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Abgract. New furfuryl oxypropyl cyclocarbonate
(FOPCC)-based “nonisocyanate’ polyhydroxy urethanes
(PHU) (FOPCC being a product of recycled renewable raw
meaterials) have been synthesized. The urethane formation
reaction was investigated using infrared spectroscopy. The
method of differential scanning calorimetry was used for
the studies of the kinetics of reactions that form PHU, in
particular the urethane-formation reaction and Diels-Alder
reaction. It has been shown that FOPCC derivatives can be
polymerized in the presence of a complex onium catalyst.
Thermally reversible and thermally irreversible cross-linked
PHUs have been produced.

Keywords. nonisocyanate  polyhydroxy  urethanes,
renewable raw material, furfuryloxypropyl cyclocarbonates,
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1. Introduction

Starting from the 90's of the XX century much
attention has been paid to a new scientific trend observed
in the development of the contemporary chemistry, in
particular the so-called “ green chemistry”, which provides
for the development of chemical products and processes
using no harmful substances. One of the key trends in the
development of “the green chemistry” is the use of
renewable raw material as a carbon source for chemical
industry [1-5].

At the present time the primary carbon source for
chemical industry is presented by natural resources (ail,
gas, and coal), however these Earth resources are
exhaustible. Their production is relocated to hard-to-reach
areas (the North, Arctic shelf, and the sea bottom). As a
result the cost of hydrocarbon raw material is
continuously growing.

The search for aternative energy sources and the
development of systems designed for the capture of
industrial  CO, emissions is a topica trend in
contemporary science and the use of CO, as a raw
material for chemical industry (at relatively mild reaction
conditions) will allow us to reduce CO, emissions into
atmosphere and simultaneously provide alternative,
renewable, nontoxic, and efficient raw material source for
chemical industry. An example of the chemical disposal
of CO, on industrial scale is the synthesis of
cyclocarbonates (CC), to which special attention has been
paid for the last twenty years, because it is a new class of
compounds used for the production of ecologically
friendly “ nonisocyanate’ polyhydroxy urethanes (PHU) of
linear and cross-linked structures [6-9].

This scientific paper delves into the creation of new
“nonisocyanate’ PHU using available renewable raw
materials. A major monomer used for the synthesis of
nonisocyanate PHU is  4-(furfuryloxymethyl-1,3-
dioxylane-2-one or furfuryloxypropyl cyclocarbonate
(FOPCC), which is synthesized from carbon dioxide and
furfuryl glycidyl ether (FGE), the latter being the product
of biomass recycling. The synthesis of the FOPCC-based
PHU presupposes the use of two reactions, in particular
the urethane formation reaction between the FOPCC and
the diamines of a different structure:
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and Diels-Alder (D-A) reaction between the furan-bearing
glycol urethanes and the bismaleimides, that results in the
formation of alinear PHU:
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The use of three functional monomers allows for
the formation of PHU of a cross-linked structure.

2. Experimental

2.1. Materials

Furfuryl alcohol (FA), epichlorohydrine (ECH),
hexamethylenediamine (HMDA), diethylenetriamine
(DETA), and maleic anhydride (MA) are commercial
reagents that were bought from the “ Laboratory Mir Ltd.”
Company. The ground substance content (GSC) for all
reagents is 99 %. Prior to the use FA and ECH were
subjected to distillation and drying over the calcium
chloride.

2.2. Synthesis

Furfuryl glycidyl ether (FGE) was synthesized by
condensation reaction of FA with ECH using the methods
described in [10]. The obtained ECH has Ty = 373—
377 K at 11 mm mercury column; n¢® = 1.4810 (it agrees
with literature data), epoxy number is 27.3 %. The ground
substance content is 98%. The data of nuclear
paramagnetic resonance 'H NMR are given in Table 1.

Hexamethylene bismaleimide (HMBM) was
synthesized using the methods given in [11]. The obtained
HMBM is a crystalline substance of white color with
Tm=383K. The'H NMR dataare givenin Table 1.

FOPCC was synthesized by the FGE and CO,
interaction reaction in supercritical state (Scheme 1). FGE
was loaded to fill 1/10 of the reactor volume, and the
initial pressure of CO, was 3.2 MPa. We used tetraphenyl
phosphonium bromide (2 mas %) as a catalysts, and the
reaction temperature was 363 K. The synthesis lasted for
9 h. The product output in terms of the conversion of
epoxy groups was 99.3 %. The synthesized FOPCC is an
agile liquid of a hazel color. After vacuum distillation
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FOPCC acquires hardly noticeable pale ydlow color; Th. =
= 465467K at 11 mm; n®® = 1.4920; density is
1.45 g/em®. *H NMR data are given in Table 1. The IR
spectrum shows the appearance of a peculiar absorption
band of a carbonyl group in the cyclocarbonate ring at
1796 cm ™.

Chlorine methylene cyclocarbonate (CMCC) was
synthesized by the ECH and CO, interaction reaction in
the supercritical state by analogy with the FOPCC
synthesis. The product yield was 99 %. The synthesized
CMCC was an agile liquid of a pale yelow color;
Tooit. = 419-421K a 11 mm_ mercury column;
ne. = 1.4695; density is 1.22 g/cm®. *H NMR data are
given in Table 1. The IR spectrum shows the appearance
of a peculiar absorption band of the carbonyl group in the
cyclocarbonatering at 1796 cm ™.

Ethane bicyclocarbonate (EBCC) was synthesized
using the Wurtz reaction through the interaction of CMCC
with metallic sodium in the environment of absolutely dry
toluene at 303-313 K during 6 h. EBCC synthesized on
the basis of CMCC is a viscous liquid of a hazd color;
ne® = 1.4705; density is 1.27 g/cm®.The product yield in
terms of the reaction salt is 90 %. The IR spectrum till
shows a peculiar absorption band of the carbonyl group in
the cyclocarbonatering at 1796 cm ™.

Bis-(furfurylpropoxy) diglycol urethane (BFPU) (mo-
nomer 1) was synthesized through the interaction of HMDA
with FOPCC with the mole ratio of 1:2 (Scheme 1). The
reaction was carried out at 373 K, and it was controlled using
the method of IR spectrascopy. The synthesized monomer |
isaviscous liquid of a degp-brown color.

Bis-(furfuryl propoxy) oligoglycal urethane
(monomer 1) was synthesized through the interaction of
HMDA with EBCC and FOPCC with the mole ratio of
6:5:2, respectively (Scheme 2). The synthesis was
conducted in two stages. During the first stage we
obtained oligoglycol urethane with end aminogroups and
during the second stage the reaction of the end
aminogroups of aligoglycol urethane with FOPCC results
in the formation of the monomer Il. The reaction
conditions are analogous to those used for the synthesis of
the monomer 1. The reaction was controlled using the
method of IR spectroscopy. The synthesized monomer |1
isavery viscous liquid of a deep-brown color.

Tris-(furfurylpropoxy) hydroxydiglycol urethane
(TFPHFGU) (monomer 111) was synthesized through the
interaction of DETA with FOPCC and FGE with the mole
ratio of 1:2:1, respectively (Scheme 2). The synthesis was
conducted in two stages. During the first stage the DETA
and FOPCC-based diglycol urethane were obtained. The
reaction was controlled using the IR spectroscopy method,
during the second stage the monomer 111 was obtained
through the interaction of FGE with the secondary amine
group (the reaction was controlled by a change in the
epoxy number). The reaction conditions are analogous to
those used for the synthesis of the monomers| and I1.
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Tablel
Characteristics of "H-NM R spectra of the synthesized monomers (200 MHz; (CD3),SO; d (ppm))
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Scheme 1. Synthesis of FOPCC and its derivatives
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Scheme 2. Synthesis of linear FOPCC derivative — based PHUs

PHU synthesiss. HMBM was dissolved in the
acetone/ butyl acetate mixture (50:50); it was added in
appropriate mole ratio to the furan-bearing hydro-
xyurethane and applied onto the metal substrate. The
addition compound formation reaction was carried out at
323 K. All the coatings were dried to the degree of
3 during 50-55 min. A total hardening time at which the
hardness stops to change variesin the range of 2.5-3 h.

The complex onium catdyst (COC)
EtsPhCH,N-FeCl, was obtained using the methods given
in[12, 13].

2.3. Experimental Procedure

To determine the kinetic parameters of urethane
formation reactions between FOPCC and HMDA and also
the addition compound formation reaction D-A between
the FOPCC and the HMDA we used the method of
differential scanning calorimetry (DSC). The experiment
was caried out in  nonisothermal  conditions.
Mathematical calculations were done using the basic
differential equation for isothermal conditions:

da /dt =k(T)xf(a,) (1)

where da/dt is the reaction rate; k(T) is the rate
constant corresponding to the Arrhenius equation; f(a,)

is the kinetic equation; a,
completion by thetime t, .

The following kinetic equation was used for
computations:

is the degree of the reaction

fa)=(-a)" )
where nisthe reaction order.
For the nonisothermal experiment, whichis carried
out at a constant heating rate b =dT /dt =const the Eq.

(1), using the Eq. (2), can be expressed as:

da /dT =§exp(- E/RT)xf(L-a) (3

where b isthe heating rate; E is the activation energy;

R is the gas constant; T —is the temperature in Kelvin
degrees.

After the logarithm has been found and the
regrouping has been done the Eq. (3) takes the appropriate
form required for the computation of kinetic parameters of
thereaction [14]:

A E

Ina/ - nin(1- a, )—InE- ﬁ—lnk(T) 4

The kinetic analysis is reduced to the derivation of
the linear relationship of logarithmic function for the left
side of the Eq. (3) asafunction of the reverse temperature,
through the selection of the order of the reaction.
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Calculated kinetic parameters were checked using
the main analytic equation that was derived through the
integration of the Eq. (1) with its further transformation to
the type used for the nonisothermal experiment [15]:

ART?

9@)=— ¢

exp(- E/RT) (5)

whereg(a,) is the integral form of the kinetic equation;

g@;)=-In-a,) for

g@,)=(@- ny*(1- @-a,)"") for n2 1.
The kinetic parameters of reactions were also

estimated using the Kissinger method. The advantage of
this method is that it is necessary to know just the

maximum temperature of thermal effect (T, ), the
computations are done by the graphic processing of the
equation [15];

Ing—;2=lnae£x—l 2
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where index i corresponds to the fixed values of the
conversion a; for each heating rate b, ; the value E is

calculated using the graphic processing of the Eq. (6) in

n=1,;

ST
R (6)
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All the reactions that were investigated using the
DSC method were carried out in the DM SO solution. For
this purpose HMDA and HMBM were dissolved in
dimethyl sulphoxyde with the mass share of 50 %.

The PMR spectroscopy was carried out using
spectrophotometer Varion Mercury VX-200, and solvent
(CD3)2S0.

The IR spectroscopy was carried out using
spectrophotometer Specord IR 75 with NaCl and KBr
prisms.

The gel-fraction was analyzed using the device of
“Sokdlet” type, the DMAA solvent, and acetone.

Physical and mechanical properties of polymer
coatings are measured as follows. the hardness is
measured according to 1SO 1522 (method A); the impact
resistance is measured according to 1SO 6272, and the
bend eladicity is determined in compliance with
SO 1519.

3. Results and Discussion

The synthesis of new polymer materials always
presupposes the studies of the kinetic parameters of key
reactions and the choice of the optimal way of the
polymer formation. Theoretically, kinetic parameters can
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be calculated using the Eq. (4) and one DSC thermogram.
If the reaction order (it is prescribed on one's own) is
known it is possible to compute two kinetic parameters
(E, and A) right away using the method of least squares.
The compensation effect of this method always allows for
the selection of a couple of values of kinetic parameters
(E, and A4) that will describe well the given reaction;
however these may not correspond to the true values. For
the reliability of the obtained results it is reasonable to
investigate the same reaction at different heating rates,
which will allow for the accurate determination of kinetic
parameters that are independent of the heating rate.

Fig. 1 gives experimental DSC thermograms of the
reactions of urethane formation at different heating rates.

The value of thermal effectsis AQ =79.5+ 1.8 Jg
whatever the heating rateis. It isindicative of the fact that
the reaction progressesin the same way and this alows us
to switch over to the temperature reationship of the
degree of the reaction completion (Fig. 2), which is
calculated using the formula:

_Tg 1
a, ﬂT.xE (7)

where g, isthe heat, whichwasreleased at T, .

Table 2 gives some characteristics of the thermal
effects of the FOPCC and HMDA interaction, in

particular T ., and a the latter is the value of the

degree of the reaction completion at T, .

Fig. 3 gives the linear relationship of the FOPCC
and HMDA reaction of urethane formation within the
bounds of the Eq. (4). The experimental data are the most
optimally rectified to the linear relationship for all heating
rates at n = 1.5. The calculated values £, and 4 are given
in Table 3. Theoretical curves of the degree of the reaction
completion for these kinetic parameters are shown by
solid linesin Fig. 2, and were calculated using the Eq. (5).

The calculated data (Table 3) show that E, for three
heating rates is 136.7+82 kJmol, and 4 =
= (3.65+359)-10" s™. In contrast to A the spread in
parameters for E, is not large. Theoretical curves that are
constructed using integrated kinetic parameters (Table 3)
for different heating rates and most optimally match
experimental data are givenin Fig. 4.

The origination of the thermal effect of the
urethane formation reaction is observed at about 373 K.
Proceeding from this we decided to conduct the urethane
formation reaction (the synthesis of monomer I) at 373 K.
The reaction was controlled by |R-spectroscopy (Fig. 5).
IR spectra were taken in the DM SO solution to reduce the
intensity of the adsorption band of carbonyl group in
cyclocarbonate.

max !
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Fig. 1. Thermal effects of the urethane formation
reaction between the FOPCC and the HM DA for different
heating rates (K/min): 1.2 (1); 2.0 (2) and 2.9 (3)
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Fig. 2. The rdationship of the degree of completion

of the urethane formation reaction between the FOPCC and the
HMDA for different heating rates (K/min): 1.2 (1); 2.0 (2)

and 2.9 (3)
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Fig. 4. Relationship of the degree of the completion of FOPCC
and DETA interaction reaction with integrated values
of E, and A4 for different heating rates (K/min): 1.2 (1); 2.0 (2)

and 2.9 (3) and 2.9 (3)
Table2
Characteristics of thether mal effects of the FOPCC and HM DA inter action reaction
b, K/min T K A e (fa /9T), 107 min™
1.2 4489 0.52 2.63
20 458.8 0.5 2.36
29 466.8 0.51 2.32
Table3
Kinetic parameters of the FOPCC and HM DA reaction of urethane for mation
b, K/min E,, kJmol 4,87 Corrélation coefficient r n
1.2 144.9 7.2448 E15 0.99885 15
20 128.5 5.77295 E13 0.99933 15
2.9 137.0 4.38365 E14 0.99839 15
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It is obvious from Fig. 5 that the absorption band
during the synthesis of monomer | at 1789 cm™ (Fig. 53)
that corresponds to the valence vibrations of carbonyl
group in the cyclocarbonate ring gradually disappears
(Figs. 5b and 5¢) and appears at 1709 cv™ (Fig. 5d). This
is related to the fact that the urethane formation reaction
takes place and the vibrations of carbonyl group move to
the range of lower frequencies. According to IR
spectroscopy data the valence vibrations of carbonyl
group (1789 cm™), that are indicative of the presence of
cyclocarbonate, totally disappear after 2.5 h.

The experimental DSC thermograms of the
reactions of the formation of the addition compound D-A
at different heating rates are shown in Fig. 6.

Fig. 6 shows two thermal effects that are partially
superimposed. The maximum of the first thermal effect
for three heating rates is on average 360 K, the maximum
of the second thermal effect is on average 400K. The
availability of two thermal effects is indicative of the
progress of two different reactions. Addition compounds
D-A are available in two isomeric forms. endo and exo.
Depending on synthesis conditions an overwhe ming
majority of both endoisomer (at low temperatures of 293—
338K), and exoisomer (at elevated temperatures of
> 363K) can be formed. Theoretically the synthetic
reaction of exoisomer or isomerization of addition
compounds D-A (endoisomer-to-exoisomer transfor-
mation) may correspond to the second thermal effect,
because these take place at elevated temperatures. The
detailed study of the nature of specified thermal effects
will be the subject of future reports.
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Fig. 6. Thermal effects of the formation of the addition
compound as aresult of the HMBM and FOPCC reaction for
different heating rates (K/min): 1.2 (1); 2.1 (2) and 3.0 (3)
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To perform the kinetic analysis using differential or
isoconversion methods we need to know the total amount
of the reaction heat. Since thermal effects are partially
superimposed it is impossible to determine separately the
total amount of heat for each thermal effect. Therefore, in
this case we can use the Kissinger method that requires
just the knowledge of the temperature of maxima for
computations. Fig. 7 givesthe data of these computations.

Kinetic computations show that the urethane
formation reaction is more energy-intensive in
comparison with the D-A reaction and therefore we
conducted first the synthesis of the furan-bearing diglycol
urethanes and oligoglycol urethanes and then proceeded to
the final step of the PHU synthesis using the D-A reaction
with HMBM; PHU physical and mechanical properties
are given in Table 4. For the convenience of notations the
Table gives only the names of furan-bearing hydroxy-
urethanes.

The previous research showed that FGE and its
derivatives polymerize in the presence of COC following
ion radical and oxyradica mechanisms [10]. The
polymerization occurs due to the double bonds of the
furan ring. Synthesized monomers |, |1, and |11 also have
furan rings in their structure and therefore their
polymerization in the presence of COC is of great interedt.
We used COC — EtsPhCH,N-FeCl, in the amount of 1 %
for the polymerization (the previous research shows that
this is the most active catalyst [10], the reaction proceeds
at 453 K. The physical and mechanical properties of the
synthesized polymers are given in Table 5. All the
coatings have 1 point adhesion.

1) Ea (1) = 33,8 (+/-) 0,4 k¥mole
r = 0,99993 (the correlation coefficient)

2) Ea (2) = 65,9 (+/-) 4,4 kdmole
r=0,99774

240 245 250 255 260 265 270 275 280 285 290 295
1000/T

Fig. 7. Theanalysis of experimental data using the Kissinger method.
The symbols show the experimental data; straight lines correspond to
the results of mathematical processing in the coordinates of the Eq. (6):

Kinetic parameters of thefirst therma effect (1) and kinetic parameters

of the second thermal effect (2)



“Nonisocyanate” Polyhydroxy Urethanes Based on the Raw Material of a Plant Origin

337

Table 4
Physical and mechanical properties of PHU
Polymer Gl fraction, %
composition Hardness, s Impact, N-om Bend, mm acetone DMAA
M 163 98.1 5 - -
M Il 113 490.5 1 -
M I 170 294.3 1 95 9
M ITT/M |
(0.75/0.25) 150 3433 1 87 19
MM I
(0.250.75) 138 3924 1 80 17
MM I
(0.75/0.25) 145 4415 1 88 15
MM I
(0.25/0.75) 130 490.5 1 0 10
Table 5
Physical and mechanical properties of PHU for med
in the presence of Et;PhCH:N - FeCl,
_ Drying timeto the Gel-fraction (DMAA),
Hardness, s Impact, N-cm Bend, mm degree 3, min %
Monomer |
145 | 3924 | | 75 | 0
Monomer 11
125 | 490.5 | | 55 | 92
Monomer |11
135 | 4415 | | 60 | 95

It is obvious from Fig. 4 that physical and
mechanical properties of PHU can be changed depending
on the composition and structure of furan-bearing
hydroxyl urethanes. The gel-fraction in acetone for all
cross-linked polymers is mainly high, and gel-fraction in
DMAA is mainly low. This is indicative of the fact that
the retrodiene reaction progresses in high-boiling solvent
(DMAA), therefore the gel-fraction is low. In the low
bailing solvent (acetone) the gel-fraction is high, therefore
the retrodiene reaction fails to progress at acetone-boiling
temperature. In the presence of COC thermally
irreversible PHUs of a cross-linked structure are formed.

4. Conclusions

1. New “nonisocyanate’ PHUSs of linear and cross-
linked structures were synthesized based on renewable
raw material sources and their physical and mechanical
properties have been studied.

2. The kinetics of the urethane formation reaction
and the DielsAlder reaction of the formation of the
addition compound was studied using the DSC method

3. The method of IR-spectroscopy was used for
studying the urethane formation reaction between the
FOPCC and the aliphatic diamines of a different structure.

4. Depending on the synthesis conditions both
thermally reversible PHUs (due to D-A reaction) and
thermally irreversible PHUs (due to the ion radica
polymerization in the presence of COC) have been
obtained.
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"HEIBOIJAHATHI" ITOJIITTAPOKCUYPETAHU
HA OCHOBI CHPOBUHH POCJIMHHOI'O
HOXOIKEHHSA

Anomauisn. Cunmeszosano nosi “ neizoyianammui” nonizio-
poxcuypemanu  (IIIY) na  ocnosi  Gypdypurokcunponiiyux-
noxapoonamy (@OIIK) — npodykmy nepepobieHHs 8iOHOBMIO-
eanoi’ cuposunu. Memooom inghpauepeonoi cnekmpockonii 0ocio-
JHCEHO  peakyilo  ypemanoymeoperHs. Memodom Oughepenyiino-
CKAHYIOYOI Kanopumempii 8usYeHa KiHemuka peaxyill ymeopeHHs.
IT'Y: peaxyis ypemanoymeopenna i peaxyia [linbca-Anvoepa.
Tokaszana mooxcnugicmo  nonimepuzayii  noxionux DOILK y
NPUCYMHOCMI KOMAIIEKCHO20 OHiego2o kamanizamopa. Ooepaicano
AK mepMoo6opomHi, mak i mepmoneobopomHi cimyacmi 1Y

Knwuosi cnoea. weizoyianamui noniciopoxcuypemati,
BIOHOBNIIOBANLHA CUPOBUHA, DYPPYPUIOKCUNPONITYUKIOKAPOOHAM,
peakyis ypemanoymeopenus, peaxyis Jfinoca-Anvoepa.



