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Abstract

A new bio-based non-bisphenol-A epoBACEP) resin was synthesized by one-pot
reaction between protocatechuic adt) and epichlorohydrin. This resin was cured
by 4,4’-diaminodiphenyl methan®DM) to give a cross-linked network showing a
glass transition temperaturgg( of more than 250 °C, which was much higher than
that of a cured commercial bisphenol-A epoxy rdBIGEBA) (189 °C). The cured
PA-EP resin also displayed the coefficient of thermalansion (CTE) of 66 ppm /°C,
which was lower than 72 ppm /°C of curBdsEBA resin. The curing kinetics of
PA-EP/DDM system was also investigated, indicating thatciimeng process was a
pseudo first order reaction (n = 0.94) and thevatibn energy was about 54.17 kJ
mol*. Because protocatechuic acid is produced throtghbio-transformation of
glucose, this contribution may provide a new method the preparation of
non-bisphenol-A high-performance epoxy resins, a#i as give a new way for the

conversion of the bio-based protocatechuic acid.
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I ntroduction

Of the high-performance polymers, epoxy resins @are of the most important
material$ owing to their good adhesion on the substrateg tiiermostability, good
processability, as well as their low price. Therefahey have been used in many
industrial fields as matrix for the fabrication dhe carbon fiber reinforced
composites,[1, 2] encapsulation resins for integtatircuit (IC) dies[3, 4] in the
microelectronic industry, and the heat-resistardtiog and structural adhesives.[5]
However, the use of most of epoxy resins is limitee to their production starting
from bisphenol-A, a harmful compound to human rdpmtive system, In order to
find the alternative of bisphenol-A, recently muatiention has been paid to the
development of the non-bisphenol-A epoxy resin8][@smong these new resins, the
epoxy resins based on the biomass have becomeatti@etive.[10-15] The reason is
that on the one hand the new epoxy resins canaeplarmful bisphenol-A and on the
other hand they are prepared based on the sudwib@ibased feedstock. Over the
past few years, many bio-based epoxy resins hasm $mthesized and characterized,
nevertheless, majority of the bio-based epoxy sesixhibit dissatisfactory thermal
and mechanical properties than the commercial epesins,[16-18] suggesting that
these bio-based epoxy resin can rarely be an atiteento replace bisphenol-A epoxy
resins. Thus, it is urgently necessary to devekp hio-based epoxy resins with good
performance.

It is noted that protocatechuic acid (3,4-dihydimemyzoic acidPA) is a bio-based

polyphenol compound with a carboxylic group, whikists in many edible plants,



such as bran and grain brown rice.[18] recent years, this compound has been
prepared through the fermentation of bio-basedagec[20]Considering th&A has
a special chemical structure with multifunctionallaunit and such a chemical
structure is suitable for the preparation of newbbsed epoxy resin with high
heat-resistance, we have designed and synthesR&ebased epoxy resin by one-pot
reaction betweeRA and epichlorohydrin. PuiéA-EP was easily obtained as a low
melting point Tr) solid, and easily soluble in common organic setsgindicating its
good processability. After being cured by 4,4’-nyé&¢hedianiline DDM) at suitable
temperature, the curdth-EP displayed much higher glass transition temperaffye
and lower CTE value than a cured commercial epesinrOGEBA). Such results
suggest thabiobasedPA-EP is a suitable alternative of the bisphenol-A epoesins.
Considering thatPA can be produced in large scale through the feratient of
biobased glucos¥, this contribution also provides a new way for twaversion of
biobased glucos® the high-performance polymers. Here, we repmatdetails.
1. Experimental
1.1 Materials

Protocatechuic acid was provided by Tianjin inséitof industrial biotechnology,
Chinese Academy of Sciences. Epichlorohydrin, bknethylammonium chloride
and 4,4’-methylenedianiline DOM), Sodium hydroxide were purchased from
Adamas Company, China. All solvents were utilizedexeived.

1.2 Instruments



Mass spectrometry (MS) was performed on an AgiEsthnologies 5973NH
NMR and®*C NMR spectra were recorded on a JEOL ecz400 deA500/54/ASP
instrument. FT-IR spectra were detected on a The3oientific Nicolet spectrometer
with KBr pellets. DSC was performed using a TA tastent of DSC Q200 at a
heating rate of 10 °C mih under N flow. Thermo-gravimetric analysis (TGA) was
performed on a NETZSCH TG 209 apparatus under ragah atmosphere at a
heating rate of 10 °C mih CTE was measured in,dn a NETZSCH DIL 402SE
instrument with a heating rate of 3 °C mirDynamic mechanical analysis (DMA)
was performed in Non a DMA Q800 V7.5 Build 127 instrument with a tieg rate
of 3 °C min’.

1.3 Synthesis of the PA-EP

This monomer was prepared according to a proceaheéngously reported.[21] The
crude PA-EP was purified by column chromatography on $Si@ing a mixture of
petroleum and ethyl acetate (1:1, v/v) to give pnaduct as a white solidH NMR
(400 MHz, DMSOds ppm) & 7.62 (dd,J = 8.5, 2.0 Hz, 1H), 7.52 (d,= 2.1 Hz, 1H),
7.14 (d,J = 8.5 Hz, 1H), 4.61 (dd] = 12.4, 2.7 Hz, 1H), 4.49 ~ 4.39 (m, 2H), 4.06
(dd,J = 12.4, 6.4 Hz, 1H), 3.92 (dddd= 21.8, 11.4, 6.6, 1.8 Hz, 2H), 3.38 (dddd,
=8.1,5.7, 4.2, 2.0 Hz, 2H), 2.91 ~ 2.81 (m, 3#Y4 (ddtJ = 7.3, 5.0, 2.7 Hz, 3H),
2.54 — 2.47 (m, 1H)"*C NMR (101 MHz, CDQ ppm) & 165.71, 152.74, 148.00,
124.53, 122.87, 115.26, 112.91, 70.17, 70.10, 6B9TF 1, 65.36, 50.02, 49.94, 49.49,
44.66, 44.59. HRMS-ESI (m/z): Calcd forg8160-[M] *322.11; Found [M + N&*

340.1389. Anal. Calcd for6H1507: C, 59.62; H, 5.63; Found: C, 59.64; H, 5.60.



1.4 Kinetic experiments

The non-isothermal DSC measurement has been uséavéstigate the kinetic
behaviors of currenPA-EP/DDM system with heating rate of 5, 10, 15, 20, 25 °C
min, respectively. According to the Kissinger and @amethods$®?°the apparent
activation energyH,) and reaction order (n) were calculated by usiegkinetic data
from DSC curves under different heating rate.
1.5 Preparation of the cur&A-EP andDGEBA samples

The curing reaction oPA-EP and DGEBA was carried out according to the DSC
results (seéig. 2). PA-EP (2.2 g) and DDM (1.0 g) was mixed a flask at 60 °C to
achieve a homogeneous transparent solution. Thaenelok hot solution was poured
into a rectangle mold made by the alumina foil, #r@dmold was maintained at 80 °C
for 1 h, 100 °C for 1 h, 130 °C for 3 h, and 150f0€ 1 h, respectively. The fully
cured sample was thus obtained for DMA and CTE test
Analogously, the sample of cur@GEBA was obtainedThe mass ratio dDGEBA
and DDM was 4:1, and the elevating temperature agabellow: 100 °C for 1 h,

130 °C for 1 h, 160 °C for 3 h, and 190 °C for 1 h.

2. Resultsand Discussion
2.1 Synthesis and characterizatiorPAFEP

PA-EP was synthesized by one-pot reaction betwe®&rand epichlorohydrin in the
presence of benzyltriethylammonium chloridgéceme 1). Pure PA-EP with a

melting point of 63 °C (measured by DSC, $@g. S1 of Supporting Information)



was obtained by purification of the cru®A-EP through column chromatography,

and it was easily soluble in common organic solyent

o o]
OH NN 1.EGBANCI (5 mol%), 100 °C S N
Ho £ 4 Cl > "o
2. Et;BnNCI (5 mol%), O o
OH NaOH (20 wt%, rt)
PA Epichlorohydrin (o)
PA-EP

Scheme 1. Synthesis oPA-EP.

The chemical structure oPA-EP was confirmed by'H NMR, *C NMR
spectroscopy, HR-MS, and elemental analySig. 1 exhibits'H NMR and®*C NMR
spectra ofPA-EP. For the’'H NMR spectrum, the peaks at 4.5 and 4.0 ppm beiong
the protons of the methanec, andf, directly connecting with hydroxyl and carboxyl
of PA (seeFig. 1a). The peaks between 2.5-3.5 belong to the protorepoxy ethyl
groups.[21] For thé°C NMR spectrum, the corresponding peaks of metfiaceand
f) are around 65 and 70 ppm, and the peaks of egihyy groupga, d, g, andb, e, h)
are around 45 and 50 ppm (dég. 1b). All data are in accord with the proposed

chemical structure, suggesting the confirmatiothefstructure oPA-EP.
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Fig. 1. '"H NMR (a, DMSOdg), **C NMR (b, CDC}) spectra ofPA-EP.

2.2 Curing behavior and kinetic evaluation

The curing behavior ofPA-EP in the presence of stoichiometriobDM were
investigated by DSC. For comparison, a commerdggHhznol-A based epoxy resin,
DGEBA (Scheme 2), was also cured according to a similar procedorghat of
curing PA-EP. Fig. 2 depicts the curing curves BA-EP/DDM andDGEBA/DDM
from 40 °C to 250 °C at a heating rate of 10 °C ThiAs can be seen froffig. 2,
PA-EP/DDM system exhibits a melting peak at 57 °C, and mguonset temperature
of 74 °C. The maximum exothermic peak temperatygears at 132 °C, which is
much lower than that dGEBA/DDM (102 °C and 167 °C, respectively). At second
scan, both of cured resins do not exhibit obvioxetleermic peak, meaning the
completion of curing process of two resins. It stad that curedGEBA resin
exhibits an obviously of 164 °C at the second scan, whereasTy@eak can be

observed for cureBA-EP resin.
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Fig. 2. DSC traces oPA-EP/DDM andDGEBA/DDM at a heating rate of 10 °C
min™in No,

The non-isothermal DSC measurement[22-24] was tseavestigate the kinetic
behavior ofPA-EP/DDM system. According to the kinetic data, apparetivaion
energy E,) and reaction order (n) were calculated, respeltiig. 3 depicts the
DSC curves oPA-EP at different heating rates)( (5, 10, 15, 20, and 25 °C mii).
As can be seen frofRig. 3, as elevating the heating rate, the maximum exotit
peak temperaturel§) moves to higher temperature. The detailed kingdita and the
calculated results are concluded Tiable 1. As shown inTable 1, T, raisesfrom

387.52 K to 425.19 K, whefichangedgrom 5°C min'to 25 °C mift.
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Fig. 3. DSC curves oPA-EP/DDM system at different heating rate in.N

Table 1. DSC and kinetic data ®{A-EP/DDM system.

3 2
A T (1/T,)x10 N[BT, )/ In[4]
System . ,
(°C/min) /K IK (°CK )/min)]  (°C/min)
5 387.52 2.58 5.04 1.61
10 404.63 2.47 4.39 2.30
PA-EP
15 415.39 2.41 4.01 2.71
/DDM
20 420.72 2.38 3.74 3.00
25 425.19 2.35 3.53 3.22

By using the data listed in Table 1, curing reactg of PA-EP can be calculated

according to Kissinger equation, as shown in E-*1.

(7)==, (%) @




Here, R is the gas constant with a value of 8.3tdol" K™, Tp is exothermic peak
temperature at a corresponding heating rgje Kig. S2 in supporting information
gives the relationship curve between ﬁﬁ(,z) and 17, as well as a curve of straight
In(ﬂ/sz)-l vsT,. The curing reactiok, of PA-EP/DDM system is finally calculated
as 54.17 kJ/mol according td=fg. S2. In comparison with th&, of DGEBA/DDM
thatwas reported as 58.8 kJ/mol,[23] such a lokgof PA-EP/DDM system may be
attributed to the relatively stronger electron-wliidwing property of ester group in
PA-EP than that of ether group IDGEBA, which could be beneficial for the
nucleophilic ring-opening reaction. Furthermoreg tleuring reaction order of
PA-EP/DDM is calculated as 0.94 according to Carne equdkogn2) based on the
relationship between fhand 1T, as shown irFig. S3 of supporting information.
Under the same experimental condition that the D&BEBM system exhibits
reaction order of 1.3, which is also near firstesrceaction. [23]These results indicate
that the curing oPA-EP resin can carry out under a mild condition, sugggsthat
this resin is very suitable as the encapsulatiosinrgor the application in
microelectronics field, in which the curing of asire should be avoided at a too high

temperature for protecting the devices.
Ing = - <ﬁ + 2Tp)? 2

2.3 Thermostability
Thermostability of the polymers mainly includesigg transition temperaturég),
dimensional stability (CTE) and thermal decomposittemperature. In our cask,

of curedPA-EP and DGEBA were detected by DMA, and the results are shown in



Fig. 4. Obviously, curedEGBE/DDM resin exhibits dgat 189 °C, similar to those
of the previously reporteDEGBE/DDM resin.[25] For cure®A-EP/DDM resin, no
obviousTgpeakis observed before 250 °C. These results indi¢atetheTyof cured
PA-EP/DDM resin is higher 60 °C than that of culBGGEBA/DDM resin. To the
best of our knowledge, this is the high&samong the bio-based epoxy resins. It can
be also seen frorRig. 4 that cured”PA-EP/DDM resin has a higher storage modulus
of 1.9 GPa thaDGEBA/DDM resin (1.6 GPa) at room temperature. The mairoreas
of these results is probably attributed tiR&t-EP has relatively rigid structure in

comparison wittDGEBA.
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Fig. 4. DMA curves of curea@poxy resins at a heating rate of 3 °C thin
Dimensional stability oPA-EP/DDM andDGEBA/DDM was detected by thermal
dilatometer. As shown ifig. 5, curedPA-EP/DDM resin exhibits a CTE of 66 ppm
/°C before glass transition temperature. Such a ST&wer than that of 72 ppm /°C
of curedDGEBA/DDM resin. It can be seen froffig. 5 that curedPA-EP resin
exhibits aTgy of 221 °C, which is also much higher than 176 f@wed DGEBA.

These results are identical with the results fromAdata, and both of these indicate



that bio-basedPA-EP has good thermo-mechanical properties, compar&d=eBA,

a frequently-used commercial bisphenol-A epoxyrresi
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Fig. 5. CTE curves of cured epoxy resins at a heatingai8°C min™.

Thermal decomposition temperature of cuURKFEP and DGEBA was investigated
by thermo-gravimetric analysis (TGA), and the reswre depicted irFig. 6. As
shown inFig. 6, curedDGEBA resin exhibits a 5 wt% weight loss temperatdig)(
of 364 °C, which is higher than that of curéd-EP resin (321 °C). This result may
be due to the existence of an unstable ester groBa-EP. However, curedPA-EP
displays a residual mass of near 28 % at 1000 t@;hnis higher than that of cured
DGEBA resin (about 16 %). All of the above results iatkcthat cured®A-EP resin
display better thermal and thermo-mechanical stghihan that of cured GEBA

resin.
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Fig. 6. TGA curves ofcuredPA-EP and DGEBA resinswith a heating rate of 10 °C
mintin Na.

3. Conclusions

In summary, we have successfully prepared a newbdsed epoxy resin from
protocatechuic acid, and the resin is thermallyeduby using a commercial aryl
amine PDM) as the curing agent to give a cross-linking nekwexhibiting much
higher Ty (>250 °C) than a cured commercial bisphenol-A tygeepoxy resin
(DGEBA). This cured bio-based resin also displays a lo@&E and a higher
residual mass at high temperature than c@&BA. In particularthe PA-EP/DDM
system exhibits lower curing temperature and loeweing activation energy, which
are very desirable for the encapsulation of theroelectronic deviceslheseresults
imply that the bio-based epoxy based on protocatechidcisaa suitable alternative
for the commercial bisphenol-A type of epoxy resifkis contribution also expands
the application field of protocatechuic acid.
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Highlight
A high-performance epoxy resin derived from a bégdxl protocatechuic acid,;
The cured resin exhibits Tg of more than 250 °C @mé& of 66 ppm /°C;

These properties are better than these of comnhetwaolic and epoxy resins.
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