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Abstract

Abstract

Nowadays there is a huge demand for protective gear in the sports industry due to the
growing popularity of extreme sports in view of their greater availability. The need for
them is not limited to extreme sports but spreads wider to sports with a high risk of injuries,

such as hockey, American football, skiing, skateboarding, cycling, etc.

A new class of “smart” protective materials — shear-stiffening materials, is intended to
replace outdated solutions in a view of their advantages. Specifically, self-healing ability
(hence, recyclability and reusability), ability to spread out the impact over a large area, and
most importantly instant stiffening response to external stimuli which is completely
reversible. Presently, two types of shear stiffening materials exist — shear thickening fluid
(STF) which is a liquid dense suspension, and shear-stiffening gel (SSG) which is a
supramolecular polymer network. However, it remains unclear how does the impact energy
is dissipated in them and how features of their stiffening mechanism (jamming — in STF

and dynamic crosslinking — in SSG) contribute to impact absorption.

Jamming has been found to play a major role in impact dissipation on the example of
polypropylene glycol/fumed silica STF. For the first time, using novel optical in situ speed
recording of impact it was found that jamming can be triggered at as low volume fraction
as ¢ > 7.2%. Analysis of the flow field during impact revealed that the front propagation
speed is 3-5 times higher than the speed of the impactor rod, which rules out jamming by
densification, showing that the growth of jamming front is triggered by shear. The main
impact absorption begins when the jamming front reaches the boundary, creating a solid-
like plug under the rod that confronts its movement. These results provide important
insights into the impact absorption mechanism in fumed silica suspensions with a focus on

shear jamming.

It was discovered that the stiffening response of the best known representative of SSG —
polyborosiloxane (PBS), can be controlled by the molecular weight of the precursor due to
chosen straightforward condensation synthesis routine. Introduced boron cites through Si-



Abstract

O-B bridges behave as dynamic crosslinks and are responsible for shear-stiffening
properties. The dynamic crosslinking density which was quantified by Si-O-B infrared
band intensity was shown to define the efficiency of impact absorption. PBS demonstrated
a linear increase in peak forces with a decrease in the number of Si-O-B bonds during the
drop weight impact test. Therefore, the low molecular weight of a precursor, hence, a high
number of dynamic crosslinks is a primary requirement for effective protection against

low-velocity impact.

The origins of dynamic crosslinking in PBS are in debate for many decades. Here, we show
that it does not involve hydrogen bonding, dative bonding or formation/exchange of boron
anhydrides as was proposed earlier but solely is the result of associative dynamic exchange
of Si-O-B covalent bonds. The formation and breakage of Si-O-B bonds were found to
have a low energy barrier, therefore, can be easily formed and exchanged at room
temperature. It was also found that the viscoelastic properties of PBS are largely dependent
on the B-O functionality of the boron compound. Trifunctional boron crosslinking through
B-O bonds results in gelation whereas bifunctional phenylboronic acid provided only chain
extension without any signs of gelation. Therefore, mechanical properties could be tuned
by the right choice of boron functionality which results in n-functional dynamic covalent
bonds (-Si-O)n-B.



Lay Summary

Lay Summary

The rapid development of the world pushes people to greater heights, for example in sports.
World records continue to grow every year owing to the development of technologies to
maximize the potential of athletes. However, this increases the likelihood of injury and its
severity. To keep up with the times, new protective solutions are being developed to replace

existing ones due to their obsolescence.

Protective equipment can become "smart" if special materials are introduced that can
effectively adapt to different exploiting conditions. Shear-stiffening materials (SSM) are
of that kind, they are liquid when deformed slowly but solidify upon impact absorbing a
lot of shock energy. SSM-based protective gear would less hinder movements which makes
it indispensable in situations in which the mobility and comfort of the athlete are a priority.
Also, due to their unique self-healing ability, they can be reused many times and easily

recycled.

In this thesis, we have set a goal to reveal details on the mechanism of impact absorption
in SSMs with respect to their stiffening mechanism and assess their potential for

substitution of conventional protective solutions.
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Table 5.1  Molecular weight evaluation of PDMS precursors and synthesized PBS

samples.

Table 6.1  Dissolution study of B25 in various solvents.

Table 6.2  Viscosities obtained in Newtonian region. Number average molecular weight

of precursors and synthesized products.
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Figure Captions

Figure Captions

Figure 2.1  Shear thickening fluid (STF) in the equilibrium state when particles are well-
dispersed and thickened state when particles are forced into contact with each other (on the
left). Shear-stiffening gel (SSG) in the equilibrium state when dynamic crosslinks can
travel in the bulk and stiffened state when they “lock”, which results in a solid behavior

(on the right).

Figure 2.2  General preparation routine of STF/Kevlar composites for bullet-proof

protection. Reproduced with permission.®?> Copyright 2022, Elsevier.

Figure 2.3  Preparation procedure of PU foam-based composite with PBS. Material A is

polyol; material B is isocyanate. Reprinted with permission from ref®!. © IOP Publications.

Figure 2.4 General preparation routine of PBS impregnated open-cell PU foam

composite. Reprinted with permission from ref #2. © ACS Publications.

Figure 2.5 State diagram of different states of STF with isotropic particles: blue circles
— shear thinning regime, blue crosses — Newtonian flow, red crosses — continues shear
thickening, red triangles — discontinues shear thickening and green dots — shear-jammed.

Reprinted with permission from ref.!® © Copyrights 2016, Springer Publishing.

Figure 2.6 The typical rheological curve of STF. CSR is critical shear rate, STR — shear

thickening ratio, VCSR — viscosity at the critical shear rate, MV — maximum viscosity.

Figure 2.7 Effect of particle aspect ratio on the shear thickening strength. Reprinted with

permission from ref 7. © AIP Publishing.

Figure 2.8 TEM images of fumed silica suspended in water. Reprinted with permission

from ref.!'® © MDPI Publishing.
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Figure 2.9 (a) Storage modulus of SSG as a function of angular frequency with
liquid/solid transition. Reprinted with permission from reference®?. Copyright 2014,
American Institute of Physics; (b) Cold flow of SSG, impact-induced hardening and with
elastic rebound of SSG. Reprinted with permission from reference.!> Copyright 2022,

Elsevier.

Figure 2.10 (a) Illustration of the different states of PBS at different deformation rates.
Viscous liquid state at low rates, elastomeric state at intermediate, and glassy states and
high strain rates. Reprinted with permission from reference'’. Copyright 2016, Elsevier; (b)
Mechanism of impact dissipation which results in expansion of impact area. Reprinted with

permission from reference!*. Copyright 2020, Elsevier.

Figure 2.11 Proposed mechanisms of dynamic crosslinking in PBS.

Figure 2.12 Proposed molecular structure of PBS through condensation synthesis at 200
°C, the scheme is developed based on the reaction described by Zinechenko.!?® From the
top to the bottom: linear borono-terminated (ortho-borate), linear boroxine terminated

(meta-borate), and cyclic molecules.

Figure 2.13 Reactants and synthesis outcomes of PBS; the scheme is developed based on
the reaction described in a study by Liu?®. They observed the formation of boroxine
molecules which hydrolyze into borono-terminated molecules when equilibrated with air

humidity.

Figure 2.14 Various bifunctional and trifunctional boron compounds (defined by B-O,-
or B-Cly-) reacted with hydroxy-terminated PDMS; the scheme is developed based on
reactions described in a study by Gridina and co-workers.*® They found that only
trifunctional boron compounds result in gelation of PBS whereas bifunctional demonstrate

a mild increase in viscosity only.
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Figure 2.15 The scheme is developed based on reactions described by Mitrofanov and
co-workers* for PBS synthesis. From the top to the bottom: reversible formation of boron
trioxide from boric acid by dehydration, condensation of hydroxy-terminated PDMS with
boric acid at 160 °C, thermal cleavage of cyclic dimethyl siloxanes molecules at 240 °C
followed by insertion of boron trioxide, condensation with hydroxy-terminated PDMS with

boron trioxide at room temperature with possible molecular structures of products.

Figure 2.16 (a) Synthesized telechelic PBS where phenylboronic acid is covalently
attached to PDMS through phenyl ring and protected ester groups; the scheme is developed
based on the reaction description from ref.!** Protective groups were later hydrolyzed in
water which led to the formation of the elastomeric film on the water surface. (b)
Synthesized pendant PBS protected with hydrolysable ester group; the scheme is developed

based on the reaction description from ref. *?

Figure 2.17 Synthesis scheme of simple PBS from a trimethyl borate with hydroxy-
terminated PDMS which results in a trifunctional crosslinking through Si-O-B bonds and

release of methanol; the scheme is developed based on the reaction description from ref.?

Figure 2.18 (a) Formation and exchange of boronic esters. The dissociative mechanism
of exchange through dehydration/hydrolysis (on the left) and associative mechanism
through transesterification and metathesis (on the right). (b) Formation and exchange of
boroxines from boronic acids. The formation can occur through direct dehydration or
Lewis base facilitated dehydration. The exchange of boroxines occurs through metathesis.

Reprinted with permission from ref.** © Royal Society of Chemistry.

Figure 3.1 Anton Paar MCR 501 rotational rheometer which was used in this thesis with

a parallel plate spindle.

Figure 3.2 Drop-weight impact testing machine CADEX Twin Wire 1000 kg which was

used in this thesis.
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Figure Captions

Figure 3.3 Basics of the attenuated total reflection (ATR) method of infrared

spectroscopy.

Figure 3.4 Basics of gel-permeation chromatography. Adapted with permission from ref.

Copyright © 2009 John Wiley & Sons, Inc.

Figure 3.5 Energy levels splitting in magnetic field (Zeeman effect).

Figure 3.6 Basic principles of MALDI-MS technique with an axial time-of-flight (ToF)

detector.

Figure 4.1 Custom setup for pull-up tests: (a) Photo of the setup with a pneumatic grip
holding the cylindrical rod at the top and the sample holder attached at the bottom; (b)
Schematic illustration of the starting position during the pull-up test with all dimensions

shown.

Figure 4.2 Illustrations of low-velocity impact setups. (a) The drop weight impact setup
with a custom 3d printed TPU container. All samples were filled to the 13 mm thickness
level from the bottom. Height from the surface of STF to the tip of the hemispherical
impactor was a controlled parameter. (b) The acrylic glass setup which was used together
with a speed camera for the flow field analysis during impact. All samples were subjected

to the impact from the same height (327 mm).

Figure 4.3 Flow rheological analysis of STF at three weight fractions. Viscosity as a
function of shear rate in a parallel plates geometry with a 0.5 mm gap. Numbers on the
arrows represent ratios of viscosities at different stages, the first two values at the bottom
during the Newtonian stage, values on top ratios at the maximum viscosities. An additional
graph inside the main is a shear stress-rate plot which was used for power-law fitting to
establish the regime of shear thickening (DST or CST). (1, 3) Photos of STF 25% and 15%
during flow tests at the maximum viscosity when fluid starts to slip off (17 1/s and 18 1/s,

respectively), (2) when STF 25% becomes cloudy (41 1/s); (4) in contrast to STF 25%,

xii



Figure Captions

STF 15% did not demonstrate any change in optical properties (at 42 1/s).

Figure 4.4 Extensional “pull-up” test, peak forces at each individual extensional rate test
were plot against the rate, peak forces are plot in a log scale. Normal force profile at 8mm/s

is shown in the middle of the figure, at this rate peak force values reach the plateau.

Figure 4.5 Results from the drop weight test with the hemispherical impactor. (a) Peak
forces at six different energies with error bars. Percentages represent the weight fraction of
fumed silica in STF. Each value is the average of ten tests with an error not exceeding 10%.
(b) Normal force registered with the load cell as a function of time during 30 J impact.

These curves are also the average over ten tests.

Figure 4.6 Change in impactor depth for two types of impact tests and the resemblance
between them. (a) Rod depth against time during speed camera impact test. The speed of
the rod before the impact vy, = 2.4 m/s. Photographs from the speed camera when the rod
is completely stopped (19.4 mm for STF 25%, 23.7 mm for STF 20%, and the rod hit the
bottom for STF 15% at 30.6 mm depth). Recording of whole tests is shown in
Supplementary Video 1. (b) Calculated force-displacement (depth) profiles for drop weight
test at 30 J. Displacement was calculated from the integration of the velocity-time plot,
which in turn was obtained by integrating the force-time plot divided by the impactor

weight.

Figure 4.7 Jamming front propagation during impact. Calculated jamming front
thickness during the impact of STF for three particles weight fractions. Front thickness was
obtained measuring the maximum thickness of the third strain isoline (dark orange) in a
vertical direction from the rod bottom surface. (1-3) Color-graded strain fields were
calculated using DIC software. Red represents the highest displacement value where
yellow is the lowest, green color represents no displacement. The red zone is the jamming
front propagating towards the bottom at a speed faster than the speed of the rod. Captured

pictures are front dimensions at the moment of reaching the bottom.
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Figure 5.1 Drop weight impact test setup for PBS testing.

Figure 5.2  FTIR spectrum of PBS 25 plotted against PDMS 25

Figure 5.3 Chemical reaction of PBS synthesis with three possible structures proposed

by Zinchenko and co-workers.!?°

Figure 5.4 (a) FTIR spectrum of five synthesized PBS samples with change in Si-O-B
peak intensity. (b) Correlations between number average molecular weight of precursor, -

OH content and Si-O-B peak FTIR intensities.

Figure 5.5 FTIR spectra of PBS in the fingerprint region with two bands representing
Si-O: B dative bonding and two bands representing B-O-H band which is prone to form
hydrogen bonds with each other.

Figure 5.6  Schematic illustration of molecular structures and interactions of PBS 25 and

PBS 18000.

Figure 5.7 Storage modulus G’ and loss modulus G of five synthesized PBS samples

obtained during small amplitude oscillatory test.

Figure 5.8 (a) Tan(d) curves for all PBS samples. (b) Relationship between crossover

point modulus and molecular weight of precursors.

Figure 5.9 Drop weight impact test: (a) Normal forces of all PBS samples (impact
energy 1.6 J), (b) linear increase in peak force with the molecular weight of precursors with
three different zones corresponding to the specific molecular weight range (red line is a

linear fit of all data points to highlight the trend).

Figure 5.10 Drop weight impact test: (a) Force plotted against calculated displacement

values, (b) the correlation plot of energy absorption at 3 mm indentation depth with the

xii
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molecular weight of precursors.

Figure 6.1 (a) FTIR spectra of PBS samples synthesized at room temperature (B25RT),
with heating in toluene in a Dean-Stark apparatus (B25), 15 min after addition of boric acid
to PDMS25 without any stirring (B25RT2), and precursor (PDMS25). The inset is the
zoomed-in plot in the tetrahedral B-O asymmetric stretching zone. (b) Gauss function fit
of B25 spectra in a trigonal B-O asymmetric stretching zone with R =0.9999. (¢) Splitting
of asymmetric B-O stretching band based on a symmetry of boron compound (free BA,

one, two, and three protons substituted BA molecules).

Figure 6.2 1D spectrum of boric acid alone (BA precursor) and B25 acquired at 16.4 T
with 10 kHz spinning. The line shape is fit using the quadrupole parameters (CQ = 2300,
2400 kHz, 1 = 0.2) that were obtained from solid-state !B-NMR, with red curves being a
sum of the fits. BO3 ring corresponds to the three-coordinate boroxine species and the BO;
non-ring to the other three-coordinate boron species. Chemical shifts diso = 16.0 and 19.3

ppm (BA), 13.9 ppm (B25).

Figure 6.3 FTIR spectra of three PBS samples: B25 equilibrated with the laboratory
moist, B25 hydrolyzed in a 10:1 solution of THF/H20, and B25 directly mixed with water

after 20 minutes.

Figure 6.4 MALDI-ToF-MS spectra of the precursor (PDMS 25) versus PBS product
(B25). Peaks coincide due to hydrolysis of B25 upon contact with water during the co-

crystallization stage.

Figure 6.5 Apparent viscosities as a function of shear rate. In the selected range of rates,
all PBA-based PBS demonstrated Newtonian flow. Numbers indicate an n-times increase

in apparent viscosities with respect to the silicone oil precursor.

Figure 6.6 (a) FTIR spectra of PBS samples synthesized with bifunctional
phenylboronic acid (PBA) from different MW PDMS. The inset is the zoomed-in plot in
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the 1200-1500 cm™ range. (b) Gauss function fit of P25 spectra in a trigonal B-O
asymmetric stretching zone with R? =0.9999. (¢) 1D spectrum of P25 versus B25 acquired
at 16.4 T with 10 kHz spinning (black curve). The line shape is fit using the quadrupole
parameters (CQ = 2300, 2400 kHz, n = 0.2) that were obtained from solid-state 'B-NMR
(red curve). Chemical shifts diso = 16.0 and 26.0 ppm (P25), 13.9 ppm (B25).

Figure 7.1 Jamming front prorogation during low-velocity impact in fumed

silica/polypropylene glycol.

Figure 7.2 Drop weight impact test of PBS samples. a) Illustration of the testing setup;
b) peak forces generated during impact test against MW of the PBS with three distinctive
zones; ¢) schematic illustration of the molecular structure in Zone 1 (on the left) and Zone

3 (on the right) during low-velocity impact.

Figure 7.3 Illustration of drop weight impact setup for testing 11 mm thick layers of STF
25%, SSG, and EVA foam sample in a TPU container. On the right, peak force values at

different impact energies; each data point is an average value over ten tests.

Figure 7.4 Results of the drop weight impact test for three SSG layers thicknesses (11,
5.5, and 2.7 mm) versus EVA foam and STF 25%. Peak forces are generated at different

impact energies; each data point is an average value over ten tests.

Figure 7.5 (a) 3D models of the honeycomb (closed-cell topology) and gyroid
(continues topology) structures; (b) drop weight test results of the FDM printed composites
from a self-produced PEBAX filament subjected to 7.5 J impact, two types of samples
were produced for each structure — one, empty (unfilled) and another filled with STF 15%
(PPG/fumed silica); (¢) Photos of composites testing setup (on the left), broken walls of
the matrix with STF leaking out (on the right).

Figure 7.6  (a) Schematic of the setup used for STF encapsulation. (b) Illustration

showing the formation mechanism and structure of the outer and inner walls of the STF
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Figure Captions

capsule. (¢) Optical image of the obtained capsules with one enlarged in the inset. (d) A
broken STF capsule Reprinted with permission from reference ’'. © Royal Society of

Chemistry

Figure 7.7 Orifice coagulation bath method for STF encapsulation. Reprinted with

permission from reference '°7 © 2020 Elsevier Ltd.

Figure 7.8  Soft composite concept where PBS is the middle layer closed by 3D fabric

from two sides and stitched over the area.

Figure 7.9 Concept of bicomponent yarns with PBS being a core and polyester (PE) a

shell for protective fabrics.
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Chapter 1

Introduction

This chapter introduces the background of the impact of protective
materials in sports and discusses the potential of shear-stiffening
materials to replace outdated conventional solutions. Next, we discuss
the most promising representatives of this class of materials — shear
thickening fluid (STF) and shear-stiffening gels (SSG), as well as
protective composites based on them. After that, we formulate the
remaining challenges for their successful implementation as bulk
protection which we attempt to resolve in this thesis followed by
objectives and scope, an overview of the entire thesis, and outcomes

with a focus on the significance and novelties.
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1.1 Background

Nowadays, there is a vast demand for protective gear in the sports industry because the
health and safety of people doing sports are of significant interest. Proper protective
equipment is essential in sports where a high risk of injuries is involved, such as hockey,
American football, skiing, motorcycling, skateboarding, etc:.

There are plenty of existing solutions in the form of soft protection. Minimizing the
probability of injuries and absorbing as much impact as possible remain the main aims of
these solutions. Still up to date, in most cases, polymeric low-density foams are used; they
typically dissipate energy through the cell buckling, bending, or fracture®”’. Two types of
foams exist depending on their cellular structure (closed-cell or open-cell, respectively).
Closed-cell polymeric foams are usually stronger and more efficient in shock absorption
since air enclosed in foam voids performs the work of the damper and absorbs the bulk of
the energy during the compression-decompression cycle®. And in the case of an open-cell
foam, the air easily leaves the volume of the foam, negating energy absorption due to air
compression. It is worth noting that existing solutions were developed decades ago and
reached the maximum of their capabilities in view of physical limitations. For example, a
critical weakness of polymeric foams is that the pressure during impact concentrates at one
point, which significantly concerns athletes’ safety®. That is why rigid panels are usually
combined with foam in protective gear to spread the impact over a larger area'®. However,
bulky and inflexible, these solutions reduce the user's mobility and comfort. Other
limitations include thickness restriction, a limited range of impact energies, loss of damping
performance over time due to deformation cycles in flexible foams, and irreversible
deformation in rigid foams after the first impact®®. Also, foams' high thermal insulation
properties may lead to overheating the user'. Permanent crosslinking, beneficial for

mechanical properties, often makes the materials non-recyclable.

In the light of advances in research of “smart” materials, new solutions were proposed to
overcome mentioned limitations. Shear-stiffening materials are one of the most prospective

candidates'?*®, Their unique features include self-healing (hence, recyclability), the ability
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to spread out the impact over a large area', and most importantly, instant stiffening
response to external stimuli, which is completely reversible’>’. Presently, two types of
shear stiffening materials exist — shear thickening fluid (STF), a dense suspension, and
shear-stiffening gel (SSG), a supramolecular polymer network®3,

STF is a non-Newtonian fluid whose viscosity increases by several orders of magnitude
with shear stress'?8, This type of fluid has been known for a very long time, but it found
application not long ago. Today, one of the widest applications of STF is in liquid armor*®.
Kevlar sheets are impregnated with STF and then dried. Improved bulletproof properties
of liquid armor are associated with increased friction between Kevlar yarns?. Friction
dramatically reduces the main disadvantage of Kevlar fabric, the so-called windowing
effect, in which the fibers move apart upon penetration impact. However, STF impact
absorption impact on its own is a relatively unexplored subject for all its enormous potential.
Despite the different nature and origin of the stiffening mechanism, SSG undergoes a
similar liquid/solid transition with an increase in shear rate and so the elastic modulus, and
it exhibits highly elastic behavior as a solid body?. A few successful companies (such as
D30®, and Armorgel®)??? have utilized SSG as a “smart” component of their
polyurethane foams for impact protective gear. However, SSG was added at a small
concentration as a filler, and the foam is responsible for the main protective effect. And
this is the only successful application of SSG in the field of protection today. Therefore,
the aptitude of SSG to mitigate impact alone remains unclear.

1.2 Problem Statement

Suspension of fumed silica in polar organic oligomers (such as polypropylene glycol) is
the most successfully implemented STF for protective composites due to high stability 232
(which prevent sedimentation of particles over time) and strong shear thickening at low
particle loading®>2®. Despite various studies on the rheology of fumed silica suspensions
and protective performance of its composites, the impact absorption mechanism remains
unknown. This gap needs to be filled for the effective implementation of STF as bulk
protection and improvement of protective properties.

Polyborosiloxane (PBS) is the most utilized representative of the SSG class in the field of

protective equipment for being easily synthesized from a relatively cheap component due
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to the wide availability of methods to tailor dynamic and mechanical properties'®. There
are two branches of PBS research that are not well connected. One aims to modify the
rheological properties through various approaches (manipulation with the density of
supramolecular network?’=3°, the addition of functional fillers*X3* or permanent
crosslinks®~3’, and chemical modification®®). Another targets impact protection in PBS
composites™3*4L This limits the selection of optimal PBS synthesis parameters for
effective shock absorption. Thus, establishing a correlation between the density of dynamic
crosslinks and impact absorption will help to direct the focus in the right direction. Another
unknown question is the origin of dynamic crosslinking in PBS, which has been debated
in the literature for over seventy years?®4>*3 due to the complexity of the chemistry of boron
dynamic interactions®444°_ The answer may make it possible to improve / reduce the cost

of PBS production technology, as well as to maximize the protective properties.

1.2 Objectives and Scope

This thesis aims to reveal details on the mechanism of low-velocity impact absorption in

the two most promising shear stiffening materials: fumed silica/polypropylene glycol (PPG)

suspension from the STF side and polyborosiloxane (PBS) from the SSG side. More

specifically:

(1) find out the possibility of jamming transition during low-velocity impact and how it
contributes to the impact absorption in fumed silica-based STF;

(2) correlate the density of dynamic crosslinking with the viscoelastic properties and
impact absorption in PBS;

(3) assess the effect of bi-/tri-/tetra-functional boron dynamic crosslinking on the
mechanical properties as well as reveal details on the origin of dynamic crosslinking in

PBS polymer.

1.3  Dissertation Overview

This thesis aims to evaluate the potential of shears-stiffening materials for low-velocity

impact protection as well as to resolve the disputes over mechanisms that would provide
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valuable insights on how it can be improved.

Chapter 1 introduces the background of the protective materials against low-velocity
impact, such as one finds in sports, overviews emerged “smart” (namely, shear-stiffening)
materials to overcome drawbacks of preexisted solutions. After that, the remaining
challenges of “smart” materials are formulated, followed by objectives and scope, an
overview of the entire thesis, outcomes, and novelties.

Chapter 2 reviews the literature concerning shear-stiffening materials: existing types (STF
and SSQG), their most promising candidates, their applications in the field of impact
protection, proposed explanations for stiffening mechanisms, factors affecting stiffening
performance, and how it contributes to impact absorption. Besides, knowledge gaps in the
field are described and justified.

Chapter 3 discusses the experimental methodology and basic principles of characterization
techniques used in this thesis. Specifically, description of the working principles of the
employed characterization techniques in the context of the project's objectives.

Chapter 4 presents a major set of results on the impact absorption mechanism in fumed
silica/polypropylene glycol suspension. Optical in situ speed recording of flow field during
low-velocity impact demonstrated new evidence of shear-activated jamming, supported by
the flow and extensional rheological analysis. Furthermore, the mechanism of impact
absorption in this type of STF is discussed with the emphasis on how shear jamming
contributes to impact protective properties (reduction of peak force, distribution of impact
over area and thickness, etc.).

Chapter 5 establishes links between the synthesized PBSs and various mechanical
properties, particularly the viscoelastic properties of the resulting gels and their protective
properties. The molecular weight (MW) of the precursor, which was found directly
connected to the density of the supramolecular network, is used as a varying parameter.
Correlations are established between the precursor MW, crossover point (CP) modulus,
and normal peak forces generated in response to low-velocity impacts. Infrared spectra (IR)
and oscillatory test data of synthesized PBSs have been interpreted in relation to the shear-
stiffening mechanism. The mechanism of impact absorption in PBS is discussed with
particular attention to the contribution of the shear-stiffening effect.

Chapter 6 provides insights into the mechanism of dynamic crosslinking in PBS, which
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has been debated for 70 years. The dynamic covalent bonding through substitution of
oxygen atom in Si-O-B covalent bonds with the oxygen of silanol groups is demonstrated
to be the origin of PBS gelation and its unique viscoelastic properties. The formation and
breakage of Si-O-B bonds have a low energy barrier; therefore, they can be easily formed
and exchanged at room temperature. Viscoelastic properties can be tuned by the right
choice of boron functionality, which results in n-functional dynamic covalent bonds (-Si-
O)n-B. FTIR, ®*B-NMR, MALDI-ToF-MS analyses. Additionally, synthesis kinetic studies
were utilized to support the findings.

Chapter 7 concludes the finding of three results chapters, including (1) in situ observation
of jamming front propagation during low-velocity impact in polypropylene glycol/fumed
silica STF and how it contributes to impact dissipation; (2) correlations between the
molecular weight of precursor and mechanical properties in polyborosiloxane (PBS) with
particular attention to impact absorption; (3) Mechanism of multifunctional dynamic
crosslinking in PBS. The potential of STF and SSG to replace conventional protective

materials is discussed with ideas about their composites as bulk protection.

1.4  Findings and Outcomes

Several findings and outcomes are reported in this thesis with an emphasis on novelty. They
are arranged according to the objectives stated earlier.
The following findings were discovered regarding the first objective (1):

e Discontinuous shear thickening (DST) 1is present at as low as
¢ = 7.2% fumed silica volume fraction and onwards, a prerequisite for jamming.
This fact confirms results from another study*® where the DST threshold ¢p gy for
hydrophilic fumed silica suspensions was found to be around 6%. The presence of
DST is important as it is a prerequisite for shear jamming (SJ).

e Analysis of the flow field during impact reveals jamming at ¢ = 7.2% and onwards.
The possibility of jamming at such low concentrations is shown for the first time in
the literature.

e The front propagation speed at ¢ > 7.2% is 3-5 times higher than the speed of the

impactor rod, which rules out jamming by densification, and confirms that the
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propagation is triggered by shear. This fact agrees with those reported by Naald et
al.*” however, in our work, it is shown for much smaller ¢.

The main impact absorption begins when the jamming front reaches the boundary,
creating a solid-like plug under the rod that confronts its movement. The efficiency
of impact absorption depends on fumed silica fraction through the thickness of the
front between the rod and the bottom. This is a novel insight into the mechanism of
impact absorption which clarifies the requirements for the design of impact-

resistant composites based on STF.

Achieving the second objective (2) resulted in the following findings and novel correlations:

With the aid of IR characterization paired with gas-permeation chromatography
(GPC), we demonstrated that the number of dynamic crosslinks in PBS
(represented by the intensity of the Si-O-B band) corresponds to the number of
hydroxy groups in precursor PDMS. This discovery confirms the completion of the
reaction without chains scissoring, permanent crosslinking, or polymerization.
Therefore, chosen synthesis routine allows for precise control of the outcomes of
the resulted PBS.

Crossover point modulus (which represents the stiffness at the point of liquid/solid
transition) of PBS is in a linear relationship with the number of precursor hydroxy
groups, hence, the number of dynamic crosslinks. Normal peak forces generated in
PBS and energy absorption during the low-velocity impact test demonstrated a
linear increase with the number of dynamic crosslinks. These novel correlations
provide guidelines to tailor the mechanical response of PBS for shock energy
dissipation, dampers, sensors etc.

The efficiency of impact absorption is defined by the stiffness of PBS (when all
dynamic crosslinks “lock™ due to the inability to relax) together with the required
energy to break all dynamic bonds depending on the impact energy. This provides
clear guidance to focus on dynamic crosslinking density for the improvement of

energy absorption in PBS.

Out of objective (3), the following findings were discovered:

Dynamic covalent bonding through B-O ligand exchange is shown to be the most

probable mechanism behind the unique viscoelastic properties of PBS. The same



Introduction Chapter 1

mechanism is involved in initial gelation as well as dynamic exchange. The oxygen
atom in Si-O-B bonds undergoes rapid associative exchange with oxygens hydroxyl
bearing moieties (free silanol, alcohol, water). The formation/exchange of Si-O-B
bonds has a low energy barrier that makes them easy to form (even at room
temperature) and vulnerable to break (during hydrolysis or with the addition of -
OH-bearing molecules). This solves the long-lasting debate on the mechanism
which allows simplifying and improving the synthesis path of PBS.

e Dynamic crosslinking does not involve hydrogen bonding, dative bonding or
formation/exchange of boron anhydrides but is solely the result of associative
dynamic exchange of Si-O-B covalent bonds.

e The Viscoelastic properties of PBS largely depend on the B-O functionality of the
boron compound. Tetrafunctional boron crosslinker demonstrated the highest
rubbery plateau, which confirms the highest number of dynamic bonds, followed
by trifunctional boric acid. In contrast, bifunctional phenylboronic acid provided
only chain extension without any signs of gelation. Therefore, mechanical
properties could be tuned by the right choice of boron functionality, resulting in n-

functional dynamic covalent bonds (-Si-O),-B.
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Chapter 2

Literature Review

This chapter reviews the literature concerning shear-stiffening
materials: the most promising representatives of STF and SSG for
impact protection (fumed silica-based STF and polyborosiloxane),
factors affecting their stiffening performance, existing protective
composites based on them, and proposed theories on their stiffening
mechanisms. Special attention is given to research on the mechanisms

of low-velocity impact absorption with remaining knowledge gaps.
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2.1. Shear-stiffening materials

Shear-stiffening is a unique effect when modulus or viscosity increases with an
increase in shear deformation rate. Such behavior can be observed in some types of
supramolecular polymers and suspensions.’® This type of material is called shear-
stiffening materials. They stiffen in response to external stimuli once the threshold
deformation rate is exceeded. Another distinctive feature of these materials is that the
transition from liquid to solid (or highly viscous) state is reversible; hence, they return
to the original liquid state upon removal of external stress*>*’. Even though these
materials were discovered decades ago, they have recently attracted renewed attention
in the field of protective equipment!2®3, During the liquid/solid transition, a significant
amount of energy can be absorbed or contribute to shock absorption through indirect
processes (increase in friction between yarns, creating a jammed solid plug, etc.).
However, applications will depend on a time scale of impact; for example, these
materials will behave differently under low-velocity impacts such as in sports
compared to high-velocity projectile impacts. Factors to be considered when choosing
shear-stiffening materials for a particular protective application: deformation rates
during impact, impact area size, and predominant direction of impact (how much shear
stress versus tensile/compression). There are two common types of shear-stiffening
materials with different stiffening mechanisms. Still, both provide similar advantages
in impact absorption: shear thickening fluids (STF) and shear-stiffening gels (Figure
2.1).

10
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Equilibrium Equilibrium

Figure 2.1 Shear thickening fluid (STF) in the equilibrium state when particles are well-
dispersed and thickened state when particles are forced into contact with each other (on the
left). Shear-stiffening gel (SSG) in the equilibrium state when dynamic crosslinks can travel

in the bulk and stiffened state when they “lock”, which results in a solid behavior (on the right).

Shear thickening fluids (STF) are dense suspensions of solid particles in the liquid
medium which possess non-Newtonian properties; specifically, the viscosity increases
with an increase in shear rate!?. The thickening behavior arises from the particle-
particle (via friction) and particle-medium interactions (hydrodynamic forces)*®. This
unique feature makes STF a “smart” material that allows use in various protective
applications.

Shear-stiffening gel is the second class of “smart” materials which is, in contrast to
STF, a supramolecular polymer system*34°. The liquid/solid transition originates from
dynamic supramolecular bonds; at a lower deformation rate, they relax and reconnect
(the material flows like a liquid), but once the transition rate is exceeded, these bonds
“lock” and behave as permanent crosslinks (the material behaves as an elastic

rubber)!”3:%0, Some of the STF and SSG protective applications will be discussed next.

2.1.1 STF composites for impact absorption

The first attempt to unitize STF for impact protection devices was made by Gates in

1968°! however, for over three decades, no more studies were published. In 2004

11
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unique properties of STF were reexplored for body armor, and the U.S. Army Research
Laboratory (ARL), in collaboration with the University of Delaware, filed the patent
19 The main approach was to impregnate a fabric material (Kevlar in their case) with
an STF diluted in alcohol and then dry (Figure 2.2). After this patent, many works
were published devoted to the impregnation and testing of various fabrics for ballistic,
stabbing, and cutting resistance®8, Other high-performance fabrics were tried
together with STF, such as Ultra High Molecular Weight Polyethylene (UHMWPE),
Twaron, and Spectra, and their performance was assessed >, As it turned out, the
reason why these characteristics are significantly improved is a significant increase in
friction between the fibers, which reduces the likelihood of a windowing effect (the

main drawback of all fabrics in the field of protection)*2®L,

alcohol

/ — E— RS 5 F TN
/a| — STF was mixed S ))l o~
o with alcohol [

Kevlar was soaked into the
diluted STF for 5 min

Evaporation of alcohol Soaked Kevlar
by drying at 60 °C passed through the rollers

Figure 2.2 General preparation routine of STF/Kevlar composites for bullet-proof protection.

Reproduced with permission.®? Copyright 2022, Elsevier.

Other impact protective composites include: steel plate backed with an STF
impregnated open-cell polyurethane (PU) foam which was designed to protect against
standard blast load®®, composite which was produced by in situ formation of closed-
cell PU foams with STF which was also used as an approach to encapsulate STF®, an

ecofriendly composite made by engraving micro-agglomerated cork sheets with

12
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various microfluidic patterns and filling them with STF®, STF-filled sandwich
composite panels with carbon fiber reinforced plastic facings®, PU skeleton (with
cubic holes in it) filled with STF sandwich composite®”:%®, composites where STF is
intercalated in a spacer fabric and incapsulated in a polyethylene (PE) copolymer shell
for a football helmet padding®®.

One of the biggest challenges in using STF for protective gear is its flowability; if the
composites are not completely sealed, STF will eventually leak out. Therefore, some
researchers tried to develop encapsulation approaches to overcome this challenge, such
as applying calcium alginate in an orifice coagulation bath® or enclosing the material

in a polyurea shell in a precursor solution™.

2.1.2 SSG composites for impact absorption

Shear-stiffening behavior is observed in some soft biological polymer materials,
targeted to prevent damage to biosystems at dangerously excessive deformations’?.
Similar behavior was discovered in synthetic polymer network gels. The stiffening of
their networks in response to deformation/deformation rate arises from the physical
nature of their crosslinks. Based on that principle, various shear-stiffening hydrogels
were developed to mimic biological materials and their ability to stiffen in the body’*
76, One particular example of shear-stiffening hydrogel is the polyvinyl alcohol (PVA)
slime. It is well-known material from a classic school experiment where a solution of
PVA in water is mixed with a solution of borax in water, resulting in an instant
formation of slime. It was used as an example of how physical crosslinking can provide
strong enough interactions to solidify water solution’’. This type of hydrogel
demonstrates an increase in elastic modulus with an increase in shear deformation rate
as well as liquid/solid transition in oscillatory shear experiments (at a loss/storage
modules curves crossover)’®7, Yet, shear-stiffening hydrogels suffer a few drawbacks
because of their aqueous nature, making them difficult to use for impact protective
gear. For instance, they exhibit limited mechanical strength, loss of properties over
time due to water evaporation, and dependence on external conditions (humidity, pH,

temperature, etc.)®,

13
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A water-free and boron-containing SSG gained significant interest in the field of
protective composites — polyborosiloxane (PBS). PBS is known as the main compound
of Silly Putty™ — a gel-like toy popular among children for its bouncy yet stretchable
properties. Its dynamic properties come from a physical crosslinking of siloxane chains
with boron-containing compounds (typically, boric acid)*®. The exact mechanism of
stiffening in PBS will be discussed further.

Most PBS applications in the field of impact protection are connected to foams where
PBS acts as a filler in the bulk of foam. Typically, polyurethane foam is used as a
matrix, such as in a study by Xiaoke et al.8* where PBS is premixed with component
A (polyol premixed with all necessary components such as cross-linker, blowing agent,
catalyst, etc.), then this mixture is added to isocyanate with subsequent mixing for a
short while. After the mixture is poured into a mold, a “smart” foam is formed (Figure
2.3).

B material

A material

Sample Foaming in the mold, 50°C Stirring
Figure 2.3 Preparation procedure of PU foam-based composite with PBS. Material A is polyol;

material B is isocyanate. Reprinted with permission from ref 8!, © IOP Publications.

This approach was used in a variety of patents in the field of sports protection. Two

companies were established based on the patents with a similar idea: D30%* and

14
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Armorgel? which achieved commercial success in the area of “smart” protective gear.
After the formation of the “smart’ PU foam in the mold, PBS stays enclosed in the
foam, providing additional impact absorption on top of the foam cushioning.

Another approach to making a “smart” foam is a dip and dry method where pre-
produced open-cell foams are used. Wang et al.®? used commercially available
polyurethane open-cell sponge as a matrix. PBS mixed with BPO in acetone was
dipped in a sponge, followed by drying in the vacuum oven to remove acetone, this
procedure was repeated to reach saturation. After that, the impregnated foam was

cross-linked with BPO in the oven for 2 hours (Figure 2.4).

Figure 2.4 General preparation routine of PBS impregnated open-cell PU foam composite.

Reprinted with permission from ref 8. © ACS Publications.

Other composites design approaches were utilized to maximize the contribution of
PBS to energy absorption. Xu et al.*® used silly putty as a core material for Kevlar
composite. Silly putty was locked in a sandwich structure where the bottom and the
top layer of Kevlar fabric were stitched together. To improve the self-stiffening effect,
CaCOg particles were dispersed inside silly putty. In the ballistic test, composite
showed 60% higher energy dissipation than neat Kevlar. He et al.?° prepared a
composite of STF impregnated Kevlar fabric with PBS using the “dip and dry”” method.
Significant enhancements were demonstrated in terms of rod penetration resistance,

knife cutting resistance, yarn pull-out test, and split-Hopkinson bar test. A similar
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approach was used by Zhao et al.** where they prepared multilayer Kevlar composites

that were impregnated with PBS using the dissolution-volatilization method.

2.2  Shear thickening fluids

Shear thickening fluid (STF) is a type of colloidal suspension that possesses a non-
Newtonian behavior under shear deformation. More specifically, it is a dilatant, where
its apparent viscosity increases beyond a critical shear rate. The shear thickening
phenomenon exhibited is reversible, meaning the material returns to its initial liquid
state upon removal of the applied stress*®. Typical STF forms stable suspension due to

steric, electrostatic, or Brownian interactions®.

2.2.1 Mechanism of shear thickening in STF

Initially, the order-disorder theory was believed to explain the increase in viscosity
during the shear thickening phase. Hoffman’s work® was a pioneer study on the
explanation of the shear thickening mechanism. In this work, the shear thickening fluid
was proposed to act opposite to shear-thinning fluid since they are opposite in
rheological properties. It was believed that at the critical shear rate, the transition from
order (in a colloid suspension) to disorder happens and causes a significant increase in
viscosity. Later some discrepancies were found, and a new model was proposed.
Bossis et al.® proposed that hydrodynamic force is the main cause of the shear
thickening effect. Before the critical shear rate, particle-particle interactions are
repulsive (because of electrostatic, Brownian, or any other forces), and the suspension
is stable. After the onset is reached, the hydrodynamic forces dominate over repulsive
forces, and the particles aggregate into so-called hydroclusters. The reduced mobility
of particles (due to association in hydroclusters as well as the subsequent increase in
hydrodynamic resistance) causes drastic viscosity growth. However, it was found that
pressure created by hydrodynamic forces is not enough to overcome repulsion forces

to form clusters.
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The mechanism of shear thickening was recently re-explained using contact rheology
model*885-88 after reconsidering the old explanation by hydrodynamic model®3. It was
found that pressure created by hydrodynamic forces is not enough to overcome
repulsion forces to form clusters. The contact rheology model suggests that the main
contribution to the shear thickening is due to particle-particle interactions, not the
particle-medium ones. After reconsideration, two types of shear thickening were
introduced*®: continues shear thickening (CST), which is a weak type of shear
thickening mainly driven by hydrodynamic forces, and discontinues shear thickening
(DST), which results in a discontinuous jump in shear stress beyond a critical shear
rate due to contact forces between particles. A relatively new concept of jamming by
shear (SJ) was introduced as an extreme behavior of DST suspensions below jamming
particles' fraction ¢, for a range of suspensions with sufficiently strong frictional
interactions®® (Figure 2.5). SJ is a reversible transition of unjammed dense suspension

to a solid-like state with finite yield stress induced by shear®%,
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triangles — discontinues shear thickening and green dots — shear-jammed. Reprinted with
permission from ref.1® © Copyrights 2016, Springer Publishing.

Sliding and rolling friction between particles are among the main contributors to the
DST and SJ%. Manipulation with the surface roughness®®, aspect ratio %, adhesion®,
and chemistry®® was shown to allow to tune the thickening, as well as to shift the onset.
However, surface chemistry (hydrogen bonds, in particular) was found to be essential

for DST and SJ, where surface roughness cannot lead to DST alone®®:,

2.2.2 Effect of different factors on rheological properties of STF

Many researchers tried to manipulate the rheology of STF to improve the strength of
shear thickening or to shift the onset by changing various parameters. The viscosity of
STF can increase by a few orders in magnitude depending on particle fraction
concentration, particle surface chemistry, particle aspect ratio, size, chemical structure,
and molecular weight of the liquid medium?*?47:97-99,

Rheological properties of STF could exhibit systematic variations based on a few key
characteristics: critical shear rate (CSR) is the onset value of shear thickening, shear
thickening ratio (STR) is the ratio between the highest viscosity and the viscosity at
the onset which defines the magnitude of thickening, viscosity at the critical shear rate
(VCSR) and maximum viscosity (MV). The typical rheological curve of STF is shown
in Figure 2.6. These parameters will be used to examine the effect of different factors
on thickening performance. Some of these conclusions are intuitively understandable
based on general logic.

It was calculated that for a dense suspension of perfectly spherical particles, weak
shear thickening started to be observed from 0.4 particles volume fraction ¢, where
¢ = 0.56 is optimal for a strong shear-thickening®. Higher ¢ increases the
probability of contacts and, hence, lowers CSR to trigger shear thickening 1. With an

increase in ¢ STR increases and both VCSR and MV, respectively*?.
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Figure 2.6 The typical rheological curve of STF. CSR is critical shear rate, STR — shear

thickening ratio, VCSR — viscosity at the critical shear rate, MV — maximum viscosity.

Based on previous studies, it was found that CSR decreases with an increase in particle
size%21% This is because, for bigger particles, Brownian stresses are lower; hence, it
is easier to overcome repulsive forces between particles, and thickening occurs at
lower shear stresses®®. Also, with smaller particle sizes, overall viscosity (including
VCSR) increases due to more dense packing of particles, hence, a higher density of
inter-particle bonding*?.

Properties of the liquid medium also play an important role in shear thickening.
Normally polar organic liquids are used as a medium, such as ethylene glycol, small
molecular weight PPG, and PEG. Two factors define the shear thickening efficiency —
molecular weight and chemical composition. Based on numbers of studies!*#'%® CSR
decreases with an increase in MW of the polymer medium, and stronger shear
thickening is observed in general (in terms of both MV and STR). This is because,
with higher MW, absorption of polymer on the particles is enhanced through polar
silanol-polymer interactions. Chemical composition is also an important characteristic;
based on research'®, PPG demonstrated higher STR and lower CSR compared to the
same molecular weight PEG (400). The reason is the higher thickness of the solvation

layer in the case of PPG because of a higher degree of polymerization.
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Particles aspect ratio plays an important role in shear thickening performance. Based
on a study by Beazley et al.»% particles with a higher aspect ratio cause stronger shear
thickening due to particles interlocking, which reduces their degrees of freedom in the
flow field. Rod particles are the most efficient among others, then followed by plates,
grains, and spherical, respectively®” (Figure 2.7). It was found that the same
magnitude of shear thickening can be achieved with much lower loadings when high
aspect ratio particles are used'®. For example, for a fumed silica STF, shear thickening
is observed at as low as ¢ = 0.072%°. Fumed silica is known to possess a high aspect
ratio due to the production process where nanosized particles fuse together, forming

rods that, at extremely high temperatures, grow into aggregates of a few um.
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Figure 2.7 Effect of particle aspect ratio on the shear thickening strength. Reprinted with

permission from ref 1. © AIP Publishing.

2.2.3 Fumed silica-based STF

Fumed silica STF is a preferable choice for many applications due to its lower weight
per unit volume and high colloid stability. Fumed silica is produced from pyrolyzing
tetrachlorosilanes in a hydrogen-oxygen flame, forming primary particles (5-30 nm)

that cool to form silica aggregates (100-500 nm) (Figure 2.8). This gives it a fluffy
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white appearance characterized by extremely low bulk density (20-50 g/L), high
surface area (125-200 m?/g), and high aspect ratio'*°. The large surface area of fumed
silica is dominated by the presence of silanol groups that are prone to form hydrogen
bonds. In fumed silica/polar polymer suspensions, the terminal hydroxyl bonds, as well
as internal oxygen atoms on the PPG chains, form hydrogen bonds with the abundant
surface silanol groups on fumed silica. The interaction surface between PPG and
fumed silica acts as a solvation layer that hinders the interaction between fumed silica
particles, hence, stabilizing the dispersion of fumed silica in the suspension®'t. Flow
rheology of fumed silica STF has been broadly studied in literature!!6.11-114,
However, little attention has been given to the nature of shear thickening (CST or DST).
In a study by Bourrianne et al.*®, CST and DST transitions were found to occur starting
from ¢psr = 6% for hydrophilic fumed silica-based STF which is considerably lower
than for spherical particles. However, the stresses produced by steady-state rheology

are very limited, which makes it hard to achieve and study SJ'*°.

Figure 2.8 TEM images of fumed silica suspended in water. Reprinted with permission from
ref.11® © MDPI Publishing.

As shown earlier®® interparticle hydrogen bonding can be a source of strong frictional
interaction, which may lead to SJ in dense suspensions. Since fumed silica surface is
silanol rich with a high area, it suggests that it may possess shear jamming behavior at
high concentrations/stresses. The evidence of SJ in fumed silica suspension was
provided by Naald et al.*’: they observed it during impact using high-speed ultrasound
imaging. They found that SJ was achieved only at the intermediate molecular weights
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of PEG due to the optimal thickness of the solvation layer, which allows forming

frictional contact networks rather than lubricated contacts.

2.2.4 Impact absorption in STF

Unique shear thickening properties of STF have found applications in the protective
field, from sports protective equipment to flexible body armor*2. With progress in the
development of STF protective composites, some researchers were trying to
understand how shear thickening and shear jamming contributes to impact absorption.
It was especially interesting considering that STF can support the body weight of the
person running across it'8. The origin of such large positive normal stresses generated
during impact has been debated for many years. Two mechanisms were proposed:
jamming by densification®®"11® and by shear'!®'?3 where the second requires
sufficiently strong frictional interactions between particles such as via hydrogen
bonding®. Both mechanisms suggest that the jamming of particles is the cause of high
normal forces, which act in the opposite direction of the impact load. In the study by
Waitukaitis et al.!'® they demonstrate that high normal stresses in cornstarch water
suspension arise from the formation of the densification front beneath the impactor rod
using high-speed videography coupled with embedded force sensing X-ray imaging.
They also concluded that the growing jamming front itself is the main cause of large
normal stresses and that the presence of boundary is not essential for that. This
mechanism was supported by Fu et al.®517 where the same conclusions were made but
in the case of STF consisted of styrene/acrylate copolymer particles in an ethylene
glycol medium. On the contrary, another brunch of research has been developing in
recent years where the shear strain triggers the rapid growth of the jamming front.
After the breakthrough study by Bi et al.**® where they demonstrated that the shear
strain transmitted through the network of force-bearing grains is the trigger of jamming,
the same research group who first believed that the jamming is caused by
densification'!® changed their opinion and proved that the shear is the cause of

jamming during low-velocity impact?®.
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Various types of impact were utilized to find the limits and conditions of shear
jamming in water cornstarch suspensions!?2121123owever, less attention has been paid
to more complex STFs such as fumed silica/polymer suspension, which found more
use in real-world applications. Despite the study by Naald et al.*” where they
conducted impact tests on a fumed silica STF to reveal the presence of SJ, it remains
unclear how jamming transition contributes to impact protection and the mechanism

of impact absorption in fumed silica/polymer suspensions.

2.3 Polyborosiloxanes (PBS)

Shear-stiffening gels (SSG) have attracted the attention of many researchers in the last
decade due to their unique viscoelastic properties, self-healing ability, ease of
synthesis, and affordability of raw materials.'® As it was mentioned earlier, the most
common and utilized SSG is polyborosiloxane (PBS). PBS is a viscoelastic gel that is
a result of boron dynamic crosslinking of polydimethylsiloxane (PDMS) chains. There
are a few pathways of PBS synthesis, such as via condensation reaction between
hydroxy end groups of boric acid (BA) and PDMS,!435-37.124125 horon termination
reaction of scissored PDMS pieces?®31126 due to random chain scission of PDMS
chains at a temperature higher than 150 °C with the presence of BA as a catalyst,?312
or simultaneous polymerization of PDMS with borono ends modification from
dichloro dimethyl silane?"1?® Incorporated boron crosslinks possess sticker-like
behavior due to their supramolecular nature. However, the nature of these interactions
is still debated in the literature?®*2, Hypotheses and evidence on the nature of dynamic
crosslinking in PBS will be discussed further in detail.

PBS behaves like a viscous liquid at low deformation rates due to the dynamic
relaxation of supramolecular bonds (Figure 2.9, a). At this stage, it demonstrates
typical cold-flow characteristics, such as the one found in plasticine®® (Figure 2.9, b).
However, once this rate exceeds the critical value, stickers do not have enough time to
relax and reconnect; therefore, these temporary connections lock and behave as
permanent crosslinking points.***2 During this transition, PBS changes its behavior

from viscous to rubbery. If the strain rate keeps rising, PBS, eventually, will transit in
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a glassy state where the dynamic bonds start to break due to excessive external stresses.
At this stage, PBS demonstrates brittle fractures if deformed, such as the ones found

in highly crystalline plastics. This behavior is fully reversible even after brittle
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Figure 2.9 (a) Storage modulus of SSG as a function of angular frequency with liquid/solid
transition. Reprinted with permission from reference®2. Copyright 2014, American Institute of
Physics; (b) Cold flow of SSG, impact-induced hardening and with elastic rebound of SSG.

Reprinted with permission from reference.!® Copyright 2022, Elsevier.

2.3.1 Effect of various parameters on viscoelastic properties of PBS

To assess the effect of BA concentration on rheological properties, we need to consider
the synthesis pathway. As it was mentioned earlier, there are two main ones, one
through direct condensation reaction between hydroxyl groups of BA and HO-PDMS-
OH, which can take place even at room temperature?>*3, and another, which does not
require the presence of hydroxyl groups in PDMS and happens due to random
scissoring of PDMS chains at elevated temperatures (> 150 °C) and insertion of BA at
the scissored sights?. In the first case, the maximum effective concentration is reached
at the stoichiometric ratio between the BA and PDMS hydroxyl group. Hence, it

depends on the molecular weight of PDMS. In this case, gel-like properties start to
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appear when 50% of the stoichiometric concertation is achieved. At lower
concentrations, only viscous liquids are produced. Therefore, in the first synthesis
scenario, elasticity gradually increases from 50% to 100% of stochiometric
saturation?®. Generally, an excessive amount of BA (above stoichiometric saturation)
does not affect the viscoelastic properties but may lead to the formation of boroxines
(BA anhydrides) or other boron complexes, which can reduce the mobility of dynamic
bonds.

If the second synthesis route is used, the effect of BA concentration is different. In
each individual case, stoichiometric saturation concentration would be different and
depends on the degree of chain cleavage. For instance, higher temperature and longer
reaction time would promote more serious chain scissoring, which means higher
stoichiometric saturation concentration. This would lead to a higher density of
dynamic crosslinks overall, hence, more elastic properties. Another factor is that BA
acts as a catalyst on its own, promoting more dramatic chain scissoring at higher
concentrations.

Another very important factor affecting the properties of PBS is the molecular weight
of PDMS. Molecular weight defines the number of dynamic crosslinks, hence, the
density of supramolecular mesh. BA end modification of shorter chains results in a
stronger shear-stiffening effect. However, the relationship between molecular weight
and rheological properties is not as straightforward as it seems. Tang et al.**° assessed
the effect of molecular weight of hydroxy-terminated PDMS on a resulting rheological
property of PBS. They found that plateau elastic moduli first decreased and then
increased with the molecular weight of the precursor due to a decrease in the number
density of supramolecular interactions and dominance of topological entanglements
(for molecular weights higher than entanglement molecular weight M > Mg). Seerapan
et al.*?* demonstrated the same trend, but for a narrower range of PDMS molecular
weights, they found that relaxation time decreases with the precursor’s molecular
weight. Similar conclusions were made by Liu et al.?8 that lower MW of PDMS results
in a stiffer polymer with reduced supramolecular mobility.

Various fillers have been used as functional additives to modify the viscoelastic

properties of PBS for different applications. Reinforcing fillers, such as CaCOz, were
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used to increase storage modulus via the particle enhancement effect>4%, Magnetic
fillers, such as carbonyl iron particles (CIPs) and FesO4 particles which, demonstrated
improved stiffening performance when the magnetic field is applied™: 34, And
conductive fillers, such as CNTs3913513% carbon black*'%’, Ag nanowires®>!%® and

graphene sheets®*% for various electronic applications.

2.3.2 Impact absorption in PBS

Due to its unique self-healing and shear-stiffening properties, PBS has found many
uses in impact protective applications. Despite the wide range of various PBS
composites, the potential of impact absorption of PBS on its own has hardly been
studied. This might be due to complications with the molding of PBS for real
applications since it flows at low deformation rates. Wang et al.}’ investigated PBS
filled with magnetic particles under high strain rates using a modified Split Hopkinson
Pressure Bar (SHPB). They found that energy absorption was attributed to two
transitions, from liquid to elastic and elastic to glassy (Figure 2.10, a). The transition
from the rubbery to the glassy state could be studied only using impact techniques such
as weight drop impact tests and SHPB as it happens at rates unachievable by a
conventional rheometer. This transition is a result of the simultaneous breakage of
many supramolecular interactions.*#®4! It significantly contributes to overall energy
absorption when rates exceed the critical value at which supramolecular bonds
break.3>!4% In another study, Zhang et al.'* demonstrated that during a low-velocity
weight drop test, the impact area expanded five times when a PBS layer is used, which
is the result of the stiffening front formation under impact. Moreover, they observed
the formation of cracks which was found to be beneficial for impact absorption (Figure
2.10, b).
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Figure 2.10 (a) lllustration of the different states of PBS at different deformation rates.

Viscous liquid state at low rates, elastomeric state at intermediate, and glassy states and high

strain rates. Reprinted with permission from reference!’. Copyright 2016, Elsevier; (b)

Mechanism of impact dissipation which results in expansion of impact area. Reprinted with

permission from reference. Copyright 2020, Elsevier.
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2.3.3 Mechanism of dynamic crosslinking in PBS

The origin of dynamic crosslinking in PBS was debated for many decades. This
material was first synthesized in 1947 by McGregor and Warrick of Corning Inc. 142
However, they have not provided any details on the nature of interactions. Two
different explanations appeared simultaneously in 1960, one by Wick*® and another
by Vale'?’. Wick proposed that the dative bonds between the boron atom and the
oxygen in the siloxane backbone are the cause of such unique viscoelastic and self-
healing behavior (Figure 2.11, a). On the other hand, Vale suggested that the hydrogen
bonding between hydroxy terminated borono groups is the main and the only type of
supramolecular interaction in PBS (Figure 2.11, b). For many years, it was debated in
the literature whether hydrogen or dative bonding is the main contributor to dynamic
cross-linking, with some discrepancies on both sides. Not so long ago, another type
of dative bonding was suggested to be the dominant interaction in PBS by Zepeda-
Velazquez et al.}** They proposed that dative bonding between oxygen atoms in boric
acid end groups and boron atoms (Figure 2.11, ¢) together with hydrogen bonding are
in charge of elastomeric properties in PBS*2. Recently, another mechanism of dynamic
crosslinking was proposed by Bloomfield?®, where he claims that the origins of
dynamic properties have been misunderstood for 70 years. He suggested that in PBS,
all PDMS chains are covalently bonded through trifunctional boron cross-links like in
silicone rubber, but in the case of PBS, these covalent bonds are dynamic. They detach
and frequently re-attach through oxygens ligand exchange with silanol groups (Figure
2.11, d). This mechanism resembles well-established dynamic covalent bonding which

is observed in boronic esters 4145146 \which will be discussed further.
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Figure 2.11 Proposed mechanisms of dynamic crosslinking in PBS.

2.3.3.1 Hydrogen bonding in PBS

Hydrogen bonding was one of the first proposed supramolecular interactions to be
responsible for the gelation of PBS. It was believed that after the synthesis, PDMS
chains become terminated with boron functionality through a single Si-O-B covalent
bond, whereas the two remaining hydroxyl groups participate in a hydrogen bonding
with other borono modified chains ends (Figure 2.12, a). These borono ends act like
stickers detaching and re-attaching endlessly, which results in the ability to flow at
longer timescales; however, in one short timetable, they do not have enough time to
re-attach, and PBS becomes solid.

Zinchenko et al.*?® conducted a study on the hydrolysis of PBS to reveal details on the
mechanism of dynamic crosslinking and molecular microstructure. Hydrogen bonding
was believed to be the reason for the unique viscoelastic properties. However, this
study was rather focused on the microstructure of the resulted PBS chains than on the
mechanism. With the aid of IR spectroscopy and proton NMR, they have shown that
the formation of the Si-O-B band (1340 cm-1) goes along with the disappearance of
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Si-OH bands (3700 cm™) which confirms the condensation pathway of the reaction
between silanol and boron hydroxyl groups. The presence of the B-O-B band (1380
cm-1) was due to the partial crystallization of BA into boron anhydrite (boroxine), also
bound (3250 cm-1) and free B-O-H (3650 cm-1) bands were observed. However, we
need to point out that obtained IR data was off 1% PBS solution in CCls, not a pure
PBS. Partial hydrolysis in moist air revealed the disappearance of the B-O-B bond
(probably conversion of boroxines into BA) and the appearance of Si-OH back, but,
interestingly, the Si-O-B band remained preserved. After complete hydrolysis in
solution with water complete loss of boron (hence, full conversion of Si-O-B bond into
Si-OH) was observed. Based on an analysis of MW, boron content, and -OH groups
content, they suggested that there is a significant amount of cyclic PBS molecules
together with ortho- and meta-borates (~SiO)3B and (~SiO)zB3z03 respectively (Figure
2.12).
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Figure 2.12 Proposed molecular structure of PBS through condensation synthesis at 200 °C,
the scheme is developed based on the reaction described by Zinechenko.?® From the top to
the bottom: linear borono-terminated (ortho-borate), linear boroxine terminated (meta-borate),

and cyclic molecules.
In a more recent study?®, they supported Zinchenko’s hypothesis of dynamic

crosslinking through hydrogen bonding. They also showed that at a temperature higher

than 150 °C PDMS undergoes random chain scission (with the Kuhn chain length
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distribution), and borono groups are being inserted at the scissored sights. On top of
that, they suggested that upon dehydration, PBS starts to form trifunctional non-
dynamic crosslinks via boroxine formation, which gave rise to an additional time scale
on a storage modulus curve. Letting synthesized PBS rest at ambient humidity leads
to hydrolysis of present boroxines into borono ends Si-O-B(OH), with a release of
excess BA (Figure 2.13); after a few cycles of filtration, no more BA residues were
observed. These borono ends dynamically interact with each other through hydrogen

bonding which explains the unique viscoelastic properties of PBS.
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Figure 2.13 Reactants and synthesis outcomes of PBS; the scheme is developed based on the
reaction described in a study by Liu®. They observed the formation of boroxine molecules

which hydrolyze into borono-terminated molecules when equilibrated with air humidity.

2.3.3.2 Dative bonding in PBS

Dative bonding is the second type of interaction that was used in literature along with
hydrogen bonding for many years as an alternative explanation for unique
viscoelasticity in PBS. It is known that boronic acid can change its hybridization from
sp? to sp° upon interaction with a strong nucleophile due to a vacant p-orbital of the
boron atom®444%_ Thus, boronic acid becomes anionic 4-coordinate species which
allows it to form a fourth additional bond of dative nature with a nucleophile. This fact
is behind the hypothesis that in PBS borono end group can establish reversible
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interactions between boron atom Lewis’s base atom (such as oxygen), which results
in a sticker-like. Two types of dative bonding were proposed to be the main
supramolecular interaction. One is between the boron atom and oxygen of the Si-O-Si
group (Type 1), and another proposed more recently between the boron atom and
oxygen of the B-O-H group from another borono group (Type 2).

In the early years of PBS research, in a study by Gridina et al.*°, they used an earlier
proposed mechanism by Wick*® of dative bonding between boron and oxygen of the
PDMS backbone (Type 1) as the main one and tried to confirm that. They used various
bifunctional and trifunctional boron (by n-functional, they meant molecules with B-On
or B-Cl, bonds, where non-functional were B-C bonds) containing molecules and
condensed them with hydroxy-terminated PDMS at elevated temperature (> 150 °C).
The used reactants and reaction outcomes are known in Figure 2.14. Interestingly, PBS
reacted with bifunctional boron compounds demonstrated very little change in
viscosity, probably due to only chain extension where for network formation,
trifunctional dynamic crosslinks are required. Nevertheless, solventless measurements
of intrinsic viscosity showed a five-time increase in viscosity of PBS compared to
PDMS precursor, which is a 9-10 time increase in MW according to Barry’s method#.
On the contrary, PBS with trifunctional boron compound formed a rubber-like polymer
even at room temperature. In both cases, a new Si-O-B band on IR spectra was
observed, which suggests that the formation of the polymer requires condensation.
Surprisingly, PDMS condenses with B-O and B-Cl bearing compounds even at room
temperature; therefore, the energy barrier of breaking these bonds is very small. Only
a slight increase in MW of synthesized PBS was observed, which proves that
crosslinks are temporary in nature. To verify that dative coordinative bonds are
responsible for the dynamic properties, they added pyridine to PBS, which has nitrogen
atoms and is more powerful than oxygen. It completely disrupted the formation of
rubber-like properties in PBS due to the competitive binding of nitrogen to boron. An
interesting feature of partially cured PBS was the presence of adhesive properties

contrary to the cured silicone rubber.
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Figure 2.14 Various bifunctional and trifunctional boron compounds (defined by B-O,- or B-
Cly-) reacted with hydroxy-terminated PDMS; the scheme is developed based on reactions
described in a study by Gridina and co-workers.*® They found that only trifunctional boron
compounds result in gelation of PBS whereas bifunctional demonstrate a mild increase in

viscosity only.

In another study by Mitrofanov et al.*® authors tried to provide additional evidence on
the dative nature (Type 1) of dynamic crosslinking in PBS. They utilized two
approaches to the synthesis of PBS, one was a classical condensation reaction between
hydroxy terminated PDMS and BA at 160 °C for 6 h and another was a reaction
between dimethylcyclosiloxane and B2Oz in a blender at 240 °C for 24 h. One sample
was prepared by mechanical mixing of hydroxy-terminated PDMS with B,O3 without
heating (Figure 2.15). All samples demonstrated a significant increase in viscosity
without an increase in MW but rather a drop depending on boron loading. They
employed the analysis of solution viscosities to assess how various solvents affect the
association/coordination of PBS. Dioxane and acetone were found to be much better
disruptors of association even at high concentrations compared to CCls and chloroform,
probably due to their oxygen being a stronger electron donor than oxygen in the PDMS
backbone. Traces of dative bonding between acetone and boron were found on IR
spectra due to the shift of the carbonyl band from 1720 to 1640 cm, which is typical

for the association of the carbonyl group. They claimed that dissociation of PBS in dry
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solvent has nothing to do with hydrolysis. First, because the process is reversible (once
the solvent is dried, it recovers its rubber-like properties completely), and secondly,
because the line responsible for water presence in CCls on IR was not there. After that,
they assessed the thermomechanical properties of PBS, and the following trends were
observed: increase in viscosity with an increase in boron loading (accompanied by the
drop in MW probably due to chain scission); increase of glass transition temperature
Tg with boron concentration; complete loss of elasticity around 90-100 °C; absence of

crystallization and melting in PBS compared to original PDMS.
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Figure 2.15 The scheme is developed based on reactions described by Mitrofanov and co-
workers* for PBS synthesis. From the top to the bottom: reversible formation of boron trioxide
from boric acid by dehydration, condensation of hydroxy-terminated PDMS with boric acid at
160 °C, thermal cleavage of cyclic dimethyl siloxanes molecules at 240 °C followed by
insertion of boron trioxide, condensation with hydroxy-terminated PDMS with boron trioxide

at room temperature with possible molecular structures of products.

Dative bonding of type 2 was proposed to exist by a Brook group. In their study**,
they proposed that supramolecular dimers are behind the dynamic crosslinking in
polyboronicsiloxane, with dative bonding of type 2 playing the major role. They
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synthesized PBA-PDMS-PBA type polymers where PBA is a phenylboronic acid
covalently attached to PDMS through phenyl (Figure 2.16, a). At first, PBA groups
were protected as boronic esters with various protective groups, which were later
hydrolyzed in water which led to the formation of the elastomeric film on the water
surface. The first evidence was that titration of monofunctional PDMS-PBA into
bifunctional PBA-PDMS-PBA polymer was disrupting the dynamic crosslinking,
which led to an almost complete loss of elastic properties. Therefore, it was concluded
that one-to-one boronic acid complexation is the primary interaction between PDMS
chains. Either by the formation of dimers through hydrogen bonding or dative bonding
between boronic acids. Dative bonding between boron atom and oxygens in the PDMS
backbone was concluded to not play a significant role in cross-linking. Also, boroxines
were not found in polymers with the aid of NMR analysis. The addition of DMF
(which is known to disrupt H-bonding*®), glycerol, and TRIS to the water sub-phase
prevented the formation of the solid film due to the competitive binding of their
molecules to boronic acid sights after the removal of the protective group. pH was also
found to influence dynamic cross-linking significantly. The 3-coordinate state is more
favorable at low pH and the 4-coordinate state at higher pH, which was attributed to
the less efficient interactions of anionic boron species in the presence of water.
However, the contribution from hydrogen bonding versus dative bonding could not be
compared or quantified.

More recently, the same research group attempted to do so in another study*?. They
used solid-state *'B-NMR to distinguish between 3-coordinate boron sites, which
provide only chain extension through H-bonded dimers, and 4-coordinate sites, which
represent dative bonding between boronic acid PDMS end groups in telechelic and
pendant PBS polymers (Figure 2.16, b). 4-coordinate dative interactions were found
to be the origin of elastomer formation. Although, the presence of H-bonding was
confirmed on the IR spectrum with characteristic bound OH peaks at 3300 cm™.
Telechelic PBS has shown to be more solid than pendant despite PBA content. Dative
bonding between boron and oxygen of PDMS backbone was rejected as a primary
interaction since pendant PBS possesses much lower Young’s modulus even at a much

higher PBA concentration than telechelic one. This fact suggests that interactions take
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place mainly at PBA sights. The further away they are from each other more effective
crosslinking is. The presence of boroxines was not confirmed due to the absence of

respective bands and peaks on IR and NMR spectra.
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Figure 2.16 (a) Synthesized telechelic PBS where phenylboronic acid is covalently attached
to PDMS through phenyl ring and protected ester groups; the scheme is developed based on
the reaction description from ref.1#4 Protective groups were later hydrolyzed in water which
led to the formation of the elastomeric film on the water surface. (b) Synthesized pendant PBS
protected with hydrolysable ester group; the scheme is developed based on the reaction

description from ref. 42
2.3.3.3 Dynamic covalent bonding

Another explanation for the mechanism of dynamic crosslinking in PBS was proposed
in a comprehensive study by Bloomfield?®. The proposed mechanism involves the
endless substitution of oxygens atoms in the B-O bond with oxygens in neighboring -
OH-bearing molecules, which do not involve breakage of covalent bonds but rather a
ligand substitution (Figure 2.11, d). When oxygen from an R-OH type molecule aligns
with the trifunctional boron crosslinking sights, oxygen lone electron pairs facilitate
ligand swap resulting in an R attachment to the boron atom through oxygen. Though,
it is important to highlight that in this mechanism, some amount of free -OH groups
are necessary to be present to keep the dynamic equilibrium of the exchange.
Otherwise, dynamic bonds would not be able to relax and reconnect; hence, they would
behave as silicone rubber. However, the study that the author refers to as an inspiration

for their proposed mechanism slightly differs. Their mechanism is also four-center
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ligand exchange'*® but between two borane B(OR)s molecules without any -OH
groups participating in the exchange. To prove the mechanism in study? they
synthesized various PBS polymers according to Figure 2.17, where hydroxy-
terminated PDMS of high quality was condensed with trimethyl borate B(OCH3)3 at
room temperature with vacuum removal of methanol to facilitate condensation more
efficiently. Resulted PBS, which possesses only temporary crosslinks, were named
‘simple borosilicones’ and the ones with both temporary and permanent ‘non-simple
borosilicones’ due to more complex viscoelastic behavior. Simple borosilicones were
shown to fit Maxwell viscoelastic model very well and the non-simple to the Fractional

Maxwell model.
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Figure 2.17 Synthesis scheme of simple PBS from a trimethyl borate with hydroxy-terminated
PDMS which results in a trifunctional crosslinking through Si-O-B bonds and release of

methanol; the scheme is developed based on the reaction description from ref.?

The effect of boron concentration (from 0 to stoichiometric saturation) was studied in
simple PBS. An increase in boron content was accompanied by an increase in modulus
with a maximum slightly before saturation. A significant increase in viscosity was
observed after the boron amount exceeded the gelation threshold (50% of
stoichiometric saturation for the trifunctional crosslinker according to Flory-
Stockmayer theory®®151), which supports the hypothesis of trifunctional temporary
crosslinking without chain extension through bifunctional crosslinking and/or
combination with trifunctional permanent crosslinking. It was also shown that when
permanent crosslinks are introduced to PBS, viscoelastic behavior changes
significantly; therefore, it seems that trifunctional transient couplings are the main

interactions in simple PBS.
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The modulus of permanently crosslinked silicone rubber with a trifunctional
crosslinker was found to be even lower than the modulus of PBS produced from the
same MW PDMS at the same stoichiometric concentration, which is additional
evidence that simple PBS is a covalently bonded dynamic network. The presence of
both permanent and temporary crosslinks in a non-simple PBS leads to deviation from
the Maxwell model; therefore, only temporary crosslinks are present in a simple PBS.
PBS from higher MW PDMS (above entanglement), the addition of fumed silica (high
aspect ratio filler), and mixing high MW PDMS gum to simple PBS all resulted in a
deviation from the classic Maxwell viscoelastic model due to the presence of non-
transient couplings which could be fit with Fractional Maxwell model.

In another study, they showed that permanently crosslinked rubber has a lower plateau
and different shape of storage modulus curve*.

To show the importance of the presence of -OH groups on the dynamic exchange,
characteristic time ¢ (mean a lifetime of temporary crosslinks) was used to assess the
effect of various competitive binders (molecules with free -OH groups such as water,
carboxylic acid, alcohol, silanol) on dynamic crosslinking of simple PBS. After
vacuum drying of PBS tc < 40 s once it equilibrates with the laboratory air (50%
humidity) 1 falls to 15 s or less due to catalytic disruption of the exchange with water
molecules. They interfere with dynamic exchange with silanol groups by competing
with them and binding to boron instead of them. Carboxylic acid was found to be even
more effective at tc (13.6 S) reduction, probably due to a more favorable exchange
between -COOH and boron oxygens than with silanol groups. Alcohol was less
effective than water and carboxylic acid but still showed some reduction of 1. The
excess of silanol groups did not demonstrate any significant effect on the disruption of

dynamic exchange.

2.3.3.4 Supramolecular interactions of boronic acids

Boronic acids have gained a lot of attention in the past few years in the field of
supramolecular chemistry due to the unique reversibility of the B-O covalent

bond*+1°2153  |n the presence of diol boronic acid could form an ester upon dehydration;
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this reaction is fully reversible and can be dynamic when in equilibria. In this scenario,
dynamic exchange occurs through a dissociative mechanism where the ester bond
undergoes hydrolytic cleavage first, and then free boronic acid and diol undergo re-
esterification with a neighboring diol and boronic acid from another molecule. It was
found that boronic esters can also participate in associative bond exchange through
transesterification when an excessive number of free diols are present or even through
direct diol exchange (metathesis) between the different boronic ester species (Figure
18, a)*. It was recently shown that metathesis in boronic esters can occur between
slightly different boronic ester species in the absence of solvent and without any
detectable amount of free diol, water, or residual phenylboronic acid'®*. It was found
that the associative mechanism dominates in dry conditions whereas dissociative in

humid?®®,

Upon dehydration, in the absence of diols, boronic acids can yield cyclic trimers called
boroxines**1°® (Figure 2.18, b). There are two commonly known pathways of boroxine
formation in a dry solvents/solventless environment — via direct dehydration or Lewis
base ligand facilitated dehydration*521%  Boroxines can also be broken
down/reformed in a dissociative fashion through hydrolysis/dehydration. It was also
shown that they could participate in direct exchange through the associative
mechanism (similar to transesterification of boronic esters), where boronic acids
reshuffle in boroxine linkages through fast exchange with free boronic acid®>"%8,
Furthermore, boroxines were found to participate in metathesis in the absence of free

boronic acids®"1%°,
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Figure 2.18. (a) Formation and exchange of boronic esters. The dissociative mechanism of
exchange through dehydration/hydrolysis (on the left) and associative mechanism through
transesterification and metathesis (on the right). (b) Formation and exchange of boroxines
from boronic acids. The formation can occur through direct dehydration or Lewis base
facilitated dehydration. The exchange of boroxines occurs through metathesis. Reprinted with
permission from ref.* © Royal Society of Chemistry.

Both boronic species — boronic esters and boroxines share the exact same mechanism
of dynamic exchange through the reformation of B-O bonds. Boronic esters are
preferred in a presence of free diols whereas boroxines in the absence. The dynamic
covalent crosslinking proposed by Bloomfield resembles the mechanism of
transesterification of boronic esters quite well if silanol groups replace diols. This fact
points out the possibility of dynamic covalent crosslinking to serve as an explanation
of dynamic properties in PBS. However, in view of the existence of other mechanisms
that have served as an explanation for decades, this mechanism must be carefully

experimentally tested and investigated.
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Chapter 3

Experimental Methodology

In this chapter, we discuss the basic principles of characterization
techniques used in this thesis. Specifically, we describe working
principles of employed characterization techniques for readers
unfamiliar with them (including steady and dynamic rheological
analysis, Fourier-transform infrared spectroscopy, gel permeation
chromatography, weight drop impact test, nuclear magnetic resonance,
matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry) and how they were used to achieve the objectives.
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3.1 Characterization techniques
3.1.1 Rheological analysis

Rheology is a study on the flow of the (liquid, gas, and soft-solid) matter. The focus
of the rheology is the characterization of viscoelastic properties of materials.
Deformation and speed of deformation are the main variable parameters in the
rheological experiments. There are different modes of deformation of the matter such
as tensile, compression and shear. Conventional rheometers are operating in a shear
deformation mode only in most of the cases which creates a perception that terms
“rheological analysis” and “shear deformation” are somewhat similar. By rheological
properties fluids can be divided into Newtonian and non-Newtonian. Newtonian fluids
follow the Newton’s law of viscosity (1) regardless of the deformation mode whereas
for non-Newtonian fluids deviates from it:

T=1n Z—;‘, (3.2)
where 7 is the shear stress, n is the viscosity and du/dy is the rate of shear
deformation. In other words, viscosity is a constant for a Newtonian fluid at a given
pressure and temperature. However, for a non-Newtonian fluids viscosity is not
constant, if it increases with the shear rate it is called shear thickening and if decreases
— shear thinning. Typical rheometer operates in two modes, rotational and oscillatory.
Rotational mode is based on the principle of continues shear deformation of the
material. By controlling the torque of the motor deformation/deformation rate values
could be obtained (or vice versa). The shear stress and shear rate are derived based on
the geometry of the sample holder (and torque values for the shear stress). Apparent
viscosity could be obtained according to equation (1) based on the measured shear
stresses and rates. Three main geometry types are parallel plate (PP), cone and plate
(CP), and concentric cylinders (CC). Advantage of CP geometry is that the shear rate
is normalized across a cone (shear deformation is uniformly distributed), however, the
minimum gap size is limited by the cone angle and the truncation height. PP geometry

allows to use much smaller gaps which prevents fluid slippage at higher rates.
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In oscillatory mode, on the contrary, shear strain y is applied in a periodical fashion
(2):

y =y, sin(wt), (3.2)
where y, is a strain amplitude, w is an angular spend and t is time. This approach
provides more details on the viscous and elastic properties of the material, as most
materials are known to be viscoelastic in nature. The unique feature of this mode is
that by measuring time lag between applying sin strain and the response sine curve
viscous and elastic could be characterized and quantified separately. This time lag is
called phase shift 6 and it defines how elastic or viscous is the behavior at a given
stress/strain (3):

o = gy sin(wt + §), (3.3)
where o, is a shear stress amplitude. For example, in an absolutely elastic material the
phase shift would be 0° meaning that the preset and response sin curves coincide, and
in an absolutely viscous fluid shift would be 90°. Therefore, & is always lying
somewhere between 0 and 90 degrees since all materials are partially viscous and
partially elastic. Two parameters are used to quantify the extent of viscoelastic
behavior: storage and loss modulus. Storage modulus G' (4) represents elastic

component and loss modulus G" (5) the viscous component:

G' =2 cos(8), (3.4)
Yo

G" = Zsin(6). (3.5)
Yo

In this report, parallel plates geometry was used for all measurements (Figure 3.2). We
utilized rotational rheometer mode to characterize flow characteristics of the shear
stiffening materials. Shear rate ramp was used to observed and quantify shear
thickening in STFs and, also, to obtain viscosities of liquid PBS samples compare to
PDMS precursors. Oscillatory mode was used to obtain viscoelastic characteristics of

gel-state PBS samples.
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Figure 3.1 Anton Paar MCR 501 rotational rheometer which was used in this thesis with a

parallel plate spindle.
3.1.2 Drop weight impact testing

Falling weight impact testing is the method to assess response of the material to the
sudden deformation. Without any additional equipment it could measure the energy
required to break/damage the sample or with the aid of the load cell (or accelerometer,
speed camera etc.) provide more insights on the time/spatial distribution of the impact
within the sample and the response to it on the microsecond’s timescale. This type of
testing employs approach of basic mechanics, such as, that the impact energy Ej,,, is
the potential energy of the free-falling weight m from a specific height h:

Eimp =m-g-h, (3.6)
where g is a gravitational acceleration. Drop weight tests are low-velocity impacts due
to constraints of the height and weight to produce velocities higher than 100 m/s.
Accelerometer sensor is typically used to measure deacceleration of the impactor upon
contact with the sample. The normal force and its distribution over impact
time/thickness can be registered by placing the load cell beneath the sample. Two

characteristics are usually used to assess the impact protective properties — peak force
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and the shape of force distribution over time. Peak force value should be as small as
possible, and distribution should be as broad as possible. If strain sensor is not installed
displacement can be calculated from either the deacceleration or normal force. By
integrating either of them velocity is obtained, second integration of which gives

displacement y:

y(® = [f, (2 de) d, (3.7)
In this report, drop weight impact tests were used to assess an impact absorption of
shear-stiffening materials. Hemispherical impactor of 5 kg was used for STF tests and
cylindrical impactor tip of 15 mm diameter was used for PBS testing (Figure 3.3).
More detailed descriptions of the setups and testing parameters will be given in a

respective results chapter.
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Figure 3.2 Drop-weight impact testing machine CADEX Twin Wire 1000 kg which was used

in this thesis.

3.1.3 Fourier-transform infrared spectroscopy
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Fourier-transform infrared spectroscopy (FTIR) is a technique which allows to obtain
an absorption or emission infrared spectra of a gas, liquid or solid substances. Infrared
radiation is absorbed at certain frequencies that are directly related to the energy of
vibrations of interatomic bonds in a molecule. Different bonds in a molecule vibrate
with different energies and therefore absorb different wavelengths of IR radiation. The
position (frequency) and intensity of these individual absorption bands affect the
overall spectrum, making it unique to the molecule of a particular substance. A feature
of the FTIR spectrometer (unlike conventional IR) is that it collects spectral data of all
wavelengths at a time. Here, a continuous source generates IR radiation in a wide range
of wavelengths. The infrared light then passes through the interferometer and is
directed onto the sample. Unlike dispersive measurements, first interferogram is
obtained, which must be converted into an IR spectrum. Conversion of the raw data
into spectrum is done by Fourier transformation.

The FTIR spectrometer is built on the principle of the Michelson interferometer. In it,
the investigated radiation serves as a source of illumination, and one of the mirrors has
a certain constant speed of movement. The output is a curve that describes the
dependence of the receiver reading on the difference in the path of the rays. The studied
radiation is divided into two waves, which pass through different optical paths,
interfere, and are received by a photodetector. As a result of interference, the wave has

radiation with an intensity:
A
I'= Q1+ Q; +2,/Q:Qzc05 (%), (38)
where A is the wavelength of the radiation, Q are the wave intensities in the shoulders
and A is a path difference. If Q; = Q, = 0.5Q, the equation (8) becomes:
21A
I1=0Q (1 + cos (T))’ (3.9)
When light with a spectral distribution Q (A) hits the photodetector, the reading of the

photodetector F(A) will correspond to the sum of the reports of the spectrum

components:

F(A) = j:n Q(M)P(L) (1 + cos (ZALA)) da, (3.10)
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The sensitivity of the photodetector is a proportionality factor between the reading and
the light flux received by the detector. If we represent the expression as the sum of two
integrals, while taking into account that the terms will be equal at F(A = 0), and the

second integral we call F'(A), then we get:

F'(A) = [!™ Q)P (N)cos (2’;—“) da, (3.12)

Amin

and F(A) = F'(A) + F'(0),F'(A) = F(A) — 0.5F(0).
Thus, the interferogram is a dependence curve F'(A), that is, a signal that is recorded
depending on the change in the path difference or the cosine Fourier transform of the
function Q(1)P(A). The inverse Fourier transform of the interferogram with a known
sensitivity curve of the receiver makes it possible to determine the spectrum:

Q) = 5 @ THF (W), (312)
There are several methods for obtaining FTIR spectra of an analyzed material. The
most common methods are via transmission/absorption or via attenuated total
reflection (ATR). Unlike transmission measurement, in ATR method the optical path
length is independent of sample thickness. In ATR spectroscopy, light passes through
an ATR crystal that has two main characteristics: it is optically transparent at the
frequency of the incident radiation (there is little or no radiation absorption) and the
material from which the ATR sensor is made has a refractive index higher than that of
the environment.
Depending on the chosen optical material and how the sensor is manufactured, the
number of reflections (optical path nodes) can be precisely controlled. The effective
optical path length of an ATR sensor is determined by the number of internal
reflections multiplied by the penetration depth of the evanescent wave. At each node,
a standing wave of radiation emerges to the surface. This wave decays rapidly as the
distance to the sensor surface increases. Thus, the radiation affects only the substance
that is in direct contact with the sensor (Figure 3.4).
The penetration depth also depends on the specific radiation wavelength, therefore,
when the sample is irradiated with modulated radiation, the position of the peaks in
the spectrum will be similar to the position of the peaks in the transmission/absorption

spectrum, however, the brightness of the bands will be different.
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Figure 3.3 Basics of the attenuated total reflection (ATR) method of infrared spectroscopy.

In this thesis, ATR was used for a gel and solid samples, normal
transmission/absorption mode was used for liquid and powder samples. KBr pellet was
a reference in both cases, liquid samples were placed on KBr pellet after background
scan and powder samples premixed with KBr were made into pellets.

3.1.4 Gel permeation chromatography

Gel permeation chromatography (GPC) is a type of chromatography in which the
molecules of substances are separated by size due to their different ability to penetrate
into the pores of the stationary phase. In this case, the largest molecules (higher
molecular weight) capable of penetrating into the minimum number of pores of the
stationary phase are the first to leave the column. Substances with small molecular
sizes, which freely penetrate into the pores, come out last (Figure 3.5).

A sample solution is introduced into the column, the volume of which is limiting for
the quality of chromatography. For analytical separations, it should not exceed 0.1%
of CV (total column volume), and for preparative purification, it should not exceed 8-
10% of CV. The column is packed with powder, the particles, or granules of which
have pores of a certain diameter. Macromolecular substances that do not enter the
pores pass between the granules, so their retention volume is equal to the volume of
the column minus the volume of the stationary phase (the so-called free volume). They
elute first. Molecules of medium size fit into the pores of the sorbent, but not

completely. Therefore, their retention volume is somewhat higher than the free volume.
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They elute second. The smallest molecules freely enter the pores together with solvent
molecules. Therefore, their retention volume in the column is much higher than the
free volume and approaches the total volume of the column (that is 100% CV). They
elute last.
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Figure 3.4 Basics of gel-permeation chromatography. Adapted with permission from ref.
Copyright © 2009 John Wiley & Sons, Inc.

To correlate retention time to molecular weight of the substance calibration is required.

Typically, a few calibrants of a known molecular weight (and narrow MW distribution)
which also fall into the expected MW range of the analyte are run through GPC column

first. At a next step calibration curve is plot based on a calibrants elution time. This

curve allows to convert the retention time of the analyte sample into the MW.

In this report, monodisperse polystyrene calibrants were used for a calibration curve,

HPLC grade THF was a solvent medium. After conversion of the retention time of the

PBS samples into the MW, the number-average M,, and weight-average M,, values

were calculated according to the following equations:
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_ X M;N;
M, = ST (3.13)
Y Mi®N;

3.1.5 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is a method for studying chemical
objects that uses the phenomenon of nuclear magnetic resonance. It is a resonant
absorption or emission of electromagnetic energy by a substance containing nuclei
with non-zero spin in an external magnetic field, at a frequency v (called the NMR
frequency), due to the reorientation of the magnetic moments of the nuclei. In a
constant magnetic field for nuclei with a nonzero nuclear spin, energy levels are split
(Zeeman effect, Figure 3.6). The energy value of splitting, and, accordingly, the
resonant frequency is determined by the nature of the atomic nucleus, the electronic
environment, and the nature of intra- and intermolecular interactions. Examples of
nuclei with resonance are 'H, 3C, N, 1°F, 2Sj, 3!p, etc. Chemical shifts and spin—
spin coupling are the common techniques used to analyze the nuclei environment and

intra/intermolecular interactions.
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Figure 3.5 Energy levels splitting in magnetic field (Zeeman effect).
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Chemical shift is the shift of the NMR signal depending on the chemical composition
of the substance, due to the shielding of the external magnetic field by the electrons of
the atoms. When an external magnetic field appears, a diamagnetic moment of atoms
arises due to the orbital motion of electrons. This movement of electrons forms
effective currents and, therefore, creates a secondary magnetic field, which is
proportional, according to Lenz's rule, to the external magnetic field and oppositely
directed. This secondary field is superimposed on an external magnetic field near the
nucleus, and as a result, the local magnetic field in the place where the atomic nucleus
is located is reduced. Therefore, the distance between the levels of nuclear magnetic
energy decreases.

Spin—spin coupling is an indirect interaction between two nuclear spins through
chemical bonds which results in NMR signals splitting. For example, for PMR if the
adjacent nucleus to the proton is pointing toward or against the spectrometer magnetic
field it will give two signals per proton instead of one. The type of splitting (singlet,
doublet etc.) provides additional insights about the connectivity of atoms in the
molecule.

NMR spectroscopy is divided into liquid (liquid or dissolved samples) and solid state
(solid, viscous, and other samples with reduced molecular and atomic mobility).
Liquid NMR spectroscopy has become widespread for the study of various organic
and bioorganic substances since it makes it relatively easy to obtain high-resolution
spectra. However, not any solvent can be used for a liquid NMR. Ideally, it should not
have protons, therefore, deuterated solvents are typically used. The deuterium signal
is used for field shimming. Shimming is a procedure for improving the uniformity of
the magnetic field, which is carried out using special small electromagnetic coils built
into the device (called shims), which correct the main magnetic field so that its
uniformity is highest exactly in the center of the sample.

Solid-state NMR spectroscopy as an analytical method has found application after the
development of special instrumental (MAS — magic angle spinning) and spectral
techniques, which made it possible to obtain high-resolution spectra in solid and

viscous samples. In general, solid-state NMR spectroscopy, compared to liquid-state
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NMR, has a lower resolution, but much higher sensitivity due to the absence of sample

dilution.
3.1.6 MALDI-ToF mass spectrometry

Mass spectrometry is a technique based on ionization of the analyte with subsequent
formation of gaseous ions which are separated at the detector based on their mass-to-
charge ratios (m/z). The analyte is converted into the molecular or quasimolecular ions
and fragments depending on the type of ionization method used. Typically, by electron
removal from analyte molecule [M] radical cations are being formed [M]* and this
ions are analyzed in so-called positive mode, if electron is added radical anions are
formed [M] and analyzed in a negative mode. Quasimolecular ions are the radical
cations or anions formed by addition/subtraction of another ion to the analyte radical,
such as [M+H]*, [M+CI], [M+Na]* etc. “Soft” ionization typically generate only
quasimolecular/molecular ions whereas “hard” ionization may also produce fragment
ions.

In a time-of-flight (ToF) mass analyzer, ions fly out of the source and enter the flight
tube, where there is no electric field (field-free gap). Having flown a certain distance
d, the ions are registered by an ion detector with a flat or almost flat surface. The
physical principle of the ToF mass analyzer is that the potential difference U

accelerates the ions in the ion source to a speed v according to the equation:

™ _ LU, (15)

2

For a fixed length of the field-free gap from the ion source to the ion detector, the ion
flight time t = d /v, then:

Z=p2%, (16)
The time-of-flight mass analyzer is a pulsed mass analyzer, that is, ions do not flow
continuously from the ion source into the time-of-flight part, but in portions at certain
time intervals. Such mass analyzers are compatible with matrix-assisted laser
desorption ionization (MALDI), since in this ionization method, ions are also formed

not continuously, but with each laser pulse. MALDI is a desorption method of “soft”
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ionization caused by the laser radiation pulses on a matrix with an analyte. The
function of the matrix is to reduce the destructive properties of laser radiation and

improve the ionization of the analyte (Figure 3.7).

Laser

Time-of-flight Tube

o
-
b d
e

Electric Field Detector
Matrix Generator

Figure 3.6 Basic principles of MALDI-MS technique with an axial time-of-flight (ToF)
detector.
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Chapter 4

In situ observation of shear-induced jamming front propagation
during low-velocity impact in polypropylene glycol/fumed silica

shear thickening fluids

In this chapter, we provide new evidence of shear jamming in
polypropylene glycol/fumed silica suspensions using optical in situ speed
recording during low-velocity impact and explain how it contributes to
impact absorption. Flow rheology confirmed the presence of
discontinuous shear thickening at all studied concentrations.
Calculations of the flow during impact reveal that front propagation
speed is 3-5 times higher than the speed of the impactor rod, which rules
out jamming by densification, showing that the cause of the drastic
impact absorption is the shear jamming. The main impact absorption
begins when the jamming front reaches the boundary, creating a solid-
like plug under the rod that confronts its movement. These results provide
important insights into the impact absorption mechanism in fumed silica

suspensions with a focus on shear jamming.

*This section published substantially as “In situ observation of shear-induced jamming front
propagation during low-velocity impact in polypropylene glycol/fumed silica shear thickening
fluids” in Polymers (DOI: 10.3390/polym14142768). Reproduced with permission, Copyright 2022,
MDPI Publishing.
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4.1 Introduction

Shear thickening fluid (STF) is a type of colloidal suspension that possesses a non-
Newtonian behavior under shear deformation. More specifically, it is a dilatant, where its
shear viscosity increases beyond a critical shear rate. The shear thickening phenomenon
exhibited is reversible, meaning the material returns to its initial liquid state upon removal
of the applied stress*®. The mechanism of shear thickening was recently re-explained using
the contact rheology model!®85-8 after reconsidering the old explanation by the
hydrodynamic model®. After reconsideration, two types of shear thickening were
introduced*®: continuous shear thickening (CST), which is a weak type of shear thickening
mainly driven by hydrodynamic forces, and discontinuous shear thickening (DST), which
results in a discontinuous jump in shear stress beyond a critical shear rate due to contact
forces between particles. A relatively new concept of jamming by shear (SJ) was
introduced as an extreme behavior of DST suspensions below jamming particles fraction
¢, for a range of suspensions with sufficiently strong frictional interactions'®. SJ is a
reversible transition of unjammed dense suspension to a solid-like state with finite yield
stress induced by shear®°L,

Despite the variety of studies on a cornstarch water suspension, fumed silica was found to
be a preferable choice for many applications due to its lower weight per unit volume.
Fumed silica is produced from pyrolyzing tetrachlorosilanes in a hydrogen—oxygen flame,
forming primary particles (5-30 nm) that cool to form silica aggregates (100-500 nm).
This gives it a fluffy white appearance characterized by extremely low bulk density (20—
50 g/L), high surface area (125-200 m?/g), and high aspect ratio*'®. The large surface area
of fumed silica is dominated by the presence of silanol groups that are prone to form
hydrogen bonds. In fumed silica/polypropylene glycol (PPG) colloidal suspensions, the
terminal hydroxyl bonds, as well as internal oxygen atoms on the PPG chains, form
hydrogen bonds with the abundant surface silanol groups on fumed silica. The interaction
surface between PPG and fumed silica acts as a solvation layer that hinders the interaction
between fumed silica particles, hence stabilizing the dispersion of fumed silica in the

suspension!t,
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As was shown earlier®®, interparticle hydrogen bonding can be a source of strong frictional
interaction, which may lead to SJ in dense suspensions. Since fumed silica surface is silanol
rich with a high area, it suggests that it may possess shear jamming behavior at high
concentrations/stresses. The first evidence of SJ in fumed silica suspension was provided
by Naald et al.*’, where they observed it during impact using high-speed ultrasound
imaging. They found that SJ was achieved only at the intermediate molecular weights of
PEG due to the optimal thickness of the solvation layer, which allows the forming of
frictional contact networks rather than lubricated contacts.

Unique dynamic properties of STF have found applications in the protective field, from
sports protective equipment to flexible body armor*?. However, the origin of impact
absorption has been debated for many years, especially when it comes to jamming during
compressive low-velocity impact. Two main mechanisms were proposed: jamming by
densification!"1'® and by shear'!%120122.123 \yhere the second requires sufficiently strong
frictional interactions between particles, such as via hydrogen bonding®®.

In this chapter, we provide the evidence that shear-induced jamming transition is the main
contributor to impact absorption in fumed silica STF. We utilize direct optical method to
observe the jammed front formation and growth during impact. The big advantage of our
STF is the total optical transparency due to the amorphous nature of fumed silica, which
allowed us to record and track the displacements of dispersed dye particles during impact.
This data was correlated with the results of the drop weight test which helped to answer a
few questions related to the mechanism of impact absorption. Therefore, this study
provides useful insights for the fundamental research of shear thickening and jamming as

well as for engineering research to design and tailor STF for particular requirements.

4.2  Materials and experimental methods

4.2.1 Chemicals and samples preparation

Polypropylene glycol (PPG) 400 and hydrophilic fumed silica with 0.2-0.3 pm average

particle size and surface area of 200 m?/g (S5505) were purchased from Sigma-Aldrich.
STF with 15%, 20%, and 25% weight fraction of fumed silica were prepared by first
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weighing out PPG400 and, respectively, the amount of fumed silica required. A beaker
consisting of PPG400 is mixed using a high shear mixer (Silverson L4RT), while small
volumes of fumed silica are added gradually to the mixture. The mixture is stirred until all
fumed silica has been evenly integrated. The beaker with the mixture is placed in a
sonicator bath until all air bubbles disappear. The resultant mixture is a clear colloidal
suspension, with varying viscosities depending on the weight fraction of fumed silica used.
Fumed silica true density value of 2.3187 + 0.0012 g/cm® was used from the literature'*
where it was obtained for hydrophilic fumed silica with the same surface area (200 m*/g)
to calculate volume fractions from the weight fractions. Based on the calculation weight-
to-volume ratio is 2.086. Hence, ¢i50w = 7.2% , P2o0w = 9.6% , D159 = 12.0% .
However, weight fractions were used along with the manuscript in view of the greater
prevalence of weight fraction values in the literature on fumed silica suspensions. Densities
of STF were measured using volumetric flask/calipers and weights. The values are as

follows 1.06 g/cm3, 1.10 g/cm3 and 1.14 g/cm3 for STF 15%, 20% and 25% respectively.

4.2.2 Characterization

The flow rheological properties of STF are tested using a rheometer (Anton Paar, MCRS501)
with 25 mm diameter parallel plates (PP-25) and a gap of 0.5 mm to ensure adequate filling
of the STF over the testing disk. All tests were conducted at 25°C. A coin-sized amount of
STF is poured onto the Peltier plate, followed by the lowering of the parallel plate to the
set gap width. The excess STF leakages at the edge of the parallel plate are trimmed using
a task wiper, ensuring that the entire surface area of the top plate is in contact with the STF.
Pull-up test is designed to achieve higher shear stresses without fluid slippage. A
mechanical tester, MTS Criterion Model 42, is used to measure the normal force of the
STF when the submerged rod is retracted upwards. The equipment set-up is shown in
Figure 4.1a, where a top pneumatic grip is attached onto the load cell and used to clamp
the steel rod in place. A 3D-printed polylactic acid (PLA) sample holder with a storage
diameter of 20 mm and a depth of 4 mm is also attached firmly onto the bottom steel plate
using highly adhesive double-sided tape.

The schematic diagram below (Figure 4.1b) shows the starting position for the tests. The
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steel rod has a diameter of 16 mm, to ensure that a fixed distance of 2 mm is observed
between the rod and the bottom and sides of the sample holder. The sample holder is
approximately % filled with STF before the rod is lowered into the sample. After that, any
excessive fluid is removed until a horizontal level is achieved. The rod is lifted at a speed

ranging from 0.1 mm/s to 30 mm/s and the normal force experienced by the rod is recorded.

16 mm

STF

4 mm

K
2 mm
32 mm

«———— ——
20 mm

Sample holder

(b)
Figure 4.1 Custom setup for pull-up tests: (a) Photo of the setup with a pneumatic grip holding the
cylindrical rod at the top and the sample holder attached at the bottom; (b) Schematic illustration

of the starting position during the pull-up test with all dimensions shown.

Drop weight impact tests on bulk samples were carried out on the CADEX twin wire flying
arm machine. The illustration of the setup with all dimensions is shown in Figure 4.2a. The
hemispherical impactor was attached to the flying arm with a total drop weight of 5 kg. An
accelerometer and 44 kN load cell were used for deacceleration and ground reaction force
registration. Flexible 3d-printed thermoplastic urethane (TPU) carrier (with 98 mm in
diameter and 30 mm in height) was used as an STF holder. The setup was designed the way
that the impactor tip does not touch the walls of the soft container. All STF samples were
filled to the same level in a container with a total thickness of 13 mm. At least 10 times
impact tests were repeated for each sample at each height to make sure that the results are
reproducible and are within 10% error. Then all results were averaged. Displacement was
calculated from the integration of the velocity-time plot, which in turn was obtained by
integrating the force-time plot divided by the impactor weight. Impact energy was

calculated from the simple equation E = m - g - h, where the impactor mass m was 5 kg

59



Shear-induced jamming in fumed silica STF Chapter 4

and constant, gravitational acceleration g was used as 9.8 m/s and constant and impactor
height h was a variable.

Another impact test was designed to visualize and analyze the displacement of fluid during
the impact (Figure 4.2b). Sheets of 2 mm thick clear acrylic glass were used for the setup
which allowed to optically inspect the STF during the impact. All dimensions are present
in Figure 2b, the geometry of the container and tube has been designed to securely hold the
tube during the impact. The diameter of the rod (17 mm) and the weight (0.27 kg) were
chosen to match the stress level of the hemispherical impact. STF was filled to the same
level (31mm) and a small concentration of black SiO> microparticles (<0.1% by weight)
were added to suspensions as a dye to track displacement of different parts of the fluid.
Speed camera Phantom Miro M120 was used at 7300 fps resolution to capture the flow
dynamics. MatchlID digital image correlation (DIC) software was used for the flow-field
displacement calculations of STF during impact. The vertical component of normal strain
&, was calculated for each point of strain window per frame. Then, points with the same
strain value were colored from red for the biggest value to yellow for the lowest. The
maximum thickness of the third strain isoline (dark orange) in a vertical direction was used

as a jammed front thickness value.

Tube length 300 mm

Accelerometer

(a) (b)
Figure 4.2 Illustrations of low-velocity impact setups. (a) The drop weight impact setup with a
custom 3d printed TPU container. All samples were filled to the 13 mm thickness level from the

bottom. Height from the surface of STF to the tip of the hemispherical impactor was a controlled
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parameter. (b) The acrylic glass setup which was used together with a speed camera for the flow
field analysis during impact. All samples were subjected to the impact from the same height (327

mm).

4.3 Results and discussion

4.3.1 Rheological analysis of STF with different particles concentrations

Figure 4.3 shows rheological flow profiles of STF with three different concentrations of
fumed silica (15, 20, and 25% by weight). Each graph can be split into three different zones:
shear thinning, Newtonian, and shear thickening zones. The first zone is a shear thinning
zone where the viscosity decreases with shear rate, the behavior in this zone is
characterized by the net of three contributions: a Newtonian portion of constant viscous

161,162, and

stress, an entropic portion of randomly colliding particles under thermal motion
alignment of polymer chains due to polymer nature of the liquid medium. All STF
demonstrated very mild shear thinning due to the low molecular weight of PPG, hence,
higher conformational freedom of chains as well as an insignificant contribution from the
entropic interactions. Next is the Newtonian zone with an almost invisible transition, the
constant value of the viscosity in this zone represents the laminar properties of the fluid
without effect from the particle’s interactions'®!. In order to assess the type of shear
thickening (CST or DST) present in our STF, we fitted shear stress-rate curves by power-
law T~y % in the shear thickening zone (Figure 4.3). According to Jaeger et al.'® [1], 1 <
a < 2 represents CST, where a > 2 represents DST. In our case, a > 7 for all three
particles concentrations (@srpi59, = 8.1  0.3; asrpa00, = 10.0 £ 0.4; agrrasey, = 7.9 =
0.5), which clearly indicates the presence of DST. Therefore, we can conclude that
frictional interactions between particles are strong enough to trigger a discontinuous jump
in shear stress. The nature of these strong frictional interactions is cumulative of
contributions from hydrogen bonding between the silanol-rich surfaces and the highly
anisotropic shape of fumed silica*’. According to another study*S, the onset volume fraction
of DST ¢pgr for hydrophilic fumed silica suspension was found to be 6% which is below

our lowest weight fraction (15% by weight corresponds to 7.2% by volume). Hence, this
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study supports our results that DST is present in all selected weight fractions.

In the literature on STF, two parameters of flow rheology were extensively used and studied:
critical shear rate and maximum viscosity. It is apparent that the critical shear rate decreases
as particle concentration increase, as shown by the regions before an increase in viscosity.
This supports hydrodynamic theory'®” which comes into play at the onset of shear
thickening that at higher particle concentrations, stronger hydrodynamic forces are present
due to shorter interparticle distance. Thus, a lower shear rate is required to overcome the
repulsive forces, and shear thickening occurs at the lower shear rate at higher particle
concentration. However, the difference between the values is insignificant. The points of
maximum viscosity shown in Figure 4.3 increases with increasing particle concentration
as frictional contact forces dominate and particle mobility is reduced. An interesting feature
of maximum values is that their ratios follow the same trend as values in the Newtonian

region and are roughly equal.

62



Shear-induced jamming in fumed silica STF Chapter 4

1000 —— STF 25%
1 [——STF 20%
] ——S8TF15%
100009 @gypisy, = 8.1+ 0.3
© Agppp00= 10.0 £ 0.4
/_Cb\ 2 1000{ @srr2sy, = 79 £ 0.5
© 100 §
o 1 & 100
-'é‘ % 10 )
w ~
o] T~V
o 1
= i Shear Rat (1/1'(;
> ear Rate S
10 -.--\—\——»,_..
1. "
1 1

'1 . - 10
Shear rate (1/s)

1/s STF 25%

Figure 4.3 Flow rheological analysis of STF at three weight fractions. Viscosity as a function of
shear rate in a parallel plates geometry with a 0.5 mm gap. Numbers on the arrows represent ratios
of viscosities at different stages, the first two values at the bottom during the Newtonian stage,
values on top ratios at the maximum viscosities. An additional graph inside the main is a shear
stress-rate plot which was used for power-law fitting to establish the regime of shear thickening
(DST or CST). (1, 3) Photos of STF 25% and 15% during flow tests at the maximum viscosity
when fluid starts to slip off (17 1/s and 18 1/s, respectively), (2) when STF 25% becomes cloudy
(41 1/s); (4) in contrast to STF 25%, STF 15% did not demonstrate any change in optical properties
(at 42 1/s).
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However, this portrayed maximum viscosity is irrelevant in depicting the true maximum
viscosity of the STF as slipping occurs past a certain shear rate. Slipping occurs commonly
in viscous suspensions due to the large velocity gradient between the plates and the fluid.
During slipping, the fluid is no longer held between the parallel plates and the recorded
viscosity will be much lower than the true viscosity!®. Slipping decreases the surface
tension between the fluid and plates. This fact combined with high centrifugal force at
higher shear rates leads to loss of fluid between the plates, therefore, a drop in viscosity.
Figure 4.3 (1,3) shows the STF samples confined between the parallel plates at maximum
viscosity, it is observed that the STF samples started to flow out of the parallel plate
boundary and onto the Peltier plate where their viscosities can no longer be recorded. It
can be seen more clearly at higher shear rates (2 and 4 in Figure 4.3) that fluids slip and
flow out. An interesting feature was noticed at shear rates beyond the maximum viscosity
for STF 25%, the optical properties changed from transparent to translucent white. That
happens because of the Tyndall effect. After a certain shear rate, particles start to
agglomerate into clusters, where these clusters are large enough to start scattering visible
light and make the colloidal suspension appear cloudy. The cluster formation is induced by
hydrodynamic lubrication forces as was explicitly shown using fast confocal microscopy
combined with simulations force measurements during rheological experiments'®2. On the
contrary, STF 15% did not demonstrate any change in optical properties. Therefore, shear
stress was not large enough to reach the certain size of hydroclusters for the scattering of
visible light due to the lower concentration of fumed silica.

As aforementioned, we can conclude that the data recorded after slipping has occurred does
not provide relevant information about the true viscosity of the STF, rendering the data
after the fall in viscosity irrelevant. Shear stresses which are required to achieve a shear
jammed state cannot be reached with a conventional rheometer due to failure modes'">.

In order to overcome this challenge a custom extensional test was designed as it allows to
achieve higher shear stresses without any slippage of the fluid. Another advantage of
extensional rheology is that it was found to be more relevant to the impact mechanics. It
was shown earlier that extension of STF at rates higher than onset rates of jamming

tllS

transition resembles mechanics of structural changes under impact'°. It particularly

supports the concept of jamming by shear where still and moving portions of fluid generate
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strong localized shear which triggers formation of frictional networks of particles!!*1%4. A

modified extensional test was carried out in accordance with another study’® with the
sample holder and the rod dimensions doubled. Peak forces were recorded at each
extension rate.

As seen in Figure 4.4, the general trend across all samples is an increase in peak force from
0.1 mm/s to 8 mm/s, followed by a plateau. The rate of increase in peak force, given by the
gradient of the upward curve, is drastically higher with higher weight concentrations of
fumed silica considering the peak force was plotted on a log scale. The ratios of plateau
values resemble ratios between maximum viscosities in flow tests (Figure 4.3). Since at
higher shear stresses the same trend is observed the maximum flow viscosities can be used

for further interpretation of impact tests.
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Figure 4.4 Extensional “pull-up” test, peak forces at each individual extensional rate test were plot
against the rate, peak forces are plot in a log scale. Normal force profile at 8mm/s is shown in the

middle of the figure, at this rate peak force values reach the plateau.

All curves reach a plateau around 8 mm/s. This value of peak force represents the
maximum DST/S]J exhibited by the STF sample during the extensional tests. Comparing
the peak force at 8 mm/s, the STF 25% sample shows 11.7 times higher peak force than

that of the 15 % sample. In James et. al.'s experiment®®, the presence of shear jamming is
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determined by a significant increase in normal force recorded at 8 mm/s. The peak force
value of 12.0 N in PMMA/ITA suspension was shown to originate from SJ rather than just
from shear thickening, whereas a non-SJ glass beads suspension demonstrated only 1 N of
normal peak force at the same extension rate. Drawing parallels with our results (20.1 N
for STF 25% at 8mm/s) it can be concluded that the high normal force in STF 25% is
attributed to the presence of shear jamming. It is also worthy to note that a pulling force of
20.1 N for 25 wt% STF corresponds to stress exceeding 65 kPa, which is noticeably larger
than that achieved during flow tests. This stress far exceeds stresses from the lubrication
model or stresses which can be achieved with capillary forces'®!!>16° Therefore, such high
stresses originate from the frictional interaction between the particles. Sterically dispersed
particles need to overcome repulsive forces to get in contact with each other which causes

a drastic increase in peak force.

4.3.2 Low-velocity impact behavior of STF

Drop weight impact test was used to analyze the impact response of STF in the low
velocities range. 13 mm thick layer of STF was subjected to six different impact energies
based on the height of a 5 kg hemispherical impactor. Peak forces of three STF with
different fumed silica concentrations are present in Figure 4.5a. The peak forces were
plotted on a logarithmic scale to correlate with rheological data. At 5 J all STFs
demonstrated sufficiently low and close values of peak forces suggesting that impact was
within their capacity. After 5 J curves start to move away from each other. The peak force
of STF 15% increased over three times at 10 J with a relatively consistent growth after.
The shape of the curve, however, suggests that there is a plateau to which this curve tends.
STF 20% demonstrated almost linear growth until 20 J with the same trend as for STF 15%
where peaks forces increase less and may eventually reach the plateau. This suggests that
after 20 J STF reaches the maximum capacity to bear the impact with the aid of DST/SJ.
On the contrary, STF 25% showed an almost linear increase in the whole range of energies
suggesting that the maximum capacity of impact absorption has not been reached yet. This
hypothesis can be proved if we analyze individual impact profiles at 30J (Figure 4.5b). STF

25% shows an almost linear increase in force with time where STF 20% and especially
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STF 15% demonstrate exponential increase with sharp peak force. Judging by the force
distribution over time STF 25% starts to absorb energy first (the slope of the force curve at
the start of the impact is the highest). Therefore, impact absorption is “activated” the
earliest in STF 25%. It is aligned with the fact that particles at higher concertation get in
contact more easily triggering DST/SJ the earliest which provides massive impact
dissipation (via friction between particles). However, additional tests will be conducted to
understand the nature of impact dissipation. As it was suggested by the referee liquid
medium alone (PPG400) was subjected to an impact of 30 J to evaluate the impact
mitigation performance of PPG400 on its own. Surprisingly, we found that STF 15% and
PPG400 curves coincide, demonstrating the same peak forces and the same distributions.
As it was said earlier the impact absorption capacity of STF 15% is limited to 5 J since it
demonstrated a jump in a peak force at 10 J. Therefore, since impact bearing capacity was
far exceeded at 30 J for STF 15% DST/SJ and/or hydrodynamic forces do not contribute

to impact absorption enough to be noticed.
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Figure 4.5 Results from the drop weight test with the hemispherical impactor. (a) Peak forces at
six different energies with error bars. Percentages represent the weight fraction of fumed silica in
STF. Each value is the average of ten tests with an error not exceeding 10%. (b) Normal force
registered with the load cell as a function of time during 30 J impact. These curves are also the

average over ten tests.

To explain this phenomenon, we conducted an impact test in a transparent container with
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a speed camera. The great advantage of this type of STF is that due to the amorphous nature
of fumed silica suspensions remains optically transparent at all concentrations. This
allowed us to optically observe the flow of fluid during the impact. A small concentration
of Si0; particles was added to suspensions to track displacements of different parts of fluid
more clearly.

First, it was found that in the case of STF 25%, the rod started slowing down first, followed
by STF 20%, and STF 15% started to slow down only near the bottom boundary (Figure
4.6a). The penetration depth of the rod linearly decreases with concentration. STF 25%
demonstrated the best stopping efficiency with 19.4 mm depth, followed by 23.7 mm for
STF 20%, and STF 15% gently hit the bottom at 30.6 mm depth. The speed of the rod
before the impact v, is 2.4 m/s. The same behavior was demonstrated during the drop
weigh test (Figure 4.6b) where the penetration depth of the impactor gradually increased
from STF 25% to hit the bottom for STF 15%. Another resemblance between these two
experiments is that the normal force starts to grow the earliest for STF 25% due to the

formation of the jamming front which slows down and eventually stops the rod.
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Figure 4.6 Change in impactor depth for two types of impact tests and the resemblance between
them. (a) Rod depth against time during speed camera impact test. The speed of the rod before the
impact vy = 2.4 m/s. Photographs from the speed camera when the rod is completely stopped
(19.4 mm for STF 25%, 23.7 mm for STF 20%, and the rod hit the bottom for STF 15% at 30.6
mm depth). Recording of whole tests is shown in Supplementary Video 1. (b) Calculated force-
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displacement (depth) profiles for drop weight test at 30 J. Displacement was calculated from the
integration of the velocity-time plot, which in turn was obtained by integrating the force-time plot

divided by the impactor weight.

The next step was to analyze the displacement of particles in suspensions during the impact.
It was possible to calculate the solidification front dimensions during impact using DIC
software. Jamming front thickness was plotted against the time for three concentrations
(Figure 4.7). The complete videos of solid front formation can be found in Supplementary
Video 1.

Three distinctive phases were observed during the impact. The first phase is the growth of
the jamming front followed by the second one which is the propagation of the front.
However, in the case of STF 25%, the first and second phases were combined into one.
The front grew consistently all the way to the very bottom. STF 20% and 15%
demonstrated propagation of the formed front to the bottom. However, the front of STF
20% kept growing in this phase whereas STF 15% did not. The third one takes place after
the front reaches the boundary. The jammed layer is pushed against the boundary with the
diffusion of particles to the sides due to compression. STF 25% solid front reached the
boundary first followed by STF 20% and then STF 15%. We calculated jamming front
propagation speed vy at the first stage of the impact, it was found that velocities at all
concentrations far exceed vy. STF 25% vy = 12.3 m/s which is 5 times faster than v,; for

STF 20% vy = 10 m/s which is 4 times faster than vy; and for STF 15% vy = 6.5 m/s

which is almost 3 times faster than v,. The fact that the front propagation speed is much
faster than the rod speed together with the extensional test results proves that the jamming
is induced by shear, not by densification''>!?°. It should be noted that SJ was observed at
all three concentrations at the impact stresses but only STF 25% could enter the SJ regime
during extension tests due to much lower stresses.

In the earlier investigations of the STF under impact!? it was shown that normal force
starts to grow drastically when the jamming front reaches the boundary. In our case, the
front of STF 25% reaches the boundary first creating strong resistance for the rod, which
leads to a drastic increase above the normal force. This can be confirmed by analyzing the

impact profile in Figure 4.3b, and it was obvious that normal force starts to grow much

69



Shear-induced jamming in fumed silica STF Chapter 4

faster (the slope value of STF 25% at the beginning of impact is two times higher than for
STF 20% and three times higher than for STF 15%) than in the case of STF 20% and 15%.
The front of STF 20% reaches the boundary later with a much thinner layer, therefore, it
generates less resistance for the rod, and a significant part of the impact is transferred to
the load cell. The front of STF 15% reaches the boundary the latest, with the thinnest front
layer providing insufficient resistance to effectively absorb the impact; this leads to a slow
peak rise of a normal force and a high value of the peak force. The visualization of the front
at the moment of reaching the boundary is present in Figure 4.7 (1-3). By analyzing front
thicknesses at this moment, we can directly correlate them to peak forces generated during
the drop weight test (Figure 4.5b). The ratio of front thicknesses between STF 15% and
20% is 1.59 where 1.54 is the ratio between their peak forces; the ratio of front thicknesses
between STF 20% and 25% is 1.61 where 1.70 is the ratio between their peak forces.
Therefore, such proximity of values supports the notion that the main portion of impact is
absorbed by the SJ solid plug beneath the rod pushing against the direction of the
impact''®120, A much larger and more uniformly distributed deformation zone (in red color)
can be generated by the impact rod found in the suspension with higher concentration of
particles, which indicates a stronger shear jamming and more stable stress wave

equilibrium in the suspension with higher particle concentration.
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Figure 4.7 Jamming front propagation during impact. Calculated jamming front thickness during
the impact of STF for three particles weight fractions. Front thickness was obtained measuring the
maximum thickness of the third strain isoline (dark orange) in a vertical direction from the rod
bottom surface. (1-3) Color-graded strain fields were calculated using DIC software. Red represents
the highest displacement value where yellow is the lowest, green color represents no displacement.
The red zone is the jamming front propagating towards the bottom at a speed faster than the speed

of the rod. Captured pictures are front dimensions at the moment of reaching the bottom.

4.4 Chapter summary

Putting it all together, we confirmed the presence of DST at all weight fractions (15, 20,
and 25%) using flow rheology. However, it was impossible to achieve jamming transition
due to failure modes. Extensional rheology helped to reach higher stresses without fluid

slippage. STF 25% demonstrated similar peak forces to another study where they
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correlated it with the presence of SJ°®. Low-velocity impact tests were conducted to study
the mechanism of impact absorption and how SJ contributes. Owing to the optical
transparency of fumed silica suspension, we directly observed the formation of the
jamming front during impact. The speed of front propagation was calculated to be 3-5 times
(3x for STF 15%, 4x for STF 20%, and 5x for STF 25%) higher than the impactor speed,
which rules out jamming by densification. Therefore, it was induced by shear. Front
propagation data was coupled with drop weight impact test results suggesting that the main
portion of impact is absorbed once the SJ front reaches the bottom boundary. The efficiency
of impact absorption was found to depend on fumed silica fraction through the thickness
of the front between the rod and the bottom. The ratios of front thicknesses are almost equal
to the peak force ratios which supports this hypothesis. Therefore, the high impact
absorption of STF 25% over lower fractions was attributed to the formation of the SJ front
growing much faster than the speed of the impactor to the boundary. This front reaches the
boundary the earliest for STF 25% with the thickest jammed plug which helps to mitigate
the impact most efficiently. The penetration depth of the rod reflected the impact absorption
characteristics of our STF, where STF 25% demonstrated the lowest depth, followed by
STF 20%, and finally STF 15%, however, STF 15% hit the boundary. This study provides
new insights on a mechanism of energy absorption in PPG/fumed silica STF with direct
observation of the jamming front formation during low-velocity impact. Interestingly,

fumed silica suspension demonstrated SJ at ¢ < ¢;.

Key findings are summarized below:

e DST and jamming transition at as low as ¢ = 7.2% and onwards (for the first
time).

e The front propagation speed at all studied concentrations was found to be 3-5
times higher than the speed of the impactor rod, which rules out jamming by
densification, and confirms that the propagation is triggered by shear.

e The main impact absorption begins when the jamming front reaches the boundary,
creating a solid-like plug under the rod that confronts its movement. The
efficiency of impact absorption was found to depend on fumed silica fraction

through the thickness of the front between the rod and the bottom.
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Chapter 5

Correlations Between Precursor Molecular Weight and

Dynamic Mechanical Properties of Polyborosiloxane (PBS)

In this chapter, new correlations were discovered for five PBS
synthesized from hydroxy terminated PDMS with different molecular
weights. Si-O-B IR band intensities for all PBS follow the same trend
with molecular weight as the number of PDMS hydroxy groups which
confirms the full completion of the reaction. After synthesis, the
molecular weight of PBSs remained almost the same, which indicates
the absence of significant chain scissoring, polymerization, or
crosslinking. This synthesis route allows to precisely control
mechanical properties only based on the molecular weight of the
precursor. During the rheological analysis, it was found that crossover
point modulus follows the same trend as the number of PDMS hydroxy
groups and Si-O-B band intensities. PBS demonstrated a linear
increase in peak forces with molecular weight during the drop weight
impact test. Based on results it was concluded that the low molecular
weight of a precursor, hence, a high density of dynamic crosslinking is
a primary requirement for effective protection against low-velocity

impact.

*This section published substantially as “Correlations Between Precursor Molecular Weight and
Dynamic Mechanical Properties of Polyborosiloxane (PBS)” in Macromolecular Materials and
Engineering (DOI: 10.1002/mame.202100360). Reproduced with permission, Copyrights 2021,
Wiley-VCH GmbH.
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5.1 Introduction

Shear-stiffening gels (SSG) have attracted the attention of many researchers in the last
decade due to unique viscoelastic properties, self-healing ability, ease of synthesis and
affordability of raw materials.'®>. The most common and utilized SSG is polyborosiloxane
(PBS) which is a viscoelastic gel which behaves like a viscous liquid at low deformation
rates due to dynamic relaxation of supramolecular bonds. However, once this rate exceeds
the critical value, stickers do not have enough time to relax and reconnect, therefore, these
temporary connections lock and behave as permanent crosslinking points.*® During this
transition, PBS changes its behavior from viscous to rubbery. This behavior is fully
reversible.

One of the most important factors affecting properties of PBS is the molecular weight of
PDMS chains. Molecular weight defines the density of dynamic crosslinks, hence, shorter
chains results in a stronger shear-stiffening effect. However, the relationship between
molecular weight and rheological properties is not as straightforward as it seems. Tang et
al.® assessed the effect of molecular weight of hydroxy terminated PDMS on a resulting
rheological property of PBS. They found that plateau elastic moduli first decreased and
then increased with the molecular weight of the precursor due to a decrease in the number
density of supramolecular interactions and dominance of topological entanglements (for
molecular weights higher than entanglement molecular weight M > M.). Seetapan et al.1?*
demonstrated the same trend but for a narrower range of PDMS molecular weights, they
found that relaxation time decreases with the precursor’s molecular weight. There is no
doubt that the molecular weight of the precursor is one of the most important parameters
affecting all final mechanical properties. However, rheological analysis was the only type
of mechanical investigation in these studies. An additional mechanical investigation needs
to be done since rheology covers only a narrow range of testing conditions, resulting in
unknown behavior in many real-world applications.

One of such real-world applications of PBS is impact protection. Due to unique self-healing
and shear-stiffening properties, PBS was found to be particularly useful in impact
protective equipment, such as D30™ foam, which is one of the most known applications

of PBS in the market (it is PU foam with PBS as an additional protective compound).’’
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PBS is also found in other foam-based composites,®-# Kevlar-based composites,?®4° and
double network composites.36:3"124 Despite the wide range of various PBS composites for
Impact protection, the potential of PBS itself has hardly been studied. This might be due to
complications with the molding of PBS for real applications since it flows at low
deformation rates. Wang et al.!’ investigated PBS filled with magnetic particles under high
strain rates using modified Split Hopkinson Pressure Bar (SHPB). They found that energy
absorption was attributed to two transitions, from liquid to elastic and elastic to glassy. The
transition from the rubbery to the glassy state could be studied only using impact techniques
such as weight drop impact tests and SHPB as it happens at rates unachievable by a
conventional rheometer. This transition is a result of the simultaneous breakage of many
supramolecular interactions.?4 It significantly contributes to overall energy absorption
when rates exceed the critical value at which supramolecular bonds break.'”3? In another
study, Zhang et al.'?> demonstrated that during a low-velocity weight drop test, the impact
area expanded five times when a PBS layer is used, which is a result of the stiffening front
formation under impact. Moreover, they observed the formation of cracks which was found
to be beneficial for impact absorption. However, the emphasis of these studies was put on
testing conditions, not on a synthesis. Therefore, there is no clear explanation on how the
density of dynamic crosslinking is correlated with impact absorption. This gap might
originate from the scientific gap between chemistry research of PBS focusing
predominantly on the synthesis part and mechanical research, which focuses on
applications and testing conditions.

In this chapter, we are trying to bridge these two areas of PBS research by finding
correlations between the molecular weight of PBS precursors (which defines dynamic
crosslinking density) and dynamic mechanical properties using infrared spectroscopy,
oscillatory rheological evaluation, and weight drop impact testing. This correlation would
allow for the tailoring of mechanical properties of PBS based on the molecular weight of
precursors for impact protection applications. The focus of this study is on how the density
of supramolecular interactions affects impact protection since it has not yet been proven

and is critically important for performance.
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5.2  Materials and experimental methods

5.2.1 Chemicals and samples preparation

Five different hydroxy terminated PDMS were purchased from the Sigma-Aldrich
company. Precursors were picked based on their kinematic viscosities (25, 65, 750, 2550-
3550 and 18000-22000 cSt). Tetrahydrofuran (THF) of HPLC grade, boric acid, toluene,
and hexane were purchased from Sigma-Aldrich and were used as received, without
purification.

Dean-Stark water trap was used for synthesis of polyborosiloxane (PBS) as it was
necessary to shift the chemical equilibrium of the reaction by taking out water from the
system. First, hydroxy terminated PDMS which was used as a precursor was dissolved in
toluene using magnetic stirrer for one hour. After that, BA was added in the deliberately
excessive amount with respect to stoichiometric ratio (to avoid polymerization or
crosslinking of the polymer) and stirred with dissolved PDMS for another hour. Next step
was to heat up solution to temperature at which BA converts into pyroboric acid with
release of water. However, the solution can only be heated to the boiling point of the solvent,
in this case 110 °C for toluene. Toluene was necessary for the reaction as BA easily
hydrolyzes back by reacting with evaporated water and recrystallizes, forming big crystals.
To prevent evaporated water coming back to the solution which can suppress the reaction,
a Dean-Stark water trap was used. Another reason for using the water trap was to allow
toluene to come back in to the system as the reaction temperature was above boiling point,
forming azeotrope with water. System was kept at 140 °C for 48 hours. After the synthesis
step, PBS was extracted by evaporating toluene at reduced pressure and 60 °C using
rotational evaporator. Last step was to add hexane to extract PBS from the round-bottom
flask with subsequent drying for 24 hours. Five different PBS samples were synthesized
based on their precursors’ molecular weight using the same procedure. For simplicity,
synthesized samples were named PBS with the number accordingly to the kinematic

viscosity of their PDMS precursors (PBS 25, PBS 65, PBS 750, PBS 2550, and PBS 18000).

5.2.2 Charaterization
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Molecular weights of PBS and their precursors were characterized using gas permeation
chromatograph (GPC) Agilent 1260 Infinity with TOSOH TSKgel GMHHR-M column.
Results can be found in Table 1. Samples were dissolved in HPLC grade THF at a
concentration of around 1-5 mg/ml, then they were filtered using 0.22 um syringe filters.
GPC of all samples were run in THF at 35 °C with a flow rate 1 ml/min. Monodisperse
polystyrene calibrants were used for a calibration curve.

A Fourier Transform Infrared Microscope (FTIR) Perkin Elmer Frontier equipped with
Universal Attenuated Total Reflection (ATR) was used for functional group analysis. PBS
samples were analyzed without any preparation, where PDMS precursors were prepared in
a pellet form due to their low viscosity. A small drop of PDMS was added into the KBr
powder and grinded before being placed into the hydraulic press to form a pellet. Each
sample was scanned for a total of 32 times with a force gauge of 60.

Dynamic mechanical analysis (DMA) of synthesized samples were done using a modular
compact rheometer Anton Paar MCR 501 in oscillatory mode. 25 mm steel parallel plates
geometry was used with a set 0.5 mm gap for all tests. Low-amplitude frequency sweep
tests were performed with 1% strain amplitude value in a range from 0.1 to 300 rad/s at 25
°C.

Impact protection evaluation of PBS samples were carried out on the CADEX twin wire
flying arm drop weight test machine with 44kN load cell. Cylindrical tip of 15 mm in
diameter was attached to the flying arm with an overall weight of 1.6 kg. The illustration
of setup is shown on Figure 5.1. The height of the dropping weight was the controlled
parameter. Displacement values were calculated by first integrating force-time plot divided
by arm weight to obtain velocity. Following that, a velocity-time curve was integrated to

obtain displacement.
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Figure 5.1 Drop weight impact test setup for PBS testing.

5.3 Results and discussion

5.3.1 Synthesis and FTIR analysis

Synthesis of PBS samples was done by heating the boric acid and hydroxy terminated
PDMS in toluene at 110 °C for 48 hours. A Dean-Stark trap was used during the reaction
to prevent produced water from returning into the system as it could form an azeotrope
with toluene, which would suppress the condensation reaction.'*° It was noticed that most
of the evaporated water was collected in the burette within the first few hours. Tang et al.
(2] demonstrated that the reaction had been completed in 12 hours at 120 °C using an FTIR
analysis of Si-O-B absorption peak intensity (1340 cm™) at different reaction times. After
12 hours, the intensity of the peak stayed constant which could be an indicator of the
completion of the reaction. However, due to the difference in a synthesis approach, in our
case, the system was kept for 48 hours to ensure the reaction was complete.

After extraction and drying steps, PBS samples were analyzed using gel permeation
chromatography (GPC). The results of the GPC analysis are shown in Table 5.1, the
molecular weights of the precursors are given for comparison. The molecular weight of
PBS 25 remained unchanged, which indicates the absence of polymerization or

crosslinking between PDMS chains on the one hand and the absence of chain scissoring
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on the other. In the case of PBS 65 and PBS 750, the molecular weight slightly decreases
with an increase in the polydisperse index. This suggests that there is minor chain
scissoring, however, polymerization and crosslinking are absent. PBS 2550 and 18000
demonstrated similar molecular weight values with an increase in PDI, which indicates the

1.28 it was

absence of noticeable chain scissoring or polymerization. In the study by Liu et a
shown that molecular weight of PBS dropped more than ten times after synthesis at 190 °C
due to chain scissoring. Therefore, it can be concluded that there are no traces of significant

chain scissoring or polymerization for all samples.

Table 5.1 Molecular weight evaluation of PDMS precursors and synthesized PBS samples.

Precursor M, My, PDI Number of -OH
name kg/mol kg/mol groups, mol/g ¥
PDMS 25 ¢St 0.7 1.0 1.4 2.9 x 103

PBS 25 0.7 0.9 1.3 -

PDMS 65 cSt 6.3 9.0 1.4 3.2 x 10*

PBS 65 3.5 6.8 2 -

PDMS 750 ¢St 28.8 36.7 1.3 6.9 x 107

PBS 750 18.8 32.7 1.7 -

PDMS 2550- 38.3 54.4 1.4 5.2 x 109
3570 cSt

PBS 2550 35.2 63.0 1.8 -

PDMS 18000- 61.5 94.5 1.5 3.1 x 107
22000 cSt

PBS 18000 54.3 111.3 2 -

? Calculated based on M, of precursors, Nou = 2/Mh.

At the next step, the change in IR transmittance was analyzed using an FTIR spectrometer.
It was expected to see a change in two peaks in PBS samples compare to PDMS precursors.
In Figure 5.2, a synthesized PBS 25 sample was compared with its precursor (PDMS 25)
in terms of IR transmittance. First, PDMS 25 spectra demonstrated two O-H peaks, one
corresponds to a non-hydrogen bonded (free) band with a peak at 3700 cm™ and another
corresponds to an intermolecular hydrogen bonded band with a peak at 3290 cm™.! Based

on the intensity difference of these two peaks PDMS hydroxy end groups are susceptible
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to intermolecular hydrogen bonding with each other. O-H bands fully disappear in PBS
due to condensation reaction between PDMS and BA hydroxy groups.'?® This reaction
leads to a formation of Si-O-B bonds which links PDMS chains together. A new Si-O-B
band is formed with a peak at 1335 cm! together with a B-O-B band with lower intensity
at 1380 cm! (Figure 5.2) due to a partial condensation reaction between BA molecules.'?°
The Si-O-B band represents a covalently linked borono group to the PDMS chain ends.
These groups behave like stickers due to their supramolecular interaction. Therefore, the

unique shear-stiffening properties of PBS are the results of the presence of these sticker
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Figure 5.2 FTIR spectrum of PBS 25 plotted against PDMS 25

Zinchenko and co-workers'?® proposed three possible structures which can be formed
during this reaction (Figure 5.3). Structure I is the result of the direct condensation reaction
between hydroxy ends of PDMS and BA where the other two involve additional
polymerization of BA molecules which may result in a formation of cyclic PBS molecules
(structure III). The presence of a B-O-B shoulder on Figure 5.2 is evidence of additional

polymerization between BA molecules which may result in the formation of structure II.
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However, it was suggested in a more recent study®® that polymerization of BA molecules
is based on a condensation/hydrolysis equilibrium. It means that BA
polymerization/depolymerization depends on the humidity and is reversible. But BA ends

covalently linked to PDMS remain the same despite the external conditions.
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Figure 5.3 Chemical reaction of PBS synthesis with three possible structures proposed by

Zinchenko and co-workers. !

Boric acid can also act as a crosslinker for PDMS chains, one BA molecule can react with
one, two, or three chains at the same time. However, in the case of condensation synthesis
this depends on the stoichiometry between the hydroxy groups of BA and PDMS. Since in
our case BA was added in a knowingly excessive amount, there was no additional
polymerization via BA bridges which was confirmed by GPC. All PBS samples were easily
dissolved in THF and chloroform which is additional evidence of the absence of the
covalent 3D network. In one study,®’ where the same synthesis route was used molecular
weight less than doubled due to lower amount of BA closer to stoichiometric ratio. In
another work,'®” where PBS was synthesized using Piers-Rubinsztajn reaction, the
molecular weight was increased by slightly more than two times and was dissolvable in

common solvents.
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The same trend was observed for the rest of the synthesized samples and their precursors
in the IR spectrum. Therefore, we can conclude that in our PBSs only structures I and II
are present. The next step was to analyze the difference in intensity of Si-O-B band peaks
between PBS samples. This difference can be clearly seen in Figure 5.4a, where intensity
gradually decreases from PBS 25 to PBS 18000. Si(CHj3)» peak was chosen as a reference
peak as it barely changes during the reaction.?® PBS 25 showed the highest intensity of Si-
O-B peak due to low molecular weight, hence, a large number of covalently linked sticker
groups. The same was observed for the B-O-B peak which is an indication of additional
polymerization of BA into bigger complexes such as Structure II in Figure 5.3. PBS 65 is
next by intensity due to a lower number of sticker groups with barely visible B-O-B
shoulder. Peak intensities of three other PBS are very close to each other but demonstrate
much lower intensities visible using magnification.
If we consider how the number of hydroxy groups in PDMS is changing with molecular
weight and compare it with the change in Si-O-B peak intensities, there would be a clear
correlation (Figure 5.4b). Hydroxy content Nyy is a reciprocal function of molecular
weight My :

Now = 2/My, (5.1
as well as Si-O-B peak transmittance follow the same relationship. Therefore, we can
conclude that number of sticker groups, hence, the density of supramolecular interactions
increases with the number of hydroxy groups of PDMS. This correlation confirms the
hypothesis that the main reaction is the condensation between hydroxy groups of BA and
PDMS and that there is minor to no scissoring of PDMS chains. This discovery allows one
to precisely control properties of the PBS only based on the molecular weight of its

precursor. This correlation can be further used for the analysis of mechanical properties.
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Figure 5.4 (a) FTIR spectrum of five synthesized PBS samples with change in Si-O-B peak
intensity. (b) Correlations between number average molecular weight of precursor, -OH content

and Si-O-B peak FTIR intensities.

Another important aspect of the synthesis is the temperature. It was shown before?®!2¢ that
PDMS chains possess random scission at temperatures higher than 150 °C in the presence
of BA. Scissored ends react with BA, introducing B(OH)x sticker groups to PDMS chains.
However, since it is a random process, it is hard to predict obtaining properties of PBS.
Therefore, in this study, PBS was synthesized from hydroxy terminated PDMS at a
temperature lower than 150 °C, to precisely control the final properties of synthesized PBS
since only hydroxy ends participate in the reaction. This approach allows one to assess
most of the properties only based on the molecular weight of the precursor.

One type of supramolecular interaction present in PBS is the Si-O: B dative bonding which
is covalent in nature but is reversible. Oxygen from the main PDMS backbone shares an
electron pair with boron atoms.!*!?® This type of interaction acts as a temporary crosslink
with the ability to relax and reconnect. Two bands at 865 and 700 cm™! represent fingerprint
bands of this type of bonding on the IR spectra (Figure 5.5).?%!67 Another type of
supramolecular interaction is the hydrogen bonding between sticker groups, this interaction
exists only in the presence of an unreacted hydroxy group in BA molecules. This interaction
is represented in two bands at 890 and 681 cm™'.>” These two frequencies are fingerprints
of the B-O-H band and are present in pure BA (Figure 5.5). Intensities of these two peaks
change in the same fashion as the Si-O-B band from the highest value for PBS 25, to almost

invisible peaks starting from PBS 750 due to the absence of polymerization and
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Figure 5.5 FTIR spectra of PBS in the fingerprint region with two bands representing Si-O: B

dative bonding and two bands representing B-O-H band which is prone to form hydrogen bonds

with each other.

An illustration of the diagram of all interactions is shown in Figure 5.6 based on the
obtained results and the literature. It was confirmed that the density of supramolecular
interactions decreases with increasing molecular weight of the precursor due to borono
modification of the chain ends with no significant chain scissoring, polymerization or

crosslinking.
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Figure 5.6 Schematic illustration of molecular structures and interactions of PBS 25 and PBS

18000.

5.3.2 Oscillatory rheological analysis

In this study, synthesized samples were analyzed using oscillatory shear tests to assess the
influence of a number of sticker groups of PDMS on dynamic properties. Results of
dynamic mechanical analysis (DMA) of all five PBS samples can be found in Figure 5.7
where storage G’ and loss modulus G represent elastic and viscous components of PBS,
respectively. The crossover point (CP) represents the intersection between G’ and G” or,
in other words, transition frequency at which elastic component starts to dominate. Before
comparing differently synthesized PBS with each other, it is important to explain the
chemical reasoning for such unique viscoelastic behavior. PBS is known in literature for
its frequency-dependent viscoelastic behavior (or shear-stiffening behavior), at low
frequencies PBS demonstrates liquid-like behavior with higher values of G than G’.
However, after transition frequency, G’ takes over and starts to dominate, resulting in a
solid-like behavior at higher frequencies. This change from viscous to elastic behavior is

attributed to the Si-O: B dative bonding!*!?13% and hydrogen bonding of sticker
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417.35 or, in other words, reversible supramolecular interactions. At low frequencies,

groups
there is enough time for stickers to relax and reconnect, allowing PBS to flow and behave
as a viscous liquid. However, once frequency exceeds the transition value, stickers “lock”
and recombination is no longer possible, which is when PBS starts to behave as an elastic

solid (like chemically crosslinked rubber).
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Figure 5.7 Storage modulus G’ and loss modulus G” of five synthesized PBS samples obtained

during small amplitude oscillatory test.

Analysis of loss and storage modulus of all PBS samples should be split into two parts,
before CP and after. All loss modulus curves before CP demonstrate similar behavior with
the same slope value but gradual elevation from lowest to highest viscosity, hence, the
molecular weight of the precursor. A similar trend was observed for storage modulus curves.
Before CP, all PBSs are in a viscous state without contributions from supramolecular
interactions as they have enough time to relax and reconnect. Thus, the position of curves
is defined by their viscosity. The difference is easier to see using fan(d) which represents
the ratio between G’ and G at a specific frequency (Figure 5.8a). The curves are almost

the same before CP but start to differ after CP. Reversed CP frequency is a relaxation time
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7. which characterizes the time scale of the process, and, in our case, the time for stickers
to relax and reconnect. Obtained 7. are 1.04 s, 1.40s, 1.21 s, 0.90 s, and 0.10 s for PBS 25,
65, 750, 2550 and 18000, respectively. Starting from PBS 65, relaxation time decreases
which is in line with other studies.'?*!?> This trend is observed because, with a higher
number of stickers, more time is required for them to relax and reconnect. However, PBS
25 deviates from this trend. The reason can be found in the theory of supramolecular
polymers. Rubinstein and Semenov'®®!® developed a model for the prediction of the
relaxation time of unentangled supramolecular polymers. In their model z. is proportional
to the effective jump time of stickers 7, times square number of active stickers per chain.
Since PBS 25 and 65 have the same number of active stickers per chain (we assume each
chain has two stickers) the only difference is 7, value. This value depends on how easy it
is to find a vacant sticker point to connect to. PBS 25 is able to find neighboring stickers
more easily due to their higher density, which significantly reduces relaxation time.

However, this model can be applied only for unentangled supramolecular polymers.
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Figure 5.8 (a) Tan(8) curves for all PBS samples. (b) Relationship between crossover point

modulus and molecular weight of precursors.

After CP viscoelastic behavior between PBS starts to differ, PBS 25 and 65 demonstrated
a typical viscoelastic behavior of liquid well described by Maxwell model (spring
connected in a series with a dashpot), however, the rest of PBS deviates from this model
due to appearance of topological entanglements.!?*!** Precursors of PBS 25 and 65 are

below entanglement molecular weight (M. = 12 kg/mol)!7%!"! where the rest are above
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which justifies their deviation from the model. Consequently, the behavior of PBS 25 and
65 is defined only by supramolecular interactions but starting from PBS 750 contribution
of entanglements to the viscoelastic behavior gradually increases (due to an increase in
entanglement density and decrease in the number of stickers). The presence of the plateau
elastic modulus G. is an essential feature of the Maxwell model, as it characterizes
elasticity of PBS when all physical crosslinks lock and behave as chemical crosslinks.
Analyzing the storage modulus curves of PBS, only PBS 25 and 65 have a clear plateau,
while for the rest, the slope gradually increases from PBS 750 to PBS 18000. The same
behavior is typically observed in most of the polymers above entanglement molecular
weight due to the chain reptation.!”? Observed decrease in the rubbery plateau level (on a
Figure 5.7) from PBS 25 to PBS 18000 is due to a change in the mesh size of the network
(as the density of supramolecular interactions defines the mesh size).*!)

Since only two PBS show plateau of elastic modulus, CP modulus value was used for the
molecular weight correlation plot (Figure 5.8b). The graph aligns with the number of
hydroxy groups in the precursor and Si-O-B IR band intensity (Figure 5.4b). It follows the
same reciprocal relationship as molecular weight increases, hence, the number of stickers.
This correlation provides additional evidence of the importance of the supramolecular
mesh density on rheological properties. Therefore, the lower the molecular weight of the
precursor, the stronger the shear-stiffening performance. In another study,?® where PBS was
synthesized via a different route (via thermal chain scissoring), the value of the crossover
point modulus coincides with the value in our work between two PBSs of close molecular
weights (rPBS1 from their work and PBS 65 from ours). This fact supports the hypothesis
that the mechanical properties of PBS are largely determined by molecular weight,
regardless of the synthesis route. This knowledge would be very useful for designing the

synthesis of PBS with respect to mechanical requirements.

5.3.3 Impact protective properties of PBS

All tests were carried out using a weight drop impact tester with a total weight of 1.6 kg
and a cylindrical steel impactor with a diameter of 15 mm. All samples were subjected to

the same impact energy of 1.6 J. Impact profiles are presented in Figure 5.9a. PBS 25 and
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65 demonstrated the best protective capabilities with low peak forces of 900 N and 960 N,
respectively, and broad force distribution over time, which is a sign of good impact
protection. However, with higher molecular weight, PBS showed much higher peak forces
(1680, 1790, 2350 N for PBS 750, PBS 2550, PBS 18000, respectively) and narrower
distributions. The increase in force fluctuations arises from the repeated impact during the
loading and inertia effects of the system.!”® Despite the oscillations, the first peak is the
most crucial for protection because it represents the response to the impulse and the most
energy is absorbed during it.

To correlate impact performance with molecular weight, we can plot peak forces versus
the molecular weight of precursors (Figure 5.9b). There is a clear rise of the value which
agrees with the original hypothesis that stronger shear-stiffening (due to higher density of
supramolecular interactions) provides better impact protection. During the impact,
mechanical energy is absorbed on a “locking” and breaking of supramolecular bonds.
However, with an increase in molecular weight, the number of supramolecular bonds drops,

and the entanglements start to contribute to the overall energy dissipation with subsequent

dominance.
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Figure 5.9 Drop weight impact test: (a) Normal forces of all PBS samples (impact energy 1.6 J),
(b) linear increase in peak force with the molecular weight of precursors with three different zones
corresponding to the specific molecular weight range (red line is a linear fit of all data points to
highlight the trend).

The graph can be split into three zones. The first zone corresponds to the low molecular

89



Correlations between MW and mech. prop. of PBS Chapter 5

weight of precursors (hence, PBS), the second to middle molecular weight, and the third
to high molecular weight. The first zone represents the range of molecular weights which
showed the best peak impact reduction, followed by almost twice the less effective zone of
middle molecular weight and the least effective third zone with 2.5 higher peak force.
Recalling Figure 5.4b, it was found that the number of sticker groups falls in a reciprocal
relationship with molecular weight. Based on this fact, we can conclude that the peak force
is increasing with a decreasing number of stickers.

For a better understanding of PBS behavior under the impact, displacements were

calculated using accelerometer data by the integration of acceleration, followed by the
integration of calculated velocity divided by the mass of the dropping weight. The results

are presented in Figure 5.10a. Based on the maximum displacement values, PBS 25 showed

the lowest penetration depth due to the strongest shear-stiffening effect among other PBSs.

However, the rest of the samples did not show any clear trend.
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Figure 5.10 Drop weight impact test: (a) Force plotted against calculated displacement values, (b)

the correlation plot of energy absorption at 3 mm indentation depth with the molecular weight of

precursors.

Another important task was to analyze the change in force with a penetration depth as it
represents the spatial distribution of the impact. Force displacement curves were integrated
from the contact to 3mm penetration depth to obtain energy absorption. These values were
plotted against the molecular weight of the precursor to show the difference in energy

absorption at specific depths (Figure 5.10b). The plot shows the same trend as for the
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number of sticker groups (Figure 5.4b) and CP modulus (Figure 5.8b). Stronger shear-
stiffening behavior results in higher impact absorption due to more energy being spent on
a phase transition, during which supramolecular bonds “lock”. That explains the
exceptional impact absorption of PBS 25 with the highest density of supramolecular
interactions. Despite lower impact absorption, PBS 65 demonstrated close peak force,
which means that the same amount of energy was absorbed, but over a larger area. Higher
penetration depth confirms that. We need to remember that the thickness of the specimen
affects impact absorption a lot, therefore, a lower thickness of PBS 25 would be required
compared to PBS 65 for effective impact protection. This could be highly beneficial for
reducing the size and weight of protective equipment.

Another interesting feature of the graph is how the unloading curve for these three samples
is changing. PBS 25 and 65 showed a similar return where it is gradually decreasing from
PBS 750 to PBS 18000. In this case, this return represents elastic recovery following the
impact. It agrees with the fact that more dynamic crosslinking points are substituted with
topological entanglements with the increase in molecular weight, which are partially

viscous in nature. That results in a more liquid-like behavior with less recovery.

5.4 Chapter summary

Five different PBSs were synthesized from hydroxy terminated PDMS with different
molecular weights and boric acid. They were synthesized at lower than random chain
scission temperature (7' < 150 °C) in toluene using a Dean-Stark trap to separate toluene
from water, as they tend to form an azeotrope. GPC analysis confirmed the absence of
significant chain scissoring, polymerization, or crosslinking during reaction. Based on an
FTIR analysis, the disappearance of a hydroxy group and the appearance of a new Si-O-B
band has been confirmed. It was found that intensities of this band, hence, the number of
dynamic crosslinks correlate with the number of hydroxy groups in PDMS, thus together
with GPC results confirming the absence of chain scissoring.

During the rheological analysis of PBS, it was found that crossover point modulus
correlates with molecular weight in the same fashion as Si-O-B IR band intensities. This

confirms the hypothesis that Si-O-B bands represents density of supramolecular
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crosslinking and that they are the primary reason for the unique shear-stiffening behavior
of PBS. The plateau of elastic modulus was found to be ceasing with an increase in the
molecular weight of the precursor due to the domination of topological entanglements. A
clear plateau was present only in PBS 25 and PBS 65, for the other three samples slope of
the storage modulus after the transition was found to gradually increase with the molecular
weight.

A linear increase in peak forces was discovered during a low-velocity impact test, which
corresponds with the rheological and IR evaluation of PBS. Zone 1, which corresponds to
the molecular weight range from PBS 25 to 65, was shown to be the best for synthesis, in
terms of shear-stiffening performance. It was found that energy absorption at a 3mm
penetration depth was following the same reciprocal trend with molecular weight as the CP
modulus and Si-O-B band intensities. PBS 25 showed the best impact protection with the
lowest peak force and penetration depth. These results confirm the primary importance of
molecular weight, hence, the density of dynamic crosslinking for protective properties of
PBS.

Newly discovered correlations between molecular weight and dynamic mechanical
properties highlight the importance of proper synthesis design and provide guidelines for
researchers to tailor PBS properties based on molecular weight for specific applications.
However, some research questions remain, such as the origins of supramolecular bonds
which were debated in the literature due to contradictions with experimental data, as well
as the contribution of rubbery-glassy transition at higher strain rates to total impact

protection.

Results of this project significantly contribute to the research of impact absorption of SSG
with the following key findings:
e Condensation synthesis allows precise control of the final properties of PBS by the
right choice of PDMS precursor molecular weight.
e The density of dynamic crosslinking in PBS can be characterized by the intensity
of the Si-O-B IR band.
e Crossover point modulus, normal peak force, and energy absorption are in a linear

relationship with the number of dynamic crosslinks.
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e Efficiency of impact dissipation is defined by the dynamic crosslinking density

together with the required energy to break all dynamic bonds.
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Chapter 6

Mechanism of dynamic crosslinking in Polyborosiloxane (PBS)

This chapter provides novel insights into the mechanism of dynamic
crosslinking in PBS which has been debated for 70 years. The formation
of Si-O-B dynamic covalent bonds with their associative exchange with
neighboring hydroxyl-bearing moieties (free silanol, water, alcohol, etc.)
is behind gelation and unique viscoelastic properties of PBS. FTIR and
solid-state "B NMR analysis demonstrated no evidence of hydrogen or
dative bonding. The formation and breakage of Si-O-B bonds have a low
energy barrier, therefore, can be easily formed and exchanged at room
temperature. Viscoelastic properties can be tuned by the right choice of
boron B-O functionality which results in n-functional dynamic

crosslinking through (-Si-O),-B bonds.
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6.1 Introduction

Polyborosiloxane (PBS) has been known for more than 70 years, yet the origins of its
unique properties are still in debate in the literature. PBS was first produced as the main
ingredient of a famous putty toy — Silly Putty™, back in 1947 by a researcher from Corning
Inc.}#2, Many years later, researchers started paying attention to the intriguing viscoelastic
properties of PBS and how they can be utilized for various applications, such as impact
protection®®, flexible electronics™*177 sensors3339135.138178 etc_ Early investigations into
the mechanism revealed that unique stiffening behavior originates from the presence of
dynamic bonds that form upon reaction with boron compounds (boric acid, trimethyl borate,
etc.). Several mechanisms of dynamic crosslinking were proposed during these 70 years of
research, such as hydrogen bonding between borono end-groups?31261%’ dative bonding
between boron and oxygen*>#3143 horoxine formation, and oxygen ligands exchange?. In
parallel, a whole new brunch of boron chemistry research has been developed, which
brought new insight into the possible mechanism of boron reversible crosslinking in
polymers*1°21% Some of the most elaborated mechanisms are the reversible formation of
boronic esters and boroxines. Boronic esters could be formed through dehydration of
boronic acid in the presence of available diol groups; this reaction is reversible and can be
even dynamic if the system is in equilibrium?®®3,

Furthermore, these esters could participate in a transesterification exchange with externally
added diol molecules or even directly exchange between themselves
(metathesis)®®4445146.179 Boroxines could also reversibly be formed through dehydration
and participate in metathesis***°. In both cases, the addition of Lewis base could facilitate
and tune rates of boronic transesterification'® and boroxine metathesis**!°8, However, the
vastness of boron chemistry complicates the determination of the dominant exchange
mechanism in PBS.

This chapter aims to resolve the contradiction between various proposed mechanism of
dynamic crosslinking in PBS and classify them from unlikely present to dominant. VVarious
synthesis conditions, hydrolysis, and solution studies paired with FTIR and solid-state }'B

NMR are used to probe the possible contribution from different mechanisms. Besides, the
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effect of B—O functionality on the viscoelastic properties of different MW PBSs is analyzed,

providing additional hints on the mechanism.

6.2  Materials and experimental methods

6.2.1 Chemicals and samples preparation

Hydroxy terminated polydimethylsiloxane (OH-PDMS-OH) with three different kinematic
viscosities (25, 65, and 750 cSt), boric acid (BA), phenylboronic acid (PBA), toluene,
hexane, isopropyl alcohol (IPA), dimethylformamide (DMF), tetrahydrofuran (THF) of
HPLC grade, chloroform, acetone, DI water, pyridine, and sodium sulfate were purchased
from Sigma-Aldrich and used as received, without further purification.

Straightforward condensation between hydroxyl groups of OH-PDMS-OH and boron
compounds was picked for the synthesis of PBSs. For a synthesis at room temperature (RT),
PDMS oil was mixed with BA using a magnetic stirrer in a beaker until the magnetic bar
could no longer rotate. Stoichiometric concentration between hydroxyl groups of BA and
PDMS was calculated based on gas-permeation chromatography (GPC) MW data. For
synthesis with heating Dean-Stark apparatus was used for all reactions to shift the chemical
equilibria by taking away the water from the solution. Toluene was used as a solvent media
as it forms an azeotrope with water produced during the condensation reaction. The
geometry of the apparatus prevents any water from coming back into the system due to the
density difference between water and toluene. They phase separate, and water stays at the
bottom of the condenser tube where toluene is at the top, allowing it to flow back to the
reactant solution. For each reaction, 10 g of OH-PDMS-OH was used and stirred in 150ml
of toluene for 1 hour prior to the reaction, then a stoichiometric amount of boric compound
was added to the solution (1:1 ratio between hydroxyl groups of PDMS and respective
boric reactant) and stirred for another 30 minutes. The solution is heated to 140 °C to make
sure that all water produced during the reaction reaches the condenser. However, the actual
reaction temperature is the boiling point of toluene which is 110 °C. Such a low temperature
of reaction prevents any degradation or any damage to the PDMS main chains. PDMS

chains are prone to random chain cleavage at temperatures above 150 °C and in the
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presence of BA?® which we try to avoid due to the less controlled outcome of the reaction.
The heated mixture was kept stirring for 24 hours to make sure all hydroxyl ends reacted.
Six samples were synthesized B25, B65, B750, P25, P65, and P750. Samples were labeled
according to the kinematic viscosity of PDMS and the first letter of the boronic compound.
For example, in B25, B represents the fact that BA reacted with PDMS 25; P750 that
phenylboronic acid reacted with PDMS 750. RT label was added to samples synthesized at
room temperature without apparatus, such as B25RT. Upon completion of the reaction,
some amount of water was found in the condenser tube with the highest amount after
synthesis of PBA-based PBS (P25, P65). In the next step, we allowed the solvent to cool
down to avoid hydrolysis with air moisture before drying it in the fume hood. After drying,
some visible amounts of white solid residues were seen in samples, probably due to partial
hydrolysis of boronic compounds. All samples were refined by dissolving them in hexane

and filtering in a few cycles through 0.22 pm PVDF filters.

6.2.2 Characterization

A solvent study was performed by dissolving B25 in six different solvents (IPA, hexane,
chloroform, acetone, DMF, and DI water), and the time to complete dissolution was
measured. 2 g pieces of B25 gel were simultaneously placed in small bottles with 10 ml
solvent and magnetic bar inside, then bottles were closed, the timer was started when the
magnetic stirring of the solution began.

Gel permeation chromatography (GPC) was used for a determination of number-average
molecule weight My of synthesized samples and PDMS precursors. Agilent 1260 Infinity
with TOSOH TSKgel GMHHR-M column was used. Samples were dissolved in THF at 1
mg/ml prior to analysis and were run at a 1 ml/min flow rate. Monodisperse polystyrene
calibrants were used for a calibration curve.

A Perkin Elmer Frontier Fourier transforms infrared (FTIR) microscope was used for the
functional group analysis in Attenuated Total Reflection (ATR) mode. Spectra for each
sample were scanned a total of 32 times with a force gauge varied (from 20 for liquid
samples to 60 for gels and powders).

Rheological characterization was performed on Anton Paar MCR 501 rotational rheometer.

25 mm parallel steel plates were used for both oscillatory and flow analysis. Low amplitude
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frequency sweep tests were performed for dynamic characterization of gel samples with a
0.5 mm gap setting and 1% strain amplitude. Liquid samples were analyzed in shear rate
ramp tests with a 0.3 mm gap. All tests were conducted at ambient humidity and 25 °C
Matrix-assisted laser desorption/ionization mass spectrometry with a time-of-flight
detector (MALDI-ToF-MS) was used for a molecular weight analysis of individual chains
in a positive linear mode. Super-DHB was used as a matrix, potassium iodide (KI), as an
ionization agent to accelerate the ionization of analyte molecules. Both super-DHB and KI
have dissolved in 1:1 v/v THF and water solution; analyte samples were dissolved in THF
only. First, 1 ul drop of 10mg/ml super-DHB solution was placed on a sample pellet,
followed by 1 pl drop of 1 mg/ml sample solution and 1 pl drop of 10 mg/ml KI solution
right after. The slow evaporation of water promoted co-crystallization between analyte and
matrix molecules.

All "B MAS NMR measurements were performed at 16.4 T using a Bruker 700 MHz
Avance III HD spectrometer operating at a Larmor frequency of 224.7 MHz. All data were
acquired using a Bruker 3.2 mm HXY probe which enabled MAS frequencies of 10 kHz.
All 1D "B MAS NMR data were acquired with quantitative single pulse experiments using
selective (‘solids’) m/12 pulses of 0.8 ps duration and delays of 200 s. Each spectrum was
referenced against the [IUPAC recommended reference of 15 % boron trifluoride etherate
(BF3.Et20) in deuterated chloroform (CDCl3)(diso= 0.0 ppm) via a secondary reference of
sodium borohydride (NaBH4) (diso= -42.06 ppm).

6.3 Results and discussion

6.3.1 Synthesis and hydrolysis of B25

Synthesis of PBS gel is typically done through either condensation between hydroxyl

groups of a boron compound and hydroxy-terminated PDMS?%-34130

or grafting of boron
compound into scissored PDMS sights due to high temperature facilitated chains
cleavage?®!'?°. The outcome of these reactions is the formation of Si-O-B bonds. Apparently,
the formation of this bond in the presence of hydroxyl end groups has a low energy barrier

and could happen even at room temperature (RT) based on a few reports®®>%*}. However,
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in a second scenario, these bonds cannot be formed at RT without Si-O-Si bonds cleavage
first due to the absence of available condensation sights. Surprisingly, in most of the studies,
condensation at RT has never been considered a reaction condition.

We reacted PDMS 25 with BA at RT with just mechanical stirring. After two hours of
stirring in an open beaker, gel formation started to be observed. Once the magnetic bar
could no longer rotate, the stirring stopped, and the gel rested in ambient humidity for a
few hours. After that, the FTIR spectrum of the resulted gel (B25RT) was collected and
analyzed.

Complete disappearance of bounded -OH band (3281 cm™") was discovered, which is very
distinctive in PDMS precursors due to the high concentration of silanol groups. Also, the
appearance of new bands in the B-O trigonal asymmetric stretch region (1400-1300 cm”
1181 was noticed (Figure 6.1, a). A new strong peak around 1334 cm™ is a B-O asymmetric
stretching band which serves in the literature of PBS as an indicator of boron attachment
to siloxane chain through Si-O-B covalent bond ?%!26.182,

FTIR is extremely useful in detecting the presence of different boron species (trigonal and
tetragonal) due to the high sensitivity of the B-O band in IR. It was shown that tetrahedral
BA species have different B-O vibrational bands (asymmetric stretching in the range 1050-
850 cm™! and symmetric in the range 700-850 cm™) from a trigonal (asymmetric stretching
in the range 1450-1300 cm™ and symmetric in the range 1050-950 cm™) and this difference
is IR visible'®!. None of the tetrahedral B-O bands are present in B25, whereas trigonal B-
O is well pronounced (Figure 6.1, a), which rules out the possibility of the presence of
dative bonds of any kind.

Boric acid in a free state possesses C3n symmetry which gives only one strong peak in the

B-O asymmetric stretching zone!'®!

. However, if a BA proton is substituted with a heavy
atom, then the symmetry is lowered to Cay (Figure 6.1, ¢). This reduction in symmetry leads
to the double generation of the B-O asymmetric stretching band on an FTIR spectrum.
Substitution of two protons keeps the symmetry of this vibration but generates vibration of
slightly different energies'®!. Substitution of all three phonons by one type of atom brings
original symmetry, although a frequency shift is expected. In the case of PBS, the general
symmetry is broken due to the long flexible siloxane chains, although it is close to C3p in

the nearest proximity to the boron centers. Broadening and some splitting of the FTIR

100



Mechanism of dynamic crosslinking in PBS Chapter 6

asymmetric stretching are expected owing to the variety of siloxane conformations in PBS.
To analyze the peaks in the trigonal B-O asymmetric stretching range, the FTIR spectra
were deconvoluted using Gauss function fitting (figure 6.1b). The two low-intensity peaks
at 1404 and 1414 cm originate from the siloxane vibrations and are present in the
spectrum of PDMS precursors (green line in Figure 6.1b). In contrast, the broad peak at
~1320-1380cm™ only appeared in the PBS spectra and was assigned to trigonal B-O
asymmetric stretching modes in good agreement with the literature '8!, Fitting allowed
resolving three components a broad one centered at 1363 cm™ and two relatively sharp
peaks: 1331 and 1348 cm’!. According to the literature 2128130 the latter is associated
with the B-O-Si bond stretching and confirms the bond formation between PDMS and BA.
The origin of the broad peak at 1368cm™ is more questionable. Apart from the main
condensation reaction between silanol groups and BA, a second condensation can occur
between BA molecules with the formation of B-O-B bridges or even boronic acid
anhydrides (boroxines).?®!26:128 In some references®®!?%, 1368 cm™ band was assigned to
B-O-B bond stretching, for example, in boroxines. At the same time, the peak is located
within the B-O-Si bond range as well, and the increased FWHM can be related to the
siloxane conformations as discussed above. The FTIR analysis alone does not allow for
confirmation nor to negate the formation of the B-O-B bond, which will be discussed in
complex with other methods.

Quadrupolar line shape fitting of solid state !'B NMR data helped to reveal details on the
boron coordination environments and boron species present and in B25. Analysis of boron
NMR revealed the presence of BA anhydride in BA precursor (BO3 ring in Figure 6.2).
However, we cannot say for sure if they are present in B25 or not. The width of the peak
does not allow resolving distinct features. But based on the peak position, we can say for
sure that no four-coordinate boron species are present in the B25 sample or BA, which
supports the previous finding from the FTIR analysis.

The formation of boronic anhydrides requires an excess concentration of BA (3 times
higher than the stoichiometric concentration for boroxines). However, considering that all
hydroxyl moieties (Si-OH and B-OH) disappeared as a result of condensation and that
stoichiometric concentrations were chosen, we can conclude that boroxines or any other

boron anhydrides are highly unlikely to be present in B25.
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For comparison, we synthesized another sample (B25) with heating in toluene in a Dean-
Stark apparatus for 24 hours at 140 °C. Surprisingly, spectra of B25 and B25RT matched
one to one. This fact suggests that condensation proceeds along the same path, both at room
temperature and when water boils away with its intake from the system. The formation of
Si-O-B bonds proceeds rather through cleavage of B-O bonds and consequent attachment
of boron instead of hydrogen in the silanol group due to the dynamic nature of B-O bond!"3.
Synthesis of PBS from trimethyl borate supports this hypothesis since methanol is released
during condensation due to the high stability of the C-O bond*. However, the high energy
of the B-O bond (537.6 kJ mol" which is even higher than Si-O bond energy 422 kJ mol"
11837185 implies that the formation of Si-O-B probably does not involve actual covalent B-
O bond breakage but rather ligand substitution instead. This is aligned with the fact that
ligand substitution is observed in boronic esters. They were shown to participate in
associative exchange either through transesterification (in the presence of free diols) or
metathesis, which certainly occurs without any bond cleavage*.

To confirm that the formation of gel is directly related to the appearance of Si-O-B bands
on the FTIR spectrum, we poured the same concentration of BA powder directly onto
PDMS oil in the FTIR sample holder without mixing and let it rest for 15 minutes (sample
B25RT2). The appearance of the small peak at 1334 cm™ was noticed (Figure 6.1, a),
together with the appearance of small cloudy zones of higher viscosity around the BA
clusters. A small peak was noticed at 1200 cm™ peak in B25RT2, which is the -OH
vibration band of B-OH*!8!. This peak completely disappears in the fully reacted sample
(B25 or B25RT), suggesting that B-OH species are not present in PBS.
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Figure 6.1 (a) FTIR spectra of PBS samples synthesized at room temperature (B25RT), with
heating in toluene in a Dean-Stark apparatus (B25), 15 min after addition of boric acid to PDMS25
without any stirring (B25RT2), and precursor (PDMS25). The inset is the zoomed-in plot in the
tetrahedral B-O asymmetric stretching zone. (b) Gauss function fit of B25 spectra in a trigonal B-
O asymmetric stretching zone with R* = 0.9999. (¢) Splitting of asymmetric B-O stretching band
based on a symmetry of boron compound (free BA, one, two, and three protons substituted BA

molecules).

The result of the condensation reaction between hydroxyl groups is the formation of water.
Since it was found that condensation in PBS can take place without severe dehydration, we
assume that some amount of water should still be present in bulk. We tried to manipulate

the kinetics of condensation reaction based on the assumption that the addition of a water
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absorber could significantly accelerate formation of gel. Surprisingly, addition of water
absorber (Na2SOy4 salt) did not noticeably accelerate a gel formation in comparison to the
sample without it during reaction at RT. The results from the literature!?® and our own
research demonstrated that even heating at a high temperature does not significantly

accelerate a gel formation.

B,=16.4T

BO, ring
BO, non-ring

BA Precursor

Product 1 B25

4 30 20 10 0 10
s, ("B)/ ppm
Figure 6.2 1D spectrum of boric acid alone (BA precursor) and B25 acquired at 16.4 T with 10
kHz spinning. The line shape is fit using the quadrupole parameters (CQ = 2300, 2400 kHz, n =
0.2) that were obtained from solid-state ''B-NMR, with red curves being a sum of the fits. BO; ring
corresponds to the three-coordinate boroxine species and the BO3; non-ring to the other three-

coordinate boron species. Chemical shifts diso = 16.0 and 19.3 ppm (BA), 13.9 ppm (B25).

Another approach how to affect gel formation was tried by the addition of pyridine to a
mixture of BA and PDMS25. Only partial formation of gel was observed after 4 hours of
intensive stirring due to interference from pyridine molecules. After a few days, phase
separation of BA powder and PDMS oil was observed without any gel present. In a study
by Gridina et al.’°, they suggested that the addition of pyridine suppresses the formation of
gel in PBS since nitrogen is a more powerful electron donor than oxygen. Hence, boron
favors the formation of dative bonds with nitrogen over siloxane’s oxygen. However, their
explanation was based on the belief that dative bonding between boron and oxygen of
siloxane backbone is the only type of dynamic bond present in PBS. The addition of Lewis
bases (including nitrogen-bearing molecules like pyridine) to boronic acid is known to

156,158,186

facilitate the formation of boroxines and boronic esters'®” (in the presence of diols)
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as well as accelerate their transesterification rates'®’. In our case, nitrogen from pyridine
molecules possibly datively bond to boron atoms converting it to a 4-coordinate anionic
state, which somehow disrupts dynamic exchange. For now, we can only say that presence
of nitrogen does suppress the formation of gel, but the reason will be elaborated on further.
After that, we tried to assess the effect of BA concentration on the kinetics of reaction at
RT. At 30% of the stoichiometric saturation concentration, gelation was not observed at
all. This fact is aligned with the knowledge that for a trifunctional crosslinker (and we
assume that BA is) gelation threshold is 50% of a stoichiometric saturation
concentration' %18 At an excessive 300% concentration, the gel is completely formed after
2 hours of stirring, whereas at 100% of stoichiometric saturation, gelation started to be
observed in 4 hours only. This could probably be explained by the rich availability of B-O
functional sights at excessive concentrations. Notably, the FTIR spectra of samples at 100%
and 300% completely match one to one.

To understand how the absence or presence of water affects the properties of PBS, we
conducted a hydrolysis study on a B25 sample which was synthesized through intensive
dehydration in a Dean-Stark apparatus in toluene for 24 hours. The resulted gel was clear
at first, but after equilibration with a laboratory moist, some amounts of white solid
residues appeared. They are most probably BA powder released due to partial hydrolysis
of B-O bonds based on reports of the others®®. However, after a few filtering cycles, no
visible amount of BA was detected.

After hydrolysis of B25 in THF/water (10:1) solvent and consequent solvent evaporation,
it became much softer and stretchy; a small but wide peak around 3300 cm™! appeared back
with B-O asymmetric stretching bands remaining almost unchanged (Figure 6.3). Out of
curiosity, we added water directly to a B25 sample, rested it on an FTIR sample holder,
and gave it 20 minutes to interact. Same small -OH stretching band appeared too (coming
probably from the water itself) and had no significant effect on the Si-O-B band. Long
exposure of B25 to water (either by placing the sample in water or adding an excessive
amount of water to THF solution) results in a complete loss of gel-like consistence with
phase separation of BA from the oil phase. The explanation will be given further in light

of the proposed mechanisms.
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Figure 6.3 FTIR spectra of three PBS samples: B25 equilibrated with the laboratory moist, B25
hydrolyzed in a 10:1 solution of THF/H,O, and B25 directly mixed with water after 20 minutes.

The fact that dynamic bonds break down in THF was further analyzed using a MALDI-
ToF mass spectrometer, which can give the exact molecular weight of individual chains.
First, a droplet of the prepared dilute solutions of PBSs in THF was cast on the sample
holder right after a droplet of matrix solution (1:1 THF DI water), then a droplet of the
ionizing agent in the same solvent was deposited on top. After that, the solvents are
supposed to evaporate slowly, allowing the sample and matrix to co-crystalize. We need to
point out that during the co-crystallization phase, PBS was exposed to water (for around
10 minutes) which may cause hydrolysis and loss of dynamic bonds.

Obtained MS spectra of B25 matched PDMS precursors spectra without a noticeable
change in distribution (Figure 6.4). This points out on hydrolysis of boron crosslinks which
happens upon contact with water or even by THF molecules themselves. This serves as
solid proof of the ease of Si-O-B bond breakage. However, further investigation needs to

be done.
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Figure 6.4 MALDI-ToF-MS spectra of the precursor (PDMS 25) versus PBS product (B25). Peaks

coincide due to hydrolysis of B25 upon contact with water during the co-crystallization stage.

The ability and efficiency of breaking dynamic crosslinks by different solvent molecules
was analyzed next (Table 6.1). Six solvents of different nature were chosen for the study
(IPA, hexane, chloroform, acetone, DMF, and DI water). IPA was found to be the best
solvent since it dissolved PBS the fastest with no sign of BA residues, followed by
chloroform and hexane. Some amount of BA powder was seen at the bottom of chloroform
solution, whereas hexane solution had no visible amount of residues. Acetone goes next,
but it took much longer for it to dissolve PBS (without any visible residues after). Water
demonstrated an interesting effect on PBS; at first, it did not show any effect on PBS, but
after it was left for a few days, it completely hydrolyzed PBS (emulsion of silicone oil
alone in water, spherical droplets easily coalescent or breakdown if shaken). DMF,

surprisingly, demonstrated no effect on the PBS even after a week.
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Table 6.1 Dissolution study of B25 in various solvents.

Solvent Molecule structure Polarity index Relative time until B25 Presence of
is fully dissolved BA residues
OH
IPA )\ 3.9 5 min Very little
H
Cl Cl
Chloroform 4.1 25 min Yes
Cl
Hexane N 0.1 30 min No
(0]
Acetone )]\ 5.1 2 hours No
0]
)]\ No effect at all even
DMF e 6.4 -
H N after 48 hours

No effect for the first 12
DI water o~ H 10.2 hours; completely No

hydrolyzed in 48 hours

The efficiency of IPA as a solvent can be explained by the fact that being moderately polar,
it is able to diffuse into PBS bulk, partially hydrolyzing Si-O-B bonds (with a release of
some BA) and partially disrupting exchange by competing with silanol groups. Chloroform,
being more polar, seems to enter the bulk at a slower rate and subsequently hydrolyze boron
crosslinks to a greater extent. Since no residues are seen in hexane solution, BA probably
remains attached to PDMS molecules (due to the non-polar nature of hexane and polarity
of BA, the precipitation of a solid phase would be easily visible). This explains why after
solvent evaporation and filtration PBS regains its viscoelastic properties completely.
Acetone being more polar than IPA and chloroform takes the longest time to penetrate
through hydrophobic PDMS surface. It is difficult to say whether it hydrolyzed boron
crosslinks or not and to which extent since they are not visible but released BA theoretically
could be dissolved in acetone. Most probably, DMF did not show any effect due to the high
polarity index. On the contrary, despite water molecules being even more polar, it managed
to penetrate inside and hydrolyze all Si-O-B bonds back into hydroxy terminated PDMS

and BA. The smaller size of water molecules makes them more mobile, which gives them
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benefits in the long run; hence, in a few days, they managed to reach the bulk hydrolyzing

PBS completely.

6.3.2 Effect of the number of B-O bearing functionalities

To probe the effect of B-O functionality, we reacted three hydroxy terminated PDMS with
stoichiometric concentrations of phenylboronic acid, which is bifunctional (two B-O
bonds), whereas boric acid is trifunctional. All three products did not demonstrate gelation
but an increase in viscosity only. After samples were filtered and dried, their apparent
viscosities were measured in a shear mode with parallel plate geometry (Figure 6.5). All of
them demonstrated Newtonian behavior in the measured range of shear stresses which
makes it easy to compare their apparent viscosities since values are independent of shear
rate. Apparent viscosities, as well as results of GPC analysis, are shown in Table 6.2.
Despite the increase of apparent viscosity 4-8 times with respect to silicone oil precursors,
the number average molecular weight My of PBSs was found to be similar to the precursor
values. This fact confirms that the increase in viscosity is solely the result of dynamic
crosslinking, which breaks down in THF, as well as an absence of scissoring, growth, or
permanent crosslinking in PDMS chains after synthesis. However, bifunctional
crosslinking results in chain extension only, which in our case explains the absence of

gelation.

The viscosity of P25 increased by a factor of 4, which, according to Barry calculation
method'® corresponds to an increase in MW by the factor of 8; hence, for P65 and P750

1.3% where

16 times and 14 times, respectively. Similar results were published by Gridina et a
they reacted PBA and many other boron compounds with hydroxy-terminated PDMS. In
their case, the intrinsic viscosity of PBS from PBA has grown 5 times which corresponds
to ten times increase in MW. They suggested that PBA and other bifunctional boron
compounds (n-functional was defined by the number of B-O or B-Cl bonds per molecule)
provide linear chain extensions only. On the contrary, PBS synthesized from trifunctional
boron compounds reached the rubbery state, which suggests that trifunctional crosslinking

occurs directly through the B-O bond. Bloomfield, in his work?’, suggested that gelation

of PBS is the result of trifunctional dynamic crosslinking through the formation of covalent
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Si-O-B bonds, which participate in dynamic exchange with each other.
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Figure 6.5 Apparent viscosities as a function of shear rate. In the selected range of rates, all PBA-
based PBS demonstrated Newtonian flow. Numbers indicate an n-times increase in apparent

viscosities with respect to the silicone oil precursor.

Table 6.2 Viscosities obtained in Newtonian region. Number average molecular weight of

precursors and synthesized products.

Apparent viscosities, Pa - s M,, kg mol!
Sample PDMS P PDMS P
25 0.029 0.121 0.60 0.56
65 0.076 0.618 1.25 1.14
750 0.74 5.14 14.49 18.22

FTIR analysis of synthesized samples demonstrated the disappearance of strong bounded
O-H stretching peak around 3300 cm™ and the appearance of new intensive peaks in the
zone of trigonal asymmetric B-O stretching (1400-1300 cm™), same as in B25 (Figure 6.6,
a). However, the Gauss fitting of peaks in this zone revealed two additional vibrational

bands (Figure 6.6, b) at 1316 and 1297 cm™’. The 1315 cm™ band is missing in the spectra
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of the PBA precursor; however, we assigned it to the organic vibrations of the phenyl ring
in good agreement with the literature'®®. The absence of the peak in the spectrum of the
PBA may be due to its crystalline form. The 1297 cm™ band originates from in-plane C-H
deformations of the phenyl ring, which is also observed on the PBA spectrum. The same
three B-O asymmetric stretching bands (v3) from B25 are observed in P25. These bands
originate from the Si-O-B bonds, which supports the hypothesis of bifunctional chain
extension through Si-O-B bonds in P25. These band intensities change accordingly to the
concentration of Si-O-B bands in the same fashion as was shown in Chapter 5, with
approximately the same ratios between them (Figure 6.6, a). The fact that the broad v;
band ~1368 cm™ is present in P25 implies that this band is not an indicator of
boroxines/other anhydrides stretching due to the impossibility of their formation together
with condensation with silanol groups in P25 (either one since there are only two available
hydroxyl groups in PBA).

Additionally, these bands have not been present on the FTIR spectrum from another study*?,
where they modified chain ends of siloxane with phenylboronic acid through an ethylene
bridge attached to the phenyl ring. Therefore, these peaks are inherent to the case when a
boron atom is attached to a silicone atom through oxygen.

The rest of the new peaks appeared with small intensities and at the same positions as in
PBA, which suggests that some amount of unreacted PBA fraction remained in bulk. Two
tiny in-plane B-OH bending band peaks were also seen in P25, which come from attached
(1140 cm™) and free PBA molecules (1184 cm™).

None of the tetragonal B-O asymmetric stretching bands (1050-850 cm™) are present on
the P25 spectrum, which was also confirmed using solid-state 'B-NMR (Figure 6.6, c).
Only a single peak of trigonal boron state was observed; however, P25 exhibits a
pronounced ''B chemical shift difference compared to B25. This is probably due to the B
speciation in this product being coordinated to phenolic moieties or similar C-

containing/organic species.
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Figure 6.6 (a) FTIR spectra of PBS samples synthesized with bifunctional phenylboronic acid
(PBA) from different MW PDMS. The inset is the zoomed-in plot in the 1200-1500 cm! range. (b)

Gauss function fit of P25 spectra in a trigonal B-O asymmetric stretching zone with R? = 0.9999.

(¢) 1D spectrum of P25 versus B25 acquired at 16.4 T with 10 kHz spinning (black curve). The line

shape is fit using the quadrupole parameters (CQ = 2300, 2400 kHz, n = 0.2) that were obtained
from solid-state '"B-NMR (red curve). Chemical shifts diso = 16.0 and 26.0 ppm (P25), 13.9 ppm

(B25).

6.3.3 Discussion on the mechanism of dynamic crosslinking in PBS

Hydrogen bonding

One of the first proposed mechanisms which is accountable for a dynamic crosslinking in
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PBS was hydrogen bonding between hydroxyl groups of BA!'?’. Later it was found that
dimeric hydrogen bonding between two boronic acids is the preferred way of interaction
over monomeric bonding due to sterical advantages*’. However, the presence and active
contribution of H-bonding to dynamic properties were debated in the literature of PBS.

We discovered that gelation in PBS is the result of a condensation reaction between silanol
groups and boric acid, which leads to the complete disappearance of both Si-OH and B-
OH vibration bands on FTIR. Besides, if hydrogen-bonded dimers would even exist in PBS,
they could only provide linear chain extension, which would not result in gelation and
unique rubber elasticity at higher deformation rates. Furthermore, a detailed analysis of
viscoelastic properties of PBS by Bloomfield? in comparison to permanently crosslinked
silicone rubber with the same crosslinking density showed that all dynamic crosslinks in
PBS are of covalent nature. All facts together allow us to rule out hydrogen bonding as a

possible explanation for the mechanism of dynamic crosslinking in PBS.

Dative bonding

Boric acid is a mild Lewis acid and, therefore, is able to change its hybridization from sp?
to sp° in the presence of Lewis base. Upon this change, BA undergoes the transition from
trigonal to tetragonal state where it can form a fourth bond (dative) with the atom donating
electrons (such as oxygen or nitrogen)***>!2 The ability of boron forming dative bonds
with oxygen was proposed as another explanation of dynamic crosslinking in PBS
alongside H-bonding. It was believed that the dative bonding takes place between a boron

30313743 "yntil it was found that boron can form

atom and oxygen of siloxane chains only
dative bonds with the oxygen of another BA molecule*’. In addition, dative bonds are
identical to covalent in terms of length and strength, which makes it difficult to distinguish

191 Hence, sometimes they are called “coordinate covalent”.

between them
Based on the results of this project, we can state with confidence that static dative bonds
are not present in our PBS samples because of the absence of 4-coordinate boron species
on ''B-NMR in addition to tetragonal B-O bands on FTIR. Therefore, dative bonding
cannot be used as an explanation of dynamic crosslinking in PBS, and other mechanisms

should be considered.
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Boroxines and boron anhydrides

During pyrolysis, BA undergoes three-step dehydration. First, around 104 to 140 °C BA
converts into metaboric acid (HBO2)!%4, heating above 180 °C leads to further dehydration
with subsequent formation of pyroboric acid (H2B407), and further heating to higher

temperatures leads to the formation of boron trioxide (B203)!*?

. Boroxine is technically a
metaboric acid when all three hydroxyl groups are substituted with another atom or group.
Hence, it was believed that they could be present in PBS upon dehydration synthesis.
According to Liu et al.?®, boroxines can form in PBS when the sample is significantly
dehydrated, but once the sample is exposed to air moisture, these boroxines hydrolyze into
BA, and thus excessive powder is seen after some time in the air. We observed separation
of BA when dried PBS was equilibrated with the laboratory moisture; however, the
proposed B-O-B IR band did not change in intensity in our case. Also, the presence of
boroxines in PBS was correlated with the appearance of an additional time scale on the
loss modulus and the absence of a clear rubbery plateau®®. But in our case, these features
were not found (Figure 5.7), which indicates the absence of boroxine complexes in the air-
rested samples. Besides, the absence of free hydroxyl moieties at a stoichiometric
concentration of BA implies the unlikeness of the presence of boroxines or other

anhydrides. Therefore, even if some amount of boroxines could be present, they play a

minor role in dynamic crosslinking.

Dynamic covalent bonding

The dynamic nature of the covalent B-O bond is a well-established fact that allows
efficiently unitizing boronic acids as a building block of supramolecular assemblies and
polymer*#>152.13 Boronic esters and boroxines are the most studied B-O-containing
compounds which could participate in dynamic exchange through both dissociative

mechanisms (upon hydrolysis/dehydration**) and associative (transesterification**!57-158

or
even metathesis!>*!°"!1>%) It was found that for boronic esters associative exchange
mechanism dominates in dry conditions whereas dissociative in humid!.

A similar concept was recently proposed by Bloomfield?® as a possible explanation for
dynamic properties in PBS. He suggested that BA acts as a trifunctional crosslinker upon

reaction with PDMS, where newly formed Si-O-B bonds participate in an associative
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exchange with each other through ligand exchange of oxygen atoms with neighboring
silanol moieties. This mechanism resembles transesterification exchange in boronic esters,
which takes place in the presence of an excessive amount of free diols**. Therefore, it
would be correct to call the mechanism proposed by Bloomfield a dynamic covalent
bonding. Based on the results from this chapter, this mechanism ticks all the boxes as an
explanation for the experimental data and observations. We demonstrated the absence of
other types of dynamic bonds (hydrogen ad dative) as well as a minor role of boron
anhydrides if they are present. Ease of Si-O-B formation through condensation at room
temperature and almost instant hydrolysis upon contact with water point out a low energy
barrier of Si-O-B formation/breakage. The high energy of the B-O bond hints at a ligand
exchange rather than the actual bond breakage. The efficiency of alcohol, carboxylic acid,
and water molecules in disruption of dynamic bonds in PBS suggests that hydroxyl-bearing
moieties interfere with the dynamic exchange by competing with silanol groups. The
absence of gelation at concentration < 50% from stoichiometric saturation for trifunctional
crosslinker paired with the rheological analysis of low-MW PBS gels in chapter 5 (perfect
fit to Maxwell viscoelastic model) implies that all dynamic crosslinks are of the same
nature and are trifunctional. The fact that they are n-functional (where n represents the
number of B-O groups in a boron compound) or trifunctional in the case of boric acid was
supported by the synthesis of PBS from bifunctional PBA molecules, which demonstrated
linear chain extension without signs of gelation. In a recent work by Chen and co-
workers'?? they suggested that self-healing of their PBS occurs through the associative
exchange of oxygen atoms in neighboring Si-O-B bonds. However, no description or
reason was given why they suspect this self-healing mechanism over others.

Considering all facts together, we believe that the initial formation of Si-O-B bonds occurs
through a dissociative mechanism, which requires shifting condensation reaction equilibria
towards product formation (hence, non-instant in the absence of aggressive dehydration).
Once a necessary number of Si-O-B bonds are formed, they participate in an associative
bonds exchange with each other through oxygen ligand exchange with hydroxyl bearing
moieties (silanol, alcohol, water, etc.). However, the kinetics of Si-O-B bonds associative
exchange together with the possibility for metathesis (in the absence of hydroxyl

exchangers), needs to be investigated further.
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6.4 Chapter summary

The gelation of PBS results from condensation of the majority of silanol groups with
hydroxyl groups of the boronic compound with subsequent formation of n-functional (-Si-
O)x-B bridges (where n is defined by the number of B-O functionalities of boron
compound). This reaction proceeds through ligand substitution of oxygen atom in B-O
sights of boron compound (oxygen of silanol group exchanges with the oxygen of boron
compound), which has a low energy barrier and happens even at RT.

Kinetics of condensation is hardly affected by dehydration (through heating in a Dean-
Stark apparatus or addition of Na>SO4 as a water absorber); however, excessive
concentration of BA was found to accelerate the formation of the gel. On the contrary, the
addition of nitrogen-bearing molecules like pyridine was shown to suppress the gelation of
PBS.

Hydrolysis of PBS results in breakage of the Si-O-B bonds due to the boron preference of
water molecules over silanol groups, disrupting dynamic exchange. Hydrolysis is instant
in polar PBS solution upon addition of water but relatively slow when water is in direct
contact with PBS bulk. In the first case, water has direct access to boron sights whereas in
the second hydrophobic PDMS chains repeal water molecules until they diffuse in the bulk.
A small amount of water leads to only partial hydrolysis of the boron compound with its
subsequent phase separation (-Si-O-B- + H;O — -Si-OH + HO-B-). In contrast, a large
amount of water can lead to complete hydrolysis of all Si-O-B functionalities with a loss
of gel-like consistency. Alcohols moderately polar and non-polar solvents have been found
to be better PBS solvents than ketones (IPA > chloroform ~ hexane > acetone) with no
effect from amides. The effectiveness of solvent is an interplay between their polarity (if
too polar, PDMS repeals the solvent molecules) and the type of oxygen-bearing group (-
OH is the best due to higher reactivity towards B-O oxygen exchange).

Based on the analysis of rheology from Chapter 5 and research, all dynamic crosslinks are
of the same nature; they are all temporary (with the same lifetime), they all participate in
the exchange and are of covalent nature. No hydrogen bonds (absence of Si-OH and B-OH

bands), dative bonds (absence of 4-coordinated boron species), or anhydride complexes
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(like boroxines) were found in PBS. The recent explanation of dynamic crosslinking given
by Bloomfield? suits our results the best, which suggests the transient nature of the boron
crosslinks to be due to oxygen ligand exchange reaction between -OH bearing molecules
(like free silanol groups, water, alcohol, etc.) and covalently attached boron trifunctional
crosslinks through B-O functionalities. This mechanism also resembles well-established
dynamic covalent bonding, which is observed in boronic esters; the only difference is that
in our case, silanol groups are involved in crosslinking and exchange instead of diols.
However, due to the complexity of the matter, further research is needed to confirm this
mechanism and explore the possibility of the metathesis exchange. As well as examine the
possibility of tuning the kinetics of the exchange reaction by manipulating the content of
molecules containing free hydroxyls.

The discovery of dynamic covalent bonding as a preferred mechanism of gelation and
exchange in PBS provides vast opportunities for developing new siloxane-boron smart
materials based on a choice of hydroxy functionality of boron compound, type of boron
crosslinker, the concentration of silanol moieties, etc. Secondly, found low energetic barrier
of gelation through dynamic covalent substitution at room temperature allows to reduce
cost and simplified production of PBS due to a heat-free synthesis routine (versus
conventionally used high-temperature synthesis). Thirdly, discovered mechanism favors
better prediction of mechanical properties based on supramolecular structure and aids the
development of more precise models for computer simulation experiments. Last but not
the least, a better understanding of the dynamic crosslinking mechanism expands the
fundamental knowledge in supramolecular chemistry. That brings up the potential for the

future development of novel materials and technologies.
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Chapter 7

Conclusions and Recommendations

Chapter 7 concludes the finding of three results chapters, including (1)
in situ observation of jamming front propagation during low-velocity
impact in polypropylene glycol/fumed silica STF and how it contributes
to impact dissipation, (2) correlations between the molecular weight of
precursor and mechanical properties in polyborosiloxane (PBS) with
special attention to impact absorption;, (3) Mechanism of
multifunctional dynamic crosslinking in PBS. The potential of STF and
SSG to replace conventional protective materials is being discussed

with ideas about their composites as bulk protection.
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7.1  Conclusions

7.1.1 Impact absorption in fumed silica STF

Many studies have been devoted to the mechanism of thickening in the most famous
representative of STF - a dense suspension of cornstarch in water. However, this STF has
not found wide application in the field of protection due to the instability of the suspension
and rapid biodegradation of cornstarch particles. In search of alternatives, fumed silica
suspension in polar low molecular weight polymers has attracted the attention of
researchers as a better candidate without the aforementioned shortcomings.

Here, we explored its impact absorption potential in bulk and the mechanism behind it.
Oscillatory rheology revealed the presence of discontinued shear thickening (DST) starting
from volume fraction ¢ = 7.2%, which is the prerequisite for shear jamming (SJ). For the
first time, using novel optical in situ speed recording of impact, it was found that jamming
can be triggered at as low as ¢ > 7.2%. Image correlation analysis of the flow field during
impact has shown that the jamming front grows 3-5 times faster than the speed of the
impactor, which confirms that its prorogation is triggered by shear, not by densification
(Figure 7.1).

To demonstrate how jamming can be used for the benefit of bulk impact protection, we
paired analysis of the flow field with the data from the accelerometer and load cell during
drop weight tests. It was discovered that fumed silica jamming front forms a solid-like plug
beneath the rod, which grows faster than the impactor speed and leads only to minor impact
dissipation. However, once the front reaches the bottom boundary, it generates a huge
normal force that opposes the impactor penetration, and that is when the main impact
dissipation begins. At a higher volume fraction, the front grows faster, hence, reaching the
bottom early, which creates the plug of a particular thickness (Figure 7.1, A-C). This
thickness defies the efficiency of impact dissipation.
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Figure 7.1 Jamming front prorogation during low-velocity impact in fumed silica/polypropylene
glycol.

In this work, the importance of SJ for effective impact absorption was demonstrated. This
expands the potential for using STF as bulk protection which was previously limited to
fabric impregnation. In addition, the findings of this project suggest shifting the focus of
researchers from studying the shear thickening alone to SJ and how it can be used to its
maximum potential. The results of this study are of interest to a broad readership, including
researchers who develop soft protective solutions (especially for sports applications), who

study impact absorption in STF, and who work with the physics of granular suspensions.

7.1.2 Effect of MW on the impact absorption of PBS

Polyborosiloxane (PBS) has been previously successfully employed as a functional filler
in protective composites due to its strong shear-stiffening properties. However, the
potential of its bulk protection has been rather unexplored. In the second results chapter,
we tried to evaluate low-velocity impact dissipation in PBS bulk and how the density of
dynamic crosslinking contributes to it. It was discovered that the stiffening performance of
PBS can be controlled by the molecular weight of PDMS precursors due to a

straightforward condensation reaction between hydroxy end groups of PDMS and boric
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acid. Introduced boron sights behave as dynamic crosslinks, hence, are responsible for the
shear-stiffening properties. New correlations were discovered for five PBSs synthesized
from hydroxy-terminated PDMS of various molecular weights. Si-O-B IR band intensities
were used as a quantitative parameter of dynamic crosslinking densities. After synthesis,
the molecular weight of PBSs remained almost the same, which indicates the absence of
significant chain scissoring, polymerization, or cross-linking. This synthesis route allows
precise controlling of mechanical properties based on the precursor's molecular weight.
During the rheological analysis, it was found that crossover point modulus follows the same
trend as the number of PDMS hydroxy groups and Si-O-B band intensities. PBS
demonstrated a linear increase in peak forces with molecular weight during the drop weight
impact test (Figure 7.2, a-b). The reason for this dependence is directly related to the
number of dynamic bonds in the polymer, which “lock” in place upon impact. Their greater
number in low-MW PBS (Zone 1) provides better energy dissipation (through stiffening
transition and breakage of dynamic bonds) than in PBS with higher MW (Zone 3), as shown
in Figure 7.2, c. Therefore, the low molecular weight of a precursor, hence, a high number
of dynamic crosslinks, is a primary requirement for effective protection against low-

velocity impact.

We set out to understand the mechanism of dynamic crosslinking in PBS due to the large
number of contradictions found in the proposed explanations in the course of the study,
with the aim of subsequently using this knowledge to improve the protective properties.
Dynamic covalent bonding, well known from the research on boronic ester, is shown to be
the most probable mechanism behind the unique viscoelastic properties of PBS. The closest
explanation was given by Bloomfield?® recently, which states that the dynamic nature of
boron crosslinks is due to oxygen ligand exchange reaction between -OH bearing
molecules (like free silanol groups, water, alcohol, etc.) and covalently attached boron
trifunctional crosslinks (or tetrafunctional in case of THDB) through B-O functionalities.
The mechanism of initial gelation, which is the result of condensation between silanol and
boron hydroxyl groups, was found to be of the same nature as the dynamic exchange of Si-
O-B covalent bonds, which makes it easy for them to form (even at room temperature) and

vulnerable to break (during hydrolysis or with the addition of -OH bearing molecules).
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Figure 7.2 Drop weight impact test of PBS samples. a) Illustration of the testing setup; b) peak

forces generated during impact test against MW of the PBS with three distinctive zones; c)

schematic illustration of the molecular structure in Zone 1 (on the left) and Zone 3 (on the right)

during low-velocity impact.

Based on the results of our own study and literature review, we concluded that dynamic

crosslinking does not involve hydrogen bonding, dative bonding, or formation/exchange

of boron anhydrides but is solely the result of associative dynamic exchange of Si-O-B

covalent bonds.
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It was also found that the viscoelastic properties of PBS are largely dependent on the B-O
functionality of the boron compound. Tetrafunctional boron crosslinker demonstrated the
highest rubbery plateau, which confirms the highest number of dynamic bonds, followed
by trifunctional boric acid. In contrast, bifunctional phenylboronic acid provided only chain
extension without any signs of gelation. Therefore, mechanical properties could be tuned
by the right choice of boron functionality, which results in n-functional dynamic covalent
bonds (-Si-O)n-B.

However, the exact mechanism of oxygen exchange in the Si-O-B bond remains unknown.
It might involve an intermediate 4-coordinate state of boron atom of a short lifetime which
bonds to neighboring oxygen with subsequent detachment — 3-coordinate — 4-coordinate
— 3-coordinate. Oxygen can be provided by the hydroxyl groups (as proposed by
Bloomfield) or from another Si-O-B bond (metathesis as suggested in another study*® and
was proven to exist in boronic esters'®* and boroxines!>®%"). Hence, further investigation
is needed as well as examining the possibility of tuning the exchange reaction kinetics by

manipulating the content of molecules containing free hydroxyls.

7.1.3 Comparison between STF and SSG, the potential for the substitution of

conventional elastomeric foam

Two types of shear-stiffening materials - fumed silica suspension (STF) and PBS (SSG)
have been studied alone in the previous chapters. However, it is of interest to compare their
impact mitigation performance as both of them seem to be promising candidates for a
substitution of a preexisting protective solution. The 11 mm thick layer of STF and SSG
has been subjected to impacts of various energies along with the EVA foam of the same
thickness, which is a typical cushioning material in sports protective equipment. To be
concise only peak forces are shown here, which is enough to make a preliminary conclusion

on the comparison (Figure 7.3).
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Figure 7.3 Illustration of drop weight impact setup for testing 11 mm thick layers of STF 25%,
SSG, and EVA foam sample in a TPU container. On the right, peak force values at different impact

energies; each data point is an average value over ten tests.

The effectiveness of this EVA foam protection is capped at 10 J; at higher energies, the
maximum compression (when cells are collapsed) is reached, so the foam could only
provide a viscoelastic dissipation from the EVA polymer bulk. Thus, peak forces are
significantly higher starting from 15J. STF 25%, on the contrary, demonstrated
significantly lower peak forces on the whole range of energies, making it superior to
competitors. SSG showed consistent linear growth of the peak forces despite higher values
at 5 and 10 J. It bypasses the effectiveness of EVA foam impact mitigation at 15 J, which
makes it superior at higher impact energies.

An interesting feature of SSG, which can be highly beneficial for some applications, has
been discovered; specifically, the reduction of SSG sample thickness to half or even a
quarter leads to only a minor decline in impact dissipation (Figure 7.4). The 11 mm sample
displayed the most consistent results throughout the six different energy levels with the
lowest peak forces. The 11 mm SSG sample is the only sample that showed instantaneous
elastic recovery after deformation occurred. Interestingly, a change in thickness does not
change the trend but instead shifts the values to higher values. The thickness of SSG at 5.5
mm and below showed a marginal difference in shock attenuation properties, making the
2.7 mm thickness highly preferable in scenarios where thickness is preferred over

performance. Despite the minimal thickness of SSG 2.7 mm, it is still more efficient at
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higher impact energies than EVA foam. Besides, as was mentioned earlier, the efficiency
of impact dissipation in STF is more sensitive to the layer thickness due to the mechanism
in which a solid plug of jammed particles beneath the impactor generates high resistance
only when it reaches the bottom boundary. The higher thickness of the plug guarantees
higher impact dissipation through particle friction. Therefore, SSG could have an

advantage over STF in a scenario where lightweight, thin protection is essential.
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Figure 7.4 Results of the drop weight impact test for three SSG layers thicknesses (11, 5.5, and 2.7
mm) versus EVA foam and STF 25%. Peak forces are generated at different impact energies; each

data point is an average value over ten tests.

7.2  Future Work

7.2.1 Challenge of their usage as a bulk for protection

Shear-stiffening materials (both STF and SSG) have been proven to be promising
replacements for conventional protective materials. However, their use in the form of bulk
protection is associated with several difficulties; one of the main ones is their fluidity in

the absence of deformation, which leads to loss of shape or leakage from the protective
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composite. This makes it impossible to use them in open structures and requires them to be

sealed or encapsulated.

7.2.1.1 Encapsulation of STF

It was shown that jamming is highly beneficial for impact dissipation in fumed silica STF.
However, to effectively utilize jamming for impact protection, the design of the structure
is of critical importance. Specifically, the distance from the impact point to the boundary
normal to impact (it defines the length of the plug of jammed particles, which constitutes
the main impact dissipation), hardness of the boundary, and matrix structure need to be
considered.

STF cannot be used on its own for bulk protection due to fluidity in the absence of impact.
This poses another challenge for finding the proper technique and material for the sealing
sheath (encapsulation). We tried to utilize the 3D printing encapsulation approach where
STF was filled in the cylindrical sample with an internal 3D structure at the end of the
printing right before the last layer. After it was filled to approximately 90% of the available
volume, the printing was resumed, and the last layers sealed STF inside. This approach
allowed to manipulate the topology of internal structure. Two classic lattice structures were
chosen; one structure was honeycomb (closed-cell lattice structure), and the other was
gyroid (co-continues TPMS structure). Both infill structures are presented in Figure 7.5 (a).
In the case of the honeycomb structure, all cells are disconnected, and the fluid is locked
in each cell. On the contrary, in the gyroid structure, there is an interconnected internal
structure, and fluid can flow and be redistributed easily within the volume of the sample.
STF 15% (15%w of fumed silica in PPG400) was used as a model fluid due to the difficulty
of filling a more viscous liquid. Therefore, we need to take note that the model fluid is far
from the most effective impact dissipation STF.

An unfilled honeycomb structure demonstrated a lower peak force compared to a filled one
(Figure 7.5, b), likely due to the incompressible nature of fluid which restricted the
buckling of the structure (which is the main mechanism of absorption in honeycomb
structure!®) and transferred energy directly to the load cell. The gyroid structure shows an

opposite dependence. The filled gyroid structure significantly reduces peak force compared
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to the unfilled samples. In this case, having the freedom to flow and to redistribute allows
to absorb more impact since STF acts as it should, and the impact load is distributed in all
directions. Another possible reason is that STF resists the deformation motion of the gyroid
structure. Since STF has a much higher viscosity than air (for empty structures), friction is
much greater, which requires more energy to be used to deform the structure. As an analogy,
one can imagine a spring in the air, and in a viscous fluid, more work needs to be done in
a viscous fluid to deform the spring. Therefore, the co-continues topology seems to be more
suitable for shock absorption in flexible composites. However, walls of the FDM printed
parts are known to possess limited durability in comparison to molded ones due to only
partial fusion between layers'®>'%, The walls of the composites were the weakest points;
high internal pressure generated during compressive impact tore the weakly bonded layers
apart, which led to STF leaking out (Figure 7.5, c).

a Honeycomb (HC) Gyroid b - ! . : : '
p—- s N 7000 4 |[—=— Gyroid Empty B
DD +— Gyroid PPG15%
6000 |+ HC Empty /\‘= =
~ HC PPG15% it

T T T T T
0.008 0.010 0.012 0.014 0.016 0.018

T
0.006
Time (s)

Figure 7.5 (a) 3D models of the honeycomb (closed-cell topology) and gyroid (continues topology)
structures; (b) drop weight test results of the FDM printed composites from a self-produced PEBAX
filament subjected to 7.5 J impact, two types of samples were produced for each structure — one,
empty (unfilled) and another filled with STF 15% (PPG/fumed silica); (c) Photos of composites
testing setup (on the left), broken walls of the matrix with STF leaking out (on the right).

Other encapsulation solutions should be considered which can withstand significantly
greater impact loads without breaking. Some other approaches have been tried in the

literature, such as Zhang et al.”* developed an approach on how to produce double-wall
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STF capsules. Premixed STF with 5%w of polyethyleneimine (PEI) is loaded into the
syringe, then droplets of this mixture are instilled in the mixture of diisocyanate prepolymer
and solvent. The shell is formed during the reaction of PEI with diisocyanate (polyurea
shell), and the rest of the compounds are used to adjust the density, viscosity, and polarity

of the mixture (Figure 7.6).

Polyurea shell
P(St-EA) shell \

| " () | (b)

STF capsule

Figure 7.6 (a) Schematic of the setup used for STF encapsulation. (b) Hlustration showing the
formation mechanism and structure of the outer and inner walls of the STF capsule. (c) Optical
image of the obtained capsules with one enlarged in the inset. (d) A broken STF capsule Reprinted

with permission from reference ™. © Royal Society of Chemistry

Lui et al.*" used the orifice coagulation bath method for STF encapsulation. As described
in Figure 7.7, prepared STF was put in a hydrophobic medium to form a W/O emulsion
first; then, this mixture was poured into a hydrophilic medium to form a W/O/W emulsion.
The last step was to inject droplets of the overall mixture into a CaCl, solution which

triggered crosslinking of the sodium alginate external shell.
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Figure 7.7 Orifice coagulation bath method for STF encapsulation. Reprinted with permission from
reference 1%’ © 2020 Elsevier Ltd.

Though in both encapsulation approaches resulted, capsules were fragile and could not
withstand repetitive impacts. These capsules could provide one-time protection only or be
used to transport STF into another composite as it was used by Liu et al.®* where the
produced STF capsules with sodium alginate shells were incorporated in polyurethane
foam on a stage of mixing polyol with isocyanate. This creates a great challenge to produce
a durable yet flexible shell for STF capsules.

Another approach that was suggested in the patented work'®® is to create an emulsion with
a liquid or liquid-like substance which can be solidified. For example, mix STF at a high
volume fraction (around 40%) with silicone oil and a trifunctional crosslinker, and then
cure the mixture to form a silicone/STF composite.

Soutrenon et al.'*® impregnated open-cell foam with STF under vacuum and using
compression/relaxation cycles and then coated the foam with silicone to create an
encapsulation shell. Caglayan et al.?% directly mixed STF with polyol at low concentrations
(1 and 2%w) prior to foaming via a reaction between isocyanate and polyol.

We believe that polymerization of the STF outer shell in W/O emulsion systems has the
best flexibility in adjusting synthesis parameters and picking suitable chemicals. However,

challenges of finding flexible yet durable shell material remain which creates research

130



Conclusions and Recommendations Chapter 7

prospects for the future. These capsules can be easily incorporated into polymer foams or

any other protective systems to improve their impact dissipation.

7.2.1.2 PBS composites for impact protection

The same problem of fluidity in the absence of deformation (cold flow) is present in PBS,
which makes it difficult to use it as bulk protection without encapsulation/sealing. Same
encapsulation approaches can be utilized as were proposed for STF. Although, it possesses
higher viscosity since it is in a gel state compared to STF. This opens more composite
possibilities without the need to seal it completely.

One of the possible approaches is to develop a sandwich composite where the top and
bottom layers will consist of the soft material which could hold the shape (can be 3D fabric
or thin elastomeric foam), and a layer of PBS will be placed between these layers and will
be stitched over the entire area to create closed cells as it is shown in Figure 7.8. The cell
size, the thread thickness, and the seam allowance need to be optimized to make sure PBS
will never leak out. This sandwich composite can provide good protection against low-
velocity impacts and be worn with comfort due to the flexibility and flowability of PBS

polymer.

Figure 7.8 Soft composite concept where PBS is the middle layer closed by 3D fabric from two

sides and stitched over the area.

Another approach is to produce bicomponent core-shell yarns with PBS being a core

material, and shell material can be any conventional polymers (such as polyester, nylon,
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thermoplastic polyurethane, etc.). One of the most promising methods to produce such
yarns is electrospinning. The field is rich with ideas for creating micro and nano-
bicomponent core-shell fibers?92-2%3, Electrospinning with coaxial double nozzle or shell
formation of produced fibers from the oversaturated polymer solution is one of the most
convenient ones. However, other methods are preferred if thicker yarns are required, such
as two-component melt extruding and other methods. These yarns could be used for
knitting fabric with various patterns (or even 3D fabric), which theoretically could provide
protective properties upon impact for a person wearing it (Figure 7.9). However, the
technique of yarn production has to be carefully designed and the parameters to be

optimized.

PBS~

PE

Figure 7.9 Concept of bicomponent yarns with PBS being a core and polyester (PE) a shell for
protective fabrics.
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