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Diols prepared via solvent-free acetalisation of hydroxymethylfurfural with glycerol were incorporated as
additives into polyurethanes based on a bioderived polyether polyol. Moisture-cured as well as acrylate
cross-linked films of these PUs were prepared. Both materials displayed excellent thermal stability and
could be cleaved in acidic solutions. In particular the highly cross-linked film produced from the acrylate
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endcapped polyurethanes displayed a clear tuneability of the degradation behaviour according to the
amount of acetal additive incorporated. This system has the potential to be used for the selective debond-
ing of polyurethane-based adhesives at the end of their lifetime to facilitate the recycling of expensive
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Introduction

There are growing concerns about the accumulation of plastic
waste in the environment as well as the exhaustion of a range
of natural resources. EU directives such as the circular
economy action plan (The European Green Deal),! aim to
reduce the waste created by single use items and planned
obsolescence of consumer products, stress the right to repair
and promote recycling.

Polyurethanes (PUs) are one of the major classes of poly-
mers with a global production of over 22 million tons per
year.” They are used in many different areas, such as in the
automotive and construction industry in the form of soft and
rigid foams,? coatings and adhesives,* as well as in everyday
consumer objects like mattresses. PUs are formed by the reac-
tion of isocyanates with diols (hydroxy-terminated polyester or
polyether chains = polyols). Depending on the number of func-
tionalities of the two components, linear chains as well as
highly cross-linked networks are possible.’

While thermoplastic polymers can be recycled by physical
means such as repeat melt processing, this is not possible for
cross-linked thermoset materials like PUs.>” Recently, there
has been increasing research into the chemical recycling of
polymers.®® Due to the different types of monomers and lin-
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components and raw materials from complex devices such as consumer electronics.

kages in the cured product, the chemical recycling of PUs is
more difficult than that of simple polymers, and is currently
not practised. Nevertheless, some progress has been made in
the application of transcarbamoylation reactions with glycols
or alcohols, which break up PUs into soluble components that
can be reused.'®'" However, currently there are still issues to
be overcome, such as high reaction temperatures and the
lower quality of recovered monomers due to contamination
with the alcoholysing agents."?

One important area of application for PUs is in adhesives.*"?
The recycling of the PU adhesives itself is not important, as it
only makes up a very small amount of the total material com-
pared to the rest of the device (Fig. 1a). However, with more and
more devices made from a range of expensive and rare raw
materials being produced only for a very limited lifetime - such
as smartphones™® - it is of utmost importance to develop
adhesives that provide strong bonding when required, but
which can be easily debonded after the device’s lifetime has
come to an end to facilitate the separation and replacement as
well as subsequent recycling of components.'>*®

Stimuli-responsive polymers'” are an active field of
research, and especially in drug delivery,"® debonding on
demand has been researched for a while. Several strategies for
debonding and chemical recycling of thermosets have recently
been investigated,"® including light-, electricity- and heat-trig-
gered mechanisms, as well as physical debonding pathways,
such as the inclusion of particles, which can be heated or
expanded to break apart the two components.?® Other recent
work employed fluoride ions as the debonding stimulus for
adhesives,>" and PUs were cross-linked reversibly via a Diels-
Alder reaction between pendant furan rings and short chain
bismaleimide linkers,***® which can be reversed at higher
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Fig. 1 (a) Debonding of adhesives can enable the repair of devices by replacing broken parts and the recycling of expensive raw materials. (b) The
debonding mechanism proposed in this work: adhesives containing cross-linked PUs with acetal diol additives can be cleaved by acid and aqueous

solvent.

temperatures.>* Poly-hydroxyurethanes based on acetals with
reversible cross-linking under acidic conditions have also
recently been reported.>® Recently several publications have
demonstrated the use of bio-derived acetal diols as building
blocks for epoxy resins, PUs and polyesters, which can be
cleaved by the application of acid and solvents. Ma and co-
workers reported several epoxy coatings based on an acetal
diol synthesised from vanillin and pentaerythritol with
different amines.”®”” These thermoset materials could be
cleaved in acidic solutions of polar solvents. Very recently, the
same group synthesised an acetal diol of vanillin and glycerol,
which again was employed in an epoxy resin after derivatisa-
tion,® as well as incorporated into a PU-carbon fibre compo-
site.”* The materials could be cleaved in HCl in 9:1 v/v
acetone : H,O at 50 °C. Zhang and co-workers synthesised a
spiro acetal diol consisting of two molecules of 5-hydroxy-
methylfurfural (HMF) combined with pentaerythritol, which
they employed as a monomer in both polyesters and poly-
urethane-ureas.’® The degradation behaviour of these poly-
mers was not investigated.

PU based adhesives can be tuned to a wide variety of appli-
cations. In fact, many of the areas specifically targeted for
improvement in the European Green Deal, including consu-
mer electronics, automobiles and packaging, use PU based
adhesives."

The possibility of adding a general, acid-triggered debond-
ing-on-demand mechanism into existing materials and formu-
lations would therefore be of huge benefit for industrial appli-
cations. In the following, we investigate the use of an acetal
diol based on HMF and glycerol as an additive for this
purpose (Fig. 1).

HMF is a platform chemical, which can be obtained from
cellulose or sugars in the presence of an acidic catalyst.*!

958 | Green Chem., 2021, 23, 957-965

Glycerol is widely available as a side product from the pro-
duction of biodiesel from vegetable oils.*> The acetalisation of
furfural with glycerol has been reported by several groups
using a range of different acid catalysts.>® A patent from 2008
claims the selective formation of the dioxolane (5-membered
ring) isomer but the compound has not been commercia-
lised.*' In general it is known that glycerol acetals and ketals
always form a mixture of the dioxolane and dioxane pro-
ducts,** with some catalysts being able to efficiently provide
the kinetic dioxolane product before isomerisation occurs.
Recently, Arias et al. reported the synthesis of HMF-glycerol
acetals in excellent yield, as a mixture of four isomers, cis and
trans isomers of dioxolanes and dioxanes, using solid acid cat-
alysts at high dilution.>®

For the purpose of this study, velvetol, a commercially avail-
able polyether polyol based on bioderived 1,3-propanediol was
chosen as a model compound for the formation of PUs.*”
However, we envisage the use of the additive to be applicable
to a wide range of existing PUs to facilitate debonding.
Therefore, in contrast to work discussed above, the acetal diol
is added only in small amounts of up to 10 wt% of the polyol
fraction, so as not to change the properties of the existing PU.

Experimental

Materials

HMF was purchased from AVA-Biochem BSL AG and stored
under argon in the freezer. Glycerol (Alfa Aesar), MCM-41
(Sigma), isophorone diisocyanate (IDPI, Merck) and velvetol
H2700 (poly(1,3-propanediol), 2600-2800 g mol ™', OH number
41, Alessa) were used as received without further purification.

This journal is © The Royal Society of Chemistry 2021
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General method for the large scale synthesis of the mixture of
cis/trans-2-(5-(hydroxymethyl)furan-2-yl)-1,3-dioxan-5-ol and
cis-/trans-(5-(4-(hydroxymethyl)-1,3-dioxolan-2-yl)furan-2-yl)
methanol (acetal diols)

HMF (15.8 g, 0.125 mol) and glycerol (18.3 mL, 0.250 mol)
were stirred at 40 °C under vacuum (0.8-20 mbar) with 8 wt%
MCM-41 (1.26 g) until the HMF was mostly converted (depend-
ing on the vacuum 6-24 h). After this time, the reaction
mixture was dissolved in acetonitrile and the catalyst was
removed by filtration. The catalyst was washed with ACN and
EtOAc. The solvents were removed under reduced pressure and
if necessary, the residue was stirred in a saturated solution of
sodium bisulfite for 1.5 h to remove leftover HMF (this step is
only needed if all acetal isomers are to be purified). The
product was extracted from the aqueous phase with EtOAc four
times. After solvent removal, the crude product was dissolved
in DCM or EtOAc which led to the precipitation of one of the
isomers as a white solid. This isomer was separated by fil-
tration and the solvent was removed in vacuo. The remaining
three isomers were purified by column chromatography using
a gradient from 3:1 EtOAc: cyclohexane — 100% EtOAc as the
eluent. The isomers were recombined. Typical isolated yield:
56%.

Mixture of 4 isomers

"H NMR (300 MHz, DMSO-d;) 8y 6.48 (dd, J = 3.2, 0.4 Hz), 6.44
(dd, j = 3.2, 0.4 Hz), 6.38-6.33 (m), 6.29-6.22 (m) (2H), 5.90 (s),
5.79 (s), 5.57 (s), 5.44 (s) (1H), 5.23 (td, J = 5.8, 4.4 Hz, 1H),
4.98 (d, J = 4.2 Hz, 1H), 4.91 (td, J = 5.7, 3.0 Hz, 2H), 4.41-4.32
(m), 4.28-4.16 (m), 4.06-3.83 (m), 3.77 (dd, J = 7.9, 6.0 Hz),
3.71 (dd, J = 7.9, 6.2 Hz), 3.54-3.45 (m) (6H) ppm.

3C NMR (75 MHz, DMSO-dg) 8¢ 156.1 156, 155.1, 150.27,
150.1, 149.7, 109.9, 109.5, 107.9, 107.4, 107.3, 107.3, 97.2, 97.0,
94.8, 77.0, 76.3, 71.4, 71.1, 66.7, 66.4, 62.3, 61.7, 61.4, 55.7,
55.6 ppm.

ESI-MS (m/2): calculated for [M + Na]" = 223.0582, found:
223.0583.

GC (area) = 99.0%.

trans-2-(5-(Hydroxymethyl)furan-2-yl)-1,3-dioxan-5-ol (trans-
dioxane isomer) (1)

"H NMR (400 MHz, DMSO-d,) 8y 6.34 (d, J = 3.2 Hz, 1H), 6.23
(d, J = 3.2 Hz, 1H), 5.44 (s, 1H), 5.24 (dd, J = 6.7, 5.0 Hz, 2H),
4.34 (d, J = 5.5 Hz, 2H), 4.12-4.03 (m, 2H), 3.69 (tq, J = 9.8, 4.9
Hz, 1H), 3.48-3.39 (m, 2H) ppm.

3C NMR (75 MHz, DMSO-d,) ¢ 155.3, 149.6, 108.1, 107.3,
94.8, 71.4, 60.1, 55.6 ppm.

ESI-MS (m/z): calculated for [M + Na]': 200.0582, found:
223.0580.

ATR-FT-IR: 3214, 2970, 2938, 2873, 1405, 1255, 1002, 795.

Elemental analysis for CoH;,0s: expct, found: C: 54.00,
53.93; H: 6.04, 5.91.

Mp (DSC) = 104 °C.

This journal is © The Royal Society of Chemistry 2021
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Representative example of polyurethane synthesis type A
(synthesis of 2-5%)

Velvetol 2700 (32.3 g, OH number 41) was dried at 90 °C under
vacuum until there were no more bubbles visible (circa 1 h).
The oil bath was removed and 1 (1.7 g, 5 wt% of polyols) was
dissolved in anhydrous acetone and added to the velvetol
under nitrogen. Enough solvent was added to form a homo-
geneous mixture. When the mixture was cooled to about
50 °C, isophorone diisocyanate (6.29 g, 1.4 eq.) was added fol-
lowed by the catalyst (100 pl Borchi Kat 315). The progress of
the reaction was followed by titration of the NCO number and
terminated when the value was below 2%.

Representative example of polyurethane synthesis type B
(synthesis of 3-5%)

Velvetol 2700 (30.57 g, OH number 41) was dried at 90 °C
under vacuum until there were no more bubbles visible (circa
1 h). The oil bath was removed and 1 (1.61 g, 5 wt% of polyols)
was dissolved in anhydrous ethyl acetate and added to the vel-
vetol under nitrogen. Ethyl acetate was added to form a homo-
geneous mixture. When the mixture was cooled to about
50 °C, isophorone diisocyanate (5.97 g, 1.4 eq.) was added fol-
lowed by the catalyst (300 pl Borchi Kat 315) and the reaction
was performed at 70 °C. The progress of the reaction was fol-
lowed by titration of the NCO number until the value was
below 2%. 4-Hydroxybutylacrylate (2.20 g, 0.015 mol) was
added together with 100 pl Borchi Kat 315. The reaction was
again followed by the NCO number until it was 0.03%, at
which point the reaction was terminated and the solution was
stored like this for further use.

Polyurethane films

For the moisture-cured type A films 4, each prepolymer 2
(7.0 g) was dissolved in EtOAc (23 g) at room temperature and
poured into a Teflon bowl. These were left in air for 14 days
while the solvent evaporated, and cross-linking was achieved
by reaction with moisture from the air. To ensure complete
reaction of all NCO groups, the dishes with 4-0% and 4-5%
were kept in a high moisture oven as preliminary experiments
showed that curing took longer.

For the acrylate cross-linked films 5 (type B) the PUs 3 (7 g)
were dissolved in EtOAc (23 g) if not in solution already and
2 wt% (0.14 g) of TPO-L photoinitiator (ethyl(2,4,6-trimethyl-
benzoyl) phenyl phosphinate) was added. The films were
poured into Teflon dishes and the solvent evaporated in the
dark at 40 °C overnight. Then the films were cured by
irradiation with 365 nm LED light in an LED oven for
1 minute.

NMR degradation experiment

To follow the degradation of the PUs by NMR, a sample of the
PU was dissolved in 0.5 mL acetone-dgs in an NMR tube. After a
spectrum was measured, 4.6 pL of conc. HCI was added and
NMR spectra were recorded with one-minute intervals for
15 minutes.

Green Chem., 2021, 23, 957-965 | 959
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Film degradation experiments

Pieces of roughly equal thickness and size were cut from the
six PU films and submerged in glass sample vials in solutions
of NaOH, HCI, acetic acid of different concentrations (0.1, 1
and 5 M) in water, as well as a solution of HCl which was
topped up to the required volume with an 8:2 mixture of
EtOH : H,O at the same concentrations. Pure water was added
as a control. The samples were stored at room temperature
and inspected visually over a period of 14 days. Then samples
were prepared in the same way of the films 5 in 5 M concen-
trations of HCI, acetic acid (AcOH), and HCI in EtOH:H,O
and heated to 50 °C for a period of 1 week. The experiments in
5 M HCI in EtOH/H,0 were performed in duplicate. A sample
of similar thickness and weight (87-89 mg) was dissolved in
3 mL of the 5 M HCl in 8:2 EtOH : H,O solution and heated at
50 °C using a metal heating block on a hotplate until the solu-
tion was homogeneous by eye.

Afterwards, a sample was taken, and the liquid was evapor-
ated to dryness on the rotavap. The residue was redissolved in
THF for APC-GPC analysis.

Results and discussion
Synthesis of the acetal diol

As the high catalyst loading and high dilution employed in the
report of Arias et al.>® are neither practical nor sustainable for
large-scale synthesis, we decided to screen for a more scalable
synthetic method (Table 1). In our catalyst testing, a commer-
cially available version of MCM-41 performed best, although
even under the same conditions as previously published, the
highest yield we could achieve was 65% (Table 1, entry 1). This
may be due to the higher Si:Al ratio (40 vs. 15) and hence

Table 1 Catalyst and reaction conditions screen

Cat. Yield

loading Temperature  (conv.)
Entry  Catalyst [wt%] Solvent [°C] [%]
14 MCM-41 20 TFT/ACN 95 65 (72)
2 MCM-41 20 Neat 40 34 (88)
3 MCM-41 10 Neat 40 33 (90)
4 MCM-41 5 Neat 40 30(78)
5 MCM-41 10 Neat 60 23 (98)
6 M K10 5 Neat 40 17 (98)
7° PTSA 1mol%  Neat 40 — (100)
8 H;PO, 5mol%  Neat 40 25 (85)
97 H,PO, 5mol%  TFT/ACN 95 — (44)
10° MCM-41 8 Neat 40 56 (78)
11° MCM-41 5 Neat 40 49 (nr)?

Reaction conditions: Unless otherwise stated: 10 mmol HMF, 20 mmol
glycerol, reduced pressure (0.8 mbar), 6 h. “1:1 mixture of trifluoroto-
luene and acetonitrile, Dean-Stark, 24 h. ”Stopped after 1 h due to
degradation of HMF to humins. ‘Scale up (30 g) using mechanical
stirrer. ¢ nr = not recorded.

960 | Green Chem., 2021, 23, 957-965
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lower acidity of the commercially available MCM-41 catalyst
compared to the one used by Arias et al., which they prepared
themselves. Performing the reaction in the melt with one equi-
valent excess of glycerol allowed the reaction to proceed with
lower catalyst loading and at a much lower temperature of
40 °C (entries 2-4). Decreasing the catalyst loading by half
from 20 to 10 wt% had a negligible effect on the yield (34 vs.
33%), while decreasing it further to 5 wt% lowered the yield to
30% (entry 4). Increasing the temperature to 60 °C gave a lower
yield of 23% at nearly full conversion (entry 5). This is most
probably due to the formation of humins from HMF in contact
with the acid catalyst, a well know problem. While in other
acetalisation reactions strong acid catalysts can be used
without any problem, HMF only tolerates weakly acidic cata-
lysts. Using the stronger heterogeneous acid catalyst
Montmorillonite K10 (M K10) reduced the yield to only 17% at
near complete conversion (entry 6) and using 1 mol% para-
toluenesulfonic acid (PTSA) led to the immediate degradation
of HMF under melt conditions (entry 7). Phosphoric acid, a
medium strength homogeneous acid gave a lower yield of only
25% with a lot of degradation (entry 8). It was therefore also
tested under Dean-Stark conditions as the higher dilution in
organic solvents suppresses humins formation somewhat.
However, use of phosphoric acid gave no desired product
under these conditions (entry 9). It was mentioned by Arias
et al. previously that the stirring rate has a large effect on the
yield of the reaction as glycerol tends to adsorb to the cata-
lyst.** Under melt conditions at larger scale, magnetic stirring
is in fact not possible anymore, due to the high viscosity of the
reaction mixture.

We therefore switched to mechanical stirring and found
that the yield of the reaction changed quite drastically (entries
10 and 11). The yield increased from 33% to 55% and the con-
version decreased slightly to 78% (entry 10). It appears that at
larger scale the formation of humins is slowed down.
Combined with the better mass transfer due to the mechanical
stirring this is probably responsible for the higher yield. In
most cases the reaction was performed for 6 h or overnight,
with not much difference in yield. Conversion could be
pushed to nearly 100% by leaving the reaction to run for
longer time but with no increase in the yield of the desired
products. It is possible that the yield can be increased with a
better vacuum and therefore more efficient removal of water
from the reaction, however, this was not possible with our set
up. The catalyst was reused after thorough washing with ACN
and ethyl acetate several times during scale up of the product
with no significant change in yield (data not shown). Overall,
we adhered to the principles of green chemistry by performing
the synthesis in neat conditions, with a heterogeneous, easily
reusable catalyst, and using the benign solvent ethyl acetate
for workup as well as for the synthesis of the PUs.

The product of this reaction exists as four isomers, the
dioxane and dioxolane products, each of which have cis and
trans isomers. On workup of the reaction we discovered that
one of the isomers is a crystalline solid, while the other three
are viscous yellow oils at room temperature. Following the

This journal is © The Royal Society of Chemistry 2021
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scaled-up reaction by "H NMR (with a slightly lower vacuum of
20 mbar to slow down the reaction) showed that in the begin-
ning there is a higher amount of the kinetic product, the diox-
olanes, formed in nearly 50:50 cis:¢rans ratio. The ratio
between the isomers changes over time in favour of the diox-
anes (Fig. 2). This can be followed easily via the acetal peaks of
the four isomers in the "H-NMR spectrum.

The crystalline isomer (1) with a C-H peak at 5.45 ppm
forms in the highest yield over time. After 2.5 days 70% of
acetals are in the form of the crystalline isomer. It was isolated
with an average overall yield of 54% from this mixture. Full
NMR spectra of the different isomers are presented in the ESI
(chapter S5).f Single crystal X-ray crystallography of 1 con-
firmed that it is the trans-dioxane isomer.>” The molecular
structure is shown in Fig. 3 and the crystallographic data are
given in chapter S6, ESL{ It was found that on prolonged
storage the three non-crystalline isomers partially hydrolyse
and isomerise to the crystalline isomer. The latter is more
resistant to hydrolysis. In the recently published paper on
vanillin glycerol acetals,”® the authors found that it was poss-
ible to force the formation of the crystalline dioxane acetal
from vanillin and glycerol by the use of only a small excess of

H,

) Jl

75
1 (ppm)

Fig. 2 Crude 'H NMR spectra of the reaction between HMF and gly-
cerol after 1, 2, and 2.5 days at 40 °C and 20 mbar (on average). Singlet
peaks between 6.0 and 5.4 ppm correspond to the C—H peaks of the
four isomers. From left to right: Dioxolanes, cis-dioxane, trans-dioxane.
The decrease of the HMF peaks during the reaction is also visible, e.g.
aldehyde peak at 9.55 ppm.

Fig. 3 Displacement ellipsoid plot (50% probability level) of 1.

This journal is © The Royal Society of Chemistry 2021
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glycerol, which was rationalised by the fact that the crystalline
isomer is less soluble in the glycerol and hence precipitates
out. We also performed the synthesis with more and less
equivalents of glycerol. However, in our case reducing the
amount of glycerol to 1.5 equivalents led to a reduced yield of
49%, probably due to increased degradation of HMF caused by
the higher concentration of HMF and acid, while a higher
amount of glycerol (3 eq.) led to a reduced yield of 35% under
the same conditions, probably due to the glycerol coating the
catalyst and forming a gooey solid, preventing access for the
HMEF. We then also attempted to use a larger excess of glycerol
(6 equivalents) as the solvent and performed the reaction at a
higher temperature of 80 °C. While this prevented degradation
of HMF to some extent, the reaction was also slower and there
was no significant effect on the yield.

Due to its crystallinity, 1 can be easily separated from the
mixture by crystallisation/precipitation. The other isomers are
more difficult to separate, however it is possible to collect the
pure cis-dioxane and the mixture of the two dioxolane isomers
by column chromatography (see ESI S5t for NMRs). As the
crystalline isomer is the main product of the reaction and also
much easier to separate on a large, we decided to use it for the
purpose of this study. However, the dioxane isomer contains a
primary and a secondary alcohol group, while the dioxolanes
have two primary -OH groups, which would be expected to
react faster. To assess the difference in reactivities, we per-
formed a kinetics study with a monofunctional isocyanate.
The rate of reaction of 1 and the mixture of acetals remaining
after crystallisation was compared via NMR (see ESIT chapter
S3 for details). The reaction was slightly faster for the dioxo-
lane-enriched mixture of acetals. This is expected due to the
higher ratio of primary to secondary hydroxyl groups. However,
the difference in rate was only small, so that the reaction was
deemed fast enough to proceed with 1. Interestingly, there was
no difference in reactivity of the primary and secondary
alcohol detectable by monitoring the reaction with "H-NMR
(the primary alcohol group did not react first selectively).

Polyurethanes

For real life debonding applications, a small amount of acetal
diol used as debonding trigger would be mixed into existing
adhesive blends so as not to change the properties of the
material too much. We therefore investigated two types of poly-
urethanes (PUs) with 0, 5 and 10 wt% of the polyol component
exchanged for 1.

The commercially available bio-derived polyether polyol vel-
vetol was chosen as the polyol component for our model
system. It was chosen for its superior hydrolytic stability com-
pared to polyesters. In the first instance, we attempted to syn-
thesise PUs with velvetol H2000. However, excessive gelling
during and after the reaction made this impractical. We there-
fore switched to the highest available molecular weight, velve-
tol H2700. It still caused some issues with gelling, which could
be suppressed by synthesising and storing the PU in ethyl
acetate up until the pouring of the films. Gelling is assumed to
be due to the slow crystallisation of the polyether chains. In
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commercial non-bio-derived polyethers there is always a
mixture of PEG and PPG components, which inhibits this crys-
tallisation. Two types of polyurethanes were synthesised
(Scheme 1). For type A, velvetol with 0, 5 or 10 wt% of 1 was
reacted with an excess of isophorone diisocyanate (IPDI) to
give NCO-terminated prepolymers (2).

These PUs were then crosslinked by moisture curing for 14
days in air and/or a moisture cabinet where necessary to give
urea-linked films 4. The type B series (3) was additionally end
capped with 4-hydroxybutyl acrylate (4HBA) and cured radically
under UV light using a photoinitiator (TPO-L, ethyl (2,4,6-tri-
methylbenzoyl) phenyl phosphinate) to give highly cross-
linked films 5.

The PUs and films were analysed by NMR, IR, GPC, DSC
and TGA. NMR spectra of the PUs before curing clearly show
the incorporation of the acetal diol into the chain (ESI, S77).
IR analysis before and after curing confirmed the full conver-
sion of NCO groups in type A by the complete disappearance
of the N=C stretch at just below 2300 cm™" (ESI, S7.27).

Thermal properties of the films were analysed by DSC and
TGA (Fig. 4). As can be seen from Fig. 4a, the incorporation of
the acetal diol into the PU chains in 4 suppressed the crystalli-
sation of the velvetol segments, which is clearly visible in the
sample without acetal additive (4-0%) on first heating (for the
thermal analysis of pure velvetol see S10, ESIf). Apart from
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Fig. 4 Thermal properties of PU films. (a) DSC and TGA of type A (4),
(b) DSC and TGA traces of type B (5).

Table 2 Degradation temperatures for PU films at 5% weight loss

Sample® T deg (5%) [°C]
4-0% 299
4-5% 285
4-10% 277
5-0% 329
5-5% 284
5-10% 268

“The first number refers to the type of PU; the second number to the
percentage of acetal incorporated.

that, all other films show no phase transitions between 55 and
120 °C, indicating that the material is an amorphous solid in
this temperature range. TGA analysis shows a slight decrease
of thermal stability with increasing acetal content. The temp-
eratures at 5% weight loss are given in Table 2. However, the
thermal stability of the films is still very high for PUs. Even
with 10% acetal diol added it is above 260 °C, confirming that
the PUs are stable enough for a wide range of applications.

Degradation experiments

To confirm the hypothesis that the acetal diol could be
debonded by acid, we first studied the degradation of acrylate-
endcapped PU 3-10% by NMR over time. Initially we added a
0.1 M HCI solution in D,O to the NMR sample, aiming to see
the dissolution of fragments over time. However, the PU was
too hydrophobic and floated on top of the solvent. No peaks
were visible over a time scale of 10 minutes. Next, we used
0.1 M HCI in acetone-ds. The result is shown in Fig. 5. NMR
spectra were recorded in one-minute intervals. Already during
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Fig. 5 'H NMR degradation study of 3-10% over time in 0.1 M HCl in
acetone showing the disappearance of the acetal peak at 5.55 ppm over
time and appearance of the HMF aldehyde peak.

the two minutes it took to set up the experiment, the degra-
dation started. After 15 minutes the acetal C-H peak had com-
pletely disappeared, while the HMF peaks grew visibly larger
over time.

Following these encouraging results, we tested the hydro-
lysis behaviour of the cured PU films under different debond-
ing conditions. The films were cut into strips and submerged
in solutions containing NaOH, HCl, AcOH or HCl in 8:2 (v/v)
EtOH : H,O at different concentrations (0.1, 1 and 5 M), as well
as pure water, and inspected visually over a period of 14 days
at room temperature (see ESI S47 for photos). Additionally, the
acrylate end-capped films were analysed in the 5 M acidic solu-
tions at 50 °C. The films that visually ‘dissolved’ and those
that were close to it were analysed by GPC. As expected, there
was no change in the films’ structure for the samples in water
and in basic solutions over the period of 14 days, demonstrat-
ing that the PUs are stable towards these conditions. Type A
moisture-cured PUs 4 ‘dissolved’ in both 5 M aqueous HCI as
well as in ethanolic HCI at all three concentrations within one
day. There was no visible difference between the 0% and the
acetal containing films, which shows that the bonds in these
films are quite sensitive to acidic treatment and it is not
necessary to include the acetal diol for debonding. Photos of
all room temperature hydrolysis experiments can be found in
the ESI.{ In acetic acid the type A PUs only dissolved in the 5
M solution after 6 days. For the type B acrylate cross-linked
films 5 the situation was quite different. These films proved to
be very resistant to the aqueous acid treatment. Even in 5 M
HCI no visible changes occurred in the film apart from a dar-
kening in colour in the acetal containing samples. The results
show how resistant these films are to degradation. The hydro-
phobic aliphatic backbone chains are likely to reduce the wett-
ability of these materials compared to the polar urea linkages
in the type A films, so that the aqueous acid cannot attack the
polyurethane crosslinkers. However, the development of yellow
to brown colour could be an indication of the formation and
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subsequent degradation of HMF. In 5 M HCI in 8: 2 ethanol:
water the films swelled a lot but did not disintegrate. Only the
10% acetal diol containing film 5-10% fully dissolved after 14
days at room temperature (Fig. 6a). Following on from this
positive result, the three acrylate films 5 were retested in the 5
M acidic solutions at 50 °C. For the ethanolic HCI solution,
the experiment was performed in duplicate. The results are
shown in Fig. 6b and S4.2, ESL.} In each case 5-10% dissolved
completely after 17 h, and 5-5% after 67 h-87 h depending on
the size of film used. The 0% sample dissolved after 4-7 days
at 50 °C. In 5 M aqueous HCI there was no dissolution at 50 °C
after one week, again indicating that the organic solvent is
necessary to swell the fairly hydrophobic films before the acid
can attack the acetal bonds (ESI, S4.27).

To confirm full degradation of the dissolved films, GPC was
measured for the samples of the fully ‘dissolved’ films, i.e.
5-0%, 5-5%, 5-10% after the 5 M HCl/ethanol treatment at
50 °C and 5-10% after the same treatment at room tempera-
ture. The results are shown in Table 3. As it is not possible to
dissolve the cross-linked films 5 in THF in order to measure
GPC, the molecular weight of the end-capped PUs 3 are given
as a comparison. The GPC results confirm the hydrolysis of

14d 5-0% before and after 14 d

N”
b) 50°C
5-0% 5-5% 5-10%
7y -a /' ’ 5-5% after 87 h
s =g
start /
- s Saw S
nrr ‘
-
168 h

Fig. 6 PU samples before and after degradation test in 5 M HCl in 8:2
(v/v) ethanol: H,O. (a) Room temperature (b) 50 °C.

Table 3 GPC data of the PUs 3 before film casting and 5 after acid
treatment

Sample M, M, MP PDI
3-0%" 24 000 11700 25 000 2.1
5-0% (50 °C)” 16 900 3000 17 900 5.6
3-5%" 21500 11 000 22200 2.0
5-5% (50 °C)” 11 000 2400 11 000 4.6
3-10%" 25 600 13 000 24100 2.0
5-10% (50 °C)” 6400 1300 8300 4.9
5-10% (rt)” 6700 1300 8400 5.1

“Values taken from the main molecular weight peak of the PUs, which
was in each case >90 area%. ” After hydrolysis at the indicated tempera-
ture in 5 M HCl in 8: 2 ethanol : H,O.
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the films into smaller segments. Although 5-0% eventually dis-
solved after one week, the fragments are larger than those for
the acetal containing films 5-5% and 5-10%, indicating
that acid-catalysed cleavage happens faster at the acetal moi-
eties, while the urethane bonds react much slower. The values
for the degraded film 5-10% are very similar for the experiment
at room temperature and at 50 °C, indicating that the same
reactions are taking place. IR spectra of the films 5 were com-
pared to spectra of the degradation products (ESI, S8f). In
samples 5-5% and 5-10% there is a peak at around 1045 cm™*,
which is not present in film 5-0%. It is assigned to the C-O
stretch of the acetal. After cleavage, this peak appears less pro-
nounced in samples 5-5% and 5-10%, indicating that the
acetal is cleaved. These data are in agreement with the recently
published results on acetal containing epoxy coatings,>®*”
which required 9:1 (v/v) acetone: H,O at 50 °C to cleave the
material. In general, the stability of material 5-0% to weak
aqueous acid and acetic acid is a useful property, since it
excludes premature degradation during use. Addition of just
10% of the acetal trigger with respect to the polyol segment
already resulted in a full degradation within 17 h. It is impor-
tant to stress that these results have not been optimised for
the organic solvent and a more polar solvent may cause an
even faster degradation. Likewise, a slight increase in the
amount of acetal trigger could speed up the degradation rate
where needed.

Conclusions

We have demonstrated the incorporation of bio-derived HMF-
glycerol acetal diols into polyurethanes as part of the polyol
segment. Using a bio-derived polyether polyol, two types of
PUs were synthesised and films containing 0, 5 and 10% of
acetal diol were produced. The acetal diol was shown to be
easily cleavable in acidic organic medium in less than 15 min
at room temperature. The films containing the acetal diol
additive were confirmed to have similar properties to the
acetal-free PUs by DSC and TGA. Acidic treatment of the PU
films led to very fast hydrolysis and dissolution of all urea
cross-linked films. More interestingly, addition of only 5 wt%
of acetal diol led to the disintegration of an acrylate cross-
linked PU at 50° C in 5 M HCI in 8:2 EtOH/H,0. 10 wt% of
acetal diol led to a reduction of the time it took for disinte-
gration by more than half. These results demonstrate that the
HMF-glycerol acetal diol can be used as an acid-labile degra-
dation trigger in PU formulations. The additive can be used in
low enough percentages, which are not expected to interfere
with the material properties of the formulations. While we
focused on the one crystalline isomer for the purpose of this
study, the mixture of isomers could also be used in formu-
lations that require additives with lower melting points or
lower crystallinity. The more random structure generated by
the mixture of isomers would help to prevent unwanted crys-
tallisation, making this additive applicable to a range of
different PUs. This system could find application in the
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debonding of adhesives after a device’s lifetime for the facile
recycling or exchange of components.

Abbreviations

ACN Acetonitrile
AcOH Acetic acid

DCM  Dichloromethane
EtOAc Ethyl acetate
EtOH Ethanol
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