Silyl-Containin
Polyurethanes
that Selectively

Disassemble with

Fluoride Salts

By Erick B. lezzi, Eugene Camerino, Grant C. Daniels, and James H. Wynne
U.S. Naval Research Laboratory

Crosslinked networks, such as two-
component polyurethanes, are used

for numerous commercial applications
because of their unique mechanical, ther-
mal, and hydrocarbon resistant properties.
However, the covalently bonded link-

ages in these materials are irreversible,
which renders them difficult to degrade
and destroy unless hazardous chemi-

cals, mechanical abrasion, or thermal
treatments are employed. Many of these
treatments are labor-intensive, expen-
sive, or present environmental and health
concerns. To address these issues, we have
developed a novel silyl-based technology
that imparts degradable capabilities to
crosslinked polyurethane networks, such
as coatings. These silyl-containing poly-
urethanes are thermally stable and highly
crosslinked, yet they will disassemble on
demand via cascading bond cleavage when
exposed to a selective, mild, and environ-
mentally friendly fluoride salt solution.
Furthermore, these polyurethanes are
resistant to disassembly with strong acid
and base solutions, which demonstrates
their selectivity and robustness compared
to other degradable crosslinked networks.
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INTRODUCTION

rosslinked materials are formed
be the heat- or radiation-initiated

chemical reaction of molecules to
generate a permanent three-dimensional
(3D) network. Once formed, these mate-
rials are irreversible, cannot be solvated,
and cannot be heated and reformed.
Crosslinked networks are found in
numerous high-performance materials,
such coatings, composites, sealants, and
adhesives. For coatings, the crosslinked
network imparts unique properties, such
as hydrocarbon resistance, increased
thermal stability, and enhanced mechan-
ical properties. As a result, these coatings
are often used as topcoats on automobiles,
aircraft, marine vessels, and bridges, or
as anti-corrosive primers for pipe-
lines, water tanks, and oil platforms.
Although crosslinked coatings offer a
variety of properties to enhance longev-
ity and performance, they are simulta-
neously difficult to degrade and destroy
because of their complex network of
tangled polymeric chains and covalently
bonded linkages.

Methods of Coating
Degradation and Removal

Crosslinked coatings are currently
degraded and removed from substrates
using hazardous chemicals, abrasive
media, or thermally ablative treatments,
yet each of these methods has issues.
For example, the primer and topcoat on
U.S. Navy aircraft are often chemically
stripped with methylene chloride or
benzyl alcohol blends, which generate
large quantities of hazardous waste and
release substantial amounts of volatile
organic compounds (VOCs) into the air.
Methylene chloride strippers are the
least expensive and the most effective
method of chemically removing coat-
ings because they rapidly swell, soften,
and delaminate the crosslinked net-
works (Figure 1a).! However, methylene
chloride is considered to be extremely
toxic, resulting in numerous health
issues and even death due to asphyxi-
ation.? As a result, in March 2019, the
U.S. Environmental Protection Agency
(EPA) banned the sale of methylene
chloride paint removers to consumers,



although the agency continued to allow
its use in commercial applications

for the foreseeable future.’® Benzyl
alcohol strippers and blends thereof
are less hazardous than methylene
chloride, but they are slower acting and
require multiple treatments, resulting

in increased waste, reduced operational
readiness, and increased maintenance
costs. Furthermore, the use of acidic
benzyl alcohol strippers on DoD aircraft
is prohibited because they have been
shown to cause hydrogen embrittlement
of high-strength steel.*

Stripping of coatings via abrasive blast
media (e.g., steel shot, plastic aggregate)
or mechanical sanders requires special-
ized equipment, environmental contain-
ment, and generates hazardous airborne
particles (Figure 1b). Hand-sanding is
less expensive, but it is time-consuming

FIGURE 1—Removal of the crosslinked polyurethane coating on Navy aircraft using (a) a methylene chloride-based paint stripper and (b) mechanical sanders.
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and labor-intensive. Laser ablation,
which is a thermal treatment, generates
minimal waste and has proven to be

an efficient method for the de-painting
of U.S. Air Force aircraft.>® However,
lasers are expensive and require highly
trained individuals or robotics, and
coatings on complex geometries are
difficult to remove. Although our exam-
ples focus on military aerospace coat-
ings there are numerous non-military
markets where these coating removal
methods are utilized.

Chemically Degradable Networks

Commercial crosslinked coatings are
not designed to be chemically stripped
with a selective chemical, and there
are no examples in the literature that
describe a crosslinked coating being
selectively degraded and removed from
a substrate via a mild chemical treat-
ment at room temperature. Academic
research on the chemical degradation of
crosslinked networks, such as coatings,
has focused on developing materials
that possess cleavable bonds and link-
ages.” For instance, olefinic bonds in
epoxy-amine networks were cleaved
with potassium permanganate in acetic
acid, acetal groups in anhydride-cured
networks were cleaved by heating
with a solution of phosphoric acid, and
tertiary carbamate groups in epoxy-
amine networks were cleaved with
heated solutions of mineral acids.®’

In 2014, poly(hexahydrotriazine)
(PHT) networks formed from aromatic
diamines and paraformaldehyde under
thermal conditions were disassembled

by reversing to the diamines with a
solution of sulfuric acid.’® In all of
these cases, highly acidic (i.e., pH < 2)
conditions, and often elevated tempera-
tures, were required to initiate cleavage
of the covalent bonds and linkages.
Furthermore, none of these networks
possess properties (e.g., flexibility,
weatherability) that are typically

found in commercial coatings, let

alone properties that are necessary

for high-performance applications.

Degradable Silyl-Containing
Polyurethanes

The U.S. Naval Research Laboratory

has recently developed novel silyl-
containing crosslinked materials that
possess similar chemical linkages

and polymeric chains as those found

in commercial two-component (2K)
polyurethane coatings. However, unlike
commercial 2K polyurethanes, these
silyl-containing networks degrade in
multiple directions via cascading bond
cleavage when treated with a specific
chemical reagent. An increase in reaction
entropy assists with facilitating network
degradation, which results in the forma-
tion of smaller molecules than those used
to form the networks.""'? The concept is
akin to a house that is built from bricks
and cement yet degrades into powder
when exposed to rain droplets (Figure 2).
Herein, we discuss the synthesis, prop-
erties, and potential coating applications
of crosslinked silyl-containing polyure-
thanes that can be selectively disassem-
bled on demand with an environmentally
friendly fluoride salt.

FIGURE 2—lllustration of a brick house degrading into powder upon contact with rain droplets.
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EXPERIMENTAL PROCEDURES

Aliphatic silyl-centered diols and
triols were synthesized via multi-
step procedures. Non-extended chain
silyl-centered diols were synthesized
from diphenyldivinylsilane or dimeth-
yldivinylsilane via a hydroboration
reaction with 9-Borabicyclo[3.3.1]
nonane (9-BBN) in tetrahydrofu-
ran (THF), followed by an oxidative
work-up. Extended chain silyl-centered
diols, such as (dimethylsilanediyl)
bis(ethane-2,1-diyl) bis((2-hydroxyethyl)
(methyl)carbamate) (1) (Figure 3) and
(diphenylsilanediyl)bis(ethane-2,1-diyl)
bis((2-hydroxyethyl)(methyl)carba-
mate) (2), were synthesized from the
corresponding non-extended diols via
a two-step process. This consisted of a
carbonate intermediate that was formed
from reaction with N,N’-disuccinimidyl
carbonate (DSC) in acetonitrile, fol-
lowed by carbamate formation using
N-methylethanolamine in basic aceto-
nitrile. These procedures are discussed
in broader detail in the Supporting
Information of reference (12). Silyl triol,
2,2’,2”-(phenylsilanetriyDtris(ethan-
1-0l) (3), was synthesized via the hydro-
boration of phenyltrivinylsilane using
9-BBN in THF, followed by oxidative
work-up. Isocyanate-functional mole-
cules, such as the isocyanurate trimer
of hexamethylene-1,6-diisocyanate
(HDI) (5) and monomeric HDI (6), were
purchased from a commercial vendor
and used as received. The structure of
all synthesized molecules was con-
firmed via'H and ®C nuclear magnetic
resonance (NMR), Fourier transform
infrared (FTIR) spectroscopy, and high-
resolution mass spectrometry (HRMS).
Silyl-containing polyurethane networks
were formed by dissolving aliphatic iso-
cyanate 5 or 6 in THF in a round-bottom
flask, followed by the addition of silyl diol
or triol. The flask was then heated to 50°C
and stirred for one hour, then the mixture
was poured into a circular aluminum pan
and heated overnight at 60°C in an oven.
Silyl-containing polyurethanes based on
50/50 reactive equivalent blends of isocy-
anates 5 and 6 were also formed using this
procedure. Non-silyl-containing polyure-
thanes based on 1,5-pentanediol (4) and
these isocyanates were synthesized for use
as controls. All networks were about 2 mm
in thickness, which is substantially greater
than the thickness of 2-3 mils (ca. 50-75
microns) for most commercial topcoats.



The thermal properties of the silyl-
containing polyurethane networks were
determined using differential scanning
calorimetry (DSC) and thermograv-
imetric analysis (TGA), whereas the
surface and bulk chemistry were deter-
mined using attenuated total reflectance
infrared (ATR-IR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), and
several other analytical instruments.
The degree of crosslinking was deter-
mined by gel fraction calculations,
whereas the degree of network swelling
was determined using organic solvents
and water.

Network disassembly was facilitated
by immersing small pieces (i.e., 15 mm
width x 20 mm length x 2 mm thick) of
the silyl-containing polyurethane net-
works in a solution of tetrabutylammo-
nium fluoride (TBAF) or cesium fluoride
(CsF) in THF, acetone, or propylene
glycol monomethyl ether acetate (PM
Acetate) at room temperature. The solu-
tions were either static (i.e., non-stirred)
or dynamic (i.e., stirred with a magnetic
stir bar). The degree of network disas-
sembly was determined using ATR-IR,
DSC, and confocal microscopy, whereas
the small molecules formed during

FIGURE 3—Structures of silyl-centered diols, silyl-centered triol, and isocyanate crosslinkers used to form

crosslinked polyurethane networks.
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disassembly were determined using
thermogravimetric analysis/mass spec-
trometry (TGA-MS) and gas chromatog-
raphy/mass spectrometry (GC-MS).

RESULTS

Synthesized silyl-centered molecules
with varied compositions and electro-
philicity demonstrated the ability to dis-
assemble at different rates via cascading
bond cleavage when exposed to fluoride
ion,"* and we envisioned that function-
alizing these molecules with terminal
hydroxyl groups would enable the
formation of novel crosslinked networks
with selectively degradable capabilities.

Silyl-Containing Polyurethanes
and Characterization

Synthesized silyl diols 1 and 2 were used
to form silyl-containing polyurethane
networks 7 and 8, respectively, whereas
silyl triol 3 was used to form network 9
(Figure 4). The non-silyl-containing con-
trol (10) was formed from non-silyl diol
4. ATR-IR spectra showed that no isocy-
anate groups remained in the networks,
and XPS confirmed the presence of
silicon in polyurethanes 7, 8, and 9. The
gel fraction of all materials was greater
than 0.97, which is consistent for highly
crosslinked networks. Silyl-containing
polyurethanes 7 and 8 possessed glass
transition temperatures (T s) of 45.0°C
and 51.6°C, respectively, whereas net-
work 9 had a T of 61.2°C and the control
@0)hadaT of 40.7°C. The higher T

for polyurethane network 9 is likely due
to the shorter aliphatic chains lengths

FIGURE 4—lllustrations of silyl-containing and non-silyl-containing polyurethane networks, where the silicon atoms of the silyl-containing
polyurethanes are highlighted in red and the blue expansion boxes show a close-up of network aliphatic chains and carbamate linkages.

,-ﬂf'

N_o i Rt i oN HN\(O

N Si N
‘\( T \/\‘ T I YS! ‘/\/ T \;} o

° R=Me 7 ° H S ?
R=Ph 8 \{NTO\/\Si\/\OJ\H}&
o
9




between silicon and the carbamate
linkages, including the three crosslinks
per silyl molecule, whereas the control
likely demonstrated the lowest T, due
to its largely aliphatic chain structure
and lack of geminal methyl or phenyl
groups between the carbamate linkages.
All polyurethane networks had onset
degradation temperatures above 286°C,
which indicated good thermal stability.

Silyl-containing polyurethanes with
reduced crosslink density (11 and 12) were
synthesized from silyl diol 1 or 2 and a
50/50 reactive equivalent mixture of isocy-
anates 5 and 6. A non-silyl-containing con-
trol (13) was also synthesized for compar-
ison. Similar to networks 7, 8, and 9, these
polyurethanes showed no remaining isocy-
anate groups when tested via ATR-IR, and
the gel fraction of all networks was greater
than 0.98. However, the decreased cross-
link density for these networks resulted in
reduced glass transition temperatures, as the
Tgs for 11, 12, and 13 were 36.6°C, 43.4°C,
and 26.8°C, respectively. Similar to the net-
works with higher crosslinked density, the
control (13) possessed the lowest T, which
is likely the result of greater bond rotation
within the pentylene chains compared to
the silyl-containing chains of networks 11
and 12. Furthermore, the phenyl groups of
polyurethane 12 resulted in the highest T, of
the three because of reduced bond rotation
within the chains.

Exposure of Silyl-Containing
Polyurethanes to Fluoride Salts

Fluoride salts were chosen as the selec-
tive chemical stimuli to disassemble the
silyl-containing polyurethane networks
because of their mild reactivity and envi-
ronmentally friendly nature compared
to methylene chloride, strong acids,
strong bases, or other harsh chemicals.
Fluoride salts were also chosen because
of fluoride ion’s ability to form strong
covalent bonds with silicon, in addition
to fluoride ion’s inability to cleave linear
aliphatic carbamate groups at room
temperature.* As shown in Figure 5a, we
envisioned that reaction of fluoride ion
with a silyl-containing chain in net-
work 8 would cleave the Si-C bond and
initiate a cascading breakage of bonds
that would eliminate volatile ethylene
and carbon dioxide, including cyclic
molecule 3-methyloxazolidin-2-one, and
result in the generation of an aliphatic
amide ion. Not only would this reaction
break several covalent bonds within

the network, but it would also break the
carbamate linkages generated during
polyurethane network formation. For
network 9, reaction with fluoride ion
would cleave one of three Si-C bonds

to eliminate both ethylene and carbon
dioxide, resulting in an aliphatic amide
ion (Figure 5b). Amide ions formed

during disassembly would likely be
protonated via water or another proton
source to generate primary amines with
hydrocarbon chains. Figure 5¢ illus-
trates network 8 when partially disas-
sembled with fluoride ion, and where
a resulting byproduct of disassembly is
the aliphatic triamine 1,3,5-tris(6-ami-
nohexyl)-1,3,5-triazinane-2,4,6-trione.
Reaction of the remaining silyl groups
with additional fluoride ion would, in
theory, lead to disassembly of all remain-
ing chains in the network.

Immersion of silyl-containing networks
7,8, and 9 in static 1.0 M TBAF (THF)
for 24 h at room temperature resulted in
degradation for all materials, as indicated
by their decreased T (Table I). When

g

analyzed with ATR-IR, we observed the
formation of a new peak at 881 cm in all
networks, which is indicative of Si-F bond
formation resulting from the reaction of
fluoride ion with silyl groups. We also
observed a decrease in the amide I peak at
1676 cm™ and amide 1T peak at 1535 cm™,
as well as subsequent peak broadening in
the NH peak at 3338 cm™, which pro-
vided confirmation for loss of carbamate
groups. The mechanisms of disassembly
were confirmed via: (1) TGA-MS analysis,
which showed the loss of ethylene and
carbon dioxide, and (2) GC-MS analy-
sis of extracts from network 8, which
were found to contain cyclic molecule

FIGURE 5—Mechanisms of disassembly with fluoride ion for (a) silyl-containing polyurethane 8 and (b) silyl-containing polyurethane 9, and (c) illustration of partially disas-
sembled network 8, where green indicates activated (i.e., cleaved) silyl groups, red indicates non-activated silyl groups, and aliphatic amine trimers are shown as all black.
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3-methyloxazolidin-2-one. After 24
h, all networks were visually smaller

Silyl-Containing Polyurethanes

TABLE 1—Average T, of Networks After Static Inmersion in Solutions at Room Temperature

in size and less rigid when handled. . T, (°C) AFTER T, (°C) AFTER T, (°C) AFTER
Disassembly was not observed in the NETWORK INITIALT, (°C) 24HINTHF Z?B'LIF'}"IIH%)M w{.EBEAKFI('.:.ﬂF? L
polyurethane control (10).

Silyl-containing polyurethane 9 7 45.0 415 19 Disassembled
was found to coqlp.letely d%sas'semble 8 516 81 16 Disassembled
after 36 h of static immersion in 1.0 M
TBAF (THF), whereas five days of static 9 61.2 55.8 41 Disassembled
immersion were required to completely 10 (control) 407 2.0 ni 378
disassemble network 8. As shown in -

Figure 6, network 8 expanded and broke " 36.6 313 Disassembled N/A
into two pieces within three days of 172 43.4 453 Disassembled N/A
immersion in the fluoride salt solution,

then visually disappeared on day five. (i) A il s A

For comparison, when network 8 was
exposed to only THF for five days we
observed zero disassembly. The faster
disassembly for 9 is likely the result of
its network possessing more cleavable
bonds compared to 8, in addition to
providing a larger entropic increase

as disassembly occurs. Immersion of
network 8 in a dynamic solution of 1.0 M
TBAF (THF) led to complete disas-
sembly in less than 24 h, which can be
attributed to increased swelling of the
network, increased collisions between
fluoride ion and the silyl groups, and
increased mobility of the disassembled
molecules. As mentioned previously,
these networks were about 2 mm thick,
which is significantly thicker than most
commercial topcoats. Thus, it is believed
that thinner networks would disassem-
ble significantly faster when exposure to
fluoride salt solutions.

Alternative fluoride salts solutions,
such as TBAF in acetone and cesium flu-
oride (CsF) in THF, have also shown the
ability to disassemble these networks.
For example, silyl-containing polyure-

FIGURE 6—Time-lapse images of polyurethane 8 immersed in THF (top) and 1.0 M TBAF in THF (bottom) for five
days at room temperature. Polyurethane 8 was unaffected by the THF, yet completely disassembled within five
days of exposure in the fluoride salt solution. The networks are outlined in red for visual indication.
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TABLE 2—Average T, of Networks after Static Inmersion in Solutions of Acetone and PM Acetate

T, (°C) AFTER 24

INITIAL

T, (°C) AFTER ONE

T, (°C) AFTER 24
HIN 1.0 M TBAF

T, (°C) AFTER ONE

thane 9 commletelv disassembled within  TRGLLLL SRyt 1T EXT D17V 7 TR WEEK IN 1.0 M TBAF
three days 01?5 tatiz immersion in 1.0 L(0) (ACETONE) TBAF (ACETONE) (PM ACETATE) (PM ACETATE)
M TBAF (acetone), yet only partially n 36.6 Disassembled N/A -4.00 -121
disassembled upon static immersion in .

0.5 M CsF (THF) after one week. The L 4 ol Disassembled 3.98 3
decrease in T for 9 was only 10.4°C 13 (control) 26.8 16.8 15.3 24.6 20.0

after one week in CsF, which is probably
due to the reduced concentration of flu-

Silyl-containing polyurethane net-
works with reduced crosslink density
(11 and 12), including the non-silyl-
containing polyurethane control with
reduced crosslink density (13), were
exposed to static solutions of THF
and 1.0 M TBAF in THF, acetone, and
PM Acetate at room temperature.
Disassembly of 11 and 12 did not occur
in THF after 24 h, and their change
in T, was nominal (Table I). A similar

oride ion and cesium fluoride’s reduced
solubility in THF compared to TBAF. It
is worth mentioning that no disassembly
or change in chemical bonds for 8 and 9
was observed when immersed in static
1.0 M TBAF (aq.), 1.0 M HCI (aq.), and
1.0 M NaOH (aq.) solutions, thus demon-
strating that these silyl-containing net-
works possess high chemical stability
and robustness compared to previously
reported degradable networks.

change in T, was observed for the
control (13). However, when networks
11 and 12 were immersed in 1.0 M TBAF
(THF), they completely disassembled
within 24 h (Table 1). This was signifi-
cantly faster compared to networks 8
and 7, which required five days or more,
respectively, to completely disassem-
ble. Furthermore, as shown in Table 2,
immersion of 11 and 12 in 1.0 M TBAF
(acetone) resulted in disassembly within
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24 h to one week, whereas immersion in
1.0 M TBAF (PM Acetate) only resulted
in a decrease in T, after one week and
complete disassembly was not observed.
The slower time for disassembly in PM
Acetate compared to THF and acetone is
likely the result of PM Acetate’s reduced
ability to swell the polymeric chains

of the silyl-containing polyurethanes.
However, a longer time of exposure

in 1.0 TBAF (PM Acetate), or use of
dynamic conditions, would likely result
in complete disassembly of 11 and 12.
The purpose of evaluating acetone and
PM Acetate was to determine if solvents
more commonly found in paints and
coatings could be used for disassembly.

CONCLUSIONS

In this article, we demonstrate that
novel silyl-containing polyurethane net-
works can be synthesized and selectively
degraded on demand, via cascading bond
cleavage, using a fluoride salt solution at
room temperature. The silyl-containing
polyurethanes showed good thermal
stability with degradation beginning
around 290°C, which is typical for a
crosslinked polymeric coating. Exposure
of the silyl-containing polyurethanes

to THF, strong acid, and strong base
resulted in zero-to-minor changes

in chemical structure and thermal
properties, whereas changes were pro-
nounced when exposed to fluoride salts
in organic solvents. Silyl-containing
polyurethanes with reduced crosslink
density and glass transition temperature

were found to degrade more rapidly
upon exposure, which is likely the result
of fluoride ion’s ability to more easily
penetrate their networks as the outer
polymeric chains are disassembled.
This silyl-containing technology

has potential applications as high-
performance coatings that can be
selectively degraded and removed from
a substrate using an environmentally
friendly fluoride salt stripper, rather
than using hazardous chemical strip-
pers or abrasive materials.
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