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ABSTRACT

Renewable alternatives to petroleum-based thermosetting polymers have drawn significant
attention due to potential positive economic and ecological impact. New materials should mimic
the rigid, phenylic structure of incumbent high-performance thermoset monomers. Furans
derived from cellulose and hemicellulose are promising candidates for phenyl replacement. The
synthesis of furan-based diepoxies is challenging, and direct property comparisons of thermosets
prepared using furanyl and phenyl-based epoxy monomer analogues are required. In this work,
analogous furanyl-based and phenyl-based diepoxy monomers were synthesized, and thermosets
were prepared using amine curing agents. A structure-property study showed that furan-based

polymers possess lower T, (A = 29 °C) but improved glassy modulus (A = 0.6 GPa) relative to



their phenylic analogues. The furan ring has thus been demonstrated to be a viable building block

for renewable high-performance epoxies, with potential for application in other thermosetting

polymers.

INTRODUCTION

Thermosetting polymers are used extensively for applications in the aerospace, automotive,
insulation, electronics and sporting goods industries." Generally, they possess excellent thermal
and mechanical properties as a result of the formation of a cross-linked network when cured.”
Epoxy resins are among the most used thermosetting materials because of their unique
properties.’

Most thermosetting resins are produced from petroleum feedstocks. Recently, the increasing
price of fossil fuels and the demand for protecting health and environment have raised interest in
manufacturing polymeric materials from renewable resources.” * Bio-based resources have the
potential to be used for preparing thermosets with performance comparable to petroleum-based
systems.” There are numerous biomass sources that have been studied as feedstocks for
thermosets. These include plant oils,® cellulose,” hemicellulose,**® lignin,9 starch'® and chitin."!
Such materials can be transformed to chemicals with specific building blocks that can be
converted to monomers used for polymeric materials. Some examples of these building blocks

are (i) fatty acids from triglycerides,® (ii) isosorbide from hemicellulose, ®

(i) phenolic
derivatives from lignin,” and (iv) furanyl structures from cellulose and hemicellulose.’
Triglyceride-based materials are comprised of aliphatic chains that inherently do not possess the
strength and rigidity required for most thermosetting applications. Therefore, complex

chemistries are needed to improve properties of materials based on triglycerides.'? Isosorbide is

reputed to be nontoxic and rigid, however, isosorbide-derived epoxy resins, as well as the



resulting polymer networks, suffer from relatively high hydrophilicity."> Even though phenolic
derivatives from lignin are considered important thermosetting materials due to their aromatic
characteristics, their utilization is greatly limited by the challenge of breaking lignin down into
useful chemicals.'* Furanyl building blocks are considered a promising alternative to petroleum
based phenyl building blocks in commercial thermosetting resins because of their aromatic
characteristics and feasible availability."> Furanyl chemicals can be produced from existing
biomass sources; for example, cellulose, the most abundant compound in wood, can be
chemically and bacterially degraded into hexose and converted into hydroxymethylfurfural
(HMF), a potential precursor for thermosetting resins.” Hemicellulose can be degraded into
pentose and converted into furfuryl alcohol, making it also possible to be used as a bio-based
resource.”®

Furfurylamine (FA)'® and furfuryl glycidyl ether (FGE)'” are commercial furanyl chemicals
that could have applications in epoxy resins. However, these monomers do not provide the
ability to crosslink and therefore are generally used as network modifiers, where furan rings
become side groups of the polymer network. Generally, high-performance thermosetting systems
are based on multifunctional epoxy and amine monomers with ring structures that build directly
into the cured polymer networks.'"® For example, DGEBA (diglycidyl ether of bisphenol A)
contains two epoxy functional groups linked by multiple aromatic rings on its main chain. This

epoxy is often cured using diamine curing agents such as 4, 4’ -methylene biscyclohexanamine

(PACM)" and diethyl toluene diamine (EPIKURE W)? which results in crosslinked structures
with high thermo-mechanical performance.
There have been limited reports of multifunctional furanyl based epoxy resins.'>* !> ® Cho et al.

recently reported two furan-based di-epoxies, BOF (a mono-furan di-epoxide, in Figure 1) and



bFdE (a bis-furan di-epoxide, in Figure 1.1

The materials developed by Cho et al. were photo-
cured cationically using IRGACURE 250 and triphenylsulfonium hexafluoroantimonate salt
initiators and the adhesive strengths of these materials were tested using a lap-shear
configuration. Fundamental properties such as T, and tensile modulus were not reported.
Moreover, a comparison was not made with petroleum based phenyl analogs. It should also be
noticed that cationic cure of epoxies proceeds via a chain mechanism that results in vastly
different network structures compared to step-growth epoxy-amine polymerization. The
synthesis of BOF was also reported by Jeong et al., however, BOF was only utilized as an
intermediate for which thermo-mechanical properties were not investigated.'*® Thus, there are no
reports of the properties of di-epoxies based on furanyl building blocks. Moreover, it is crucial to
fundamentally understand how furanyl building blocks affect thermo-mechanical properties of
epoxy resins compared to phenyl building blocks in order to better design furan-based
thermosets with the goal of replacing petroleum-based systems. No direct comparison between
furanyl and phenyl based epoxy resins has been shown in literature. In this work, we seek to
understand structure-property relationships of furan-based di-epoxies relative to those of phenyl-
based di-epoxies.

While there have been no reports on the syntheses and properties of epoxy-amine networks
based on furanyl building blocks (note that we exclude works with FA and FGE for the reasons
discussed earlier), there are numerous examples in the literature of bio-based epoxy systems and
their properties that provide general points of comparison. Table 1 summarizes these works in
three categories: lignin, cellulose/hemicellulose and plant oil systems. The table contains works
where thermo-mechanical properties of the bio-based systems were obtained and where

comparisons were made to the standard DGEBA based systems. Beginning with lignin derived



structures as examples, Nouailhas et al. reported a catechin-based epoxy monomer with similar
performance to DGEBA prepared with the same curing agent.”' Aouf et al. reported a gallic acid
derived epoxy resin that displayed a higher T, compared to DGEBA when cured with isophorone
diamine (IPD).? Ochi et al. synthesized a vanillin derived epoxy resin (BMPTU) with a similar
structure to DGEBA that showed comparable T, and storage modulus to DGEBA when cured
with 4,4'-diaminodiphenylmethane (DDM).> For cellulose/hemicellulose derived structures,
Sachinvala et al. prepared a mixture of epoxy allyl sucroses (EAS) with variable epoxy groups
per monomer.** This resin possessed a much lower T, value relative to DGEBA when cured with
diethylenetriamine (DETA). East et al. recently explored the preparation of an isosorbide-based
epoxy resin.”> Much lower Tes compared to DGEBA when cured with an aliphatic triamine
(Jeffamine T403) and DDM were reported. Lukaszczyk et al. reported a less pure isosorbide
based epoxy resin with an epoxy number of 0.44 mol per 100 g which was cured using
triethylenetetramine (TETA) and IPD that possessed Tes 70 °C lower than DGEBA."
Chrysanthos et al. recently synthesized two isosorbide-based epoxy resins, one containing the
pure epoxy monomer (DGEDAS() and the other consisting of various oligomeric species
(DGEDAS,).* T, values of the resulting thermosets prepared with IPD were consistently lower
than analogous DGEBA systems. For the category of plant oil derived structures, Earls et al.
reported the thermo-mechanical properties of several glycerides containing terminal/non-
terminal epoxy groups on aliphatic chains with varying chain lengths.”” The resulting thermosets
cured with DDM possessed T, values of 48-133 °C much lower than DGEBA-DDM system and
also relatively lower flexural moduli. Lligadas et al. prepared two fatty acid derived epoxy

resins, epoxidized 10-undecenoyl triglyceride (UDTGE) and epoxidized methyl 3,4,5-tris(10-



undecenoyloxy)benzoate (UDBME), that possessed similar T, values (~70 °C) when cured with

DDM,'"?® both of which were significantly lower than DGEBA-DDM system (184 °C).”’

Table 1. Thermo-mechanical properties of several bio-based epoxy resins reported in the

literature
Bio-based Curing Process Properties Comparison Ref
Epoxy Resin
Lignin
GEC* Composition (1) (1): ~55°C°, DGEBA Nouailhas et
75wt%DGEBA/25wt%GEC, 2.46 GPa’ e al.”!
composition (2) e ~55 dC ,2.81
50wt%DGEBA/50wt%GEC and ~ (2): ~30°C, GPa
DGEBA were stoichiometrically ~ 2-40 GPa
cured with Epamine PC 19” at 60
°C for 24 h.
GEGA® GEGA and DGEBA were 233 °C/ DGEBA Aouf et al.*?
stoichiometrically cured with IPD o
at 90 °C for 0.5 h and 200 °C for 160 °C
2 h.
BMPTU®*  BMPTU was cured with DDM at 167 °C" DGEBA Ochi et al.”;
180 °C for 2 h and 200 °C for 4 h; \ Koike et
174 °C al. 28
DGEBA was cure with DDM at
80 °C for 2 h and 180 °C for 6 h.
Cellulose/Hemicellulose
EAS3.7' EAS3.7, EAS3.2 and EAS1.6 EAS3.7: DGEBA Sachinvala
. were stoichiometrically cured 72 °C™ o et al.?
EAS3.2 with DETA from 25 to 230 °C. 134°C
. EAS3.2:
EAS 1 6 62 oCm
EAS1.6:
16 °C"
Isosorbide Isosorbide epoxy was T403:48 °C" DGEBA East et al.”;
epoxy stoichiometrically cured with o . Fenouillot et
Jeffamine T403 at 100 °C for 4 h; DDM:89°C"  T403:93°C 4 2.
with DDM at 80 °C for 2 h, 120 Morgan et




°C for 16h and 150 °C for 2 h. DDM: 174 °C  al.”’; Ochi et
al.?
IS-EPO’ IS-EPO and DGEBA were TETA: 49 C’, DGEBA Lukaszczyk
stoichiometrically cured with 5.5 GPa’; orp St al.’?
TETA at 25 °C for 24 h and 80 ., TETA116°C
°C for 24 h; with IPD at the same 111211)6 (7}% qC , 83 GPa’;
. .o, . . a
curing condition. IPD:141 °C?,
10.4 GPa“
DGEDAS,” DGEDAS,, DGEDAS, and DGEDAS,: DGEBA Chrysanthos
. DGEBA were stoichiometrically 112 °C’; - et al.?®
DGEDAS."  cured with IPD at 80 °C for 1 h 155°C
and 180 °C for 2 h. DGEDAS,;
96 °C
Plant oil
Epoxidized  1,2a, 2b, 2¢, 2d and DGEBA 1: 54 °C", DGEBA Earls et al.”’
triglyceride”  were stoichiometrically cured 1.5 GPa"; -
with DDM. Cure temperature was o 184 °C >
increased by 25 °C per 2 h from 2256 S ’ 2.4 GPa
initial temperature upon reaching ~ 1-1 GPa’;
final temperature with an Ao oW
additional 2 h: 120 to 200 °C for ?bl éiag, ’
1; 120 to 180 °C for 2a and 2¢; 90 ’
to 180 °C for 2b; 120 °C for2d.  2¢: 68 °C”,
120 to 180 °C for DGEBA. 1.9 GPa";
2d: 133 °C",
3.2 GPa"
UDTGE" UDTGE was stoichiometrically UDTGE: DGEBA Lligadas et
. cured with DDMat 100 °C for 63 °C* . al.'*
UDBME 1.5 h and 140 °C for 1h, 174 °C Ochi et al.”?
UDBME:
UDBME was stoichiometrically 74 °C*

cured with DDM at 90 °C for 1.5

h and 160 °C for 1 h.

“Glycidyl ether of catechin, 80% purity.

A mixture of BPA-epichlorohydrin polymer, benzyl alcohol, 1,3-bis(aminomethyl)benzene
and 3-aminomethyl-3,5,5-trimethylcyclohexylamine.

T, assigned as the temperature at the maximum of loss factor by DMA from 25 to 120 °C at 3
°C/min and a frequency of 5 Hz.

“Storage modulus at 30 °C.



“Glycidyl derivative of gallic acid.

5 T, assigned as the temperature at the maximum of tand curve by DMA from 30 to 300 °C at 3
°C/min, a frequency of 1 Hz and strain at 0.1%.

£3,9-bis[(3-methoxy-4-glycidyl)-phenyl]-2,4,8,10-tetroxaspiro(5,5)undecane (epoxide equivalent:
282+5).

th assigned as the temperature at the maximum of tand curve by an inverted, free-oscillation,
torsion pendulum (RD-1100AD, Rhesca Co. Ltd.) from -160 to 250 °C at 0.7 °C/min in vacuo.

‘Epoxy allyl sucroses (3.7 epoxy groups per sucrose).
/Epoxy allyl sucroses (3.2 epoxy groups per sucrose).
kEpoxy allyl sucroses (1.6 epoxy groups per sucrose).

'Cured by heating from 25 to 230 °C at 5 °C/min by DSC with 2040 mg premixed epoxy—amine
samples in open aluminum pans under dry nitrogen.

"T, determined at the inflection point of the forward step curve by DSC from -140 to 200 °C at
10 °C/min.

"T, measured by DSC.
’Isosorbide based epoxy resin, epoxy number: 0.44 mol/100 g.
PT, measured by DSC from 0 to 250 °C at 10 °C/min.

9Flexural modulus measured on Zwick 100N5A with extensometer in accordance with the PN-
EN ISO 178:2006 standard.

"The monomer of isosorbide diglycidyl ether, 100% purity (epoxide equivalent: 143).
*The oligomer of isosorbide diglycidyl ether (epoxide equivalent: 184).

‘T, assigned as the temperature at the maximum of tand curve by DMA from -100 to 200 °C at 3°
C/min with a frequency of 1 Hz and strain at 0.5% under a nitrogen stream.

“Compound 1 was epoxidized linseed oil, compounds 2a, 2b, 2¢ and 2d were terminal-
epoxidized trifunctional triglycerides with different chain lengths.

"T, measured by DSC from -50 to 300 °C at 10 °C/min.

"Flexural modulus determined using ASTM method D-790.
“Epoxidized 10-undecenoyl triglyceride, 100% purity.

“Epoxidized methyl 3,4,5-tris(10-undecenoyloxy)benzoate, 100% purity.

“T, assigned as the temperature at the maximum of loss-modulus curve by DMTA from -100 to
150 °C at 5 °C/min and a frequency of 1 Hz.



Several parameters affect the overall thermo-mechanical properties of epoxy thermosetting
polymers. These include cure conditions, extent of reaction, purity, curing agent selection and
building block type. The cure conditions, which determine the extent of reaction, are critical to
final properties of the epoxy thermosets. Identical epoxy-amine thermosetting systems cured to
different degrees possess different thermo-mechanical properties. For example, DGEBA-IPD
and DGEBA-DDM systems reported by different researchers in Table 1 show different T,s. The
different T, measurement techniques are a possible reason for this observation, but it should be
noted that since most of the literature in Table 1 failed to provide the extent of reaction to
indicate the full conversion between epoxy/amine functional groups, the reason for the observed
difference is not clear. So, T, data presented in the absence of cure conversion data can have
significant uncertainties.

The purity of bio-based epoxy resins also has a significant impact on the overall performance.
For instance, the isosorbide based epoxy resin reported by Lukaszezyk et al.'* was cured with
IPD without purification and a Ty of 73 °C was observed, whereas the monomer of isosorbide
diglycidyl ether with a 100% purity prepared by Chrysanthos et al.*® was cured with the same
curing agent and a much higher T, (112 °C) was reported.

The curing agent selected is obviously another important factor to affect the properties of
epoxy thermosets. DGEBA cured with DDM gives the highest T, (184 °C)*” when compared to
other curing agents: IPD (155 °C),%® DETA (134 °C)** and Jeffamine T403 (93 °C).** The reason
is because of the different structural rigidity and functionality of these amine curing agents. This
makes it more difficult to compare the properties of bio-based epoxies studied by different

research groups.



Notwithstanding the above discussion concerning factors that influence thermo-mechanical
properties of thermosets, generally, due to their aromatic characteristics, lignin and cellulose
derived building blocks endow thermosetting epoxy resins with higher thermo-mechanical
properties compared to those from plant oils. For example, when cured with DDM, BMPTU,***

- - 25,29
isosorbide based epoxy”™

and epoxidized linseed oil*’ possess T, values of 167 °C, 89 °C and
54 °C, respectively. However, no direct comparisons exist between resin systems based on
phenyl and furanyl building blocks derived from lignin and cellulose, respectively. In order to
properly assess the effects on properties related to the selected phenyl and furanyl building
blocks, epoxy resins with analogous structures in which only the ring is varied must be
compared. Moreover, other factors including cure conditions, extent of reaction, purity and
curing agent selection must be kept consistent. Hence, in this work, thermo-mechanical
properties of two analogous epoxy resins are investigated and compared. The two mimetic epoxy
resin  monomers, 2,5-bis[(2-oxiranylmethoxy)methyl]-Furan ~(BOF) and  2,5-bis[(2-
oxiranylmethoxy)methyl]-Benzene (BOB), were prepared according to the literature and cured
using standard amine curing agents, PACM and EPIKURE W. Thermo-mechanical properties of
these analogous systems were evaluated and robust conclusions regarding structure-property

relationships associated with the use of furanyl versus phenyl building blocks were drawn

supporting the competitiveness of cellulose derived structures for use in thermosetting materials.

EXPERIMENTAL SECTION

Materials. All reagents and solvents used in this work, including tetrabutylammonium
hydrogen sulfate (99+%), tetrabutylammonium bromide (98+%), epichlorohydrin (99%), ethyl
acetate (99.8%), hexane (95%), sodium hydroxide (98%), tetrahydrofuran (THF, 99.9%), silica

gel (60A, 70-230mesh), furfuryl glycidyl ether (FGE, 96%), 1,4-benzenedimethanol (99%),

10



glacial acetic acid (99.7%), acetic anhydride (99+%), crystal violet indicator, perchloric acid (0.1
N solution in glacial acetic acid), methylene chloride (99.8%) and potassium acid phthalate
(99.95%) were supplied by Sigma-Aldrich, USA; 1,4-Bis(glycidyloxy)benzene (DGEPP, 97+%)
was supplied by Alfa Aesar, USA; 2,5-bis(hydroxymethyl) furan (b-HMF, 98+%) was supplied
by Pennakem, LLC, USA. EPON 828 composed of diglycidyl ether of bisphenol A (DGEBA)
and low molecular weight oligomers of DGEBA and EPIKURE W composed of isomers of
diethyl toluene diamine were supplied by Miller-Stephenson chemical company, USA; 4, 4'-
methylene biscyclohexanamine (PACM, 99+%) was supplied by Air Products, USA. All
chemicals were used as received.

The structures of the epoxy monomers and diamine curing agents used in this work, as well as
materials discussed in the introduction, are summarized in Figure 1. A and B are furanyl- and
phenyl-based epoxy monomers which have been synthesized; C and D and E are commercial
epoxies used with or without A and B to prepare a number of thermosets cured by the amine
curing agents F and G as described throughout this work. H and I are materials discussed in the

introduction.
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A.V/\OA\OQ/\O/HO B. V/\O/\Q/\O/\?
Oy Oy

QTGN

G.
NH
HZN\O\/(:( 2
HoN NH»

A. 2, 5-bis[(2-oxiranylmethoxy)methyl]-Furan (BOF),
Furan diepoxide in ref 15a and 15b;
B. 1, 4-bis[(2-oxiranylmethoxy)methyl]-Benzene (BOB);
C. furfuryl glycidyl ether (FGE);
D. 1,4-Bis(glycidyloxy)benzene (DGEPP);
E. diglycidyl ether of bisphenol A (DGEBA), EPON 828, n=0.13;
F. 4, 4-methylene biscyclohexanamine (PACM);
G. diethyl toluene diamine (EPIKURE W);
H. Bis-furan di-epoxide (bFdE) in ref 15a and 15b;
I. Phenyl glycidyl ether (PGE).

Figure 1. Materials used in this work and discussed in the introduction.

Synthesis of 1, 4-bis[(2-oxiranylmethoxy)methyl]-Benzene (BOB). A 1000 mL three-
necked round-bottom flask was equipped with a magnetic stirring bar, a constant-pressure
dropping funnel, a thermometer and an inlet for dry nitrogen. Oxygen and moisture in the reactor
was replaced with dry nitrogen. Tetrabutylammonium bromide was used as a catalyst.>' 1, 4-
benzenedimethanol (13.8 g, 0.1 mol), tetrabutylammonium bromide (TBAB) (3.22 g, 0.01 mol)
and 40% w/w aqueous sodium hydroxide (250 ml) were vigorously stirred in the flask at 50 °C
for 1 hour. Then, the flask was placed into an ice batch for half an hour before epichlorohydrin
(73.6 g, 0.8 mol) was added dropwise using a constant-pressure dropping funnel over a period of

0.5 hours. The mixture was allowed to react for another 21 hours with vigorous stirring after the
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temperature reached RT. The mixture was then poured into 125 ml ice/water and extracted three
times with 50 ml diethyl ether. The combined organic phase was washed with deionized water to
neutral pH, dried with anhydrous MgSO,4 and concentrated using vacuum. The residue was
purified by reduced-pressure distillation to yield BOB as a colorless liquid. An overall yield of
90% was obtained (22.5 g) and the purity was 99% by 'H NMR.

Synthesis of 2, 5-bis[(2-oxiranylmethoxy)methyl]-Furan (BOF).15b A 1000 mL four-necked
round-bottom flask was equipped with a constant-pressure dropping funnel, a thermometer, a
condenser, an inlet for dry nitrogen and a magnetic stirring bar. The air inside the system was
replaced with nitrogen to eliminate oxygen and moisture. Tetrabutylammonium hydrogen sulfate
was used as a catalyst.”> With continuous stirring, epichlorohydrin (202.4 g, 2.2 mol) and
tetrabutylammonium hydrogen sulfate (4.07 g, 0.012 mol) were charged into the flask at 65 °C.
2,5-bis(hydroxymethyl) furan (b-HMF) (128.05 g, 1 mol) was added into the flask dropwise after
being melted (T, = 68 °C). The reaction was allowed to proceed for 4 hours, then the mixture
was cooled to 50°C and 320 mL of sodium hydroxide aqueous solution (50% w/w) was added
dropwise to complete the intramolecular ring-closing epoxidation reaction. After 2 hours, the
mixture was extracted three times with 50 ml diethyl ether. The combined organic phase was
washed with deionized water and dried with anhydrous MgSOj. A rotary evaporator was used to
remove the solvent, leaving a brown-red liquid residue. Silica gel chromatography with ethyl
acetate/hexane (2 to 1 by volume) was used to purify the BOF as a yellow liquid. An overall
yield of 60% was obtained (144 g) and the purity was 99% by 'H NMR.

Characterization of BOF and BOB. BOF and BOB were characterized by epoxy titration

(ASTM D 1652-97), gel permeation chromatography (GPC), Fourier transform infrared
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spectroscopy (FT-IR), 'H NMR, "*C NMR (nuclear magnetic resonance), theometry and Mass
Spectrometry (MS).

Epoxy titration was performed by following ASTM D1652-90, Procedure B, to determine
epoxy equivalent weight (EEW) of BOF and BOB. For example, a mixture was prepared with
BOF (0.4 g), methylene chloride (10 mL), tetracthylammonium bromide solution (10 mL, 0.25
g/mL) and 8 drops of 0.1% solution of crystal violet indicator in glacial acetic acid. Titration was
conducted using 0.IN perchloric acid reagent. The mixture displayed a sharp color change from
blue to green and the volume of perchloric acid agent used was recorded. Multiple titrations were
conducted.

GPC was used to measure the purity of BOF and BOB. A Waters 515 GPC with two 30 cm
long, 7.5 mm diameter, 5 um (poly)styrene-divinyl benzene columns (PLgel 5 pum MIXED-C
column and PLgel 5 um 50 A column) in series. Columns were equilibrated and maintained at 45
°C with elution with THF at a rate of 1.0 mL/min. The column effluent was monitored using two
detectors: a Waters 2487 dual absorbance detector operating at 280 and 254 nm, and a Waters
2410 refractive index detector at 25 °C. Samples (2 mg) were dissolved in THF (1 mL) and
filtered before being injected into GPC. The total running time for each sample was 25 minutes
with a flow rate of 1 ml/min.

Functional groups of BOF and BOB, such as furanyl, phenyl and epoxy, were identified using
a Thermo Nicolet Nexus 870 Fourier transform infrared spectrometer (FT-IR) in absorbance
mode. Spectra were recorded with 32 scans at an 8 cm™ resolution at RT with a deuterated
tryglycine sulfate (DTGS) detector in 4000-8000 cm’ range for near infrared spectra (N-IR) and

650-4000 cm™ for mid-infrared spectra (M-IR).
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Proton and carbon nuclear magnetic resonance (‘"H NMR and "*C NMR) measurements were
used to confirm chemical structures of BOF and BOB. Both '"H NMR and C NMR were
obtained using a Varian Unity Inova NMR (500 MHz) instrument with spectral window of =+
2000 Hz, 32 scans for "H NMR and 5000 scans for °C NMR at 293 K and 90° pulse width.

Monomer viscosity was measured using an AR2000 ex Rheometer (TA instruments) with 40
mm flat plate configuration using a shear rate range from 0.01 to 1000 s, with 10 measurements
recorded per decade. Shear stress was measured every 2 s at each shear rate. Viscosity was
reported as the average of three measurements at a shear rate of 1000 s™".

Mass Spectrometry (MS) was conducted by a Water AutoSpec-Ultima triple sector high
resolution mass spectrometer using chemical ionization with methane as the ionizing gas in
positive ion mode.

Preparation of cured BOF and BOB polymers.** 4, 4'-methylene biscyclohexanamine
(PACM) and diethyl toluene diamine (EPIKURE W) were used as curing agents. BOF polymers
were prepared by varying the weight ratio of BOF to DGEBA and mixing with a stoichiometric
quantity of a curing agent. To define polymer networks being discussed in this work, Wepoxy
represents the weight fraction of BOF or BOB monomer blended with DGEBA before the
addition of curing agents. For example, a sample of a 3:7 weight ratio of BOF to DGEBA was
defined to be Wpor = 0.3. Stoichiometric quantities of curing agent were calculated based on
EEW = 188 for DGEBA, 120 for BOF, 125 for BOB, and amine hydrogen equivalent weight
(AHEW) = 52.5 for PACM and 45 for EPIKURE W. BOF and BOB samples were prepared with
Wgop and Wpep varying from 0 tol.

BOF and BOB samples were cast into rubber molds with uniform dimensions of 10 mm by 40

mm by 5 mm and cured. The cure procedure, i.e. cure and post cure temperature and cure time,
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was established basing on differential scanning calorimetry (DSC, TA Instruments Q2000) and
near-IR studies.>> For example, Wgor > 0 samples with PACM were cured at 60 °C and post-
cured at 160 °C for 9 hours, whereas Wgor = 0 ones with PACM were cured at 80 °C and 160 °C
for 9 hours to achieve full-cured polymers.'® BOB polymer samples were prepared in a similar
fashion. After polymer samples were post cured, they were sanded to uniform dimensions for
dynamic mechanical analysis (DMA, TA Instruments 2980).

Full conversion of epoxy and amine groups in BOF and BOB polymer samples was verified
using a Thermo Nicolet Nexus 870 N-IR spectrometer. Spectra of post-cured samples were
recorded in a range of 4000-8000 cm™, with 8 cm™ resolution and 32 scans operated in
absorbance mode at RT.*

Polymer properties. Thermo-mechanical properties of cured BOF and BOB polymer samples
were measured by dynamic mechanical analysis (DMA). DMA was performed with a TA
Instruments 2980 in single cantilever geometry. Polymer samples were prepared with
approximate dimensions of 38 mm by 9 mm by 4.5 mm, and tested at a frequency of 1 Hz with
an amplitude of 15 um and a ramp rate of 2 °C/min from RT to a particular temperature
(generally approximately 60 °C higher than the glass transition temperature (T,) of the sample).
Each sample was tested twice and the result of the second run was used to measure T, and
storage modulus. T, was assigned as the temperature corresponding to the peak of loss modulus
curve.

RESULTS AND DICUSSION

Comparison of BOF and BOB epoxy resins cured with PACM and EPIKURE W. BOF
and BOB were characterized using multiple techniques, including epoxy titration (ASTM D

1652-97), GPC, FT-IR, 'H NMR, Bc NMR, Rheometry and MS. The results are presented in
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detail in the Supporting Information. Taking BOF as an example, a single sharp GPC peak at
15.6 minute suggests only one component exists. An experimental EEW (123 g/eq.) very close to
the theoretical value (120 g/eq.) from epoxy titration, together with its GPC result, indicates that
BOF was successfully prepared. Its chemical structure and purity (>99%) were also confirmed
using "H NMR and ">C NMR. Similarly, the purity of BOB used in this study was found to be

>99%.

——60°C_initial
——60°C_final
——160°C_final

Absorbance

8000 7000 6000 5000 4000
Wavenumbers (cm™)

Figure 2. N-IR spectra of a Wpor = 1 sample cured and post-cured with PACM at 60 °C and 160

°C, respectively.

Full conversion between epoxy and amine groups in BOF and BOB polymer samples was
confirmed by N-IR. For example, N-IR spectra of a BOF polymer sample cured with PACM are
shown in Figure 2, where black, red and blue curves represented the first scan at 60 °C, the last
scan at 60 °C after 9 hours, and the last scan at 160 °C for another 9 hours, respectively. It is
evident that at 60 °C the peak corresponding to epoxy groups (4530 cm™) decreased in

conjunction with those corresponding to primary (4935 cm™) and primary/secondary (6500 cm™)
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amine groups at 60 °C, while the peak associated with hydroxyl groups (6990 cm™) formed by
the epoxy ring opening reaction increased. After 9 hours at 60 °C, the presence of epoxy and
secondary amines is evident while primary amine is not noticeable. This is consistent with
known cure behavior of epoxies as primary amines are more reactive than secondary amines.
Following post cure at 160 °C for 9 hours, epoxy, primary and secondary amine peaks are all no
longer present, indicating that within the limits of infrared spectroscopy measurements, epoxy
and amine groups are fully converted after the cure schedule is completed. These results are

representative of all compositions evaluated.

(a) —— BOF-PACM (b) —— BOF-EPIKURE W
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Figure 3. DMA thermograms of cured samples of BOF and BOB with PACM and EPIKURE W,

respectively.

The DMA plots of BOF and BOB cured with PACM and EPIKURE W are shown in Figures 3
in which Figure 3a contains the DMA plots of BOB and BOF cured with PACM and Figure 3b
contains those for BOB and BOF cured with EPIKURE W. A sharp loss modulus peak is evident
in all cases. On a basis of the peak position for samples cured with PACM, BOF has a T, =71 °C

which is lower higher than the T, of BOB at 100 °C. For samples cured with EPIKURE W, the
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T, of BOF is 88 °C which is also lower than that of BOB at 132 °C. As expected, curing with the
aromatic curing agent results in a higher T, for both epoxy systems. However, for both the
aromatic and cycloaliphatic curing agents BOF was found to have a lower T, than the
corresponding BOB epoxy system. The only difference in the chemical structures of these two
epoxies is that BOF has a furan ring in place of the benzene ring possessed by BOB. BOF
polymer samples possess a higher storage modulus relative to the BOB samples all the way from
room temperature through the glass transition for both PACM and EPIKURE W systems. The
use of the furan building block increased the stiffness of the cured polymer samples.

One of the potential reasons for the interesting thermo-mechanical behavior of BOF epoxies
previously described is that hydrogen bonding occurs between the oxygen atoms of furan rings in
BOF and the hydroxyl groups in the epoxy-amine polymer networks generated during epoxy
cure. In order to test this hypothesis, M-IR was employed to evaluate hydrogen bonding, as

described by others,*®

of BOF monomer and BOF polymer samples cured with PACM and
EPIKURE W. The formation of hydrogen bonds can slightly influence bond lengths, energies
and electron density distribution of involved chemical bonds, and these changes are normally
around two or more orders of magnitude smaller compared with typical chemical changes. IR
spectroscopy has the capacity to detect the formation of hydrogen bond at a very sensitive level
in this case. M-IR spectra of all three samples are plotted together in Figure 4, where the black
curve represents BOF monomer, and red and blue curves correspond to BOF cured with PACM
and EPIKURE W, respectively. As expected, a broad peak was present in the region between
3200 to 3500 cm™, representing hydroxyl groups formed from the epoxy-amine reaction. There

are no hydroxyl groups in BOF monomer. Meanwhile, the peak at 1078 cm™ which corresponds

to stretching of C—O—C on furan ring,** in BOF shifted to a lower frequency by 9 cm™ after
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being cured with PACM and EPIKURE W. It has been suggested®®>’ that hydrogen bonding can
shift the stretch vibration of corresponding functional groups to a lower frequency (red shift),
and the value of this red shift is well correlated with the strength of hydrogen bond formed
between involved functional groups. However, more evidence is needed to evaluate the

significance of hydrogen bonding in affecting thermo-mechanical properties of BOF relative to

BOB.

——BOF @ —BOF (b)
—— BOF & PACM ] — BOF & PACM 1078
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Figure 4. M-IR spectra of BOF and cured BOF polymer samples with PACM and EPIKURE W,

respectively. (b) is magnification of (a).

Another explanation for the observed phenomena of thermo-mechanical behavior associated
with the furan building block is derived from structural considerations. Even though furan rings
in BOF are asymmetric along the backbone of BOF molecules and rotations around the aromatic
unit can theoretically hardly occur, the methylene linkages between furanyl and glycidyloxy

groups may facilitate the rotations and allow large scale motion of the chains to occur at lower

temperatures.
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Comparison of BOF and BOB polymer samples prepared by blending with DGEBA. In
order to further explore the differences in properties associating with epoxy networks prepared
using furanyl and phenyl building blocks, and to evaluate the viability of using furan based
epoxies in conjunction with commercially available resins like DGEBA, polymer samples were
prepared by blending with DGEBA at different concentrations. Four sets of polymers were
prepared in which the weight fraction of epoxy monomers comprised of DGEBA was varied
from 0% to 100% [0%, 30%, 50%, 70% and 100%]. These sets included: (1) BOF and DGEBA
cured stoichiometrically with PACM; (2) BOB and DGEBA cured stoichiometrically with
PACM; (3) BOF and DGEBA cured stoichiometrically with EPIKURE W and (4) BOB and
DGEBA cured stoichiometrically with EPIKURE W. N-IR was used as discussed previously to

ensure complete conversion as measured within the limits of the spectroscopic technique.
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Figure 5. DMA thermograms of cured polymer samples of BOF and BOB blending with

DGEBA (EPON 828) at different ratios in PACM system, respectively.

DMA thermograms of BOB- and BOF-based samples cured with PACM are shown in Figure
5, and DMA thermograms of BOB- and BOF-based samples cured with EPIKURE W are given
in Figure 6. When blending with DGEBA at different ratios, BOF based samples were found to
consistently possess higher storage modulus and lower T, compared with BOB-based samples.

Figures 5(a) and 5(b) show the storage modulus as a function of temperature of BOF-DGEBA-
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PACM and BOB-DGEBA-PACM samples, respectively. At room temperature, BOF samples
show higher storage modulus with increasing BOF content. A similar trend is not observed for
BOB containing samples. This result suggests that for samples cured using PACM, furan rings
improve polymer glassy modulus even when blending with DGEBA which is not the cases when
using BOB. Figure 5(c) and 5(d) show the loss modulus curves for BOF-DGEBA-PACM and
BOB-DGEBA-PACM samples respectively. All BOF and BOB samples display a single sharp
loss modulus peak, suggesting that phase separation has not occurred in the cured polymer
networks. The peak positions of loss modulus curves shift to higher temperatures with increasing
DGEBA content. Also, for BOF-DGEBA-PACM samples, the height of the loss modulus peak
decreases with increasing content of DGEBA, and the area under the loss modulus-temperature
curve in the vicinity of glass transition temperature decreases with increasing content of
DGEBA. For BOB-DGEBA-PACM samples, the loss modulus peak height and the area under

the loss modulus-temperature curve remains similar when increasing the DGEBA content.
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Figure 6. DMA thermograms of cured polymer samples of BOF and BOB blending with

DGEBA (EPON 828) at different ratios in EPIKURE W system, respectively.

For BOB-DGEBA-PACM samples, the loss modulus peak height and the area under the loss
modulus-temperature curve remains similar when increasing the DGEBA content. DMA
thermograms of BOB and BOF samples cured with EPIKURE W are shown in Figure 6. Figures
6(a) and 6(b) show the storage modulus as a function of temperature of BOF-DGEBA-EPIKURE

W and BOB-DGEBA-EPIKURE W samples, respectively. At room temperature, the storage
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moduli of BOF-DGEBA-EPIKURE W samples did not follow the trend observed for the systems
cured with PACM since the addition of BOF produced modulus similar to those of pure BOF and
DGEBA cured with EPIKURE W, respectively. The same behavior was observed for the set of
BOB polymers. The loss modulus curves given in Figures 6(c) and 6(d) for BOF-DGEBA-
EPIKURE W and BOB-DGEBA-EPIKURE W samples show that the systems cured with
EPIKURE W behave very similarly to those cured with PACM. BOF and BOB samples display
a single sharp loss modulus peak, suggesting that phase separation has not occurred, and the
height of the loss modulus peak decreases with increasing contents of DGEBA and the peak
positions of the loss modulus curves shift to higher temperatures with increasing DGEBA
content in BOF-DGEBA-EPIKURE W samples.

Table 2. T, data of BOF/BOB - DGEBA cured with PACM/EPIKURE W at stoichiometry

Ty(°C) by DMA®
Weight ratio of PACM EPIKURE W
€poXy monomers BOF- BOB- BOF- BOB-
(BOF/BOB:DGEBA) DGEBA DGEBA DGEBA DGEBA
100:0 71 (80) 100 (111) 88 (94) 132 (140)
70:30 96 (106) 115(126) 114 (120) 148 (156)
50:50 111 (121)  125(136) 133 (139) 158 (166)
30:70 131 (140) 140 (150) 153 (160) 168 (177)
0:100 167 (176) 167 (176)  185(198) 185 (198)

“T, assigned as the temperature at the peak position of loss modulus curve from DMA. Values in
parentheses were T,s assigned as the temperature at the maximum of tand curve from DMA.

T, for the four sets of polymer samples was obtained using the peak position of the loss
modulus curves found in Figures 5 and 6. The T, values are summarized in Table 2. All samples
tested presented a single sharp T,. A single composition-dependent glass transition is frequently
considered as an indication of miscibility on an order of 20-40 nm.>® We conclude that BOF and

BOB are well miscible with DGEBA. As shown in Table 2, BOF always possesses a lower T,

25



than its phenyl analog when cured with both aromatic and cycloaliphatic curing agents and also
when blended with DGEBA. Based on previous discussions, this likely occurs because the
methylene linkages between furanyl and glycidyloxy groups in BOF facilitate the rotations and
allow large scale motion of the chains to occur at lower temperatures, even though furan rings in
BOF are able to form hydrogen bonds and are not symmetrical, compared to benzene rings in
BOB. Polymer samples with EPIKURE W generally possessed higher T, than those with PACM
in both BOF and BOB systems, because EPIKURE W with aromatic ring structures are more
thermally rigid than PACM with cycloaliphatic ring structures®®. Furthermore, the difference of
T, between BOF and BOB samples was found to decrease with increasing DGEBA content.

T, increased greatly with decreasing content of BOF and BOB in PACM and EPIKURE W
systems. The T, differences between BOB-PACM (100 °C) and DGEBA-PACM (167 °C), as
well as between BOB-EPIKURE W (132 °C) and DGEBA-EPIKURE W (185 °C) are 67 °C and
53 °C, respectively. By comparing chemical structures between BOF/BOB and DGEBA (Figure
1), an obvious difference is that DGEBA does not possess methylene groups between phenyl and
glycidyloxy groups that are found in both BOF and BOB. These additional methylene groups
potentially decrease T, of BOF and BOB polymers since furanyl or phenyl segments attached to
them are less constrained. In order to test this reasoning, DGEPP whose structure is given in
Figure 1 was cured using EPIKURE W at stoichiometry. DGEPP was mixed with EPIKURE W
at 110 °C, which is the melting point of DGEPP, and poured into silicone molds. Cure was
conducted at 140 °C for 9 hours and postcured at 240 °C for 3 hours. DGEPP structurally differs
from BOB in that it lacks the methylene groups. Thermo-mechanical properties were measured
using DMA with a temperature rate of 2 °C/min from RT to 320 °C and results are plotted in

Figure 7 with those of DGEBA cured with EPIKURE W for comparison. A T, of 193 °C was
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obtained for the DGEPP system which is slightly higher than that of DGEBA. More interesting is
that the T, of DGEPP-EPIKURE W is 61 °C higher than that of BOB-EPIKURE W. So we
conclude that the additional methylene linkages are responsible for the much lower T, of BOF

and BOB systems compared to DGEBA.
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Figure 7. DMA thermograms of cured samples of DGEPP and DGEBA with EPIKURE W,

respectively.

The Fox Equation (Equation 1) was employed to fit experimental T, data reported in Table 2,
and serves the purpose of describing T, of the multicomponent networks as a function of relative

epoxy monomer content.

1 wq %)

E: + — (1)

Tgr  Tgoz
In this equation w; and w; represent weight fractions of components 1 and 2, T, ; and T, are

T, values of polymer samples containing only components 1 and 2, respectively. For example, in
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the case of BOF-DGEBA-PACM system, component 1 is BOF/PACM and component 2 is

DGEBA/PACM.
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Figure 8. Relationship between 1/T, and Wgor or Wgog.

Figure 8 is a plot of Wgor or Wgogp versus the reciprocal of T, for the four sets of polymers
being discussed. Also plotted in Figure 8 are the best-fit lines corresponding to the Fox Equation
for each set of data. All four groups of polymer samples show excellent agreement (R* > 0.997)
with the Fox Equation. This further indicates that BOF and BOB both possess good miscibility
with DGEBA implying the polymer networks are homogeneous®* .

CONCLUSIONS

1, 4-bis[(2-oxiranylmethoxy)methyl]-Furan (BOF) and its benzene analog, 1, 4-bis[(2-
oxiranylmethoxy)methyl]-Benzene (BOB), were successfully synthesized. BOF and BOB are
both liquids with low viscosity and good processability. After being fully cured with standard
cycloaliphatic (PACM) and aromatic (EPIKURE W) curing agents, BOF-based epoxy-amine

thermoset polymers were found to possess a lower T, and a higher storage modulus than BOB

systems. Possible reasons for this are the methylene linkages between furanyl and glycidyloxy
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groups in BOF that facilitate rotation of the five-membered furan ring and the possibility of
enhanced hydrogen bonding between the oxygen atoms in the furan rings and hydroxyl groups
created by the epoxy ring opening reaction with amine curing agents. Furthermore, it was found
that the additional methylene linkages between the aromatic ring and the glycidyloxy group in
BOF and BOB lead to much lower T, than thermosets made with phenolic glycidyl ethers like
DGEBA and DGEPP that do not have them. BOF shows excellent miscibility with DGEBA
resulting in the formation of homogenous network that follows the Fox Equation with high
fidelity. These results suggest that the furan ring, which is available from many biomass sources,
is a viable substitute for incumbent petroleum-based thermosetting resins that use benzene as a
building block.
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