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SCIENCE

Bio-based hydrophobic epoxy-amine networks derived
from renewable terpenoids

Michael D. Garrison, Benjamin G. Harvey
US NAVY, NAWCWD, Research Office, Chemistry Branch, China Lake, California 93555
Correspondence to: B. G. Harvey (E - mail: benjamin.g.harvey@navy.mil)

ABSTRACT: Carvacrol and p-cymene are sustainable and versatile starting materials for the preparation of hydrophobic monomers.
These molecules can be readily derived from pine resin or produced from other sustainable feedstocks via a biosynthetic approach. A
hydrophobic epoxy monomer [bis(2-isopropyl-5-methyl-4-(oxiran-2-ylmethoxy)phenyl)methane, 3] with methyl and isopropyl sub-
stituents on the aromatic rings was synthesized from carvacrol. A bisaniline [4,4'-methylenebis(5-isopropyl-2-methylaniline, 4] was
then synthesized from p-cymene. Using a cured epoxy-amine network prepared from the diglycidyl ether of bisphenol A (DGEBA)
and 4,4'-methylenedianiline (MDA) as a baseline system, three additional networks were prepared from DGEBA:4, 3:MDA, and 3:4.
The cured epoxy-amine networks were tested for moisture uptake as well as changes in thermomechanical properties after exposure
to boiling water for several days. Incorporation of the bio-based monomers resulted in up to 53% lower water uptake compared to
the baseline system. The bio-based resins also showed greater resistance to degradation under hot-wet conditions, with wet-Tg knock-
downs as low as 8% as compared to a 19% decrease for the baseline system. These results show that the unique functionality of the
renewable bisphenol and aniline used in this study can result in materials with improved hot/wet performance as compared to con-
ventional thermosetting resins. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43621.

KEYWORDS: biopolymers and renewable polymers; differential scanning calorimetry; glass transition; thermogravimetric analysis;
thermosets
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to bisphenol A.'”™** By combining these approaches, the use of

renewable phenols from biomass sources may allow for the
development of high performance materials while utilizing less

INTRODUCTION

Despite enormous reserves, the world supply of petroleum and

other nonsustainable carbon-based feedstocks is limited. This
realization, coupled with the increasing demand for petroleum-
derived fuels and chemicals as the world population grows, has
made the discovery and utilization of sustainable feedstocks of
vital importance. Polymer synthesis and consumption account
for ~7% of petroleum use and thus represent a significant
opportunity for researchers to develop new sustainable chemis-
try.'™ In light of the abundance of bisphenol A derived poly-
mers in use today, researchers have begun developing novel
polymers and composite materials based on bisphenols derived
from biomass sources including lignin,*2
hole,'* diphenolic acid,’>'® canalol,'” and cardanol.'® In large

13
resveratrol,”” anet-

part, these studies have shown that polymers prepared from
renewable bisphenols have similar properties to those derived
from petroleum and in some cases offer unique advantages over
conventional polymers. In addition to material properties, a few
studies have specifically focused on finding less toxic alternatives

toxic monomer precursors.

In stark contrast to the development of renewable bisphenols,
the preparation of bisanilines from sustainable feedstocks has
been largely ignored. 4,4'-methylenedianiline (MDA) is a widely
used commercial bisaniline with applications in polyurethanes,
adhesives, high temperature polyimides, and thermosetting
epoxy resins. Unfortunately, MDA is a liver toxin, confirmed
animal carcinogen, and suspected human carcinogen.””> The
occupational exposure limit for MDA is only 10 ppb averaged
over an 8 h workday.** Synthesis of MDA replacements from
renewable feedstocks offers the potential to both improve sus-
tainability and reduce the toxicity of paints, coatings, thermo-
plastics, and thermosetting monomers.

Terpenoids are sustainable hydrocarbons that can potentially
be used to replace significant quantities of petroleum-based phe-
nols and anilines. While less abundant than lignin, ~350,000 tons

Additional Supporting Information may be found in the online version of this article.

© 2016 Wiley Periodicals, Inc.
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Figure 1. Structures of common cyclic monoterpenes.
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of turpentine are produced each year from pine resin, which is a
rich source of cyclic terpenes®*>*® (Figure 1). Several methods
have been developed for the polymerization of cyclic terpenes,
specifically a-pinene, B-pinene, and limonene, via cationic, rad-
ical, or ring-opening metathesis polymerization of carbon—
carbon double bonds.”>** However, few studies have focused
on the development of polymers from p-cymene, an aromatic
component of turpentine, which can also be readily synthesized
by dehydrogenation of a-pinene, 3-pinene, limonene, and other
terpenes.”®> A phenolic terpenoid, 2-methyl-5-isopropylphenol
(carvacrol), can be isolated from thyme and oregano essential
0ils**® or can be synthesized from a variety of turpentine compo-
nents including p-cymene.**™° A recent study by our laboratory
demonstrated the conversion of carvacrol into a bisphenol that
was subsequently used to make polycarbonates and a hydrophobic
cyanate ester monomer.*® Therefore, p-cymene and carvacrol rep-
resent two sustainable molecules with potential as precursors to
epoxy monomers after chemical modification.

Epoxy monomers cured with amines are versatile materials used
commercially in the adhesive, aerospace composite, and micro-
electronics industries. The key advantages of epoxies are high
strength-to-weight ratios, low dielectric constants, and excellent
processability. However, epoxy-amine cured networks can
absorb significant quantities of water, typically several percent
by mass. The absorbed moisture is problematic because it
causes material swelling and plasticization of the polymer
chains, which results in a lower glass transition temperature as
well as degradation of adhesive and mechanical properties.*’ >
Several studies over the past three decades have focused on the
mechanism of water absorption in epoxy networks.”>”° A few
of these studies have focused on nanovoids or network free vol-
ume in the material as the source of moisture uptake.®'~”° The
primary conclusion from these studies is that larger voids in
the network will result in increased moisture uptake due to the
increased open space that can accommodate water. Alternately,
other studies have shown that the polarity and functional
groups of the network play an important role in moisture
uptake.”®® Despite the numerous studies on muoisture uptake
in epoxy networks, very few reports have focused on developing
an approach to prevent this problem. One potential route
involves addition of “antiplasticizing” chemicals to the epoxy-
amine formulation, which causes nanoscale phase separation of
the network that in turn reduces moisture uptake.”"~> A more
straightforward technique focuses on blocking the polar groups
in the network by placing substituents on the phenyl rings ortho
to the polar groups (Figure 2). This approach has been demon-
strated in cyanate esters and modified epoxy systems.”*”® In
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Figure 2. ortho-Methylation has been shown to effectively reduce moisture
uptake by blocking access to polar functionality in cyanate ester and
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modified epoxy networks. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

the cyanate ester networks, ortho substituents were able to
decrease moisture uptake by up to 50% as compared to unsub-
stituted systems.”® Thus, monomers with ortho substituents may
have the potential to mitigate the problem of moisture uptake
in epoxy-amine cured networks.

This article focuses on the use of carvacrol and p-cymene as
sustainable precursors to epoxy monomers and amine curing
agents. The bisphenolate derived from carvacrol is converted to
an epoxy monomer via a reaction with epichlorohydrin, while
p-cymene is converted into a bisaniline after nitration, hydro-
genation, and coupling with formaldehyde. The resulting epoxy
and amine monomers are then cured with each other as well as
the diglycidyl ether of bisphenol A (DGEBA) and 4,4’-methyle-
nedianiline (MDA) in combinations to prepare four different
epoxy-amine cured networks. Characterization of the networks
allows for a comparison of the relative effects of the isopropyl
and ortho-methyl substituents on the thermomechanical proper-
ties and hydrophobicity of the epoxy-amine thermosets.

EXPERIMENTAL

General

4,4’ -methylenebis(5-isopropyl-2-methylphenol) ~was available
from a previous study*® and was a mixture of para, para and
para, ortho isomers in a 97:3 ratio by mass. All solvents and
chemicals were purchased from Sigma Aldrich and used as
received except for HNO;, HCl, and H,SO,, which were pur-
chased from Fisher Scientific. Synthetic schemes for new com-
pounds can be found in Figure 3. NMR spectra were collected
with a Bruker Avance II 300 MHz NMR spectrometer. 'H and
3C NMR chemical shifts are reported versus the deuterated sol-
vent peak [CDCls: 8 7.27 (*H), 77.36 (**C)]. Gas chromatogra-
phy was carried out on an Agilent 6890N GC using a Restek
Rxi-5ms 20 m X 0.18 mm i.d. capillary column with a 0.18 um
coating of Crossbond 5% diphenyl/95% dimethyl polysiloxane.
The GC was programmed to ramp from 40 to 300 °C at 20 °C/
min. The GC detector was an Agilent 5973N mass selective
detector (MSD). Elemental analysis was performed by Atlantic
Microlabs Inc. Norcross, GA.

Bis[2-isopropyl-5-methyl-4-(oxiran-2-ylmethoxy)phenyl]Methane (3)
Method 1: To a solution of potassium tert-butoxide (4.5 g,
40 mmol) in ethylene glycol dimethyl ether (EGDE, 25 mL)
cooled to 0 °C, a solution of 4,4’-methylenebis(5-isopropyl-2-
methylphenol) (5.0 g, 16 mmol) in EGDE (50 mL) was added

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43621
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Figure 3. Synthetic scheme for preparation of renewable, hydrophobic monomers.

dropwise. The solution turned light green. Epichlorohydrin
(14.8 g, 160 mmol) was added to the stirred solution, which was
allowed to warm to room temperature and then heated to 70 °C
for 4 h. A white solid began precipitating after 1 h. Diethyl ether
(100 mL) was added to dilute the reaction mixture, which was
then washed with 2 X 100 mL deionized water and 100 mL of
brine. The organic fraction was dried over MgSO,, and the vola-
tiles were removed at 100 °C under reduced pressure (5 torr) to
yield the product as a white powder upon cooling (5.24 g,
77.2%). mp = 92-95 °C. '"H NMR (CDCl3) 8: 6.80 (s, 2H, Ph),
6.66 (s, 2H, Ph), 4.26 (dd, J=11.0 Hz, 3.3 Hz, 2H, CH,), 4.04
(dd, J=11.0 Hz, 5.4 Hz, 2H, CH,), 3.90 (s, 2H, CH,), 3.44—
339 (m, 2H, CH), 3.11 (sept, J= 6.8 Hz, 2H, CH), 2.94 (dd,
J=5.0 Hz, 4.2 Hz, 2H, CH,), 2.82 (dd, J= 5.0 Hz, 2.7 Hz, 2H,
CH,), 2.16 (s, 6H, CHs), 1.22 (d, J=6.8 Hz, 12H, CH;). "°C
NMR (CDCl;) &: 155.7, 145.7, 132.5, 130.3, 124.5, 109.1, 69.4,
50.8, 45.2, 34.0, 29.4, 24.13, 24.11, 16.1. Anal. Calcd for
Cy,HssO4: C, 76.38; H, 8.55; O, 15.07. Found: C, 76.21; H, 8.60.
GC/MS: major peak (95%) 424 (M™"), minor peak (4%) 424
(M™), minor peak (1%) 206 (M™).

Method 2: A second synthetic method was created by modifica-
tion of the typical laboratory procedure.”® 4,4'-methylenebis (5-
isopropyl-2-methylphenol) (3.10 g, 10 mmol) was dissolved in a
solution of EGDE (3.0 mL) and epichlorohydrin (8.0 mL).
NaOH (1.00 g, 25 mmol) was added to the solution, which was
heated to 70 °C for 4 h. The solution turned dark purple upon
addition of the NaOH, and a white precipitate began to form
within 1 h. Diethyl ether (50 mL) was added to dilute the reac-
tion mixture, which was then washed with 2 X 50 mL deion-
ized water and 50 mL of brine. The organic fraction was dried
over MgSO, and the volatiles were removed at 100 °C under
reduced pressure (5 torr) to yield the product as a white powder
upon cooling (3.52 g, 83.8%).

4-Isopropyl-1-Methyl-2-Nitrobenzene

To a mixture of concentrated H,SO, (42.6 g, 160 mmol) and
glacial acetic acid (13.6 g, 227 mmol) chilled to —15 °C in a
dry ice/brine bath, p-cymene (21.5 g, 160 mmol) was added
dropwise while stirring the solution vigorously with a mechani-
cal stirrer. In a separate round-bottomed flask containing con-
centrated H,SO, (42.6 g, 160 mmol) chilled to 0 °C,
concentrated HNO3 (70%, 15.5 g, 247 mmol) was added drop-
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wise. The HNO3/H,SO, mixture was transferred to an addition
funnel chilled to 0 °C and then added dropwise over a 1 h
period to the vigorously stirred emulsified p-cymene mixture.
The mixture changed color from yellow to orange during the
addition of the nitrating agent. The contents of the flask were
poured over 150 g of ice with 50 g water and stirred carefully
for 1 h. The organic layer was separated and the aqueous layer
was extracted with diethyl ether (2 X 40 mL). The combined
organic layers were washed with water (60 mL) followed by
brine (60 mL), dried over MgSO,, and the solvent was then
removed under reduced pressure. Fractional distillation of the
residue at 110-117 °C under reduced pressure (5 torr) yielded
the product as a bright yellow liquid (18.23 g, 63.5% yield) 'H
NMR (300 MHz, CDCL,) 8: 7.83 (d, J= 1.9 Hz, 1H, Ph), 7.37
(dd, J=8.1 Hz, 1.9 Hz, 1H, Ph), 7.26 (d, J= 8.1 Hz, 1H, Ph),
2.97 (sept, J=6.9 Hz, 1H, CH), 2.56 (s, 3H, CH3), 1.27 (d,
J=6.9 Hz, 6H, CH,).

5-Isopropyl-2-Methylaniline
4-Tsopropyl-1-methyl-2-nitrobenzene (22.2 g, 124 mmol) was
dissolved in 85 mL THF and 15 mL EtOH and transferred to a
thick-walled glass reactor. 1.4 g of 10% Pd/C was then added to
the solution. The mixture was placed under 50 psi H, and
mechanically shaken until H, was no longer consumed (1.5 h).
The mixture was then filtered through a pad of Celite 545, and
the solvent was removed under reduced pressure. Fractional dis-
tillation at 116-122 °C under reduced pressure (15 torr) yielded
the product as a colorless liquid (15.4 g, 83.4% vyield). "H NMR
(300 MHz, CDCLy) &: 7.00 (d, J=7.6 Hz, 1H, Ph), 6.62 (dd,
J=7.6 Hz, 1.8 Hz, 1H, Ph), 6.59 (d, J= 1.8 Hz, 1H, Ph), 3.59
(bs, 2H, NH,), 2.82 (sept, J=6.9 Hz, 1H, CH), 2.16 (s, 3H,
CH3), 1.24 (d, /= 6.9 Hz, 6H, CH,).

4,4'-Methylenebis(5-isopropyl-2-methylaniline) (4)

An HCI solution (30 mL, 3.8M) was added dropwise to 5-
isopropyl-2-methylaniline (10.0 g, 67 mmol) while stirring. The
hydrochloride salt of the aniline precipitated out of solution.
The solution was heated to 80 °C and stirred until the salt com-
pletely redissolved. Paraformaldehyde (1.00 g, 33 mmol) was
added to the solution, which was then stirred for 3 h. The dihy-
drochloride salt of 4,4'-methylenebis(5-isopropyl-2-methylani-
line) precipitated out of solution and was collected by filtration.
The solid was rinsed with cold acetonitrile, dissolved in water
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Figure 4. Chemical structures of compounds 1-4.

(220 mL), and then a NaOH solution (40 mL, 6.3M) was added
dropwise to the stirred solution at 0 °C. The solution was
extracted with ethyl acetate (3 X 50 mL), and the combined
organic fractions were washed with water (50 mL) and brine
(50 mL) and then dried over MgSO,. The solvent was removed
under reduced pressure to obtain the product as a light tan
powder (6.18 g, 59.4% yield). mp=120-125 °C. 'H NMR
(CDCly) &: 6.65 (s, 2H, Ph), 6.58 (s, 2H, Ph), 3.83 (s, 2H,
CH,), 3.51 (bs, 4H, NH,), 3.05 (sept, J = 6.9 Hz, CH, 2H), 2.06
(s, 6H, CH;), 1.18 (d, J=6.9 Hz, 12H, CH;). C NMR
(CDCl3) o: 145.8, 142.9, 132.1, 128.5, 120.1, 112.4, 33.7, 28.9,
24.0, 22.7, 17.2. Anal. Calcd for C,;H;30N,: C, 81.24; H, 9.74; N,
9.01. Found: C, 81.52; H, 9.72; N, 8.85. GC/MS: major peak
(99%) 310 (M), two minor peaks (combined 1%) 334 (M™),
322 (M™1).

Preparation of Networks

The four monomers used in this study can be found in Figure 4.
Epoxy 1 is the diglycidyl ether of bisphenol A (DGEBA) and
was purchased from Momentive Specialty Chemicals under the
trade name Epon 828. Amine 2 is 4,4'-methylenedianiline
(MDA) and was purchased from Sigma Aldrich. Networks A-D
were prepared from combinations of monomers 1-4 as described
in Table 1.

Table I. Composition of Mixtures Used to Prepare Networks A-D

Curing Epoxy Curing agent
Network  Epoxy agent (Mass %)  (Mass %)
A Epon 828 MDA 79.1 20.9
B Epon 828 4 70.7 29.3
C 3 MDA 81.0 19.0
D 3 4 73.2 26.8
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A standard sample preparation process for all epoxy-amine
combinations was unobtainable due to the different melting
points, viscosities, and curing behaviors of the epoxy monomers
and amines. Individual curing protocols were developed based
on the melting points of the monomers and initial DSC scans.
The epoxy-amine solutions were comprised of one epoxy com-
ponent and one amine curing agent. The epoxy monomer and
amine curing agent were mixed in a 1:1 mole ratio of epoxy
functional group to amine hydrogen. The mass ratio for mixing
was determined using the epoxy equivalent weight (EEW) and
amine hydrogen equivalent weight (AHEW) in the parts per
hundred resin (phr) formula (see Supporting Information). All
samples were cured under a nitrogen atmosphere to prevent
oxidation. Samples prepared for water immersion testing were
cast into 0.35 mL aluminum weigh dishes obtained from Cole-
Parmer. To prepare cured bars for TMA analysis, aluminum
molds were stamped from heavy duty aluminum foil pressed
into silicone molds.

In a typical sample preparation, the epoxy monomer and amine
curing agent were heated separately and degassed at 90-125 °C
during melting of the material. In the liquid state, the compo-
nents were added together and mixed thoroughly to ensure
homogeneity of the solution, and the solution was then poured
into the aluminum weigh dishes and/or molds. The samples
were placed in the curing oven where they were degassed and
cured. For Networks A-C, the samples were degassed for 30
min at 100 °C and then cured under N, for 12 h at 100 °C, 2 h
at 130 °C, 2 h at 170 °C, and 24 h at 200 °C. For Network D,
the samples were degassed for 30 min at 135 °C and then cured
under N, for 12 h at 135 °C, 2 h at 155 °C, 2 h at 175 °C, and
24 h at 200 °C.

Samples were also prepared with solvent to improve processabil-
ity by decreasing the solution viscosity and slowing down the
curing reaction. Additional studies were performed on these
samples to determine the effects of solvent on the thermome-
chanical properties and cure chemistry of the networks. In the
processing studies, the epoxy-amine solutions contained one
epoxy component and one amine curing agent mixed in the
same ratio as the neat samples with xylenes comprising 20% of
the mixture by mass. Higher temperatures were required to pro-
cess the samples based on shifted exotherms in the DSC scans
and to remove solvent during cure. Network A was processed in
solvent using the following cure protocol: 30 min at 100 °C
(vacuum); 6 h at 100 °C (N,); 12 h at 170 °C (N,); 4 h at 240
°C (N,). Networks B and C were processed in solvent as fol-
lows: 30 min at 130 °C (vacuum); 6 h at 130 °C (N,); 12 h at
190 °C (N3); 4 h at 240 °C (N,). For Network D, the samples
were degassed for 30 min at 130 °C then cured under N, for
6 h at 170 °C, 12 h at 240 °C, and 4 h at 260 °C.

CHARACTERIZATION OF NETWORKS

Differential Scanning Calorimetry (DSC)

All DSC studies were performed on a TA Instruments Q100 dif-
ferential scanning calorimeter. Samples were contained in her-
metically sealed, aluminum pans under a N, atmosphere. High
purity indium was used to calibrate the calorimeter. The
samples were heated from 0 °C to either 300 °C or 350 °C at
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10 °C/min. Two heating cycles were performed on each sample
to determine if curing was complete. The initial DSC studies
were used to create optimal curing programs for each reaction
mixture and to determine the enthalpy of cure.

The neat DSC samples were prepared using a modified protocol
from Wisanrakkit.** To ensure effective mixing with minimal
curing before measurement, the epoxy monomer and amine cur-
ing agent were heated separately and degassed at 90-125 °C to
melt all the material. After cooling to 100 °C, the components
were added together, mixed thoroughly, and then quickly cooled
back to room temperature within 5 min to minimize the curing
reaction. DSC scans were performed on 5-10 mg samples.

Dynamic-Mode TMA

Dynamic-mode TMA was performed using a TA Instruments
Q400-0537 analyzer under 100 mL/min N,. The bars were
placed in contact with a flexural probe under a force of 0.10 N.
Samples were cooled to 0 °C then heated at 5 °C/min to
200 °C. The force was modulated *£0.04 N at a frequency of
0.05 Hz during the cycle. The TMA studies were used to deter-
mine the glass transition temperature of the epoxy-amine net-
works, which is reported as the average loss peak with standard
deviation values determined from three separate runs.

Thermogravimetric Analysis (TGA)

All TGA studies were performed on a TA Instruments Q5000
thermogravimetric analyzer in a standard, aluminum pan under
a nitrogen or air atmosphere. Sample sizes were between 5
and 10 mg, and the samples were heated from 50 to 600 °C at
10 °C/min. The TGA studies were used to determine the
decomposition temperature (Ty) of the epoxy-amine networks
under nitrogen and air, which are reported as the average tem-
perature at which 5% weight loss was observed from three sepa-
rate runs.

Water Uptake

Moisture uptake samples consisted of 200-500 mg pucks. The
dry pucks were weighed on a Mettler AE-160 analytical balance,
which has a sensitivity of =0.1 mg. Three samples were tested
concurrently in three separate 250 mL round-bottomed flasks.
100 mL of deionized H,O was added to each flask and the con-
tents were heated to reflux for four days. The samples were
then blotted dry and the wet mass was obtained. Moisture
uptake was calculated as follows:

Wet Mass—Dry Mass

* 100%
Dry Mass

Moisture Uptake=

The moisture uptake was calculated for each sample tested, and
the reported value was obtained from the average of the three
samples.

Density

Density measurements were obtained on a Micrometrics Accu-
pyc 1330 gas pycnometer using helium gas. The instrument was
calibrated using a 0.718527 cm’ metal ball bearing standard.
Samples used for density measurements were pucks prepared in
the same manner as the water immersion testing samples. The
samples were weighed to £0.1 mg. Two samples of each epoxy-
amine network were tested to ensure sample consistency. Ten
measurements were obtained for each network.
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RESULTS AND DISCUSSION

The experimental strategy focused on the synthesis of substituted
epoxy and amine monomers from a carvacrol-derived bisphenol
and p-cymene (Figure 3), respectively. These monomers were
used to prepare various epoxy-amine networks, which were then
compared with a baseline system derived from DGEBA (1) and
MDA (2). The difference between the substituted monomers and
unsubstituted monomers are the methyl groups adjacent to the
polar functional groups and the isopropyl substituents adjacent
to the methylene carbon bridging between the aromatic rings.
The methyl groups can potentially block water from absorbing at
the polar sites in the network as shown by previous studies.”*”®
Thus, preparation and characterization of network B from 1 and
4 allows comparison with network A to determine the effect of
the aliphatic substituents when they are present on the amine
component. Similarly, preparation and characterization of net-
work C from 3 and 2 allows one to determine the effect of the
aliphatic substituents when they are present on the epoxy compo-
nent. Lastly, preparation of network D from 3 and 4 allows for
an evaluation of the substituent effects when they are present on
both network components and could show whether the effects
are additive, synergistic, or neither.

Monomer 3 was readily synthesized by reaction of 4,4’-methyle-
nebis(5-isopropyl-2-methylphenol) with epichlorohydrin using
potassium tert-butoxide or NaOH as the base (Figure 3). 4,4'-
methylenebis(5-isopropyl-2-methylphenol) was available from a
previous study®® and was synthesized by coupling carvacrol with
1,3,5-trioxane in water and HCL. GC/MS analysis of monomer 3
showed two bis(epoxides) due to the formation of para, para
(p,p), and para, ortho (p,0) isomers during the coupling of car-
vacrol. The ratio of the p,p to the p,0 isomer was ~19:1 with no
formation of the o,0 isomer, which reflects the favorability of
the coupling reaction at the position para to the hydoxy group
due to steric hindrance caused by the methyl and isopropyl
substituents. Monomer 3 was obtained as a white powder with
yields of 77.2% and 83.8% when using potassium tert-butoxide
and sodium hydroxide, respectively. These yields are higher
than the typical yield (60%) for similarly substituted epoxies.”
Initially, potassium tert-butoxide was used as the base because
of its excellent solubility in organic solvents. However, similar
yields were obtained with both reagents, so NaOH is the pre-
ferred base for this reaction due to its lower cost. The "H NMR
spectrum (Figure S2, Supporting Information) was typical for a
bis(epoxide) and showed four doublets of doublets, representing
the diastereomeric epoxide protons. The melting point of
monomer 3 was 92-95 °C and is much higher than monomer
1, which is a viscous liquid at room temperature. The higher
melting point of monomer 3 did not result in significant
processing challenges because the melting point was similar to
that of monomer 2 (88-92 °C). 'H NMR analysis of monomer
3 showed a degree of polymerization of 1.04 based off the ratio
of aromatic protons to terminal epoxide protons, which was
much lower than the degree of polymerization for monomer 1
(1.12).

Monomer 4 was synthesized from p-cymene in three steps (Fig-
ure 3). The first step involved nitration of p-cymene at low
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Figure 5. DSC data for formation of networks A-D. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

temperature to obtain 4-isopropyl-1-methyl-2-nitrobenzene. The
nitration reaction has been optimized previously by Kobe and
Langworthy to obtain yields as high as 89% when performed at
—15 °C.®' However, we were only able to obtain a maximum
yield of 63.5% after fractional distillation due to less specialized
scale-up equipment, which made temperature control more diffi-
cult and resulted in the formation of more side-products. 4-Iso-
propyl-1-methyl-2-nitrobenzene was then reduced using 10% Pd/
C under 50 psi H,. The reaction was facile, and 5-isopropyl-2-
methylaniline was obtained in 83.4% yield after fractional distilla-
tion. Monomer 4 was obtained after coupling 5-isopropyl-2-
methylaniline with paraformaldehyde in HCI solution at 80 °C.
The dihydrochloride salt of monomer 4 precipitated out of solu-
tion readily during the coupling reaction and was easily isolated
by filtration and purified by rinsing with cold acetonitrile. The
dihydrochloride salt was then converted to monomer 4 by reac-
tion with NaOH followed by extraction and removal of the vola-
tiles under reduced pressure. The product was 99% pure based
on GC/MS data with about 1% of the mono- and di-imines of
monomer 4 formed by condensation of formaldehyde with the
amino groups. Extremely high purity bisaniline could be obtained
by recrystallization from hot toluene/heptane solutions. The melt-
ing point of crystalline monomer 4 was 120-125 °C and is much
higher than monomer 2, which impacted the processability of
the corresponding networks. A similar bisaniline, 4,4'-methylene-
bis[2-isopropyl-6-methylaniline] (MIPA), with isopropyl and
methyl groups in the ortho positions, has been investigated as a
component of epoxy-amine®® and bismaleimide® networks.
Interestingly, MIPA has a melting point of only 70-73 °C, ~50
°C lower than monomer 4. The higher melting point of mono-
mer 4 is likely a result of increased intermolecular hydrogen
bonding as compared to MIPA due to decreased steric hindrance
around the amines.

The higher melting points of monomers 3 and 4 as compared
to their unsubstituted counterparts required higher tempera-
tures to form homogenous solutions before casting samples for
use in polymerization reactions. However, the processing win-
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dows for networks B-D were still comparable with unsubsti-
tuted network A because the substituents on monomers 3 and 4
delay the onset of cure in their respective networks due to steric
hindrance near the reactive sites. This delayed onset was
observed when comparing the DSC scans for formation of net-
works A-D (Figure 5). The ortho-methyl substituent on the
amine was expected to cause a more significant curing onset
delay as compared to the case when the substituent was on the
epoxy because the amino functionality is in closer proximity to
the substituent and should be more effectively shielded by the
methyl group. Pascault and Eloundou have studied the kinetics
of epoxy polymerization with DGEBA and 4,4'-methylene-
bis[2,6-diethylaniline] (MDEA),**® which has ethyl groups in
all four ortho positions. Because of the steric hindrance of the
ethyl groups, the reactivity of MDEA at 135 °C, as measured by
the gelation time, was an order of magnitude lower than that
for MDA. Although a similar effect was observed for network B,
the aliphatic groups cause a comparable delay in onset tempera-
ture regardless of whether they are on the epoxy component
(network C) or the amine component (network B). This result
is surprising, but a likely explanation is that the ortho-methyl
group does not have a significant impact on the kinetics of the
chain growth reaction. Instead, the delayed onset of cure is due
to a dilution of reactive groups in the epoxy-amine solution. In
line with this theory, Network D, which has the most dilute
reactive solution, exhibits the longest curing onset delay.

To determine the relative degree of cure for each network, the
enthalpy of reaction per mole of epoxide (AH,,., Table II) was
obtained from the DSC results. The widely accepted value for
AH_. is 107 kJ/mol, but this value was derived from studies that
used an excess of amine, which allowed all of the epoxide func-
tional groups to fully react.®*®” AH,. is typically lower when
stoichiometric epoxy-amine mixtures are used because chain
motion becomes limited as curing progresses, which restricts the
remaining functional groups from coming into close proximity to
each other at the end of cure.”” The literature value for stoichio-
metric epoxy-amine mixtures has been reported as 23.5 kcal/mol
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Table II. Properties of Networks A, B, C, and D.
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AHcure T4 [No/Air Moisture Normalized Density
Network (kJ/mol epoxide) C) uptake (wt %) moisture uptake® (g/em®)
A 98.8 (1.1) 376/375 2.87(0.03) 63.7 (0.8) 1.198 (0.001)
B 83.3(0.4) 378/371 2.20 (0.006) 546 (1.5 1.132 (0.001)
@ 949 (1.1) 367/368 1.76 (0.05) 46.4 (0.4) 1.107 (0.002)
D 76.7 (0.1) 363/360 1.35(0.07) 40 (2) 1.067 (0.001)

Standard deviations are included in parentheses.
*Reported in mmol H>0/mol HBS.

(98.3 kJ/mol) by Riccardi,®® and this value is consistent with the
value obtained for network A in this study (98.8 kJ/mol). Network
B and network C had AH_,. values of 83.3 and 94.9 kJ/mol,
respectively. Comparing these values with AH,,. for network A
showed that having the aliphatic groups on the epoxy resulted in
a 3.9% decrease in conversion of the epoxy groups, whereas when
the substituents were on the amine, a 15.7% decrease in epoxy
group conversion was realized. The decreases in functional group
conversion are likely due to the ortho-methyl groups, which steri-
cally hinder the epoxy and amine groups that are responsible for
chain growth and crosslinking. The crosslinking reaction is more
likely to be affected because the secondary amine formed in the
polymer is more sterically hindered than the primary amine in
the bisaniline monomer. In addition, the degree of cure was lower
in network B as compared to network C. This result was expected
because having the methyl group adjacent to the amine imparts a
greater steric hindrance to polymerization compared to when the
methyl group is on the epoxy monomer and several bonds away
from the site of polymerization. Network D, which has substitu-
ents on both the epoxy and amine components, had a AH, . of
only 76.7 kJ/mol, 22.4% lower than the unsubstituted network A.
This result was in line with expectations based on the results from
networks B and C.

After examining the cure chemistry of the networks, their ther-
mal stability was probed by TGA. The substituted networks had
similar decomposition temperatures (T4, defined as 5% weight
loss) in N, and air compared to network A, with all networks
having a Ty at or above 360 °C. However, the degree of cure
and substitution of the networks had a subtle effect on the ther-
mal stability of the substituted networks in air. As substitution
increased and the degree of cure decreased, the onset of decom-
position of the networks shifted to lower temperature as shown
by the 2.5% decrease in the mass of network D between 280 °C
and 325 °C (Figure 6). This small mass decrease between 280 °C
and 325 °C was not observed in network A but was observed in
networks B and C with mass losses of 1.5% and 1.6%, respec-
tively (Figures S6 and S7, Supporting Information). This loss
was likely the result of an increase in unreacted functional
groups in the substituted networks.

To determine the effect of the aliphatic substitution of the mono-
mers on the hydrophobicity of the resulting networks, the mois-
ture uptakes of the four epoxy-amine networks were measured
(Table II). Network A absorbed 2.87% water by mass over the
96 h immersion period, which is fairly consistent with the litera-
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ture value of 2.54% reported by Bellenger and Verdu,” consider-
ing they immersed their samples for only 48 h. Networks B-D
have reduced moisture uptake with increasing substitution on the
epoxy monomer and amine curing agents. Network B absorbed
23% less water by mass than network A, while Network C
absorbed 39% less water by mass than network A. On the basis
of these results, functionalization of the epoxy component of the
network has more of an effect than when the substituents are on
the amine. Alternatively, the reduced moisture uptake may not
necessarily be due to efficient blocking of water by the substitu-
ents on the epoxy, but may instead be artificial because there are
more hydrophobic groups in the network. Network D which has
aliphatic substituents on both components of the network had a
water uptake of only 1.35%, which is 53% lower than network A.

To examine the impact of the substituted monomers on a polar
group basis, the normalized moisture uptake was calculated for
each network (Figure 7). The normalized moisture uptake is
based on the number of hydrogen bonding sites (HBS) per unit
mass in the network, which includes lone pairs on oxygen and
nitrogen as well as hydrogens attached to oxygen and nitrogen.
The value was calculated directly from the measured moisture
uptake (see Supporting Information). The results confirm that
the isopropyl and ortho-methyl substituents effectively block
water from the polar hydrogen bonding sites when incorporated
into either the epoxy monomer or the amine curing agent. Pre-
vious studies on ortho-methylated cyanate ester networks
showed the same trend on a polar group basis when comparing
moisture uptake with network crosslink density,”®™® which sup-
ports the hypothesis that the ortho-methyl substituents are the
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Figure 6. TGA data for network D. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Normalized moisture uptake of networks A-D. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

key contributors to increased hydrophobicity instead of the dis-
tant isopropyl groups. Another interesting finding from the nor-
malized moisture uptake data is that ortho-substitution on the
epoxy component appears to be nearly twice as effective at
blocking water as ortho-substitution on the amine component.
The use of substituted epoxy and amine monomers led to
decreases in normalized moisture uptake of 27% and 14%,
respectively, based on comparisons of networks C and B with
network A. The higher normalized moisture uptake reduction
observed when the epoxy is substituted implies that the epoxy
component and corresponding polar group domains are more
involved in moisture uptake in epoxy-amine networks than the
amine curing agent. On the basis of purely theoretical consider-
ations, oxygen is more electronegative than nitrogen, so the
oxygen-bound hydrogens are expected to form stronger hydro-
gen bonds than the hydrogens on nitrogen. Also, the nitrogens
and ether oxygens in these networks are both adjacent to an
aromatic ring, which makes the lone pairs less nucleophilic
because of delocalization of the electrons into the adjacent con-
jugated network. However, the ether oxygen has two lone pairs,
so one lone pair can be delocalized into the aromatic ring
whereas the other can participate in hydrogen bonding. The
nitrogen lone pair becomes much less nucleophilic after delocal-
ization and thus becomes a less effective hydrogen bonding site
for water. This last point has been confirmed experimentally in
previous studies on epoxy-amine networks.’>®® Interestingly,
ortho-methylation on both the epoxy and amine components
revealed an additive effect compared to the reduction in mois-
ture uptake from substitution on the epoxy or amine alone.

Table III. Tg Data for Networks A-D
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Substitution on both components resulted in a reduction in
normalized moisture uptake of 38% compared to network A,
which is close to the sum of the reductions (41%) observed
from substitution on either the epoxy component (27%) or the
amine component (14%) individually.

The Tgs of the networks were also examined to determine
the ultimate use temperatures of the bio-based networks com-
pared to the baseline network and are provided in Table III and
Figure 8. The fully-cured Tgs obtained from DSC correlated
well with the degree of cure inferred from AH_,.. Network A
had the highest T followed by networks C and B, while net-
work D had the lowest T. The Tg for network B as measured
by DSC (154 °C) was similar to the predicted fully cured Tg for
a network prepared from MDEA and DGEBA (165 °C).*> For
comparison, the Tg of the networks was also measured via
TMA and is reported as the peak loss temperature. The same
trend between Tg and AH,. was observed when comparing
the TMA Tgs for the networks, which shows consistency
between the two thermal methods. However, the smaller differ-
ence in peak loss Tg between networks B (147.4 °C) and C
(149.4 °C) was unexpected due to the modestly higher AH .
of network C. Because loss is based on the viscosity of the net-
works, the smaller difference likely reflects the similarities in vis-
cosity of networks B and C at elevated temperature. Overall, the
glass transition temperatures from both DSC and TMA were
consistent with AH,,. values and the inferred degree of cure
for the networks.

In addition to differences in degree of cure, the cure independ-
ent effects of increased aliphatic character on the crosslink den-
sity and T of the thermosets were also considered. Substituents
can prevent polymer chains from packing tightly, which disrupts
intermolecular interactions and lowers the Tg.”® This principle
is important in networks that can form strong secondary inter-
actions between chains. However, substituents along a polymer
chain can also limit rotational motion along the backbone,
which makes the chain more rigid and raises the Tg.*” Previous
work on a cyanate ester containing the p-cymene moiety
revealed a substantial decrease in T as compared to a cyanate
ester derived from bisphenol A, despite a similar degree of cure
for both monomers.*® The greater aliphatic character of the
p-cymene derived cyanate ester resin resulted in a significantly
lower volumetric crosslink density, which imparted a lower glass
transition temperature. In contrast, the aliphatic groups in the
current system impact both the degree of cure as measured by

AHcure T (C) Ts (°C) Peak “Wet" Tg (°C)
Network (kJ/mol epoxide) DSscC? loss TMA peak loss TMA
A 98.8 (1.1) 178.6 (0.2) 170.9 (0.6) 138.6 (0.6)
B 83.3(0.4) 154.0 (0.4) 147.4 (1.2) 127 (2)
© 949 (1.1) 161 (2) 149.4 (1.3) 136.3 (0.9)
D 76.7 (0.1) 142.9(0.7) 134.2 (0.6) 124 (2)

Standard deviations are reported in parentheses.
@From DSC scans on fully-cured samples using the indicated protocols.
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180 - m Dry network B and 1.78% in network C). The T knockdown of
network C is similar to the value reported by Bellinger and
il i Verdu in their study using a network comprised of DGEBA
140 1 cured with MDEA, which had a Tg knockdown of 13 °C and
£ 120 - absorbed 1.81% water by mass.”® The “wet” Tg of network C is
g 100 - roughly the same as the baseline system, which shows that this
5 80 4 system has similar thermomechanical performance in wet envi-
g ronments with much lower moisture uptake. Finally, network D
s 607 had the lowest wet Tg knockdown (10.2 °C). Thus, the lower
40, 1 moisture uptake in the substituted epoxy-amine networks

20 resulted in reduced “wet” T knockdowns.

0

Network A NetworkB NetworkC NetworkD
Figure 8. Dry and “wet” Tgs of the fully-cured epoxy-amine networks
(based on the peak loss value from TMA). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

AH_. and the crosslink density of the thermoset networks due
to the lower density of the aliphatic groups compared to the
aromatic rings. For example, network C has a lower density
than network B due to its greater aliphatic character. However,
network C also cures more completely, which allows it to over-
come its lower density, resulting in a modestly higher T. The
epoxy monomer degree of polymerization would also be
expected to impact the T because higher # values will result in
lower crosslink densities and more flexibility in the network.
However, network A showed the highest T despite its prepara-
tion from monomer 1, which had a higher degree of polymer-
ization compared to monomer 3. Thus it appears that the
degree of cure is the most important factor for determining the
T of these networks, although the maximal Tgs for networks
B-D at an equivalent AH,. are presumed to be lower than
that of network A because of lower achievable volumetric cross-
link densities.

The “wet” Tgs of moisture-saturated samples were also deter-
mined to understand the effects that moisture uptake had on
the thermomechanical properties of the networks. Network A
had the most significant decrease in Tg (32.3 °C), which is con-
sistent with the value reported by Bellenger and Verdu for the
same system (36 °C).>> The significant decrease in Tg for net-
work A corresponds to having the most water absorbed of all
the networks characterized. Networks B and C had wet Tg
knockdowns of 20.7 °C and 13.1 °C, respectively, which corre-
lated with the moisture uptake trend of these samples (2.20% in

Table IV. Properties of Networks A, B, C, and D Processed in Xylenes

In an effort to improve the processability of networks A-D,
these mixtures were prepared using 20% xylenes by mass. These
studies were performed to assess the suitability of the bio-based
epoxy-amine networks for incorporation into composite materi-
als, which can typically require up to 50% solvent by mass for
improved processing.”’ The networks prepared in xylenes were
easier to handle due to their lower viscosities. The properties of
these networks are summarized in Table IV. In general, the
properties were similar to the networks that were cured without
solvent, except both the dry and wet Tgs were lower than
observed in the solvent free system. The lower Tgs likely
resulted from the networks being less fully cured due to a lower
concentration of reactive groups during curing as well as resid-
ual solvent remaining in the networks after curing was com-
plete. Overall, the moisture uptake and “wet” Tg knockdowns
in the networks processed in solvent were consistent with the
corresponding properties in the networks prepared without sol-
vent, which shows that solvent processing is a viable approach
for fabricating composite materials with these thermosetting
resins.

CONCLUSIONS

Carvacrol and p-cymene are versatile and sustainable starting
materials for the synthesis of hydrophobic epoxy monomers
and curing agents. In this study, an epoxy monomer was syn-
thesized from a carvacrol-derived bisphenol in a single step, and
a hydrophobic aniline was synthesized from p-cymene in three
steps with modest yields and high purity. The monomers had
higher melting points than their unsubstituted analogues
(DGEBA and MDA), but there was no significant decrease in
processability due to the delayed onset of cure in the networks
containing the synthesized monomers. The aliphatic substituents
in the hydrophobic monomers resulted in lower degrees of cure

Fully-cured Fully-cured Moisture Normalized Density
Network Ty CC) “wet” Tq (°C)? uptake (wt %) moisture uptake® (g/cm®)
A 156 (4) 121 (4) 2.66 (0.006) 59.2 (1.0) 1.190 (0.004)
B 122 (6) 107 (6) 2.02 (0.05) 50.3(1.1) 1.133(0.002)
© 134 (8) 123 (5) 1.59 (0.02) 41.9(0.6) 1.112 (0.004)
D 120 (3) 114 (2) 1.38(0.04) 40.4 (1.3) 1.067 (0.001)

Standard deviations are included in parentheses.
2The glass transition temperatures were determined as the average loss peak over three trials.
b Reported in mmol H,0/mol HBS.
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based on DSC enthalpy data but also decreased moisture uptake
per functional group as compared to the unsubstituted baseline
network. The ortho-methyl substituent is believed to be the pri-
mary contributor to the lower degree of cure and higher mois-
ture resistance observed in the bio-based systems because it is
located adjacent to the curing functionality in both monomers,
the likely sites of moisture uptake. As has been seen in previous
studies, the hydrophobic epoxy was more effective at blocking
water absorption, which implicates the polar groups generated
from the epoxy monomer as the key contributor to moisture
uptake in epoxy-amine networks. Lastly, the lower moisture
uptakes observed for the bio-based networks resulted in less sig-
nificant decreases in performance under wet conditions as
shown by decreased “wet” Tg knockdowns. The results of this
study show the unique advantages of monomers derived from
renewable terpenoids over commonly-used epoxy resins and
curing agents.
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