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ABSTRACT

The present study describes an unprecedented approach to valorize potentially hazardous poly-
(bisphenol A carbonate) (PC) wastes. In THF, under non-severe conditions (120 °C), the reaction of
PC with long-chain diamines HoNRNH: (2 equivalents) provided a tool to regenerate the monomer
bisphenol A (BPA; 83-95%, isolated) and repurpose waste PC into [-NHRNHCO-], polyureas
(PUs; 78-99%, isolated) through a non-isocyanate route. Basic diamines (1,6-diaminohexane,
4,7,10-trioxa-1,13-tridecanediamine, meta-xylylenediamine, para-xylylenediamine) reacted with
PC without any auxiliary catalyst; less reactive aromatic diamines (4,4’-diaminodiphenylmethane,
2,4-diaminotoluene) required the assistance of a base catalyst (1,8-diazabicyclo[5.4.0Jundec-7-ene,
NaOH). The formation of [-NHRNHCO-]» goes through a carbamation step affording BPA and
carbamate intermediates H[-OArOC(O)NHRNHC(O)-].OArOH (Ar = 4,4’-C¢H4C(Me)2CeHs-)
that, in a subsequent step, convert into [-NHRNHCO-], and more BPA. All the PUs were
characterized in the solid state by CP/MAS !3C-NMR (§(C=0) = 152-161 ppm) and IR
spectroscopy. The positions of v(N-H) and v(C=0) absorptions are typical of “hydrogen-bonded
ordered” bands supporting the presence of H-bonded groups in network structures characterized by
some degree of order or regularity. DSC and TGA analyses showed that the PUs are thermally
stable (Tas%: 212-270 °C) and suitable for being processed since their degradation begins at

temperatures about 100 °C higher than their Tg or Tp.

Keywords: BPA; polycarbonate; polyureas; waste plastic valorization; circular economy

ABBREVIATIONS:

ATR: Attenuated Total Reflectance; BPA: 2,2-bis(4-hydroxyphenyl)propane, bisphenol A; CAGR:
Compound Annual Growth Rate; CP/MAS: Cross Polarization Magic-Angle Spinning; DBU: 1,8-
diazabicyclo[5.4.0Jundec-7-ene; DSC: Differential Scanning Calorimetry; HMDA: 1,6-diaminohexane;
MDA: 4,4’-diaminodiphenylmethane;  NIPUreas: Non-lsocyanate PolyUreas; PC: Poly-(bisphenol A
carbonate); PU: polyurea; TDA:  24-diaminotoluene; TGA: Thermogravimetric Analysis; TMS:
tetramethylsilane; TOSS: Total Sideband Suppression; TOTDA: 4,7,10-trioxa-1,13-tridecanediamine;
UR(PC): repeating unit of PC; m-XYLDA: meta-xylylenediamine; p-XYLDA: para-xylylenediamine.
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1. Introduction

Polymeric materials have experienced a widespread rapid diffusion in our daily life.
However, as a consequence of linear way of consuming plastics, these materials have been
accumulating in the environment and have generated health, environmental and social concerns that
make necessary a change of strategy, such as shifting to a circular and environmentally sustainable
plastic economy based on the recycling of these materials at the end of their life-cycle [La Mantia,
2002; Ragaert et al., 2017; Fortman et al., 2018]. In the last few years chemical recycling of plastics
has been gaining great attention as a methodological approach to reduce the environmental and
social impact of this type of wastes, providing thus a potential tool to generate a sustainable supply
chain for a variety of polymeric materials. This approach, that implies the chemical conversion of
the waste polymer into added-value chemicals, is not only a captivating alternative to landfill or
energy recovery, but also a smart response to the current worldwide need of saving carbon and
energy and protecting fossil resources from depletion [Datta and Kopczynska, 2016; Rahimi and
Garcia, 2017; Hong and Chen, 2017; Jehanno et al., 2019; Shao et al., 2020].

Poly-(bisphenol A carbonate) (PC), currently accessible through phosgeneless synthetic
routes [Kim, 2020], is one of the most widely used thermoplastics. PC global market is steeply
expanding and is projected to reach approximately 5.1 million tons by the end of 2023, increasing at
a CAGR of around 3% per year in the period 2017-2023 [Asscoated Press News, 2018]. The fast
increase of manufacture and utilization of PC raises the problem of the fate of the wastes of this
material. The polymer is a potential reservoir of 2,2-bis(4-hydroxyphenyl)propane (bisphenol A;
BPA), a known xenoestrogen and endocrine disruptor, that is potentially harmful to both wildlife,
including marine organisms, and humans [Tucker et al., 2018]. Prevention of BPA leaching into the
environment through uncontrolled hydrolysis or biodegradation of the waste polymer is matter that
deserves due attention as BPA release into the environment may have adverse repercussions on

many living organism and human health.
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These concerns call for the development of environmentally friendly and cost-efficient post-
consumer PC treatments. Chemical recycling of waste PC can provide a convenient answer to this
issue, as it opens a way to the valorization of the waste polymer [Antonakou and Achilias, 2013;
Datta and Kopczynska 2016; Hong and Chen, 2017; Kim, 2020]. In this ambit different approaches
can be pursued, such as pyrolysis [Wang et al., 2020], reduction (hydrogenation, hydrosilylation)
[Monsigny et al., 2018; Westhues et al., 2018; Alberti et al., 2020a], or also other options based on
the chemical fission of carbonate bond by hydrolysis [Taguchi et al., 2016; Quaranta, 2017; Liu et
al., 2018], alcoholysis [Quaranta et al., 2017; Liu et al., 2019; Alberti et al., 2020b], phenolysis
[Alberti et al., 2019], glycolysis [lannone et al., 2017; Quaranta et al., 2018; Do et al., 2018;
Jehanno et al., 2020], aminolysis [Hata et al., 2002; Singh et. al., 2015; lannone et al., 2017; Wu et
al., 2018; Demarteau et al., 2020]. The latter methods allow to regenerate the monomer, bisphenol
A, that can be reused to produce new virgin PC, or polymeric materials different from PC (for
instance, poly(aryl ether sulfone)s) [Jones et al., 2016], or also converted into other products such
as, for example, jet fuel range high-density polycycloalkanes [Tang et al., 2019]. However, these
approaches can also cogenerate high added value chemicals besides BPA, such as carbonic acid
diesters or organic carbamates and ureas if the polymer is reacted respectively with alcohols or
amines. In the latter cases waste PC can be used as a carbonylating agent succedaneous of harmful
phosgene [Hata et al., 2003; Carafa and Quaranta, 2009].

Herein we have focused on the aminolysis reaction. Relative to other PC depolymerization
methods, the reaction of PC with amine substrates has received rather poor attention in the past and,
only occasionally, has been explored as a way to recycle the polymer (PC) chemically [Hata et al.,
2002; Singh et. al., 2015; lannone et al., 2017; Wu et al., 2018; Demarteau et al., 2020]. Depending
on the experimental conditions and the nature of amine (primary or secondary), the
depolymerization of PC with mono-amines can afford, besides BPA, carbamates or acyclic mono-
ureas RR’NC(O)NRR’ (R = H, R’ = alkyl, aryl; R = R’ = alkyl) in variable yields [Hata et al., 2002;

Singh et. al., 2015; lannone et al., 2017; Demarteau et al., 2020]. The reaction of the polycarbonate
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with short-chain diamines, such as N,N’-dimethyl-1,2-diaminoethane or N,N’-dimethyl-1,3-
diaminopropane, 1,2-diaminopropane, 1,3-diaminopropane, has been exploited for the synthesis of
the relevant cyclic ureas [Hata et al., 2002; lannone et al., 2017]. Very recently, PC was reacted
with aliphatic primary diamines to give hydroxyl-N,N'-diphenylene-isopropylidenyl biscarbamate
prepolymers that, in a subsequent Sn-catalyzed step, were chain-extended with commercially
available diisocyanates to produce a variety of polyurethanes [Wu et al., 2018].

Relative to the above studies [Hata et al., 2002; Singh et. al., 2015; lannone et al., 2017; Wu
et al., 2018; Demarteau et al., 2020], in this work we have followed an unprecedented approach to
valorize PC wastes as the reaction of PC with a few long-chain diamines has been explored as a
way to regenerate the monomer and, for the first time in the literature, repurpose waste PC into
virgin polyureas (PUs) straightforwardly, in a one-pot process (Fig. 1). In virtue of their special
properties (resistance to hydrolysis, oxidation and abrasion; excellent mechanical and anti-corrosion
properties; thermal stability at high temperatures; biocompatibility) polyureas have been finding
wide application in several fields (coatings, greases, membranes, microcapsules, biomedical
devices) [Pires et al., 2000]. Quite recently, these compounds have been successfully used as
starting materials for the phosgeneless synthesis of R’O(O)CNHRNHC(O)OR’ dicarbamates
[Shang et al., 2012], widely used in industry as precursors of polyurethanes.

PUs are traditionally prepared by polyaddition of diamines and diisocyanates [Pires et al.,
2000]. The toxicity of isocyanates has urged both academia and industry to explore more
environmentally  friendly isocyanate-free methods of synthesis of polyureas (Non-
IsocyanatePolyUreas (NIPUreas)): for instance, the reaction of diamines with carbonyl sources
such as carbon dioxide [Rockicki, 1988; Shang et al., 2012; Wu et al., 2012; Ying et. al. 2015;
Wang et al., 2016], urea [Dennis et al., 2018], diphenyl carbonate [Pan et al., 2015], or also dialkyl
dicarbamates R’O(O)CNHRNHC(O)OR’[Ma et al., 2018], that, recently, have been converted into
NIPUreas by metathesis polymerization in the presence of a base catalyst [Kébir et al., 2017].

Herein, we report on a new route to polyureas that, as an outstanding peculiarity, conjugates the



130 feature of avoiding any use of hazardous isocyanates with the advantages of recycling a potentially
131  hazardous waste polymer (PC) and saving carbon (Fig. 1).
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134 Fig. 1. Repurposing of waste PC into polyureas.
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2. Experimental

2.1. General methods and materials

Vacuum line techniques were used for manipulations carried out under inert
atmosphere (N2). THF and diethyl ether were dried according to standard procedures (P2Os;
Na/benzophenone) [Perrin et al., 1986]. 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and the
diamines (Fig. 1) were from Aldrich and were used as received except HMDA that was
purified by sublimation before use. Both DBU and the basic diamines HMDA, TOTDA, m-
XYLDA, p-XYLDA were manipulated under N2 to prevent any contamination from
atmospheric CO> or moisture. PC pellets (SABIC; 3 mm length x 2 mm diameter) were used
as a model of waste polycarbonate. The characterization of the polymer was reported
elsewhere [Quaranta et al., 2018]. The moles of BPA (n°gpa) incorporated in w grams of
feed polycarbonate were assumed to be equal to the moles of repeating unit of PC (UR(PC)),
nurec), and were calculated according to Eq. (1), where MMurcpc) is the molar mass of the
UR(PC) (254.29 g/mol; Fig. 1).

N°spa = Nur(pc) = W/MMur(pc) (1)

GC analyses were performed with a THERMO Scientific TRACE 1310 gas-
chromatograph (GC column: Heliflex AT-5, 30 m x 0.25 mm, 0.25 pm film thickness). IR
spectra were taken on a Shimadzu FTIR Prestige 21 spectrophotometer or a Perkin Elmer
Frontier MIR/FIR spectrophotometer equipped with a Pike GladiATR (diamond crystal)
accessory. *C NMR cross polarization magic angle scanning (CP/MAS) measurements
were performed at 151 MHz on a Bruker AVANCE 600 apparatus equipped with a MAS II
Pneumatic Unit, using TOSS technique. Solid sample was packed in a 4 mm zirconia rotor
with a Kel-F cap and spinning at 11 kHz during the analysis (delay time = 4 s). CP/MAS 3C
chemical shifts of solid samples are referenced to the resonance of adamantane at 29.5 ppm.

'H and ¥C NMR chemical shifts of samples in solution are in ¢ (ppm) versus TMS. The
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thermal properties of the polyureas were investigated by DSC (Q200 TA Instruments) and
TGA (Pyris 1-Perkin Elmer) under a nitrogen flow of 50 mL/min at the heating rate of 10
°C/min. The TGA experiments were performed from 40 °C to 800 °C. In the DSC
experiments the samples were heated, cooled and heated again from 0 °C to a maximum
temperature determined by the thermal stability of each sample, as evaluated by TGA
measurements. The first DSC heating run was used to remove any thermal effect that may
hide transitions such as, for instance, glass transitions or melting. Glass temperature was
determined at the inflection of the step in the baseline, whereas the melting temperature at
the maximum of the endothermic peak. Both DSC and TGA measurements were carried out
in duplicate obtaining reproducible results.
2.2. Calculation of BPA and polyurea (PU) yield

BPA yield was calculated through Eq. (2), where ngpa are the moles of biphenol A
isolated from the reaction mixture.

BPA vyield (%) = (nepa/n°spa)*100 (2)

PU yield was calculated according to Eq. (3), where wpy is the mass (g) of PU

isolated and MMpy is the molar mass of the PU repeating unit.
PU yield (%) = 100x(wpuxMMur(rc))/(WxMMpy) 3)
2.3. Determination of PC conversion

PC conversion in aminolysis experiments was determined spectrophotometrically by
measuring in the FTIR spectrum of the reaction mixture the intensity of the residual
absorption at 1778 cm™? due to v(C=0) stretching in -OArOC(O)OArO- (Ar = 4,4’-
CsH4CMe2CsHas-) moieties of the starting polymer or its oligomers/fragments not completely
depolymerized. The intensity of this signal was compared with the intensity of the
absorption displayed, at the same wavenumber, by standard THF solutions of polycarbonate.

PC conversion was, then, calculated through Eq. (4), wherein w(g) is the mass of feed PC
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10

and w1 (g) is the overall amount of polymer/oligomers not yet depolymerized and determined
spectrophotometrically by FTIR.

PC conversion (%) = 100x(w — w1)/w (4)

2.4. HoNRNH:z carbamation by PC diaminolysis (diamine/UR(PC) stoichiometric ratio: 0.5

mol/mol)

As an example, we report the procedure followed with HMDA. The reaction was
carried out in a suitable glass tube (~40 mL) equipped with a Sovirel screw cap and a Torion
stopcock. The reactor, once charged with the reactants (PC, usually ~4 mmolurec); HMDA,
1-1.14 equivalents; solvent (THF), usually 24 mL), was sealed and dipped into an
electrically heated silicon oil bath and the reaction mixture was stirred at the working
temperature until complete PC depolymerization, that was ascertained by monitoring the
disappearance of the polycarbonate absorption at 1778 cm™ in the FTIR spectrum of the
reaction mixture (Figs. Sla-S1c). Once PC conversion was complete, the reaction solution
was evaporated in vacuum and the residue was washed several times with diethyl ether. The
white solid insoluble in ether, once dried under vacuum, was analyzed by spectroscopic
methods (NMR and FTIR; Fig. S2a-S2c).

Depending on the reaction temperature (at 100 °C, for instance) minor amounts of a
colorless solid may separate from the reaction mixture. The FTIR spectrum of this material,
once isolated by filtration, showed bands typical of ureidic groups (see 3.1 and Fig. S1d).
2.5. PC recycling by diaminolysis: BPA recovery and synthesis of PUs [-NHRNHCO-],

The diaminolysis reaction was carried out in a reactor analogous to that described
above (2.4). In a typical experiment the reactor, once charged under an inert gas stream with
the reactants (PC; diamine (2 equivalents); solvent (THF); catalyst (DBU or NaOH), if
used), was sealed and dipped into an electrically heated silicon oil bath. The mixture was

stirred at the working temperature (120 °C) for a variable time, depending on the diamine



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

11

and the catalyst, if used (see 3.2 and Table 1 and 2). The solid precipitated was isolated by
filtration and identified as polyurea, while BPA was recovered from the filtrate after
removing THF. For further details see Tables 1 and 2, and Appendix A (Supplementary

Data).

3. Results and discussion

Fig. 1 shows the diamines HoNRNH:> considered in this study. We have focused on
industrially relevant diamines with a suitable spacer group R such as to prevent the
undesired side-formation of cyclic ureas. The diaminolysis reaction was studied in THF, a

solvent that easily dissolves PC as well as the diamines used.

3.1. H:2NRNH:2 carbamation by PC diaminolysis
The diaminolysis reaction was first studied using a 0.5 mol/mol diamine/UR(PC)
stoichiometric ratio (diamine: 1 equivalent). This reaction was expected to afford urethane

chains like 1, besides BPA (Fig. 2). We selected an aliphatic diamine such as HMDA as the

Me
d
o)
JOR
(o) ¢ o
(PC) n
H,N-R-NH,

diamine/UR(PC) = 1:2 mol/mol

-BPA

o)

O NH-R-NH OH
: 02
°+_)
Me mé Me

Me 1
L M - m=1,2, etc

Fig. 2. PC diaminolysis (diamine/UR(PC) = 0.5 mol/mol): H.2NRNH; carbamation.
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reference diamine. The progress of the reaction was monitored by following, in the IR
spectrum of the reaction solution (Figs. Sla-c), the disappearance of the PC carbonyl
absorption at 1778 cm™ and the growth of the band at 1746 cm™ due to v(C=0) carbamic
stretching in urethanic species like 1 (R = -(CH2)e-) [Pan et al., 2015; Quaranta, 2017]. The
formation of the latter species was accompanied by that of BPA, which is responsible for the
signals observed at 1614 and 1591 cm™ [Quaranta, 2017].

The urethane derivatives 1 (R = -(CH2)e-) cogenerated with BPA were isolated (see 2.4) and
analyzed by FTIR and NMR spectroscopy. The IR spectrum shows the intense absorption of
carbamate group at 1711 cm™ (Fig. S2a) [Wu et al., 2018; Mattia and Painter, 2007; Distaso and
Quaranta, 2004a; Aresta et al., 1998]. The aliphatic region of the *H NMR spectrum (Fig. S2b)
displays the resonances due to the methylene protons of bis-carbamated HMDA at 1.28 (br), 1.44
(br), 3.03 ppm (br) [Distaso and Quaranta, 2006]; accordingly, a broad resonance is also present at
7.68 ppm that can be assigned to the carbamic NH protons. The absence of any methylene CH2NH>
resonance around 2.6 ppm allows to exclude the presence of chains ending with free NH2 groups,
while the OH singlet at 9.17 ppm is consistent with the presence of urethanic chains 1 (R = -(CHy)e-
) bearing terminal -OArOH (Ar = 4,4’-C¢H4sCMe2CeHs-) groups A (Fig. 3), which are also

responsible for the signals at 7.16 (m), 6.97 (m), 6.64 (d, 3Jun = 8.8 Hz) and 1.56 ppm (s); the

(A)
0 o
Y o}
oJ< 4/<
S NH-R-N%J\OB“\K‘/ ° NH-R N%J\o;
(e
B4
B, M
Meg & (B)

Fig. 3. Atom numbering in terminal -OArOH groups A and inner -OArO- groups B.
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signals at 7.16 and 6.97 ppm are also due to inner -OArO- moieties B (Fig. 3), as well as the singlet
at 1.61 ppm. The analysis of the integral spectrum allows to calculate the molar ratio between
terminal -OArOH groups A and inner -OArO- groups B, which is ~1.5 mol/mol, as well as the
number average molecular weight My that was found to be close to 1200 Da. The inspection of the
13C-NMR spectrum (Fig. S2c) further supports the partial depolymerization of the
polycarbonate with the incorporation of the diamine in the PC framework and the formation
of 1 (R = -(CH2)s-).

The carbamation reaction proceeded without any auxiliary catalyst under very mild
conditions (25-60 °C) with practically quantitative PC conversion (> 98% after 9 h; Fig. 4, curve (a)
and (b)) and selectively, without any evidence of formation of ureidic derivatives. Accordingly, the
IR spectrum of the reaction mixture, that kept homogeneous throughout the reaction time (no
formation of precipitate), did not show, in the relevant range 1700-1620 cm™, any significant
absorption which might be diagnostic of the presence of ureidic species (free or associated) in
solution [Mido, 1973; Lortie et al., 2003]. Under the working conditions (Fig. 4, curve (a)
and (b)), the conversion rate, while being satisfactory soon after mixing the reactants, with
PC conversion higher than 80% after 1 h, slowed down a lot in the long run and the full
conversion of the polycarbonate required a markedly longer time. This behavior can be
obviously related to the lower and lower concentration of the reactants in the reaction
mixture, but may also reflect the fact that the aminolysis of organic carbonates is usually
promoted by amine itself, since a second molecule of amine can act as the catalyst of the
carbamation process [Carafa and Quaranta, 2009; Um et al., 2018]. This accounts for the
modest excess of diamine (max. 13 mol% relative to UR(PC)) usually used in the
carbamation experiments.

At 100 °C (Fig. 4, curve (c)) the conversion of PC was faster, but, at this temperature,

under the working conditions, minor amounts of a poorly soluble colorless solid separated
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100 -
90 -
80 -
70 -
60 -
50 - «+@-+ (a) HMDA, 25 °C
40 = &= (b) HVIDA, 60 °C
30
20
10
0 —

0 1 2 3 4 5 6 7 8 9 10 11

time (h)

PC conversion (%)

——t— (c) HMDA, 100 °C

Fig. 4. HMDA carbamation by PC diaminolysis at different temperatures, in THF (24 mL).
Experimental conditions: (a) UR(PC), 4.28 mmol; HMDA, 2.40 mmol; 25 °C. (b) UR(PC), 3.99
mmol; HMDA, 2.26 mmol; 60 °C. (c¢) UR(PC), 4.23 mmol; HMDA, 2.38 mmol; 100 °C.

with time from the reaction mixture. In the FTIR spectrum of this material (Fig. S1d) two
characteristic bands at 1614 (m-s) and 1576 cm™ (m-s), assignable to ureidic moieties
[Mido, 1972; Aresta et al., 1998] (see also 3.2.1), can be easily recognized among the other
absorptions, showing that a concurrent ureidization reaction can occur at 100 °C in addition
to the carbamation process.! As illustrated in Fig. 5, the ureidization reaction can compete
with carbamation for the functionalization of the NH2 groups and this, in the absence of a
suitable excess of diamine, can prevent the conversion of the -OC(O)O- carbonate groups
from being quantitative. Accordingly, in the experiment (c) of Fig. 4 PC conversion did not
exceed 97% even after prolonged heating (7 h) at the working temperature (100 °C).

The study was extended to TOTDA and m-XYLDA. Both the diamines reacted with
PC likewise HMDA to give urethane derivatives 1 (R = -(CH2)30(CH2)20(CH2)20(CH2)s-;

m-CH2CsH4CHa-; v(C=0): ~1746 cm™, in THF solution). At ambient temperature (25 °C),

L Apart from the absorptions at 1614 and 1576 cm™, the FTIR spectrum of the solid precipitated (Fig. S1d) showed
strong similarities with that of 1 (R = -(CH.)s-; Fig. S2a), suggesting the precipitation, under the working conditions, of
ureidic-urethanic species.
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OIﬁl carbamation
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H,N-R-NH,

$ 0
HN

(b) >=o _:%H)I\NH_R_NHZ
(o)

LE?; ureidization

Fig. 5. PC diaminolysis: carbamation versus ureidization.

under conditions analogous to those used for HMDA, the carbamation of TOTDA and m-
XYLDA proceeded homogenously with very high selectivity without any evidence of
formation of ureidic species (no absorptions between 1700 and 1620 cm™; Fig. S3 and S4).
Fig. 6 allows to compare, from the kinetic point of view, the behavior of HMDA, TOTDA
and m-XYLDA as depolymerizing agents of the polycarbonate at ambient temperature. The

kinetic curves support the following order of reactivity: TOTDA= HMDA > m-XYLDA.

——t— (a) HMDA, r.t,
ceee@eeee (b) m-XYLDA, r.t.
-=0=-(c) TOTDA, r.t.

0 5 10 15 20 25 30 35
time (h)

Fig. 6. Carbamation of HMDA (a), m-XYLDA (b) and TOTDA (c) by PC diaminolysis at
room temperature (25 °C). (a) UR(PC), 4.28 mmol; HMDA, 2.40 mmol; THF, 24 mL. (b)
UR(PC), 3.99 mmol; m-XYLDA, 2.27 mmol; THF, 24 mL. (¢) UR(PC), 2.07 mmol;
TOTDA, 1.14 mmol; THF, 12 mL.
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In the absence of any catalyst, the aromatic diamine MDA did not react with PC
under conditions analogous to those described above for the basic diamines HMDA,
TOTDA and m-XYLDA. This behavior is not unexpected in view of the lower
nucleophilicity of aromatic versus aliphatic amines and is reminiscent of the poor reactivity
exhibited by MDA (as well as TDA) with diphenyl carbonate and other carbonic acid
diesters in the absence of any catalyst [Aresta et al., 1995; Aresta et al., 1999; Distaso and

Quaranta, 2004b].

3.2. Poly-(bisphenol A carbonate) recycling by diaminolysis: synthesis of polyureas

The above experiments suggest that relatively high temperatures can lower the selectivity of
the urethanization process (Fig. 2) and promote the ureidization reaction (Fig. 5, (b)). Such a
reactivity has been exploited from the synthetic standpoint with a view to providing a new synthetic
entry into non-isocyanate homo-polyureas using PC as the source of the carbonyl group (Fig. 7). To
this end the diamine/UR(PC) stoichiometric ratio was suitably changed and H;NRNH; (2
equivalents) was reacted according to an equimolar ratio relative to the repeating unit of the
polymer. Also in this case THF was selected as the solvent of the aminolysis process.

Table 1 summarizes the results obtained at 120 °C when using the basic diamines HMDA,
TOTDA, m-XYLDA and p-XYLDA. Under the working conditions the conversion of the
polymer into BPA and the relevant polyureas (HMDA-PU, TOTDA-PU, m-XYLDA-PU and p-
XYLDA-PU, respectively) proceeded smoothly, within reasonable times that, however, may vary
sensibly with the used diamine. At the working temperature HMDA-PU, m-XYLDA-PU and p-
XYLDA-PU were poorly soluble in the reaction medium and separated as colorless solids. Under
analogous conditions TOTDA reacted likewise HMDA, m-XYLDA and p-XYLDA, but, in the
latter case, the aminolysis reaction proceeded homogeneously as the relevant polyurea (TOTDA-

PU) was soluble in the reaction solvent at the working temperature (120 °C). The precipitation of
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325  Fig. 7. PC recycling by diaminolysis: synthesis of polyureas.
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Table 1
PC depolymerization with the basic diamines HMDA, TOTDA, m-XYLDA and p-XYLDA
(diamine/UR(PC) = 1 mol/mol) at 120 °C: synthesis of homo-polyureas.

diamine (mmol)  UR(PC) (mmol) THF (mL) time (h)> BPA (%)° PU (%)°

HMDA (4.62)  4.05 15 2 83 HMDA-PU (96)
TOTDA (4.56)  4.00 15 2 85 TOTDA-PU (78)
m-XYLDA (4.55) 3.94 15 35 86 m-XYLDA-PU (94)
p-XYLDA (2.26) 1.93 75 12 83 p-XYLDA-PU (99)

& Overall reaction time. At this time the depolymerization of PC was quantitative: the IR
absorption at ~1745 cm™ (due to intermediate urethanic species 1, see 3.1) was no longer visible in
the FTIR spectrum of the reaction mixture.
b|solated yield.
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TOTDA-PU was observed only upon cooling the reaction mixture to room temperature.? In all the
cases BPA formed selectively without any significant formation of decomposition products (PhOH,;
4-isopropenylphenol; 4-isopropylphenol) [Quaranta, 2017].

The process can be easily followed by FTIR spectroscopy (Figs. S5-S8). The
depolymerization of the polycarbonate goes through a carbamation step affording BPA and
urethane intermediates H[-OArOC(O)NHRNHC(O)-]nOArOH (Ar = 4,4’-CeHsC(Me).CsHa-
), that, in a subsequent step, convert into [-NHRNHCO-], and more BPA. This reaction
sequence is well documented in Figs. S5-S8 for the ureidization of HMDA, TOTDA, m-
XYLDA an p-XYLDA, respectively. The intermediate formation of the urethane derivatives
1 is unambiguosly supported in the FTIR spectrum of the reaction mixture by the
appearance of the absorption at about 1745 cm™ (see 3.1); the latter absorption disappeared
with  time because of conversion of the carbamate intermediates H[-
OArOC(O)NHRNHC(O)-]nOArOH into the target PUs. It is worth noting that the IR
spectrum of the reaction solution (Figs. S5-S8) did not show any significant absorption in
the range 2275-2240 cm™, where isocyanate group strongly absorbs. This brings to exclude
that the building up of the ureidic group might imply the amination of isocyanate
intermediates formed in situ from 1. More likely, the formation of the -NHC(O)NH-
moieties involves the direct attack of free NH> to the carbamic groups of 1.

PC depolymerization by the aromatic diamine MDA required conditions somewhat
different from those used with the basic diamines above considered. In fact, no reaction was
observed after 6 h at 120 °C (entry 1, Table 2). The reaction was therefore investigated in
the presence of a base catalyst such as DBU. In the presence of DBU, MDA reacted very

slowly with PC at ambient temperature (Entry 2, Table 2). A faster reaction was observed at

2 The FTIR spectrum of the liquid phase (Fig. S6), after cooling the reaction mixture at ambient temperature, showed
characteristic absorptions at 1684 and 1653 cm™, respectively assigned to free and associated C=0 groups in ureidic
oligomers [Mattia and Painter, 2007; Lortie et al., 2003; Mido, 1973].
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Table 2
PC depolymerization with MDA or TDA (diamine/UR(PC) =1 mol/mol): synthesis of homo-polyureas
MDA-PU and TDA-PU.?

Entry diamine UR(1) THF T catalyst time BPA PU
(mmol) (mmol) (mL) (°C)  (mol%)® (h)® (%)4 (%)4

1 MDA 221 25 120 - 6 ¢ ¢
(2.57)

2 MDA 2.26 25 25 DBU 64 f -
(2.61) (10.0)

3 MDA 2.23 25 120 DBU 27 83 MDA-PU
(2.59) (10.5) (94)

4 MDA 2.06 25 120 DBU 20 84 MDA-PU
(2.43) (20.3) (93)

5 MDA 2.59 30 120 NaOH 6 86 MDA-PU
(3.09) (15.3) (89)

6 MDA 2.99 20 120 NaOH 6 84s MDA-PU
(3.46) (15.7) (88)

7 TDA 4.83 30 120 NaOH 7 95 TDA-PU
(5.69) (14.0) (87)

2PC depolymerization by diamines MDA or TDA was followed by FTIR analysis of the THF solution, by
monitoring over time the absorptions at 1778 cm™ (due to PC) and 1715-1717 cm™ (due to 1; R = 4,4’-
CeH4CH2CgH4- or 2,4-C¢HsMe, according to the used diamine (MDA or TDA)). See also 3.2 and Figs. S9
and S10.

® mol% relative to UR(PC).

¢Qverall reaction time.

d1solated yield.

¢No reaction.

fOnly traces amounts of BPA were detected in the reaction mixture.

9 Isolated by column chromatography (see Supplementary Material).

120 °C: the progress of the reaction, monitored by FTIR spectroscopy (Fig. S9), was
demonstrated by the decrease over time of the bands at 1778 and 1630 cm™, respectively due
to PC and MDA, by the temporary appearance of the absorption at 1717 cm™, due to v(C=0) of
the urethanic intermediates 1 (R = 4,4’-CsH4CH2Ce¢Hs-), by the growth of the bands at 1614 and
1593 cm* (BPA), and, finally, by the precipitation of a colorless solid isolated and characterized as
MDA-PU. Nevertheless, the disappearance of the bands at 1778 cm™ (PC) and 1717 cm™ (1; R =

4,4’-CeH4CH2CsHa-) still required quite a long reaction time that depended on the DBU load (Entry
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3 and 4, Table 2). The attention was, therefore, addressed to a different more effective base catalyst
such as NaOH. Remarkably, a significant shortening of the depolymerization time was attained by
using NaOH (15 mol%) as the catalyst of the aminolysis process (Entry 5 and 6, Table 2) in place of
the amidine base. The latter catalyst was, therefore, preferred for the ureidization of TDA. In the
presence of the alkali catalyst also TDA reacted effectively with PC, likewise MDA, to give the
relevant polyurea TDA-PU in addition to BPA (Entry 7, Table 2).

As a whole, the above results show that PU formation by PC diaminolysis can take
place quite easily under non severe conditions. The developed protocol stands out for the
modest excess of the used diamine substrate relative to the polymer (in most cases ~15
mol% versus the stoichiometric amount (diamine/UR(PC) = 1 mol/mol)). Moreover, basic
diamines react with PC in the absence of any auxiliary catalyst. Actually, diamine itself can
act, in principle, as the catalyst of the overall process (Fig. 7), in virtue of the well-known
ability of basic amines to promote catalytically not only the aminolysis reaction of organic
carbonates to carbamates [Carafa and Quaranta, 2009; Um et al., 2018] but also the
aminolysis of carbamic esters to ureas [Shawali et al., 1986]. The assistance of a catalyst is
required when using poorly nucleophilic amines. In this case the best results have been
obtained with a commercially accessible and cheap catalyst, such as NaOH. The latter issue is
not trifling as inexpensiveness is expected to be a key feature of any waste valorization process that
aims at having applicative potential.

3.2.1. Spectroscopic characterization of the polyureas

The polyureas 2-7 (Fig. 7) can be isolated straightforwardly with high yield (Table 1 and 2)
by filtration, once the reaction mixture was cooled to room temperature. Also BPA can be easily
recovered in good yield according to conventional techniques (see Supplementary Material).

All the PUs have been characterized spectroscopically in the solid state by ATR (Figs. S11a-

f), FTIR (in nujol mull; Figs. S12a-f) and CP/MAS *C NMR (Figs. S13a-f).
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As a whole, the IR spectra of the isolated PUs are in excellent accordance with those

reported in the literature for authentic samples of analogue polyureas prepared by different synthetic

routes (Table 3). For HMDA-PU, TOTDA-PU, m-XYLDA-PU and p-XYLDA-PU the amide 1l

band (OCN-H) can be located between 1570 and 1591 cm™, while the amide I band (v(C=0)) and

Table 3
FTIR (in nujol mull) and ATR characteristic bands (cm™) of the isolated PUs.
PU v(N-H) amide | amide Il Refs.

ATR; FTIR ATR;FTIR ATR;FTIR
HMDA-PU 3330; 3329 1616; 1618  1575; 1580 [Shang et al., 2012; Wu et al.,

2012; Wang et al., 2016]

TOTDA-PU 3318; 3319 1611; 1614  1587; 1591 [Ying et al., 2015]
m-XYLDA-PU 3315; 3316  1622; 1622  1579; 1584 [Wuetal., 2012]
p-XYLDA-PU 3318; 3319 1614;1614 1570; 1574 [Wu et al., 2012]
MDA-PU 3304; 3304 1641;1641  1549; 1545 [Rockicki, 1988 ]
TDA-PU 3264; 3285 1637; 1639  1538; 1545 [Han et al., 2014; Li et al.,

2015]

the N-H stretching (v(N-H)) are respectively found in the ranges 1611-1622 and 3315-3330 cm

(Table 3). In the spectrum of MDA-PU (Fig. 8) and TDA-PU the above absorptions are shifted in
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Fig. 8. ATR-FTIR spectrum of MDA-PU: IR: v = 3304 (NH), 1641 (amide I), 1597, 1549 (amide
1), 1511, cm™,
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accordance with the aromatic nature of the diamine used (MDA and TDA, respectively) [Socrates,
2001]. In any case the location of the IR bands due to v(C=0) and v(N-H) is very informative as it
supports that the carbonyl oxygen atoms and the N-H groups are involved in a strong H-bond
(Fig. 9) [Li et al., 2015; He et al., 2014; Yilgor et. al., 2000; Coleman et al., 1997]. In fact, both
v(N-H) and v(C=0) are markedly red-shifted relative to the frequency of free N-H (3450 cm™) and
free C=0 (1690 cm™) groups in polyureas. Moreover, the positions of V(N-H) and v(C=0) are
typical of “hydrogen-bonded ordered” bands suggesting the presence of hydrogen-bonded groups in
network structures characterized by some degree of order or regularity (Fig. 9). This may explain
the high resistance of the isolated materials to common organic solvents such as hydrocarbons,
aromatics, THF, diethyl ether, acetone, acetonitrile, DMF, methanol, 2-propanol. Table 4 compares

the behavior of the isolated PUs in a few other solvents such as H.O, CHCls, DMSO.

¢ free carbonyl group
/“\ ~ 1690 cm”
\ ~

Hydrogen bonded C=0 group
~ 1630 cm™ "ordered"

/K ~ 1650-1665 cm™' "disordered"
\

N Hydrogen bonded N-H group
' 3340/3320 cm™' "ordered"
H\ ,'H ~3440 cm™!  "disordered”
\ /\ /
¢ free N-H group
~ 3450 cm™"
|-| H

Fig. 9. Hydrogen bondings in polyureas (from ref. [Mattia and Painter, 2007]).

The polyureidic nature of the isolated products 2-7 (Fig. 7) is further supported by solid state
CP/MAS *C NMR measurements (Fig. S13a-S13f and Table 5). In most cases the resonance of the
ureidic carbons can be located around 160 ppm in strict accordance with the literature. In the

CP/MAS *3C NMR spectrum of MDA-PU (Fig. 10) the C=0 resonance was found at higher field,
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151.9 ppm, in accordance with the calculated value of 152.2 ppm and the experimental value (~152
ppm) found for a structurally related ureidic derivative of MDA [ Aresta et al., 1998].

Table 4
Solubility behavior of the isolated PUs in a few solvents at ambient temperature (22 °C).

Solvent HMDA-PU TOTDA-PU m-XYLDA-PU p-XYLDA-PU MDA-PU TDA-PU

H.O - + - - - -
CHCIl; - + - - - -
DMSO - - - - - +
“-: insoluble.

“+”: soluble.

Table 5

CP/MAS 3C NMR data (dc=o, ppm) for the isolated polyureas.

PU HMDA-PU TOTDA-PU m-XYLDA-PU p-XYLDA-PU MDA-PU TDA-PU
dc=o 160.7°% 160.0° 160.0¢ 159.0°¢ 151.99¢ 157.7

& See also refs [Shang et al., 2012] and [Wu et al., 2012].

b See also ref. [Ying et al., 2015].

¢ See also ref. [Wu et al., 2012].

d Calculated: 152.2 ppm (software: ACD/C+H NMR Predictors and DB (v.12.01)).
¢ See also ref. [Aresta et al., 1998].

L s s e e e e e e s L e s L B e e L s e e e LA
200 175 150 125 100 75 50 25

Fig. 10. CP/MAS BC-NMR (151 MHz) of MDA-PU: 6 = 39.0 (CH), 121.3-133.1 (aromatic
carbons), 151.9 (C=0) ppm.
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The insolubility in common organic solvents has prevented, for most of the PUs synthesized,
any attempt of determination of molecular weights by means of traditional techniques. However,
because of their solubility properties (Table 4), it was possible to characterize polyureas TOTDA-
PU and TDA-PU by NMR spectroscopy also in solution. The NMR analysis confirmed the
polyureidic nature of these products, demonstrated their homogeneity, and, by means of end-group
analysis, allowed to estimate the degree of polymerization, providing thus a further validation of the
developed synthetic approaches.

Figs. S14 and S15 illustrate, respectively, the *H and *3C NMR of TOTDA-PU in D20. The
13C NMR spectrum shows all the signals of the repeating unit of the polyurea. The *H spectrum
displays also additional distinguishable resonances assignable to H_2NRNHCO- end groups. The
integral proton spectrum allows to determine the number average molecular weight of TOTDA-PU
(Mn = 2553 Da) and to calculate the average number of repeating monomer units (n = 9.5).

The *H and *C NMR spectra of TDA-PU in DMSO-ds are reported in Figs. S16 and
S17, respectively. The integrals of the signals due to the NH2 protons of the terminal TDA
moieties and those of all the methyl protons allow to evaluate the number of [2,4-
NHCsHsMe-NHCO-] repeating units (n = 9.6) and calculate My (1544 Da). In the 13C NMR
spectrum of TDA-PU two very close resonances are found for the carbonyl carbons (152.73
and 152.42 ppm) that, therefore, in DMSO solution resonate at higher fields than in the solid
state (157.7 ppm). The analysis of the 3C NMR spectrum allows to shed light on the nature
of the terminal group of the polymeric chains and identifies as C the most likely structure
for the end groups of the polyureidic chains (Fig. 11). This agrees well with the fact that the
two amino groups of TDA, that, differently from those of the other diamines considered in
this study, are not equivalent, exhibit a different reactivity for steric reasons, so the 4-NH:
group is carbonylated more easily than that in ortho position to the methyl group [Aresta et

al., 1998; Distaso and Quaranta, 2004b].
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Fig. 11. Possible isomeric end-groups for TDA-PU. The carbon atom directly bound to the NH>
group, C2 in (C) and C4 in (D), has been selected as suitable probe to distinguish between the
two isomeric structures: the relevant 3C nuclei, in fact, are expected to resonate at different
oc (146.70 and 144.58 ppm; calculated with the software ACD/C+H NMR Predictors and DB
(v.12.01)). For a more detailed discussion, see Supplementary Material (Fig. S17).

3.2.2. Thermal properties of the polyureas

The thermal properties of PUs 2-7 (Fig. 7) have been assessed by DSC and TGA. The
second heating DSC curves are shown in Fig. 12 (left side). Only TOTDA-PU exhibits a melting
behavior in the range 0-200 °C owing to the presence of ether moieties that make the polyurea
structure very flexible [Dennis et al., 2018] and lower the melting temperature. The bimodal
structure of the melting signals at 85.2 °C and 107.3 °C, also evident in the first heating run, is
associated to different populations of lamellar crystals [Ying et al., 2015] and due to melting-
recrystallization-melting phenomena [Jiang et al., 2019].2

The DSC curves of the other PUs show the presence of glass transitions associated to the
amorphous portion of the solids. The T4 value of HMDA-PU is 54.5 °C, that falls in the T4 range 44
°C - 74 °C characteristic of polyureas with similar structure [Shang et al., 2012; Kébir et al., 2017].
m-XYLDA-PU undergoes glass transition at 42.4 °C, while the more symmetrical polyurea p-
XYLDA-PU has a higher Tq value (77.6 °C). TDA-PU and MDA- PU show glass transition at 69.0
°C and 135.5 °C, respectively.

Inspection of the TGA plots, Fig. 12 (right side), performed by differential weight loss

(curves not shown), reveals that only PUs TOTDA-PU and TDA-PU decomposed in one step,

3 Only a crystallization exothermic peak at 60.2 °C was observed during the cooling run (not shown).
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Fig. 12. DSC (left side) and TGA (right side) curves of the isolated PUs. The reported DSC curves
were obtained from the second heating scan.
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whereas all the other PUs showed a multi-stage decomposition process. The temperatures that

characterize the process of thermal decomposition of all the isolated PUs are reported in Table 6.

Table 6

Thermal properties of the isolated PUs measured by TGA.?

PU Td,S% (OC) b Td,1/z (OC) ¢ Td,max (OC) d Mresidue (%) ¢
HMDA-PU 212 368 366 2.8
TOTDA-PU 252 356 364 2.6
m-XYLDA-PU 235 390 347 25.1
p-XYLDA-PU 268 440 347 34.3
MDA-PU 270 355 349 22.8
TDA-PU 243 328 323 25.0

4 Heating rate: 10 °C/min.

b Temperature at which weight loss is 5%.

¢ Temperature at which weight loss is 50%.

dTemperature at which the rate of decomposition is maximum.
¢ Residual weight observed at 750 °C.

The thermal stability of polyureas increases with the monomer molecular weight [Kebir et al, 2017]
and depends on the polymer structure, in particular symmetry and rigidity [Esfahanizadeh et al.,
2015]. The presence of more rigid aromatic units along the chain leads to a general increase of
stability [Ban et al., 2019]. Accordingly, m-XYLDA-PU, p-XYLDA-PU, MDA-PU and TDA-PU

have a higher Tq5% than the aliphatic HMDA-PU. Moreover, MDA-PU, with two aromatic units

per repeating unit, shows the highest Tqs0%. It is worth noting that p-XYLDA-PU has a higher T4, 5%
than m-XYLDA-PU as a result of the more symmetric structure, but both polyureas m-XYLDA-PU
and p-XYLDA-PU, having the same molecular formula, have the maximum rate of decomposition
at the same temperature.

The char residue formed after complete evaporation of the evolved species is higher for m-
XYLDA-PU, p-XYLDA-PU, MDA-PU and TDA-PU than for HMDA-PU and TOTDA-PU
because the presence of aromatic units causes an increase of the graphitization extent at high

temperature [Ban et al., 2019].
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In summary, the thermogravimetric analysis indicates that the above PUs have high thermal
stability [Ying et al., 2015] since they are stable up to 212-270 °C depending on structure, and have
the maximum rate of decomposition in the range of 323-366 °C. These results are noteworthy from
the practical standpoint for their applicative potential and suggest that the isolated PUs are suitable
for being processed using conventional techniques since their degradation process begins at a

temperature about 100 °C higher than their glass transition or melting temperature.

4. Conclusions

The reaction of poly-(bisphenol A carbonate) with either aliphatic or aromatic long-
chain diamines has been explored as a way to regenerate the monomer BPA and, for the first
time, to afford polyureas. The study provides an unprecedented approach to the valorization
of potentially hazardous PC wastes by chemical recycling and opens a new carbon-saving
synthetic entry into homo-polyureas through a non-isocyanate route.

In THF, under non severe conditions (120 °C), basic diamines, such as HMDA,
TOTDA, m-XYLDA and p-XYLDA (2 equivalents), reacted with PC, without any auxiliary
catalyst, to afford BPA and the relevant homo-polyureas [-NHRNHCO-]» (HMDA-PU,
TOTDA-PU, m-XYLDA-PU and p-XYLDA-PU, respectively). Under otherwise analogous
conditions, the conversion of the less reactive aromatic diamines MDA or TDA (2
equivalents) required the assistance of a base catalyst (NaOH, DBU).

Polyurea formation goes through a carbamation step affording BPA and intermediate
urethane derivatives H-[OArOCONHRNHCO],-OArOH (1) (Ar = 4,4’-CeHsCMe2CsHs-),
that in a subsequent step convert into [-NHRNHCO-], products and more BPA.

The developed synthetic methodology is 100% atomically economic, operationally
easy, does not require any complex equipment, is characterized by high productivity and
selectivity. In all the cases the depolymerization of the polymer (PC) was quantitative. Both

BPA and polyureas can be isolated straightforwardly in high yield through conventional
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techniques. The thermal properties (Ta5%, Tdi2, Tg, Tm) of HMDA-PU, TOTDA-PU, m-
XYLDA-PU, p-XYLDA-PU, MDA-PU and TDA-PU, measured by DSC and TGA, make

these materials suitable for being processed.
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