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ABSTRACT: A broad spectrum of applications of “Salen”-
based Schiff bases tagged them as versatile multifunctional
materials. However, their applicability is often bounded by a
temperature threshold and, thus, they have rarely been used
for high temperature applications. Our investigation of a
classical Schiff base, N,N’-bis(4-hydroxysalicylidene)-
ethylenediamine (L2), reveals that it displays an intriguingly
combative response to an elevated temperature/fire scenario.
L2 resists and regulates thermal degradation by forming an
ablative surface, and acts as a thermal shield. A polycondensa-
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tion via covalent cross-linking, which forms a hyperbranched cross-linked resin is found to constitute the origin of the ablative
surface. This is a unique example of a resin formation produced with a Schiff base, that mimicks the operational strategy of a high-
heat resistant phenolic resin. Further applicability of L2, as a flame retardant, was tested in an engineering polymer, polyamide-6.
It was found that it reinforces the polymer against fire risks by the formation of an intumescent coating. This paves the way for a
new strategic avenue in safeguarding polymeric materials toward fire risks. Further, this material represents a promising start for

thermal protective applications.
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B INTRODUCTION

Ever since their discovery, Schiff bases have been subject to rich
structural diversification and application proliferation.' ™ Schiff
bases, either alone or in metal-chelated form, find extensive
applications in drug discovery, as nonlinear optical materials, in
electrochemical cells, as corrosion inhibitors, in gas separation-
storage, as molecular sensors/photonic devices, as magnetic
materials, as thermo/photochromic materials, etc., and their
structure—property relationship is well-documented. They are
also being considered as potential candidates in the petroleum
and dye industries. However, because of their “soft” molecular
network, they have been rarely used for high-temperature
thermal protective applications, such as flame retardancy’ or as
ablative materials, which are vital components for contempo-
rary engineering materials.

An ablative surface is a heat shield, which is designed to wear
away in a controlled fashion at very high temperature and is
mostly used in aerospace applications. Such surfaces are
classified according to their dominant ablation process:
subliming or melting ablators; charring ablators and intumes-
cent ablators.'” Thermophysically, this process involves the
elimination of a large amount of thermal energy by the sacrifice
of the surface material.'” On the other hand, flame retardants
(FRs) are synthetic/natural chemical species incorporated into
(or coated onto) polymers to resist ignition/fire, check fire
propagation and lessen the consequences of fire hazards."'
Imparting flame retardancy in engineering polymers has
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become a necessity and an obli(?ratory based on safety and
regulatory issues, respectively. "' FRs are capable of
functioning both in gas and condensed phases. Intumes-
cence/char formation in the condensed phase is a phys-
icochemical phenomenon involving formation of a highly cross-
linked, swelled carbonaceous material that protects the polymer
in several ways."' FRs could also work in gas phase thanks to
the following contributions: cooling effect, dilution of
flammable gases, and radical quenching.

Recently and for the first time, a member of the Schiff base
family, the “Salen”, was introduced as the base for a new class of
flame retardant (FR) and tested in thermoplastic polyur-
ethane.” However, the protective process of “Salen” has not
been explored. Among these molecules hydroxy-substituted
“Salen” Schiff bases (L2 and L3, Figure 1a) were of particular
interest. It is because the resorcinol or hydroquinone
components of these molecules are known to have extra-
ordinary ability to cross-link (under suitable conditions) and
have also been found to be involved in radical chemistry.'*™"¢
Such properties are attractive to obtain flame retardant
properties. With an incentive to provide an insight of their
mode of action, and to establish a practical applicability of this
“Salen” family in thermal protective applications, the thermal
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Figure 1. (a) Salen-based Schiff bases (L1—L3) synthesized in this study. (b) DSC profiles of L1-L3. (c) TGA profiles of L1—L3 (d) DRS spectra

of L2 treated at 180 and 220 °C.

properties of these FRs are probed in the present study.
Chronologically, the work reported here starts with an
investigation of the thermal degradation of “Salen” covering:
the thermal stability, the degradation profile, and the associated
structural—chemical—textural transformations. Results will be
converged to delineate the thermal protective process. This
work is followed by the use of these molecules as potential FR
in polyamide-6 (PA 6). The intended proposal to test “Salen”
in PAG6 is driven by the continuing demand for novel flame
retarded PA6 in automotive engineering}, electrical/electronics,
appliances, building/constructions, etc."”"*

Thermal (thermogravimetric analysis, TGA; differential
scanning calorimetry, DSC), spectral (diffuse reflectance
spectroscopy, DRS; Fourier transform infrared spectroscopy,
FTIR; magic angle nuclear magnetic resonance spectroscopy,
MAS NMR), microscopic (scanning electron microscope,
SEM; electron probe microanalysis, EPMA; optical micros-
copy) studies were used to investigate the potential
intermediates formed during the degradation pathway of L2
in the condensed phase. Volatile components released during
the degradation process, which might contribute to gas phase
activity, were studied by operand techniques, such as TGA
coupled with FTIR (TGA-FTIR), and gas chromatography—
mass spectrometry coupled with a pyrolyzer (pyGC/MS).
Preliminary results on fire performance and thermal stability of
L2 blended PA6 were evaluated with a PCFC (Pyrolysis
Combustion flow calorimetry) and a TGA respectively. The
PCFC is a suitable tool to study the combustibility/
flammability of materials at a small scale.

2. EXPERIMENTAL SECTION

N,N’-Bis(salicylidene)ethylenediamine (L1), N,N’-bis(4-
hydroxysalicylidene)ethylenediamine (L2) and N,N’-bis(S-
hydroxysalicylidene)ethylenediamine (L3) di-Schiff bases were
synthesized on the basis of earlier reports (Figure 1a).” Samples
used for thermal degradation studies were obtained from two methods.
First, a controlled heating method was used, which involves heating
“Salen” samples in DSC or TGA apparatus under a nitrogen
atmosphere (with a heating rate of 10 °C/min) until the desired
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temperatures. The second thermal treatment method was to place the
sample in a ceramic boat and to expose it to a temperature of 800 °C
for a short period of time in a preheated furnace. Further information
on materials and the instrumental part are given in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Thermal Behavior of L1-L3. L1 is a bright yellow
crystalline solid, which shows a sharp melting point at 128 °C
during DSC measurements (Figure 1b). Its early decom-
position is evidenced from TGA results (Figure 1c). Since L1 is
found to have the lowest thermal stability among all, further
investigation of this sample is restricted. L2 is a yellow powder
with an orange tinge, whereas L3 was isolated as a yellowish-
brown crystalline solid.

The color of L2 is sensitive to temperature; it turns orange
when the temperature reaches 130 °C. Interestingly this color
change is not distinctly reversible. On the other hand, there is
also a color change of L3 when heated (yellowish-brown to
red), which is clearly reversible. It is well-known that many
Salen-based Schiff bases are dimorphic and occasionally the two
forms differ in color (yellow or orange-red). These forms are
interchangeable with an external perturbation, such as temper-
ature or light irradiation, which are respectively termed as
thermochromism or photochromism (Scheme S1).” A
reversible intramolecular hydrogen atom transfer (keto—enol
tautomerism) facilitated by an o-hydroxy group is associated
with these processes.”*'” The observed distinct reversible color
change of L3 is due to thermochromism (thermal response of
L3 is dealt separately in section 3.6). However, for L2, the
thermochromism process is obscure, because of a differential
population of tautomeric species and/or because of a slow
fading rate of thermocoloration.'” Diffuse reflectance spectrum
(DRS) measurements of L2 (Figure 1d) at room temperature
shows three bands of interests: 350, 425, and a shoulder band at
525 nm. It is reported that for salicylideneanilines, bands in
these regions are attributed to enol, cis-keto, and trans-keto
forms, respectively.””
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Figure 2. (a) L2 powder. (b) L2 heated to 250 °C. (c) L2 heated to 300 °C. (d) L2 heated to 250 °C to obtain a free-standing fused monolith. (e)
The same sample heated further to 300 °C. (f) L2 exposed to 800 °C for ~2s in a furnace. (g) L2 exposed to 800 °C (L2—800) for ~4 s in a furnace.
(h) L2 exposed to 800 °C for ~10 s in a furnace. (i) Upper fused surface of L2—800. (j) Lower protected surface of L2—800.
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Figure 3. FTIR spectra (only expanded region is shown) on thermally treated L2 samples at selected temperatures (Black dotted arrows indicate
new bands, red downward arrows indicate decrease/shift of peaks). Tentative regions of concerned IR absorption are also shown.

Further heating of L2 above 130 °C turns its color to orange-
red. Hereafter, the color change is distinctly irreversible. When,
raising the temperature from 150 °C up to 170 °C deepens this
color. TGA, DSC, and FTIR experiments do not show any
changes until this temperature. Moreover, no volatile
decomposition products are detected during pyGC/MS
(desorption method, see the Supporting Information) and
TGA-FTIR experiments in this temperature range. Thus, the
observed intensification of color of L2 until 170 °C might be
due to a structural rearrangement or possibly to a population of
stable tautomeric form. Around 180 °C, L2 appears bright red.
The DRS spectrum at 180 °C (Figure 1d) shows an intense
band around 530 nm. During the first heating ramp of the DSC
measurements (Figure 1b), a broad endothermic signal is
observed around 210 °C, it does not have any counterpart in
the cooling mode and it is absent in the second cycle (not
shown). The DRS spectrum at 220 °C (Figure lc; sample
collected after the control heating ramp of the DSC
experiment) shows an intense broad band around $30 nm
tailing into the visible part of the spectrum. TGA (Figure 1d)
indicates an abrupt weight loss step (~10%) between ~180 and
~220 °C. At this temperature, the color of the sample turns to
maroon. It is not necessary to heat the sample above 220 °C to
achieve this change. Keeping the sample at 160 °C for >1 h
brings (maroon-red) color change to the sample. X-ray powder
diffraction (XRD) pattern of neat L2 treated at 220 °C

indicates (Figure S1) a loss of crystallinity and formation of an
amorphous material. After further heating (between 220 and
250 °C), the color changes to reddish-brown, then to brown
and finally around 300 °C turns to black solid (Figure 2a—c). It
has to be noted that these color changes are highly sensitive to
the heating mode and rate, the amount of sample, the
uniformity of heating, and its duration. A noticeable feature
during the thermal treatment is the progressive gluing of
particles. Indeed, a controlled thermal treatment of L2, in a
mold, forms a monolith-type material (Figure 2d), which does
not collapse when further heating is applied (Figure 2e). This
result supports the infusible action and gluing effect. Another
significant observation is solubility. L2 is readily soluble in
common solvents, but red-maroon powder collected around
220 °C is insoluble even in dimethyl sulfoxide solvent. Unlike
L1, which decomposes quite early, the degradation of L2 is very
gradual above 250 °C. It is astonishing to note that despite
having a simple molecular framework, this molecule stretches
its decomposition above 600 °C (Figure 1c). Similar thermal
behavior is also observed for L3.

The endothermic irreversible peak seen in the DSC curve,
the weight loss step observed in TGA, the distinct color
changes, the insolubility in common solvents, the amorphiza-
tion seen from XRD spectrum and the physical fusion of
powder suggest that some chemical/structural changes occur
during the thermal treatment of L2 between 180 and 250 °C.
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ACS Appl. Mater. Interfaces 2015, 7, 21208—21217


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05164/suppl_file/am5b05164_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05164/suppl_file/am5b05164_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b05164

ACS Applied Materials & Interfaces

Research Article

TGA-FTIR (above 180 °C; not shown) gives an indication that
water is evolved at this stage (a band above 3500 cm™ in the
FTIR spectrum) and around 200 °C, species having —NH/—
OH groups, hydrocarbons, —C—O species (bands: above 3300,
2980—2932, and 1062 cm ™), respectively) are detected. Further
pyGC/MS experiments confirm that water is evolved around
190 °C and around 200 °C, traces of ethylenediamine (ED)
and resorcinol are also identified. Detection of water at this
stage may be an indication of some kind of condensation
reactions releasing water, rather than a lattice water or water
adsorbed at the surface. These preliminary results indicate that
there are, indeed, some chemical and structural changes. To
track these chemical and structural transformations, L2 was
thermally treated at some selected temperatures and studied by
FTIR (Figure 3) and solid-state NMR (Figure 4). Results are
discussed in the next section.

-Aromatic -C-0-C-
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L2240

_ L2210

__L2-190
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Figure 4. *C MAS NMR spectra tracking the structural changes
during the thermal treatment of L2 (190—800 indicates the
temperature treatment).

The second method of thermal treatment gives additional
information. A direct and quick exposure (~2—3 s) of L2 in an
oven at 800 °C imparts bright-red color and, subsequently, the
upper surface of the powder fuses to form a protective layer
(Figure 2f), which shields the underlying powder (Figure 2j).
The fused layer formed (Figure 2f and 2i) is a type of ablative
surface, which wears away at higher temperature, protecting the
underlying (Figure 2j) material. Longer exposure turns it to
black bubbles (Figure 2g), which hardens and finally forms a
char (Figure 2h).

3.2. Probing Chemical Transformations of L2 by FTIR.
Selected FTIR spectra are presented in Figure 3. The number
that follows L2 indicates the temperature of treatment. FTIR
spectrum of neat L2 shows the following bands (in cm™):
2993br, 2873w from —CH stretch; 1633s is possibly a coupled
vibration coming from —C=N and —C=0 of a keto form of
L2; 1580s, 1553sh, 1500s, for —C=C- ring stretch of aromatic
group; 146Ss for —CH, bend of ethylenediamine (ED)
component; 1230s, 1210m from —C—O stretch; 1165m from
—C—N stretch; 893m from Ar—H wagging; 833m, 790m from
out of plane aromatic C—H. The —OH band (4-hydroxy) is not
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well-defined and a very broad and weak absorption band is
observed above 3200 cm™". This is characteristic of a medium
strength intermolecular diffuse H-bond, with a large amplitude
of the OH vibration or proton transfer equilibrium."” The 2-
hydroxy group is expected to be locked in a keto—enol
tautomerism and may not contribute to the —OH stretching. As
the region above 2800 cm™, in the FTIR spectra, is quite broad
and not well-defined, we focused our interpretations below
1700 cm™" (Figure 3). The significant changes that took place
between 190 and 240 °C are summarized here. With the
increase of temperature, new —C=C stretching bands of
aromatic ring grow at 1614, 1587, 1542, 1489 em™! for L2—
190. Intensities of these bands increase from L-190 to L2—240
with a slight shift in wavenumber. The existing —CH, (1465
cm™"), which corresponds to —CH, stretch of ED component,
begins to decrease in L2—190 spectrum and a new —CH,
stretching (1438 cm™') band completely replaces this in L2—
240 spectrum. As variation in intensity of aromatic —C=C—
stretch and —CH, bending are synchronous, it is reasonable to
assume that they are related. These observations suggest the
presence of new aromatic (resorcinol or phenolic type)
compounds, possibly linked by a —CH, group. The variation
in intensity of aromatic —C=C-— stretch indicates varying
substitution of aromatic ring and the regions of their presence
in the spectrum indicate di, tri-, or tetra substituted aromatic
rings.”*~** Concerned bands in the region between 790 and
900 cm™" also collapses during this thermal treatment, which
confirms the substitution of the aromatic/resorcinol ring.
Furthermore, in the spectrum, the region 1200—1250 cm™ has
undergone several changes too. The —C—O stretch, in L2
spectrum, changes in intensity after heating and is replaced by a
broad new band at 1216 cm™'in L2—240 spectrum. This new
band is, possibly, an ether type bridge (Ar—O—Ar and/or —
CH,—O—CH,—) resulting from the condensation of —OH

9725 on neighboring L2 molecules, which should results
in elimination of water molecules (confirmed with pyGC/MS
and TGA-FTIR experiments). The —C—N stretch (1165
ecm™'), in L2 spectrum, also decreases in intensity with
temperature (L2—190 spectrum), which is an indication of
azomethine breakdown. It continues to reduce in intensity in
L2—-240 spectrum. This degradation, obviously releases
resorcinol (confirmed with pyGC/MS) or resorcinol bearing
fragments of azomethine. Thus, FTIR studies confirm Schiff
base breakdown, formation of ether bridged, and formation of
new methylene-bridged aromatic species.

3.3. Probing Chemical Transformations of L2 by MAS
3C NMR Studies. The '*C MAS NMR study further confirms
the formation of new methylene bridged and possibly
methylene ether bridges aromatic species. *C NMR of L2
shows the following signals: azomethine at 176 ppm, aromatic
carbon atoms between 100 and 170 ppm, and —CH, carbon at
50 ppm (Figure 4).

NMR of L2—190 shows the presence of additional (weak)
set of signals (150—170, 125—13S, 110—120 ppm), which
correspond to new aromatic carbon species. Their signal
intensities progressively increase with the increase of temper-
ature. The other important signals are new aliphatic groups
between 29 and 50 ppm and methylene ether bridges around
60 ppm (a weak shoulder), which, like the aromatic signals,
progressively increase in intensity.”~° It has to be noted that
both aliphatic and aromatic signals are broad due to multiple
overlapping bands. This is due to the presence of more than
one type of —CH, bridge, on the same aromatic entity or on
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Scheme 1. Tentative Thermal Protection Pathway Scheme of Salen-Based Schiff Base, L2 (R = remaining part of L2; 0-QM= o-
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different aromatic species.”’ 12—400 is a stage of near
completion of transformation showing, clearly, a new set of
aromatic rings containing —CH, and —C—O—C components.
These results, along with FTIR studies, confirm the chemical
transformations and the formation of new species in L2. Above
this temperature (>500 °C), ether linkages begin to breakdown
and only aliphatic bridges are retained. In L2—600 spectrum,
aliphatic signals begin to collapse but aromatic signals (broad
peak) are still clearly visible. Finally, L2—800 spectrum shows a
broad signal around 125 ppm, which is characteristic of the
formation of a char. Thus, NMR witnessed the structural
transformations of L2 from powder to the formation of an
intumescent structure/char.

3.4. Electron Probe Microanalysis (EPMA) Studies. As
L2 bear nitrogen atom in its framework, we checked its
presence during the whole thermal degradation (on samples
shown in Figure 2f—h) by EPMA. It was found that nitrogen is
present in variable amount in all the samples (Figure S2). This
indicates that nitrogen fragments were carried along during the
degradation process until the formation of char. This
observation hints to the doping of the intumescent structure
by some nitrogenous residues or to the formation of some
stable nitrogen species.

3.5. Structural and Morphological Transformation of
L2: An Ablative Intumescence. On the basis of the above
evidence, we are now in position to connect the probable
events taking place in the thermal degradation of L2. The broad
endotherm observed in the DSC thermogram and the initial
small weight loss step in TGA (around 210 °C) are the results
of the combinations of several events. We have seen in the
previous section that L2 is in a temperature sensitive
equilibrium between enol and keto form. Heating L2 provokes
population of cis-keto and trans-keto forms, which is probably a
favorable starting point for the cleavage of azomethine linkage
after further thermal treatment (Scheme 1, stage 1). The Schiff
base break down releases resorcinol, ED and possibly some
fragments of L2 (Scheme 1, stage 2). Condensation between
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some fragmented L2 molecules or non fragmented L2
molecules (via 4-OH groups) releases water molecules. This
leads to the formation of new aromatic molecules with ether
bridges (Scheme 1, stage 3). During the temperature ramp that
cleaves the azomethine group, there is a rearrangement of
conjugation on aromatic rings that might produce o-quinone
methide (0-QM)-like species. 0-QM (Scheme 1, stage 4) is
known to be an important intermediate in the poly
condensation of resorcinol/phenols and is often known to
produce bright colored intermediates.'*****7*° It is also known
that resorcinol, either in acidic or basic conditions in the
presence of formaldehyde, undergoes self-condensation with
the formation of methylene (—CH,) and/or ether bridges
(—C—0—-C-), and 0-QM has been suggested to be a transient
species. 0-QM can also reacts with water to form hydrox-
ymethyl molecule, which can favor —C—O—C— linkages. An
overview of known reactions involving the poly condensation
and the role of 0-QM is summarized in Scheme S2.

In line with this, it is reasonable to expect that 0-QM plays a
similar role in the formation of observed methylene/methylene
ether bridges during L2 degradation (Scheme 1, stage S). The
observed intensification of color during thermal treatment of
L2 (to brick red/brown color) is proposed to be due to this o-
QM reactive species or its derivatives. With further thermal
treatment, an initiation of poly condensation is expected among
new aromatic molecules and 0-QM intermediates.”* " At
higher temperatures, this methylene or ether bridged oligomers
(Scheme 1, stage 6) undergo either self-condensation or
condensation with other molecules, causing extensive branch-
ing/cross-linking and leading to polyaromatic systems (Scheme
1, stage 7). The observed insolubility of L2 at higher
temperature is due to this cross-linking.

Retrospective analysis of this condensed pyro-product of L2
provides an indirect evidence of cross-linking phenomenon and
positioning of methylene bridges (Scheme 1, stage 8).
Following pyrolysis products of polycondensate resins are
detected by pyGC/MS (direct pyrolysis, Figure S): benzene,

DOI: 10.1021/acsami.5b05164
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Figure S. Pyrolysis GC/MS chromatogram of L2 pyrolyzed at 600 °C.
Identified products are (m/z), (1) Benzene (78.1); (2) pyrazine
(80.1); (3) toluene (92.1); (4) methyl pyrazine (94.1); (S) xylene
(106.2); (6) phenol (94.1); (7) 2-methylphenol (108.1); (8) p-cresol
(108.1); (9) resorcinol (110.1); (10) 2-methyl hydroquinone (124.2);
(11) xanthene (182.2); (12) methylxanthene (192.2); (13) naph-
thalene (128.2); (14) anthracene (178.2); (15) xanthenone (197.2).

toluene, phenol, methylphenol, polyclic aromatic compounds
such as naphthalene, anthracene, xanthenes, which are usual
pyro-products of phenolic resins. The scission (300—550 °C)
of a terminal benzene ring results in the evolution of phenol or
cresol depending on the position of the scission. Formation of
xanthene roughly indicates the position of the —OH groups on
the phenolic resins formed by an intramolecular cyclization,
which forms the ether bridges.

The cross-linked polyaromatic network remains essentially
intact until ~500 °C. The aromatic system is held apart and
stabilized by the aliphatic bridges, which ensure that the
material does not soften or flow. SEM images show that the
clusters of crystals fuse (Figure 6c), swell, and then are
transformed into numerous spheres (Figure 6d—f), which are
mostly porous.

This process looks similar to an intumescent behavior at the
particle level. On the basis of these observations, it can be

classified under intumescent ablator. Above 500 °C, a drastic
change occurs at the molecular level. The network collapses,
aliphatic bridges are destroyed, hydrocarbonaceous residues are
eliminated, as shown by NMR and FTIR studies (Figure 4 and
Figure S3), and finally, a char of coalesced carbon rings is
produced (Figure 2h) (Scheme 1, stage 10), as confirmed by
NMR studies. Auto-oxidation of the bridging methylene
linkages, as well as the formation of the carbonyl-containing
structures (confirmed from FTIR (1750 cm™’, Figure S3))
seems to be a step before the char formation (Scheme 1, stage
9). The same sample exposed to a direct high heat flux in a
furnace over a period of time also shows the formation of
porous spheres, which looks like resin type material under
optical microscope (Figure 6g—i). It is concluded that the
thermal treatment cures the resin by cross-linking or
“thermoset” process and polymerizes the molecules to reach
an infusible state. The tightly cured bonding network of
aromatic phenolics (or resorcinol) accounts for the cured
materials’ hardness, low solubility, solvent resistant and
observed heat resistant properties. The complete thermosetting
resin formation pathway of L2 is outlined in Scheme 1. From
the observations and evidence described previously, it can be
concluded that these reactions and curing processes of L2 have
close resemblance to that of phenolic/resorcinol resins.’”*”~*
Phenolic/resorcinol resins are poly condensation products of
phenols/resorcinol and aldehydes and are frequently used as
starting materials for the production of chars.’>"*"*73¢
Majority of evidence collected so far, during the decom-
position of L2, supports the formation of a resin having
carbon—oxygen backbone. Hypothetically, there is still a
remote scope for another chemical component in this
degradation pathway.”” Although it is obvious that ED of L2
starts to be released quite early, because of the dissociation of
the azomethine bond. It is likely that some of the Schiff base
molecules remain unaffected and favor the formation of resin-
bearing nitrogen components. It is also possible that
fragmented nitrogenous residues of L2 may interfere with

I'mm

SOpm

"
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Figure 6. (a) Optical microscopic image on single crystals of L2. (b) SEM image on cluster of crystals of L2. (c) SEM image: Effect of thermal
treatment (~200 °C) on clusters. (d—f) SEM images showing formation of resin type material exhibiting an intumescent effect. (g) Optical
microscopic image: initial stage of the resin formation (L2 exposed to 800 °C for 2 s in a furnace); (h) optical microscope image: resin ripening (L2
exposed to 800 °C for 4 s in a furnace); (i) optical microscopic image: resin before char formation (L2 exposed to 800 °C for 10 s in a furnace).
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Figure 7. Morphological changes of L3 after thermal treatments. (a) SEM image of L3 showing its crystalline nature. (b) SEM image: flat surface of
L3 crystals, which starts to coalesce after heating. (c) The reflective and protective surface of the char formed around 250 °C in DSC experiment.(d)
Powder sample of L3. (e) L3 after thermal treatment (800 °C in a furnace, 2 s) forms a black protective layer made of bubbles. (f) After further
heating, material melts, swells, and forms a protective coating. (g) SEM image on this protective coating showing a pore/crack-free surface.

resorcinol/phenolic curing process, like in the work reported by
Solomon and Zhang,”***~*° They reported that because of the
stability of the benzoxazine-containing®~*° products, such
structures may remain in the resin even under curing condition,
inducing the creation of a network built with phenolic rings
linked by these N-containing structures, along with methylene
bridges.28 Other nitrogenous residues, such as imines, amides,
imides, and benzylamine, were also identified. Polymer
frameworks accommodating nitrogen-based pyrrolic and
pyridinic-type rings obtained from resorcinol, ED, and
formaldehyde are also recently reported.”> We have seen
from EPMA experiments that nitrogen is present in variable
amount in all the curing stages. Thus, the formation of
nitrogenous residues can be considered as a subsidiary pathway
(Scheme 1, stage 11) in the decomposition process of L2,
possibly involving resin framework bearing, encompassing
benzoxazine fragment®* > or other similar nitrogen-containing
species.

3.6. Case Study of L3. L3 (Figure la) having hydroxyl
groups on position 2 and 5, exhibits distinct reversible
thermochromism (from yellowish-brown at room temperature
to red at elevated temperature). Compared to L2, L3 follows a
slightly different pathway to form the resin. TGA shows that
the weight loss begins a little bit earlier (Figure 1c) than for L2
and forms a plateau after 240 °C, which remains nearly stable
until 350 °C. The profile after 350 °C is similar to L2. Under
DSC condition, L3 (Figure 1b) does not show any
endothermic signal between 180 and 240 °C, unlike L2.
FTIR spectra collected at several intervals up to 240 °C, do not
show any sign of new species and the color remains the same.
However, above 240 °C, L3 abruptly becomes a black powder,
and around 260 °C, swells and forms a black reflective layer
(Figure 7c). FTIR spectrum shows a drastic change at 250 °C
(Figure S4). The region of —OH stretching (3284 cm™), the
region around aromatic —C=C— stretch (1485—1635 cm™"),
the —CH, stretch of ED (1452 cm™), —C—O (1218 cm™),
the aromatic —C—H (around 820 cm™), all have undergone
changes. At 260 °C, there is a significant change in the spectral
pattern, which indicates the formation of a phenolic resin. The
strong band around 1200 cm™ is assigned to the ether bridges
between hydroxyl groups of hydroquinone molecules, and 1441
cm™' to the —CH, bridge between phenyl rings. The
asymmetric intensities of —C=C— ring stretch (low intensity
at 1590 cm™" and intense signal at 1486 cm™") and the growing
band around 810 cm™' strongly support the formation of

tetrasubstituted aromatic rings into the formed resin."” Figure 7
shows the morphological changes associated with thermal
treatment of L3. The L3 powder sample, exposed at 800 °C
(for 10 s) in a furnace, turns black, melts to form a compact
elastic layer (Figure 7f), which soon swells and finally forms a
char. SEM image (Figure 7g) shows the compactness of this
char surface, which does not exhibit any cracks.

FTIR spectrum of the melted layer also shows that a resin is
formed, stable at high temperature. The observed differences in
intensity of the ring —C=C— stretch between L2 and L3, is
due to more substituted aromatic rings for L3. Moreover, ether
bridge seems to be dominant in L3 (strong band of —C—O—
C—). Further *C MAS NMR studies (Figure SS) confirm that,
indeed, there is a formation of a new set of aromatic molecules
with methylene and/or ether bridges. Further evidence are
obtained from pyGC/MS experiements. Molecules like 4,4'-
methylenediphenol (with methylene bridge), 4-methoxyphenol
(ether bridge), which are part of resin framework, are detected
during the degradation of L3. Benzoquinone, which is known
for radical scavenging properties is also detected (from
pyGCMS studies), indicating the dissociation of azomethine
moiety.'>'® Based on these observations, it can be concluded
that the reactivities of L2 and L3 lie in their resin formation
pathway and they are most likely to follow Novolac and resol
type resin formation, respectively.’”” It can be recalled that
phenolic resins are classified as novolacs and resols, whereas
novolacs and calixresorcinarenes are two well-known derivatives
of resorcinol.*>*”*

3.7. L2 as a Flame Retardant in Polyamide-6 (PA6-L2).
The interesting thermal response revealed so far, prompted us
to test the efficiency of L2 as FR in polyamide-6 (PA6). L2 is
blended with PA6 in a microextruder (see the Supporting
Information). The processing temperature of PA6 (255 °C)
and the polycondensation temperature regime of L2 coincides
and it is reasonable to assume that L2 is no longer in the native
L2 form when blended in PA6, but in the more stable and
active polycondensed form. In the absence of FRs, PA6 is
highly susceptible to fire-risks and burns completely and rapidly
in case of fire. A preliminary account of flame retardancy was
obtained from PCFC and TGA analysis (Figure S6). Peak of
heat release (pHRR) and total heat release (THR) are obtained
by evaluating heat release rate (HRR) curve from PCFC, which
tentatively determine the fire performances. Neat PA6 shows
single-stage HRR curve (peak temperature, 456 °C; pHRR 584
W/g; THR, 29.3 kJ/g). PA6-L2 display nearly the same type of
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HRR curve, but with a slight reduction of pHRR (501 W/g,
14% reduction) and THR values (26.9 kJ/g). From TGA, it can
be seen that the degradation of PA6 starts around 350 °C. PA6
undergoes an abrupt and complete decomposition in a single
stage without producing any residue. There has been a gradual
but continuous weight loss until the onset of the major
degradation step of PA6-L2 formulation, which indicates a
possible destabilization of polyamide network by L2. Despite
this, the formulation undergoes its major decomposition
around the same temperature as that of PA6. Unlike neat
PA6, the formulation shows 7% (at 450 °C) residue, which
indicates the formation of char/intumescent structure. The
differences in the thermal decomposition profile between the
formulation and neat PA6 points to the deviation in polymer
unzipping process. This is due to the interference of the
additive in the polymer degradation pathway. Inset of Figure S6
shows an image of the intumescent structure formed when the
formulation is exposed to 800 °C in a furnace for 10 s. Under
this condition, the formulation initially becomes slightly
viscous, then swells, and finally, partly melts. This is associated
with a color change to brown. Thereafter, it collapses just to
reappear as a shiny swelled porous intumescent structure
withstanding the high heat flux.

In the previous section, it is concluded that Salen Schiff base
L2 mimics the thermosetting behavior of a resorcinol/phenolic
resin, thus promising a pivotal role in flame retardancy. The
major flame retardancy action in this Schiff base flame retarded
PAG is shown in the condensed phase (intumescence) via the
creation of a resin intermediate, as neat polyamide itself is
incapable of building a strong intumescent structure. This
swelled char acts as a protective heat shield and slows down the
heat/mass transfer between gaseous and condensed phases,
limiting the thermo-oxidative degradation of the polymer. It
also acts as a protective barrier for the underlying undegraded
polymer. It has to be noted that the char formation process and
its composition is likely to slightly differ from that of neat L2
because of the polymer matrix effect. Nevertheless, the in situ
formation of resorcinol/benzoxazine-based resin is supposed to
reinforce PA6 to withstand high temperature by promoting a
char formation. It can be expected that the decomposing
polyamide matrix fragments can be involved in the cross-linking
process of the intumescent structure formation. Because of the
deviation in the depolymerization process, the concentrations
of flammable polymer fragments are reduced and are rather
utilized in cross-linking. In addition, the sublimation tendency
of resorcinol might help to obtained a blowing effect.

B CONCLUSIONS

The unique ability of in situ phenolic resin formation in a Schiff
base is a new avenue to engineer thermally and chemically
resistant FRs and ablative materials. It is noteworthy that the
formation of phenolic resin in L2 proceeds in formaldehyde-
free media and without supercritical drying condition, it is also
an attractive aspect for a low-cost process. The observed
polycondensation involves formation of methylenebridges,
sandwiched between aromatic rings. Subsequent resin for-
mation and carbonization leads to carbon monoliths. It is the
first example of a systematic elucidation of the mode of action
of a Schiff base. As cross-linking is an efficient route for
intumescence based fire-protections for polymers, these Schiff
bases can be flagged as a novel intumescence promoting
additives. Moreover, L2 is capable of promoting intumescence
in PA6 without the addition of any synergist or acid source.

Considering the availability of a wide array of Schiff bases, with
easy tailorable framework, further new and exciting properties/
materials can be expected. Because Schiff bases have high
solubility in common solvents, they can be even easily applied
as flame retardant coatings. As the char framework lack
inorganic fragments, there are few concerns about the residue
recyclability. Melamine, which also has an inherent ability of
undergoing polycondensation during thermal treatment, could
also be a prospective synergist and can be anchored on Salen
framework. Further coupling phenolic resins and usual polymer
synergist, such as phosphates and borates, could be promising
FR combinations. Poly phenolic resin (as found in case of L2)
with a bed of O-donor is an ideal ground for cations (e.g., Zn,
Al) and anions (e.g, phosphates) encapsulation for metal-salt
based FRs. Finally, formaldehyde-free resin formation, in the
present case, could be an incentive for the polyphenol-rich
biomass (e.g, Grape sludge, tannins) harvesting for high-
temperature applications.
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