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Preparing PDMS-modified WPU has attracted the attention of many researchers for two decades and this
modification strategy has been proved to be an effective and feasible way to improve some key
properties of WPU. In this review, both physical and chemical modification are introduced in depth. For
chemical modification, the types of PDMS used, the copolymerization methods, the sub-classification of
PDMS-modified WPU, and the synthesis processes are categorized and reviewed respectively; the effects
of PDMS on colloidal, film-forming, surface, mechanical, and thermal properties as well as the effects of

PDMS on microphase separation and hydrogen bonding behaviors of WPU are discussed in detail, with
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Accepted 14th June 2017 focus on the introduction to and understanding of the “structure—morphology—property” relationship of
these hybrid materials. Besides, a current strategy to combine the PDMS modification technique with

DOI: 10.1039/c7rad5738e other modification methods to obtain novel WPU materials with superior properties is introduced. Finally,
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1. Introduction

Polyurethanes (PUs), produced by the step-growth polymeriza-
tion of isocyanates and polyols, are currently one of the most
common, versatile, and researched materials having applica-
tions such as foams,™ elastomers,*” coatings,*** and bioma-
terials."*™* Since its invention in 1937 by Professor Otto Bayer
and his co-workers, the PU industry has been growing tremen-
dously over the past 80 years and brought great impact on nearly
all aspects of our daily lives. A waterborne polyurethane (WPU)
dispersion is a binary colloidal system in which the particles of
PU are dispersed in a continuous water phase." Generally, WPU
is prepared by incorporating hydrophilic segments or ionic
groups—which act as internal emulsifiers—into the polymer
backbone. Due to the more severe regulations of volatile organic
compound (VOC) release and the increasing prices of solvents,
WPU, which possesses prominent environmental advantages
over solvent-based PU, has been becoming one of the most
rapidly developing and active branches of PU chemistry and
technology over the past two decades.'® In addition to its eco-
friendliness, WPU has many superior properties which are
inherent in PU materials and could be readily tailored in a wide
range by varying its molecular weight, composition, and
proportion of hard and soft segments. All these factors have
made WPU commercially important materials with wide appli-
cations such as adhesives and coatings for a large variety of
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the challenges and future perspectives of this field are discussed.

substrates (e.g., textile, metal, plastic, and wood)."”** However,
some properties of WPU still need to be further improved to
meet various demands, such as water and solvent resistance,
thermal stability, and mechanical strength. In this context, in
order to overcome some drawbacks of WPU, numerous tech-
nologies have been developed over the past decade, such as
copolymerizing or grafting of other polymers,"?" rendering
external or internal crosslinkings,”»* simple blending or
forming interpenetrating networks (IPNs),** and modifying with
nanoparticles.>*?’

On the other hand, polydimethylsiloxane (PDMS) has many
applications due to its unique properties, which arise mainly
from its natural structure composed of inorganic Si-O bond
and organic graft methyl group. These interesting properties
include low surface energy, biocompatibility, high thermal
stability, excellent water and oxidation resistance, chemical
inactivity, good electric insulation, low glass transition
temperature (T,), great molecular flexibility, and so on.***
Preparing PDMS-modified WPU so as to combine the advan-
tages of PDMS with those of WPU has attracted the attention of
many researchers for a long time, and moreover, this modifi-
cation strategy has been proved to be an effective and feasible
way to improve some key properties of WPU. Considering the
fast and ongoing development in this area, a timely and
specific review is much needed. Accordingly, this review is
provided to categorize and summarize the recent advances in
PDMS-modified WPU, with focus on the introducing and
understanding the “structure-morphology-property” rela-
tionship of these hybrid materials. The challenges and future
perspective of the PDMS-modified WPU industry are discussed
as well.

This journal is © The Royal Society of Chemistry 2017
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2. Physical modification

Physical modification, including simply blending different
polymers as well as forming interpenetrating networks (IPNs), is
a common method to modify a polymer material by forming
polymer mixtures that are linked together through secondary
forces other than covalent bonds.

Over the past few decades, physical modification of bulk or
solvent-based PUs by PDMS has been studied in detail and
a brief review is provided here so as to give a better under-
standing about the physical modification of WPU by PDMS. Due
to the incompatibility between PU and PDMS, simply blending
PU with PDMS is totally unsatisfactory and distinct phase
separation is observed. Formation of IPNs is an effective
method in overcoming the difficulty in mixing chemically
incompatible polymers—IPNs are a class of blend where
a polymeric network is synthesized in the presence of another
previously or simultaneously established network. In this
context, Ebdon et al. reported the synthesis and characteriza-
tion of polyether urethane-PDMS IPNs.** Vlad et al. also re-
ported the synthesis and characterization of IPNs obtained by
combination of castor oil-based PU with PDMS.* According to
their studies, because of the large difference in solubility
parameters between the PU network [19.4 x 10° (] m*)"*] and
PDMS network [14.7 x 10° (J m~*)"?]3*3¢ these IPNs were
highly incompatible and exhibited high degree of phase sepa-
ration. In order to improve the miscibility of the above-
mentioned PU-PDMS systems, several attempts were made,
including (a) using poly(phenylmethylsiloxane) (PPMS) instead
of PDMS, which is reasonable because PPMS has a more similar
solubility parameters [18.6 x 10° (] m—>)"?] to PU network,*” (b)
adding compatibilizers, such as PDMS-g-PU,* and (c) replacing
either the pure PDMS or pure PU with a PU-co-PDMS network,
expecting both networks having chemically identical segments
might enhance the degree of mixing.*® Though a better mixing
between PU and PDMS was demonstrated by these methods,
however, these systems still showed gross phase separation and
the expected excellent properties of the resulting materials
which would combine the advantages of PU and PDMS were not
reached. Physical modification of aqueous PU emulsions by
PDMS was also attempted. In 1971, Klempner et al. combined
the aqueous emulsions of both PU and PDMS with their
crosslinking agents and stabilizers, forming a partial topologi-
cally IPNs.* It should be noted here that, the aqueous hydro-
phobic PU emulsions used in the study were obtained by
emulsification of PUs in water under strong shear forces in the
presence of suitable external emulsifiers, which was a common
practice prior to the invention of the superior ionomer-based
WPU emulsions. The homogeneous mixtures were then cast
into films and cured. The mechanical properties and solvent
resistance of the resulting films, instead of showing any
improvements, were much worse than those of the arithmetic
means of each component, showing a limited degree of inter-
penetration and high incompatibility between PU and PDMS.

Compared with the above-discussed solvent-based and
hydrophobic PUs, WPU has stronger polarity due to the
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incorporation of ionic moieties or of hydrophilic soft segments;
thus, the polarity difference between WPU and PDMS is larger
than that between PU and PDMS, which means the incompati-
bility problem for physical modification of WPU by PDMS would
be even worse. For this reason, simply blending PDMS or modi-
fied PDMS with WPU has only been studied by few researchers.
Yen et al. used PDMS as the only soft segment to synthesize
a PDMS-based WPU (PWPU) and then blended it in different
amounts with various types of WPU; a series of interdependent
studies was conducted to investigate the effect of the PWPU on
the solution properties, surface structure, and membrane prop-
erties of the blended WPU.*** According to their research, by
blending a small amount of PWPU into WPU, the hydrophobic
PDMS would migrate to the surface of the formed membranes,
and therefore, the contact angle of water to the WPU membrane
was increased greatly and immediately.”” The X-ray analysis
shown that blending of PWPU to WPU would change the crys-
tallizing properties of the WPU; hence, for some certain kinds of
WPU with a certain amount of PWPU blended in, the thermal
and physical properties of the blended films were significantly
enhanced.” Besides, Yen et al. also compared the surface struc-
ture and thermal properties of the formed membranes prepared
by blending PWPU with WPU and by mixed soft-segment copo-
lymerization;* it was found that PDMS migrated to the surface
much more easily in the blending method than in the copolymer
method, and for the blending method, glass-transition and
melting temperature increased rapidly when a small amount of
PWPU was added into the WPU. The preliminary application of
these blends (with small changes in composition) on the treat-
ment of nylon fabrics was studied;** the results shown that, after
the treatment, the application properties of nylon fabrics were
improved in comparison with those of the untreated fabric as
well as the neat WPU treated fabrics.

3. Chemical modification

To date, the majority of researches, with the aim to increase the
compatibility from the molecular level, have focused on chem-
ical modification by introducing PDMS as soft segments into
WPU structure. Generally, reactive PDMS are used in combi-
nation with other polyols (such as polyether or polyester), both
serving as the soft segments of the PDMS-modified WPU
(PDMS-WPU). Nonetheless, aqueous anionic WPU dispersions
employing PDMS as the only soft segments were also prepared
from hydroxylalkyl- or hydroxylether-terminated PDMS,
aliphatic isophorone diisocyanate (IPDI), and dimethylolpro-
pionic acid (DMPA).** The preliminary results shown that the
coating properties of the air-dried, transparent films, high-
lighted in good adhesion to steel and excellent low temperature
flexibility, were similar to those of the typical WPUs, whereas
some mechanical properties such as elongation at break still
needed much improvement.

3.1 Types of reactive PDMS for the modification of WPU

Currently, there are mainly four types of reactive PDMS used in
the chemical preparation of WPU, ie., PDMS with hydroxyl
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function, aminoalkyl function, hydroxyalkyl function, and
hydroxypolyether function. These reactive PDMS, often with
difunctionality, are used for the synthesis of block PDMS-WPU
copolymers. In consideration for the requirements of the cross-
linking density, cost, and application properties of the final
product, the molecular weight of these PDMS generally ranges
from 1000 to 4000 (with 2000 in particular). Table 1 gives the
simplified structure of these reactive PDMS and the corre-
sponding references about their applications in the modifica-
tion of WPU.

Among these types of PDMS, hydroxyl-terminated PDMS is
the cheapest and has been employed in many research studies;
however, due to the easy hydrolysis of the Si-O-C bond that is
formed between Si-OH and NCO group, the hydrolytic stability
of these PDMS-WPU copolymers in water is poor and this could
be a major cause limiting their applications in industrial scale.*®
Aminoalkyl-terminated PDMS has been rarely used in preparing
the PDMS-WPU copolymer for the reason of (a) the high reac-
tivity of NH, group towards NCO group which may lead to
explosive polymerization as well as gelation afterwards, and (b)
the two reactive hydrogen in NH, group which may react with
NCO group to form cross-linked structure that would be diffi-
cult to disperse in water. Difunctional hydroxyalkyl-terminated
PDMS and hydroxypolyether-terminated PDMS, having advan-
tages in both forming Si-C-O bond which is more stable in
water and having moderate reactivity over NCO group, are the
commonly-used and promising types of PDMS in preparing
PDMS-WPU copolymers. Besides, it should be noted here that
the hydroxypolyether-terminated PDMS, in comparison with
other types of PDMS, has better compatibility with WPU and
their formed WPU-PDMS films are transparent, thereby making
it suitable for the coating and other applications where high
transparency is required.***

3.2 Block and graft copolymerization

The above-mentioned reactive PDMS are generally used to
prepare block PDMS-WPU in which the PDMS moieties are
blocked along the polymer backbone; on the other hand, some
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Fig.1 Chemical structure of PDMS used to prepare block (a) and graft
(b) PDMS-modified WPU.4®

researchers have synthesized new reactive PDMS with a diol end
group and then used it to prepare graft PDMS-WPU in which
the PDMS moieties are grafted from the polymer backbone as
side chains. For instance, Yu and Wang synthesized block and
graft PDMS-WPU copolymer dispersions which were modified
with a,w-bis(3-(1-methoxy-2-hydroxypropoxy)propyl)-PDMS and
a-N,N-dihydroxyethylaminopropyl-w-butyl-PDMS, respectively
(Fig. 1).** The experimental results showed that PDMS could
improve the water resistance property effectively regardless of
the way of introducing the PDMS segment. Furthermore, the
water absorption of the graft PDMS-WPU film (17.3%) was
lower than that of block PDMS-WPU film (40.2%) with the same
percent of PDMS (5%, w/w), and this is probably because that
for graft copolymer films, the PDMS moieties were easier to
migrate to the copolymer surface than those blocked to the
copolymer backbone and therefore more hydrophobic PDMS
chains migrated on the copolymer surface than blocked ones
with the same percent of PDMS. This explanation was in
agreement with the increasing degrees of microphase separa-
tion for WPU, block PDMS-WPU (BWPU), and graft PDMS-WPU
(GWPU), as observed by their scanning electron microscope
(SEM) images (Fig. 2).* From these SEM images it was shown
that the cross section of neat WPU was smooth, which indicates
good compatibility among each component; the cross section of
BWPU was rather coarse, which indicates that certain phase
separation exists; for GWPU, a clearly PDMS enrichment region

Table 1 The structure and references for different type of reactive PDMS

Type of reactive PDMS Structure Reference
s\ Gt
Hydroxyl-terminated HO(‘Sli—O%Sli—OH 50-55
CHs " CHs
Aminoalkyl-terminated H2N_R‘é5|i_09“5|i_R_NH2 where: R=alkyl group 56
CHs "CHs
CH3 CH3
Hydroxyalkyl-terminated HO— R%Sl %SI—R OH  where: R=alkyl group 44, 45, 57 and 58
CH3

Hydroxypolyether-terminated
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CH3 CH3
H‘éOHzCHzC)‘O(HzC)a‘é 9‘ I—(CH2)30€CH2CH20>‘H
m

40-43, 46 and 47
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Fig. 2 SEM images for WPU films (a), BWPU film (b), and GWPU film (c).*®

GHs GHs GHs LHZCHL0H
HoC —§i—{~ O~ §i— /0§~ CHLCH2CH N
CHs CHz 3*  OSi(CHs)s CHzCH20H

Fig. 3 Chemical structure of PDMS with a diol end group.

was observed (white balls), which indicates a high degree of
microphase separation. Chen et al. reported a similar work to
synthesize block and graft PDMS-WPU dispersions and then
investigated their properties. In their study, when used in nylon
fabric coating/dipping, the PDMS-WPU dispersions could
increase the water repellency performance, indicating their
potential applications in textile finishing.*® Naghash et al. also
reported the synthesis and characterization of a monotelechelic
PDMS with a diol end group (Fig. 3) and then used it to modify
WPU by graft copolymerization.®® The prepared graft PDMS-
WPU dispersion was applied as a potential marine coating and
its antifouling property was investigated by immersion test
under a marine environment. After 90 days, the fouled area was
98% and 6% for WPU and for PDMS-WPU (PDMS 4.48 wt%),
respectively. The reason for the good foul-release performance
of PDMS-WPU was ascribed to the smooth coating surface and
low surface energy (caused by PDMS), and low modulus.

With the same concept of polymer molecular design to make
PDMS-grafted WPU, Li and Yue used aminoethylaminopropyl
PDMS (AEAPPDMS) to synthesize a series of graft PDMS-WPU
emulsions.®* In addition to the improvement in water resistance,
the mechanical strength of the films was also increased with
certain content of AEAPPDMS because of the cross-linking effect of
the amino group. In order to improve the compatibility between
AEAPPDMS and WPU, Wu et al. used a polyether-modified amino-
silicone oil to replace AEAPPDMS and then synthesized graft
PDMS-WPU emulsions.”” The mechanical, thermal, and ice-
melting stability of the emulsions prepared from the polyether-
modified PDMS was higher than that of the emulsions prepared
from AEAPPDMS; as for their formed films, the tensile strength
and elongation at break were only fallen to a small extent as
compared with non-modified WPU, all of which implied the
compatibility between PDMS and WPU was indeed improved.

3.3 Classification of PDMS-modified WPU

Though a unified and acknowledged classification of PDMS-
WPU has not been established so far, the PDMS-WPU—Ilike

This journal is © The Royal Society of Chemistry 2017

WPU—can be classified according to a variety of different
criteria, such as polymer structure, main raw materials used,
synthesis methods, and the method or the field of its applica-
tions.'*'®%* In this review, depending upon the type of hydro-
philic segments present in the polymer chain, the PDMS-WPU
is classified as four types: anionic, cationic, zwitterionic, and
nonionic.

Anionic PDMS-WPU is the most often studied materials in
research articles; dimethylolpropionic acid (DMPA), which is
a cheap and commercialized reagent, has been frequently used
as an ionic diol and chain extender.'” The advantage of DMPA
lies in the steric hinderance of the COOH group which
prevents it from reacting with the NCO groups—this side
reaction is not desirable because it could consume the
potential ionic groups and cause high viscosities due to
branching of the WPU."

In contrast to the intensive studies about anionic PDMS-
WPU, there are few reported systematic studies on cationic
PDMS-WPU. In this context, Wang et al. prepared a series of
cationic PDMS-WPU dispersions and systematically studied
the effects of PDMS content on the micromorphology, rheo-
logical behavior, and particle size of the dispersions, as well as
the thermal properties, phase behavior, and surface structure
of the PDMS-WPU films.**** According to their study, the
particles had the morphology of a solid sphere, with particle
size varying from 17.1 nm to 114.4 nm as the PDMS concen-
tration increased from 0 to 25 wt%. X-ray photoelectronic
spectroscopy (XPS) spectra indicated the surface migration of
Si element in the process of filming forming, and the film
surface was mainly composed of soft segments. Differential
scanning calorimeter (DSC) analysis, together with thermog-
ravimetric analysis (TGA), differential thermogravimetry
(DTG), and differential thermal analysis (DTA) results
demonstrated the PDMS soft segment merged with the tran-
sition region of PU matrix, forming part of PU backbone,
whereas an increased microphase separation was observed
when PDMS concentration was greater than 15%. It was also
found that the incorporation of flexible PDMS prevented the
degradation of WPU backbone, resulting in the increase of
thermal stability in ultimate copolymer.

As far as we know, zwitterionic and nonionic PDMS-WPU have
not been reported; future works are thus expected in view of the
potential interesting properties these materials may possess.

RSC Adv., 2017, 7, 34086-34095 | 34089
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Fig. 4 Synthesis route of PDMS-modified WPU.

3.4 Preparation process

Over the past decades, various processes have been developed
for the preparation of WPU dispersions. According to the
differences in dispersing of prepolymer in water and the
following chain extension step, these processes are categorized
as four major types: prepolymer mixing process, acetone
process, hot melt process, and ketimine-ketazine
process.'>¢¢4%5 Ag for PDMS-WPU, the prepolymer mixing
process has been the most widely adopted preparation method
in industry and research. There are three basic steps in this
process: (1) formation of isocyanate-terminated prepolymer by
reacting long-chain polyols, reactive PDMS, diisocyanate, and
hydrophilic agent; (2) neutralization of ionic groups by counter
ions and emulsification of the NCO-terminated prepolymer for
particle formation; (3) chain extension in the aqueous disper-
sion by reacting diamines with prepolymer for higher molecular
weight and urea-linkage formation.>* A typical synthesis route is
illustrated in Fig. 4.

4. Effects of PDMS on properties of
WPU

4.1 Effects of PDMS on colloidal properties of WPU

The incorporation of PDMS has a major impact on various
colloidal or solution properties of WPU dispersions, each of
which would be discussed as follows.

The particle size of aqueous WPU dispersions, which can be
varied from 0.01 to 5 pm, is important for its application and
stability.® For example, relative large particles are preferred in

34090 | RSC Adv., 2017, 7, 34086-34095
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many surface coatings to facilitate rapid drying but are generally
unstable with respect to sedimentation, while, relative small
particles are more storage stable and are desirable when deep
penetration of the dispersion into substrate is an essential step.
The particle size is controlled by many factors, such as the
structure and composition of WPU polymer, pH value, and
emulsification conditions (temperature and rpm)."” In different
researches, the average particle size of WPU dispersions would
either increase or decrease with increasing PDMS content.>*%%¢¢
These contradictory results could be explained by different
determining factors in play. For example, in the research of Fei
et al., the particle size decreased with increasing PDMS content
because the WPU chain length becomes short and tends to curl
up;>® whereas in the research of Wang et al., when the WPU
chain length remains the same but the PDMS content was
increased by replacing other soft segments, the average particle
size increased because the interfacial tension was increased
with the addition of PDMS and this would lead to the increase of
particle size according to emulsion polymerization theory and
emulsion-forming equation.>*¢”

In general, the PDMS-WPU dispersions have relatively low
viscosity with solid content 20-40%. The viscosity of dispersion is
affected by factors such as the interactions between particles,
water swellability, and the particle size and its distribution.*” Like
the above-mentioned particle size, in different researches the
viscosity also shows different trends with increasing PDMS
content. For example, Yu and Wang reported that, with increasing
PDMS content, the viscosity of the block PDMS-WPU dispersions
was decreased but that of the graft ones was increased.*® The
reason for this opposite change in viscosity is that for block
PDMS-WPU the hydrophobic and flexible PDMS would reduce
the interactions between segments but for graft PDMS-WPU the
sterically hindered effect became dominant and led to the
increase of particle interactions and thus viscosity.

Though the application conditions of WPU coatings are
mainly determined by their rheological properties, the effect of
PDMS on WPU's rheological properties was seldom studied.*®
According to the research of Fei et al., pure WPU dispersions
exhibit a Newtonian behaviour but PDMS-WPU dispersions are
endowed with pseudoplasticity and thixotropy.*

In terms of other practical colloidal properties, it was found
that the incorporation of PDMS would improve the levelling
property of WPU*” but have a negative impact on properties
associated with storage stability, such as freeze-thaw stability,
centrifugal dispersion stability, and high temperature resis-
tance.®»® The poor storage performance arises from the poor
compatibility between PDMS and WPU, and this problem could
be partly solved by using limited amount of PDMS or employing
polyether-modified PDMS to enhance the compatibility.*®

4.2 Effects of PDMS on film-forming and surface properties
of WPU

Generally, WPU dispersions exhibit excellent film-forming prop-
erties even at low temperature.”® The film-forming process for
a typical WPU dispersion can mainly be divided into three
stages:®’ (1) the first stage is that with the evaporation of water, the

This journal is © The Royal Society of Chemistry 2017
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emulsion particles are getting closer to each other to achieve
a near-packed state. (2) The second stage is the deformation of
emulsion particles. As the water further evaporates, the gap
among particles becomes more and more narrow till they begin to
contact, at the same time, the protective layer is damaged and the
particles are gradually changed from spherical to hexahedron
until the interface between them finally disappears. (3) The third
stage is the diffusion process. The coil-shaped WPU polymers in
emulsion particles are diffused and fused to each other and
eventually forms a homogeneous film.

It is well known that the low surface energy of a component
provides a thermodynamic driving force for migration to the
polymer-air interface. When WPU is modified with PDMS by
either chemical or physical method, hydrophobic PDMS with
low surface energy and having different water solubility from
WPU chain, during the film-forming process, will migrate and
enrich at the interface of the emulsion and air, while some
hydrophilic segments containing ionic or urethane groups will
migrate and enrich at the interface of film and substrate. A
possible film forming process of the PDMS-modified WPU is
illustrated in Fig. 5.°° This surface enrichment of PDMS was
confirmed by different researchers with various analysis tech-
niques, such as XPS and attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR). 43475369

The surface property of WPU films—which is a critical
property in its many applications—would be dramatically
improved due to the introduction of PDMS and its enrichment
on the outmost surface of WPU-PDMS films. For instance, in
the research of Li et al., as the content of PDMS increased from
0 to 25 wt%, the surface free energy of the films decreased from
0.3446 to 0.2317 J m 2 and water absorption from 11.2% to
0.14%, whereas the water contact angle increased from 75 to
96.5°, indicating the PDMS-WPU membrane surfaces have
excellent water and chemical medium repellency.> This
improvement should be attributed to not only the hydropho-
bicity of PDMS enriched on the surface but also the enhanced
surface roughness.”
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Fig. 5 A possible film forming process of the PDMS-modified WPU
(reproduced from ref. 50 with permission from the Royal Society of
Chemistry).
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Fig.6 Water contact angle of PDMS-modified WPU films (reproduced
from ref. 66 with permission from the Royal Society of Chemistry).

Water absorption and water contact angle of WPU films, as
two effective methods to measure the water resistance property,
always decreases and increases with the increase of PDMS
content (Fig. 6), respectively, implying the water resistance of
WPU films is always improved with the increase of PDMS
content.*>?°»3%7071 Tt jg necessary to point out that water
resistance of WPU films is always poor and inferior to the
solvent-borne polyurethanes, which relates to the very nature of
WPU (ionic groups in WPU ionomers are hydrophilic).*®
However, this problem has been effectively reduced or even
resolved by the introduction of PDMS when compared with
many other efforts, which thus becomes one main reason of
employing PDMS to modify WPU.

4.3 Effects of PDMS on microphase separation and hydrogen
bonding of WPU

WPU is segmented polymer which is composed of soft segments
(stemming from polyols) and hard segments (stemming from
diisocyanates and chain extenders) arranged alternatively.”
Generally, the hard segments can interact with each other
through hydrogen bonds or other intermolecular forces and
tend to agglomerate to form a compact rigid phase with high Ty,
whereas the soft segments would form the continuous soft
matrix with a low T, (Fig. 7)."”* This microphase-separated
morphology, as the most important feature of PU materials,
makes a great contribution to its excellent performance: at
service temperature, the soft phase is in a rubbery state
endowing PU materials with elasticity; the hard phase, usually
containing some crystallinity with sizes ranging from one to
tens of nanometer, functions both as thermal reversible cross-
link and as reinforcing filler to endow PU materials with
mechanical strength, solvent resistance, and heat resistance.”
It is generally accepted that the hydrogen bonding between
urethane units is the primary driving force for the hard domain
aggregation and thus plays an important role in determining
the microphase-separated morphology and its mechanical
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Fig. 7 Illustration of microphase separation in WPU (reproduced from
ref. 72 with permission from Springer).

properties.’>'%* FT-IR has been well established as an sensitive
tool to study the hydrogen bonding both within hard segments
and between soft/hard segments, thereby providing informa-
tion about the degree of microphase separation. Other
commonly-employed techniques in investigating microphase
separation behaviour includes DSC, dynamic mechanical anal-
ysis (DMA), small angle X-ray scattering (SAXS), and wide angle
X-ray scattering (WAXS).*>7*

As the introduction of PDMS into WPU largely affects its
microphase-separated morphology which determines to
a large extent the ultimate properties of WPU, the study of the
effects of PDMS on the degree of microphase separation lies in
a central place in interpreting the structure-morphology-
property relationship of WPU which is crucial to understand in
the development and application of these materials. In theory,
the phase separation, with the introduction of PDMS, should
be enhanced obviously by the incompatibility of non-polar
PDMS with low surface energy and high-polar hard
segments, and as the content of PDMS increases the degree of
phase separation should be further enlarged. This theoretical
trend has been proved by many research results as the T,
values of soft segments (measured by DMA or DSC) shifted to
lower temperatures where the T, range of PDMS is —110 to
—129 °C, while, the degree of hydrogen bonding (measured by
calculating the degree of the urethane carbonyl groups
participating in hydrogen bonding in FT-IR spectrum)
increased as PDMS content in soft segments increased (Table 2
and Fig. 8).>%%1°*3557,6069 Tt should be noted that though the
molecular weight and the content of PDMS have a big impact
on the degree of phase separation, they had to be above
a certain degree then the T, values of soft segments can shift to
lower temperature or a new T, value which comes from PDMS
could be observed. On the other hand, because the
morphology of WPU is complicated and is controlled by
numerous factors including the composition and the chemical
structure of WPU chains, molecular weights and their distri-
bution, linear or crosslinked structure, methods employed to
apply the final product and process parameters adopted for
that method and so on,”® the effects of PDMS on the
enhancement of microphase separation is not always guar-
anteed since the introduction of PDMS would probably change
other impact factors.**%3>5
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Table 2 Experimental results of DSC for the PDMS-modified WPU
films

Designation ~PDMS concentration® (%) Ty (°C) AC, (J(g 'K 1)
PU 0 — —

SiPU-5 5 — —

SiPU-15 15 —84.1 0.157

SiPU-20 20 —94.4 0.237

SiPU-25 25 —-106.5 1.261

¢ The mass concentration of PDMS in PDMS-modified WPU (based on
the total solid mass).

. 1731

1760 1720 1680

Wave number, cm™

1800

Fig. 8 FT-IR spectra of urethane C=O stretching region of PDMS-
modified WPU (reproduced from ref. 50 with permission from the
Royal Society of Chemistry). The PDMS content in soft segments for
SiPU-1, SiPU-2, and SiPU-3 is 50%, 60%, and 67%, respectively.

4.4 Effects of PDMS on mechanical and thermal properties
of WPU

As stated above, the foundation of the versatility of PU materials
is their microphase-separated morphology, and their mechan-
ical properties—which range from flexible film to rigid elas-
tomer—could be widely tuned by this feature as well as other
synthetic parameters such as the molar ratio of hard/soft
segments.” The incorporation of PDMS often has a negative
effect on the mechanical properties of WPU films because (a)
the flexible and soft PDMS polymer with low molecular weight
demonstrates poor mechanical properties and (b) the inter-
molecular forces between hard and soft segments (such as
hydrogen bonding) is reduced due to the higher phase separa-
tion caused by PDMS.*>*%3>5461.67 However, in some researches,
the mechanical properties of PDMS-WPU films (like tensile
strength and Young's modulus) improved slightly with the
inclusion of little amount of PDMS but dropped down rapidly
when more PDMS was introduced.®®**’* This change was
explained that for mechanical properties only appropriate
microphase separation is beneficial but excessive one is disad-
vantageous.®* Therefore, it is important to use optimum PDMS

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Chemical structure of reactive PDMS bearing carbonyl groups.

content to obtain the proper mechanical properties. Besides, in
order to further improve the mechanical properties of PDMS-
WPU films, crosslinking has been rendered into the polymer
structure through either post-added crosslinking agent or
preparing the internally crosslinked prepolymer.” For example,
Zhang et al. prepared a series of reactive PDMS-WPUs by using
a novel PDMS bearing hydroxypropyl group at both chain ends
and carbonyl groups at the side chain (Fig. 9).*° After post-added
dihydrazide, self-crosslinking was achieved by the reaction
between dihydrazide and carbonyl group during film formation,
which resulted in higher mechanical properties.

Generally, PU materials exhibit relatively low thermal
stability because of the presence of labile urethane groups (the
scission of urethane groups is at ca. 230 °C), and the degrada-
tion mechanism is very complex due to the variety of products
formed in the process.” TGA is a versatile method to evaluate
their thermal stability.*® PDMS, with the thermal decomposi-
tion temperature around 500 °C, has relatively higher thermal
stability than WPU because the bond energy of Si-O (451.4 kJ
mol ') is higher than that of C-C (353.3 kJ mol ').7757%7
Therefore, the incorporation of PDMS in WPU would result in
the increase of thermal stability in the ultimate copolymer.*”%%7>
For example, in the research of Wang et al., the initial degra-
dation temperature of PDMS-WPU film with 15% PDMS
content rose by 20 °C as compared to pure WPU, suggesting the
role of PDMS is to prevent the degradation of PU backbone for
the feasibility and facility of rotation along the Si-O linkage can
compel the PDMS molecule to absorb a part of heat energy.*® In
another research, the char yield weight of PDMS-WPU at 700 °C
was about 16% and that of WPU was about 3%.%°

5. Combined modification

As mentioned in the Introduction section, a variety of technol-
ogies have been developed over the past decade in order to
further improve the properties of WPU. Since the modification
of WPU by PDMS has been demonstrated to be an effective
method to enhance some key properties of WPU, combining
this method with other technologies seems to be a feasible
strategy to provide synergistic effect to obtain novel WPU with
superior properties, which has drawn many researchers' atten-
tion. For instance, Zhang et al. prepared a UV-curable WPU
nanocomposites based on PDMS and aqueous colloidal silica
which resulted in simultaneously enhanced mechanical and
surface properties of the nanocomposite films.®® Yu et al

This journal is © The Royal Society of Chemistry 2017
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prepared a fluorinated PDMS-WPU which had lowest water
absorption, higher water contact angles, and better mechanical/
thermal properties when the fluoride acrylic monomer content
was 20 wt% and PDMS content was 3 wt%, showing a promising
application in waterproof coating.”” PDMS modified WPU-
acrylic hybrid emulsions and UV-curable PDMS modified WPU-
acrylate dispersions were also prepared and studied by different
research groups.”*”® In view of the large number of existent
modification technologies for WPU (which are still growing
rapidly), effectively and creatively combining them with PDMS-
WPU to produce hybrid WPU that could meet specific require-
ments and find broader applications would become a research
focus and need much efforts from many researchers.

6. Conclusions and perspective

PDMS-modified WPU could combine the advantages of PDMS
with those of WPU, but the incompatibility problem should be
overcome. Compared with physical modification, chemical
modification receives much more research focus because it can
increase the compatibility from the molecular level. Currently,
four types of reactive PDMS are mainly used in the chemical
modification of WPU. Different polymerization method leads to
PDMS-WPU with different structure and different properties,
and PDMS-grafted WPU may have a better surface property than
that of PDMS-blocked WPU. This review classified PDMS-WPU
as four types according to the type of hydrophilic segments
present in the polymer chain, among which the anionic type is
the most studied. For its preparation process, almost all pub-
lished studies adopted the prepolymer mixing process. The
effects of PDMS on colloidal, film-forming, surface, mechanical,
and thermal properties as well as the effects of PDMS on
microphase separation and hydrogen bonding behaviours of
WPU were discussed in depth, with efforts to elucidate and
understand these effects from the perspective of the “structure-
morphology-property” relationships. Finally, combined modi-
fication of WPU via combining the PDMS modification with
other effective modification technologies has become a new
research trend, and several research examples were briefly
reviewed.

As the chemistry and technology of WPU continue to develop
and the appeal for a greener world becomes stronger as never
before, the production of WPU has been steadily rising and its
applications have significantly expanded. Considering the
existence of several excellent reviews highlighting the recent
progress in the applications of WPU, in which the current and
potential application fields of PDMS-modified WPU are already
contained, an Application section is therefore not included in
this review and the reader should be referred to those reviews to
obtain the in-depth coverage.'”**7*** Though the PDMS-
modified WPU has made great progress in recent years and
has already been commercialized in some fields like textile
finishing, several aspects of challenges still remain. First, more
types of reactive PDMS with different molecular weights, low
cost, and high purity are needed for both industry and
academia, which calls for more efforts from both researchers
and engineers in silicone industry. Second, in order to satisfy
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the highly versatile and specific requirements for various end
uses, the sole study of PDMS-modified WPU is not enough;
rather, further study to compound with other appropriate
additives should be conducted to obtain the final products.
However, this kind of study is less seen in research papers.
Third, as above discussed in the Combined Modification
section, a challenge for many researchers is to creatively and
effectively combine the PDMS modification technique with
other modification technologies to produce novel WPU that
have unique properties and can find broader applications. In
the following decade, much more efforts is needed to realize the
aim of building an PDMS-modified WPU industry which could
provide better and greener products with lower cost and facile
preparation. This review is anticipated to facilitate this process
and encourage more future works to achieve this aim and to
promote sustainability.
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