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BIO-BASED CYANATE ESTER RESINS AND THERMOSTABLE
POLYMER NETWORKS DERIVED THEREOF. MINI REVIEW.

This article is devoted to a review of the literature on a very promising direction in the chemistry of macromolecular
compounds: the synthesis and study of polymers, more specifically, high performance polycyanurates based on bis(poly)
phenols) of natural origin. Cyanate Ester Resins (CER) are characterized by a very regular structure of the polymer networks,
namely polycyanurates (PCNs), obtained by their polycyclotrimerization. They have received much attention because of
their unique combination of physical properties, including high thermal stability (> 400 °C), high glass transition temperature
(> 270 °C), high fire-, radiation and chemical resistance, low water absorption and low outgassing, high adhesion to different
substrates and excellent dielectric properties (e=2,64-3,11). As a result, CER are currently used as structural or functional
materials in aeronautics, space (composite strakes, fins, nose radomes, heat shields), printed circuit boards, adhesives etc. It
has to be noted here that CER thermosetting resins, expanding the high-temperature operations regimes, are produced from
synthetic petroleum-derived bisphenols, such as bisphenol A, which are toxic and dangerous for environment. In the past
decade, naturally occurring phenolic derivatives have arisen as attractive precursors for developing new materials from
renewable bio-sources for use in eco-friendly processes. Resins have been prepared utilizing either the whole liquid product
or a phenolic-enriched fraction obtained after fractional condensation or further processing, such as solvent extraction or
use of greener extraction methods. Howevet, to date, none of the phenolic production and fractionation techniques has been
utilized to allow for substitution of 100% of the phenol content of the resin without impacting its effectiveness compared to
commercial formulations based on petroleum-derived phenol. The variable nature of the percentage of phenolic compounds
in terms of purity from different batches of crops from one season to another and geographical influence does not allow from
the reproducibility of phenolic compounds, and hence the resulting polymers. However, the direction that needs to be explored
should be oriented towards complete replacement of petro-based phenolics with bio-based ones in the face of an urgent
petroleum crisis. In addition, there is a necessity for materials showing enhanced applicability and improved performance.
It is a beginning of the era of such a step, which requires further exploration of natural phenolic sources aimed at their
enhanced utilization.

Key words: natural phenolic compounds, bio-based cyanate ester resins, thermostable polymer networks, polycyanurates.

Thermosetting polymer matrices are wide-
ly used in aerospace industry and microelectro-
nics. Among them, Cyanate Ester Resins (CER)
expand the high-temperature operation re-
gime, thus constituting the most promising ma-
terials.

CER-based crosslinked polymers possess high
glass transition temperature and high thermal

stability. The chemistry of CER curing reaction is
given in Fig. 1.

CER differ from others by a very regu-
lar structure of the polymer networks, namely
polycyanurates (PCNs), obtained by their poly-
cyclotrimerization[1-5]. Theyhavereceivedmuchatten-
tion because of their unique combination of physi-
cal properties, including high thermal stability
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Fig. 1. Polycyclotrimerization of cyanate ester resins to
polycyanurate networks

(> 400 °C), high glass transition temperature
(> 270 °C), high fire-, radiation and chemical re-
sistance, low water absorption and low outgassing,
high adhesion to different substrates and excel-
lent dielectric properties (e = 2.64-3.11) [2—4]. As
a result, CER are currently used as structural or
functional materials in aeronautics, space (com-
posite strakes, fins, nose radomes, heat shields),
printed circuit boards, adhesives etc. [6]. The fol-
lowing companies manufacture CER for these
applications: Cytec Aerospace Materials, Hexcel,
Huntsman Advanced Materials, JFC Technolo-
gies, Lonza, Henkel, TenCate Advanced Compos-
ites. However, like for most thermosets the main
drawback of polymer networks obtained from
CER is brittleness. To overcome this limitation, for
example, modification of CER has been developed
over the past decades and is still of great interest.
CER are modified by many different additives,
such as engineering thermoplastics, elastomers,
reactive oligomers [2—9] with formation of semi-
IPNs, IPNs and hybrid networks. These effects are
reached due to the microphase-separated mor-
phology generation (co-continuous phases of the
components).

It has to be noted here that CER thermosetting
resins, expanding the high-temperature opera-
tions regimes, are produced from synthetic petro-
leum-derived bisphenols, such as bisphenol A (see
Fig. 2), which are toxic and dangerous for environ-
ment.

There is a diverse group of naturally occur-
ring compounds containing multiple phenolic
functionalities. These compounds are commonly
found in higher plants. Importantly, they are com-
mercially available, have synthetic, medicinal, and
industrial value. Over the last decade, chemists

94

-15% l iﬁﬂf’“
NwOR@—mu +  2(CyHgsNHBr
[
“
CHy

Fig. 2. Synthesis of cyanate ester resin, namely dicyanate
ester of bisphenol A

have made significant efforts to replace the latter
bisphenols by biomass-based products and pro-
duce thermosetting resins thereof [10-14]. Recent-
ly a few reports on synthesis and characterization
of CERs from natural phenols and their further
transformation to thermally stable polymers have
appeared [15-21].

In our opinion, this group has a high poten-
tial as a source of the raw materials for synthesis
of CER. This will allow developing a number of
biodegradable high performance thermosets of
varying structure and properties. For example, the
derivatives of Proanthocyanidin, Galloyl and hexa-
hydroxydiphenyl Ester, Hydroxy cinnamic acid,
Phloroglucinol etc. can be used as a natural source
for producing the aforementioned resins and their
thermosets of specific structure and properties for
high temperature operations. The other rich source
of polyphenols (more than 160 polyphenols) is Sal-
via, an important genus widely cultivated and used
in flavoring and folk medicines. Thus, Caffeic acid
metabolites, Phenolic glycosides, Flavonoids can
also be considered as a promising raw material for
producing CERs their polymer networks (polycy-
anurates). First successful attempts of synthesis of
CERs from natural polyphenols have been recently
reported.

Recently, strategies to prepare CERs from fully
or partly regenerable raw materials have been pro-
posed. Meylemans et al. [15, 16] from Research
Department, Chemistry Division, U.S. Navy and
Air Force Research Laboratory, Aerospace Sys-
tems Directorate ultimately used lignin as a poly-
meric raw material basis that is accessible from the
wood-based industry; it represents a natural poly-
phenolic resin of varying constitution and compo-
sition. Lignin has been tested since a long time as
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Fig. 3. Conversion of lignin to well-defined phenolics and
high performance polycyanurates [15]

a natural-based substitute for phenolic monomers
or oligomers in phenolic resins and numerous
other polymers. Hence, it seems reasonable to in-
vestigate this versatile raw material as a source for
monomers applicable in CER production. Authors
suggest producing well-defined phenolics, such as
vanillin and, in turn, creosol, from conversion of
lignin and, by dimerization, further transforming
these into bisphenols, which are then suitable as
precursors for cyanate ester resin production.

A series of renewable dicyanate esters have been
prepared from bisphenols synthesized by conden-
sation of 2-methoxy-4-methylphenol (creosol)
with formaldehyde, acetaldehyde, and propional-
dehyde and further polymerized to high perfor-
mance polycyanurates (Fig. 3, 4) [15].

The cyanate esters have been fully characterized
by infrared spectroscopy, 'H and “C NMR spectro-
scopy, and single crystal X-ray diffraction [15].
These compounds melt from 88 to 143 °C, while
cured resins have glass transition temperatures from
219 to 248 °C, water uptake (96 h, 85 °C immer-
sion) in the range of 2.05-3.21 %, and wet glass
transition temperatures from 174 to 193 °C. These
properties suggest that creosol-derived cyanate es-
ters may be useful for a wide variety of military
and commercial applications. The cure chemistry
of the cyanate esters has been studied with FTIR
spectroscopy and differential scanning calorim-
etry. The results show that cyanate esters with
more sterically demanding bridging groups cure
more slowly, but also more completely than those
with a bridging methylene group. In addition to
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Fig. 4. Synthesis of Bis(cyanate) Esters and Polycyanurate
Thermosets from Creosol

the structural differences, the purity of the cya-
nate esters has a significant effect on both the cure
chemistry and final T of the materials. In some
cases, post-cure of the resins at 350 °C resulted
in significant decomposition and off-gassing, but
cure protocols that terminated at 250—-300 °C gen-
erated void-free resin pucks without degradation.
Thermogravimetric analysis revealed [15] that the
cured resins were stable up to 400 °C and then rap-
idly degraded. TGA/FTIR and mass spectrometry
results showed that the resins decomposed to phe-
nols, isocyanic acid, and secondary decomposition
products, including CO,. Char yields of the cured
resins under N, ranged from 27 to 35 %, while char
yields in air ranged from 8 to 11 % [15].

These data suggest that resins of this type may
potentially be recycled to parent phenols, creo-
sol, and other alkylated creosols by pyrolysis in
the presence of excess water vapor. The ability to
synthesize these high temperature resins from a
phenol (creosol) that can be derived from lignin,
coupled with the potential to recycle the compos-
ites, provides a possible route to the production of
sustainable, high-performance, thermosetting res-
ins with reduced environmental impact.

Renewable phenols derived from biomass
sources often contain methoxy groups that alter
the properties of derivative polymers. To evalu-
ate the impact of o-methoxy groups on the per-
formance characteristics of cyanate ester resins,
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Fig. 5. Synthesis of deoxygenated CER from renewable
bisphenols [38]

three bisphenols derived from the renewable phe-
nol creosol were deoxygenated by conversion to
ditriflates followed by palladium-catalyzed elimi-
nation and hydrolysis of the methoxy groups. The
deoxygenated bisphenols were then converted to
the following cyanate ester resins: bis(4-cyanato-
2-methylphenyl)methane (16), 4,4'-(ethane-1,1'-
diyl)bis(1-cyanato-3-methylbenzene) (17), and
4,4'-(propane-1,1'-diyl)bis-(1-cyanato-3-meth-
ylbenzene) (18) (Fig. 5) and cured to the corre-
sponding polycyanurate networks [17].

The physical properties, cure chemistry, and ther-
mal stability of these resins were evaluated and com-
pared to those of cyanate esters derived from the
oxygenated bisphenols [17]. 16 and 18 had melting
points 37 and > 95 °C lower, respectively, than the
oxygenated versions, while 17 had a melting point
14 °C higher. The T of thermosets generated from
the deoxygenated resins ranged from 267 to 283
°C, up to 30 °C higher than the oxygenated resins,
while the onset of thermal degradation was 50—80
°C higher. The deoxygenated resins also exhibited
water uptakes up to 43 % lower and wet T, up to
37 °C higher than the oxygenated resins. TGA-FTIR
of thermoset networks derived from 1618 revealed
a different decomposition mechanism compared to
the oxygenated resins. Instead of a low-temperature
pathway that resulted in the evolution of phenolic
compounds, 16-18 had significantly higher char
yields and decomposed via evolution of small mol-
ecules including isocyanic acid, CH,, CO,, and NH.,.

96

o™ QB*U

trans-anethole

m i R
NCO / enantiomer
’—: NCO 2

LECy R=H
BADCy R = Me
OCN

Fig. 6. Chemical structures of dicyanates (1, 2) derived
from trans-anethole and two commercial dicyanate esters
LECy and BADCy [18]

Davis et al. demonstrated that trans-anethole can
be chemically transformed into suitable precursor
molecules for the preparation of CER (Fig. 6) that
show a technological performance comparable to
currently available commercial resins [18].

This approach is highly interesting since it ex-
ploits re-generable plant oil as an alternative re-
source for phenolic compounds. Trans-anethole
is the major ingredient (to about 90%) of the es-
sential oil of star anise (Illicium verum) and can be
obtained from the crude oil. The oil is produced
in amounts of approximately 400 metric tons per
annum for the preparation of flavor and fragrance
products, which of course is not much compared
to the petrochemical-based manufacturing of
phenols or even to the amounts of lignin that are
amounting as byproducts from the wood industry.
However, exploiting new high-performance appli-
cations of high added value might possibly act as
an incentive to increase the crop production and
hence improve availability in the long term [18].
Especially the properties of the CER obtained from
RRR/SSS  1-ethyl-2-methyl-3-(4-cyanatophenyl)-
5-cyanatoindane displayed a remarkably high
glass transition temperature of 313 °C, which was
superior to the LECy-based commercial reference
CER; further, it had a lower water uptake (1.66 %)
than for the two LECy and BADCy reference
cyanate esters. The glass transition temperature
measured after 96 h immersion in water at 85 °C
was still 223 °C, which was somewhat lower than
for the commercial reference materials, but still
within an acceptable range. The CER obtained
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from the other monomer, racemic 1,3-bis(4-
cyanatophenyl)-2-methylpentane, displayed com-
paratively inferior properties.

The tricyanate esters of the natural products
resveratrol (1) and dihydroresveratrol (2) isolated
from grapes (Vitim vinifera) and creosote bush
(Larrea tridentate), respectively, were synthesized
and subjected to thermal curing, which gave poly-
cyanurate networks (Fig. 7) exhibited glass transi-
tion temperatures of > 340 °C and 334 °C for the
cured 1 and cured 2, respectively [19, 20].

Thermal decomposition temperatures of 412 °C
and 403 °C for the polycyanurates 1 and 2, respec-
tively, were typical of this class. However, char
yields (600 °C) of 71 % and 66 % for 1 and 2, re-
spectively, were surprisingly more than double that
from the commercial polycyanurate of bisphenol
A dicyanate (25 %). It is especially strange to get
such high values of char yields in air (see Fig. 8).

Among the renewable resource materials, ca-
shew nut shell liquid (CNSL) is considered as
an important starting material due to its unique
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structural features, abundant availability and low
cost. A large number of chemicals and products
have been developed starting from CNSL by taking
advantage of the three reactive sites, namely, phe-
nolic hydroxyl, aromatic ring and unsaturation(s)
in the alkenyl side chain [21]. Polymers derived
from CNSL have certain outstanding properties,
which make them unique for many applications
[22-24]. The derived polymers exhibit flexibility
due to “internal plasticization” resulting from the
presence of a long side-chain, which also imparts
hydrophobic character to the materials. CNSL has
low fade characteristics, which makes it a desirable
component in brake lining formulations. CNSL
has inherent anti-microbial and anti-termite prop-
erties.

Cardanol incorporated-phenol-formaldehyde
novolac resins can be transformed to their cor-
responding cyanate esters, which on thermal cur-
ing provide thermally stable phenolic-triazine
networks. Nair et al. [25] studied the synthesis of
cardanol modified-phenol-formaldehyde novolac
resins by acid and base catalyzed reactions and the
corresponding cyanate esters (Fig. 9).

In Fig. 10 polycyclotrimerization of the carda-
nol-based CER is schematically presented. The
authors have also studied thermal cure charac-
teristics and related energy aspects of the cyanate
esters, which depended on the composition. The
presence of cardanol proportionately facilitated
the curing. The thermal characterization of the
novolac and the corresponding cured phenolic-
triazine networks (polycyanurates) indicated a
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on the blends of pure novolac resin (A) and cardanol (see
Fig. 9) with cardanol content: 0 (4), 20 (B), 40 (C), 50 (D),
100 % (E) in N, (heating rate 20 °C/min) [25]

detrimental effect of cardanol on the thermal sta-
bility and char residue of the resins (Fig. 11).

The cardanol based cyanate ester monomer,
viz., 1,1-bis(4-cyanatophenyl)3-pentadecylcyclo-
hexane (BPC15CN) was synthesized and cured
by employing a copper acetylacetonate-nonyl-
phenol catalyst system [26]. This cardanol based
cyanate ester resin showed better processability
coupled with lower melting points, lower cure
onset with broad cure exotherm than commer-
cial cyanate ester resin based on bisphenol A.
The cured BPC15CN showed good thermal sta-
bility (T,,,, = 413 °C). A depression in Tg (Tg =
160 °C) was observed (Fig. 12), which could be
attributed to the presence of a flexible pentadecyl
chain, which also helps in lowering the moisture
absorption.

Therefore, the global ground-breaking aim of
this work is to analyze the perspectives of a replace-
ment of the synthetic petroleum-based polyphe-
nolic raw materials currently used in synthesis of
high-performance polymers and their composites
for specific applications like aerospace structures
and microelectronics by the selected commer-
cially available non-toxic biomass-derived biode-
gradable polyphenols to alleviate the wide-spread
dependence on fossil fuels and, enhance environ-
ment, security, and economy. As follows from the
analysis of current state of the art, few papers were
published on synthesis and characterization of
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CERs from natural polyphenols and their further
transformation into thermally stable polymers.

In the past decade, naturally occurring pheno-
lic derivatives have arisen as attractive precursors
for developing new materials from renewable bio-
sources for use in eco-friendly processes. Resins
have been prepared utilizing either the whole liquid
product or a phenolic-enriched fraction obtained
after fractional condensation or further processing,
such as solvent extraction or use of greener extrac-
tion methods. However, to date, none of the phe-
nolic production and fractionation techniques has
been utilized to allow for substitution of 100% of
the phenol content of the resin without impacting
its effectiveness compared to commercial formu-
lations based on petroleum-derived phenol. The
variable nature of the percentage of phenolic com-
pounds in terms of purity from different batches of
crops from one season to another and geographical
influence does not allow from the reproducibility
of phenolic compounds, and hence the resulting
polymers. However, the direction that needs to be
explored should be oriented towards complete re-
placement of petro-based phenolics with bio-based
ones in the face of an urgent petroleum crisis. In
addition, there is a necessity for materials showing
enhanced applicability and improved performance.
It is a beginning of the era of such a step, which
requires further exploration of natural phenolic
sources aimed at their enhanced utilization.
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To our knowledge, there were no publications | on commercialization of the latter for producing
either on organic-inorganic hybrid nanocompos- | adhesives, coatings, encapsulants, carbon or glass
ites based on above-mentioned high-performance | plastics, as well as membranes.
resins derived from natural polyphenols as well as
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IIAHATHO-ECTEPHI CMOJIV HA HATYPAJIbHIVI OCHOBI TA IX TEPMOCTABIIbHI ITOJIIMEPHI CITKI.
MIHI OI'/IA[

g craTTa mpucBAYeHa OIJIAAY JMiTepaTypy 1[OJO0 NepCHEKTMBHOTO HANPAMY y XiMil BMCOKOMOJNIEKYNIAPHMX CIOMYK:
CMHTe3y Ta MOCTIKEHHIO BMCOKOTEXHOJIOTIYHMX TEPMOCTIMKMX moinjaHypariB Ha OCHOBi 6Oic(momi)denonis
npupopHoro noxomkenHs. IlianatHo-ectepi cmomu (IJEC) xapaKTepusylOTbcsl BUCOKO PETryIAPHOI0 CTPYKTYPOIO
HoMiMepHUX CiTOK, a caMe noyinianyparis (I1L1), orpumanux nvraxom noninuknorpuMepusanii IIEC. Llum marepianam
NIPUMIIAETbCA BENMKA yBara 4epes YHIKa/JIbHY KOMOiHaI[ii0 (’pi3MKO—XiMquI/IX BJIACTUBOCTEN, BK/IIOYAIOUM BUCOKY
TepMiuHy cTabinbHICTD (> 400 °C), BUCOKY TeMIlepaTypy ckiyBaHH:A (> 270 °C), BICOKi BOrHe-, pafialiliHy Ta XiMiqHy
CTIiMIKiCTh, HM3bKi BOMOIOI/IMHAHHSA Ta ra30BUJI/IEHHS, BUCOKY a/ire3il0 O PiSHMX MarTepiasiB, HU3bKI Jie/IeKTpUYHI
BTpaTn (e=2,64-3,11) Towo. Harenep repmopeaxtuHi LIEC BUKOpUCTOBYIOTbCS AK KOHCTPYKIIiiiHI a00 pyHKIIOHAIBH]
Marepianu B aepOHaBTUIIi, KOCMOCI (I/Is1 BUTOTOBJIEHHS (I03e/IKIB, KPII, XBOCTOBOTO ONlepeHH, ieTajlell iHTep epy,
HOCOBUX OOTiYHVKIB, TeI/IO3aXMCHNUX eKPaHiB JIiTakiB i pakeT TOLO), APYKOBaHi I1aTy, kel Tomo. Crix 3a3HaunTy,
IO 3aCTOCYBaHHA TepMopeakTuBHUX cMon IIEC icTOTHO po3LIMpIOE BUCOKOTeMIIepaTypHi HAialma3zoHM poboTH
OTpPMMAaHMX Ha IX OCHOBi MaTepia/liB i KOHCTPYKLIMHUX JieTasell, OfHAK IIi CMOMY BUPOO/AIOTBCA 3 CUHTETUYHNX
HadroBux bicheHoNB, Takux AK 6icheHon A, AKi FOCUTb TOKCUYHI Ta HeOe3IeYHi 11 HaBKOJMIIHBOTO CepPefOBMINA.
Tomy ocTaHHIM YacoM GeHONbHI CIONMYKM IPUPOJFHOTO IOXO/PKEHHA IIPUBEPHY/IN YBary HOCTiHNKIB i IpOMUCIOBIIB
AK NPMBAOIMBI IIpeKypcopy I po3poOKYU HOBMX MaTepialiB 3 BiTHOBIIOBaHMX 0io-JpKepes I/ BUKOPUCTAHHSA B
eKOJIOTiYHO 6e3mevHux npouecax. GeHoIbHI CMOIN POCIIHHOTO NOXO/KEeHHS TOTYIOTh 3 BUKOPYMCTAHHAM a0 I1ij10ro
pinxoro mpomykty, abo 36aradeHoi deHomoMm Qpaxuii, orpuManol micia dpakiiiHol KOHAeHcalil 4M IO0faIbIIol
00p0o06KY, HAIIPUK/IAZ, eKCTPAKIII PO3YMHHUKOM 260 BUKOPMCTAHHS OiNbII €KOMOTTIHO YMCTUX METOMIB eKCTPaKII.
OpHak Ha CbOTOJHI XKOJieH 13 MeTOAiB BUpoOHNIITBA Ta (PppaKiioHyBaHH: (eHOiB He 6yB BUKOPUCTAHUI /I 3aMiHN
100 %-Boro BMIcTy ¢eHONTY B cMOJIi 6e3 BIUIMBY Ha il eeKTUBHICTb IIOPiBHAHO 3 KOMEPLITHIMY pelienITypaMu Ha
0CHOBi (peHOITY, OTpUMaHOro 3 HaTy. IMIHHUI XapaKTep BiICOTKOBOrO BMICTY (peHONIBHMX CIIONYK 3a YUCTOTOIO Bif
PisHMX IapTiit HOCIBiB Bifi OMHOTO Ce30HY [0 iHIIOrO Ta reorpadivHmIi BIVIUB He JAl0Th 3MOTY BifTBOPIOBaTY (peHONbH]
CIIOIYKY, a OTXKe, 1 oTpyMaHi nojxiMepu. OfHaK HaIpsM, AKIIT He0OXifIHO JOCTIIPKyBaTH, Mae OyTI Opi€eHTOBaHWII Ha
IIOBHY 3aMiHy ()eHOJIbHUX CIIONTYK Ha OCHOBI HaTy Ha 6i0-IIPOAYKTM 3a YMOB HeBinkmagHoI HadToBOI Kpusu. Kpim
TOTO, iCHy€e HeoOXifHiCTb Y MaTepiaax 3 MOKpalleHMH XapakTepuctukamu. Lle moyaTok HOBOI epy, 110 BYMArae I1o-
[QJ/IBIIOTO BUBYEHHA NIPUPORHUX (HEHOTBHUX IXKePel 3 METOIO IX Oi/IbII IIMPOKOr0 BUKOPUCTAHHA.

Kniouoei cnosa: ¢peHONMbHI CIIONMYKM IPUPOSHOIO IOXOMPKEHH:, I[jaHaTHO-eCTepHi CMO/M Ha HaTypaJbHiil OCHOBI,
TepMoCTabi/IbHI TOIMepHi CiTKM, HOJiIiaHypaTH.
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