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The increasing demand for bioderived plastics and rubbers and the large supply of glycerol makes it an
excellent starting chemical for the production of biopolymers. Little success in commercially viable gly-
cerol polymers has yet to be realized. In particular, high molecular weight thermoplastics have been
especially elusive due to the multifunctional nature of glycerol. This work details the production of gly-
cerol-acrylic biopolymers. By esterifying glycerol with acrylic acid, and subsequent RAFT polymerization
to suppress the gelation, we were able to achieve glycerol thermoplastics with high molecular weights (1
MDa). After studying the thermal/mechanical properties of the polymer, it was found that these glycerol
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polymers had a high degree of tack. When added to wood as an adhesive, it was found that performance
was comparable or exceeded standard wood adhesives such as Poly (Methylene diphenyl diisocyanate)
(PMDI) and formaldehyde based adhesives. This yields wood adhesives that have less toxicity, lower
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1. Introduction

The long-term supply prospects, volatile pricing and environ-
mental impacts associated with the use of petroleum-based
fuels has placed great pressure on both producers and consu-
mers to find greener alternatives. This has led to concerted
efforts in industry and academia to develop new bio-based
fuels;' ™ conversion is not 100% efficient and thus the utility
of byproducts must be considered in holistic life cycle and
technoeconomic assessments. If byproducts are not valorized,
the high-volume and low-value nature of fuels markets make
the economics of biofuels less appealing. However, if high-
value/high-volume materials such as polymers can be devel-
oped from these byproducts, the economics improve dramati-
cally. The growth of the biodiesel industry, for example, has
led to an abundance of crude glycerol available at prices as low
as $0.10 per pound. Crude glycerol, comprised of roughly
20% water, soot, alcohols and other organics requires exten-
sive refining to be suitable for most commercial uses.
Unfortunately, refinement quickly erodes any cost advantage
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environmental impact, and higher renewability.

and therefore the demand for crude glycerol remains dwarfed
by its supply. Thus, crude glycerol is currently one of the
cheapest and most readily available biorenewable feed-
stocks.*”® Accordingly, there is a significant economic opportu-
nity for high-volume end use applications that can tolerate its
low quality. Polymers and adhesives are particularly attractive
market segments since high purity materials are often
unnecessary for industrial uses. Glycerol has several attractive
features that make it an interesting monomer precursor. Its
three hydroxyl groups can be differentiated in countless ways
through various chemistries to achieve new function and pro-
perties. For example, by taking advantage of glycerol’s multi-
functionality, its solubility can be readily tailored from its
native hydrophilicity. Moreover, glycerol has a very low vola-
tility, is non-flammable, and has a very low environmental and
personal toxicity. Additionally, the atom economy of reactions
of glycerol tend to be high with water being the most common
byproduct. Because of these benefits, there have been many
recent studies on glycerol derived polymers.

Polymers derived from the polycondensation of glycerol
have been extensively studied. For example, glycerol can be
self-polymerized at elevated temperatures in the presence of a
catalyst to produce oligomeric or crosslinked hyperbranched
poly(glycerol).””® Diacids such as sebacic acid can be used to
make low molecular polymers as is demonstrated in the work
done by Wang et al.’ Cai et al. describe a poly(glycerol seba-
cate) that is cured to produce a thermoset shape-memory
material.'® Glycerol polycondensates reported to date face
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several barriers to widespread commercial applicability; they
are either oligomeric/low-molecular-weight, crosslinked, and/
or produced with resource-intensive techniques like protecting
groups. Higher molecular weights are necessary to achieve the
requisite thermal and mechanical properties desired for most
applications.

Radical polymerization has also been used to produce gly-
cerol derived polymers. Whittaker et al. and Zhang et al. syn-
thesized poly(1-glycerol acrylate) by acrylation of solketal and
cleavage of the acetal groups to yield the strictly monofunc-
tional 1-glycerol acrylate monomer; subsequent radical
polymerization then readily afforded linear high molecular
weight polymers.'"'> However, the monomer synthesis
requires refined glycerol, takes multiple steps, uses volatile
organic solvents and involves intensive purification. While
these requirements may be acceptable for extremely high-value
applications like biomedical materials, 1-glycerol acrylate may
not be considered “green” and would moreover be too costly
for most industrial end-uses.

To meet the challenges of environmental responsibility,
cost-effectiveness and utility, we report the discovery of a
family of hyperbranched thermoplastic acrylic polymers pro-
duced from unpurified mixtures of glycerol multiacrylates
formed through a simple non-exothermic, non-pressurized,
esterification process (see Scheme 1). By polymerizing these
mixtures directly without further purification, the process
avoids separations costs and supports a dramatically higher
yield of useable end product. The resultant poly(acrylated gly-
cerol) (PAG) polymers range from hydrophobic to hydrophilic,
have glass transition temperatures (7,) ranging from —40 °C to
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Scheme 1 Simplified synthetic route to produce PAG from crude gly-
cerol. Esterification of crude glycerol yields 1-glycerol acrylate in
addition to several other polymerizable species as quantified by GCMS
(Fig. 1). The mixture of monomers is directly polymerized via RAFT using
a chain transfer agent (CTA) and radical initiator (azobisisobutyronitrile,
AIBN) to thermoplastic branched chain polymers.
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10 °C, and vary from brittle solids to soft elastomers. We have
discovered that the glycerol multiacrylate monomer can be pro-
duced directly from crude glycerol, and that for certain high
volume end-uses the resultant polymers can be used directly
with only a single precipitation/re-dissolution step. This sig-
nificantly improves the economics and reduces barriers to
market entry for any product formulated from this polymer.
While the bulk of this work has focused on methanol/isopro-
panol as our solvent/precipitation media, we have also demon-
strated the ability to polymerize in water. Further optimization
of this aqueous polymerization method, coupled with the com-
mercial production of bio-based acrylic acid by companies
such as ADM and Cargill, could allow PAG to be produced
from solely bioderived feedstocks with minimal processing for
water-based applications. Herein we detail the synthesis of the
glycerol multiacrylate monomers and subsequent reversible
addition-fragmentation chain transfer (RAFT) polymerization
to high molecular weight (up to 1 MDa) with suppressed
macro-gelation. The thermal, mechanical, chemical, and solu-
bility properties of PAG are explored. Finally, an exemplary
application of PAG as a wood adhesive is described.

2. Results and discussion

Tables 1 and 2 summarize the monomers and polymers we
prepared for this study. Acrylated glycerol monomers are
denoted as AG,, where x indicates the stoichiometic ratio of
acrylic acid : glycerol in the esterification step. PAG polymers
are designated PAG,-Y, where Y indicates low (A), medium (B),
or high (C) molecular weight.

Glycerol multiacrylate monomers were prepared through
Fisher esterification without solvent simply by combining
crude- or anyalytical-grade glycerol and acrylic acid with cata-
lyst and radical inhibitor as illustrated in Scheme 1.
Triphenylphosphine (TPP), a base catalyst, and p-toluenesulfo-
nic acid (TSA) were evaluated as catalysts. Table 1 indicates the
feed ratios for each monomer entry. Reaction progress (X) was
monitored through the change in "H-NMR chemical shift of
the alkene signal from § = 5.8 ppm for acrylic acid to § =
5.95 ppm for acrylates (see Fig. S1t). The reaction establishes
equilibrium due to the accumulation of water; this was estab-
lished in about 2 h for TSA catalyzed reactions with a limiting

Table 1 Monomer reagent ratios and percentages of the various peaks and the activity of the molecule as determined by the presence of a sub-

stantial m/z = 55 mass fragment

Sample code AA/HQ/TPP?, eq. Relative abundance (%)

GCMS peak no. — 1 2-3 4 5-6 7,9-10, 16, 20, 23-24 19, 21-22, 25-28
Identity & abbreviation — Glycerol Glycerol Hydroquinone Glycerol Inactive (I) Active (A)
(G) monoacrylate (HQ) diacrylate
(2GA, 1GA) (1,2DGA, 1,3DGA)
AG, 3 1.3/0.039/0.025  38.8 16.4 4.0 1.4 20.8 18.6
AG, g 1.8/1/0.052/0.025 30.1 19.4 4.0 1.7 22.3 22.6
AG, 2.2/0.065/0.025 20.1 17.9 8.6 3.2 21.0 22.3

“Equivalents of acrylic acid (AA), hydroquinone (HQ), and triphenylphosphine (TPP) on a basis of 1 eq. of glycerol.
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Table 2 Synthetic conditions and varies properties of PAG polymers as described in the text

T, %, °C
Sample AG/AIBNY,  MeOH/AG?, £ G, w.f M, _ Target M,
code eq. mLg™" X° DSC DMA o MPa rads™  S"gL™ kbDa P/ (kDa)
PAG, 3-A 70/0.3 1.23 097 —22.0 —5.0  0.77 80 34000 <LOD 192 3.1 10
PAG, 5-B 700/3 435 089 —-10.9 16.0  0.65 87 1337 20 528 2.4 100
PAG, 5-C 7000/30 435 094  —15.0 4.0  0.64 94 2487 30 882  1.95 1000
PAG,;-CW  7000/30 435 070  — — — — — — 1563 8.5 1000
PAG, g-A 60/0.3 2.17 097 -14.8 160 077 115 6700 <LOD 200  2.76 10
PAG, ¢-B 600/3 4.47 0.94 -03 300  0.67 81 106 <LOD 645 247 100
PAG, »-A 50/0.3 3.38 0.95 -95  16.0  0.74 100 3000 <LOD 194  2.85 10

“Equivalents of acrylated glycerol (A
¢ Conversion (X).

Molecular weight (M,).” Dispersity (P

alkene conversion of X = 0.60. Base catalyzed esterification
further shifted the equilibrium to about X = 0.70, irrespective
of feed ratio, over about 48 h. The base catalyzed route was
used to produce AG;;, AG;g and AG,,. Exemplary reaction
kinetics for AG, ; appear in Fig. S1.f

An exemplary "H-NMR spectra of AG,; appears in Fig. S1
(see ESI} for additional spectra). Clearly, the trihydroxy func-
tionality of the glycerol substrate is subject to multiple
additions of acrylic acid. As such, the glycerol region of the
NMR spectra is complex due to the variety of different addition
products such as a distribution of mono-, di-, and tri-glycerol
acrylates. Additionally when comparing to the time 0 NMR,
the ratio of catalyst protons to alkene protons steadily decrease
ending at around half the original alkene concentration (see
Fig. S21). The radical oligomerization of vinyl groups is an

G) & azobisisobutyronitrile (AIBN) on a 1 eq. basis of chain transfer agent (CTA).
?Glass_ transition (Ty). °Rheology terminal slope («). /Crossover modulus (G,). £ Crossover frequency (o). " Solubility ().
)

Methanol (MeOH).

obvious culprit due to the high temperature used, although
the considerable amount of radical inhibitor used in the reac-
tion should limit this pathway. Acid titration of the reaction
products supports this, showing a 50% lower acid number
than expected based on the conversion of acid to acrylate.
Since the NMR does not show higher conversion of acrylic to
acrylic ester, another mechanism must be reducing the acid
number. It is known that acrylic acid can oligomerize via car-
boxylic-alkene Michael addition.'® This is especially prevalent
at elevated temperatures in the presence of water and would be
a likely explanation for the lower acid number. GC-MS experi-
ments, Fig. 1, further elucidate the composition of the glycerol
acrylate reaction product. The complexity of these mixtures is
typical of glycerol ester systems."* To show compatibility of the
acrylation process with crude glycerol, AG; ; was replicated
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Fig. 1 Bar chart showing the relative abundance of compounds identified via GC-MS in AG, specimen, by peak serial number. An exemplary GC-MS
chromatogram for AG; 3 is shown in the inset. Note that the elution times have been converted to peak numbers. Chemical structures for key peaks
are shown directly on the histogram; labels A, |, G, 1GA, 2GA, 12GA, 13GA further encode peak assignments as described in Table 1.
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using a crude glycerol feedstock; the GC-MS is similar irrespec-
tive of initial purity (Fig. S31), suggesting that further purifi-
cation is unnecessary. The major components of the AG, mix-
tures are shown in Fig. 1 and summarized in Table 1; full
details appear in Table S1.f The majority of the eluents,
>90 mol%, can be identified as glycerol (G), glycerol acrylates,
oligomeric glycerol acrylates, hydroquinone (HQ) and catalyst.
1-Glycerol acrylate (1GA), 2-glycerol acrylate (2GA), 1,2-glycerol
diacrylate (12DGA), and 1,3-glycerol diacrylate (13DGA) can be
identified unambiguously and are labeled as such in Fig. 1.
The mass spectra of several peaks do not permit conclusive
identification. However, many of these show significant pres-
ence of mass fragment m/z = 55, characteristic of the acrylate
group. Accordingly, unidentified compounds are categorized
as “active” (A, containing acrylate) or inactive (I) based on the
presence of m/z = 55. It does appear that there is some amount
of oligomerization through alkene radical polymerization;
however, these peaks are below the 0.1% area threshold used
in this analysis.

Given the complexity of the monomer composition, this
process provides a unique mixture of monomers that, upon
polymerization, yields a polymer that cannot be obtained by
other esterification techniques such as Steglich, acid halide,
transesterification, and polymer grafting. Thus, as anticipated,
the degree of acrylate substitution is dependent on the acrylic
acid feed ratio (¢f Table 1). This multifunctional character is
inevitable via direct esterification, and the monomer is
expected to be highly susceptible to crosslinking and gelation
upon polymerization through the vinyl groups. Indeed, AG
nearly immediately forms a macrogel if radically polymerized
in the absence of a RAFT-active chain transfer agent (CTA).

The gelation suppression effect in controlled radical poly-
merizations (CRP) such as RAFT has been well-studied in
systems with dilute multivinyl monomers, and more recently
for systems comprised entirely of multivinyl monomers.*>™”
When a monomer with x vinyl groups is added to a propagat-
ing radical chain, (x — 1) vinyl groups remain that could
further participate in initiation or propagation reactions,
leading to intermolecular branches and intramolecular loop
formation. Rather than immediately forming a pervasive
polymer network at the early stages of polymerization, CRP
promotes the formation of branched structures that only
overlap to form a macrogel at monomer conversions far higher
than classical gelation theory predicts. The architecture of the
resultant hyperbranched chains is thus statistically defined
and sensitive to several kinetic parameters. As such, these
materials have some conceptual similarities to the hyper-
branched polymers (HBPs) formed through AB, step growth
monomers as originally anticipated by Flory.'®'® Namely, a
multivinyl monomer with a functionality of x can potentially
branch in a similar fashion to an AB,. Branching probabilities
in both systems are governed by reactivity ratios and steric con-
straints, and the distribution of linear segments and the
degree of branching are impacted by both x and kinetic con-
siderations. However, AB,-based HBPs can have at most 1 loop
and are incapable of gelation. In contrast, looping is highly

This journal is © The Royal Society of Chemistry 2020
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prevalent multivinyl HBPs and is a critical feature of the gel
point suppression phenomenon.>°

To better quantify CRP-mediated gel point suppression, Lin
et al. recently introduced a phenomenological parameter
termed the “crosslinking tendency” (CT), which is simply the
ratio of the excess vinyl content to the number of primary
chains per multivinyl monomer."

In a retrospective analysis of several CRP studies, Lin found
that for CT < 100 the intermolecular crosslinking mechanism
that leads to macrogelation is suppressed. We exploited this
feature of CRP to design RAFT polymerizations with CT < 20
to form high molecular weight hyperbranched thermoplastics
from the multivinyl AG, mixtures (see ESI{ for CT calculation
details).

Table 2 enumerates the synthetic conditions we employed
to synthesize PAG,Y at “ideal” number average molecular
i
[CTA]

Due to the high polarity of the AG, monomer series, the
polymerization can easily be conducted in green solvents like
water or ethanol. We have evaluated the polymerization kine-
tics and degree of gel-point suppression in water, methanol
and ethanol. Gel permeation chromatography (GPC) data
appears in Fig. 3. The molecular weight distribution is multi-
modal with dispersity values P ¢ 1.95-3.1; these features are
common to hyperbranched polymers.*! The CT value increases
with the degree of acrylate substitution;'® accordingly, the gel-
point conversion X, decreases significantly and limits the
achievable molecular weight. The X, values for the PAG,-Y
polymers are plotted vs. CT value in the manner previously
shown by Lin et al.’ in Fig. 2. "H-NMR analysis on the solu-
tion after polymerization reveals that X, > 88% can be achieved
when methanol is the solvent (see Table 2). Similarly, aqueous

weights of My, ideal = Mo

=10, 100, or 1000 kDa.
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o Am ‘A PAGL3-A
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Fig. 2 Conversion as a function of crosslinking tendency based on the
work of Lin, et al. with data from this work added (colored squares).
Other points are the collection of work of Lin and examples in the
literature.™®
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polymerizations reach alkene conversions of at least 70%
without gelation. Accordingly, the process can be completed
without the use of organic solvents, and could easily be
reduced to a 1-pot synthesis beginning with raw materials and
ending with PAG in aqueous solution. Interestingly, in both
aqueous and alcoholic systems, the higher molecular weight
targets (1 MDa) seem to have a significantly higher conversion
than is expected given the high CT value. One probable expla-
nation is that the high amount of hydrogen bonding present
in this system may be limiting the accessibility of double
bonds already very near a backbone chain.

GPC analysis shown in Fig. 3 and Table 2 show that M,, igeal
and M, are substantially different and the P values are also
quite high. However, molecular weight clearly increases with
increasing My, ideal, indicating that the CTA is mediating the
polymerization as anticipated. The evaluation of M, jgcal
assumes that all monomers are distributed equally amongst
each chain transfer agent, which occurs in well controlled non-
branching RAFT polymerizations. Intermolecular branching
reactions cause the merger of existing primary chains, yielding
topologies with two or more CTA units; this has been observed
in the RAFT polymerization of other systems such as acrylated
epoxidized soybean 0il.*>** Likewise, the multimodal distri-
butions seen in these samples is typical in branched con-
trolled radical systems and is a result of the combination of
macrochains in the later stages of polymerization prior to
gelation.”®**?* The choice of solvent slightly alters the several
kinetic parameters that govern the evolution of the polymeriz-
ation. As such, the PAG; ;-C and PAG, ;-CW show significant
differences in molecular weight distribution as shown Fig. 3;
the aqueous system shows a greater tendency to crosslink,
resulting in an attending increase in dispersity and molecular
weight compared to the methanol-processed PAG, ;-C (see
Table 2). Use of the RAFT process has allowed, as has been
demonstrated by the GPC, the ability to produce thermoplas-
tics from a highly functional branching system. While there
have been numerous other works that have studied branched
structures from bioderived sources, they have largely focused
on thermosetting materials.>>® This work has demonstrated a

View Article Online
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unique ability to apply gel-point suppression to yield high
molecular weight crude glycerol-based polymers.

TGA was performed to determine thermal stability. Fig. 3
shows the TGA of PAG,;-B which is representative of the
results for the other PAG samples. There are four distinct
peaks observed in the differential curve. The first mass loss
event is the physical de-watering of the material. Despite
having been dried prior to TGA analysis, PAG is extraordinarily
hygroscopic; either it absorbed more water between transfer
from the vacuum ovens to the TGA, or it holds onto water
strongly enough to not become fully dry. The secondary tran-
sition would be related to the chemical de-watering of PAG.
Secondary alcohols are readily eliminated at elevated tempera-
tures. The sharper third transition at 260 °C is most likely oxi-
dative losses due to alkenes formed by water elimination. The
final degradation at 400 °C is due to traditional oxidative loss.

DSC and isothermal rheology reveal relationships (DMA)
between the degree of acrylation, the molecular weight, and
the glass transition temperature T, (see Fig. 3 and 4 and
Table 2). T, increases with the functionality x, which we attri-
bute to the reduction of segmental mobility as the branch
density increases; this is similar to the well-known influence
of crosslink density on 7, in thermosets.”” As is ordinarily
expected, T, also increases with M, iqear comparing 10 kDa
and 100 kDa PAG. However, comparison of PAG at My, jgeal =
100 kDa and 1 MDa shows a decrease in T,. The most likely
explanation is that the M, igear = 10 kDa polymers are lowly
branched materials that behave fairly like oligomeric com-
pounds. As molecular weight increases to 100 kDa the material
behaves like a high molecular weight branched material. The
molecular weight increasing to 1 MDa shows a decrease in Ty
and is likely an effect of chain topology and hydrogen
bonding; however, further study is required to fully explain. It
is also interesting to note that the breadth of the glass tran-
sition as indicated by DSC (Fig. 3) is quite large. For example,
PAG, ;-A exhibits onset at Ty, — 65 °C ending at Ty — 5 °C.
This is explained by the branching of the polymer, as different
branch lengths can cause changes in amount of mobility and
thus glass transition.®

|—A—B—C—CW| s S P——
2.27‘\ . -2 .
% 0.6 = @ —4+ PAG1 8B
< o
S 1.78 i ¥ E PAG22-A
£ 3 0 % 5 v
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) —_PAGL3B
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1 1 1
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Fig. 3 (Left) GPC showing the distribution for each sample. (Middle) TGA of PAG; 3-B showing weight % and derivative weight % curves. (Right) DSC

that shows the onset of the glass transition and the end point of the glass transition for each PAG sample. Traces have been shifted vertically for

clarity.
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Fig. 4 (Left) Isochronal rheology that shows the peaks in tan § for each PAG sample. Master curve showing complex modulus G* (Middle) and Van

Gurp-Palmen plot (Right).

Water solubility (S) was also examined. Table 2 shows the
solubility of the various materials. As acrylic functionality is
increased there is a corresponding decrease in water solubility.
Somewhat unexpectedly, the solubility of the PAG,; series
improves with increasing molecular weight. This is somewhat
counter-intuitive; however, it is likely the use of the hydro-
phobic CTA seems to be strongly effecting the ability of the
polymer to dissolve in water. Finally, master curves of these
materials were assembled with dynamic shear rheology in the
linear viscoelastic regime through the application of the time
temperature superposition principle at a reference temperature
Trer = 20 °C. Fig. 4 shows the overlayed results of the complex
modulus and the corresponding van Gurp-Palmen plot.>° A
trend similar to that of the isochronal rheology and DSC was
observed: as functionality increases, the crossover frequency
w, decreases, corresponding to the persistence of solid-like be-
havior for longer relaxation times. Likewise, @, decreases on

comparing M, igeas = 10 kDa with 100 kDa samples, and then
increases at M, igeal = 1 MDa. These measurements are con-
sistent with our qualitative observations noting that PAG; 33-A
is incredibly soft and tacky, whereas PAG; 33-B,C,CW are solid
and rubbery. Given the similar D values it is expected that the
cross-over modulus (G,) for these materials would be similar
and this is observed. The relaxation dynamics of PAG in the
terminal regime differ from the classical behavior of linear
polymers in a manner consistent with other HBPs. The slope
of the viscous modulus with respect to frequency a = dlog G"/
dlog w,, is constant in this regime and assumes a value of
unity for linear polymers. PAG shows « < 1, where a decreases
with increasing molecular weight. This is typical for hyper-
branched systems with more branching resulting in a lower
a.?® This coupled with the DSC indicates that the 10 kDa
targets have significantly less branching than the 100 kDa or 1
MDa samples. The van Gurp-Palmen plot indicates that the
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Fig. 5
shear test of plywood samples using PAG; 3-C adhesive.
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(Left) Bond strength of a control Georgia Pacific OSB board, and the PAG; 3-C sample at various different water contents. (Right) Overlap
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(Left) Wet strength of plywood samples that have been soaked in water at various loadings of PAG; 3-C/PMDI. (Middle) Image of scale-up

reaction of PAG,3-C. This represents 1 kg of material. (Right) Plot showing the strength of samples that have been boiled in water. 100% PMDI

control shown in both plots.

development of the rubbery plateau may begin to be forming,
indicative of an onset of entanglement dynamics; however,
given the materials’ susceptibility for crosslinking at elevated
temperature, further elucidation of the plateau is not possible.

The tack, elasticity, water solubility, and residual reactivity
of PAG is suggestive of its potential utility in adhesive appli-
cations. PAG, 33-C was evaluated as a water-based sprayable
adhesive for wood composites. Both oriented strand board
(OSB) and plywood samples were constructed. The OSB
internal bond strength was tested and is shown in Fig. 5. It is
evident that PAG, when the water content is kept low, can
perform as well or significantly better to the commercially
available OSB boards.***"

Plywood was also produced using both pure PAG, 33-C as
well as PAG, ;3-C/poly (methylene diphenyl diisocyanate,
PMDI) mixtures as an adhesive. In Fig. 5 the results of the
overlap shear test for a plywood constructed from only PAG are
shown. The results show that PAG (10 MPa) has nearly the
same shear strength as the pure maple wood (13 MPa). In
order to show whether this material is suitable for use in wet
environment applications, both a soak and boiling water
experiment were performed. Fig. 6 show the results of these
experiments. It appears that pure PAG as an adhesive for
plywood is unacceptable for application in wet environments;
however, with the addition of 10-20% PMDI the adhesive can
provide similar, if not better, wet and boiled water strength
when compared to both literature values and a 100% PMDI
control.**** Evidently, sufficient urethane linkages form
between the PAG and PMDI to both strengthen the cured
material and reduce water affinity through construction of the
residual hydroxyl functionality.

3. Conclusions

In this work, a hyperbranched thermoplastic poly(glycerol
acrylate) was developed using the RAFT process. This polymer

6154 | Green Chem., 2020, 22, 6148-6156

was discovered to have excellent tack, low glass transitions
(<30 °C), tunable water solubility, molecular weight, and physi-
cal properties. Additionally, there is excellent opportunity to
manipulate functionality/properties by modifying the residual
hydroxyl groups. When applied to wood as an adhesive, PAG
was found to perform similarly or better than traditional PMDI
adhesives as well as commercial boards. The properties, lower
cost than that of PMDI adhesives (<$1.00 per 1b vs. $2.00 per
1b) and renewable origins could lead PAG to displacing some
of the most common, and toxic/environmentally damaging,
chemicals used in the adhesives market. Additionally, given
the properties and available functionality, additional study of
PAG could be done to develop materials such as pressure-sen-
sitive adhesives, thermoplastic elastomers and viscosity modi-
fiers. This can lead to a variety of products that are in-
expensive, less toxic, biorenewable, biodegradable, and envir-
onmentally responsible displacing traditional petrochemical
products and providing more economic value to high-volume
biofuels by utilizing waste products to provide high-volume
high-value applications.

4. Experimental section

Analytical grade glycerol, triphenylphosphine, p-toluenesulfo-
nic acid, hydroquinone, and acrylic acid were all purchased
from Sigma Aldrich with purity of 99% or higher. Crude gly-
cerol was obtained through REG Inc. in Ames, IA. Benzyl
bromide, potassium phosphate tribasic, benzyl mercaptan,
carbon disulfide, and azobisisobutyronitrile (AIBN), and 4,4'-
azobis(4-cyanovaleric acid) were purchased from Sigma Aldrich
with purities of 98% or higher. Methanol was purchased from
Fischer scientific with a purity of 99.8%.

4.1. Acrylation of glycerol

Crude or technical grade glycerol, acrylic acid, hydroquinone,
and catalyst were added together in a round bottom flask

This journal is © The Royal Society of Chemistry 2020
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equipped with a stir bar and reflux condenser. The ratios of
reagents used are shown in Table 1. This reaction mixture was
heated at 125 °C or 100 °C for 36 or 2 hours at 500 rpm stir
rate for TPP/TSA catalyzed reactions respectively. The
monomer was then used without purification.

4.2. RAFT agent-dibenzyl carbonotrithioate

The synthesis of the used CTA, dibenzyl carbonotrithioate
(DBCTT), was well documented in literature, and there are
multiple pathways available for this synthesis. We followed the
route used by Gooch et al.>* Briefly, acetone, potassium phos-
phate (1.1 eq.), and benzyl mercaptan (1 eq.) are mixed
together and allowed to stir for 10 minutes. 1.7 eq. of carbon
disulfide is added and allowed to stir for 10 minutes. Finally
1.05 eq. of benzyl bromide is added and allowed to stir for
10 minutes. The reaction mixture was then filtered and dried
under reduced pressure to yield the product.

4.3. RAFT polymerization of acrylated glycerol

The conditions of the reaction are shown in Table 2. The
appropriate amount of each component were added to a flask
with a magnetic stir bar. Then the material was sparged with
argon for a period of 15 minutes to an hour depending on the
quantity of solution. The solution was then placed in an oil
bath at 71 °C for 8 hours at 500 rpm. The poly(acrylated gly-
cerol), or PAG, was then precipitated in isopropanol and dried
under reduced pressure at room temperature.

This polymerization has also been conducted using water
as the solvent and 4,4-azobis(4-cyanovaleric acid) as the
initiator. The conditions were the same as above other than
substitution of the solvent and the initiator.

4.4. Overlap shear test, internal bond strength and wet/
boiled strength

PAG was tested as an adhesive for the production of OSB and
plywood. OSB was made by mixing the polymer with water to
obtain a 33 wt% solids in water. 0.1 wt% 4,4’-azobis(4-cynao-
valeric acid) was added to the PAG solution. This was then
sprayed with a HVLP sprayer onto wood strands tumbling in
a rotating mixer. The PAG was applied at 10 wt% relative to
the wood. The strands were then dried in the vacuum oven
to drive off some of the water. Finally the wood was pressed
into a 7" x 7" form using a Carver press at 400 psi and
204 °C.

Internal Bond Strength was determined using an Instron
universal test frame. Test samples were prepared by cutting
samples into 2" x 2" sections and adhering testing blocks to
the top and bottom surfaces of the testing block with hot melt
adhesive. The samples were then strained at a 1 mm min™"
rate until failure. Internal bond strength was determined
according to ASTM D1037.

In order to determine the suitability of this adhesive for
plywood, wet vacuum and boil exposure tests from PS1-95
Construction and Industrial Plywood were used to determine
the water resistance of different methods of manufacturing

plywood.

This journal is © The Royal Society of Chemistry 2020
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7" x 10" samples of plywood were made from 1/20" Douglas
Fir. Samples were cut into 15 1” x 3” coupons cut so that 5
coupons from each sample can be tested dry, after a wet
vacuum test, and after a boiling water exposure test. In the wet
vacuum test, samples were immersed in tap water, a vacuum
of —12 psig is applied for 30 minutes. They were then further
soaked for 4.5 hours at atmospheric pressure.

For the boiling water stability test, samples were boiled
for 4 hours in tap water, dried at 65 °C for 15 hours in a
convection oven, boiled for 4 additional hours, and then
tested wet.

Overlap sheer testing was done by applying a 41 wt% solids
mixture to the top surface of a 12.5" x 2.5"” x 1" maple board.
The adhesive was applied at a 10 mg cm™> loading. A second
12.5" x 2.5" x 1" board was set on this and then the samples
were pressed at 100 psi for 3 hours at 120 °C in a Carver press.

4.5. Analytics

The gel permeation chromatography (GPC) system used was a
Malvern Viscotek high temperature GPC run in dimethyl-
formamide. It is equipped with a refractive index detector, a
UV-vis detector, a viscometer, and a light scattering detector.
The equipment was equipped with Malvern CLM6210 high
temperature columns that have a 10 MDa cutoff. Samples were
analyzed using the refractive index detector compared to a
polymethylmethacrylate sample. Samples were run for
40 minutes through three columns in series.

The GCMS used was an Agilent 6890 GC coupled with an
Agilent 5975C MS detector. Column used was an Agilent DB-1.
The NMR was a Bruker 600 MHz. Samples were run for 32
scans with a 1 second delay. Samples were dissolved in deute-
rated DMSO. The DSC used is a TA instrument Q2000 DSC.
DSC was run for three heating and cooling cycles from —70 °C
to 30 °C at a rate of 10 °C min". Samples were between
5-15 mg. The data reported was the heating on the third cycle
with the exotherm up.

TGA was run using a TA TGA 550. Samples were run using
platinum pans with a ramp rate of 10 °C min™" in an air
environment.

Rheology was run on an Ares G2 rheometery using 8 mm
parallel plate geometry. The glass transition was determined
by doing constant strain temperature sweeps at 10 rad s™* and
the master curve was generated by varying the frequency from
100 rad 57" to 1 rad s™". The temperature range was from 40 °C
to —80 °C with 10 °C increments.

We defined the solubility of the polymer to be a solution
that had an average size less than 1 pm. This was done by use
of a Malvern Zetasizer Nano ZS.

Acid titration was done by dissolving 1 mL of the monomer
in 10 mL of water and then titrating with 0.1 M NaOH until pH
7. A Hanna HI 208 pH probe was utilized.
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