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(57) ABSTRACT

A dynamic cross-linked polymer nanocomposite adhesive
has been developed by the oxidation of a thiol functionalized
semi-crystalline and/or amorphous oligomer and thiol func-
tionalized Cellulose Nanocrystals (CNCs) to form a polydis-
ulfide network. The resulting solid material has a melting
point transition at ca. 75° C. which corresponds to the
melting of the semi-crystalline and/or amorphous phase of
the nanocomposite adhesive. At higher temperatures (ca.
150° C.), results in the dynamic behavior of the disulfide
bond being induced, where the bonds break and reform. Two
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levels of adhesion are obtained, in some embodiment by (1)
heating the adhesive material to 80° C. (melting the semi-
crystalline and/or amorphous phase) resulting in a lower
modulus/viscosity of the adhesive, thus allowing better
surface weltting on a substrate and (2) heating the adhesive
material to 150° C. (inducing dynamic behavior of disulfide
bonds), further lowers the modulus/viscosity of the adhesive
ensuring a much better surface wetting and stronger adhe-
sive bond. The polymer adhesive has been demonstrated to
bind to, relatively high surface energy substrates including
metal and hydrophilic glass, and to low surface energy
substrates such as hydrophobic glass.

10 Claims, 17 Drawing Sheets
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STRONG, REBONDABLE, DYNAMIC
CROSS-LINKED CELLULOSE
NANOCRYSTAL POLYMER
NANOCOMPOSITE ADHESIVES

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Contract W911 NF-15-1-0190 Awarded by the Department
of Defense. The government has certain rights in the inven-
tion.

FIELD OF THE INVENTION

A dynamic cross-linked polymer nanocomposite adhesive
has been developed by the oxidation of a thiol functionalized
semi-crystalline and/or amorphous oligomer and thiol func-
tionalized Cellulose Nanocrystals (CNCs) to form a polydis-
ulfide network. The resulting solid material has a melting
point transition at ca. 75° C. which corresponds to the
melting of the semi-crystalline and/or amorphous phase of
the nanocomposite adhesive. At higher temperatures (ca.
150° C.), the dynamic behavior of the disulfide bond is

induced, where the bonds break and reform. Two levels of 2

adhesion are obtained, in some embodiments, by (1) heating
the adhesive material to 80° C. (melting the semi-crystalline
and/or amorphous phase) resulting in a lower modulus/
viscosity of the adhesive, thus allowing better surface wet-
ting on a substrate and (2) heating the adhesive material to
150° C. where the dynamic behavior of disulfide bonds is
engaged.

The polymer adhesive has been demonstrated to bind to.
relatively high surface energy substrates including metal and
hydrophilic glass, and to low surface energy substrates such
as hydrophobic glass. Lap shear tests indicates a stronger
adhesive bond for all substrates during bonding at 150° C.
compared to bonding at 80° C. Increasing the content of
CNCs in the polymer adhesive, increases the strength of the
adhesive bond on the high energy substrates. Although the
addition of CNCs as a simple filler (i.e. with no covalent
crosslinking) within a disulfide adhesive enhances its adhe-
sive strength of a disulfide network?, it is important to note
that the incorporation of thiol functionalized CNCs in a
disulfide polymer is critical to achieving a stronger adhesive.
For example, the adhesive with 10% thiol functionalized
CNCs as a cross-linker has an adhesive strength to glass of
ca. 16 MPa compared to ca. 5 MPa of a polydisulfide
network adhesive with 10% CNCs as a filler." Furthermore,
the thiol functionalized CNCs can be incorporated into the
films up to ca. 30 wt. % and show adhesive strength>50
MPa.

Compared to selected commercially available adhesives,
the polydisulfide nanocomposite adhesive (ca. 62 MPa)
bonds metal better than for example Gorilla Glue (ca. 4
MPa) and an epoxy based glue obtained from LORD cor-
poration (34 MPa), with the added advantage of reversibility
and debonding with light or heat (ca. 150° C.) for these new
CNC-based adhesives.

BACKGROUND OF THE INVENTION

Researchers have developed an array of synthetic poly-
mers as adhesives for a wide range of applications.”® In
general the approach to forming an adhesive bond involves,
(1) the surface wetting of the substrate by the adhesive,
which is generally dependent on pressure. time, viscosity of
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2

the adhesive and the surface energy of the two components,
(2) curing of the adhesive to form a solid rigid mechanical
bond between the two substrates and (3) the ability of the
adhesive to transmit force/load between the adhered sub-
strates.”

In recent years, researchers have turned their attention to
the use of structurally dynamic materials for the formation
ot adhesive bonds. Dynamic materials possess dynamic
bonds which undergoes continuous reversible breaking and
reformation upon the application of a stimulus which results
in the depolymerization of the polymer and/or exchange of
lower molecular weight components of the polymer. This
can lead to a dramatic reduction of the material’s modulus
and viscosity or a significant increase in polymer tlow/creep
leading to the wetting of a substrate along with an increase
in contact area between the adhesive and substrate.>® For
example, the use dynamic covalent bonds such as disul-
fides™® and reversible Diels Alder adducts™ have been
reported in the use of adhesives. Removal of the stimulus
stops or slows down the continuous breaking and reforma-
tion between the bond allowing the material to be restored
to its original modulus forming a solid rigid mechanical
bond between two substrates. It is also worth noting that
other researchers have investigated the use of noncovalent
interactions such as hydrogen bonding,'*** metal-ligand
complexation,'*!* or host-guest interactions'®!” to create
adhesive materials. Lafont et al.'® studied the adhesive
properties of a disulfide containing epoxy using single lap
shear tests on an aluminum substrate. The adhesion of the
two substrates was obtained by the thermal treatment of their
adhesive at 65° C. or 100° C. while maintaining a contact
pressure using a paper clip. Cooling down the lap joint to
room temperature ensured the formation of an adhesive
bond/joint between the two overlapped aluminum sub-
strates. Lafont et al. demonstrated shear strengths between
0.2 to 0.5 MPa.

Theories that are used to explain adhesion'®>* take into
account the interactions and contact area between the adhe-
sive and the substrate, as well as the room temperature
modulus of the adhesive itself (i.e. the larger the modulus,
the stronger the adhesion). As such, a number of studies have
targeted the improvement of adhesives by incorporating
fillers in order to enhance the mechanical properties.”*>%
Wang et al.?¢ studied the effects of carbon nanotubes (CNT)
in a poly(butyl acrylate) (P(BuA)) latex as a pressure
sensitive adhesive. Their results showed that by incorporat-
ing CNTs into the P(BuA)based pressure sensitive adhesive,
they obtained an adhesive that was stiff, yet dissipative
enough to effectively wet the surface of a substrate, as well
as increase electrical conductivity as CNT content increased
in the adhesive material. In another study, Leibler and
coworkers> reported the use of silica nanoparticles as a
connector between two poly(dimethylacrylamide) (PDMA)
hydrogel pieces. The concept relied on the nanoparticles
ability to adsorb the PDMA nctwork chains, forming anchor
bridges between the two hydrogel pieces after the applica-
tion of pressure. Adhesion strength increased with an
increase in the particle size, and they also demonstrated
adhesion of dehydrated gels or gels swollen in excess
solvent.

Cellulose nanocrystals (CNCs) have gained a lot of atten-
tion as an important green nanofiller for nanocomposite
applications due to its inherent properties such as high
crystallinity, low density, high elastic moduli and high
aspect ratio (depending on the source and method of isola-
tion).>”*®* As such, CNCs have been used to reinforce
numerous polymer matrices®®>> resulting in improved
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mechanical properties. CNCs have also been used as a
reinforcing filler for adhesive materials.'*%° For example,
Cataldi et al.*® used CNCs as a reinforcing filler in a
water-soluble thermoplastic adhesive, poly(2-ethyl-2-oxa-
zoline), for oil painting restoration. Single-lap shear test
between the CNC reinforced adhesive and ancient oil paint-
ing substrates, showed a significant reduction (ca. 60%
lower than the neat matrix) in the adhesive displacement
under creep conditions as the filler content was increased,
indicative of an improved dimensional stability of the adhe-
sive joint. In a similar fashion, Rodrigue and coworkers®
studied the effect of incorporating CNCs into a lignin-based
phenol-formaldehyde adhesive on a plywood substrate.
Their results showed an increase in shear strength with up to
0.5 wt. % (based on resin solid content) CNCs, and a
subsequent decrease in shear strength above this threshold.
The decrease in strength was attributed to the CNC aggre-
gation which decreased the bonding strength between the
resin and the substrate.

Recently, Rowan and coworkers reported a stimuli
responsive shape memory adhesive using dynamic disulfide
bonds." In this work, they also incorporated CNCs as a filler
into the semi-crystalline cross-linked polymer network. The
application of heat or UV-light resulted in the dynamic

exchange of the disulfide bond which caused a drop in the ?

modulus and viscosity of the adhesive material, promoting
the wetting of a metal and glass substrate. Removal of the
stimulus (heat or UV-light) resulted in the formation of a
strong adhesive bond between the two substrates. Interest-
ingly, the incorporation of CNCs as a filler resulted in the
increase in the room temperature modulus of the adhesive
material, subsequently increasing the shear stress of the lap
shear joint at different contact pressures. For example, shear
stress of the neat semi-crystalline adhesive was ca. 3 MPa

compared to ca. 6 MPa for the CNC reinforced adhesive on 3

a stainless steel substrate.

Although several research groups have investigated the
use of CNCs as a nanofiller in adhesive matrices, an inves-
tigation into the use of CNCs as a cross-linking moiety, that
exhibit excellent adhesive properties while at the same time
being reversible, has to the best of our knowledge not been
carried out.

SUMMARY OF THE INVENTION

In view of the above, the present invention relates to a
dynamic semi-crystalline and/or amorphous disulfide net-
work material using CNCs as a cross-linker that exhibits
good adhesive properties. The adhesive properties as a
function of temperature and pressure were investigated on
different substrates.

The use of thiol functionalized CNCs in a disulfide
polymer provided an adhesive having higher strength as
compared to a disulfide crosslinked adhesive without the
thiol functionalized CNCs.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood and other features
and advantages will become apparent by reading the detailed
description of the invention, taken together with the draw-
ings, wherein:

FIG. 1 illustrates the FT-IR spectrum of MxG-CNC
before and after surface modification;

FIG. 2 illustrates the UV-Vis spectra of 5-thio-2-nitroben-
zoic acid anion released from reacting MxG-CNC-SH with
5,5'-dithiobis (2-nitro-benzoic acid);

20

30

40

45

50

55

60

65

4

FIG. 3 illustrates the TEM image of (a) MxG-CNC-
0OS0;~ and (b) MxG-CNC-SH;

FIG. 4 illustrates the Wide Angle X-ray Diffraction pat-
terns of MxG-CNC betfore and after surface modification:

FIG. 5 illustrates (a) temperature sweeps of polydisulfide
networks with varying contents of MxG-CNC-SH and (b)
shear modulus of polydisulfide network with varying con-
tents of MxG-CNC-SH; above the melting transition of the
semi-crystalline phase;

FIG. 6 illustrates (a) FT-IR of 30 wt. % MxG-CNC-SH
before and atter DMA temperature sweep (25-200° C.) and
(b) 30 wt. % MxG-CNC-SH before and after DMA tem-
perature sweep (25-200° C.);

FIG. 7 illustrates (a) a lap shear adhesion time study and
(b) shear stress with varying contents of MxG-CNC-SH on
a metal substrate (contact pressure=0.0136 MPa, adhesive
size=36 mm?);

FIG. 8 illustrates Creep compliance versus time of (a) 1
wt. % MxG-CNC-SH and (b) 30 wt. % MxG-CNC-SH at
different temperatures. Samples were equilibrated at their
respective temperatures for 15 min, applied stress=0.0136
MPa. 2, failed after 200 s at 80° C. and 150° C.;

FIG. 9 illustrates lap joints after lap adhesion tests show-
ing adhesive and cohesive failure at 80° C. and 150° C.
respectively;

FIG. 10 illustrates lap shear stress of 30 wt. % MxG-
CNC-SH on metal substrates (bonded at 150° C.) showing
(a) effect of contact pressure on shear stress and (b) re-
bonding of previously failed lap joints (contact pres-
sure=0.0136 MPa, adhesive size 36 mm?);

FIG. 11 illustrates the contact angle measurement on
hydrophilic glass slides;

FIG. 12 illustrates failed lap shear joints on hydrophilic
glass slides showing (a) structural failure with a 36 mm® 1
wt. % MxG-CNC-SH adhesive (b) adhesive failure after
bonding at 80° C. and (c) cohesive failure after bonding at
150° C.;

FIG. 13 illustrates (a) a lap shear adhesion time study and
(b) shear stress with varying contents of MxG-CNC-SH on
a hydrophilic substrate (contact pressure=0.0136 MPa). 9
mm” adhesive was used for hydrophilic glass;

FIG. 14 illustrates the contact angle measurement on
hydrophobic glass slides;

FIG. 15 illustrates (a) a lap shear adhesion time study and
(b) shear stress with varying contents of MxG-CNC-SH on
a hydrophobic substrate (contact pressure=0.0136 MPa);

FIG. 16 illustrates Single lap shear test of 30 wt. %
MxG-CNC-SH with different contact pressures while bond-
ing at 150° C. on hydrophobic substrate; and

FIG. 17 illustrates a lap joint made by bonding two metal
slides with a 36 mm? of 30 wt. % MxG-CNC-SH bonded at
150° C. capable of supporting a 25-pound dumbbell (Chains
were used in order to mount dumbbell onto lap joint)
(contact pressure=0.136 MPa).

DETAILED DESCRIPTION OF THE
INVENTION

Adhesive compositions are disclosed herein. More spe-
cifically, dynamic cross-linked polymer nanocomposite
adhesives, derived from the oxidation of a thiol functional-
ized semi-crystalline and/or amorphous oligomer and thiol
functionalized cellulose nanocrystals that form a polydisul-
fide network are disclosed.
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Thiol Functionalized Cellulose Nanocrystals

The thiol functionalized cellulose nanocrystals utilized in
the present invention can be prepared from cellulose nanoc-
rystals isolated from various organic sources.

Cellulose is found primarily in plants, such as wood.
cotton, grass or corn, but is also present in selected marine
animals such as sea tunicates, as well as algae, bacteria and
fungi. Cellulose nanocrystals isolated from wood are com-
mercially available. Cellulose nanocrystals can also be
obtained from commercial microcrystalline cellulose
(mCNC). Cellulose nanocrystals isolated from tunicates
have higher aspect ratios (about 80) than those obtained
from wood/mCNC (20-40/10-20 respectively.) The cellulose
nanocrystals can also be isolated from Miscanthus x. Gigan-
teus (MxG-CNCs) and generally have aspect ratios (60-70).
The diameters range from about 2 to about 30 nm and are
typically ca. 5 nm when obtained from plant resources and
about 20 nm when obtained from tunicates and the lengths
range from about 100 nm to about several micrometers.
Methods for producing CNCs from wood, tunicates, bacteria
and many plant sources are all well documented.

Methods for producing cellulose nanocrystals from Mis-
canthus x. Giganteus are set forth in WO 2015/095641,
herein fully incorporated by reference.

While, as indicated herein, the adhesive composition 2

includes thiol functionalized cellulose nanocrystals, cellu-
lose nanocrystals can also be present that are not considered
functionalized and/or functionalized with functional groups
other than thiol groups.

Methods for forming thiol functionalized CNCs are
known in the art. For example, thiol functionalized CNCs
can be formed as set forth in: Biocomposites from Natural
Rubber: Synergistic Effects of Functionalized Cellulose
Nanocrystals as Both Reinforcing and Cross-Linking Agents
via Free-Radical Thiolene, in Chemistry, 4CS Appl. Mater.
Interfaces 2015, 7(30), 16303-16310, by Parambath ct al.,
herein incorporated by reference.

In one embodiment, thiol functionalized CNCs can be
formed by mixing 3-mercaptopropionic acid (0.490 mol)
with trimethylacetic anhydride or acetic anhydride (0.408
mol), 4.8 mL of glacial acetic acid and 0.1 mL of concen-
trated sulfuric acid in a beaker, and is allowed to cool down
to room temperature after 1 h. The reaction mixture is
carefully added to 5 g of MxG-CNC-OSO,~ in a rubber
septum sealed 200 mL round bottom flask, using a glass
syringe. The suspension is kept in an oil bath at 70° C. for
3 days with magnetic stirring. The thiol modified CNCs
(MxG-CNC-SH) are precipitated in methanol followed by
centrifuging. To ensure complete removal of unreacted
compounds, the MxG-CNCSH solids are sonicated in
methanol at 20% amplitude, followed by centrifuging to
obtain MxG-CNC-SH solids. This process is repeated 3
times followed by dialysis in a 50/50 methanol/water solu-
tion for 1 day. The resulting solids are freeze dried and
lyophilized to yield a white flufty MxG-CNC-SH.

In order to provide desired properties to the compositions
of the present invention, the thiol functionalized CNCs are
utilized generally in an amount from about 0.1 to about 50
wt. %, desirably from about 0.25 to about 40 wt. % and
preferably from about 0.5 to about 30 wt. %, based on the
total weight of the thiol functionalized CNCs and the thiol
functionalized semi-crystalline oligomer in the adhesive
composition.

Thiol Functionalized Oligomer

The adhesive compositions of the present invention also
include a thiol functionalized oligomer that can be cross-
linked with thiol functionalized cellulose nanocrystals in
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order to form a polydisulfide network. Various thiol func-
tionalized oligomers can be utilized as known to those as of
ordinary skill in the art. In one embodiment, the thiol
functionalized oligomer comprises a thiol functionalized
semi-crystalline oligomer. In other embodiments. the thiol
functionalized oligomer comprises thiol functionalized
amorphous oligomers. In still other embodiments, mixtures
of both semi-crystalline and amorphous oligomers are uti-
lized. For example. one method for producing the thiol
functionalized oligomer set forth in: Inherently Photoheal-
able and Thermal Shape-Memory Polydisulfide Networks,
ACS Macro Lett., 2013, 2, 694-699, by. Michal, B. T. et al.,
herein incorporated by reference.

‘I'he thiol functionalized oligomer can be characterized by
melting point temperature (T,,) or glass transition tempera-
ture (T,). Thiol functionalized oligomers can be utilized
having a T,, or T, generally between 20° C. and 150° C.,
desirably between 30° C. and 100° C., and preferably
between 40° C. and 80° C.

The thiol functionalized oligomer can also be synthesized
from various bis-thiols, such as, but not limited to, 1,2-
ethanedithiol, 1,3-propanedithiol, 1,4-butanedithiol, 1,5-
pentanedithiol, 1,6-hexanedithiol, 1.8-octanedithiol, 2-mer-
captoethyl ether, biphenyl-4.4"-dithiol, and p-terphenyl-4,
4"-dithiol, etc., which are all commercially available from
Sigma Aldrich. The total amount of thiol functionalized
semi-crystalline and/or amorphous oligomer ranges in an
amount generally from about 50 wt. % to about 99.9 wt. %,
desirably from about 60 wt. % to about 99.25 wt. % and
preferably from about 70 wt. % to about 99.5 wt. % based
on the total weight of the thiol functionalized CNCs and
thiol functionalized semi-crystalline and/or amorphous oli-
gomer in the adhesive composition.

Other Components

The adhesive compositions of the present invention may
also include one or more other components or additives that
may further impart additional properties or characteristics to
the compositions. Non-limiting examples of suitable addi-
tives include tetra(ethylene glycol) dithiol, hexa(ethylene
glycol) dithiol, pentaerythritol tetrakis(3-mercaptopropi-
onate), trimethylolpropane tris(3-mercaptopropionate), Tris
(2-mercaptopropionyloxy ethyl) isocyanurate, (3-mercapto-
propyDtrimethyoxysilane, and  oligo(mercaptopropyl
methyl) siloxane. These are all commercially available from
Sigma Aldrich.

Methods for Forming the Adhesive Composition

A desired amount of the thiol functionalized CNCs is
suspended in a suitable liquid, such as tetrahydrofuran
(THF). A desired amount of the thiol functionalized oli-
gomer is dissolved in a suitable solvent, such as THF. A
suitable reagent, such as hydrogen peroxide in a concentra-
tion sufficient to induce desired cross-linking is added to the
reaction mixture along with sodium iodide as a catalyst and
mixed for a suitable period of time until gelation occurs. The
gel can be broken into smaller picces and stirred in an
aqueous sodium thiosulfate solution, such as a 5% aqueous
sodium thiosulfate solution, followed by de-ionized water
for a period of time, such as 2 hours. The resulting solids can
be dried for a period of time, such as overnight, in a vacuum
oven at about 50° C.

The resulting solid is the adhesive composition, which
can be further processed into a desired form, at an elevated
temperature, such as 150° C. where the crystalline domain
melts and disulfide exchange occurs.

Materials.

1.6-hexanedithiol. 1,5-hexadiene, phenylbis(2,4.6-trim-

ethyl-benzoyl)phosphine oxide. sodium iodide, trimethyl-
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acetic  anhydride, 5,5'dithiobis(2-nitrobenzoic  acid),
diiodomethane and 5 3-mercaptopropionic acid were pur-
chased from Sigma-Aldrich. Rust-Oluem® Never Wet® rain
repellent (2.5-10 wt. % triethyoxyoctylsilane), was pur-
chased from the local Home Depot Store. All other chemi-
cals were purchased from Fisher Scientific. All these chemi-
cals were used without further purification. Sulfuric acid
hydrolyzed CNCs were obtained from Miscanthus x Gigan-
teus (MxG-CNC-08S0;7) following previously published
procedures.* MxG-CNC-0SO,~ was refluxed in toluene,
filtered and dried in a 50° C. vacuum oven to ensure
complete water removal prior to surface functionalization.
Methods.

MxG-CNCs were dispersed using a Q500 QSonica ultra-
sonicator at an amplitude of 40%. MxG-CNC solids were
freeze dried and lyophilized using a VirTis benchtop K
lyophilizer. Ultraviolet visible spectra were collected on a
Perkin-Elmer Lambda 800 spectrometer. FT-IR spectros-
copy was performed on an Agilent Technologics Cary 600
series instrument over a range of 400-4000 cm™". Transmis-
sion Electron Microscopy (I'EM) was performed on a FEI
Technai F30 at 300 kV. Wide Angle X-ray Diffraction
(WAXD) pattern of MxG-CNC's was obtained on a Rigaku
S-MAX 3000. 'II and *C NMR spectra were acquired in
CDCly; on a Varian 600-MHz spectrometer. Dynamic
Mechanical Analysis (DMA) temperature sweeps were per-
formed on an RSA-G2 solids analyzer equipped with shear
sandwich clamps. Temperature sweeps were performed at a
heating rate of 3° C./min, a frequency of 1 Hz, and an
amplitude of 20 pm. Lap Shear Adhesion tests were con-
ducted on an MTS equipped with a 5 KN load cell. All tests
were performed at a strain rate of 1 mn/min. Contact angle
and surface energy measurements were performed on a
Kruss EasyDrop DSA20x drop shape analyzer. For surface
energy determination, contact angle measurements of deion-
ized water and dijodomethane were used, and the Owens,
Wendt, Rabel and Kaelble (OWRK) equation was used for
the calculation 6 (refer to supporting information for
detailed calculations). Each contact angle is the average of
5 measurements.

Synthesis of a Thiol End-Functionalized Oligomer.

The thiol functionalized oligomer was synthesized in 89%
yield (by mass) following methods described
previously.*" 'H NMR & (ppm): 2.49 (t, CH,), 1.58 (m,
CH,), 1.38 (m, CH,). >C NMR & (ppm): 33.8. 32.1, 29.5,
285,283,279, 245
Synthesis of Thiol
(MxG-CNC-SH).

MxG-CNC-SH was synthesized in 95% yield (by mass)
following methods previously reported with minor modifi-
cations.** In short, 3-mercaptopropionic acid (0.490 mol)
was mixed with trimethylacetic anhydride (0.408 mol), 4.8
ml of glacial acetic acid and 0.1 mL of concentrated sulfuric
acid in a beaker, and was allowed to cool down to room
temperature after 1 h. The reaction mixture was carefully
added to 5 g of MxG-CNC-0OSO;™ in a rubber septum sealed
200 mL round bottom flask, using a glass syringe. The
suspension was kept in an oil bath at 70° C. for 3 days with
magnetic stirring. The thiol modified CNCs (MxG-CNC-
SH) were precipitated in methanol followed by centrifuging.
To ensure complete removal of unreacted compounds, the
MxG-CNCSH solids were sonicated in methanol at 20%
amplitude, followed by centrifuging to obtain MxG-CNC-

Functionalized MxG-CNC-OSO,~
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SH solids. This process was repeated 3 times followed by
dialysis in a 50/50 methanol/water solution for 1 day. The
resulting solids were freeze dried and lyophilized to yield a
white fluffy MxG-CNC-SH.

Determining Thiol Content on MxG-CNC-SH.

‘The thiol content on MxG-CNC-SH was determined
using Ellman’s colorimetric method.® 4 mg of 5,5'dithiobis
(2-nitrobenzoic acid) was dissolved in 1 mL of pH 8.5
phosphate buffer. MxG-CNC-SH was dispersed in pH 8.5
phosphate buffer at 2 mg/ml.. 50 pL of 5,5'dithiobis (2-ni-
trobenzoic acid) stock solution was added to 2.5 mL of
MxG-CNC-SH stock solution and was allowed to incubate
at room temperature for 30 min. The mixture was then
centrifuged and the top yellow solution was collected for
ultraviolet visible spectroscopy. The thiol content was deter-
mined from the absorbance at 412 nm of the solution using
a calibration curve derived from 3-mercaptopropionic acid.
Synthesis of Polydisulfide Networks.

MxG-CNC-SH were suspended in THF, via an iterative
solvent exchange process**** from a 3 wt. % DMF suspen-
sion. The semi-crystalline oligomer was separately dis-
solved in THF in a beaker at 10 wt. %. For example, to
synthesize a 30 wt. % CNC polydisulfide network, 300 mg
of MxG-CNC-SH (10 mL of THF suspension) were com-
bined with 700 mg of the semi-crystalline oligomer (7 mL
of THF solution) in a 50 mL beaker equipped with a
magnetic stir bar. Sodium iodide (10 mg, 0.07 mmol) and
hydrogen peroxide (0.3 mL) were added to the reaction
mixture and gelation occurred within 4 min. The resulting
gel was broken into smaller pieces and stirred in a 5%
aqueous sodium thiosulfate solution. followed by deionized
water for 2 h. The resulting solids were dried overnight in a
vacuum oven at 50° C. The cross-linked polymer network
was compression molded in a Carver laboratory press at
150° C. for 40 min to yield a 200-300 pm flexible film. The
different polydisulfide networks are identified throughout
based on the amount of MxG-CNC-SH incorporated,
example, 30 wt. % MxG-CNC-SH.

Lap Shear Adhesion.

Lap shear adhesion tests (n=5) were conducted on a 25
mmx75 mm stainless steel, hydrophilic glass and a hydro-
phobic glass substrate. Hydrophobic glass substrates were
prepared by spraying NeverWet® rain repellent onto a
kimwipe and wiping the glass substrate in a circular motion
until the surface was been fully covered. The glass substrate
was allowed to dry for 15 mins and excess NeverWet® rain
repellent was wiped off using a kimwipe, subsequently
followed by overnight drying at room temperature. Lap
joints were made by placing a 36 mm” adhesive material
between two overlapping substrates on a temperature con-
trolled hot plate at either 80° C. or 150° C. Contact pressure
was maintained during adhesion by using calibration
weights. Reported shear stresses are averages of 5 indepen-
dent experiments and all errors are standard deviations.

Results and Discussion

Due to the availability of surface hydroxyl groups on the
CNCs, several kinds of surface modifications*® have been
utilized in order to allow the incorporation of CNCs into
different types of polymer matrices. Relevant to this appli-
cation, the surface of MxG-CNC-OSO;~ was esterified with
3-mercaptopropionic acid in order to form a covalently
cross-linked polydisulfide network (Scheme 1).
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Surface functionalization of MxG-CNC-OSO,~ was con-
firmed using FT-IR and Ellman’s colorimetric thiol quanti-
fication (FIGS. 1 and 2). The signal at 1738 cm™ which
corresponds to the carbonyl stretching of the ester deriva-
tive, confirmed the attachment of the mercapto group on
MxG-CNC-SH. Furthermore, the concentration of thiol
groups on the surface of MxG-CNCSH was 520 mmol/kg
which was quantified by the amount of 5-thio-2-nitrobenzoic
acid anion released (determined by UV-Vis spectroscopy)
from the reaction of MxG-CNC-SH with 5,5'-dithiobis
(2-nitro-benzoic acid). TEM images and X-ray diffraction
patterns (FIGS. 3 and 4) also showed no sign of significant
degradation of MxG-CNC-SH during harsh reaction condi-
tions. Following the successtul surface functionalization of
MxG-CNC-SH, the polydisulfide networks were synthe-
sized with varying amounts of MxG-CNC-SH (ca. 1-30 wt.
%) as a cross-linker (samples are identified according to the
amount of MxG-CNC-SH used). The thermomechanical
properties of these networks were studied using DMA in
shear mode deformation (FIG. 5a). The networks with
different amounts of MxG-CNC-SH showed an increase in
mechanical properties as the amount of MxG-CNC-SH
increased, which is related to the effect of adding a rigid
filler into a matrix (FIG. 5(b)). As expected. all networks

showed a drop in modulus ca. 75° C., consistent with the 2

melting transition of the semi-crystalline component of the
network.*! It is worth noting that the 30 wt. % MxG-CNC-
SH showed a significant feature ca. 150° C., which may be
on account of the higher CNC content resulting in more
direct bonding between CNCs, i.e. CNC-S-S-CNC (without
any of the semi-crystalline oligomer between the CNCs)
bonds being formed. Finally, all the materials failed ca. 200°
C. which may be a result (at least in part) of degradation of
MxG-CNC-SH. A reduction in the relative intensity of the
corresponding carbonyl peak (@ ca. 1745 cm™) of MxG-
CNC-SH (FIG. 6(a)), as well as the discoloration (light
brown) of the nanocomposite after exposure to 200° C.
(FI1G. 6(b)) does suggest that there is (partial) degradation at
these high temperatures.

To investigate the adhesive properties of these materials,
lap shear adhesion tests was conducted under two bonding
conditions: (1) 80° C. where the semi-crystalline domains
melt causing a drop in viscosity. and (2) 150° C. where the
disulfide exchange is induced. [.ap shear adhesion tests were
investigated on two 25 mmx75 mm metal substrate bonded
together by a 6 mmx6 mm adhesive film. Prior to bonding,
time studies were conducted in order to obtain the optimum
bonding time at 80 and 150° C. Results showed that maxi-
mum shear strength was obtained after bonding for ca. 20
and 30 mins at both 80 and 150° C. respectively (FIG. 7(a))
on the metal substrate, as such, bonding was conducted at
both 80° C. and 150° C. for 30 mins while maintaining a
constant pressure of 0.0136 MPa. In theory, shear strength of
an adhesive is dependent on the room temperature modulus
and the viscosity of the adhesive, with a large room tem-
perature modulus during debonding or low viscosity during
bonding favoring stronger adhesive bonds.'”** Lap shear
adhesion tests showed an increase in shear stress with an
increase in the amount of MxG-CNC-SH (FIG. 7(54)). For
example, shear stress for 1 wt. % and 30 wt. % MxG-CNC-
SH at 150° C. was 10.7 and 23.3 MPa respectively. Adhesive
shear strength for lap joints bonded at 150° C. was higher
compared to those bonded at 80° C. Creep experiments
(FIGS. 8(a) and (b)) showed much higher deformation of
these adhesives at higher temperatures (150° C.) resulting in
better flow of the adhesive under pressure and as a result
presumably increase surface wetting/surface area contact
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between the substrate and the adhesive. It is worth mention-
ing that the lap shear joints bonded at 80° C. failed adhe-
sively (failure between adhesive and substrate interface)
while lap shear joints bonded at 150° C. failed cohesively
(failure within the adhesive), consistent with better surface
wetting at 150° C. (FIG. 9).

To turther investigate the adhesive properties on the metal
substrate, we studied the effect of pressure on the shear stress
of the adhesive (30 wt. % MxG-CNC-SH) while bonding at
150° C. Results showed a close linear relationship between
the shear stress and contact pressure, for example, applying
a pressure of 0.008 and 0.136 MPa resulted in a shear stress
of 16.9 and 62.1 MPa, respectively (FIG. 10(a)). Interest-
ingly, 30 wt. % MxG-CNC-SH showed a much stronger
response to pressure compared to 1 wt. % MxG-CNC-SH,
which is presumable a consequence of the higher viscosity
of 30 wt. % MxG-CNC-SH—an effect that has been
observed previously in pressure sensitive adhesives.*” Re-
bonding of the adhesive was demonstrated by a repetitive
sequence of breaking the lap joint and re-bonding at 150° C.,
and the results showed no significant degradation over three
re-bonding cycles (FIG. 10(5)).

To further clucidate the utility of the adhesives, their
ability to bond to glass was investigated. The glass slides
were used as obtained and contact angle measurements of DI
water confirmed a hydrophilic surface (ca. 23°) (FIG. 11).
Initial lap shear studies on the hydrophilic glass with a 36
mm? adhesive bonded at 150° C. for 10 mins, resulted in the
structural failure of the glass slide (F1G. 12(a)). Therefore,
in order to reduce the force necessary to break the adhesive
bond less adhesive was employed. To confirm that the
measured adhesive shear strength was independent of adhe-
sive film size lap shear experiments were carried out with 1,
4 and 9 mm” of the adhesive polymer films. Gratifyingly, no
significant difference in the adhesive shear strength is
observed with the change in the size of the adhesive films
(Table 1). Therefore, for the hydrophilic glass lap shear
studies an adhesive film with a size of 9 mm? (3x3 mm) was

employed.

TABLE 1

Effect of adhesive size (1 wt. % MxG-CNC-
SH) on shear stress bonded at 150° C.

Size of Adhesive Shear Stress
(mm?) (MPa)
9 21.1 =23
4 204 = 1.3
1 226 4.1

As with the metal substrates, studies to obtain the opti-
mum bonding time (at 80 and 150° C. with 0.0136 MPa
contact pressure) for the hydrophilic glass substrates were
carried out. Similar to before, the results suggested that the
optimum hydrophilic glass substrate bonding time is ca. 30
min for both 1 and 30 wt. % MxG-CNC-SH at 80 and 150°
C. (FIG. 13(a)). As such, unless otherwise stated the experi-
ments used 30 min for the bonding process. As before, there
is an increase in adhesive shear strength with an increase in
MxG-CNC-SH content (FIG. 13(5)), and the lap joints failed
adhesively when bonded at 80° C. (FIG. 12(4)) and cohe-
sively when bonded at 150° C. (FIG. 12(¢)). It is worth
noting that the adhesive shear strength on hydrophilic glass
(at a contact pressure of 0.0136 MPa) is much higher when
compared to the metal substrate; for example, shear strength
of 30 wt. % MxG-CNC-SH was 50.5+#3.4 MPa on the
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hydrophilic glass compared to 23.3+0.8 MPa on the metal
substrate. This effect is presumably related to the better
surface wetting of the higher surface energy glass surface.*®
Contact angle experiments showed that the surface energy
for the hydrophilic glass and metal substrates used in this
study was ca. 110 and 60 mJ/m?, respectively (Table 2).
To further examine the effect of surface wetting/surface
energy, the bonding to a hydrophobic glass substrate with a
relatively low surface energy (19 mJ/m?®) was investigated.
The hydrophobic glass substrate was obtained by treating
the surface of glass slides with a hydrophobic rain repellent
(contains 2-10 wt. % triethoxyoctylsilane) and as expected,
contact angle measurements of DI water (ca. 1020) con-
firmed that the surface was indeed hydrophobic (FIG. 14).
As before, the optimum bonding time (at 80 and 150° C.
with 0.0136 MPa contact pressure) was investigated for the
hydrophobic glass substrate with the 1 and 30 wt. %
MxG-CNC-SH composites. Interestingly, this time very
different results compared to the higher surface energy
substrates are obtained. An optimum bonding time of ca. 60
mins for 1 wt. % MxG-CNC-SH (FIG. 154) was obtained at
both 80 and 150° C., which is at least twice as long as the
prior experiments. Application of higher contact pressure

during bonding with 30 wt. % MxG-CNC-SH showed no 2

change in the adhesive shear strength (2.46+0.26 MPa and
2.77%0.52 for 0.136 MPa and 0.0136 MPa contact pressure
respectively) (FIG. 16).

Based on these initial studies, lap shear tests for all
samples were conducted on the hydrophobic glass substrate
by bonding at 80 or 150° C. for 60 mins with a contact
pressure of 0.0136 MPa. FIG. 15(b) shows a general
decrease in adhesive shear strength with an increase in
MxG-CNC-SH content. Of the original composite samples,
the 1 wt. % showed the best adhesion so an additional
sample, 0.5 wt. % MxG-CNC-SH was prepared and studied.
As seen in FIG. 15(b), 0.5 wt. % MxG-CNC-SH shows
weaker adhesion to the hydrophobic substrate, suggesting
there is a balance between composite strength (CNCs con-
tent) and hydrophobicity (matrix content) of the adhesive to
ensure good adhesive bonding on the hydrophobic substrate.
Of course, it is important to note that the adhesive shear
strength on the hydrophobic glass is lower compared to the
adhesive shear strength on the hydrophilic glass and metal,
even for the 1 wt. % adhesive, (8.8+0.2 MPa, 10.7+1.4 MPa,
and 22.5+1.4 MPa for hydrophobic, metal, and hydrophilic
surfaces respectively). This is to be expected given the lower
surface energy of the hydrophobic glass. However, it is
worthwhile noting that compared to results of the related
non-composite polysulfides previously studied by Michal et
al.', an adhesive shear strength of ca. 9 MPa on the low
surface energy substrate is still better than shear strength
obtained with those adhesives on a high surface energy
substrate (ca. 6 MPa), highlighting the positive effect of
covalently incorporating CNCs into the polydisulfide net-
work.

TABLE 2

Surface Energy and the corresponding shear stress
with 30 wt. % MxG-CNC-SH of the different substrates
calculated using the OWRK equation

Surface Energy Shear Stress

Substrate (mJ/m?) (MPa)
Hydrophilic glass 109.9 505
Metal 60.3 23.3
Hydrophobic glass 19.2 2.8
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To better put the adhesive properties of this class of
materials in context, the adhesive shear strength was com-
pared to that of commercially available adhesives, namely:
LORD® 310A/B (epoxy based) adhesive and Gorilla Glue.
Lap shear joints were made by overlapping two metal
substrates bonded with the commercially available adhe-
sives applied onto a 36 mm’ area on the metal substrate,
followed by the application of 0.136 MPa of contact pres-
sure. Higher pressure (0.136 MPa) was used in order to
compare the highest adhesive shear strength of this disulfide
CNC adhesive to commercially available adhesives. The
LORD® 310A/B adhesive and Gorilla Glue were bonded at
room temperature for 24 h and 48 h, respectively (compared
to 30 min at 150° C. for 30 wt. % MxG-CNC-SH) following
conditions recommended by the manufacturer in order to
maximize their bonding strength. It is worth noting that in
order to maximize the bonding of Gorilla Glue 48 h was
required. Results showed the adhesive shear strength of 30
wt. % MxG-CNC-SH bonded to a metal substrate was much
better than the LORD® 310A/B adhesive and Gorilla Glue
(Table 3), although it is important to keep in mind that 30 wt.
% MxG-CNC-SH needs to be bonded at 150° C., which may
be limiting for some applications.

TABLE 3

Shear Stress and bonding conditions of commercially available
adhesives and polydisulfide network on a metal substrate
(contact pressure = 0.136 MPa for all adhesives).

Adhesive Shear Stress Bonding Bonding
Material (MPa) Time Temperatiire
230 62.1 £ 0.5 30 min 150° C.
LORD ® 310A/B 338 £ 19 24 h 25° C.
Gorilla Glue 44 £05 48 h 25° C.

To visually demonstrate the strength of 30 wt. % MxG-
CNC-SH adhesive, its ability to support different weights
were examined and it was found that a lap joint (using a 6x6
mm film of 30 wt. % MxG-CNC-SH bonding to metal
plates) could support a 25-pound (11 kg) dumbbell (FIG.
17).

In accordance with the patent statutes, the best mode and
preferred embodiment have been set forth; the scope of the
invention is not limited thereto, but rather by the scope of the
attached claims.
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What is claimed is:

1. An adhesive composition, comprising:

thiol functionalized semi-crystalline and/or amorphous

oligomers; and

thiol functionalized cellulose nanocrystals.

wherein upon oxidation the thiol functionalized semi-

crystalline and/or amorphous oligomers and the thiol
functionalized cellulose nanocrystals form a dynamic
polydisulfide network.

2. The adhesive composition according to claim 1,
wherein the thiol functionalized cellulose nanocrystals are
present in an amount from about 0.1 wt. % to about 50 wt.
%, and wherein the thiol functionalized semi-crystalline
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and/or amorphous oligomers are present in an amount from
about 50 wt. % to about 99.9 wt. %, based on the total weight
of the thiol functionalized cellulose nanocrystals and thiol
functionalized semi-crystalline and/or amorphous oligom-
ers.

3. The adhesive composition according to claim 2,
wherein the thiol functionalized cellulose nanocrystals are
present in an amount from about 0.25 wt. % to about 40 wt.
%, and wherein the thiol functionalized semi-crystalline
and/or amorphous oligomer is present in an amount from
about 60 wt. % to about 99.25 wt. %, based on the total
weight of the thiol functionalized cellulose nanocrystals and
thiol functionalized semi-crystalline and/or amorphous oli-
gomers.

4. The adhesive composition according to claim 3,
wherein the thiol functionalized cellulose nanocrystals are
present in an amount from about 0.5 wt. % to about 30 wt.
%, and wherein the thiol functionalized semi-crystalline
and/or amorphous oligomer is present in an amount from
about 70 wt. % to about 99.5 wt. %, based on the total weight
of the thiol functionalized cellulose nanocrystals and thiol
functionalized semi-crystalline and/or amorphous oligom-
ers.

5. The adhesive composition according to claim 1,
wherein the thiol functionalized semi-crystalline and/or
amorphous oligomers have a melting point or glass transi-
tion temperature between 20° C. and 150° C.

6. The adhesive composition according to claim 5,
wherein the thiol functionalized semi-crystalline and/or
amorphous oligomers have a melting point or glass transi-
tion temperature between 30° C. and 100° C.

7. The adhesive composition according to claim 6,
wherein the thiol functionalized semi-crystalline and/or
amorphous oligomers have a melting point or glass transi-
tion temperature between 40° C. and 80° C.

8. The adhesive composition according to claim 7,
wherein the thiol functionalized cellulose nanocrystals are
thiol functionalized Miscanthus x. Giganteus cellulose
nanocrystals.

9. The adhesive composition according to claim 1,
wherein the thiol functionalized cellulose nanocrystals are
thiol functionalized Miscanthus x. Giganteus cellulose
nanocrystals.

10. The adhesive composition according to claim 1,
wherein the adhesive composition includes the thiol func-
tionalized semi-crystalline oligomers, and wherein the thiol
functionalized semi-crystalline oligomers have a melting
point or glass transition temperature between 30° C. and
100° C.



