Express Polymer Letters Vol.18, No.7 (2024) 689704 express
Available online at www.expresspolymlett.com

https://doi.org/10.3144/expresspolymlett.2024.51 p lymer letters

Research article

Surface properties and hydrogen bonding of accelerator-free
polyurethane dispersion/carboxylated nitrile butadiene
rubber using crosslinker hybridisation

vy Gan'*®, Wen Shyang Chow'"®, Siong Hui Khoo*®, Mohamad Danial Shafig'

!School of Materials and Mineral Resources Engineering, Engineering Campus, Universiti Sains Malaysia, Nibong Tebal
14300, Penang, Malaysia.
’Le Inoova Sdn Bhd, Klang, Selangor, Malaysia

Received 7 March 2024, accepted in revised form 20 April 2024

Abstract. This study focuses on producing polyurethane dispersion (PUD)/carboxylated nitrile butadiene rubber (XNBR)
blends with different types of crosslinkers without both accelerators and sulphur. Two types of crosslinkers: epoxide crosslink-
er and organo-modified siloxane, are introduced in the PUD/XNBR (blending ratio of 80:20). The zeta potential and particle
size of the PUD/XNBR blends were determined using a dynamic light-scattering nanoparticle analyser. The chemical in-
teraction and surface roughness of the PUD/XNBR blends were evaluated using Fourier transform infrared spectroscopy
(FTIR) and atomic force microscopy (AFM). The zeta potential and particle size of the PUD were influenced by XNBR
blending and the types of crosslinkers. FTIR observations indicate that the XNBR and the crosslinkers facilitated intermol-
ecular hydrogen bonding and different extents of ordered hydrogen bonding. A higher degree of ordered hydrogen bonding
can be associated with a higher surface roughness of the PUD/XNBR blends. Nevertheless, the hybrid crosslinkers can be
used to achieve reasonable surface roughness for the easier donning of latex gloves. The research findings can be applied to
design glove products with desirable surface roughness and intermolecular bonding.
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1. Introduction Despite the environmental benefits of PUD, some of
Polyurethane dispersions (PUD) have an extensive its limitations are worth mentioning. For example,
range of applications across a broad spectrum of in-  the linear molecular structure of PUD often causes
dustries, which include marine, automobile, and in-  lower heat resistance and barrier properties compared
dustry maintenance [1-5]. The urgent need for sus- to conventional solvent-based PUD [17-19]. PUD
tainable and environmentally friendly development consisting of ester groups could make it vulnerable
in the research field [6] has further reiterated the sig-  to hydrolysis and esterase degradation, further dimin-
nificance of integrating PUD [7, 8]. The low-level ishing its properties [11, 20]. Additionally, the poor
emissions of volatile organic compounds [9] and  water resistance of PUD leads to a protracted drying
their tailorable properties have contributed substan-  process that necessitates an extended period [21, 22].
tially to a wide array of applications [10, 11]. PUD  The blending of polyurethane dispersion (PUD) has
applications can be found in adhesives, sealants, low-  primarily been applied in coating applications, with
gloss coatings, decorative coatings, and protective  limited exploration in the context of dipped goods.
coatings for wood, fibres, textiles, and metal [12-16].  Blending PUD with other polymers has emerged as
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a potential solution to address the limitations of PUD.
Carboxylated nitrile butadiene rubber (XNBR) stands
out as a highly favourable choice for blending with
PUD due to its remarkable attributes, including su-
perior abrasion resistance as well as solvent- and oil
resistance [23, 24]. Additionally, recent research has
highlighted the potential of carboxylated groups to
facilitate ionic bonding, which can be combined with
covalent sulphur bonding to reduce the required sul-
phur dosage [25-27]. Various approaches have been
explored to blend polyurethane (PU) with nitrile bu-
tadiene rubber (NBR) to combine their advantageous
properties. Diislinceli et al. [28], Tahir ef al. [23], and
Yan et al. [24] successfully produced a PU blend with
enhanced performance by using crosslinkers, which
still required conventional sulphur vulcanisation. In
pursuing sulphur-free blends, researchers realised the
hydrogen interaction between PU and XNBR and
seized this opportunity to explore alternatives to sul-
phur crosslinking in the vulcanisation system. How-
ever, they still encountered challenges during the
blending process of these two polymers because they
had poor compatibility and inferior mechanical prop-
erties compared to pure PU [29, 30]. This highlighted
that continual exploration of novel crosslinkers and
evaluation of their feasibility with various PUD/
XNBR blending systems are crucial areas for devel-
opment within this field.

Various crosslinkers have been employed in individ-
ual XNBR and PUD systems, demonstrating the po-
tential for improvement in these systems. In the case
of XNBR, the traditional sulphur-based crosslinker
has been widely used for vulcanisation. Another al-
ternative approach to crosslinking XNBR involves
using epoxidised soybean oil as a crosslinker [31].
However, it is worth noting that in this approach,
fillers such as carbon black are still employed in the
system to achieve satisfactory mechanical properties.
Resol resins, in combination with silanes, have also
been explored as crosslinkers for XNBR [32]. Tri-
methylolpropane tris(3-mercaptopropionate), when
exposed to UV irradiation, has demonstrated its fea-
sibility as a crosslinker for XNBR [33]. However, it
is essential to note that crosslinkers in XNBR may
necessitate UV irradiation or combination with other
crosslinkers as an essential component of the cross-
linking process. Additionally, magnesium aluminium
layered double hydroxide and polyhedral oligomeric
silsesquioxane have shown promising results, achiev-
ing maximum tensile strengths of 23.8 MPa [34, 35]

and 7.17 MPa [36] respectively, in crosslinked
XNBR compounds.

In the present study, epoxide crosslinkers and
organo-modified siloxane are utilised as crosslinkers,
as these two crosslinkers do not have any nitrosatable
properties and do not contain any functional groups
that will provoke type IV allergies. By utilising hy-
drogen bonding as the main interaction between
PUD and XNBR, together with the crosslinkers, it
becomes possible to address the shortcomings of
PUD while eliminating the need for sulphur and ac-
celerators in the vulcanisation process of XNBR.
Therefore, the objective of the present study is to de-
velop PUD/XNBR blends (PUD: XNBR blending
ratio of 80:20) to use crosslinkers as alternatives to
sulphur and accelerators, particularly in dipped prod-
uct applications without compromising the chemical
and mechanical properties of the polymer. This
blending approach creates a win-win situation by en-
hancing the overall properties and sustainability of
the resulting polymer material. Additionally, the nov-
elty of this study is that it focuses on unravelling the
relationship between the degree of order hydrogen
bonding and surface roughness. This study explores
the extent of hydrogen bonding induced by different
crosslinkers. The degree of ordered hydrogen bond-
ing plays a pivotal role in shaping the surface rough-
ness of the produced polymer blends, eventually af-
fecting the surface texture properties. Hence, the re-
lationship between the degree of ordered hydrogen
bonding and the surface quality of the PUD/XNBR
blends is unveiled at the end of this study.

2. Material and methods

2.1. Materials

Polyester polyurethane dispersion (Baymedix
CD105) was supplied from Covestro AG (Germany)
at a total solid content of 50%. KNL 830 grade of
carboxylated nitrile butadiene rubber (XNBR) was
obtained from Korea Kumho Petrochemical Co.,
Ltd. (Korea) with a total solid content (TSC) range
of 44-46%. Calcium nitrate at a concentration of 54—
56% and solid flakes of potassium hydroxide (KOH)
were purchased from May Chern Chemicals Sdn
Bhd. (Malaysia). Zinc oxide (ZnO) at a TSC of 50%
was acquired from Farben Technique (M) Sdn. Bhd.
(Malaysia). The epoxide crosslinker with grade Ac-
tival X351 and the organo-modified siloxane cross-
linker with grade Actival K331 were supplied by In-
oova Material Science Sdn. Bhd. (Malaysia).
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2.2. Sample preparation

A coagulant compound containing (12%) calcium
nitrate was prepared and allowed to mix for 24 h be-
fore the dipping process. A total of five compounds
were prepared, as outlined in (Table 1). The com-
pounded PUD and different PUDgo/XNBR;( blend
compositions were stirred using a mechanical stirrer
(IKA RW 20, Germany) for 24 h. The formers were
cleaned and dried in an oven (Memmert UF110,
Germany) before being subjected to the dipping
process. The formers were maintained at a tempera-
ture of 70 °C and immersed in a coagulant bath with
the temperature control set at 50 °C by using a hot
plate magnetic stirrer (Vevor 85-2, China). After-
wards, the coagulant-coated formers were dried in
an oven for 3 min before being dipped into the de-
sired compounded formulation. The former temper-
ature was maintained at 60 °C before the dipping
process. Subsequently, the latex-coated formers were
subjected to gelation at 100 °C for 1 min, followed
by a pre-leaching process at 50 °C for 1 min.

The resulting film was cured at temperatures of 60—
65 °C (time = 10 min), followed by 6570 °C (time =
10 min). Afterwards, the film underwent a post-
leaching at 50°C before being dried in an oven
(Memmert UF110, Germany) at 100 °C for 5 min.
Finally, the dried film was allowed to cool to room
temperature before undergoing the stripping process.

2.3. Sample characterisation

2.3.1. Zeta potential

The particle size and zeta potential analysis for the
compounded formulations was conducted using a
dynamic light scattering (DLS) nanoparticle analyser
(SZ-100V2, Horiba, Japan) at a temperature of
25°C. Before the measurements, the samples were
diluted by a factor of 100, and the obtained data rep-
resents the average reading from three separate
measurements.

2.3.2. Fourier transform infrared spectroscopy
(FTIR)

The FTIR spectra of the compounded formulations
were analysed using attenuated total reflectance
Fourier transform infrared spectroscopy (Nicolet
iS5, Thermo Fisher, USA). The prepared blends
were scanned 16 times in the wavelength range of
4000 to 500 cm™!, with a resolution of 4 cm™!. The
degree of hydrogen bonding for each of the samples
is acquired through Equation (1) [37]:

Degree of hydrogen bonding = 0

_ Ahb(1643— 1661) + Ahb(1685— 1689) + Ahb(1708— 1711)
Ahb + Anhb(1728— 1731)

where Ay, is the area of hydrogen bonded fraction,
Aunp 18 the area of non-hydrogen bonded fraction, the
corresponding area can be obtained by performing
curve fitting based on a Gaussian distribution. By
having the same procedure, the degree of ordered
hydrogen bonding can be determined through Equa-
tion (2) [37]:

Degree of ordered hydrogen bonding = @

_ Ahb(1643 —1661) + Ahb(1685 —1689)
App + Anhb(1728 - 1731)

2.3.3. Atomic force microscopy (AFM)

The topology and image of the samples were exam-
ined using an AFM (NX-10, Park System, Korea)
under ambient conditions. The samples were pre-
pared using a non-contact technique with dimensions
of 2x2 cm with a scan range of 20%20 um. The ob-
tained image was then analysed using XEI (Park
Systems Corporation) software.

3. Results and discussion

3.1. Particle size and zeta potential

The stability and particle size of the samples have
been examined and tabulated in Table 2. The zeta

Table 1. Materials compositions and designation of the PUDgy/XNBRy blends with and without crosslinkers.

Ingredients PUDg/XNBR; blends
[phr] PUD PUDsy/XNBRyy | PUDgy/XNBRy/E; | PUDgy/XNBR,0/S; | PUDgy/XNBRy/EosSo.s
PUD 100 80 80 80 80
XNBR 0 20 20 20 20
KOH 1.8 1.8 1.8 1.8 1.8
ZnO 1.0 1.0 1.0 1.0 1.0
Actival X351 0 0 1.0 0 0.5
Actival K331 0 0 0 1.0 0.5

Notes: E;: Actival X351; S;: Actival K331
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Table 2. Zeta potential and particle size for pristine PUD,
PUDgo/XNBRZO blend, and PUDgo/XNBRz() blend
with different crosslinkers.

Materials designation Zetallp;)\t]e;ntial Par:ilcrl;:]size

PUD g0 —63.5 (SD:0.6) 209.9 (SD: 0.5)
PUDgy/XNBRy —67.0 (SD:0.1) 174.7 (SD: 0.1)
PUDgy/XNBRy(/E; —72.2 (SD:0.4) 171.2 (SD: 1.3)
PUDgy/XNBRy(/S; —65.2 (SD:0.7) 189.9 (SD: 0.2)
PUDgy/XNBRy¢/Eg5S9s| —70.2 (SD:1.1) 193.8 (SD: 0.6)

potential for all samples showed negative charges,
suggesting that the surfaces of the formulations are
negatively charged or can be related to the anionic
behaviour of the PUD [38]. Moreover, the zeta po-
tential of the pristine PUD showed that it is less neg-
atively charged among all the samples, which may
be attributed to the blending of XNBR into PUD for
the rest of the samples. The carboxylic group origi-
nating from the XNBR will be the main contributor
to the increment of zeta potential towards a more neg-
ative value as the presence of the COO™ had further
increased the thickness of the electrical double layer
of the PUD particle, encouraging stability by increas-
ing repulsion between the PUD particles [39, 40].

By comparing the impact of the crosslinker on the
zeta potential, the epoxide crosslinker in sample
PUDgy/XNBR»(¢/E; will have a higher zeta potential
compared to the organo-modified siloxane crosslink-
er in sample PUDgo/XNBR;(/S;. This may be attrib-
uted to the chain structure of the crosslinker. Given
that the structure of the organo-modified siloxane
crosslinker is a copolymer that consists of ethylene
oxide (EO) and propylene oxide (PO), the repeating
unit of the PO may be higher than EO, and this im-
parts hydrophobicity to the sample PUDgo/XNBR/
S;. This phenomenon is similar to the study conduct-
ed by Sis and Birinci [41], in which they performed
zeta potential studies on different types of surfactants
with varying ratios of EO and PO. They also discov-
ered that surfactants with higher concentrations of
propylene oxide would reduce the zeta potential
owing to their hydrophobicity. The hydrophobic be-
haviour of the organo-modified siloxane crosslinker
caused lesser polar charges to appear on the particle's
surface and eventually lowered the magnitude of the
zeta potential [42]. As a result, lesser surface charges
offer higher electrostatic repulsion and reduce the
stability of the particles. Therefore, the sample of
PUDgy/XNBR,¢/E 5S¢ 5 consists of both crosslink-
ers of epoxide and organo-modified siloxane and
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resembles the surface charges imparted by each cross-
linker, resulting in a zeta potential value that lies be-
tween the zeta potential values of samples PUDgg/
XNBRzo/El and PUDgo/XNBRzo/S 1.

The formulation's particle size depends on the con-
centration of the ions on the surface of the particle.
Particles with a higher ionic concentration tend to
have a smaller size, as the respective particle will
need to increase its surface area to accommodate ad-
ditional ionic species [20]. This also explains why
the blended or crosslinked formulations are smaller
than the pristine PUD, as more polymers and addi-
tives are added to the compound. PUDgy/XNBRyg
contains XNBR molecules with a carboxylate group
(COO") that increases the ionic concentration of the
particles [43]. The PUDgo/XNBR,¢/S; has a higher
particle size due to its hydrophobicity among the
three crosslinked formulations. Epoxide crosslinker,
which is more hydrophilic than organo-modified
siloxane, contains more polar groups that can confer
more ionic charges, increasing the surface area of the
particles. The sample PUDgo/XNBR¢/E¢ 5S¢.5 €x-
hibits the largest particle sizes among all the sam-
ples, possibly attributed to the interaction of the two
types of crosslinkers, which might have countered
the charges and consequently resulted in an increase
in particle size.

3.2. FTIR analysis

Figure 1 shows the FTIR spectra of pristine PUD,
PUDgo/XNBRzo blend, and PUDgo/XNBRzo blends
with different types of crosslinkers. The spectra
3348-3392 cm™! had been shown in all samples, and
these peaks were responsible for the assignment of
N-H stretching in the PUD. Moreover, the pristine
PUD showed the stretching band of N—H stretching
at 3348 cm™!, while PUDgy/XNBR,, showed some
N-H stretching shifting to 3365 cm™ and the
crosslinked PUD blends showed further shifting in
the range 3382-3392 cm™!. This indicated that the
incorporation of XNBR and crosslinkers caused
N—H stretching disruption from the pristine PU and
resulted in a shift of the wavenumber for N-H
stretching. The shifting of the N—H stretching in the
sample PUDgo/XNBR;¢/E| may be contributed by
the epoxide crosslinker's interaction with the PUDggy/
XNBRy. This finding was similar to Nuraini et al.
[44], whereby they modified PU/silica with an epox-
ide group and detected the spectra of the N-H group
of PU in the modified PU composite, which appeared
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at around 3397 cm™!. These spectra could be attrib-
uted to the hydroxyl group of the epoxide-modified
PU and had overlapped with the spectra of N-H of
PU, which led to the shifting of the peak to a higher
wavenumber. Furthermore, there was a similar con-
tribution from the crosslinker in PUDgy/XNBR,(/ S;
and this observation was similar to the work done by
Phung et al. [45] and Apekis ef al. [46]. Phung et al.

[45] had crosslinked PUD with a copolymer of eth-
ylene oxide-propylene oxide while Apekis et al. [46]
used different ratios of soft segment and hard seg-
ment prepolymers to crosslink PU polymer; both no-
ticed the shifting of the N—H stretching band. Ac-

cording to Apekis et al. [46], the shifting of N-H
stretching to a higher wavenumber was due to the
reduction of the N-H stretching of the urethane bond
owing to the interruption of other chemical cross-
linking in the PU.

Besides that, the characteristic peak of PUD was
found in all the samples. C—H stretching of PUD had
appeared in all samples within 2921-2935 cm™! [47].
The presence of the peak within the range 2850—
2863 cm™! in all samples is attributed to the stretch-
ing of C—H methyl from PUD [48]. In addition, none
of the samples showed the presence of the peak at
2270 cm™' denoting that pristine PUD, PUDgy/
XNBRj blends, and crosslinked PUD/XNBR blends
are free from any isocyanate monomers [42, 49]. All
of the samples showed spectra of 1728-1729 cm™,
indicating that polyester groups existed in all sam-
ples despite crosslinking systems being incorporated
into the PUD/XNBR blending compounds [47, 50].
Furthermore, the typical peak of PUD had also been
evinced in the range of 1632-1650, 1562-1573,
1530-1540 and 1076 cm™'. These peaks correspond
to the C=C of the urethane group, C—N—H stretching,
C—N stretching of that connected with the N—H group,
and C-O of the urethane group, respectively [42, 51,
52]. Apart from that, the presence of XNBR in all of
the blended compounds produced is evidenced by
the spectra at 2236-2237 and 969 cm™!. These two
peaks are responsible for the stretching vibration of
C=N from the acrylonitrile and the stretching of the
trans-bond of C=C for the backbone of XNBR, re-
spectively [53, 54].

With the exclusion of the samples of pristine PUD
and PUDgo/XNBRy, there are only crosslinked
PUDg()/XNBRz() blends, PUDg()/ XNBRQ()/ El, PUDgo/
XNBRZ()/ Sl and PUDg()/XN BRQ()/ E0_550,5, which have
the transmittance peak within 1453—-1454 and
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1434-1435 cm™!. These three samples have a com-
mon functional group in their crosslinkers, whereby
all main backbones of the crosslinkers are made up
of siloxane functional groups. Therefore, the pres-
ence of these peaks might correspond to the bending
vibration of Si(CH;). This finding is similar to
Kapgate et al. [55] and Zhang et al. [56], who pro-
duced silane-treated nitrile rubber and epoxide com-
posites that consist of silane treated silica and silane
functionalized silicone nitride, respectively. Both of
their studies observed spectra at 1450 and 1454 cm™!
in their FTIR characterisation. Besides, the peak
1434-1435 cm™! could be attributed to the vibration
of the CHj stretching that had been detected in silox-
ane-based polyurethane in the studies conducted by
Zia et al. [57] Thus, the existence of these two peaks
well denotes the presence of siloxane crosslinkers in
the crosslinked blending compounds.

On top of that, the characteristic peaks of the silox-
ane groups Si—O—C, C-Si and Si—CH; which usually
appeared at around 1245-1290 cm™' had been ob-
served in all samples. For instance, Su ef al. [58] pro-
duced a block copolymer of polyurethane-polysilox-
ane, and the peak assignment of Si—-O—C was found
at 1251 cm™!. Sousa et al. [59] synthesised organic-
inorganic material by imidazole derivatives and ob-
served symmetric bending of C—Si bonding within
the 1245-1261 cm™! range. However, all the samples
were found to have peaks at 1252-1253 cm™! regard-
less of the absence of siloxane crosslinker in pristine
PUD and PUDgy/XNBR,o. These indicate that the
characteristic peaks of the siloxane group may tend
to overlap with the unsymmetric stretching of
(C—O—-C) at about 11381250 cm™! that originated
from the ester group of the PUD, as evidenced by a
few studies [60—62]. Ma et al. [63] modified epoxy
resin using silicone compounds and observed the
bending of Si-CH, at around 12501290 cm™'. In
their study, two different types of silicone com-
pounds were utilised: glycidoxypropyl trimethoxysi-
lane (GPTMS) and anilinomethyl triethoxysilane.
They also observed the overlapping of the bending
of Si—~CHj, at the range of 1250-1290 cm™!. More-
over, Byczynsk [64] synthesised a polyurethane-
siloxane that had been modified with different silox-
ane side chains and also noticed that the character-
istic band of siloxane could not be identified due to
the overlapping of the amide band at around
1230 cm™'. They also deduced that only significant
loading of the siloxane compound in the formulation
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Figure 1. FTIR spectra of pristine PUD, PUDgi/XNBRjg
blend, and PUDgy/XNBR,( blends with different
types of crosslinkers.

562-1573)
11632-1650 1369

was able to show the presence of the spectra for the
siloxane group. Therefore, in this present study, all
the samples, regardless of the introduction of the
crosslinker, have a peak within 12521253 cm™' due
to the small loading of the siloxane crosslinker and
the overlapping of the ester group from PUD.

In addition, the existence of the organo-modified
siloxane crosslinker can be observed through the dis-
tinctiveness shown by sample PUDgy/XNBR;(/S;,
whereby only this sample has a peak at around 1365
and 822 cm™'. This respective spectra of 1365 cm™
could be attributed to the CH;3 bending of the block
copolymer of EO and PO attached to the backbone
of the organo-modified siloxane crosslinker [65]. Fur-
thermore, Dai et al. [66] synthesised polydimethyl-
siloxane (PDMS) with copolymers of EO and PO
and had a transmittance peak for the rocking of
Si—CHj; at around 802 cm™!. Nonetheless, in this
study, the introduction of an organo-modified silox-
ane crosslinker into PUDgo/XNBR,(/S; showed a vi-
bration peak at 822 cm™'. The shifting of the peak of
Si—-CH3; may be owing to the fact that the backbone
of the siloxane crosslinker is made up of polyether-
siloxane with different monomer units of a copoly-
mer of EO and PO, which therefore causes a differ-
ent stretching wavenumber compared with PDMS
copolymerise with EO and PO. Thus, the FTIR peak
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at 822 cm™! could be mainly due to the vibration
stretching of Si~CHj3 from the copolymer of organo-
modified siloxane after being introduced into the
PUDgy/XNBRj( blending system.

The sample PUDgy/XNBR;,(/E| showed a sharp peak
at about 1369 cm!, unlike the sample PUDgy/
XNBR,/S;, which had a peak at 1365 cm™!. This
peak may be attributed to the stretching of the epoxy
ring, which is usually at 13401342 cm™. This peak
was found to shift to a higher wavenumber after being
incorporated into PUDgy/XNBR;(/E;. Moreover, the
characteristic peak for the stretching vibration peak
of the epoxide crosslinker that is incorporated in
PUDgy/XNBR»y/Eq5S0 5 can be observed at 833 cm ™!,
and this finding was very close to the peak observed
by Zeng et al. [67] who had produced a coating of
bis-silane epoxide from GPTMS and was found to
have a peak at around 829 cm™'. Nuraini et al. [44]
modified PU with an epoxide group and also ob-
tained a peak at 833 cm™'. These findings could in-
dicate that the incorporation of an epoxide crosslink-
er into PUDgo/XNBRy(/E; results in the assignment
of Si-CHj3 at 833 cm™!. In addition, the peak of
888 cm™! was also found to appear in the sample of
PUDgy/XNBRy(/E;. The presence of these peaks in
PUDgyXNBR»¢/E| may be due to the stretching of
the oxirane ring, which is usually found in the range
of 851-915 cm™' [44, 68]. After all, the sample
PUDg¢/XNBRy/Eq 5S¢ 5, which contained both cross-
linkers, resembled all the characteristic peaks from
organo-modified siloxane at about 1371, 822 cm™
and typical peaks from epoxide crosslinkers at 1369,
833 and 888 cm'finding suggested that both cross-
linkers had been successfully introduced into the
PUDgo/XNBR,¢/E( 5S¢ 5 blending compounds.
Figure 2 shows the deconvoluted peak for pristine
PUD, PUDgo/XNBRzo blend, and PUDgo/XNBRzo
blends with different types of crosslinkers. The
hydrogen bonding in PUD is an important indicator
of understanding the chemical interaction, particu-
larly the involvement of XNBR and crosslinkers that
connect with the backbone of the PUD. The ordered
hydrogen bonding in PU is intricately linked to its
structure-property relationships, primarily governed
by the composition of soft and hard segments within
its backbone. In our study, PUD is utilised, where
the soft segment comprises polyester and the hard
segment consists of urethane groups. The key to fa-
cilitating hydrogen bonding lies in fulfilling two
main criteria: the presence of a proton donor and a
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proton acceptor [69, 70]. Within the PUD structure,
the N—H groups from the urethane units serve as pro-
ton donors, while the carbonyl groups (C=0) from
the ester group act as proton acceptors. Notably, the
N-H groups in the hard segment exhibit self-associ-
ation, whereas the C=0 groups in the soft segment
lack such properties. The introduction of XNBR
chains, which contribute additional C=0 groups as
acceptor units, causes a competitive scenario against
self-association. This competition fosters a new form
of interaction known as inter-association, where
N-H groups from the urethane hard segment form
hydrogen bonds with C=0 bonds from the XNBR.

This interaction disrupts the phase of the PUD, im-
pacting its ability to form ordered hydrogen bonding
or phase separation domains. Consequently, the
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introduction of XNBR creates more opportunities for
hydrogen bonding interactions, potentially leading
to regions within the samples exhibiting some degree
of order. The manifestation of these hydrogen bond-
ing interactions can be observed through the shifting
of wavenumbers in FTIR spectra, analysed via de-
convolution of the carbonyl group using a Gaussian
function [29, 70]. In essence, the theory behind or-
dered hydrogen bonding elucidates how the interac-
tion between N—-H and C=0 groups, facilitated by
the introduction of XNBR, alters the phase behav-
iour of PUD, ultimately influencing its material
properties and performance.

Therefore, the deconvolution of the carbonyl group
by a Gaussian function will be the point of interest in
understanding the distribution of hydrogen bonding,

PUD,/XNBR,,

- - - Deconvoluted peak
- - - Deconvoluted peak
- - - Deconvoluted peak
- - - Deconvoluted peak
—— Composite result of PUD, /XNBR,,

0,3352

o o
NI

Absorbance [-]
o
w

02 0.0168 0.0932
0.1 ~!
— 77
0.0 —= = > =
1600 1650 1700 1750 1800
b) Wavelength [cm™]
PUD,/XNBR,/S,
- - - Deconvoluted peak
- - - Deconvoluted peak
- - - Deconvoluted peak
_. 0.5 [ - - - Deconvoluted peak
A Composite result of PUD, /XNBR, /S,
g 04 0.2897
3 03 0.0258
3 /'y
2 02 0.0172 II \ 0.0963
0.1 ~ -;/\ \
0.0 ='——a52<$ \>\‘
1600 1650 1700 1750 1800
d) Wavelength [cm~"]

— — — Deconvoluted peak
- — — Deconvoluted peak
- — — Deconvoluted peak
0.5|~ — — Deconvoluted peak
7| —— Composite result of PUD, /XNBR, /E .S

20 T05705

0.4

0.2480

Absorbance [-]

1650 1700
e) Wavelength [cm™]

1750 1800

Figure 2. Deconvoluted peak for pristine a) PUD, b) PUDgy/XNBRy( blend, and ¢)—e) PUDgy/XNBR; blends with different
types of crosslinkers.
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notably in PUD [71, 72]. A total of four peaks were
derived and found in the range of 1643-1661,
1685-1689, 1708-1711 and 1728-1731 cm ! [73, 74]
as shown in Figure 2. These respective peaks are at-
tributed as follows: hydrogen-bonded polyester in
order orientation, order hydrogen-bonded urethane,
disordered hydrogen-bonded urethane group, and
non-hydrogen-bonded urethane group [37, 75, 76].
The area for each deconvoluted peak, the total de-
gree of hydrogen bonding, and the degree of ordered
hydrogen bonding are computed to understand the
hydrogen activities within the produced PUD blends.
The summary of the respective peaks is listed in
Table 3.

Based on the deconvolution results, the degree of hy-
drogen bonding in the hard segment is reduced after
the introduction of XNBR solely in the sample
PUDgy/XNBRj(. As mentioned in the previous dis-
cussion, the introduction of the XNBR chain in the
PUD interrupted the hydrogen bonding between the
hard segments of the PUD and eventually brought
the hard segments apart from each other. Apart from
that, the degree of hydrogen bonding in the hard seg-
ment is found to be increasing when the PUDgq/
XNBR20 blend is crosslinked with different types
of crosslinkers in samples PUDgy/XNBRy(/Eq,
PUDg()/XNBRz()/Sl and PUDgo/XNBRz()/E()_5S()_5, Ie-
spectively. This also reiterates that the main interac-
tion between PUD, XNBR, and crosslinkers is hy-
drogen bonding. In addition, it is worth noting that
different crosslinkers tend to contribute differently
to the hard and soft segments of the PUD.
Furthermore, among the three crosslinked samples,
the sample PUDgo/XNBR»¢/S; has the highest de-
gree of hydrogen bonding and degree of ordered hy-
drogen bonding, followed by samples PUDjgy/
XNBRZ()/E(),5SO,5 and PUDg()/XNBRzo/El. This showed
that the crosslinker in sample PUDgy/XNBR;(/E;
had induced lesser hydrogen bonding activities with
PUD compared to the crosslinker in samples

PUDgo/XNBRzo/Sl and PUDgo/XNBRz()/EO‘sSO,S.
Meanwhile, in the sample PUDgo/XNBR;o/E 5S¢ s,
the combination of the two crosslinkers led to the
hydrogen bonding formation positioning between
the samples PUDgy/XNBRyo/E; and PUDgy/
XNBR,(/S;. Besides that, the increment of the de-
gree of hydrogen bonding within the PUD for three
of the crosslinked samples also revealed that the in-
corporation of a crosslinker would encourage the
crosslink activities to be carried out among the hard
segments of the PUDgy/XNBR;( blends, subsequent-
ly bringing all the hard segments closer together.
This implies that the addition of a crosslinker may
improve the strength of the compound, as the hard
segment of the PUD is responsible for the mechani-
cal strength of the compound [77].

3.3. Micro- and nano-structure evolution

The determination of micro- and nano-scale surface
formation resulting from the interactions of different
crosslinkers was examined through AFM. AFM was
conducted to observe the micro-surface topography,
enabling the evaluation of the surface roughness of
the produced PUD80/XNBR20 in the nanometre
scale range. The phase image of each respective
sample was produced by AFM to understand how
the blending system and the crosslinking system
would alter the surface structure and surface rough-
ness. Figure 3 shows the topography images and line
profiles for pristine PUD, PUDgy/XNBR;( blend,
and PUDgy/XNBR;( blending with different types of
crosslinkers. The average surface roughness (S,),
root mean square of roughness (S;), and maximum
height acquired from accordance samples have been
tabulated in Table 4. Based on the image in Figure 3,
bright and dark regions were unevenly distributed in
the sample’s topology images. The bright region of
the image may represent the hard segment of the
PUD, whereas the soft segment is displayed in the
dark region in the phase image [62, 78, 79]. This also

Table 3. Area for the respective deconvoluted peak, degree of hydrogen bonding, and degree of ordered hydrogen bonding
for the PUD, PUD/XNBR blends and PUDgy/XNBRj( blends with different types of crosslinkers.

Area
Materials desienation Degree of Degree of ordered
4 1643-1661 1685-1689 1708-1711 1728-1730 hydrogen bonding | hydrogen bonding
[em™] [em™] [em™] [em™]

PUD 0.6390 1.3974 2.7005 8.9432 0.346 0.149
PUDg¢/XNBR3 0.5056 1.1313 2.1853 8.6586 0.306 0.131
PUDgo/XNBR;(/E; 0.7047 0.9206 3.0763 7.4483 0.387 0.134
PUDgo/XNBRy¢/S; 1.7191 1.1670 2.3936 4.5709 0.591 0.293
PUDgo/XNBR2o/Eo 5S¢ s 1.0823 1.1054 2.8289 6.4003 0.439 0.192
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reveals that the surfaces of the produced samples are
nonuniform and have different roughness, as the dif-
ferent blending formulations have led to structural
diversity and created phase contrast [80].

Based on the data presented in Table 4, it is evident
that the values of parameter S, demonstrate a direct
proportional relationship with parameter Sq. The

3D topography
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introduction of XNBR into the formulation of
PUDgy/XNBRy led to a reduction in surface rough-
ness for the pristine PUD. Furthermore, the impact
of incorporating different types of crosslinkers into
PUDgy/ XNBRy resulted in varying levels of influ-
ence on the surface roughness of the samples, con-
sistent with the corresponding factors, i.e., degree of
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Figure 3. The topography image and line profile for pristine a) PUD, b) PUDgy/XNBR; blend, and ¢)—e) PUDgy/XNBR3g

blends with different types of crosslinkers.
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Table 4. Roughness analysis for pristine PUD, PUDgy/XNBR;( blend, and PUDgy/XNBRj( blends with different types of

crosslinkers.
Materials designation Sa Max. height (red line) | Max. height (green line)
[pm] [pm] [nm] [nm]
PUD 0.064 0.081 171.0 424.8
PUDgy/XNBRyg 0.048 0.062 148.3 153.5
PUDgy/XNBRy/E; 0.081 0.111 199.0 173.0
PUDgy/XNBRyy/S) 0.275 0.311 539.6 536.9
PUDgo/XNBR2o/Eq 5805 0.067 0.085 93.1 137.7
ordered hydrogen bonding. To obtain a comprehen- = (39 04 2
. . . = A Average surface A =]
sive understanding of the correlation between the ; roughness £
. .. . ® 0251 o Degree of ordered 2
values of S, and their association with the degree of @ hydrogen bonding o 1035
. . . 2 0204 g
ordered hydrogen bonding, graphical representations £ 2
. . . . . . >
were employed, illustrating this relationship in 2 015 o 1025
8 5
Figure 4. g oot © o o g
. . > A 1 o
Figure 4 demonstrates a strong correlation between 5 51 4 R TS R
g 0.
the values of average surface roughness and the de- s 8
. g o000 - - - —Lo00®
gree of ordered hydrogen bonding. In other words, < 2 & o ) & =l
. o m 5 & o
the degree of ordered hydrogen bonding serves as a Z & & uh
. . . 3 Zz Z N
reliable indicator of the average surface roughness, %‘" X X 1
. . 3 3 g
as higher values of ordered hydrogen bonding cor- . g § X
respond to increased average surface roughness val- §

ues. This also explains that pristine PUD showed a
relatively sharp white peak and had a higher maxi-
mum height compared to PUDgy/XNBRy. This in-
dicated that the incorporation of XNBR into the
PUD in the sample PUDgo/XNBRy( will create an
interruption in the ordered hydrogen bonding of the
PUD, causing the height of the hard domain to di-
minish. This also explained the decrement of the sur-
face roughness S, and S in PUDgo/XNBRy, as the
ordered hydrogen bonding was distracted by the
XNBR chain. This suggested that the order of hy-
drogen bonding, especially in the hard segment of
the PUD, is playing an important role in conferring
the surface roughness of the samples, as the distur-
bance of the hard segment in PUDgo/XNBR; scaled
down the surface roughness [81].

Meanwhile, by observation among the crosslinked
samples, the sample PUDgy/XNBR,¢/S;, which in-
troduces an organo-modified siloxane crosslinker,
has the highest peak height and the largest size of the
bright region compared to other samples. This de-
picted that the organo-modified siloxane crosslinker
had enlarged the hard segment of the PUD by pulling
the hard segment closer together through more or-
dered hydrogen bonding. Similar observations were
made by Arévalo-Alquichire ez al. [80], who observed
that the crosslinking system of PU that has more as-
sociation in the hard segment will tend to have an
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Figure 4. The relationship between the average surface
roughness and the degree of ordered hydrogen
bonding for pristine PUD, PUDgy/XNBRj( blend,
and PUDgy/XNBR;, blend with different types of
crosslinkers.

AFM topology with a great number of big bright re-
gions. In the meantime, the epoxide crosslinker had
a lesser bright region and a lower peak height in the
sample PUDgo/XNBR;(/E;. Besides that, the sample
PUDgo/XNBR»o/E; also has a wider dark region
compared to the other samples; this also reflects that
most of the crosslinking activity may not be domi-
nant in the hard segment, and it is also worth bring-
ing attention to the least degree of hydrogen bond-
ing, particularly in the hard segment, as evidenced
by the deconvolution of the FTIR peak in Table 3.
The lower height for the brighter region and wider
coverage of the soft region of the sample PUDgq/
XNBR,/E| made its surface relatively smoother
compared to the sample PUDgo/XNBR»(/S;.

For the sample PUDgo/XNBR3(/E¢ 5S0.5, which con-
tains both crosslinkers and has quite an even surface
with a lesser protrusion of a bright, sharp peak, the
height of the bright region is the lowest among the
crosslinked samples. This indicated that the combi-
nation of these two crosslinkers had created a more
uniform hydrogen interaction in both soft and hard
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segments, as the line profile of this sample does not
have a big fluctuation between the height differences
in their surface topology. Unlike the sample PUDyg/
XNBR3(/S1, the line profile showed significant fluc-
tuations as the max height of the topology exceeded
500 nm, but the height of the lower region was in the
range of about 10 nm. Owing to the uniform distri-
bution of the surface topology and the lesser fluctu-
ation of the height of the line profile, this further re-
duced the surface roughness of the sample, making
the sample PUDgy/XNBR3o/Egs5Sos have the
smoothest surface roughness among the crosslinked
samples.

In addition, according to the results of FTIR decon-
volution, it is evident that the epoxide crosslinkers
exhibit the least degree of hydrogen bonding with
the hard segment of the PUD. This observation sug-
gests that the epoxide crosslinker primarily interacts
with the XNBR, facilitating crosslinking between
the XNBR and the C=0 groups from the soft seg-
ment of the PUD. Conversely, the organo-modified
siloxane demonstrates a greater propensity to cross-
link between adjacent hard segments of the PUD.
This is exemplified by the sample PUDgy/XNBRyy/S;,
which exhibits the highest degree of hydrogen bond-
ing in the urethane group among all the samples.
This difference implies that the epoxide crosslinker
is more inclined towards bridging XNBR with the
soft segment of the PUD. At the same time, the
organo-modified siloxane predominantly connects
the hard segments of the PUD with adjacent hard
segments. Incorporating these two types of cross-
linkers results in a well-connected hard segment of
the PUD and an effective linkage between the soft
segment of the PUD and XNBR. Consequently, the
homogeneity of the blend has improved, as corrob-
orated by AFM studies. In short, the distinct behav-
iour of epoxide and organo-modified siloxane
crosslinkers in facilitating crosslinking interactions
between PUD and XNBR underscores their respec-
tive roles in enhancing blend homogeneity and per-
formance.

Furthermore, the surface roughness measurements
stand out as a significant indicator of the benefits of
the hybrid crosslinker. In comparison to the study
done by Krzeminska et al. [82], the average surface
roughness of XNBR film cured with sulphur is ap-
proximately 0.239 pm; on the other hand, this pres-
ent study showcases markedly reduced surface
roughness values for the sulphur-free PUD/XNBR

blends, measuring at 0.048 um. Notably, blends em-
ploying single crosslinkers exhibit higher surface
roughness values, reaching 0.081 pum for the epoxide
crosslinker and 0.275 pm for the organo-modified
siloxane crosslinker. However, by introducing the
hybrid crosslinker and its unique hydrogen bonding
interactions, the surface roughness can be reduced
significantly to 0.067 pum. This emphasises the role
of the hybrid crosslinker in fostering a smoother sur-
face for the PUD/XNBR blend. The latex blend with
appropriate surface roughness is essential not only
to obtain mechanical properties but also for the easy
donning process and for the user’s comfort during
usage.

4. Conclusions

Incorporating a combination of epoxide crosslinkers
and siloxane crosslinkers appears to be an effective
strategy for producing a PUD/XNBR blend free
from sulphur and accelerators. The blending of
XNBR and different functional groups of crosslink-
ers has resulted in multiple types of hydrogen bond-
ing interactions, considerably impacting the total de-
gree of hydrogen bonding and the degree of ordered
hydrogen bonding. Notably, the epoxide crosslinker
demonstrated a higher propensity for hydrogen bond-
ing interaction within XNBR and PUD, whereas the
siloxane crosslinker prefers hydrogen bonding that
connects adjacent PUD chains. These various types
of hydrogen bonding interactions confer different
degrees of ordered hydrogen bonding in the com-
pounds. A higher degree of ordered hydrogen bond-
ing could be associated with a higher surface rough-
ness for the crosslinked PUD/XNBR blends. With
the collaboration of both crosslinkers, an advanta-
geous balance of hydrogen between XNBR and PUD
is achieved, encouraging the optimal degree of or-
dered hydrogen bonding and achieving superior
performance among all the compounds. The PUD/
XNBR blends with hybrid crosslinkers can offer
smoother surface roughness, giving rise to easier
donning and good colloidal stability that can ensure
good quality in the storage and dipping processes of
the latex blends. In addition, it is worth mentioning
some of the extra benefits offered by the crosslink-
ers, such as the organo-modified siloxane crosslink-
ers being able to be used at relatively low tempera-
tures, which can increase energy efficiency during
manufacturing. In contrast, the epoxy crosslinkers
can enhance the adhesion properties of the latex
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blends. Thus, hybrid crosslinkers are feasible for ob-
taining desirable properties from latex blends for
glove applications.
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