.

——PUU-3D-0.33S
- —PUU-3D-0.44S
08 L —=PUU-3D-0.538
Z 06t
L]
3
2
T

04 + /
02 /

0
Figure 4. Molecular weight distribution obtained by GPC (RI) of the PUUs with variable
amount of Sz(PhNH2)2.

The dynamic mechanical properties of the PUUs were analyzed by DMA (Figures 5 and
6). It is noteworthy to mention that a peak can be observed for the curves of the loss
modulus at the lowest temperatures, around -140°C. Such a relaxation at low
temperatures in the glassy state of the PUUs is comparable to the ones which have
already been described in literature for bisphenol A polycarbonate and can therefore be
linked to secondary relaxation processes due to the presence of closely interconnected
aromatic rings, in this case linked through dynamic disulfide bonds.*64” The most obvious
relaxation, located around -70°C for all the samples, is linked to the glass transition
temperature of PolyTHF (T4 = -77°C). At high temperatures, a broad relaxation is observed
for PUU-5D-0.33S, PUU-6D-0.33S and PUU-7D-0.33S, which can reflect segmental
motions of the hard parts of the PUUs. This high temperature relaxation shifts to higher
temperatures with the amount of DMPA (Figure 5) or disulfide content (Figure 6), i.e. as
the amount of soft PolyTHF is reduced and the number of hard units increased. Since the
high temperatures relaxation is not observed for PUU-3D-0.33S and PUU-4D-0.33S, it can
be deduced that a minimum of hard units of PUU is necessary for this relaxation. This had
a relevant influence on the overall mechanical properties of the samples, because the
presence of organized hard units also provoked a considerable increase of the storage
modulus E’, in particular close to room temperature. Moreover, as can be seen in Figures
5 and 6, E’ decreases severely with temperature above the T4 of -70°C in the case of
PUU-3D-0.33S and PUU-4D-0.33S, which is due to the absence of organized hard units in
these samples.
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Figure 6. DMA results of PUUs based on a varying Sz(PhNH:)2 content.

Tensile test results obtained at room temperature were also affected by the presence of
hard units. Table 4 and Figure 7 show that increasing the amount of DMPA or disulfide in
the PUU backbone led to an enhancement of both the Young’'s modulus and ultimate
tensile strength (UTS). The unexpected lower tensile strength for the PUU-7D-0.33S
(Figure 7A) might be explained either by the lower M,, of the material compared to the
other PUUs or alternatively due to the higher Tq4 of the material (Figure 5) which could lead
to a restricted film formation. It is noteworthy to mention that the values obtained for the
tensile strength of these PUUs are significantly higher (UTS = 17 MPa at a strain rate of 25
mm.min-') than those obtained for self-healing elastomers based on bis(4-
aminophenyl)disulfide (UTS = 0.8 MPa at 500 mm.min"),?® and for waterborne organic-
inorganic hybrids with the same self-healing agent (UTS = 4.5 MPa at 20 mm.min™").3
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Even when comparing with values of the “tough” self-healing polyurethane elastomers
reported previously (UTS = 7.7 MPa at 500 mm.min" and 6.8 MPa at 100 mm.min-"),3435 jt
can be concluded that the PUUs presented here are significantly stronger materials,
especially considering the low strain rate at which the tensile tests were performed.
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Figure 7. Stress-strain (o-¢) curves of PUUs with varying DMPA (A) and disulfide (B) content.

Table 4. Tensile testing results of PUUs with varying DMPA and disulfide content.

Run Sample Young’s modulus (MPa) UTS (MPa) & (%)
1 PUU-3D-0.33S 27+03 0.9+0.1 850 + 10
2 PUU-4D-0.33S 50+ 0.6 24+05 970 + 110
3 PUU-5D-0.33S 26.2+1.8 6.3+0.3 610 + 20
4 PUU-6D-0.33S 85.8 +2.6 16.5+0.2 680 + 30
5 PUU-7D-0.33S 1415+ 4.2 11.3+0.3 470 + 20
6 PUU-3D-0.44S 33.0+ 11 11.3+04 680 + 25
7 PUU-3D-0.53S 128.0 + 2.8 16.7 £ 0.5 400 + 15

Although for coating applications damage resistance and therefore strength is required,
the polymer chains still need to show some mobility in order to repair the damage and
allow recovery of broken bonds and interactions. As a qualitative method to check the
overall mobility of the chains, the scratch closure of the PUUs was optically monitored. In
order to reach the terminal or flow zone of the viscoelastic response, and so induce chain
mobility, the films were heated up to a temperature of 80°C, well above the glass transition
temperature of all the samples. Figure 8 shows that increasing the amount of DMPA,
scratch closure was slower, because the material became stiffer as reflected by the higher
values of E’ (Figure 5) and Young modulus (Figure 7A). An increase in disulfide content,
that also provided polymers with higher rigidity, led to the same effect in scratch closure
(Figure 9). It is worth emphasizing that these results show that self-healing is the result of
the interplay between rheology and bond exchange and that for self-healing agents that
affect both characteristics, the use of higher quantities of the self-healing agent may have
a negative effect on the healing process.

11



Figure 9. Scratch closure at 80°C of PUUs based on a varying amount of Sz(PhNHz)2.

The scratch closure measurements demonstrated that a certain degree of chain mobility is
generated in these rather stiff materials. Contrary to the local or segmental motions, the
global mobility of the chains is only detected in the terminal viscoelastic zone, at which
parameters involving large scale motions can be measured. A representative parameter of
the mobility of the chains is the so-called terminal relaxation time (tq), that for a given
temperature is the inverse of the frequency (wq=1/ tq) at which the crossover between the
storage (G’) and the loss (G”) moduli occurs.**-! Figure 10 presents the master curves of
G’ and G” at a reference temperature of 80°C. In order to obtain these curves, the
viscoelastic behaviour of the polymers was studied by performing frequency sweep
measurements at temperatures ranging from 50 to 120°C and afterwards applying the
time-temperature superposition (TTS) principle. This principle is only valid for materials
that do not change their microstructure upon exposure to temperature, which is not always
the case for polymers based on dynamic bonds.?>?-%" A way to verify if the TTS principle is
applicable is using the van-Gurp-Palmen-plot (vGP-plot), in which the phase angle & of the
measured rheological data is depicted versus the corresponding absolute value of the
complex shear modulus |G*|. If the isothermal frequency curves merge into a common line,
the principle holds.f? For all polymers in Table 3 (varying amount of DMPA or disulfide), a
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good overlap of these different curves was obtained (Figures S5 and S6 in the
Supplementary Information), which shows that the TTS principle is applicable for these
materials, at least for temperatures above the high temperature relaxation (Figures 5 and
6) associated to the hard units of the PUUs.

The relaxation times (tq) of the different PUUs presented in Table 5 follow the same trend
as the scratch closure times with the harder materials presenting the longer relaxation
times. However, comparison with the results in Figures 8 and 9 shows that the times
required for scratch closure were much longer than the relaxation times. Likely the
different time scales are due to the fact that scratch closure requires the creep deformation
of the polymer over relatively large times, which is a complex viscoelastic process that
implies a spectrum of retardation times.52
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Figure 10. Master curves (T=80°C) for the PUUs based on Sz2(PhNH2): with varying DMPA
(A) and disulfide content (B) obtained by applying TTS using horizontal shift factors (ar).

Table 5. Characteristic values for G’-G’’ crossover in the master curves (T=80°C) of PUUs
based on Sz(PhNH:2): with varying amount of DMPA and disulfide.

Run Sample wd (rad.s™) Tq
1 PUU-3D-0.33S 0.2315 30s
2 PUU-4D-0.33S 0.0062 17 min
3 PUU-5D-0.33S 0.0089 12 min
4 PUU-6D-0.33S 0.0013 1.5h
5 PUU-7D-0.33S 0.0005 3.5h
6 PUU-3D-0.44S 0.0082 13 min
7 PUU-3D-0.53S 0.00001 7d

It is clear from the preceding that the use of bis(4-aminophenyl)disulfide presents a
number of issues. First, due to the relatively low solubility in the polymerization reaction,
the amount of bis(4-aminophenyl)disulfide that can be incorporated is limited, influencing
the My of the PUU that can be obtained. Furthermore, a significant increase in bis(4-
aminophenyl)disulfide renders the PUU dispersion instable. In addition, increasing the
amount of self-healing agent in the PUU backbone makes the material stiffer limiting its
mobility which hampers self-healing. Therefore, there is a need for alternative self-healing
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agents that still contain reactive aromatic disulfides, but that additionally provide enough
flexibility so the self-healing ability is not hindered by the rigidity of the material.

Waterborne PU(U) dispersions based on diol-terminated disulfide compounds

In the search for other aromatic disulfide compounds, the commercially available bis(4-
hydroxyphenyl)disulfide was considered as an interesting alternative. Due to the lower
reactivity of alcohols towards isocyanates, the reaction was performed at 80 °C using MEK
as solvent. However, even at the high reaction temperature and with the prolonged
reaction times (60 h), more than 15% of the bis(4-hydroxyphenyl)disulfide was not
incorporated into the PU-backbone, as shown by the molecular weight distribution
obtained by GPC using an UV absorption detector in Figure S7 (Supplementary
Information). This incomplete incorporation was due to the fact that the reactivity of
phenolic OH-groups towards isocyanates is significantly lower than that of water.63.64

Since the commercially available diamine- and diol-terminated disulfides showed the
aforementioned problems, bis[4-(3'-hydroxypropoxy)phenyl]disulfide (S2(Ph(CH2)sOH),
Figure 1) was synthesized. The reactivity of the primary alcohols was expected to increase
sufficiently so that full incorporation of the self-healing agent would be possible in
acceptable reaction times. Moreover, by introducing an alkyl chain consisting of 3 carbon
atoms onto the aromatic rings, the flexibility of alkyl chain can counteract the rigid aromatic
rings of the disulfide compound and therefore a more mobile polymer was anticipated.
Additionally, the alkyl chain would also increase the solubility of the polymer in the reaction
mixture, providing the opportunity to increase the disulfide content into the PU-backbone
without encountering solubility issues. Advantageously, bis[4-(3'-hydroxypropoxy)phenyl]-
disulfide was added to the reactor together with the other diols (DMPA and PolyTHF)
reacting together in one step to form a polyurethane (PU) (Figure 11) in MEK at 80°C.
After that, the waterborne PU dispersion could be obtained through neutralization with TEA
and addition of deionized water.

(6]
NCO
o HO OH OCN /@/OM\/OH
HO Ho o, . + Sg
n HO HO/\/\O/[ j

PolyTHF DMPA IPDI S2(Ph(CH;)30H),

i. DBTL, MEK, 80°C, 1-2h
ii. RT, TEA, deionized H,0
iii. MEK removal (243 mbar)

Waterborne PU dispersion
Figure 11. Scheme of synthesis procedure of waterborne PU dispersion.

For the series of PUs synthesized by introducing S2(Ph(CH2)3:0H)., the amount of IPDI and
the DMPA content (6 wt%) were kept constant. The higher DMPA content was used so
that the polymer had acceptable rigidity for coating applications. The amount of
S2(Ph(CH2)30H), varied from 0.33 eq. of IPDI (14 wt%) for PU-6D-0.33S and 0.44 eq. of
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IPDI (20 wt%) for PU-6D-0.44S to a maximum of 0.53 eq. of IPDI (26 wt%) for PU-6D-
0.53S (Table 2). For the same number of molar equivalents, the weight fraction of
S2(Ph(CH2)30H), was higher than in the previous cases due to the higher molecular
weight. Unlike the aromatic diamine disulfide, during the synthesis of the series of PUs
with increasing amounts of Sy(Ph(CH)3OH),, no solubility issues of the polymer in the
solvent were observed. Additionally, a mixed disulfide polymer, PUU-6D-0.53S-MIXED,
was synthesized by introducing both S>(Ph(CH2)sOH), and S2(PhNH.), as self-healing
agents into the PUU backbone. The formulation of the mixed disulfide polymer was chosen
with the intention that the amounts of IPDI, PolyTHF and DMPA were similar to the
amounts used in the synthesis of PU-6D-0.53S, described in detail in the experimental
section of this work, so that direct comparison of PU-6D-0.53S with PUU-6D-0.53S-MIXED
was possible.

For all PUs and the mixed disulfide polymer (PUU-6D-0.53S-MIXED) nearly complete
incorporation of disulfide compound was obtained even for the highest disulfide content. In
addition, stable dispersions of small particle size and relatively narrow PDI were obtained
(Table 6). The films cast from the PU dispersions were transparent and almost colourless
(Figure 12) even though the amount of disulfide was substantially higher than that used for
the PUUs that yielded yellowish films (Figure 3). Homogeneous and transparent films were
also obtained for PUU-6D-0.53S-MIXED, although the presence of Sy(PhNHz), made the
film colour slightly more yellow (Figure 12).

Table 6. Dispersion and polymer characteristics of PUs and PUUs based on Sz2(Ph(CHz)3OH)z.

DLS measurement GPC measurement (RI)
Run Sample
dp (nm) PDI M. (kDa) | Mw (kDa) | D
4 PUU-6D-0.33S 47 0.10 14 26 1.9
8 PU-6D-0.33S 35 0.18 11 22 1.9
9 PU-6D-0.44S 32 0.15 13 23 1.8
10 PU-6D-0.53S 36 0.14 11 27 24
1 PUU-6D-0.53S-MIXED 50 0.11 14 26 1.8
PU-6D-0 33S PU-6D-0.44S PU-6D-0.53S
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Figure 12. Films from dispersions PUs based on Sz(Ph(CH2)sOH)2and PUU-6D-0.53S-MIXED.
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The molecular weights obtained for the PUs were similar to that of PUU-6D-0.33S (Table
6). Moreover, on the contrary to what was observed for the PUUs, the M,, of the polymer
did not decrease with the amount of disulfide. The dynamic mechanical properties of the
PU series were analyzed by DMA (Figure 13). As for the PUUs reported above, the
secondary relaxation of closely interconnected aromatic rings led to a peak in E” modulus
at around -140°C. Similar to the PUUs reported above, a low temperature T4 was observed
at -70°C in all samples and a broad relaxation, which probably reflects segmental motions
of the hard units of the system, was observed at temperatures close to room temperature.
As could be expected, with increasing amounts of the aromatic disulfide the glass
transition temperature was shifted to higher values. Therefore, the general interpretation of
the results of Figure 13 is the same as those of Figure 5. However, the values obtained for
the PUs were lower than those of PUU-6D-0.33S, due to the introduction of a more flexible
self-healing agent into the polymer backbone and the absence of urea groups that reduced
hydrogen bonding, which in turn decreased the rigidity of the PUs compared to the PUUs.
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Figure 13. DMA results of PU(U)s based on a varying Sz2(Ph(CHz)3:OH): content.

The results obtained from the tensile tests are presented in Figure 14 and Table 7. It can
be seen that the Young’s modulus and the ultimate tensile strength (UTS) increased, and
the elongation at break (&) decreased with the Sy(Ph(CH2)sOH), content. The PUs show a
more ductile behaviour after reaching a yield point in which the stress does not increase
above the yield strength anymore. When replacing 21 mol% of S;(Ph(CH2)sOH). by
S2(PhNHyz), (PUU-6D-0.53S-MIXED), a significant increase of the Young’s modulus and
ultimate tensile strength was obtained compared to PU-6D-0.53S, although the measured
strain was similar for both materials. This highlights the effect of the flexibility offered by
the alkyl chain on the aromatic rings of the PUs and that of the urea groups. These effects
are also evident when all these polymers are compared with PUU-6D-0.33S which
displays a strong and non ductile behaviour without a significant yield point.
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Table 7. Tensile testing results of PU(U)s based on variable amount of Sz(Ph(CH2);OH)..

Run Sample Young’s modulus (MPa) | UTS (MPa) &t (%)
4 PUU-6D-0.33S 85.8 +2.6 16.5+ 0.2 680 + 30
8 PU-6D-0.33S 28404 0.3+0.1 520 + 35

PU-6D-0.44S 53.0+ 3.8 23101 385+ 10
10 PU-6D-0.53S 321.0+7.8 10.2+ 0.2 210 + 10
PUU-6D-0.53S-MIXED 5774+ 114 23.1+£0.5 260+ 10
25 ——PUU-6D-0.33S T
- — PU-6D-0.33S
== PU-6D-0.44S

20 R
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Figure 14. Stress-strain (o-g) curves of PU(U)s based on varying S2(Ph(CH2);OH)2 content.

Figure 15 presents the master curves of G’ and G” at a reference temperature of 80 °C of
the polymers based on a variable amount of Sz(Ph(CH2)3OH). in comparison with PUU-
6D-0.33S. These curves were obtained from frequency sweep measurements carried out
at different temperatures using the TTS principle. In this case, however, the van-Gurp-
Palmen-plots did not merge to a single line (Figure S8) indicating that the materials
showed some local change with temperature. This behavior was not unexpected, since the
dynamic disulfide bonds can be activated at higher temperatures and therefore would give
rise to a change in the microstructure. The reason why this effect appears for these
materials, but could not be observed for the PUUs based on Sz(PhNH)., could possibly be
explained by the fact that Sy(Ph(CH.)3sOH). generated a softer PU backbone where the
dynamic disulfide exchange can act more freely than in the more rigid PUU backbone
where additionally H-bonds between the urea groups physically cross-link the material and
further lock the ability of the disulfide bonds to exchange. Although the TTS principle does
not hold as strongly as for the PUUs based on Sz(PhNH>)z, using both horizontal (art) and
vertical shift factors (br) acceptable superposition could be achieved to obtain the master

curves in Figure 15. The relaxation times (tq4) calculated from the crossover points in
Figure 15 are presented in Table 8. It can be seen that the relaxation time increases with
the Sy(Ph(CH.)3:0OH), content because the polymer becomes stiffer. Similarly, the
incorporation of Sa(PhNH>), in the PUU-6D-0.53S-MIXED resulted in a further increase of
the relaxation time. The broader crossover region observed in PUU-6D-0.53S-MIXED was
attributed to the fact that a less homogeneous polymer was obtained as two different
aromatic disulfide compounds were introduced into the PUU-backbone which broadens
the time frame at which the different segments of the polymer relaxed. Nevertheless, for
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the considerably stiffer PUU-6D-0.53S-MIXED, the frequency at which G’ and G” start
crossing over is higher than for PUU-6D-0.33S, indicating a higher molecular mobility for
some part of the polymer. However, for PUU-6D-0.53S-MIXED to start flowing completely,

almost the same relaxation time (tq) has to be considered as PUU-6D-0.33S (Table 8).
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Figure 15. Master curves (T=80°C) of PU(U)s based on varying S2(Ph(CH2)3:0H)2 content.

Table 8. Characteristic values for G’-G”’ crossover in the master curves (T=80°C) of PU(U)s
based on varying Sz(Ph(CH2);0H)2 content.

Run Sample wd (rad.s™) Ty
4 PUU-6D-0.33S 0.0013 1.5h
8 PU-6D-0.33S 784 0.008 s
9 PU-6D-0.44S 240 0.026 s
10 PU-6D-0.53S 12 0.524 s
11 PUU-6D-0.53S-MIXED 0.1 -0.001 1min-2h

Scratch closure of the PUs and the mixed disulfide PUU was optically monitored at 80°C
(Figure 16). It can be seen that the time needed for scratch closure (tscrach) increases with
the relaxation time, but as in the case of the PUUs of Table 1, in all cases tscratch >> Td,
because as explained above, creep deformation of the polymer is needed for scratch
closure. The scratch closure times correlate quite well with the storage modulus (E’) at the
temperature at which the test was carried out (80°C) as can be observed in Figure 17. In
order to construct this figure, the values of the storage modulus at 80°C were obtained by
extrapolating the data in Figures 5, 6 and 13; and the values of tscratcn Were roughly
estimated from Figures 8, 9 and 16. Although the use of the approximate interrelations
among viscoelastic functions, which allows estimating creep from dynamic viscoelastic
results, is out of the scope of this work, it is known that E’ is inversely proportional to the
creep compliance function D(t).52 Therefore, increasing the storage modulus E’ should give
rise to a lower compliance or deformation capacity, which leads to higher scratch closure
times.
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From a practical point of view, short times for scratch closure at the healing temperature
and good mechanical properties at the service temperature (for most cases room
temperature) are required. Therefore, Figure 18 compares the Young’s modulus (E)
determined in the tensile tests carried out at room temperature with tscratcnh at 80°C for all of
the synthesized polymers. It can be seen that for the same tscraten, the PUs present much
better mechanical properties than the PUUs, with the additional advantage of having a
higher concentration of disulfide groups. The reason for the high Young’'s modulus of the
PUs at room temperature is that the absence of the strong hydrogen bonds provided by
the urea groups is compensated by the reduction of the soft PolyTHF content. On the
other hand, at the healing temperature, the alkyl moiety of the disulfide unit of the PUs
allows a certain mobility of the hard segments lowering the storage modulus below that of
the PUUs. These results highlight the importance of the polymer microstructure and the
opportunities of playing not only with the dynamic moieties, but also with the polymer
architecture to develop attractive self-healing materials.

PU-6D-0.33S PU-6D-0.44S PU-6D-0.53S PUU-6D-0.53S-MIXED

17d

Figure 16. Scratch closure at 80°C of PU(U)s based on varying amount of Sz2(Ph(CH2);OH)2.
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Figure 17. Relationship between the storage modulus E’ (T=80°C) (A) or the Young’s
modulus E (RT) (B) and the time for scratch closure tscratch (T=80°C) for all PU(U)s.

19



The combination of good mechanical properties at the service temperature with
considerable mobility at easily reachable healing temperatures marks a significant
improvement on previous self-healing polyurethanes and potentially allows the production
of strong yet healable coatings systems. Interestingly, to best of our knowledge, the
strongest self-healing PU elastomers based on aromatic disulfides described in literature
so far were developed by Kim et al.,®® presenting stress-strain curves with a maximum
tensile strength of 6.8 MPa at a strain rate of 100mm.min-'. With this in mind, the attractive
and unique mechanical properties of the developed PU(U)s are obvious as PU-6D-0.53
has a yield strength of 10 MPa and PUU-6D-0.53S-MIXED has an ultimate tensile strength
of 23 MPa both at a strain rate of 25 mm.min-', whilst still demonstrating complete scratch
closure at slightly elevated temperatures. It seems clear from the presented results that a
material that has the mechanical strength required for high-end applications cannot be
expected to undergo self-healing at the room temperature. If this were the case, the short
relaxation time of the material would inevitably lead to the material undergoing creep and
therefore puts a significant restriction on its practical utility. However, through careful
tuning of rheological behaviour of the polymer through designed synthesis, it appears
possible for a material to show a marked transition from a strong material at room
temperature, to a softer, healable material at elevated temperatures. This requires an
interplay of chemistry and rheology which should be the focus of future research.

Conclusions

In summary, a series of waterborne PU(U) dispersions were synthesized with varying
amount of hard monomers, namely DMPA and aromatic disulfide compounds,
incorporated into the polymer backbone. By increasing the DMPA content, it was possible
to obtain higher mechanical properties leading to ultimate tensile strengths up to 17 MPa,
however, this limited the mobility of the polymer which could be observed in scratch
closure and which was confirmed by longer relaxation times in frequency sweep
measurements. Furthermore, this study demonstrated that, contrary to the intuition of a
chemist, an increasing amount of self-healing agent does not necessarily offer a higher
mobility of the material which is crucial to obtain self-healing. Since the incorporation of
both bis(4-aminophenyl)- and bis(4-hydroxyphenyl)disulfide into the PU(U) backbone was
restricted due to limitations towards solubility, reactivity and mobility, the more flexible
bis[4-(3'-hydroxypropoxy)phenyl]disulfide was introduced as a modified aromatic disulfide
in order to obtain waterborne PU materials. In this way, it was possible to increase the
amount self-healing agent and thus that of the disulfide bonds present in the polymer
backbone, without compromising the mechanical properties of the materials, which
reached ultimate tensile strengths in the range of 10 to 23 MPa, at the service temperature
and providing good mobility at the healing temperature. This proved the fact that next to
the presence of dynamic bonds or intermolecular interactions, the polymer architecture
and in this case the structure of the introduced disulfide compound plays a crucial role in
the mobility and consequently self-healing ability of the material. Further optimization of
the developed waterborne PU(U) materials, incorporating the modified aromatic disulfide
compound, may therefore lead to more efficient self-healing polymers which can serve in
applications requiring higher mechanical strength and will be the focus of future studies.
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